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Background—During treatment with direct oral anticoagulants (DOAC), coagulation assessment is required before thrombolysis,
surgery, and if anticoagulation reversal is evaluated. Limited data support the accuracy of DOAC-specific coagulation assays
around the current safe-for-treatment threshold of 30 ng/mL.

Methods and Results—In 481 samples obtained from 96 patients enrolled at a single center, DOAC concentrations were
measured using Hemoclot direct thrombin inhibitor assay, Biophen direct thrombin inhibitor assay or ecarin clotting time for
dabigatran, chromogenic anti-Xa assay (AXA) for factor Xa inhibitors (rivaroxaban, apixaban) and ultraperformance liquid
chromatography—tandem mass spectrometry as reference. All dabigatran-specific assays had high sensitivity to concentrations
>30 ng/mL, but specificity was lower for Hemoclot direct thrombin inhibitor assay (78.2%) than for Biophen direct thrombin
inhibitor assay (98.9%) and ecarin clotting time (94.6%). AXA provided high sensitivity and specificity for rivaroxaban, but low
sensitivity for apixaban (73.8%; concentrations up to 82 ng/mL were misclassified as <30 ng/mL). If no DOAC-specific calibration
for AXA is available, results 2-fold above the upper limit of normal indicate relevant rivaroxaban concentrations. For apixaban, all
elevated results should raise suspicion of relevant anticoagulation.

Conclusions—DOAC-specific tests differ considerably in diagnostic performance for concentrations close to the currently
accepted safe-for-treatment threshold. Compared with Biophen direct thrombin inhibitor assay and ecarin clotting time, limited
specificity of Hemoclot direct thrombin inhibitor assay poses a high risk of unnecessary anticoagulation reversal or treatment
delays in patients on dabigatran. While AXA accurately detected rivaroxaban, the impact of low apixaban levels on the assay was
weak. Hence, AXA results need to be interpreted with extreme caution when used to assess hemostatic function in patients on
apixaban.

Clinical Trial Registration—URL: https://www.clinicaltrials.gov. Unique identifiers: NCT0237 1044, NCT02371070. (J/ Am Heart
Assoc. 2018;7:e¢009807. DOI: 10.1161/JAHA.118.009807.)
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irect oral anticoagulants (DOAC) are an effective and
D easy-to-use treatment option for conditions that require
long-term anticoagulation. Although the fixed-dose scheme
omits the requirement of routine coagulation assessment,
testing may be needed under certain clinical conditions, such

as before surgery or invasive procedures, in case of trauma or
bleeding, or if thrombolysis for acute ischemic stroke is
evaluated. "2

Ultraperformance liquid chromatography—tandem mass
spectrometry (UPLC-MS/MS) remains the criterion standard
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Clinical Perspective

What Is New?

» Direct oral anticoagulant-specific coagulation tests differ
considerably in diagnostic performance when analyzing
samples with low plasma concentrations.

False (low) test results might be critically misleading when
selecting patients for surgical procedures, thrombolysis in
acute ischemic stroke, or reversal therapy in case of
bleeding.

What Are the Clinical Implications?

Emergency physicians are advised to know the direct oral
anticoagulant—specific coagulation test that is used in their
hospital’s laboratory and its measuring accuracy around the
then-current safe-for-treatment threshold.

for exact quantification of DOAC concentrations, but limited
availability and slow turnaround times prevent routine clinical
implementation of this method.> Hence, if coagulation testing is
deemed necessary, current clinical practice guidelines advise to
use DOAC-specific coagulation assays, ie, diluted thrombin
time or ecarin clotting time (ECT) for dabigatran and chro-
mogenic anti-Xa assays (AXA) for factor Xa (FXa) inhibitors
(rivaroxaban, apixaban, and edoxaban).*” For all of these
assays, quantitative assessment of DOAC concentrations can
be achieved with the help of substance-specific calibrators.”

A special situation arises for the FXa inhibitors: AXA are set
up in many institutions but calibrations are mostly limited to
the traditional indication of therapeutic drug monitoring
during low-molecular-weight heparin therapy.® If DOAC-
specific calibration is not available, different cut-offs for AXA
have been proposed, below which unimpaired coagulation can
be expected (see Methods for details).”>" '

Results of all DOAC-specific assays provide a strong
correlation to drug levels across a wide range of therapeutic
and supratherapeutic plasma concentrations.” However, little
data support the validity of these assays for low DOAC
concentrations around 30 ng/mL, the currently accepted
safe-for-treatment threshold for invasive procedures, throm-
bolysis, and anticoagulation reversal.>'*"'* Acknowledging
this limitation, the need for a head-to-head evaluation of
DOAC-specific assays in real-life patients using liquid
chromatography—tandem mass spectrometry as reference
has been voiced.*

Our study aimed to clarify the diagnostic accuracy of
different DOAC-specific coagulation assays for the discrimina-
tion of samples below and above the recommended safe-for-
treatment threshold of 30 ng/mL using real-life samples of
patients treated with dabigatran, rivaroxaban, and apixaban.

Methods
Study Design

We studied samples obtained in 2 prospective observational
trials with blinded outcome assessment (Clinical Trial Regis-
tration Information unique identifiers: NCT02371044 and
NCT02371070).">'¢ Institutional Review Board approval was
obtained from the ethics committee of Tiibingen University
Hospital (protocol-no 259/2013B0O1 and 270/2015B01). The
studies were performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki and
its later amendments. Written informed consent was obtained
from all patients before enrollment. ME and SP had full access
to all the data in the study and take responsibility for its
integrity and the data analysis. The authors declare that all
supporting data are available within the article and its online
data supplements.

Setting and Eligibility Criteria

The studies were conducted at the Department of Neurology
& Stroke and the Department of Cardiology and Cardiovas-
cular Medicine of Tibingen University Hospital, a tertiary care
facility between July 2013 and November 2015 and enrolled
patients receiving first doses of apixaban, rivaroxaban, or
dabigatran. Exclusion criteria were known coagulopathy,
abnormal coagulation at baseline (Quick <70% or aPTT
>37 seconds), intake of vitamin K antagonist or NOAC within
14 days, low-molecular-weight heparins within 24 hours or
unfractionated heparin within 12 hours before DOAC intake.
Use of antiplatelet agents was permitted. Predominantly low
dabigatran concentrations in these samples required inclusion
of additional samples from patients on maintenance therapy
with dabigatran. The same exclusion criteria as above applied,
except that abnormal coagulation at baseline (because of
dabigatran intake) was allowed.

In total, we analyzed 481 samples acquired from 96
patients (dabigatran: N=34, 178 samples; rivaroxaban: N=32,
146 samples; apixaban: N=30, 157 samples).

Sample Collection and Coagulation Testing

A total of 6 blood samples were collected from each subject
via a venous catheter or direct venipuncture at prespecified
time points: before drug intake, 30 minutes, 1, 2, and 8 hours
after intake, and at trough (12 hours for dabigatran and
apixaban, 24 hours for rivaroxaban). Samples were collected
in 3.2% sodium-citrate tubes (Sarstedt, Numbrecht, Germany),
and instantly centrifuged to acquire plasma. We used
Chromogenix COAMATIC Heparin AXA (Instrumentation
Laboratory, Kirchheim, Germany) under routine conditions at
the central laboratory, and TECHNOVIEW calibrators
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(Technoclone, Vienna, Austria) to determine FXa inhibitor
concentrations. Dabigatran concentrations were determined
from frozen (—80°C) and re-thawed citrated plasma samples,
using the Hemoclot direct thrombin inhibitor assay (HTI) and
the chromogenic anti-lla Biophen direct thrombin inhibitor
assay (BDTI) (both: Hyphen BioMed, Neuville-sur-Oise) on a
Sysmex CS5100 (Siemens Healthcare Diagnostics, Eschborn,
Germany) and ECT (Ecarin Clotting Assays; Stago, Asnieres
sur Seine, France) on a BCS XP (Siemens Healthcare Diag-
nostics, Eschborn, Germany).

As the criterion standard, DOAC concentrations were
measured via UPLC-MS/MS for all collected samples using
frozen (—80°C) and rethawed citrated plasma as recently
described.” All tests were performed according to the
respective manufacturers’ instructions by thoroughly trained
investigators and technicians.

Blinding

All coagulation tests (AXA, HTI, anti-lla BDTI, and ECT) were
conducted and interpreted by technicians blinded to UPLC-
MS/MS results. Technicians performing coagulation tests
using frozen samples (HTI, BDTI, ECT) were additionally
blinded for the time point samples were drawn and whether
different samples belonged to the same patient. Fully
automated measurements of AXA were conducted during
routine operation at our central laboratory without further
blinding.

Definition of Safe-for-Treatment Concentration
Thresholds

The study is based on a safe-for-treatment concentration
threshold of 30 ng/mL that has been recommended by
international guidelines'®'* and expert recommendations® '
for surgical procedures and for thrombolysis in acute ischemic
stroke and to trigger reversal therapy in patients with
intracerebral hemorrhage for all 3 investigated DOAC. A
higher anticoagulation reversal threshold of 50 ng/mL was
proposed for less critical bleeding.'*

Furthermore, we evaluated 3 different safe-for-treatment
AXA cut-offs that have been recommended if no DOAC-
specific calibration is available: below the upper limit of
normal (ULN, in our case 0.09 U/mL)1’9, less than 2 times the
ULN,"®'" or below 0.3 U/mL.°

Statistical Analysis

For test performance analyses, results of reallife patient
samples were pooled in order to obtain a broad concentration
spectrum. SPSS v23 (IBM, Armonk, NY) was used for
statistics. Diagnostic accuracy was expressed in terms of

sensitivity, specificity, positive and negative predictive value,
and likelihood ratio. Agreement between coagulation tests
and UPLC-MS/MS (criterion standard) are visualized with
Bland-Altman plots modified following suggestions made by
Krouwer. '8

Sensitivity was defined as percentage of samples with
DOAC concentrations above the respective safe-for-treat-
ment threshold, which were correctly identified by the test
as not eligible for treatment without prior anticoagulation
reversal. Correspondingly, specificity was defined as per-
centage of samples with DOAC concentrations below the
corresponding threshold, which were correctly identified as
eligible for treatment or not requiring reversal therapy.
These definitions differ from our prior publications
that focused on unspecific global tests in emergency
scenarios.”™'®'" A sensitivity >95% was predefined as
sufficiently safe for clinical application. Positive likelihood
ratio was defined as sensitivity divided by (1-specificity).
Negative likelihood ratio was defined as (1-sensitivity)
divided by specificity.

Sensitivity and specificity are given with 2-sided 95%
confidence intervals (Cls). Cls for sensitivity/specificity,
predictive values, and likelihood ratios were calculated
according to the efficient-score method using the free online
VassarStats Clinical Calculator 1.2° All DOAC concentrations
are reported as median and interquartile range. Differences
between quantitative results of different coagulation assays
are reported as mean and SD with the corresponding 95% Cls.
This study was performed in accordance with the Standards
for Reporting of Diagnostic Accuracy Studies (STARD) guide-
lines for studies on diagnostic tests.?

Results

Characteristics of Study Samples

Complete test results were available for all study samples. A
median DOAC concentration of 28 (interquartile range 10-67)
ng/mL dabigatran, 102 (interquartile range 34—189) ng/mL
rivaroxaban, and 54 (interquartile range 35-95) ng/mL
apixaban were detected using UPLC-MS/MS. Concentrations
below the 30 ng/mL safe-for-treatment threshold were
detected in 51.7% (92/178) of dabigatran, 23.3% (34/146)
of rivaroxaban, and 19.7% (31/157) of apixaban samples.
Data on patient characteristics and baseline laboratory values
are provided in Tables 1 and 2.

Diagnostic Accuracy of Calibrated Tests for
Dabigatran

As depicted in Figure 1 A through C, dabigatran concentra-
tions were overestimated by HTI and ECT (delta-mean
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Table 1. Patient Characteristics in the 3 DOAC Groups

Dabigatran Rivaroxaban Apixaban
Dose* 110 mg: 15 mg: 2 (7%) 2.5 mg:
10 (39%) 13 (41%)
150 mg: 20 mg: 28 (93%) | 5 mg:
16 (62%) 19 (59%)
Sex, female* 13 (50%) 13 (43%) 15 (47%)
Age, y' 74+14 69+15 75+13
Body weight, kg" 80+23 80+19 72 £15
Body mass index” | 2746 27+6 25+4
Risk factors
Arterial 20 (77%) 19 (63%) 27 (84%)
hypertension*
Diabetes 6 (23%) 5 (17%) 8 (25%)
mellitus*

Hyperlipidemia* 15 (58%) 7 (23%) 17 (53%)
Smoking* 2 (8%) 4 (13%) 3 (9%)
Concomitant antiplatelet agents (last dose <7 d)

Acetylsalicylic 7 (27%) 15 (50%) 15 (47%)
acid*
Others* 0 (0%) 1 (3%) 1 (3%)
Prophylactic dose of heparins at any time during admission
Heparin* 19 (73%) 20 (67%) 23 (72%)
Enoxaparin* 6 (23%) 14 (47%) 12 (38%)
Indication for oral anticoagulation
Atrial fibrillation* | 24 (92%) 21 (70%) 15 (47%)
Patent foramen 2 (8%) 9 (30%) 0 (0%)
ovale*
ESUS* 0 (0%) 0 (0%) 17 (53%)

DOAC indicates direct oral anticoagulants; ESUS, embolic stroke of undetermined
source.
*“Number (%), Tmean=SD.

8.24+32.1 ng/mL, 95% Cl [3.5-12.9] and 6.9£17.8 ng/mL,
95% Cl [4.3, 9.5], respectively), while BDTI more closely
matched UPLC-MS/MS results (delta-mean —1.4+15.8 ng/
mL, 95% Cl [—3.7 to 0.9]). Interestingly, the HTI assay had a
much higher tendency for overestimation at low concentra-
tions <60 ng/mL (delta-mean 12.3+25.2 ng/mL, 95% CI
[8.0, 16.6]), compared with concentrations >60 ng/mL
(delta-mean —2.6+£44.1 ng/mL, 95% Cl [—14.9, 9.7];
Table 3). Dabigatran concentrations in all false-negative
samples were close to the safe-for-treatment threshold,
ranging from >30 to 42 ng/mL.

All 3 tests reached high sensitivity for the detection of
dabigatran concentrations above 30 ng/mL, but only ECT
satisfied our 95% sensitivity target (97.6%, Table 4). Speci-
ficity differed between assays and was lower for HTI (78.2%)
than for BDTI (98.9%) and ECT (94.6%).

Diagnostic Accuracy of Calibrated AXA for FXa
Inhibitors

Calibrated AXA underestimated rivaroxaban concentrations by
a mean of —7.7429.0 ng/mL, 95% CI [—12.4, —3.0]
(Figure 2 A), and 2 samples (containing 34 and 43 ng/mL)
were misclassified as <30 ng/mL. One of 146 samples was
incorrectly classified as above the 30 ng/mL threshold. Test
accuracy calculations (Table 4) showed high sensitivity
(98.2%) and specificity (97.1%).

Less accurate results were found for apixaban (Figure 2 B).
Calibrated AXA underestimated real apixaban concentrations
by a mean of —10.2+22.2 ng/mL, 95% ClI [-13.7, —6.7].
Thirty-three of 126 samples containing apixaban concentra-
tions above the safe-for-treatment threshold were misclassi-
fied by the test as <30 ng/mL. In these samples, apixaban
concentrations reached up to 82 ng/mL. One sample was
misclassified as >30 ng/mL. Test results provided 73.8%
sensitivity and 96.8% specificity. Hence, the predefined 95%
sensitivity target was not met for apixaban.

Diagnostic Accuracy of Uncalibrated AXA for FXa
Inhibitors

We assessed the diagnostic accuracy of 3 different
uncalibrated AXA cut-offs, which have been suggested to
rule out relevant concentrations of FXa inhibitors: below the
ULN, below 2 times the ULN, and below 0.3 U/mL
(Table 4). For rivaroxaban, the 3 cut-offs provided 98.2%/
97.3%/92.0% sensitivity and 64.7%/82.3%/94.1% speci-
ficity, respectively. For apixaban we found 93.7%/81.0%/
68.3% sensitivity and 90.3%/96.8%/100% specificity,
respectively.

Discussion

Our study evaluated the performance of DOAC-specific
coagulation assays in real-life patient samples. Different from
prior reports,??2* our analyses focused on the diagnostic
accuracy of the assays in the low concentration spectrum and
their ability to discriminate between concentrations above
and below the currently accepted safe-for-treatment threshold
of 30 ng/mL.>"27 1

Previous publications by our group provided evidence that
unspecific point-of-care tests'>'® and laboratory-based
assays'’ can help to identify intact hemostatic function in
patients presumably on DOAC treatment. However, diagnostic
performance of these unspecific tests is far from ideal, as only
a limited fraction of patients with DOAC concentrations below
30 ng/mL could be detected. Our present analysis investi-
gated guideline-recommended DOAC-specific tests that
should theoretically provide better diagnostic accuracy. In
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Table 2. Baseline Laboratory Results of Patients in the 3 DOAC Groups

Dabigatran Rivaroxaban Apixaban Normal Range
WBC, /uL 829742889 7147+2013 6969-+1581 3800-10 300
RBC, 105/uL 4540.5 4.440.6 4.24+0.7 42-6.2
Hematocrit 0.4+0.04 0.4+0.05 0.38+0.05 0.42-0.52
Hemoglobin, mmol/L 8.4+1 8.4+1.1 7.88+1.3 8.7-11.2
Platelet count, 10%/pL 226+79 236457 239+70 150-450
Quick, % 92412 99+11 96+13 70-120
INR 1.1+0.1 1.0+0. 1.0+£0.1 0.9-1.2
aPTT, s 27+4 26+6 2745 <40
Anti-Xa, |E-aXa/mL <0.09 <0.09 <0.09 <0.09
Fibrinogen, pmol/L 9.84+2.3 10.1+2.4 9.8+2.1 5-12.1
D-dimer, nmol/L 3.8+4.3 49+7.7 2.7+3.3 <2.7
Creatinine, umol/L 68.6+15.3 68.6+15.3 76.3+£38.1 45.8-83.9
GFR, mL/min/kg 75+17 81+19 78+31 >60
Protein total, g/L 68+7 70+7 68+7 65-85
Albumin, g/L 40+4 41+4 39+5 34-48
CRP, nmol/L 142.9+123.8 285.7+438.1 219.1+342.9 <47.6
Procalcitonin, pg/L 0.09+0.04 0.10+0.08 0.11+0.09 <0.10
AST, UL 0.58+0.3 0.55+0.2 0.65+0.42 <0.83
ALT, UL 0.52+0.33 0.53+0.3 0.6+0.53 <0.83
GGT, UL 1.05+1.15 0.78+0.6 1.15+1.49 <1.00

Results are presented in mean+SD. ALT indicates alanine transaminase; aPTT, activated partial thromboplastin time; AST, aspartate transaminase; CRP, C-reactive protein; DOAC, direct
oral anticoagulants; GFR, glomerular filtration rate; GGT, y-glutamyl transferase; INR, international normalized ratio; RBC, red blood count; WBC, white blood count.

clinical practice, the question whether it is safe to proceed
with treatments that require intact hemostasis (eg, surgery
with high bleeding risk or thrombolysis for acute ischemic
stroke) is frequently encountered. Similar concerns arise
when reversal therapy is evaluated in DOAC-associated
bleeding. Unnecessary reversal therapy comes at consider-
able financial cost in the case of dabigatran, as idarucizumab
is a safe yet expensive therapeutic option.?® The situation is
even more complicated for FXa inhibitors, where prothrombin
complex concentrate remains the mainstay of reversal
therapy.””'? Prothrombin complex concentrate increases the
risk of thromboembolic complications, and unnecessary
application might expose patients to unwarranted risks.?¢

Safe-for-Treatment Thresholds

While firm evidence supports the efficacy of DOACs for long-
term anticoagulation,5 reliable data on DOAC concentration
thresholds that result in a clinically significant coagulation
impairment are lacking. Although we acknowledge this
ambiguity, the safe-for-treatment threshold of 30 ng/mL,
which has been proposed for invasive procedures or

thrombolysis in a number of recent guidelines'®'* and expert

recommendations,5’13 seems to have been chosen with a
focus on patient safety and is lower than previous
recommendations.’® In case of severe but less critical
bleeding, a threshold of 50 ng/mL has been proposed to
warrant antidote adminstration.'* We have included test
accuracy calculations for this higher threshold in Table 5.

It should be noted that these threshold recommendations
are founded on an extrapolation based on retrospective
analyses of existing trial data.’® Supporting these thresholds
with better quality clinical data is of paramount importance,
because the number of DOAC-treated patients is steadily
increasing.?” To accomplish this, concentration measure-
ments using DOAC-specific assays in all patients who develop
ischemic or hemorrhagic events seem advisable. Furthermore,
wide availability of DOAC-specific coagulation assays is very
important in this context, both to guide further research and
for treatment of these patients.

Given the weak evidence for both thresholds, it seems
likely that our understanding of what constitutes a relevant
DOAC concentration will develop as our clinical experience
with DOAC increases, similar to the finding that thrombolysis
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Figure 1. Diagnostic accuracy of dabigatran-specific coagulation tests. Left: Scatter plots showing the correlation of dabigatran
concentrations determined by ultraperformance liquid chromatography—tandem mass spectrometry (UPLC-MS/MS, criterion standard) and
dabigatran-specific coagulation tests: Hemoclot direct thrombin inhibitor assay (HTI, A), Biophen direct thrombin inhibitor assay (BDTI, B) and
calibrated ecarin clotting time (ECT, C). Green dots represent samples correctly identified as below or above the safe-for-treatment threshold of
30 ng/mL (true-negative and true-positive results). Red dots represent samples incorrectly identified as below the safe-for-treatment threshold
(false negative). Orange dots represent samples incorrectly identified as above the safe-for-treatment threshold (false positive). Right: Bland-
Altman blot of UPLC-MS/MS and coagulation test results showing the mean measurement error and SD of test results.

is safe in ischemic stroke patients despite an elevated indications that DOAC might not impact bleeding risk after
international normalized ratio (ie, up to an international thrombolysis as much as currently believed stem from
normalized ratio of 1.7) during warfarin treatment.?® First experimental animal data”® and a clinical study investigating
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Table 3. Mean Deviation in Test Results in Samples With Low and High DOAC Concentrations

Samples <60 ng/mL Samples >60 ng/mL All Samples
Dabigatran
HTI 12.3+£25.2 ng/mL —2.6+44.1 ng/mL 8.24+32.0 ng/mL
95% Cl [8.0, 16.6] 95% Cl [—14.9, 9.7] 95% Cl [3.5, 12.9]
BDTI —3.1410.2 ng/mL —2.9424.9 ng/mL —1.44+15.8 ng/mL

95% Cl [-4.9, —1.3]

95% CI [-9.9, 4.1] 95% CI [-3.7, 0.9]

ECT 4.3+7.8 ng/mL

13.6+30.6 ng/mL 6.9417.8 ng/mL

95% ClI [3.0, 5.6]

95% ClI [5.0, 22.2] 95% Cl [4.3, 9.5]

Rivaroxaban
Calibrated AXA —2.9+18.5 ng/mL —10.2+£32.9 ng/mL —7.7+29.0 ng/mL
95% Cl [-8.0, 2.2] 95% Cl [-16.8, —3.6] 95% Cl [-12.4, —3.0]
Apixaban
Calibrated AXA —12.34+14.7 ng/mL —7.7+28.8 ng/mL —10.2422.2 ng/mL

95% Cl [-15.4, —9.2]

95% Cl [-14.4, —1.0] 95% Cl [-13.7, —6.7]

Samples=178 (dabigatran), 146 (rivaroxaban), 157 (apixaban). Values£SD. AXA indicates anti-Xa activity; BDTI, Biophen direct thrombin inhibitor assay; Cl, confidence interval; DOAC,
direct oral anticoagulants; ECT, ecarin clotting time; HTI, Hemoclot direct thrombin inhibitor assay.

an intravenous thrombin inhibitor (with a similar mode of
action as dabigatran) as an adjunct to thrombolysis.>°

When interpreting coagulation test results, it is critical to
consider the time of last DOAC intake: Different from the
relatively stable anticoagulation during vitamin K antagonist
treatment, concentrations of all DOAC increase rapidly after
intake and peak after about 3 hours. Hence, test results

should be interpreted cautiously if obtained within 4 hours
after intake.”

Dabigatran-Specific Coagulation Tests

Significant differences in diagnostic accuracy were found
between dabigatran-specific assays. All evaluated assays

Table 4. Diagnostic Accuracy of DOAC-Specific Tests to Drug Concentrations <30 ng/mL

Substance Coagulation Assay Sensitivity (%) Specificity (%) PPV (%) NPV (%) PLR NLR
Dabigatran | HTI 93.0 (84.5-97.1) | 78.2 (68.2-85.9) | 80.0 (70.6-87.1) | 92.3 (83.4-96.8) | 4.3 (2.8-6.3) 0.1 (0.0-0.2)
BDTI 90.7 (82.0-95.6) | 98.9 (93.2-99.9) | 98.7 (92.2-99.9) 91.9 (84.2-96.2) | 83.4 (11.9-586.8) | 0.1 (0.0-0.2)
ECT 97.7 (91.1-99.6) | 94.3 (86.5-97.9) | 94.4 (86.8-97.9) 97.6 (90.9-99.6) | 17.0 (7.3-39.8) 0.0 (0.0-0.1)
Rivaroxaban | Calibrated AXA 98.2 (93.1-99.7) | 97.1 (82.9-99.8) | 99.1 (94.4-100.0) | 94.3 (79.4-99.0) | 33.4 (4.8-230.3) 0.0 (0.0-0.1)
Uncalibrated 98.2 (93.0-99.7) | 64.7 (46.4-79.7) | 90.1 (82.3-94.5) | 91.7 (71.5-98.5) | 2.8 (1.8-4.4) 0.0 (0.0-0.1)
AXA <ULN
Uncalibrated 97.3 (91.7-99.3) | 82.3 (64.8-92.6) | 94.7 (88.4-97.8) 90.3 (73.0-97.5) | 5.5 (2.7-11.4) 0.0 (0.0-0.1)
AXA <2ULN
Uncalibrated 92.0 (84.9-96.0) | 94.1 (78.9-99.0) | 98.1 (92.6-99.7) 78.0 (62.0-88.9) | 15.6 (4.1-60.0) 0.1 (0.0-0.2)
AXA <0.3 U/mL
Apixaban Calibrated AXA 73.8 (65.1-81.0) | 96.8 (81.5-99.8) | 98.9 (93.3-99.9) 47.6 (35.0-60.5) | 22.9 (3.3-157.8) 0.3 (0.2-0.4)
Uncalibrated 93.7 (87.5-97.0) | 90.3 (73.1-97.5) | 97.5 (92.4-99.4) 77.8 (60.4-89.2) | 9.7 (3.3-28.4) 0.1 (0.0-0.1)
AXA <ULN
Uncalibrated 81.0 (72.8-87.2) | 96.8 (81.5-99.8) | 99.0 (93.9-99.9) 55.6 (41.5-68.8) | 25.1 (3.6-172.9) 0.2 (0.1-0.3)
AXA <2ULN
Uncalibrated 68.3 (59.3-76.1) | 100 (86.3—100) 100 (94.7-100) 43.7 (32.1-55.9) | 0 (n.c) 0.3 (0.2-0.4)
AXA <0.3 U/mL

Samples=178 (dabigatran), 146 (rivaroxaban), 157 (apixaban). Test accuracy calculations are provided with 95% confidence intervals. The ULN for anti-Xa activity as determined by our
laboratory is 0.09 U/mL. AXA indicates anti-Xa activity; BDTI, Biophen direct thrombin inhibitor assay; DOAC, direct oral anticoagulants; ECT, ecarin clotting time; HTI, Hemoclot direct
thrombin inhibitor assay; NLR, negative likelihood ratio; NPV, negative predictive value; PLR, positive likelihood ratio; PPV, positive predictive value; ULN, upper limit of normal.
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Figure 2. Diagnostic accuracy of anti-Xa activity testing. Left: Scatter plots showing the correlation of FXa inhibitor concentrations (A,
rivaroxaban; B, apixaban) determined by UPLC-MS/MS, criterion standard and calibrated anti-Xa activity testing. Green dots represent samples
correctly identified as below or above the safe-for-treatment threshold of 30 ng/mL (true-negative and true-positive results). Red dots represent
samples incorrectly identified as below the safe-for-treatment threshold (false negative). Orange dots represent samples incorrectly identified as
above the safe-for-treatment threshold (false positive). Right: Bland-Altman blot of UPLC-MS/MS and anti-Xa activity results showing the mean
measurement error and SD of test results. UPLC-MS/MS indicates ultraperformance liquid chromatography—tandem mass spectrometry.

(HTI, BDTI, and ECT) had a high sensitivity for dabigatran and
the 30 ng/mL threshold but only ECT satisfied our 95%
sensitivity target for safe clinical use. However, in case of
false-negative HTI or BDTI results, real dabigatran concen-
trations (as determined by the criterion standard UPLC-MS/
MS) did not exceed 42 ng/mL. Yet, specificity differed
considerably between assays: Consistent with prior
reports,®"*? we observed a high tendency of the HTI assay
for overestimation in the low concentration spectrum, which
resulted in a specificity of only 78% for dabigatran concen-
trations >30 ng/mL. This means that almost 25% of patients
with plasma concentrations <30 ng/mL would have been
exposed to unwarranted treatment with idarucizumab or
unnecessary treatment delays. BDTlI and ECT performed
considerably better and provided specificity results well
above 90%.

Therefore, use of HTI, the assay with the lowest specificity,
seems less advantageous than ECT and BDTI. As the use of

ECT-based dabigatran assays is hampered by a lack of
Conformité Européenne (CE)-labeled quality-controlled diag-
nostic reagents,® our results suggest that BDTI currently
might be the most preferable alternative for clinical
implementation.

FXa Inhibitor-Specific Coagulation Tests
Calibrated AXA

Rivaroxaban and apixaban showed striking differences in their
impact on AXA. For rivaroxaban, calibrated AXA provided
excellent diagnostic accuracy with high sensitivity and
specificity for concentrations around the 30 ng/mL safe-for-
treatment threshold. Apixaban had less impact on AXA, and
samples with concentrations almost 3-fold above the thresh-
old were classified as <30 ng/mL. Hence, our results suggest
that calibrated AXA does not provide sufficient sensitivity for
the reliable detection of apixaban concentrations >30 ng/mL.
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Table 5. Diagnostic Accuracy of DOAC Specific Tests to Drug Concentrations <50 ng/mL

Sensitivity (%) Specificity (%) PPV (%) NPV (%) PLR NLR

Dabigatran

HTI 86.2 (74.1-93.4) | 83.3 (75.2-89.3) | 71.4 (59.2-81.2) | 95.6 (85.5-96.5) | 5.1 (3.4-7.8) 0.2 (0.1-0.3)

BDTI 81.0 (68.2-89.7) | 95.0 (89.0-98.0) | 88.7 (76.3-95.3) | 91.2 (84.4-95.3) | 16.2 (7.4-35.7) | 0.2 (0.1-0.3)

ECT 100 (92.2-100) 90.8 (83.8-95.1) | 84.1 (72.8-91.4) | 100 (95.7-100) 10.9 0 (n.c)
Rivaroxaban

Calibrated AXA 96.0 (89.5-98.7) | 97.8 (87.0-99.9) | 99.0 (93.6-99.9) | 91.8 (79.5-97.4) | 44.2 (6.4-307.0) | 0.0 (0.0-0.1)

Uncalibrated AXA <ULN 100 (95.4-100) 53.3 (38.0-68.1) | 82.6 (74.5-88.7) | 100 (82.8-100) 2.1 (1.6-2.9 0 (n.c)

Uncalibrated AXA <2ULN 100 (95.4-100) 68.9 (53.2-81.4) | 87.7 (80.0-92.9) | 100 (86.3-100) 3.2 (2.1-5.0) 0 (n.c)

Uncalibrated AXA <0.3 U/mL | 99.0 (93.8-99.9) | 87.0 (73.0-94.6) | 94.3 (87.5-97.7) | 97.6 (85.6-99.9) | 7.6 (3.6-16.0) 0.0 (0.0-0.1)
Apixaban

Calibrated AXA 74.2 (63.6-82.6) | 98.5(91.0-99.9) | 98.5(90.9-99.9) | 74.4 (64.0-82.8) | 50.4 (7.2-354.2) | 0.3 (0.2-0.4)

Uncalibrated AXA <ULN 98.9 (93.0-99.9) | 51.5(39.1-63.6) | 72.7 (63.7-80.2) | 97.2 (83.8-99.6) | 2.1 (1.6-2.6) 0.0 (0.0-0.2)

Uncalibrated AXA <2ULN 97.8 (91.4-99.6) | 76.5 (64.4-85.6) | 84.5 (75.7-90.6) | 96.3 (86.2-99.4) | 4.2 (2.7-6.3) 0.0 (0.0-0.1)

Uncalibrated AXA <0.3 U/mL | 88.8 (79.9-94.2) | 89.7 (79.3-95.4) | 91.9 (83.4-96.4) | 85.9 (75.2-92.7) | 8.6 (4.3-17.5) 0.1 (0.1-0.2)

Samples=178 (dabigatran), 146 (rivaroxaban), 157 (apixaban). Test accuracy calculations are provided with 95% confidence intervals. The ULN for AXA as determined by our laboratory is
0.09 U/mL. AXA indicates anti-Xa activity; BDTI, Biophen direct thrombin inhibitor assay; DOAC, direct oral anticoagulants; ECT, ecarin clotting time; HTI, Hemoclot direct thrombin
inhibitor assay; n.c., not calculable ; NLR, negative likelihood ratio; NPV, negative predictive value; PLR, positive likelihood ratio; PPV, positive predictive value; ULN, upper limit of normal.

Hints for imprecision of AXA in the low apixaban concentra-
tion range can also be derived from an earlier report, which
highlighted the strong overall test correlation.®*

This finding puts the current recommendation for apixaban
into question to use calibrated AXA to select suitable patients
for surgery or thrombolysis.>’

Uncalibrated AXA

If only uncalibrated AXA is available, our results for rivaroxaban
suggest that a cut-off of less than 2 times the ULN can provide the
most advantageous balance between sensitivity and specificity: A
more restrictive cut-off (below ULN) did not significantly enhance
sensitivity, but lowered specificity considerably. The more liberal
<0.3 U/mL cut-off produced a higher number of false-negative
results leading to incorrect selection of samples with rivaroxaban
concentrations up to 54 ng/mL as eligible for invasive treatment.
Similar to the calibrated assays, uncalibrated AXA is of limited
value in apixaban-treated patients. If used, our results suggest
that the most restrictive cut-off (ie, below ULN) should be used to
maximize sensitivity and thus patient safety. However, it needs to
be acknowledged that even at this cut-off, 22% of test results
below ULN were false negatives (8/36) and our 95% sensitivity
target was not met.

Strength and Limitations

Our study provides a comprehensive overview and head-to-
head comparison of the diagnostic performance of guideline-

recommended DOAC-specific coagulation tests for the detec-
tion of clinically relevant DOAC concentrations. This distin-
guishes our report from prior studies, which investigated the
performance of coagulation test for the quantification across
the whole range of therapeutic drug concentrations but fail to
inform about the clinically most important aspect: the tests’
diagnostic accuracy for the detection of patients with DOAC
concentrations that are low enough to allow emergency
surgery, thrombolysis, or that do not warrant anticoagulation
reversal in case of bleeding. Different from previous reports
(eg, 23, 34, 35), we used reallife patient samples and the
current criterion standard for DOAC concentration measure-
ment (UPLC-MS/MS) as reference. We included 3 different
coagulation assays for dabigatran measurement and provide a
comparison of the impact of the FXa inhibitors rivaroxaban
and apixaban on calibrated as well as uncalibrated AXA.
Although our study includes a variety of DOAC-specific
assays, we only used a single reagent for each type of test and
thus cannot provide data that compare different test reagents.
This applies especially to AXA, where a variety of reagents are
available. However, reports comparing our reagent (Chro-
mogenix COAMATIC Heparin Test) to other reagents for
rivaroxaban®® and apixaban®’ measurement found no differ-
ence in diagnostic performance. Our study does notinclude the
FXa inhibitor edoxaban, as this DOAC was not approved for
clinical use in Europe when the present study was initiated. Our
test accuracy calculations were limited by the number of
samples included in this study, and the provided Cls need to be
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taken into account when interpreting the results of all analyses.
However, even the lower Cls suggest a sensitivity above 0.90 for
all tests that satisfied the 0.95 sensitivity target. Sequential
samples were acquired from each patient. Hence, a bias
because of repeated measurements cannot be excluded, but
this approach allowed us to cover a wide spectrum of DOAC
concentrations.

Furthermore, generalizability of our results is limited by the
single-center nature of the study. We therefore suggest
confirming the observed deviations in a multicenter trial.

Conclusion

Despite their strong overall correlation with DOAC concen-
trations, DOAC-specific coagulation tests differ considerably
in their diagnostic performance when used in the low
concentration spectrum close to the currently accepted
safe-for-treatment threshold of 30 ng/mL. All dabigatran-
specific assays reliably detected samples >30 ng/mL, but
the limited specificity of the HTI poses a high risk of
unwarranted anticoagulation reversal or unnecessary treat-
ment delays. BDTI and ECT provided better diagnostic
performance for this indication. For rivaroxaban, AXA
yielded excellent results and provided high sensitivity as
well as specificity. Apixaban, on the other hand, had a
much less pronounced impact on this assay. Based on the
results of our study, we recommend extreme caution if AXA
is used to assess hemostatic function in apixaban-treated
patients.
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