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Abstract

Background: Direct oral anticoagulants (DOAC) including edoxaban are increasingly used for stroke prevention in
atrial fibrillation. Despite treatment, annual stroke rate in these patients remains 1–2%. Rapid assessment of
coagulation would be useful to guide thrombolysis or reversal therapy in this growing population of DOAC/
edoxaban-treated stroke patients. Employing the Hemochron™ Signature Elite point-of-care test system (HC-POCT),
clinically relevant plasma concentrations of dabigatran and rivaroxaban can be excluded in a blood sample.
However, no data exists on the effect of edoxaban on HC-POCT results.
We evaluated whether edoxaban plasma concentrations above the current treatment thresholds for thrombolysis or
anticoagulation reversal (i.e., 30 and 50 ng/mL) can be ruled out with the HC-POCT.

Methods: We prospectively studied patients receiving a first dose of edoxaban. Six blood samples were collected
from each patient: before, 0.5, 1, 2, 8, and 24 h after drug intake. HC-POCT-based INR (HC-INR), activated clotting time (HC-
ACT+ and HC-ACT-LR), activated partial thromboplastin time (HC-aPTT), and mass spectrometry for edoxaban plasma
concentrations were performed at each time-point. We calculated correlations, receiver operating characteristics (ROC)
and test-specific cut-offs for ruling out edoxaban concentrations > 30 and > 50 ng/mL in a blood sample.

Results: One hundred twenty blood samples from 20 edoxaban-treated patients were analyzed. Edoxaban plasma
concentrations ranged from 0 to 512 ng/mL. HC-INR/HC-ACT+/HC-ACT-LR/HC-aPTT ranged from 0.7–8.3/78–310 s/65–
215 s/19–93 s, and Pearson’s correlation coefficients showed moderate to very strong correlations with edoxaban
concentrations (r = 0.95/0.79/0.70/0.60). With areas under the ROC curve of 0.997 (95% confidence interval: 0.991–0.971)
and 0.989 (0.975–1.000), HC-INR most reliably ruled out edoxaban concentrations > 30 and > 50 ng/mL, respectively, and
HC-INR results ≤1.5 and≤ 2.1 provided specificity/sensitivity of 98.6% (91.2–99.9)/98.0% (88.0–99.9) and 96.8% (88.0–99.4)/
96.5% (86.8–99.4).
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Conclusions: Our study represents the first systematic evaluation of the HC-POCT in edoxaban-treated patients. Applying
sufficiently low assay-specific cut-offs, the HC-POCT may not only be used to reliably rule out dabigatran and rivaroxaban,
but also very low edoxaban concentrations in a blood sample. Because the assay-specific cut-offs were retrospectively
defined, further investigation is warranted.

Trial registration: ClinicalTrials.gov, registration number: NCT02825394, registered on: 07/07/2016, URL

Keywords: Point-of-care testing, POCT, Direct oral anticoagulants, DOAC, Non-vitamin K antagonist oral anticoagulants,
NOAC, Anticoagulation reversal, Thrombolysis, Stroke

Background
Edoxaban, alongside other direct oral anticoagulants
(DOAC), is increasingly replacing vitamin K antago-
nists (VKA) for the treatment and prevention of ven-
ous and arterial thromboembolism including ischemic
stroke [1]. Similar to the other DOAC, edoxaban has
gained approval for these indications by providing
comparable efficacy and improved safety. Nonetheless,
annual stroke risk in edoxaban-treated patients with
atrial fibrillation remains just above 1% [2], major
bleeding events may occur and hemostatic manage-
ment in emergency surgery is complicated. In order
to make an informed decision on whether to apply or
withhold thrombolysis in case of ischemic stroke or
reverse the anticoagulant effect prior to surgical inter-
ventions by administration of an expensive and poten-
tially prothrombotic antidote [3] or coagulation
factors [4], the coagulation status of the patient must
be known. Calibrated anti-Xa activity assays are rec-
ommended by guidelines as state-of-the-art for coagu-
lation assessment during edoxaban therapy [5, 6].
Unfortunately, these assays are not available on any
commercial point-of-care test system (POCT), and
laboratory-based coagulation testing clearly limits
emergency decision making due to their long turn-
around-times [7].
In analogy to our previous research conducted with

apixaban, dabigatran, and rivaroxaban [8–10], we
aimed to determine whether available point-of-care
coagulation assays also allow the exclusion of very low
but clinically relevant edoxaban levels in a blood sam-
ple [11]. We hypothesized that edoxaban plasma con-
centrations above 30 and 50 ng/mL (i.e. the two
current guideline thresholds for thrombolysis in acute
ischemic stroke [5, 12], urgent surgical procedures
[13], and anticoagulation reversal in intracranial
hemorrhage [5] or other serious bleeding [13]) can be
ruled out in a blood sample with help of the Hemo-
chron™ Signature Elite POCT (HC-POCT; Werfen,
Barcelona, Spain) and its test cartridges for measuring
the prothrombin time/INR (HC-INR), activated clot-
ting time (HC-ACT+ and HC-ACT-LR), or activated
partial thromboplastin time (HC-aPTT).

Methods
Study design, setting and eligibility criteria
Single-center, prospective diagnostic trial with blinded
outcome assessment, registered on ClinicalTrials.gov
under NCT02825394. The study was conducted at the
Department of Neurology & Stroke of Tübingen Univer-
sity Hospital, a tertiary care facility. We planned to enroll
20 patients after ischemic stroke receiving their first dose
of edoxaban for secondary prevention of thromboembol-
ism. Patients with abnormal coagulation values at baseline
(Quick < 70% or aPTT > 40 s), history of coagulopathy or
subjects who had received VKA or DOAC within 14 days,
low-molecular-weight heparins within 24 h, or unfractio-
nated heparin within 12 h before first DOAC intake were
excluded to rule out interference with measurements. Use
of anti-platelet drugs was permitted.

Sample collection
Six blood samples were collected from each subject via a
venous catheter or by direct venipuncture before first in-
take of edoxaban, 0.5, 1, 2, 8, and 24 h after intake. This
was done in order to cover a wide range of edoxaban
plasma concentrations including a high number of sam-
ples with low concentrations around the above-
mentioned 30 and 50 ng/mL treatment thresholds.

Coagulation testing
Whole blood was drawn directly into a syringe (Injekt,
BBraun, Melsungen, Germany) and used to conduct
HC-INR, HC-ACT+, HC-ACT-LR, and HC-aPTT on a
HC-POCT within 15 s of sampling. Additional blood
was drawn into a standard blood sampling tube for co-
agulation assays (S-Monovette Citrate 3.2%, Sarstedt,
Nümbrecht, Germany) and sent to the central laboratory
of Tübingen University Hospital for laboratory-based
calibrated anti-Xa activity, using the Innovance Heparin
assay on a Sysmex CS-5100 (both Siemens Healthineers,
Erlangen, Germany). Additionally, at baseline, a full
blood count, baseline coagulation tests, inflammatory
markers, protein/albumin as well as liver and kidney
function tests were performed. Further samples of
citrated whole blood were centrifuged at 2500 g for 15
min to yield citrated plasma and stored at our center at
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− 80 °C; one sample per time point was later shipped to
the Institute for Laboratory and Transfusion Medicine at
the Heart and Diabetes Center of Ruhr University (Bad
Oeynhausen, Germany) for ultra-performance liquid
chromatography–tandem mass spectrometry (UPLC-
MS/MS), which was performed in a manner previously
described [14] as a gold-standard method to determine
exact edoxaban plasma concentrations. All POCT and
laboratory-based tests were performed according to
manufacturers’ instructions by thoroughly trained inves-
tigators and technicians.

Blinding
All POCT operators were blinded to results of UPLC-
MS/MS and laboratory-based coagulation assays. Exter-
nal technicians conducting UPLC-MS/MS were blinded
to results of POCT and laboratory-based coagulation as-
says, as well as patient number and sampling time point.
Fully automated laboratory-based measurements were
conducted during routine operation at our central la-
boratory where technicians were blinded to POCT re-
sults and UPLC-MS/MS.

Statistical analyses
Pearson’s correlation coefficient was used to estimate
the strength of correlation between POCT results and
actual edoxaban plasma concentrations determined by
UPLC-MS/MS. Evans’ suggestions were used to describe
the strength of correlation [15].
When assessing diagnostic accuracy of POCT, assay-

specific cut-offs were evaluated regarding their capability
to categorize blood samples according to the two edoxa-
ban concentration thresholds, i.e., 30 and 50 ng/mL.
Specificity was defined as the percentage of samples con-
taining edoxaban concentrations > 30/50 ng/mL that were
correctly identified as such by elevated POCT results, and
thus, as theoretically belonging to a patient who should
not receive thrombolysis, or would require reversal ther-
apy in case of life-threatening hemorrhage or prior to sur-
gery. Correspondingly, sensitivity was defined as the
percentage of samples containing edoxaban plasma con-
centrations ≤30/50 ng/mL that were correctly identified as
such by low POCT results. Positive predictive value was
defined as the percentage of samples with edoxaban
plasma concentrations ≤30/50 ng/mL of all samples iden-
tified as such by low POCT results, and negative predict-
ive value was defined as the percentage of samples with
edoxaban concentrations > 30/50 ng/mL of all samples
identified as such by elevated POCT results. Likelihood
(sensitivity/1-specificity) indicates how much more likely a
low POCT result is found in samples containing ≤30/50
ng/mL compared to samples containing > 30/50 ng/mL of
edoxaban. In analogy to other authors [16], a mispredic-
tion percentage (1-specificity) is additionally provided,

which represents how often edoxaban plasma concentra-
tions > 30/50 ng/mL occurred despite POCT results that
indicate concentrations ≤30/50 ng/mL.
For both thresholds and each POCT assay, receiver

operating characteristics (ROC) curves were drawn and
the area under the ROC curve (AUROC) was calculated.
An ‘ideal’ assay-specific cut-off for POCT results was de-
fined by the lowest possible value that yielded a specifi-
city of ≥95% (misprediction percentage ≤ 5%) in order to
avoid false negative results, which would constitute a
significant safety issue.
95% confidence intervals (95%-CI) for proportions (speci-

ficity, sensitivity, positive and negative predictive values)
and likelihood ratios were calculated according to the
efficient-score method as described by Newcombe [17]
using the free online VassarStats Clinical Calculator 1 (Vas-
sarStats Clinical Calculator 1) [18]. SPSS version 24 (IBM,
Armonk, NY, USA) was used for all other statistical
analyses.

Results
Patient population
Between October 2016 and May 2017, twenty patients
receiving a first dose of edoxaban for secondary stroke
prevention were included in the study (see Table 1 for a
summary of patients’ baseline characteristics). In all

Table 1 Patients’ baseline characteristics (N = 20)

Age 66 ± 10.5 years

Female sex 8 (40%)

Edoxaban dose 60 mg daily: 15 (75%)
30 mg daily: 5 (25%)

Body weight 80.5 ± 20.1 kg

Body Mass Index (BMI) 27.0 ± 5.9 kg/m2

Glomerular filtration rate (Cockcroft-Gault) 83 ± 26 mL/min/1.73m2

Risk factors

Arterial hypertension 16 (80%)

Hyperlipidemia 7 (35%)

Diabetes mellitus 1 (5%)

History of stroke 20 (100%)

Congestive heart failure 2 (10%)

Coronary heart disease 7 (35%)

History of myocardial infarction 5 (25%)

Smoking 4 (20%)

Indication for edoxaban therapy

Atrial fibrillation 12 (60%)

Stroke associated with patent foramen ovale 6 (30%)

Embolic stroke of undetermined source 2 (10%)

Concomitant antiplatelet therapy 4 (20%)

Continuous variables are displayed as mean ± standard deviation. Nominal
variables are displayed as absolute quantity (percentage)
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cases, six blood samples were obtained, leading to
120/119/117/117 measurements of HC-INR/HC-
ACT+/HC-ACT-LR/HC-aPTT, 119 measurements of
laboratory-based anti-Xa activity, and 120 UPLC-MS/
MS measurements of edoxaban plasma concentration.
Few measurements could not be obtained for tech-
nical reasons.

Correlation between laboratory-based calibrated anti-Xa
activity or HC-POCT and edoxaban concentrations
Edoxaban plasma concentrations as measured by UPLC-
MS/MS ranged from 0 to 512 ng/mL, whilst 50 (42%)
samples contained ≤30 ng/mL and 57 (47.5%) samples
contained ≤50 ng/mL. Laboratory-based calibrated anti-
Xa activity ranged from 0 to 433 ng/mL, and HC-INR/
HC-ACT+/HC-ACT-LR/HC-aPTT from 0.7–8.3/78–
310 s/65–215 s/19–93 s. Correlation between laboratory-
based calibrated anti-Xa activity and actual edoxaban
plasma concentrations was very strong (r = 0.98; p <
0.001). Very strong correlation was also found for
HC-INR and edoxaban plasma concentrations (r =
0.95; p < 0.001). Strong correlation was found for HC-
ACT+ (r = 0.79; p < 0.001) and HC-ACT-LR (r = 0.70;
p < 0.001), and a moderate correlation for HC-aPTT
(r = 0.60; p < 0.001) (see Fig. 1).

Diagnostic accuracy of laboratory-based calibrated anti-
Xa activity and HC-POCT to detect low edoxaban
concentrations around current treatment thresholds
Using the thresholds of ≤30 and ≤ 50 ng/mL, laboratory-
based calibrated anti-Xa activity reached the highest
AUROC of 1.000 (95%-CI: 1.000–1.000) and 0.994 (95%-
CI: 0.981–1.000), respectively, followed by HC-INR with
AUROC of 0.997 (95%-CI: 0.991–0.971) and 0.989 (95%-
CI: 0.975–1.000), HC-ACT+ with AUROC of 0.935
(95%-CI: 0.884–0.987) and 0.937 (95%-CI: 0.889–0.984),
HC-ACT-LR with AUROC of 0.892 (95%-CI: 0.836–
0.948) and 0.880 (95%-CI: 0.819–0.941), and finally HC-
aPTT with AUROC of 0.885 (95%-CI: 0.823–0.948) and
0.839 (95%-CI: 0.766–0.912). ROC curves of laboratory-
based anti-Xa activity and HC-POCT-based coagulation
assays are displayed in Fig. 2. Diagnostic accuracy at the
ideal cut-off values is summarized in Table 2 and visual-
ized in Fig. 3. Misprediction percentage for ruling out
edoxaban plasma concentrations > 30 and > 50 ng/mL
was 0% when using laboratory-based calibrated anti-Xa
activity, but 1.4 and 3.2%/2.9 and 4.8%/2.3 and 4.8%/4.3
and 4.8%, respectively, when using HC-INR/HC-ACT+/
HC-ACT-LR/HC-aPTT.

Discussion
This study completes our evaluation of the Hemochron™
Signature Elite POCT for global coagulation testing in
DOAC-treated patients (Ebner, Birschmann, Peter,

Spencer, et al., 2017). We were able to demonstrate that
HC-POCT results correlate with actual edoxaban plasma
concentrations, and may be used to exclude even very
low edoxaban concentrations in a real-life blood sample
at the bedside with high specificity (> 95%) by establish-
ing ‘ideal’ assay-specific cut-offs for the 30 and 50 ng/mL
treatment thresholds. These ideal cut-offs may well be
different to the assays’ reference ranges. Importantly,
HC-INR’s diagnostic accuracy for ruling out elevated
edoxaban concentrations in a blood sample was compar-
able to that of laboratory-based calibrated anti-Xa activ-
ity (see Table 2, and Figs. 2 and 3), which is mostly
recommended for assessment of coagulation during
edoxaban therapy [5, 6]. HC-INR and HC-ACT+ are of
special interest, as they are both not only influenced by
edoxaban but also by rivaroxaban and dabigatran (Ebner,
Birschmann, Peter, Spencer, et al., 2017). Therefore, for
the purpose of providing physicians a comprehensive
guideline for emergency assessment of the coagulation
status in DOAC-treated patients (see Fig. 4), we recalcu-
lated the diagnostic accuracy of HC-INR and HC-ACT+
for rivaroxaban at the currently recommended treatment
thresholds (see Supplemental Table 1 using data col-
lected during an earlier study [8, 9]. Whilst the ideal
cut-off for HC-INR and rivaroxaban was only found at
very low POCT results, where sensitivity is insufficient,
HC-ACT+ performs well with a sensitivity of 67.4% and
even 81.1% at the 30 and 50 ng/mL threshold, respect-
ively (see Supplemental Table 1). This leads to the con-
clusion that rivaroxaban has a much weaker effect on
HC-INR than edoxaban. Varying effects of the different
factor Xa inhibitors to global coagulation assays [8–10]
and also anti-Xa activity [19] are well noted in the litera-
ture, however, to the best of our knowledge, there has
not been a conclusive explanation for the different re-
activity. Unfortunately, apixaban is not covered by any
HC-POCT-based coagulation assay [8, 9]. In synopsis,
and in accordance with the results of our previous evalu-
ation of the Hemochron™ Signature Elite POCT [8, 9], to
speed up decision making in the emergency department,
we propose a two-assay approach using HC-INR for rul-
ing out elevated levels of dabigatran or edoxaban, and
HC-ACT+ for the exclusion of rivaroxaban in a blood
sample (see Fig. 4). At the dispense of a lower sensitivity,
each of the two assays may also be used on its own for
all three substances. It needs to be kept in mind, how-
ever, that different cut-offs will have to be applied for
the 30 and 50 ng/mL (or any other future) threshold and
for each DOAC.

Strengths and limitations
All coagulation testing was conducted using real-life pa-
tient samples and edoxaban plasma concentrations
around the 30 and 50 ng/mL treatment thresholds are
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well represented in the dataset, which supports the valid-
ity of the presented study. Only few data points were lost
to analysis. The aim of the study was to evaluate the
ability of HC-POCT-based coagulation assays to exclude
clinically relevant edoxaban plasma concentrations in
the emergency situation. The samples we analyzed were,
however, taken sequentially from only 20 patients in a

non-emergency setting. This was done for reasons of
feasibility and in order to be able to obtain and analyze a
wide range of low edoxaban plasma concentrations.
Sensitivity of HC-POCT is limited. Higher diagnostic

accuracy may be achieved by using calibrated anti-Xa ac-
tivity (see Figs. 1, 2, and 3, and Table 2). Relying solely
on laboratory-based testing, however, may critically

Fig. 1 Scatter plots visualizing the correlation of (a) laboratory-based calibrated anti-Xa activity and (b to e) the results of all four Hemochron™
Signature Elite point-of-care test system-based coagulation assays with edoxaban plasma concentrations determined by mass spectrometry. HC-
INR, HC-ACT+, HC-ACT-LR, HC-aPTT = Hemochron™ Signature Elite point-of-care test system-based international normalized ratio, activated
clotting time, and activated partial thromboplastin time
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impede or even prevent thrombolysis if the time window
is exceeded, and sole suspicion of DOAC intake may
lead to unnecessary and potentially harmful reversal
therapy in up to 27% of patients without relevant DOAC
plasma levels at the time of emergency admission [20].
In this study we tested around two edoxaban thresh-

olds, which have been endorsed by authors of clinical
guidelines [5, 12, 13]. These thresholds are, however, still
not supported by prospective clinical data.
The ideal assay-specific cut-offs suggested in this

manuscript were established retrospectively and warrant
prospective clinical evaluation. Also, they are not trans-
ferable to other prothrombin time/INR- or ACT-based
POCT devices or laboratory-based assays, as different re-
agents are used [8–11].
It is important to note that in order to use HC-INR or

HC-ACT+ to exclude relevant DOAC plasma

concentrations, the type of DOAC and the approximate
time of the last dose must be known. Otherwise, relevant
DOAC concentrations (e.g., of apixaban [10]) may be
overlooked or drug levels might still be on the rise dur-
ing the first hours after intake.

Conclusion
This study represents the first evaluation of coagulation
testing in edoxaban-treated patients using the commer-
cially available Hemochron™ Signature Elite POCT and
completes our previous evaluation of this POCT regard-
ing monitoring of DOAC [8, 9]. HC-ACT+ and most ac-
curately HC-INR may be used to rule out even very low
concentrations of edoxaban in a blood sample, poten-
tially identifying patients who may be treated with
thrombolysis in case of acute ischemic stroke or undergo
urgent surgery, and patients with serious bleeding in

Fig. 2 Receiver operating characteristics curves found for laboratory-based calibrated anti-Xa activity all four Hemochron™ Signature
Elite point-of-care test system-based coagulation assays when testing for ruling out samples containing > 30 ng/mL (solid line) and >
50 ng/mL (dashed line)

Table 2 Diagnostic accuracy of Hemochron™ Signature Elite POCT for edoxaban

Treatment threshold Ideal cut-off Specificity, % Sensitivity, % MP, % LR PPV, % NPV, %

≤30 ng/mL lab-basedcalibratedanti-Xa
activity≤ 30 ng/mL

100.0(91.7–100) 94.0(82.5–98.4) 0.0 – 100(90.6–100) 94.7(84.5–98.6)

HC-INR≤ 1.5 98.6(91.2–99.9) 98.0(88.0–99.9) 1.4 68.6(9.8–480.4) 98.0(88.0–99.9) 98.6(91.2–100)

HC-ACT+≤ 115 s 97.1(89.1–99.5) 59.2(44.3–72.7) 2.9 20.7(5.2–82.8) 93.5(77.2–98.9) 77.3(66.9–85.2)

HC-ACT-LR≤ 105 s 97.1(89.1–99.5) 38.3(24.9–53.6) 2.3 13.4(3.3–55.1) 90.0(66.9–98.2) 70.1(59.8–78.8)

HC-aPTT≤ 68 s 95.7(87.0–98.9) 50.0(35.4–64.6) 4.3 11.5(3.7–36.0) 88.9(69.7–97.1) 73.3(62.8–81.9)

≤50 ng/mL lab-basedcalibratedanti-Xa
activity≤ 50 ng/mL

100(90.6–100) 89.5(77.8–95.6) 0.0 – 100(91.3–100) 88.7(76.3–95.3)

HC-INR≤ 2.1 96.8(88.0–99.4) 96.5(86.8–99.4) 3.2 30.4(7.8–119.0) 96.5(86.8–99.4) 96.8(88.0–99.4)

HC-ACT+≤ 120 s 95.2(85.8–98.8) 57.1(43.2–70.0) 4.8 12.0(3.9–37.1) 91.4(75.8–97.8) 71.4(60.4–80.5)

HC-ACT-LR≤ 110 s 95.2(85.8–98.8) 48.1(34.5–62.0) 4.8 10.1(3.2–31.6) 89.7(71.5–97.3) 68.2(57.3–77.5)

HC-aPTT≤ 68 s 95.2(85.8–98.8) 44.4(31.2–58.5) 4.8 9.3(3.0–29.3) 88.9(69.7–97.1) 66.7(55.9–76.0)

HC-INR, HC-ACT+, HC-ACT-LR, HC-aPTT = Hemochron™ Signature Elite point-of-care test system-based international normalized ratio, activated clotting time, and
activated partial thromboplastin time; MP Misprediction percentage; LR Likelihood ratio; PPV Positive predictive value; NPV Negative predictive value. 95%-
confidence intervals are reported in brackets wherever applicable
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Fig. 3 Percentage of edoxaban concentrations up to 30 ng/mL (light gray), > 30 and≤ 50 ng/mL (dark gray) and > 50 ng/mL (black) found at
corresponding laboratory-based calibrated anti-Xa activity and the ‘ideal cut-offs’ for Hemochron™ Signature Elite point-of-care test system-based
prothrombin time/INR (HC-INR) and activated clotting time (HC-ACT+)

Fig. 4 Proposed algorithm for emergency coagulation assessment using the Hemochron™ Signature Elite point-of-care test system (POCT) for
rapid decision making in patients treated with direct oral anticoagulants (DOAC). Ideal assay- and DOAC-specific cut-offs are provided for the 30/
50 ng/mL thresholds. ICH = intracranial hemorrhage; HC-INR and HC-ACT+ = Hemochron™ Signature Elite point-of-care test system-based
international normalized ratio and activated clotting time

Härtig et al. Neurological Research and Practice             (2021) 3:9 Page 7 of 9



whom administration of a (possibly prothrombotic)
anticoagulation reversal agent might be avoided. Using a
sufficiently low cut-off of ≤1.5 or ≤ 2.1 for the 30 and 50
ng/mL threshold, respectively, HC-INR is capable to
identify these patients in 98 and 97% of cases whilst pro-
viding the necessary safety by reliably detecting elevated
edoxaban plasma concentrations in > 95%. However, as
the suggested cut-offs were determined retrospectively,
further evaluation in a prospective clinical trial – ideally
in the emergency situation – is warranted.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s42466-021-00105-4.

Additional file 1.

Abbreviations
ACT: Active clotting time; aPTT: Activated partial thromboplastin time;
AUROC: Area under the receiver operating curve; HC-POCT: Hemochron™
signature elite point-of-care test system; INR: International normalized ratio;
ROC: Receiver operating curve

Acknowledgements
We thank Monique Dehnert, Lilija Martin, and Charlotte Weyland who have
supported the study by helping with data acquisition.

Authors’ contributions
FH and SP designed the study, participated in enrollment and data
acquisition, conducted statistical analysis, and drafted the manuscript. ME
helped with the design of the study. MS participated in enrollment, data
acquisition, and statistical analysis. CS, PB, and MIS participated in enrollment
and data acquisition. AP and SH were involved in laboratory-based coagulation
tests. IB and JK conducted mass spectrometry. All authors made critical revisions
to the manuscript, and approved its final version.

Funding
This work was supported by Werfen (Munich, Germany) who provided two
Hemochron™ Signature Elite POCT free of charge. No further financial/
material support was received. Werfen had no influence on/was not involved
in study design, collection, analysis, interpretation of data, writing of the
report, or in the decision to submit the paper for publication.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Independent review board approval was obtained prior to all study related
activity from the ethical committee of the University of Tübingen (protocol
no. 270/2015BO1). Written informed consent was obtained from all patients
before enrollment.

Consent for publication
Not applicable.

Competing interests
Florian Härtig received reimbursement for congress traveling and
accommodation from Bayer and Daiichi Sankyo. Ingvild Birschmann received
speaker’s honoraria from Bristol-Myers Squibb/Pfizer, Siemens Healthcare and
CSL Behring and reimbursement for congress traveling and accommodation
from Aspen and Bristol-Myers Squibb and performed contract research for
Siemens Healthcare. She is a member of the advisory board of LFB biomedi-
caments. Ulf Ziemann received has received personal fees from Biogen Idec,
Bayer Vital, Bristol-Myers Squibb/Pfizer, CorTec, and grants from Biogen Idec,
Janssen Pharmaceutica NV, and Takeda. Sven Poli received speaker’s

honoraria and consulting honoraria from Bayer, Boehringer-Ingelheim,
Bristol-Myers Squibb/Pfizer, Daiichi Sankyo and Werfen, reimbursement for
congress traveling and accommodation from Bayer and Boehringer-
Ingelheim, and research support from Bristol-Myers Squibb/Pfizer,
Boehringer-Ingelheim, Daiichi Sankyo. The remaining authors have declared
that they do not have any conflicts of interest.

Author details
1Department of Neurology & Stroke, University Hospital, Eberhard-Karls
University Tübingen, Hoppe-Seyler-Str. 3, 72076 Tübingen, Germany. 2Hertie
Institute for Clinical Brain Research, Eberhard-Karls University Tübingen,
Tübingen, Germany. 3Institute for Laboratory and Transfusion Medicine, Heart
and Diabetes Center, Ruhr University, Bad Oeynhausen, Germany.
4Department of Diagnostic Laboratory Medicine, Institue for Clinical
Chemistry and Pathobiochemistry, Eberhard-Karls University Tübingen,
Tübingen, Germany. 5Department of Nephrology and Medical Intensive Care,
Charité University Medicine, Berlin, Germany.

Received: 15 December 2020 Accepted: 11 January 2021

References
1. Camm, A. J., Accetta, G., Ambrosio, G., Atar, D., Bassand, J. P., Berge, E., Cools,

F., Fitzmaurice, D. A., Goldhaber, S. Z., Goto, S., Haas, S., Kayani, G., Koretsune,
Y., Mantovani, L. G., Misselwitz, F., Oh, S., Turpie, A. G., Verheugt, F. W.,
Kakkar, A. K., & Investigators, G.-A. (2017). Evolving antithrombotic treatment
patterns for patients with newly diagnosed atrial fibrillation. Heart, 103(4),
307–314. https://doi.org/10.1136/heartjnl-2016-309832

2. Giugliano, R. P., Ruff, C. T., Braunwald, E., Murphy, S. A., Wiviott, S. D.,
Halperin, J. L., Waldo, A. L., Ezekowitz, M. D., Weitz, J. I., Spinar, J., Ruzyllo, W.,
Ruda, M., Koretsune, Y., Betcher, J., Shi, M., Grip, L. T., Patel, S. P., Patel, I.,
Hanyok, J. J., Mercuri, M., Antman, E. M., & Investigators, E. A.-T. (2013).
Edoxaban versus warfarin in patients with atrial fibrillation. The New
England Journal of Medicine, 369(22), 2093–2104. https://doi.org/10.1056/
NEJMoa1310907

3. Connolly, S. J., Crowther, M., Eikelboom, J. W., Gibson, C. M., Curnutte, J. T.,
Lawrence, J. H., Yue, P., Bronson, M. D., Lu, G., Conley, P. B., Verhamme, P.,
Schmidt, J., Middeldorp, S., Cohen, A. T., Beyer-Westendorf, J., Albaladejo, P.,
Lopez-Sendon, J., Demchuk, A. M., Pallin, D. J., Concha, M., Goodman, S., Leeds,
J., Souza, S., Siegal, D. M., Zotova, E., Meeks, B., Ahmad, S., Nakamya, J., Milling, T.
J., Jr., & Investigators, A.-. (2019). Full study report of Andexanet Alfa for
bleeding associated with factor Xa inhibitors. The New England Journal of
Medicine, 380(14), 1326–1335. https://doi.org/10.1056/NEJMoa1814051

4. Majeed, A., Agren, A., Holmstrom, M., Bruzelius, M., Chaireti, R., Odeberg, J.,
Hempel, E. L., Magnusson, M., Frisk, T., & Schulman, S. (2017, Oct 12).
Management of rivaroxaban- or apixaban-associated major bleeding with
prothrombin complex concentrates: A cohort study. Blood, 130(15), 1706–
1712. https://doi.org/10.1182/blood-2017-05-782060

5. Ahmed, N., Audebert, H., Turc, G., Cordonnier, C., Christensen, H., Sacco, S.,
Sandset, E. C., Ntaios, G., Charidimou, A., Toni, D., Pristipino, C., Köhrmann, M.
, Kuramatsu, J. B., Thomalla, G., Mikulik, R., Ford, G. A., Martí-Fàbregas, J.,
Fischer, U., Thoren, M., Lundström, E., Rinkel, G. J. E., van der Worp, H. B.,
Matusevicius, M., Tsivgoulis, G., Milionis, H., Rubiera, M., Hart, R., Moreira, T.,
Lantz, M., Sjöstrand, C., Andersen, G., Schellinger, P., Kostulas, K.,
Sunnerhagen, K. S., Keselman, B., Korompoki, E., Purrucker, J., Khatri, P.,
Whiteley, W., Berge, E., Mazya, M., Dippel, D. W. J., Mustanoja, S., Rasmussen,
M., Söderqvist, Å. K., Escudero-Martínez, I., & Steiner, T. (2019). Consensus
statements and recommendations from the ESO-Karolinska stroke update
conference, Stockholm 11–13 November 2018. European Stroke Journal, 1–
11, first published Sept. 12, 2019. https://doi.org/10.1177/2396987319863606

6. Powers, W. J., Rabinstein, A. A., Ackerson, T., Adeoye, O. M., Bambakidis,
N. C., Becker, K., Biller, J., Brown, M., Demaerschalk, B. M., Hoh, B., Jauch,
E. C., Kidwell, C. S., Leslie-Mazwi, T. M., Ovbiagele, B., Scott, P. A., Sheth,
K. N., Southerland, A. M., Summers, D. V., & Tirschwell, D. L. (2019).
Guidelines for the early Management of Patients with Acute Ischemic
Stroke: 2019 update to the 2018 guidelines for the early Management
of Acute Ischemic Stroke: A guideline for healthcare professionals from
the American Heart Association/American Stroke Association. Stroke,
50(12), e344-e418. https://doi.org/10.1161/STR.0000000000000211

7. Dincq, A. S., Lessire, S., Pirard, G., Siriez, R., Guldenpfennig, M., Baudar, J.,
Favresse, J., Douxfils, J., & Mullier, F. (2018). Reduction of the turn-around

Härtig et al. Neurological Research and Practice             (2021) 3:9 Page 8 of 9

https://doi.org/10.1186/s42466-021-00105-4
https://doi.org/10.1186/s42466-021-00105-4
https://doi.org/10.1136/heartjnl-2016-309832
https://doi.org/10.1056/NEJMoa1310907
https://doi.org/10.1056/NEJMoa1310907
https://doi.org/10.1056/NEJMoa1814051
https://doi.org/10.1182/blood-2017-05-782060
https://doi.org/10.1177/2396987319863606
https://doi.org/10.1161/STR.0000000000000211


time for the measurement of rivaroxaban and apixaban: Assessment of the
performance of a rapid centrifugation method. International Journal of
Laboratory Hematology, 40(6), e105-e108. https://doi.org/10.1111/ijlh.12870

8. Ebner, M., Birschmann, I., Peter, A., Hartig, F., Spencer, C., Kuhn, J.,
Blumenstock, G., Zuern, C. S., Ziemann, U., & Poli, S. (2017a). Emergency
coagulation assessment during treatment with direct Oral anticoagulants:
Limitations and solutions. Stroke, 48(9), 2457–2463. https://doi.org/10.1161/
strokeaha.117.017981

9. Ebner, M., Birschmann, I., Peter, A., Spencer, C., Hartig, F., Kuhn, J.,
Blumenstock, G., Zuern, C. S., Ziemann, U., & Poli, S. (2017b, Feb 15). Point-
of-care testing for emergency assessment of coagulation in patients treated
with direct oral anticoagulants. Critical Care, 21(1), 32. https://doi.org/10.
1186/s13054-017-1619-z

10. Ebner, M., Peter, A., Spencer, C., Hartig, F., Birschmann, I., Kuhn, J., Wolf, M.,
Winter, N., Russo, F., Zuern, C. S., Blumenstock, G., Ziemann, U., & Poli, S.
(2015). Point-of-care testing of coagulation in patients treated with non-
vitamin K antagonist Oral anticoagulants. Stroke, 46(10), 2741–2747. https://
doi.org/10.1161/STROKEAHA.115.010148

11. Hartig, F., Birschmann, I., Peter, A., Horber, S., Ebner, M., Sonnleitner, M.,
Spencer, C., Bombach, P., Stefanou, M. I., Kuhn, J., Mengel, A., Ziemann, U., &
Poli, S. (2020, Oct). Point-of-care testing of coagulation in patients treated
with edoxaban. Journal of Thrombosis and Thrombolysis, 50(3), 632–639.
https://doi.org/10.1007/s11239-020-02143-2

12. Touze, E., Gruel, Y., Gouin-Thibault, I., De Maistre, E., Susen, S., Sie, P., &
Derex, L. (2018). Intravenous thrombolysis for acute ischaemic stroke in
patients on direct oral anticoagulants. European Journal of Neurology, 25(5),
747-e752. https://doi.org/10.1111/ene.13582

13. Levy, J. H., Ageno, W., Chan, N. C., Crowther, M., Verhamme, P., Weitz, J. I., &
Subcommittee on Control of, A. (2016). When and how to use antidotes for
the reversal of direct oral anticoagulants: Guidance from the SSC of the
ISTH. Journal of Thrombosis and Haemostasis, 14(3), 623–627. https://doi.
org/10.1111/jth.13227

14. Kuhn, J., Gripp, T., Flieder, T., Hammerschmidt, A., Hendig, D., Faust, I.,
Knabbe, C., & Birschmann, I. (2018, Nov). Measurement of apixaban,
dabigatran, edoxaban and rivaroxaban in human plasma using automated
online solid-phase extraction combined with ultra-performance liquid
chromatography-tandem mass spectrometry and its comparison with
coagulation assays. Clinica Chimica Acta, 486, 347–356. https://doi.org/10.
1016/j.cca.2018.08.017

15. Evans, J. D. (1996). Straightforward Statistics for the Behavioral Science
(brooks/Cole, Ed.).

16. Hawes, E. M., Deal, A. M., Funk-Adcock, D., Gosselin, R., Jeanneret, C., Cook,
A. M., Taylor, J. M., Whinna, H. C., Winkler, A. M., & Moll, S. (2013, Aug).
Performance of coagulation tests in patients on therapeutic doses of
dabigatran: A cross-sectional pharmacodynamic study based on peak and
trough plasma levels. Journal of Thrombosis and Haemostasis, 11(8), 1493–
1502. https://doi.org/10.1111/jth.12308

17. Newcombe, R. G. (1998). Two-sided confidence intervals for the single
proportion: Comparison of seven methods. Statistics in Medicine, 17(8), 857–
872 http://www.ncbi.nlm.nih.gov/pubmed/9595616.

18. VassarStats Clinical Calculator 1. (VassarStats: Website for Statistical
Computation). Retrieved January 21st 2021 from http://vassarstats.net/clin1.
html.

19. Ebner, M., Birschmann, I., Peter, A., Hartig, F., Spencer, C., Kuhn, J., Rupp, A.,
Blumenstock, G., Zuern, C. S., Ziemann, U., & Poli, S. (2018, Oct 2). Limitations
of specific coagulation tests for direct Oral anticoagulants: A critical analysis.
Journal of the American Heart Association, 7(19), e009807. https://doi.org/
10.1161/jaha.118.009807

20. Purrucker, J. C., Haas, K., Rizos, T., Khan, S., Poli, S., Kraft, P., Kleinschnitz, C.,
Dziewas, R., Binder, A., Palm, F., Jander, S., Soda, H., Heuschmann, P. U., &
Veltkamp, R. (2017). Coagulation testing in acute ischemic stroke patients
taking non-vitamin K antagonist Oral anticoagulants. Stroke, 48(1), 152–158.
https://doi.org/10.1161/strokeaha.116.014963

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Härtig et al. Neurological Research and Practice             (2021) 3:9 Page 9 of 9

https://doi.org/10.1111/ijlh.12870
https://doi.org/10.1161/strokeaha.117.017981
https://doi.org/10.1161/strokeaha.117.017981
https://doi.org/10.1186/s13054-017-1619-z
https://doi.org/10.1186/s13054-017-1619-z
https://doi.org/10.1161/STROKEAHA.115.010148
https://doi.org/10.1161/STROKEAHA.115.010148
https://doi.org/10.1007/s11239-020-02143-2
https://doi.org/10.1111/ene.13582
https://doi.org/10.1111/jth.13227
https://doi.org/10.1111/jth.13227
https://doi.org/10.1016/j.cca.2018.08.017
https://doi.org/10.1016/j.cca.2018.08.017
https://doi.org/10.1111/jth.12308
http://www.ncbi.nlm.nih.gov/pubmed/9595616
http://vassarstats.net/clin1.html
http://vassarstats.net/clin1.html
https://doi.org/10.1161/jaha.118.009807
https://doi.org/10.1161/jaha.118.009807
https://doi.org/10.1161/strokeaha.116.014963

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Study design, setting and eligibility criteria
	Sample collection
	Coagulation testing
	Blinding
	Statistical analyses

	Results
	Patient population
	Correlation between laboratory-based calibrated anti-Xa activity or HC-POCT and edoxaban concentrations
	Diagnostic accuracy of laboratory-based calibrated anti-Xa activity and HC-POCT to detect low edoxaban concentrations around current treatment thresholds

	Discussion
	Strengths and limitations

	Conclusion
	Supplementary Information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

