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Summary. The introduction of direct oral anticoagulant
(DOAC) therapy into clinical use in the past 5 years has
had significant impact on the clinical laboratory. Clinicians’
desire to determine plasma drug presence or measure drug
concentration, and more recent observations regarding the
limitations and utility of coagulation testing in the setting
of DOAC treatment, suggest that early published recom-
mendations regarding laboratory testing should be reas-
sessed. These initial recommendations, furthermore, were
often based on drug-spiked plasma studies, rather than
samples from patients receiving DOAC therapy. We have
demonstrated that reagent sensitivity varies significantly
whether drug-spiked samples or samples from DOAC-trea-
ted patients are tested. Data from drug-enriched samples
must therefore be interpreted with caution or be used as a
guide only. We present laboratory assays that can be used
to determine drug presence and to measure drug concentra-
tion, and provide recommended testing algorithms. As
DOAC therapy may significantly impact on specialty coag-
ulation assays, we review those tests with the potential to
give false-positive and false-negative results.

Keywords: apixaban; direct factor Xa inhibitors; direct
thrombin inhibitors; edoxaban; rivaroxaban; therapeutic
drug monitoring.

Introduction

Dabigatran, an oral direct thrombin inhibitor, was
approved in 2010 for use in stroke prevention in patients
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with non-valvular atrial fibrillation. Subsequent oral
direct activated factor X (FXa) inhibitors, specifically
rivaroxaban, apixaban, and now edoxaban, have now
gained approval for use in numerous thromboembolic
treatment and prophylaxis indications. The number of
patients prescribed these new anticoagulants is rapidly
increasing [1].

Clinical laboratories have struggled to keep abreast to
offer timely and accurate information about direct oral
anticoagulants (DOACs) and their effect on coagulation
testing. Early recommendations for laboratory testing in
patients receiving DOACs were based on the best infor-
mation available at the time of publication [2-4]. Some
guidelines have since been modified to reflect more cur-
rent observations regarding both the limitations and
potential utility of coagulation testing in the setting of
DOAC treatment [5,6]. Early recommendations, from
drug prescribing information leaflets and guidelines from
well-established hemostasis-based organizations, suggested
the potential utility of global screening assays, such as the
prothrombin time (PT) and activated partial thrombo-
plastin time (APTT), in assessing DOAC anticoagulation
[5-7]. Although these guidelines uniformly expressed cau-
tion regarding their use and described the limitations of
screening assays, these early published data were based
predominantly on drug-enriched, pooled plasma from
normal healthy adults, or pooled data from clinical trials
that provided no detailed information regarding specific
reagents or instrumentation [3,8—13]. Those drug-enriched
normal plasma studies that did provide detailed informa-
tion utilized reagent and instrument combinations that
are not commonly employed in routine practice, limiting
their utility for clinical laboratories [9,13,14]. Also,
whereas major guidelines recommend that each labora-
tory has knowledge of their local reagent sensitivity to a
given DOAC [5,6], such information remains elusive for
laboratories that lack expertise in this area. As more data
are published from patients receiving DOAC therapy
[15,16], it has become evident that the early recommenda-
tions about DOACs and coagulation testing, although
based on the best evidence at the time, may perhaps have
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been premature. We have observed significant differences
in reagent sensitivity when comparing clotting time results
of DOAC-enriched plasma samples with samples from
patients receiving DOACS and with commercial drug cal-
ibrators (Figs 1-3) [17]. Although the use of drug-
enriched normal plasma provides valuable information
for determining the relative sensitivity of a DOAC to a
given reagent system, as well as the drug effect on other
coagulation assays (e.g. factor levels and protein S),
in vitro drug enrichment of normal plasma may not
reflect clotting time results as would be obtained with
testing of samples from patients on DOACs, and there-
fore must be used as a guide only.

Clinical laboratory scientists should take the lead role in
deciphering the impact of DOACs on coagulation tests, as
they tend to possess the greatest knowledge regarding test-
ing methods and instrumentation. Clinical laboratory sci-
entists should also be proactive and determine what
information the clinician needs regarding DOACsSs in order
to recommend the appropriate tests and help interpret the
results. The most common questions that clinicians have
regarding DOAC-treated patients include: (i) is drug pre-
sent; or (il) how much is present? The laboratory approach
to these questions may vary with the complexity of the lab-
oratory and the testing capabilities. Each laboratory
should have testing algorithms in place to address both
questions. Although it may not be possible for each clinical
laboratory to quantify DOACs, providing some estimation
of drug level may be helpful in emergent situations. The
purpose of this article is to describe the use of laboratory
tests in assessing DOAC anticoagulation. Whether there is
a need to measure or monitor DOAC anticoagulation is
beyond the scope of this article, and will not be addressed.

The clinical question: is a DOAC present?

There are two possible scenarios in which this question
has significant clinical impacts. The first concerns patients
known to have a DOAC medication history, requiring an
emergent intervention or procedure (e.g. stroke or regio-
nal anesthesia). The second concerns patients with an
unknown medical or treatment history requiring emer-
gency medical care. The latter population may be more
prominent in institutions that serve as trauma or stroke
centers, but, potentially, any institution that provides
acute or emergent care may evaluate patients (e.g. travel-
ers) who are unable to provide a medication history (e.g.
trauma and stroke). With the exception of HPLC and
tandem liquid chromatography-mass spectrometry (LC-
MS/MS), all of the currently available tests for rapidly
assessing DOAC lack specificity, so laboratory results
must be used in conjunction with clinical presentation.
Publications investigating the need to identify the pres-
ence of DOACs with screening algorithms (PT and
APTT) have largely addressed dabigatran rather than
FXa DOAC [18,19]. Our increasing knowledge about
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Fig. 1. Comparison of assessment of the rivaroxaban sensitivity of
Recombiplastin 2G (R2GPT; Instrumentation Laboratory) pro-
thrombin time reagent with patient samples, commercial calibrator
material (Hyphen), and drug-enriched pooled normal patient plasma
(NPP).
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Fig. 2. Comparison of assessment of the rivaroxaban sensitivity of
Actin FSL activated partial thromboplastin time (APTT) (Siemens
Healthcare Diagnostics, Newark, DE, USA) reagent with patient
samples, commercial calibrator material (Hyphen), and drug-
enriched pooled normal patient plasma (NPP).
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Fig. 3. Comparison of assessment of the dabigatran sensitivity of
Actin FSL activated partial thromboplastin time (APTT) reagent
with patient samples, commercial calibrator material (Hyphen), and
drug-enriched pooled normal patient plasma (NPP).
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DOAC-treated patients indicates that normal PT and
APTT test results may not exclude the presence of signifi-
cant amounts of either anti-activated FII (FIIa) or anti-
FXa DOACGs, especially in apixaban-treated patients
[20,21]. There are sufficient data indicating that a normal
thrombin time (but not dilute thrombin time [dTT]) in
patients receiving dabigatran anticoagulation is a highly
sensitive method that virtually excludes the presence of
drug [22]. Therefore, whether patients with a known or
an unknown medication history are tested, a traditional
thrombin time (TT) test should be incorporated into the
laboratory algorithm to determine the potential presence
of dabigatran. Because of the limited lower limit of detec-
tion and limit of quantification (LOQ), the use of a cali-
brated dTT may not adequately determine the amount of
residual drug in those situations where a virtual absence
of drug is desired (e.g. tissue-type plasminogen activator
treatment in acute stroke or regional anesthesia) [23,24].
A recent publication also raised a concern about the inac-
curacy of a manufacturer-provided low-dabigatran cali-
brator potentially resulting in underestimation of drug
presence or amount [25].

The sensitivity of PT reagents to drug concentration
depends on the particular DOAC in question. Clinicians
must understand that a reagent reported to be highly
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Fig. 4. Prothrombin time sensitivity to Rivaroxaban. (A) The sensi-
tivity of different prothrombin time (PT) reagents to increasing
concentrations of rivaroxaban. (B) Differences in the sensitivity of
different anti-activated FX (FXa) direct oral anticoagulants
(DOAC:s) with Recombiplastin 2G PT reagent.

sensitive to anti-FXa DOACs (e.g. Neoplastine [CI Plus
Diagnostica-Stago Corporation, Parsippany, NJ, USA] or
Recombinplastin 2G [Instrumentation Laboratory,
Bedford, MA, USA]) is dependent on the individual anti-
DOAC only, and reagents may not have the same sensi-
tivity for all drugs in a given class (Fig. 4). Publications
have reported the use of heparin-calibrated anti-FXa
methods as a means to provide a highly sensitive method
for determining the presence (or absence) of drugs [26,27]
(Fig. 5). Other methods for quantifying or estimating
drug concentrations have been described for use in
patients with a known history of DOAC use, including
dilute Russell’s viper venom time (DRVVT) [25,28], mod-
ified PT [29], point-of-care methods [30], chromogenic
anti-FXa [14,21,27,28], thrombin generation assays
[9,31,32], and thromboelastometry [31,33], but all lack
specificity for DOACs, which limits their use as a screen-
ing or quantifying method. Urinary methods for measur-
ing the metabolites of dabigatran or rivaroxaban offer
interesting alternatives to blood testing, but these meth-
ods do not correlate with the concentration of drug in the
blood, and their results should be interpreted with cau-
tion [34,35]. Laboratory and clinician interpretation of
data must incorporate clinical history and presentation to
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Fig. 5. Heparin anti-Xa testing and anti-Xa DOAC. Sensitivity of
(A) low molecular weight heparin (LMWH)-calibrated or (B) unfrac-
tionated heparin (UFH)-calibrated anti-activated FX (FXa) measure-
ment and corresponding apixaban concentrations. Plateaus of results
(Rotachrome UFH; Diagnostica Stago) are based on the upper limit
of calibration.
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assess coincidental findings (e.g. receiving DOAC therapy,
but with a coagulopathy attributable to other causes).

The following points concerning assessment of the pres-
ence of DOACs are based on the current literature.

Known dabigatran treatment

1 If acutely needed for patients with known dabigatran
treatment, a normal traditional TT virtually excludes
the presence of drug.

(i) If the TT is elevated, the use of TT mixing studies,
i.e. TT with protamine sulfate, fibrinogen or repti-
lase tests, can help to discriminate between fibrino-
gen abnormalities and a dabigatran effect.

(i) TT mixing studies not correcting indicates that
dabigatran is most likely to be present.

(iii) TT with protamine sulfate correcting suggests the

presence of heparin.

(@iv) An abnormal TT, with normal fibrinogen and rep-

tilase, suggests the presence of dabigatran.

(v) Abnormal TT, fibrinogen and reptilase suggest
hypofibrinogenemia, hypodysfibrinogenemia, or
dysfibrinogenemia.

Known anti-FXa DOAC treatment

1 If acutely needed for patients with known FXa DOAC
use, a chromogenic anti-FXa assay (calibrated with
unfractionated heparin [UFH] or low molecular weight
heparin [LMWH]) that yields a value at or below the
LOQ may virtually exclude the presence of an anti-
FXa DOAC.

Unknown medication history

1 If acutely needed for patients with an unknown medica-
tion history, a traditional TT and the use of heparin-
calibrated anti-FXa tests can guide clinicians to the
presence of anti-FIla or anti-FXa DOAC:S.

(i) A normal TT excludes the presence of dabigatran.
(i) Anti-FXa below the LOQ may rule out the pres-
ence of an FXa DOAC
Note: Use these data in conjunction with PT,
APTT and fibrinogen to assess other causes of
coagulopathy in a bleeding patient.
Note: Chromogenic anti-FXa assays cannot dis-
criminate between heparin and anti-FXa DOAC:s.
Note: The use of urinary tests may also be useful,
although there is no correlation between urinary
presence and plasma concentration.

In those clinical scenarios where a medication history is
not available, institutions should consider employing
methods that are sensitive enough to detect low levels of
DOACs. There is sufficient evidence from the use of
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DOAC-treated patient samples to indicate that routine
screening tests, such as the PT and APTT, are not
adequate in these situations [15,16]. Most automated
coagulation instruments, including small bench-top ana-
lyzers, can perform TT and chromogenic anti-FXa assays.
The widespread use of anti-FXa testing has been con-
strained because of: (i) the limited stability of the reagent,
whether on-board the instrument or refrigerated; and (ii)
the cost of the reagents as compared with PT, APTT and
TT tests. The sensitivity of anti-FXa assays to DOACs
may be assessed with commercially available calibrator
material. Serial dilutions of calibrator into drug-naive
normal plasmas may be useful for determining the local
LOQ of an anti-FXa DOAC. Although rivaroxaban and
apixaban show similar drug concentration-dependent lin-
ear responses in heparin-calibrated anti-FXa assays, we
have noted that edoxaban is slightly less responsive. Note
that calibrator material may not be suitable for assessing
the DOAC sensitivity of the PT and APTT screening tests
[17].

The clinical question: how much DOAC is present?

If it has been established that a patient has been treated
with a DOAC, quantification of the plasma or serum
drug concentration may be desired. Scenarios in which
determining drug concentrations may be of clinical value
include the bleeding patient, emergent surgery, trauma,
renal insufficiency, or drug compliance, to name a few.
One published study measured dabigatran levels to track
the efficacy of drug removal by using dialysis, and subse-
quently used these data to estimate number of dialysis
cycles necessary to reduce levels to allow for safe inter-
vention in other patients [36]. The required result turn-
around time may direct the test method, as use of the
gold standard method for drug assessment (mass spec-
trometry) is not possible in most clinical laboratories,
owing to instrument and methodology complexity. The
need for measurement of the drug concentration prior to
administration of specific reversal agents as they become
available is unclear. Clinical trials for these agents are
performed with fixed doses, independent of the circulating
drug concentration [37,38]. It remains unclear whether
there would be any advantage to quantifying DOACs for
reversal agent dose adjustment in those patients with very
high drug levels. To assess patient compliance or in non-
emergent settings, referral testing may be more cost-effec-
tive, although turnaround times for receiving test results
may span over several days.

Other considerations for drug quantification would
include timing of sample collection (trough versus peak),
the implications of random sample collection, the report-
ing format, and result interpretation. Expected trough
and peak drug concentrations are predicated on pre-
scribed dose and frequency [39] (Table 1), but the dura-
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Table 1 The 5th-95th percentile values for the various direct oral
anticoagulants at a given dose [39]

Trough (ng mL ™) Peak (ng mL™")

Apixaban

2.5 mg twice daily 20-94 36-100

10 mg twice daily 30412 122-412
Dabigatran

150 mg twice daily 31-225 64-223
Edoxaban

30 mg once daily 130-174 376412

60 mg once daily 268-336 388-444
Rivaroxaban

10 mg once daily 1-38 91-195

20 mg once daily 4-96 160-360

tion of treatment may also have an effect on measured
drug concentrations [40]. There is no consensus on
whether trough values are superior to peak value results.
A trough drug value would suggest the minimum drug
concentration, whereas peak sample collections may be
convenient, especially if the DOAC is recommended to
be taken with food. Less reliable, and with more diffi-
culty in ascertaining the significance, would be the col-
lection of random DOAC levels. However, random
sample collections are often unavoidable in emergent sit-
uations.

Results should be reported in ng mL~', and there
should be an accompanying comment about the appropri-
ate range of results (peak or trough levels) based on pub-
lished data from clinical trials.

For any test used to quantify DOAGC:S, it is critical to
have continuous surveillance of test performance over
time. This can be achieved with longitudinal plasma
material (e.g. previously quantified frozen plasma samples
appropriately stored), but preferable to this is enrollment
in proficiency programs that monitor drug measurement
performance (e.g. External quality Control for Assays
and Tests or College of American Pathologists).

How much dabigatran is present?

Although the APTT may be relatively sensitive (as com-
pared with the PT) to dabigatran concentration, this test
should not be used to quantify or estimate drug concen-
tration. A number of drug-calibrated methods that have
been described for the rapid quantification of dabigatran
include the dTT, ecarin-based methods, and high phos-
pholipid content DRVVT. More specific methods would
include HPLC and LC-MS/MS [41,42]. Traditional TTs
are exquisitely sensitive to dabigatran, and are therefore
not useful for quantifying drug unless method modifica-
tion (i.e. changing the thrombin concentration or diluting
the sample) is made to extend clotting times. Good corre-
lations between dTT, DRVVT and ecarin methods with
LC-MS/MS suggest that these methods would be suitable
for quantifying dabigatran [25,32,43].

On the basis of the current literature on the quantifica-
tion of dabigatran:

1 APTT or PT should not be used to quantify or esti-
mate drug concentration.

2 Traditional TT tests are too sensitive to quantify drug
concentration, and should only be used to detect the
presence or absence of drug.

3 Dabigatran-calibrated dTT or ecarin-based tests are
rapid assays (< 10 min) that demonstrate good corre-
lation with LC-MS/MS. These methods do not give fal-
sely elevated results in the presence of a lupus
anticoagulant or factor deficiency (other than decreased
fibrinogen for dTT).

Note: Each laboratory should assess the accuracy of
the LOQ of their method, and report results as ‘less
than’ numeric LOQ value (ng mL ™).

Note: Use these data in conjunction with PT, APTT
and fibrinogen, to assess other causes of coagulopathy
in a bleeding patient.

4 Less specific methods, such as DRVVT or dilute pro-
thrombin assays, that have been calibrated with commer-
cially available material are rapid assays (< 10 min)
that have demonstrated good correlation with LC-MS/
MS but may give falsely elevated values (and therefore
overestimate drug concentration) in the presence of a
lupus anticoagulant or factor deficiency.

5 HPLC and LC-MS/MS are highly sensitive, highly
specific methods, with low limits of detection for dabi-
gatran, and may be considered in patients where emer-
gent results are not required.

How much anti-FXa DOAC is present?

Although the PT may be relatively sensitive (as compared

with the APTT) to anti-FXa DOAC:s, this test should not be

used to quantify or estimate drug concentration. There are a

limited number of drug-calibrated methods that have been

described for rapidly quantifying anti-FXa DOACs, includ-
ing drug-calibrated chromogenic anti-FXa (commonly used
for heparin level determination) and high phospholipid con-
tent DRVVT. More specific methods would include HPLC
and LC-MS/MS [41,42]. Drug-calibrated anti-FXa and high
phospholipid DRVVT demonstrate good correlations with

LC-MS/MS, suggesting that these methods are suitable for

FXa DOAC quantification [25,32,43].

On the basis of the current literature for the quantifica-
tion of anti-FXa DOACs:

1 APTT or PT should not be used to quantify or esti-
mate anti-FXa DOAC concentrations.

2 Chromogenic anti-FXa methods calibrated with com-
mercially available calibrator material are rapid assays
(< 10 min) that have demonstrated good correlations
with LC-MS/MS.

Note: Use these data in conjunction with PT, APTT
and fibrinogen to assess other causes of coagulopathy
in a bleeding patient.
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Note: Each laboratory should assess the accuracy of
the LOQ of their method, and report results as ‘less
than’ numeric LOQ value (ng mL ™).

Note: Published data have demonstrated linear concen-
tration-dependent correlations with UFH-calibrated or
LMWH-calibrated anti-FXa results. Extrapolation of
anti-FXa DOAC concentrations with this method
should be used and interpreted with caution.

Note: Chromogenic anti-FXa testing cannot differenti-
ate indirect (e.g. UFH) versus direct (e.g. apixaban)
versus different types of indirect (e.g. UFH versus
LMWH) or indirect (e.g. apixaban versus edoxaban)
anti-FXa therapies.

3 Less specific methods, such as DRVVT or dPT assays
calibrated with commercial material, are rapid assays
(<10 min) that have demonstrated good correlations
with LC-MS/MS but may give falsely elevated values
in the presence of lupus anticoagulants or factor
deficiency.

4 HPLC and LC-MS/MS are highly sensitive, highly
specific methods, with low limits of detection for anti-
FXa DOACs, and may be considered in patients where
emergent results are not required.

Impact of DOACS on specialty coagulation assays

DOAC:s function as inhibitors of FXa or Flla, and these
drugs therefore impact on clot-based and chromogenic
assays that rely on either of these factors (Table 2). These
include many specialty coagulation assays. ELISA-based
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assays and molecular assays do not demonstrate DOAC
interference.

Factor assays

As DOACs may elevate the APTT and/or PT, APTT or
PT-based factor activity assays may give falsely low results.
Drug effects can often, but not universally, be diluted out,
and DOACS may therefore cause non-parallelism in clot-
based factor activity assays. Normal plasma mixing studies
demonstrate incomplete correction, consistent with the
presence of an inhibitor, and specific factor inhibitor assays
may give falsely positive results. FVIII, FIX and FX chro-
mogenic activity assays are based on chromogenic determi-
nation of FXa activation, and will therefore give falsely
low results if an anti-FXa DOAC is present.

Inherited and acquired thrombophilia screening

DOACs may cause false-positive lupus anticoagulant test
results both with APTT-based and with dRVVT-based
screening and confirmatory assays. Clot-based protein C,
protein S and activated protein C resistance assays may
give overestimations in the presence of DOACS, yielding
falsely normal results. Chromogenic antithrombin activity
assays are based on chromogenic determination of either
FXa or Flla activation, and overestimation of activity
occurs in the presence of DOACs. As there is a potential
for underlying deficiencies or abnormalities to be masked,
it may be prudent to repeat these tests after cessation of

Table 2 Impact of direct oral anticoagulants (DOACS) on select special coagulation assays

Assay

Anti-Flla DOAC

Anti-FXa DOAC

Clauss fibrinogen

PT mixing study

APTT mixing study

One stage APTT-based factor assays
(FVII, FIX, FXI, FXII)

One stage PT-based factor assays (FII,
FV, FVII, FX)

Chromogenic FVIII activity

Bethesda assay

AT activity: thrombin substrate

AT activity: FXa substrate
PC activity: clot-based

PS activity: chromogenic
PS activity: clot-based

PS activity: ELISA-based or LIA-based
LA testing
Activated PC resistance assay

May be falsely decreased

May demonstrate incomplete correction

May demonstrate incomplete correction

May demonstrate false decrease in factor
activity

May demonstrate false decrease in factor
activity

No effect

False inhibitor present

May demonstrate false increase in AT activity;
may mask AT deficiency

No effect

May demonstrate false increase in PC activity;
may mask PC deficiency

No effect

May demonstrate false increase in PS activity;
may mask PS deficiency

No effect

Possible to misclassify as LA present

Falsely increased ratio; possible to misclassify as
FV Leiden mutation absent

No effect

May demonstrate incomplete correction

May demonstrate incomplete correction

May demonstrate false decrease in factor
activity

May demonstrate false decrease in factor
activity

May demonstrate false decrease in activity

False inhibitor present

No effect

May demonstrate false increase in AT activity;
may mask AT deficiency

May demonstrate false increase in PC activity;
may mask PC deficiency

No effect

May demonstrate false increase in PS activity;
may mask PS deficiency

No effect

Possible to misclassify as LA present

Falsely increased ratio; possible to misclassify as
FV Leiden mutation absent

AT, antithrombin; LA, lupus anticoagulant; LIA, latex immunoassay; PC, protein C; PS, protein S.
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DOAC therapy or to consider molecular testing where
appropriate.

Addendum

R. C. Gosselin and D. M. Adcock contributed to all por-
tions to the preparation of this manuscript.

Conclusion

1 APTT and PT assays have limited utility in determining
the presence of both anti-FIIa and anti-FXa DOAC:s.

2 A normal TT excludes the presence of dabigatran, and
dabigatran-calibrated dTT or ecarin methods can be
used to determine drug concentrations.

3 Chromogenic anti-FXa assays can be used to determine
the presence of anti-FXa anticoagulants, including
DOACs, and drug-calibrated methods can be used to
measure plasma concentrations.

4 Testing algorithms that can determine anti-FIla or
anti-FXa DOAC presence or concentration should be
developed by laboratories and made available to clini-
cians.

5 Laboratories measuring DOACs must have continued
surveillance of test performance over time to assure the
accuracy of reported results.

6 The use of screening tests and reported drug concentra-
tions must be used in conjunction with the patient’s
clinical history and the time of sample collection rela-
tive to patient’s last DOAC dose.

Disclosure of Conflict of Interests

The authors state that they have no conflict of interest.

References

1 Luger S, Hohmann C, Kraft P, Halmer R, Gunreben I,
Neumann-Haefelin T, Kleinschnitz C, Walter S, Haripyan V,
Steinmetz H, Foerch C, Pfeilschifter W. Prescription frequency
and predictors for the use of novel direct oral anticoagulants for
secondary stroke prevention in the first year after their market-
ing in Europe — a multicentric evaluation. Int J Stroke 2014; 9:
569-75.

2 Baglin T, Keeling D, Kitchen S; British Committee for Standards
in Haematology. Effects on routine coagulation screens and
assessment of anticoagulant intensity in patients taking oral dabi-
gatran or rivaroxaban: guidance from the British Committee for
Standards in Haematology. Br J Haematol 2012; 159: 427-9.

3 Harenberg J, Marx S, Weiss C, Kramer R, Samama M, Schul-
man S; Subcommittee on Control of Anticoagulation of the
ISTH. Report of the Subcommittee of Control of Anticoagula-
tion on the determination of the anticoagulant effects of rivarox-
aban. J Thromb Haemost 2012; 10: 1433-6.

4 Tripodi A. The laboratory and the direct oral anticoagulants.
Blood 2013; 121: 4032-5.

5 Kitchen S, Gray E, Mackie I, Baglin T, Makris M; BCSH com-
mittee. Measurement of non-coumarin anticoagulants and their
effects on tests of haemostasis: guidance from the British

10

11

13

17

18

19

Committee for Standards in Haematology. Br J Haematol 2014;
166: 830-41.

Baglin T, Hillarp A, Tripodi A, Elalamy I, Buller H, Ageno W.
Measuring oral direct inhibitors (ODIs) of thrombin and fac-
tor Xa: a recommendation from the Subcommittee on Control
of Anticoagulation of the Scientific and Standardisation Commit-
tee of the International Society on Thrombosis and Haemostasis.
J Thromb Haemost 2013; 11: 756-60.

Eby C. Novel anticoagulants and laboratory testing. Int J Lab
Hematol 2013; 35: 262-8.

van Ryn J, Stangier J, Haertter S, Liesenfeld KH, Wienen W,
Feuring M, Clemens A. Dabigatran etexilate — a novel, reversi-
ble, oral direct thrombin inhibitor: interpretation of coagulation
assays and reversal of anticoagulant activity. Thromb Haemost
2010; 103: 1116-27.

Samama MM, Mendell J, Guinet C, Le Flem L, Kunitada S.
In vitro study of the anticoagulant effects of edoxaban and its
effect on thrombin generation in comparison to fondaparinux.
Thromb Res 2012; 129: €77-82.

Douxfils J, Mullier F, Robert S, Chatelain C, Chatelain B,
Dogné JM. Impact of dabigatran on a large panel of routine or
specific coagulation assays. Laboratory recommendations for
monitoring of dabigatran etexilate. Thromb Haemost 2012; 107:
985-97.

Mani H, Hesse C, Stratmann G, Lindhoff-Last E. Rivaroxaban
differentially influences ex vivo global coagulation assays
based on the administration time. Thromb Haemost 2011; 106:
156-64.

Samama MM, Contant G, Spiro TE, Perzborn E, Guinet C,
Gourmelin Y, Le Flem L, Rohde G, Martinoli JL; Rivaroxaban
Anti-Factor Xa Chromogenic Assay Field Trial Laboratories.
Evaluation of the anti-factor Xa chromogenic assay for the mea-
surement of rivaroxaban plasma concentrations using calibrators
and controls. Thromb Haemost 2012; 107: 379-87.

Samama MM, Martinoli JL, LeFlem L, Guinet C, Plu-Bureau
G, Depasse F, Perzborn E. Assessment of laboratory assays to
measure rivaroxaban — an oral, direct factor Xa inhibitor.
Thromb Haemost 2010; 103: 815-25.

Barrett YC, Wang Z, Frost C, Shenker A. Clinical laboratory
measurement of direct factor Xa inhibitors: anti-Xa assay is
preferable to prothrombin time assay. Thromb Haemost 2010;
104: 1263-71.

Hawes EM, Deal AM, Funk-Adcock D, Gosselin R, Jeanneret
C, Cook AM, Taylor JM, Whinna HC, Winkler AM, Moll S.
Performance of coagulation tests in patients on therapeutic doses
of dabigatran: a cross-sectional pharmacodynamic study based
on peak and trough plasma levels. J Thromb Haemost 2013; 11:
1493-502.

Francart SJ, Hawes EM, Deal AM, Adcock DM, Gosselin R,
Jeanneret C, Friedman KD, Moll S. Performance of coagulation
tests in patients on therapeutic doses of rivaroxaban. A cross-sec-
tional pharmacodynamic study based on peak and trough
plasma levels. Thromb Haemost 2014; 111: 1133-40.

Gosselin RC, Adcock D, Hawes EM, Francart SJ, Grant RP,
Moll S. Evaluating the use of commercial drug-specific calibra-
tors for determining PT and APTT reagent sensitivity to dabiga-
tran and rivaroxaban. Thromb Haemost 2015; 113: 77-84.

Gehrie E, Tormey C. Novel oral anticoagulants: efficacy, labora-
tory measurement, and approaches to emergent reversal. Arch
Pathol Lab Med 2015; 139: 687-92.

Pernod G, Albaladejo P, Godier A, Samama CM, Susen S,
Gruel Y, Blais N, Fontana P, Cohen A, Llau JV, Rosencher N,
Schved JF, de Maistre E, Samama MM, Mismetti P, Sié P;
Working Group on Perioperative Haemostasis. Management of
major bleeding complications and emergency surgery in patients
on long-term treatment with direct oral anticoagulants, thrombin
or factor-Xa inhibitors: proposals of the working group on peri-

© 2016 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on Thrombosis and Haemostasis.



20

21

22

23

24

25

26

27

28

29

30

31

32

operative haemostasis (GIHP). Arch Cardiovasc Dis 2013; 106:
382-93.

Cuker A, Siegal DM, Crowther MA, Garcia DA. Laboratory
measurement of the anticoagulant activity of the non-vitamin K
oral anticoagulants. J Am Coll Cardiol 2014; 64: 1128-39.
Gouin-Thibault I, Flaujac C, Delavenne X, Quenet S, Horellou
MH, Laporte S, Siguret V, Lecompte T. Assessment of apixaban
plasma levels by laboratory tests: suitability of three anti-Xa
assays. A multicentre French GEHT study. Thromb Haemost
2014; 111: 240-8.

Dager WE, Gosselin RC, Kitchen S, Dwyre D. Dabigatran
effects on the international normalized ratio, activated partial
thromboplastin time, thrombin time, and fibrinogen: a multicen-
ter, in vitro study. Ann Pharmacother 2012; 46: 1627-36.

Hankey GJ, Norring B, Hacke W, Steiner T. Management of
acute stroke in patients taking novel anticoagulants. Int J Stroke
2014; 9: 627-32.

Benson HT, Avram MJ, Green D, Bonow RO. New oral anticoag-
ulants and regional anesthesia. Br J Anaesth 2013; 111: 196-113.
McGlasson DL, Fritsma GA. Measuring dabigatran with the
dilute Russell viper venom confirm assay in an anticoagulation
clinic population. Blood Coagul Fibrinolysis 2016; 27: 53-7.
Gosselin RC, Francart SJ, Hawes EM, Moll S, Dager WE,
Adcock DM. Heparin-calibrated chromogenic anti-Xa activ-
ity measurements in patients receiving rivaroxaban: can this test be
used to quantify drug level? Ann Pharmacother 2015; 49: 777-83.
Becker RC, Yang H, Barrett Y, Mohan P, Wang J, Wallentin L,
Alexander JH. Chromogenic laboratory assays to measure the fac-
tor Xa-inhibiting properties of apixaban — an oral, direct and selec-
tive factor Xa inhibitor. J ThrombThrombolysis 2011; 32: 183-7.
Gosselin RC, Adcock Funk DM, Taylor JM, Francart SJ,
Hawes EM, Friedman KD, Moll S. Comparison of anti-Xa and
dilute Russell viper venom time assays in quantifying drug levels
in patients on therapeutic doses of rivaroxaban. Arch Pathol Lab
Med 2014; 138: 1680-4.

Barrett YC, Wang Z, Knabb RM. A novel prothrombin time
assay for assessing the anticoagulant activity of oral factor Xa
inhibitors. Clin Appl Thromb Hemost 2013; 19: 522-8.

Mani H, Herth N, Kasper A, Wendt T, Schuettfort G, Weil Y,
Pfeilschifter W, Linnemann B, Herrmann E, Lindhoff-Last E.
Point-of-care coagulation testing for assessment of the pharma-
codynamic anticoagulant effect of direct oral anticoagulant. Ther
Drug Monit 2014; 36: 624-31.

Herrmann R, Thom J, Wood A, Phillips M, Muhammad S,
Baker R. Thrombin generation using the calibrated automated
thrombinoscope to assess reversibility of dabigatran and rivarox-
aban. Thromb Haemost 2014; 111: 989-95.

Samama MM, Guinet C, Le Flem L, Ninin E, Debue JM. Mea-
surement of dabigatran and rivaroxaban in primary prevention

33

34

35

36

37

38

39

40

41

42

43

Perspective on DOAC testing 893

of venous thromboembolism in 106 patients, who have
undergone major orthopedic surgery: an observational study. J
Thromb Thrombolysis 2013; 35: 140-6.

Rathbun S, Tafur A, Grant R, Esmon N, Mauer K, Marlar RA.
Comparison of methods to determine rivaroxaban anti-factor Xa
activity. Thromb Res 2015; 135: 394-7.

Harenberg J, Kraemer R. Measurement of the new anticoagu-
lants. Thromb Res 2012; 129(Suppl. 1): S106-13.

Du S, Weiss C, Christina G, Kramer S, Wehling M, Kriamer R,
Harenberg J. Determination of dabigatran in plasma, serum, and
urine samples: comparison of six methods. Clin Chem Lab Med
2015; 53: 1237-47.

Chang DN, Dager WE, Chin AIl. Removal of dabigatran by
hemodialysis. Am J Kidney Dis 2013; 61: 487-9.

Pollack CV Jr, Reilly PA, Bernstein R, Dubiel R, Eikelboom J,
Glund S, Huisman MV, Hylek E, Kam CW, Kamphuisen PW,
Kreuzer J, Levy JH, Sellke F, Stangier J, Steiner T, Wang B,
Weitz JI. Design and rationale for RE-VERSE AD: a phase 3
study of idarucizumab, a specific reversal agent for dabigatran.
Thromb Haemost 2015; 114: 198-205.

Lu G, DeGuzman FR, Hollenbach SJ, Karbarz MJ, Abe K, Lee
G, Luan P, Hutchaleelaha A, Inagaki M, Conley PB, Phillips
DR, Sinha U. A specific antidote for reversal of anticoagulation
by direct and indirect inhibitors of coagulation factor Xa. Nat
Med 2013; 19: 446-51.

Lippi G, Favalaro EJ. Recent guidelines and recommendations
for laboratory assessment of the direct oral anticoagulants
(DOAC:S): is there consensus? Clin Chem Lab Med 2015; 53:
185-97.

Chan NC, Coppens M, Hirsh J, Ginsberg JS, Weitz JI, Vanass-
che T, Douketis JD, Schulman S, Eikelboom JW. Real-world
variability in dabigatran levels in patients with atrial fibrillation.
J Thromb Haemost 2015; 13: 353-9.

Gous T, Couchman L, Patel JP, Paradzai C, Arya R, Flanagan
RJ. Measurement of the direct oral anticoagulants apixaban,
dabigatran, edoxaban, and rivaroxaban in human plasma using
turbulent flow liquid chromatography with high-resolution mass
spectrometry. Ther Drug Monit 2014; 36: 597-605.

Schmitz EM, Boonen K, van den Heuvel DJ, van Dongen JL,
Schellings MW, Emmen JM, van der Graaf F, Brunsveld L, van
de Kerkhof D. Determination of dabigatran, rivaroxaban and
apixaban by ultra-performance liquid chromatography-tandem
mass spectrometry (UPLC-MS/MS) and coagulation assays for
therapy monitoring of novel direct oral anticoagulants. J Thromb
Haemost 2014; 12: 1636-46.

Gosselin R, Hawes E, Moll S, Adcock D. Performance of various
laboratory assays in the measurement of dabigatran in patients
receiving therapeutic doses: a prospective study based on peak and
trough plasma levels. Am J Clin Pathol 2014; 141: 262-7.

© 2016 The Authors. Journal of Thrombosis and Haemostasis published by Wiley Periodicals, Inc. on behalf of International Society on Thrombosis and Haemostasis.



