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Abstract
The effect of direct oral anticoagulants (DOACs) on turbidimetric measurements of plasma clot formation and susceptibil-
ity to fibrinolysis may facilitate a comparison between different classes of anticoagulants in plasma samples. We obtained 
424 citrate plasma samples from 226 atrial fibrillation patients on anticoagulation and 24 samples without anticoagulation 
serving as controls. As comparators, we measured the international normalized ratio (INR) for phenprocoumon samples 
(N = 166), anti-Xa for low molecular weight heparin (LMWH) samples (N = 42), and DOAC levels with mass spectrometry 
(dabigatran N = 40, rivaroxaban N = 110, apixaban N = 42). Plasma clot formation and lysis were recorded continuously 
on a photometer after addition of an activation mix (tissue factor 2 pmol/l and tissue plasminogen activator 333 ng/ml). 
We used linear regression and ANCOVA for correlation analysis. Clot formation lag phase was prolonged in the presence 
of anticoagulants in a concentration-dependent manner for DOACs (dabigatran Spearman r = 0.74; rivaroxaban r = 0.78; 
apixaban r = 0.72, all p < 0.0001), INR dependent for phenprocoumon (r = 0.59, p < 0.0001), anti-Xa level dependent 
in LMWH samples (r = 0.90, p < 0.0001). Maximum rate of clot formation and peak clot turbidity were reduced in the 
presence of anticoagulants, but correlated only moderately with the comparator measures of anticoagulation. The clot lysis 
time was inversely correlated with DOAC concentrations in the presence of recombinant thrombomodulin. A direct ex vivo 
comparison between the effects of different classes of anticoagulants is possible with turbidimetric measurement of plasma 
clot formation and lysis. Anticoagulation inhibited clot formation in a plasma concentration manner for DOACs, INR 
dependent for phenprocoumon, and anti-Xa dependent for LMWH. Susceptibility to fibrinolysis increased with increasing 
DOAC concentrations.
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Introduction

Since the introduction of novel direct oral anticoagulants 
(DOACs) into clinical practice for stroke prevention in atrial 
fibrillation (AF), the measurement of the intensity of anti-
coagulation has been challenging. A precise determination 
of anticoagulation intensity is vital in the clinical manage-
ment of vitamin K antagonists (VKA), which dominated the 
landscape of anticoagulation for the past decades, to find 
the ideal therapeutic window between efficacious prevention 
of stroke and systemic embolism and safety from bleeding 
complications [1]. The specific assays that exist to determine 
the drug concentrations while on treatment with DOACs 
in patient plasma, including chromogenic anti-Xa assays 
and diluted thrombin time assays [2–5], neither indicate 
the effect of anticoagulation on hemostatic capacity nor are 
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they transferable between different classes of anticoagulants. 
Global clotting assays, on the other hand, are not linearly 
dependent and have variable sensitivities to different classes 
of anticoagulants [6].

Turbidimetric assessment of clot formation and lysis with 
a high temporal resolution is a simple method to determine 
clotting and lysis time parameters as well as surrogates for 
structural clot parameters in an ex vivo, static, tissue-factor-
dependent system [7]. The kinetics of clot formation and 
lysis in samples from “real-world” patients on anticoagula-
tion may give better insights into hemostatic capacity than 
global clotting assays and specific assays for drug concen-
tration measurements. Ex vivo susceptibility to fibrinolysis 
after addition of recombinant tissue-type plasminogen acti-
vator has further been suggested as a potential biomarker 
for thromboembolic [8, 9] and bleeding complications [10].

The aim of this study was to test ex vivo plasma clot 
properties including fibrinolysis potential as a measure of 
the effect of anticoagulation in plasma samples from real-
world patients treated with anticoagulants.

Patients and methods

Patients

We obtained clinical plasma surplus samples from 250 
individual patients with a diagnosis of non-valvular AF 
on treatment with anticoagulation drugs or no treatment, 
serving as controls. All patients provided written docu-
mentation of informed consent. Patients visited the out-
patient clinic of the Clinical Division of Hematology and 
Hemostaseology of the Medical University of Vienna from 
2013 to 2016 for routine consultation and assessment of 
their anticoagulant treatment. Patients were on treatment 
with dabigatran, rivaroxaban, apixaban, phenprocoumon, 
or on temporary treatment with low molecular weight hep-
arin (LMWH). The study was approved by the local ethics 
committee (EC 1711/2014) and is conducted in accordance 
with the principles set forth by the Declaration of Helsinki. 
Blood was obtained by atraumatic venous puncture with-
out stasis of the cubital vein using a 21-gauge butterfly 
needle into a vacuum tube containing trisodium citrate 
3.8%  (Vacuette® Greiner Bio-One, Kremsmünster, Aus-
tria) as part of routine anticoagulation follow-up. We sam-
pled blood in expected peak and expected trough levels in 
relation to last intake of the anticoagulation drug to obtain 
a wide variability of anticoagulation intensities. Within 
1 h after sampling, citrate blood vials were centrifuged at 
2500 g for 15 min at 18 °C (Hettich Rotanta 460Robotic, 
Tuttlingen, Germany) and the supernatant platelet poor 
plasma (PPP) was stored in aliquots at −  80  °C until 

assessment. Patients’ medical histories were recorded as 
part of the routine risk assessments of stroke and bleeding.

Materials and assays

The prothrombin time (PT), PT-based international nor-
malized ratio (INR), activated partial thromboplastin time 
(aPTT), fibrinogen, thrombin time, and anti-Xa levels 
(Hyphen–Biomed, Neuville–sur–Oise, France) were meas-
ured in the routine coagulation laboratory of the Depart-
ment of Medical and Chemical Laboratory Diagnostics 
of the Medical University of Vienna using an accredited 
process with fresh plasma immediately after sampling. For 
all other measurements, the PPP samples were thawed in 
a water bath at 38 °C for 10 min.

LC–MS/MS

DOAC quantification by LC–MS/MS was facilitated by 
utilizing a previously established two-dimensional chro-
matography setup (Agilent Technologies, Waldbronn, 
Germany) hyphenated to an API 4000 Qtrap instrument 
(ABSciex, Framingham, MA, USA) operated in the elec-
trospray ionization (ESI) mode [11]. Based on this instru-
mentation, a research-use-only assay was used as previ-
ously published [2]. A calibrator set (nine levels, one 
blank, Alsachim, Illkirch, France) covering the measure-
ment range of 1.0 (lower limit of quantification [LOQ]) 
to 600.0 ng/ml (upper LOQ) was used for each DOAC; 
a linear calibration function with a 1/x weighting factor 
was employed. Samples with concentrations exceeding 
the upper LOQ were diluted with blank materials; sam-
ples with concentrations below the lower LOQ were not 
reported. The inter-batch (n = 10) coefficient of variation 
of the assay was found to be lower than 4.7% for all qual-
ity control materials (4, 40, 400 ng/ml); the accuracy of 
these measurements was better than ± 4.9%. In patient 
samples, inter-batch coefficients of variation better than 
7.6% were found.

Thrombin generation

Thrombin generation was measured using a commercially 
available assay (Technothrombin TGA, Technoclone, 
Vienna, Austria), as published previously [12]. Thrombin 
generation in plasma was initiated with the RC high rea-
gent (high concentration of phospholipid micelles contain-
ing 71.6 pM tissue factor in a Tris–Hepes–NaCl buffer, 
Technoclone).
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Plasma clot properties assay

To measure plasma clot properties, we used the static tur-
bidimetric assay, consisting of serial measurements of the 
optical density (OD) over time in duplicates, described pre-
viously [13, 14]. Activation of coagulation in plasma sam-
ples is initiated by addition of an activation mix, containing 
tissue factor (Innovin, Siemens, Marburg, Germany, with 
final concentration 2 pM), phospholipids (Rossix, Mölndal, 
Sweden, final 4 µM), and calcium chloride (final 20 nM) 
inside of transparent 96-well microtiter plates (nunc, Ther-
mofisher Scientific, Bremen, Germany), and the increase in 
OD during clot formation is closely monitored and recorded 
in 20 s intervals over 3 h at 405 nm on a Multiskan Spectrum 
microplate reader (Thermofisher). To measure fibrinolysis 
potential, we added recombinant tissue plasminogen acti-
vator (rt-PA, Actilyse, Boehringer-Ingelheim, 333 ng/ml) 
simultaneously to the activation mix and measured the 
decrease in OD during clot lysis.

The parameters of plasma clot properties are automati-
cally derived from the turbidimetric curve (SkanIt Software 
version 2.4.4, Thermofisher). The lag phase is defined as the 
time until clot OD surpasses 110% baseline OD and reflects 
the time required for clot formation [15]. The maximum rate 
of clot formation is the maximum positive change in clot 
OD and reflects the maximum rate of fibrin fiber assembly 
read by fitting a line through 5–10 points of the slope. The 
peak OD is the maximum achieved OD minus the baseline 
OD, which reflects the number of protofibrils per fiber and 
indirectly the structural density of the clot. The clot lysis 
time is the difference in time from 50% peak OD during clot 
formation to 50% peak OD during clot lysis and reflects the 
assembly kinetics as a marker for susceptibility to fibrinoly-
sis [16]. Repeated measures of in-house controls gave an 
inter-assay coefficient of variation (CV) of 13% and an intra-
assay CV of 8.5%.

Thrombomodulin addition

We repeated the plasma clot property assay and the throm-
bin generation assay in the presence of 10 nM recombinant 
human thrombomodulin (rThm, Sekisui Diagnostics, Pfung-
stadt, Germany) maintaining constant concentrations in a 
subset of 18 samples with a wide range of DOAC concentra-
tions (40–586 ng/ml).

Statistical analysis

Statistical analysis and graphical representation of data were 
performed using GraphPad Prism (Version 7.00 for Win-
dows, La Jolla, USA) and SPSS (Version 24, IBM, Armonk, 
USA). Cohort descriptives are given as median and 25th 

to 75th percentile. The analysis of plasma clot property 
data includes correlation analysis using Spearman correla-
tion, linear regression for regression analysis, and analysis 
of covariance (ANCOVA) for comparison of regression 
equations.

Results

Patients and samples

We obtained 424 citrate plasma samples from 250 patients 
with AF, of which 400 were on treatment with anticoagu-
lation and 24 did not receive anticoagulation drugs at the 
time of sampling serving as reference controls. The median 
 CHA2DS2-Vasc score was 4 (25th to 75th percentile 3–5) 
and the median HAS-Bled 2 (1–2). The median age was 
72 years (65–77 years) and the median BMI 27.4 kg/m2 
(24.6–31.0 kg/m2). Further characteristics and parameters 
of the patients, from whom plasma samples were obtained, 
are given in Table 1.

Plasma clot properties, global assays of coagulation, 
and clinical factors

The parameters of plasma clot properties did not correlate 
with global measures of coagulation in controls, but cor-
related well in samples on treatment with anticoagulation 
drugs (Table 2). Especially the parameters of clot forma-
tion (lag phase, maximum clot formation rate, and peak 
clot turbidity) correlated well overall with prothrombin 
time, activated partial thromboplastin time, thrombin time, 
and fibrinogen in samples on anticoagulation treatment 
(Table 2). Comorbidities and further clinical factors were 
weak determinants of plasma clot properties. Patients with 
diabetes had higher clot formation peak turbidity, patients 
with congestive heart failure had lower clot formation peak 
turbidity, patients with arterial vascular disease had longer 
clot formation lag phase, and women had higher clot forma-
tion rates and higher clot formation peak turbidities than 
men (Table 3). The CHA2DS2-VASc score and the HAS-
BLED scores did not correlate with clot formation or lysis 
parameters. However, in the subset of control samples the 
CHA2DS2-VASc score correlated moderately well with 
clot formation peak turbidity (Spearman coefficient 0.507, 
p = 0.014).

Plasma clot formation properties and specific 
measures of anticoagulation

The lag phase of clot formation was prolonged in sam-
ples on treatment with anticoagulation compared to con-
trol samples (Fig. 1a). The increase in clot formation lag 
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phase was positively correlated with the INR in samples 
from patient on VKA (Fig. 1b), with the LC–MS-/MS-
quantified drug concentration in samples from patients 
on DOACs (Fig. 1c), and with anti-Xa levels in samples 
from patients on LMWH (Fig. 1d). The slopes of the linear 

regression equations for DOAC samples were not statisti-
cally significantly different (p = 0.274), but the y-inter-
cepts were significantly different (p < 0.0001). Therefore, 
at corresponding drug concentrations, the effect on lag 
phase prolongation was strongest in dabigatran samples, 

Table 1  Plasma samples and laboratory characteristics

Control VKA Dabigatran Rivaroxaban Apixaban LMWH

Count 24 166 40 110 42 42
INR, median (25th–75th 

percentile)
1.1 (1.0–1.2) 2.0 (1.8–2.4) 1.25 (1.1–1.5) 1.4 (1.1–1.8) 1.3 (1.0–1.5) 1.2 (1.0–1.3)

DOAC concentration, 
median (ng/ml)

n.a. n.a. 135.5 (54.3–280) 99.55 (33.3–205.5) 158.0 (94.6–246) n.a.

Anti-Xa, median (IU/ml) n.a. n.a. n.a. n.a. n.a. 0.38 (0.1–0.69)
Fibrinogen (mg/dl) 390.5 (303–474) 358 (319–413) 350 (301–417) 375 (316–432) 338.5 (311.5–401.5) 376.5 (292–419)
Time since drug adminis-

tration, median (h)
n.a. 21.8 (6.5–25.5) 3.9 (3.0–15.33) 9.66 (2.33–24.5) 4.75 (2.55–13.75) 5.25 (3–18)

Age, median (years) 64.5 (59–73) 73 (67–79) 71.5 (62–79.5) 71 (66–78) 72 (64–75) 70 (63–76)
BMI, median (kg/m2) 27.6 (25.1–29.1) 27.6 (24.7–31.4) 27.2 (25.7–29.3) 27.9 (24.3–32.6) 27.2 (22.5–29.3) 26.2 (24.0–28.9)
CHA2DS2-Vasc, median 2 (2-4) 4 (3-5) 5 (3-7) 4 (2-6) 4 (3-5) 3 (2-4)
HAS-BLED, median 1 (1–2) 2 (1–2) 2 (2–3) 2 (1–2) 2 (1–2) 2 (1–3)

Table 2  Correlation analysis of plasma clot properties with global assays of coagulation (Spearman rho, and p values)

Prothrombin time in % Activated partial thromboplas-
tin time in seconds

Thrombin time in seconds Fibrinogen

Controls
 Lag phase − 0.309 (0.185) 0.197 (0.392) − 0.002 (0.992) 0.318 (0.160)
 Maximum rate 0.290 (0.215) − 0.129 (0.578) − 0.171 (0.472) 0.518 (0.016)
 Peak turbidity 0.274 (0.229) − 0.158 (0.482) − 0.513 (0.018) 0.877 (< 0.001)
 Lysis time 0.034 (0.882) 0.192 (0.392) − 0.196 (0.396) 0.408 (0.059)

VKA
 Lag phase − 0.620 (< 0.001) 0.499 (< 0.001) 0.331 (< 0.001) 0.007 (0.927)
 Maximum rate 0.422 (< 0.001) − 0.396 (< 0.001) − 0.514 (< 0.001) 0.540 (< 0.001)
 Peak turbidity 0.277 (< 0.001) − 0.209 (0.007) − 0.434 (< 0.001) 0.746 (< 0.001)
 Lysis time − 0.121 (0.124) 0.097 (0.215) 0.228 (0.003) 0.255 (0.001)

Dabigatran
 Lag phase − 0.389 (0.045) 0.638 (< 0.001) 0.565 (< 0.001) − 0.143 (0.397)
 Maximum rate 0.339 (0.083) − 0.391 (0.017) − 0.556 (< 0.001) 0.390 (0.017)
 Peak turbidity 0.267 (0.178) − 0.382 (0.020) − 0.406 (0.013) 0.759 (< 0.001)
 Lysis time 0.093 (0.645) − 0.104 (0.541) 0.190 (0.261) 0.131 (0.441)

Xa-Inhibitors
 Lag phase − 0.275 (0.004) 0.607 (< 0.001) 0.069 (0.422) − 0.104 (< 0.221)
 Maximum rate 0.228 (0.018) − 0.473 (< 0.001) − 0.253 (0.003) 0.536 (< 0.001)
 Peak turbidity 0.217 (0.024) − 0.307 (< 0.001) − 0.213 (0.011) 0.789 (< 0.001)
 Lysis time 0.019 (0.842) − 0.188 (0.025) 0.034 (0.687) 0.487 (< 0.001)

LMWH
 Lag phase − 0.023 (0.893) 0.361 (0.026) 0.634 (< 0.001) 0.387 (0.144)
 Maximum rate − 0.133 (0.415) − 0.439 (0.004) − 0.835 (< 0.001) 0.134 (0.398)
 Peak turbidity − 0.246 (0.126) − 0.400 (0.009) − 0.773 (< 0.001) 0.280 (0.072)
 Lysis time − 0.033 (0.843) 0.295 (0.061) 0.415 (0.008) 0.403 (0.009)
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Table 3  Analysis of clinical determinants of plasma clot formation and lysis properties

*Non-parametric Mann–Whitney-U test compared to patients with the corresponding characteristic to patients without the characteristic
†denotes statistically significant results of the Mann–Whitney-U test

Characteristic Clot formation lag phase, 
median seconds (p*)

Clot formation maximum 
rate, median (p*)

Clot formation peak turbidity at 
405 nm, median (p*)

Clot lysis time, 
median seconds 
(p*)

Total cohort 461 0.200 0.630 803
History of stroke 488 (0.389) 0.208 (0.447) 0.633 (0.629) 814 (0.588)
Diabetes 492 (0.101) 0.202 (0.594) 0.654 (0.043)† 805 (0.739)
Age 65–75 years 493 (0.061) 0.203 (0.402) 0.637 (0.807) 793 (0.903)
Age > 75 years 441 (0.241) 0.210 (0.114) 0.635 (0.494) 805 (0.532)
Hypertension 471 (0.053) 0.200 (0.281) 0.630 (0.887) 813 (0.105)
Congestive heart failure 489 (0.299) 0.207 (0.063) 0.609 (0.004)† 873 (0.095)
Arterial vascular disease 493 (0.026)† 0.206 (0.409) 0.634 (0.456) 773 (0.494)
Female 461 (0.502) 0.213 (0.041)† 0.665 (0.016)† 839 (0.071)
Statin use 431 (0.458) 0.211 (0.135) 0.635 (0.142) 813 (0.605)
Antiplatelet use 491 (0.723) 0.192 (0.168) 0.591 (0.251) 854 (0.154)

Fig. 1  a Plasma samples from patients on treatment with anticoagu-
lants had prolonged clot formation lag phases compared to controls. 
The lag phase of clot formation correlated moderately with INR val-
ues in VKA patients (b), strongly with drug concentrations measured 

with LC–MS/MS in samples from patients on DOAC treatment (c), 
and strongly with anti-Xa levels in samples from patients on treat-
ment with LMWH (d). Only statistically significant correlations are 
shown with a linear regression line
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followed by rivaroxaban samples and apixaban samples 
(Fig. 1c).

The maximum rate of clot formation was decreased in 
samples on treatment with anticoagulants compared to con-
trol samples (Fig. 2a). The decrease in the maximum rate 
of clot formation was negatively correlated with the INR 
in samples from patient on VKA (Fig. 2b), with the drug 
concentration in samples from patients on DOACs (Fig. 2c), 
and with anti-Xa levels in samples from patients on LMWH 
(Fig. 2d). The slopes of the linear regression equations for 
DOAC samples were not statistically significantly different 
(p = 0.402), but the y-intercepts were significantly different 
(p = 0.0017). Therefore, at corresponding drug concentra-
tions, the maximum rate of clot formation was lowest in 
dabigatran samples, slightly greater in rivaroxaban samples 
and highest in apixaban samples (Fig. 2c). The maximum 
rate of clot formation is further correlated to the parameters 
of thrombin generation indicating a relationship with the 
kinetics of thrombin generation (Table 4).

The peak plasma clot turbidity was reduced in samples on 
treatment with anticoagulants compared to control samples 
(Fig. 3a). The decrease in the peak plasma clot turbidity was 
negatively correlated with the INR in samples from patient 
on VKA (Fig. 3b), with the drug concentration in samples 
from patients on DOACs (Fig. 3c), and with anti-Xa levels 
in samples from patients on LMWH (Fig. 3d). The slopes 
of the linear regression equations for DOAC samples were 
not statistically significantly different (p = 0.112), but the 
y-intercepts were significantly different (p = 0.0029). There-
fore, at corresponding drug concentrations, peak plasma clot 
turbidity was lowest in dabigatran samples, greater in rivar-
oxaban samples, and greatest in apixaban samples (Fig. 3c).

Plasma clot lysis time and specific measures 
of anticoagulation

There was no difference between clot lysis times in sam-
ples from patients on anticoagulants compared to controls 

Fig. 2  a Plasma samples from patients on treatment with antico-
agulants had decreased maximum rate of clot formation compared 
to controls. The maximum rate of clot formation correlated moder-
ately with INR values in VKA patients (b), moderately with LC–MS/
MS measured drug concentrations in samples from patients on rivar-

oxaban or dabigatran, but less well in samples on apixaban (c), and 
strongly with anti-Xa levels in samples from patients on treatment 
with LMWH (d). Only statistically significant correlations are shown 
with a linear regression line
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(Fig. 4a). Clot lysis time also did not correlate significantly 
with INR in VKA samples or LC–MS-/MS-quantified 
DOAC concentrations (Fig. 4b–c), but there was a modest 
trend for a positive correlation between increasing intensity 
of anticoagulation and increased clot lysis time. The slopes 
of the linear regression equations for DOAC samples were 
not significantly different (p = 0.703), but the y-intercepts 
were significantly different between dabigatran and the Xa 
inhibitors (p = 0.012). Therefore, at corresponding drug con-
centrations clot lysis time was longest in dabigatran samples, 
and shorter in samples on rivaroxaban or apixaban (Fig. 4c). 
Further, the correlation was strong and significantly positive 
between clot lysis time and anti-Xa levels in samples from 
patients on LMWH (Fig. 4d). Plasma clots formed under 
influence of LMWH with higher anti-Xa levels took longer 
to lyse after ex vivo addition of rt-PA than in samples with 
lower anti-Xa levels.

Because the clot lysis time was counterintuitively corre-
lated positively with intensity of anticoagulation, and small 
Spearman r values indicate that the variability in clot lysis 
time was not accounted for sufficiently by anticoagulation 
intensity, we explored the relationship between clot lysis 

time and the parameters of clot formation. In control sam-
ples, clot lysis time correlated positively with clot peak tur-
bidity (Spearman r = 0.439, p = 0.032), indicating that the 
time it takes to lyse is related to the density of the plasma 
clot (Table 5). The more densely the fibers are assembled, 
the slower the clot lysis. In samples on anticoagulation, this 
was not confirmed. Instead parameters that surrogate the 
rate of clot formation including clot formation lag phase 
and clot formation maximum rate were correlated to clot 
lysis time, most strikingly in samples on LMWH (Table 5). 
This indicates that the slower a clot is formed, the slower 
the clot is lysed by rt-PA added ex vivo. A comparison with 
thrombin generation, however, showed that clot lysis time is 
only weakly correlated with parameters of thrombin genera-
tion (Table 4).

Thrombomodulin experiment

To clarify the very modest influence of anticoagulants on 
clot lysis time, we added rThm. In the presence of rTHM, 
clot lysis time was prolonged in anticoagulated and con-
trol samples (Fig. 5a). The increase in clot lysis time was 

Table 4  Correlation of plasma clot properties with thrombin generation parameters (Spearman correlation coefficient (p value)

TGA lag phase TGA velocity index TGA time to peak TGA peak thrombin TGA endogenous 
thrombin potential

Controls
 Clot formation lag phase 0.551 (0.008) − 0.391 (0.072) 0.518 (0.013) − 0.225 (0.313) − 0.043 (0.848)
 Clot formation maximum rate − 0.365 (0.095) 0.503 (0.017) − 0.393 (0.070) 0.555 (0.007) 0.583 (0.004)
 Clot formation peak turbidity − 0.314 (0.145) 0.336 (0.126) − 0.076 (0.730) 0.435 (0.043) 0.692 (< 0.001)
 Clot lysis time 0.031 (0.890) − 0.233 (0.296) 0.317 (0.140) − 0.113 (0.615) 0.295 (0.171)

VKA
 Clot formation lag phase 0.573 (< 0.001) − 0.561 (< 0.001) 0.477 (< 0.001) − 0.575 (< 0.001) − 0.562 (< 0.001)
 Clot formation maximum rate − 0.551 (< 0.001) 0.572 (< 0.001) − 0.481 (< 0.001) 0.558 (< 0.001) 0.518 (< 0.001)
 Clot formation peak turbidity − 0.391 (< 0.001) 0.398 (< 0.001) − 0.331 (< 0.001) 0.390 (< 0.001) 0.369 (< 0.001)
 Clot lysis time 0.103 (0.190) − 0.107 (0.174) 0.110 (0.160) − 0.082 (0.295) − 0.006 (0.944)

Dabigatran
 Clot formation lag phase 0.683 (< 0.001) − 0.238 (0.145) 0.546 (< 0.001) − 0.323 (0.045) − 0.416 (0.008)
 Clot formation maximum rate − 0.623 (< 0.001) 0.554 (< < 0.001) − 0.462 (0.003) 0.650 (< 0.001) 0.650 (< 0.001)
 Clot formation peak turbidity − 0.497 (< 0.001) 0.488 (0.002) − 0.476 (0.002) 0.575 (< 0.001) 0.405 (0.010)
 Clot lysis time 0.316 (0.050) − 0.011 (0.949) 0.262 (0.102) − 0.021 (0.897) − 0.073 (0.655)

Xa-Inhibitors
 Clot formation lag phase 0.676 (< 0.001) − 0.611 (< 0.001) 0.562 (< 0.001) − 0.579 (< 0.001) − 0.523 (< 0.001)
 Clot formation maximum rate − 0.611 (< 0.001) 0.666 (< 0.001) − 0.438 (< 0.001) 0.642 (< 0.001) 0.604 (< 0.001)
 Clot formation peak turbidity − 0.437 (< 0.001) 0.474 (< 0.001) − 0.255 (0.002) 0.469 (< 0.001) 0.542 (< 0.001)
 Clot lysis time − 0.135 (0.101) 0.289 (< 0.001) − 0.147 (0.075) 0.318 (< 0.001) 0.314 (< 0.001)

LMWH
 Clot formation lag phase 0.631 (< 0.001) − 0.309 (0.103) − 0.376 (0.020) − 0.306 (0.106) − 0.722 (< 0.001)
 Clot formation maximum rate − 0.855 (< 0.001) 0.779 (< 0.001) 0.307 (0.045) 0.802 (< 0.001) 0.873 (< 0.001)
 Clot formation peak turbidity − 0.721 (< 0.001) 0.624 (< 0.001) 0.266 (0.085) 0.669 (< 0.001) 0.730 (< 0.001)
 Clot lysis time 0.415 (0.010) − 0.107 (0.575) − 0.241 (0.129) − 0.066 (0.729) − 0.393 (0.011)
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inversely correlated to DOAC concentration (Fig. 5b), INR 
level in VKA samples (supplemental Fig. 1A), and anti-
Xa levels in LMWH samples (supplemental Fig. 1B). The 
thrombin generation was reduced in samples with higher 
concentrations of anticoagulants and addition of rTHM 
decreased the thrombin generation in comparison to samples 
without rTHM (Fig. 5c). Clot lysis time and DOAC plasma 
concentration were inversely correlated only in the presence 
of rTHM (Fig. 5d).

Discussion

The turbidimetric assay for measuring plasma clot forma-
tion and lysis is a useful research method for assessing the 
effect of anticoagulation. In our investigation, the param-
eters lag phase, maximum clot formation rate and peak 
turbidity were correlated across a wide range of DOAC 
concentration in DOAC samples, INR levels in VKA sam-
ples, and anti-Xa levels in LMWH samples. This allows an 

indirect comparison between the intensity of anticoagulation 
between different anticoagulant classes. The clot lysis time 
was only dependent on anticoagulation intensity in the pres-
ence of thrombomodulin because anticoagulants reduced the 
generation of thrombin, which is required for TAFI activa-
tion and fibrinolysis inhibition.

The plasma clot formation and lysis assay have previously 
been used to show the effect of anticoagulants on fibrin clot 
structure and susceptibility to fibrinolysis [7, 17, 18]. The 
main objective and novelty of this investigation was to estab-
lish comparativeness between different anticoagulants using 
the plasma clot property assay in patient samples on treat-
ment with anticoagulation. We found that the parameters 
of clot formation, particularly the lag phase, were strongly 
correlated with the specific tests for anticoagulation, includ-
ing plasma concentration of DOACs, INR values in VKA 
samples, and anti-Xa levels in LMWH samples. Using the 
regression equations, a cautious comparison between differ-
ent classes of anticoagulants may be possible. For example, 
an INR value of 3 in VKA samples corresponded to a lag 

Fig. 3  a Plasma samples from patients on treatment with anticoagu-
lants had decreased peak turbidity compared to controls. The peak 
turbidity of clot formation correlated weakly with INR values in 
VKA patients (b) and moderately with LC–MS/MS measured drug 
concentrations in samples from patients on rivaroxaban treatment but 

only weakly in patients on dabigatran and not in patients on apixa-
ban treatment (c), and moderately with anti-Xa levels in samples from 
patients on treatment with LMWH (d). Only statistically significant 
correlations are shown with a linear regression line
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phase of 591 s, which would correspond to a rivaroxaban 
concentration of 77.5 ng/ml. The maximum rate of clot for-
mation may be a good parameter to measure the kinetics 
of the propagation phase of thrombin. We found a strong 
correlation between PCP maximum rate and parameters 
of thrombin generation (Table 4). Dabigatran had lower 
maximum rates of clot formation compared to rivaroxa-
ban and apixaban at corresponding concentrations. There 
is no direct clinical comparison between DOACs, neither 
for stroke prevention in AF nor for the treatment of venous 

thromboembolism. However, it may be clinically relevant to 
note that corresponding concentrations of different DOACs 
may result in different impact on hemostasis capacity. Inter-
estingly, in clinical randomized trials dabigatran was the 
most efficacious in the prevention of strokes, apixaban was 
safest concerning major bleeding endpoints, and rivaroxaban 
was somewhat in the middle as a trade-off for the net-clinical 
benefit [19].

The peak OD of clot formation was only modestly cor-
related to intensity of anticoagulation in our investigation of 

Fig. 4  a Plasma samples from patients on treatment with dabigatran 
and LMWH had increased clot lysis time compared to controls, sam-
ples from rivaroxaban and apixaban patients had decreased clot lysis 
time compared to controls, and samples from VKA patients had indif-
ferent clot lysis time compared to controls. The clot lysis time did not 

correlate with INR values in VKA patients (b) nor with LC–MS/MS 
measured drug concentrations in samples from patients on DOAC 
treatment (c), but strongly and positively with anti-Xa levels in sam-
ples form patients on treatment with LMWH (d). Only statistically 
significant correlations are shown with a linear regression line

Table 5  Correlation of plasma 
clot lysis time with parameters 
of clot formation and thrombin 
generation (Spearman 
correlation coefficient (p value))

Correlation with
Clot lysis time in Clot formation lag phase Clot formation maxi-

mum rate
Clot formation 
peak turbidity

Control samples 0.031 (0.890) − 0.229 (0.293) 0.439 (0.032)
VKA samples 0.208 (0.007) − 0.124 (0.111) 0.05 (0.524)
Dabigatran samples 0.309 (0.052) − 0.497 (0.001) − 0.197 (0.224)
Xa-Inhibitor samples − 0.065 (0.431) 0.272 (0.001) 0.420 (< 0.001)
LMWH samples 0.680 (0.001) − 0.488 (0.001) − 0.285 (0.071)
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real-world samples. Microscopic images previously showed 
reduced structural clot density under increasing intensities 
of anticoagulants [17, 18, 20].The variability in peak OD in 
our samples may be attributed to other determinants, which 
are difficult to control for in real-world samples compared to 
studies on normal plasma spiked with anticoagulants [18]. 
We found that some clinical factors such as sex, diabetes, 
and heart disease may be able to influence clot properties, 
although the magnitude of this influence will have to be 
validated.

There are caveats to be considered when measuring anti-
coagulation for clinical purposes depending on anticoagulant 
class [6]. Global assays of anticoagulation such as aPTT and 
PT are insensitive to low DOAC concentrations [2, 21]; PT 
is insensitive to dabigatran and poorly sensitive to apixaban, 
while aPTT is insensitive to rivaroxaban and apixaban [6]. 
Specific assays such as chromogenic anti-Xa and diluted 
thrombin time calibrated for Xa-inhibitors and IIa-inhibitors, 
respectively, are specific but not widely available [22, 23]. 
Plasma clot properties, although currently not a standard-
ized research tool, may therefore be an adequate measure 

for comparing the effects on clot formation and fibrinolysis 
under different anticoagulants.

The other major finding of our investigation was the 
dependency on thrombomodulin to show a relationship 
between anticoagulation intensity and fibrinolysis poten-
tial. We found an inverse linear relationship between DOAC 
concentration, INR levels, and anti-Xa, respective to anti-
coagulant agent, with clot lysis time in real-world plasma 
samples after addition of rt-PA to initiate fibrinolysis in the 
presence of rThm (10 nM). In our primary analysis without 
rThm, there was no correlation between clot lysis time and 
anticoagulation intensity (Fig. 4b–d), in contrast to previ-
ously published results [18]. In the presence of rTHM, we 
observed a reduction in the thrombin generation (Fig. 5c). 
Thrombin forms a complex with rThm with great affinity 
for thrombin-activatable fibrinolysis inhibitor (TAFI) [24], 
which inhibits fibrinolysis and thus may be responsible for 
the prolongation of the clot lysis time in our experiment 
(Fig. 5d), as well as a previous report [25]. The amount of 
generated thrombin was also dependent on the anticoagula-
tion intensity (Fig. 5c). Therefore, in samples with higher 

Fig. 5  a Addition of recombinant thrombomodulin (rTHM) pro-
longs the clot lysis time. b The prolongation of the clot lysis time 
decreases with increasing DOAC concentration. c Thrombin genera-

tion is reduced in the presence of thrombomodulin. d Clot lysis time 
decreases with increasing DOAC concentration. Only statistically sig-
nificant correlations are shown with a linear regression line
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concentrations of an anticoagulant the amount of available 
thrombin for the rTHM-Thrombin complex was reduced, 
causing less TAFI activation and less inhibition of fibrinoly-
sis, which we measured as less prolonged clot lysis time. We 
concluded that anticoagulation intensity and clot lysis time 
were inversely related (Fig. 5d) and dependent on TAFI. 
We found that the relationship was the same for dabigatran, 
rivaroxaban, and apixaban (Fig. 5b), although in a previ-
ous investigation, only dabigatran samples had increased 
the susceptibility to fibrinolysis [26]. The reason may be 
that the samples in our investigation include some with very 
high DOAC concentrations (> 500 ng/ml), which were not 
included in the prior study. An increased susceptibility for 
fibrinolysis plus the inhibition of clot formation under the 
influence of anticoagulation may be a two merging driv-
ers for the risk of bleeding in patients on anticoagulation. 
The use of antifibrinolytic treatment to reduce the risk of 
bleeding in anticoagulated patients has been postulated pre-
viously [27]. Patients with higher susceptibility to fibrinoly-
sis have to be identified with standardized methods for this 
new approach to reduce bleeding complications while under 
anticoagulation treatment and improve the net-clinical ben-
efit of anticoagulation treatment in patients with high risk of 
bleeding. An important issue that demands standardization 
in the measurement of plasma clot properties is the choice 
of time points for the measurement of the clot lysis time. For 
the current investigation, we measured clot lysis time as the 
difference in time from 50% Δpeak OD during clot forma-
tion to 50% Δpeak OD during clot lysis. In measurements 
that include the entire lag phase and clot formation curve, 
the clot lysis time is too dependent on the lag phase, which 
of course is predominantly determined by anticoagulation 
intensity, which can lead to a false correlation between clot 
lysis time and anticoagulation intensity. Apart from bleed-
ing endpoints, plasma clot properties may also be associated 
with thromboembolic endpoints and may offer new possibili-
ties for biomarker guided risk evaluation in other popula-
tions [8, 10, 28].

The current investigation is not without limitations. The 
plasma clot property assay may be more sensitive to throm-
bin inhibitors because their mode of action is further down-
stream on the coagulation cascade with a stronger impact 
on fibrinogen cleavage. However, we found that the regres-
sion lines through the data points of different DOACs were 
almost parallel and we found no exponential relationship 
between anticoagulation intensity and plasma clot property 
parameters. Very high concentrations of DOACs (above the 
limit of quantification of LS-MS/MS [> 600 ng/ml]) yielded 
poor clotting results and poor thrombin generation measure-
ments, because the tissue factor concentration was too low. 
The choice of tissue factor concentration was a trade-off to 
achieve clotting over a wide range of anticoagulation intensi-
ties and anticoagulant classes, but with the smallest possible 

impact of tissue factor and the biggest possible impact of the 
anticoagulants. We were, however, able to show that such 
high concentrations of DOACs exist in real-world practice.

Conclusion

In this investigation, we showed a linear relationship 
between plasma clot properties and specific measures for 
anticoagulation treatment, respective to the class of anti-
coagulant. We found that this common measure of tissue-
factor-initiated plasma clot formation and lysis might be 
a method to compare anticoagulants ex vivo. Plasma clot 
susceptibility to fibrinolysis in real-world samples increased 
with increasing intensity of anticoagulation across all tested 
DOACs, VKA, and LMWH, but only in the presence of 
rThm, suggesting a dependency on TAFI.
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