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Abstract
Background  Stroke and thromboembolic events occurring among patients taking direct oral anticoagulants (DOACs) have 
been associated with low concentrations of DOACs. Enzyme-inducing antiseizure medications (EI-ASMs) are associated 
with enhanced cytochrome-P450-mediated metabolism and enhanced P-glycoprotein-mediated transport.
Objective  The aim of this study was to evaluate the effect of concomitant EI-ASM use on DOAC peak concentrations in 
patients treated in clinical care.
Methods  We performed a retrospective cohort study of patients treated with DOACs for atrial fibrillation and venous 
thromboembolic disease in an academic general hospital. In total, 307 patients treated with DOACs between August 2015 
and January 2020 were reviewed. Clinical characteristics and peak DOAC plasma concentrations of patients co-treated with 
an EI-ASM were compared with those of patients not treated with an EI-ASM. An apixaban dose score (ADS) was defined 
to account for apixaban dosage and the number of apixaban dose-reduction criteria.
Results  In total, 177 peak DOAC plasma concentrations (including apixaban, rivaroxaban, and dabigatran) from 131 patients 
were measured, including 24 patients co-treated with an EI-ASM and 107 controls not treated with an EI-ASM. The propor-
tion of patients with DOAC concentrations below the expected range was significantly higher among EI-ASM users than 
among patients not taking an EI-ASM (37.5 vs. 9.3%, respectively; p = 0.0004; odds ratio 5.82; 95% confidence interval 
[CI] 2.03–16.66). Most of these patients were treated with apixaban (85%); however, sensitivity analysis results were also 
significant (p = 0.031) for patients with non-apixaban DOACs. In patients co-treated with apixaban and an EI-ASM, median 
apixaban peak concentration was 106 ng/mL (interquartile range [IQR] 71–181) compared with 150 ng/mL (IQR 94–222) 
in controls (p = 0.019). In multivariable analysis, EI-ASM use was associated with 6.26-fold increased odds for apixaban 
concentration below the expected range (95% CI 2.19–17.90; p = 0.001). Apixaban concentrations were significantly associ-
ated with EI-ASM use, moderate enzyme inhibitor use, and ADS.
Conclusions  Concurrent EI-ASM and DOAC use presents a possible risk for DOAC concentrations below the expected 
range. The clinical significance of the interaction is currently unclear.
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1  Introduction

Direct oral anticoagulants (DOACs) have largely replaced 
vitamin K antagonists (VKAs) in the prevention of throm-
boembolic events associated with atrial fibrillation (AF) and 
venous thromboembolism (VTE), mainly because they are 

simpler to use and have a reduced risk of intracranial hem-
orrhage [1–5]. Failure of DOAC treatment results in severe 
morbidity and mortality. This may include cerebrovascular 
accident (CVA) or systemic embolism in patients with AF 
and include recurrent pulmonary embolism (PE) or deep 
vein thrombosis (DVT) in patients with prior VTE.

DOAC treatment failure may be associated with low DOAC 
concentrations. In a recent study in patients treated with 
DOACs who were admitted with ischemic CVA, the affected 
size of CVA, defined according to the National Institutes of 
Health Stroke Scale, inversely correlated with DOAC concen-
trations [6]. In another observational study, ten (1.8%) patients 
taking DOACs experienced thromboembolic events in a 1-year 
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Key Points 

Low direct oral anticoagulant (DOAC) plasma concen-
trations can lead to treatment failure, but factors causing 
low DOAC concentrations are not yet fully established.

In a cohort of 131 patients treated with DOACs, includ-
ing apixaban (85%), rivaroxaban, and dabigatran, we 
analyzed the association between DOAC concentration 
and the use of enzyme-inducing antiseizure medications 
(EI-ASMs).

The proportion of patients with lower than expected 
DOAC peak concentrations was significantly higher in 
patients co-treated with EI-ASMs. These results were 
consistent among all DOACs.

Concomitant treatment with EI-ASMs was associated 
with statistically significantly decreased apixaban levels.

In multivariable analysis, EI-ASM use was associated 
with more than 6-fold increased odds for apixaban con-
centrations below the expected range.

perforatum, increase the metabolism of a wide range of 
CYP3A4 substrates such as apixaban and rivaroxaban and the 
transport of P-gp substrates, including dabigatran, apixaban, 
rivaroxaban, and edoxaban.

As suggested by cases reporting low DOAC concentrations 
in patients treated with concurrent EI-ASMs [9, 13, 15, 17–20] 
and a small series [21], the mechanism for this interaction 
is likely to involve reduced DOAC concentrations and area 
under the curve (AUC). Such a mechanism is thus far sup-
ported only by studies in healthy subjects performed during the 
early phases of DOAC development. Rifampicin, a model for 
enzyme-inducing and P-gp-inducing drugs, has been shown to 
significantly decrease concentrations and AUCs of apixaban 
[22], rivaroxaban [23], edoxaban [24], and dabigatran [25] in 
healthy subjects.

We hypothesize that co-treatment with a DOAC and an 
EI-ASM is associated with a higher proportion of patients 
with DOAC concentrations below the reported 5th percentile 
compared with patients not treated with an EI-ASM. In addi-
tion, we hypothesize that concurrent treatment with DOACs 
and EI-ASMs is associated with lower DOAC concentrations, 
independent of DOAC dose and dose-adjustment criteria [26, 
27]. The aim of the current study was to evaluate the effect 
of EI-ASM use on DOAC concentrations in patients treated 
with DOACs.

2 � Methods

2.1 � Study Design

We performed a retrospective cohort study including 
patients hospitalized  in the Hadassah Medical Center 
between August 2015 and January 2020 with a prescrip-
tion for a DOAC during hospitalization and whose records 
were reviewed by clinical pharmacists as part of the insti-
tutional DOAC monitoring program. Employing this pro-
gram, clinical pharmacists review all DOAC orders in the 
hospital for potentially inappropriate prescribing during 
hospitalization. When potentially inappropriate prescrib-
ing or a drug-related problem was identified, the clinical 
pharmacist provided consultation on management options. 
A detailed description of this program has been previ-
ously published [21, 28]. The Hadassah Medical Center 
is a large general hospital affiliated with the Hebrew Uni-
versity that serves the population of Jerusalem and the 
surrounding area. Patients from whom blood samples were 
obtained for measurement of DOAC plasma concentration 
were included. The study was approved by the institutional 
review board of the Hadassah University Hospital. The 
data that support the findings of this study are available 
from the corresponding author upon reasonable request.

follow-up. All ten patients had DOAC serum concentrations 
in the lowest quartile of trough drug concentrations [7]. In the 
post hoc analysis of the AVERROES trial, patients within the 
lowest decile of anti-factor Xa (anti-Xa) activity calibrated for 
apixaban had a statistically significantly greater risk of stroke 
than those with higher anti-Xa activity (p = 0.013) [8]. Yet, 
the factors associated with risk of low DOAC concentrations 
are not well-defined.

Anecdotal reports describe co-prescription of DOACs and 
enzyme-inducing antiseizure medications (EI-ASMs) as a 
plausible culprit of DOAC treatment failure [9–15]. Few of 
these reports have also reported low concentrations of DOACs 
[9, 13, 15]. Clinical failure of anticoagulant treatment with an 
EI-ASM has been reported with apixaban [9, 13], rivaroxaban 
[11, 12, 14, 15], and dabigatran [10]. Studies on the effect 
of EI-ASMs on anticoagulation outcomes in patients treated 
with DOACs are scarce. Using the US FDA Adverse Event 
Reporting system, we previously described an increased odds 
of reporting DOAC treatment failure with concomitant use of 
EI-ASMs with apixaban, rivaroxaban, or edoxaban [16].

EI-ASMs are associated with increased metabolism of 
cytochrome-P450 (CYP) substrates and enhanced transport 
of the adenosine triphosphate-binding cassette sub-family B 
member 1, commonly known as P-glycoprotein (P-gp), sub-
strates. Some frequently used antiseizure medications (ASMs) 
are strong CYP3A4 inducers, including carbamazepine, 
phenytoin, phenobarbital, and primidone. These ASMs and 
other CYP3A4 inducers, such as rifampicin and hypericum 
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2.2 � Study Participants

Patients with an active prescription for apixaban, dabi-
gatran, or rivaroxaban (the DOACs available in Israel) 
were included if measurement of DOAC plasma concentra-
tion was reported in the electronic medical record (EMR). 
Data collected included sociodemographic details, medical 
history and full medication history, as well as laboratory 
data, including DOAC concentration (see Sect. 2.3).

Results were included in the analysis if the following 
criteria were fulfilled:

1.	 Patients were treated with the same DOAC dose for 
more than 3 days.

2.	 A measurement of DOAC concentration was docu-
mented in the EMR.

3.	 Administration of the DOAC was documented in the 
EMR on the morning of concentration testing, at a time 
corresponding to peak drug concentration (tmax) [23]. 
DOAC concentration measurement was considered peak 
concentration if there was documentation of DOAC 
administration in the EMR (3–4 h for dabigatran or 4–5 
h for apixaban or rivaroxaban) prior to the documented 
laboratory test time. This time window was chosen 
based on a pilot investigation where we observed a 1.5- 
to 2-h processing period between obtaining the blood 
sample and recording the result in the EMR, in addition 
to the previously reported 1- to 2-h tmax for dabigatran 
and 2- to 4-h tmax for apixaban and rivaroxaban [23].

4.	 Blood test was not performed because of acute bleeding 
or as part of pre-procedure testing.

2.3 � Determination of Direct Oral Anticoagulant 
(DOAC) Plasma Concentrations

A calibrated anti-Xa-based assay was used to determine 
rivaroxaban and apixaban concentrations, and a thrombin 
time (TT)-based assay was used to establish dabigatran 
concentrations, in accordance with the previously published 
methods [29].

2.4 � Data Collection

We collected sociodemographic and medical data. Sociode-
mographic data included age, sex, and body weight. Medical 
data included background medical history including Interna-
tional Classification of Diseases, Ninth Edition hospital dis-
charge diagnoses, and diagnoses and indication(s) for DOAC 
administration. Laboratory data included serum creatinine 
and DOAC concentration(s). Medication history included 
all medications used regularly.

2.5 � Data Analysis

The estimated glomerular filtration rate was calculated from 
serum creatinine using the Chronic Kidney Disease—Epi-
demiology Collaboration equation [30].

DOAC concentrations were classified as being below, 
within, or above the expected range. The expected ranges 
for apixaban and rivaroxaban was defined as a measure-
ment between the 5th and 95th percentile, and for dabigatran 
between the 10th and 90th percentile as reported by analyses 
of phase III studies [31, 32] and are provided in Table 1 in 
the electronic supplementary material (ESM).

A list of CYP3A4 EI-ASMs (including phenytoin, phe-
nobarbital, and carbamazepine) was compiled based on 
the DrugBank database [33]. Moderate or strong CYP3A4 
inhibitors included dronedarone, verapamil, diltiazem, cipro-
floxacin, and clindamycin based on the DrugBank database 
[34], as well as amiodarone [35].

Patients were considered to be consuming enzyme-induc-
ing or enzyme-inhibiting drugs if their administration was 
documented in the EMR. The lists were then reviewed by 
two clinical pharmacists (AP, RG) and a clinical pharma-
cologist (MM) [16]. Among patients taking DOACs, those 
also treated with EI-ASMs were compared with those not 
receiving any EI-ASMs.

2.6 � Apixaban Dose Score

In this study, the apixaban dose score (ADS) was defined 
to model apixaban plasma concentrations while accounting 
for a patient’s dose of apixaban and for the criteria requir-
ing dose adjustments (Table 1), effectively translating the 
current dose-adjustment guidelines into a numerical scale 
[26, 27]. We used the ADS to evaluate the effect of drug 
interactions associated with low apixaban concentrations, 
independent of the clinically used apixaban dose-adjustment 
recommendations.

This score ranged from − 2 to +3 and was constructed 
to model the expected relative dose an individual received 
compared with the standard recommended apixaban dose. 
The standard recommended apixaban dose was the zero-
reference point of the score. Thus, the zero-reference point 
of the score represented a dose of 5 mg twice daily (BID) 
for a patient with no dose-reduction criteria and 2.5 mg BID 
for a patient with two of three dose-reduction criteria (as per 
dosing guidelines). The presence of each additional dose-
reduction criterion therefore added a point to the score.

A dose of 2.5 mg BID for a patient with no dose-reduc-
tion criteria would result in an ADS of − 2, and if a single 
criterion were present, the score would be − 1, both rep-
resenting under-dosing of apixaban, relative to a patient’s 
characteristics.
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2.7 � Statistical Analysis

Univariate statistics were used to describe cohort charac-
teristics, numbers and percent were used for categorical 
variables, and means or medians with measures of spread 
were used for continuous variables. Bivariate comparisons 
were made for the characteristics of patients treated with EI-
ASMs compared with those who did not receive EI-ASMs 
and for the characteristics of patients with respect to DOAC 
concentrations (below, within, and above expected range). 
Since most of the patients were treated with apixaban (85%), 
a sensitivity analysis of the observed bivariate association 
between EI-ASMs and DOAC concentration was performed, 
whereby this association was tested separately among 
patients treated with apixaban and those treated with non-
apixaban DOACs. The statistical significance of differences 
between groups was determined by the appropriate tests: 
Chi-squared test and Fisher’s exact test for categorical vari-
ables and the t-test and analysis of variance or Mann–Whit-
ney U test and Kruskal–Wallis test for continuous variables.

2.8 � Multivariable Analyses of Apixaban Plasma 
Concentration

Since most of the patients studied (85%) were treated with 
apixaban, the multivariable association of EI-ASM with 
apixaban plasma concentration was evaluated using a series 
of mixed-effects models with random intercepts to account 
for multiple measurements within individuals.

Two groups of models were used, one evaluating predic-
tors of apixaban concentrations as a continuous measure and 
the other evaluating predictors of the risk for apixaban con-
centrations below the expected range, as a binary measure, 
with stepwise addition of variables of interest, as follows:

Group I—Apixaban concentrations (dependent variable, 
continuous)

1.	 Model A evaluated the relationship between apixaban 
concentration and ADS using a mixed-effects linear 
regression model. Apixaban concentrations were skewed 
and therefore log-transformed to facilitate accurate mod-
elling.

2.	 Model B included terms for ADS and EI-ASM.
3.	 Model C included terms for ADS, EI-ASM, and moder-

ate or strong CYP3A4 inhibitors.

Group II—Risk of apixaban concentrations below 
expected range (vs. patients with concentrations within and 
above the range), (dependent variable, categorical)

Model A evaluated the association of drug concentrations 
below the range with ADS using a mixed-effects logistic 
regression model.
Model B included terms for ADS and EI-ASM.
Model C included terms for ADS, EI-ASM, and moderate 
or strong CYP3A4 inhibitors.

The small number of patients using rivaroxaban and 
dabigatran meant it was not feasible to model the relation-
ship between EI-ASMs and rivaroxaban and dabigatran 
concentrations.

p values < 0.05 were defined as significant for all tests. 
Model assumptions were evaluated analytically and graphi-
cally and judged to be adequately met. Analyses were per-
formed using R, version 3.6.3 and the “lme4” and “lmerT-
est” packages.

3 � Results

3.1 � Patients’ Characteristics

In total, 307 patients treated with DOACs with anti-Xa and 
TT tests were identified and reviewed (Fig. 1). In 76 patients, 
there was no documentation of DOAC administration, and, 
in 61 patients, the concentration test was not performed in 
the pre-defined timeframe or documentation was not avail-
able. In 27 patients, the test was performed pre-procedure, 
and in 12 patients the test was performed in the context of 
acute bleeding.

In total, 131 patients with 177 DOAC plasma concen-
tration tests fulfilling inclusion criteria were included in 
the analysis, including 152 apixaban tests (111 patients), 
16 rivaroxaban tests (14 patients), and nine dabigatran tests 
(six patients). Eight patients had laboratory measurements 
of more than one DOAC.

Table 1   Apixaban dose score

ADS apixaban dose score, BID twice daily
a  Dosing as per guidelines

ADS Apixaban dose No. of dose 
adjustment 
criteriaa

− 2 2.5 mg BID 0
− 1 2.5 mg BID 1
0 2.5 mg BID 2
+ 1 2.5 mg BID 3
0 5 mg BID 0
+ 1 5 mg BID 1
+ 2 5 mg BID 2
+ 3 5 mg BID 3
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The 131 patients included 66 females and 65 males. The 
indication for treatment with DOACs was AF in 116 patients 
(88.5%) and VTE in 13 patients (9.9%). In two patients, the 
indication was unknown. In total, 24 patients were taking 
EI-ASMs and 107 patients were not. Of the 24 patients on 
EI-ASMs, ten were treated with carbamazepine, four with 
phenobarbital (including one patient co-treated with topira-
mate), three with phenytoin, two with oxcarbazepine, and 
four with primidone. One patient was treated with a phe-
nobarbital–oxcarbazepine combination. Indications for EI-
ASM use included convulsive disorder (n = 14), trigeminal 
neuralgia (n = 3), post-herpetic neuralgia (n = 1), and tremor 
(otherwise unspecified) (n = 5). In one patient, the indica-
tion was unknown.

The proportion of patients with DOAC concentrations 
below the expected range was significantly higher among 
EI-ASM users than among patients not taking an EI-ASM 
(37.5 vs. 9.3%, respectively; p = 0.0004; odds ratio [OR] 
5.82; 95% confidence interval [CI] 2.03–16.66).

In total, 35 patients were treated with moderate CYP3A4 
inhibitors (dronedarone, verapamil, or amiodarone) and none 
with strong CYP3A4 inhibitors. There were no statistically 
significant differences in general clinical features between 
patients treated with an EI-ASM and those not treated with 
an EI-ASM. In particular, median age, body mass index, and 
creatinine level, as well as proportion of reduced dosing per 
guidelines, did not differ significantly.

There was no difference between patients treated with 
or without an EI-ASM in the use of moderate CYP3A4 or 

P-gp inhibitors. Among 24 patients in the group receiving 
EI-ASMs, nine patients were also taking enzyme inhibitors. 
Among 107 patients not treated with EI-ASMs, 26 were also 
treated with enzyme inhibitors (p = 0.21) (Table 2).

3.2 � Clinical Events

Of the 131 patients receiving DOACs, eight were admitted 
with stroke, one with PE, and none with DVT, all among the 
patients not treated with EI-ASMs (p = 0.21). The patient 
who presented with PE had a peak DOAC concentration 
below the range, whereas patients presenting with stroke 
had peak DOAC concentrations within the range. Following 
admission, five additional stroke events were recorded (one 
in a patient treated with an EI-ASM), and no additional PE 
or DVT events were observed.

3.3 � Factors Associated with DOAC Peak Plasma 
Concentrations

The first measurement of DOAC concentration was used 
to determine the odds of the DOAC level being below the 
expected range.

Table 3 describes the bivariate associations between the 
first measurement of DOAC concentration and patients’ 
characteristics. Among the first measurement in the 131 
patients, 91 tests (69.5%) were within the range, 19 tests 
(14.5%) were below the range, and 21 tests (16.0%) were 
above the range.

Fig. 1   Consort diagram shows 
identification of patients who 
fulfilled inclusion criteria 
according to the study protocol. 
anti-Xa anti-factor Xa, DOAC 
direct oral anticoagulant, 
EI-ASM enzyme-inducing 
antiseizure medication, tmax time 
to peak drug concentration, TT 
thrombin time

Pa�ents treated with DOACs 
with An�-Xa or TT tests 

(n=307)

131 Pa�ents included

Pa�ents taking EI-ASM
(n=24)

Controls with no EI-ASM
(n=107)

Excluded
Pre-procedural tes�ng (n=27)
Acute bleeding (n=12)
No documenta�on of DOAC administra�on (n=76)
Not in predefined �me frame for tmax or missing 

informa�on RE �ming of test (n=61)
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The proportion of patients with DOAC concentrations 
below the expected range was significantly higher among 
EI-ASM users than among non-users of EI-ASM (37.5 
vs. 9.3%, respectively; OR 5.82; 95% CI 2.03–16.66; p = 
0.0004).

In sensitivity analysis testing of this association, sepa-
rately among patients treated with apixaban and among 
those with non-apixaban DOACs, EI-ASM use was associ-
ated with below-range DOAC concentrations in both sub-
groups (p = 0.004 and p = 0.031, respectively).

3.4 � Factors Associated with Apixaban Peak Plasma 
Concentration

Among 111 patients treated with apixaban, 21 were treated 
with an EI-ASM, of whom six (28.6%) had concentrations 
below the range, whereas among the 90 not treated with an 
EI-ASM, only six (6.7%) had concentrations below the range 
(p = 0.004). Median apixaban peak concentration was 106 
ng/mL (interquartile range [IQR] 71–181) in patients with an 

EI-ASM and 150 ng/mL (IQR 94–222) in patients without 
an EI-ASM (p = 0.019).

Apixaban concentrations among patients co-treated with 
EI-ASMs did not significantly differ between the various 
EI-ASMs (Kruskal–Wallis p = 0.305).

Of the 111 patients treated with apixaban, 33 were co-
treated with moderate CYP3A/P-gp inhibitors. Apixaban 
peak plasma concentrations were significantly higher among 
patients treated with moderate CYP3A/P-gp inhibitors than 
among patients not treated with such inhibitors (median 
172.5 [IQR 120.9–241.3] vs. 124.4 [79.2–206.4], respec-
tively; p = 0.017, Mann–Whitney U test).

3.5 � Multivariate Analyses

3.5.1 � Factors Associated with Variability in Apixaban 
Concentrations

We used linear regression models to analyze factors associ-
ated with apixaban concentration (Table 4). The presence 
of EI-ASMs and moderate CYP3A4 inhibitors, as well as 

Table 2   Patient characteristicsa

Data are presented as n (%) or median (interquartile range)
AF atrial fibrillation, BMI body mass index, CYP cytochrome P450, DOAC direct oral anticoagulant, EI-ASM enzyme-inducing antiseizure med-
ication, P-gp P-glycoprotein, VTE venous thromboembolism
a For patients with more than one test, characteristics are presented for time of first DOAC measurement
b Calculated using Chi-squared and Fisher’s exact test for categorical measures and the Mann–Whitney U test for continuous measures
c Dosing as per guidelines

Characteristics All patients  
(n = 131)

Patients with an EI-ASM  
(n = 24)

Patients without an EI-ASM  
(n = 107)

p valueb

Female 66 (50.4) 9 (37.5) 57 (53.3) 0.242
Age (years) 80 (70–85) 77 (64–83) 80 (73–86) 0.326
Weight (kg) 69 (58–80) 70.7 (60–80) 68 (58–80) 0.783
BMI 25.2 (22–30) 24 (20.75–31.25) 25.4 (22.2–30) 0.704
Creatinine (mmol/L) 90 (70–126) 90 (73–114) 89 (70–132) 0.752
DOAC 1.000
 Apixaban 111 (84.7) 21 (87.5) 90 (84.1)
 Rivaroxaban 14 (10.7) 2 (8.3) 12 (11.2)
 Dabigatran 6 (4.6) 1 (4.2) 5 (4.7)

Indication 0.327
 AF 116 (88.5) 20 (83.3) 96 (89.7)
 VTE 13 (9.9) 3 (12.5) 10 (9.3)
 Unknown 2 (1.5) 1 (4.2) 1 (0.9)

DOAC dosec 0.354
 Standard dose 48 (36.6) 11 (45.8) 37 (34.6)
 Reduced dose 83 (63.4) 13 (54.2) 70 (65.4)

Moderate CYP3A4 or  
P-gp inhibitors

0.21

 Yes 35 9 (37.5) 26 (24.3)
 No 96 15 (62.5) 81 (75.7)
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the ADS, were significantly associated with apixaban con-
centrations. EI-ASM use was significantly associated with 
reduced apixaban concentration (p<0.001) across the ADS 
range (Fig. 2). 

3.5.2 � Factors Associated with Odds of Apixaban 
Concentrations Below the Expected Range

In logistic regression models (Table 5) including ADS, the 
presence of EI-ASM, and the presence of moderate CYP3A4 
inhibitors, only the presence of EI-ASM was associated with 
the odds for apixaban concentrations below the expected 
range, with more than a sixfold increase in odds (OR 6.26 
[95% CI 2.19–17.90]; p < 0.001).

4 � Discussion

Our study investigated factors associated with low DOAC 
peak plasma concentrations in patients treated with DOACs, 
including apixaban (85% of the patients), rivaroxaban, and 

dabigatran. The data indicated that use of EI-ASMs was sig-
nificantly associated with DOAC concentrations below the 
expected range (OR 5.82 [95% CI 2.03–16.66]).

Among patients treated with apixaban, treatment with an 
EI-ASM remained associated with apixaban concentration 
independently from apixaban dose and criteria for dosage 
adjustment (as represented by ADS) and CYP3A4 moderate 
inhibitor use. The presence of EI-ASMs was associated with 
reduced apixaban concentrations, and the effect was consist-
ent throughout the ADS range, as reflected by the effect of 
EI-ASMs on the intercept of the ADS–concentration curve 
(Fig. 2). As expected, the impact of ADS (reflecting dose 
reduction criteria for apixaban) on apixaban concentrations 
was statistically significant; however, in addition to the dose 
reduction criteria for apixaban, drug interactions with EI-
ASMs were significantly correlated with reduced apixaban 
concentrations. Thus, the consumption of EI-ASMs may 
reflect variability in apixaban concentrations that is not cur-
rently addressed by dosage recommendations.

We have previously shown that concurrent use of EI-
ASMs and apixaban or rivaroxaban is associated with 

Table 3   Bivariate relationship between patients’ characteristics (n = 131) and direct oral anticoagulant levels at first measurement

 Data are presented as n (%) or median (interquartile range)
DOAC direct oral anticoagulant, EI-ASM enzyme-inducing antiseizure medication
a Calculated using Chi-squared and Fisher’s exact test for categorical measures, and Kruskal–Wallis test for continuous measures
b Dosing as per guidelines

Variable Levels below expected range 
(n = 19 [14.5%])

Levels within range  
(n = 91 [69.5%])

Levels above expected range 
(n = 21 [16.0%])

p valuea

Female 5 (26.3) 48 (52.7) 13 (61.9) 0.06
Age (years) 80 (72–87) 80 (70–84) 79 (74–86) 0.90
Weight (kg) 72.8 (62.3–90.3) 68.9 (59.5–81.3) 65 (55.5–76.4) 0.39
Creatinine (mmol/L) 90 (66–103.5) 86.5 (70–123.8) 110 (86.8–169.8) 0.1
DOAC doseb 0.96
 Standard dose 6 (31.6) 34 (37.4) 8 (38.1)
 Reduced dose 13 (68.4) 57 (62.6) 13 (61.9)

Patients treated with EI-ASM,  n = 24 9 (37.5) 15 (62.5) 0 (0.0) 0.0004
Patients without EI-ASM,  n = 107 10 (9.3) 76 (71.0) 21 (19.6)

Table 4   The impact of enzyme-inducing antiseizure medications on apixaban levels (n = 152)

Data are presented as coefficient (95% confidence interval). Model A evaluated the relation between log apixaban levels and apixaban dose score 
using a mixed-effects linear regression model. Model B included terms for ADS and EI-ASM. Model C included terms for ADS, EI-ASM, and 
moderate CYP3A4 inhibitors
ADS apixaban dose score, CYP cytochrome P450, EI-ASM enzyme-inducing antiseizure medications
 *p < 0.05, **p < 0.001

Model ADS EI-ASMs Moderate inhibitor

A 0.28 (0.17–0.37)** – –
B 0.29 (0.19–0.38)** – 0.41 (– 0.63 to – 0.18)** –
C 0.28 (0.18–0.37)** – 0.42 (– 0.64 to – 0.21)** 0.26 (0.06–0.45)*



	 A. Perlman et al.312

increased odds of reporting anticoagulation treatment fail-
ure, including recurrent VTE and CVA, compared with 
concurrent use of  ASMs that are not enzyme inducers and 

apixaban or rivaroxaban [16]. Other reports have also sug-
gested that DOAC treatment failure is associated with low 
DOAC concentrations [6–9, 13, 15, 17]. However, there is 
poor concordance among drug compendia regarding the 
clinical significance of DOAC–EI-ASM interactions [36], 
indicating the need for real-world evidence and quality data 
[37].

The current study sheds light on the mechanism by which 
EI-ASMs may be associated with clinical thrombotic out-
comes in patients treated with DOACs. Incorporating our 
results, this interaction is likely pharmacokinetic, resulting 
in low DOAC concentrations.

A major attraction of DOACs is their more predictable 
dose–response relationship and fewer drug–drug interactions 
compared with VKAs such as warfarin. Thus, DOAC treat-
ment does not require routine monitoring of drug concentra-
tion or effect [26]. However, the lack of routine monitoring 
can be a disadvantage when significant drug interactions are 
suspected. In patients treated with VKAs, the interaction 
with EI-ASMs is well documented, and international nor-
malized ratio monitoring in these patients can direct VKA 

Fig. 2   Plot of concentration 
of apixaban by apixaban dose 
score, colored by presence of 
enzyme-inducing antiseizure 
medications (EI-ASM). Lines 
are population-level mixed-
effect linear regression lines for 
apixaban log-transformed con-
centration by dose score strati-
fied by the presence of inducing 
EI-ASM, and y-axis is apixaban 
concentration (n = 152)

Table 5   The impact of enzyme-inducing antiseizure medications on 
the odds of direct oral anticoagulant levels below the expected range 
(n = 152)

Data are presented as odds ratio (95% confidence interval). Model 
A evaluated the association of levels below the range with apixaban 
dose score using a mixed-effects logistic regression model. Model B 
included terms for apixaban dose score and the presence of EI-AMSs. 
Model C included terms for apixaban dose score, EI-ASMs, and mod-
erate CYP3A4 inhibitors
ADS apixaban dose score, CYP cytochrome P450, EI-ASM enzyme-
inducing antiseizure medications
* p < 0.001

Model ADS EI-ASM Moderate inhibitor

A 0.16 (0.02–1.06) – –
B 0.80 (0.49–1.31) 6.11 (2.19–17.0)* –
C 0.79 (0.48–1.28) 6.26 (2.19–17.9)* 0.23(0.05–1.09)
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dosing. However, similar strategies in DOACs have not been 
studied. Identifying factors associated with low DOAC con-
centrations can help tag patients at risk for treatment failure. 
Hence, these factors can direct clinicians to find alternatives 
to treatment with EI-ASMs or DOACs or select patients for 
DOAC concentration measurement.

Although DOACs have fewer drug–drug interactions than 
VKAs, they still have significant drug interactions that are 
related to the specific metabolic pathways of each agent. 
CYP enzymes, mainly CYP3A4, are responsible for apixa-
ban and rivaroxaban metabolism. Thus, induction of these 
enzymes can result in reduced rivaroxaban and apixaban 
concentrations and effect. Rivaroxaban, apixaban, and dabi-
gatran are substrates of P-gp. Induction of P-gp can also 
affect drug concentrations, as exhibited by concurrent use 
of rifampicin and dabigatran in healthy volunteers [25]. Our 
findings may be explained by induction of P-gp, CYP3A4, 
or both.

Our current findings support our previous study, which 
reported that the use of moderate CYP3A inhibitors was 
correlated with higher DOAC concentrations [38]. The 
concordance between the previous [38] and current data 
regarding the effect of enzyme inhibitors on DOAC concen-
trations may also validate the data used in the current analy-
ses and our findings on the effect of EI-ASMs on DOAC 
concentrations.

In the current study, we did not observe a difference in 
clinical events (including stroke, DVT, and PE), either on 
admission or following hospitalization, between patients 
treated with EI-ASMs and patients not treated with EI-
ASMs. This may be related both to the small number of 
events observed and to the effect of modifications in DOAC 
dosage performed following DOAC plasma concentration 
measurements during hospitalization. Previous studies by 
our group [16] and by others have suggested that DOAC 
treatment failure is associated with low DOAC concentra-
tions [6–9, 13, 15, 17]. The current study was designed to 
examine the effect of EI-ASM treatment on DOAC plasma 
concentrations, and the results support the relationship 
between low DOAC peak concentrations and EI-ASM use. 
A larger study is required to determine the effect of DOAC 
concentration on the risk of thrombotic and embolic events 
in patients treated with EI-ASMs.

Concomitant use of EI-ASMs in patients treated with 
DOACs is not surprising, as significant comorbidity and 
polypharmacy is common in patients treated with DOACs. 
This combination can occur in the context of a stroke-
induced seizure. Co-prescription of a DOAC and an EI-ASM 
has been reported to occur in 1.4% of patients in the hospital 
setting [21], warranting further research to evaluate the clini-
cal implications of these potential drug interactions.

4.1 � Limitations and Strengths

Our study has several limitations. First, it was retrospective 
and observational, so, although we observed an increased 
odds of DOAC plasma concentrations below the expected 
range with EI-ASM use, we cannot establish a causal rela-
tionship. Our study identified the correlation between EI-
ASM use and apixaban concentration in a modest sample 
size, but, to our knowledge, this is the largest study address-
ing this question. Although similar associations were 
observed among patients with non-apixaban DOACs, the 
modest sample size precluded assessment of the association 
for each specific DOAC agent.

Our study was performed in a clinical setting, and indica-
tions for sampling were diverse. Thus, we excluded patients 
in whom blood samples were obtained in the context of acute 
bleeding, suspected overdose, or suspected non-compliance, 
and only included samples obtained after documented drug 
administration at a time corresponding to DOAC tmax.

DOAC plasma concentrations were calculated using cali-
brated anti-Xa and TT assays [26]. There are no validated 
target ranges for DOAC concentrations. Even so, therapeutic 
efficacy is doubtlessly compromised below some threshold. 
Indeed, clinical guidelines have suggested using the lower 
range of DOAC concentrations to guide the decisions regard-
ing planned surgical intervention in patients at high bleeding 
risk receiving DOACs [26], and DOAC concentrations have 
been suggested to guide the use of recombinant tissue plas-
minogen activator in selected DOAC users presenting with 
acute ischemic stroke [39].

Our study also has several strengths. It includes the larg-
est number of DOAC concentration tests in patients co-
treated with an EI-ASM. We also used an ADS that included 
a combination of apixaban dose and apixaban dose-reduc-
tion criteria, resulting in a numerical scale that controlled 
for known factors affecting apixaban concentration. Thus, 
any additional factor, such as consumption of an EI-ASM 
or enzyme inhibitor, reflected variability not addressed by 
current dosage recommendations.

4.2 � Regulatory Implications

Current recommendations for apixaban, rivaroxaban, and 
dabigatran warn against the concomitant use of these medi-
cations with EI-ASMs [26]. According to European Medi-
cines Agency guidelines, the use of apixaban with strong 
CYP3A4-inducing drugs should be avoided in VTE treat-
ment but can be used “with caution” in AF and VTE proph-
ylaxis [40]. According to the European Cardiology Soci-
ety, drug concentration measurement can be used to guide 
therapy in patients with significant drug interactions that 
cannot be avoided [26]. However, it is not specified whether 
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“sub-therapeutic” DOAC concentrations can be an off-label 
indication for administration of higher DOAC doses. Our 
study, demonstrating reduced DOAC concentrations with EI-
ASMs, provides the basis to support such a future strategy.

5 � Conclusions

All currently approved DOACs are substrates of P-gp and/
or CYP3A4; however, little is known regarding the manage-
ment of DOACs in patients with commonly used antisei-
zure medications that induce the expression of P-gp and 
CYP3A4. Our study shows that this interaction results in 
potentially sub-therapeutic DOAC concentrations and sup-
ports recommendations that this drug combination should 
be avoided when possible. VKAs can be a useful alternative 
for patients taking EI-ASMs who need oral anticoagulation. 
Further study may determine the role of drug concentra-
tion measurement in patients in whom treatment with both 
a DOAC and an EI-ASM is considered necessary.
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