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Abstract
The use of direct oral anticoagulants (DOACs) is increasing because of their superior efficacy and safety compared with 
vitamin K antagonists. Pharmacokinetic drug interactions, particularly those involving cytochrome P450- mediated metabo-
lism and P-glycoprotein transport, significantly affect the efficacy and safety of DOACs. In this article, we assess the effects 
of cytochrome P450- and P-glycoprotein-inducing antiseizure medications on DOAC pharmacokinetics in comparison to 
rifampicin. Rifampicin decreases to a varying extent the plasma exposure (area under the concentration–time curve) and peak 
concentration of each DOAC, consistent with its specific absorption and elimination pathways. For apixaban and rivaroxa-
ban, rifampicin had a greater effect on the area under the concentration–time curve than on peak concentration. Therefore, 
using peak concentration to monitor DOAC concentrations may underestimate the effect of rifampicin on DOAC exposure. 
Antiseizure medications that are cytochrome P450 and P-glycoprotein inducers are commonly used with DOACs. Several 
studies have observed a correlation between the concomitant use of DOACs and enzyme-inducing antiseizure medications 
and DOAC treatment failure, for example, ischemic and thrombotic events. The European Society of Cardiology recom-
mends avoiding this combination, as well as the combination of DOACs with levetiracetam and valproic acid, owing to a 
risk of low DOAC concentrations. However, levetiracetam and valproic acid are not cytochrome P450 or P-glycoprotein 
inducers, and the implications of their use with DOACs remain to be elucidated. Our comparative analysis suggests DOAC 
plasma concentration monitoring as a possible strategy to guide dosing owing to the predictable correlation between DOACs’ 
plasma concentration and effect. Patients taking concomitant enzyme-inducing antiseizure medications are at risk for low 
DOAC concentrations and subsequently, treatment failure and thus can benefit from DOAC concentration monitoring to 
prophylactically identify this risk.
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1 Introduction

Direct oral anticoagulants (DOACs) have largely replaced 
vitamin K antagonists (VKAs) for the prevention of 
ischemic stroke in patients with atrial fibrillation and in 
the treatment and prevention of venous thromboembolism 
(VTE) [1, 2]. Compared with VKAs, DOACs have a more 
favorable safety profile (presumably because of a more 
predictable dose–response relationship), a smaller food 
effect, and fewer drug–drug interactions (DDIs), result-
ing in a lower risk of intracranial bleeding as compared 

with VKAs. Therefore, unlike VKAs that require routine 
coagulation monitoring (international normalized ratio), 
DOACs provide greater safety as well as convenience of 
treatment and an improved adherence to therapy [3, 4].

2  DOAC Pharmacokinetic (PK) Profiles

The following DOACs are approved by the US Food and 
Drug Administration and European Medicines Agency: 
dabigatran, rivaroxaban, apixaban, and edoxaban. Betrixa-
ban is approved in the USA only for the prophylaxis of 
VTE in adult patients with a special risk for thromboem-
bolic complications, and therefore, less data are available 
for comparison. Although DOACs have fewer DDIs than 
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Key Points 

Co-medication of direct oral anticoagulants (DOACs) 
and enzyme-inducing antiseizure medications is associ-
ated with low DOAC plasma concentrations and treat-
ment failure.

The effect of rifampicin on the area under the concen-
tration–time curve of rivaroxaban and apixaban was 
greater than the effect on their peak concentration. Thus, 
DOACs’ peak concentration measurement is likely 
to underestimate the true impact of enzyme-inducing 
antiseizure medications on the exposure of DOACs.

Co-medication of DOACs and levetiracetam or valproic 
acid has been associated with higher rates of thrombotic 
events despite the fact that these drugs are not enzyme-
inducing antiseizure medications. Further studies are 
required to evaluate these interactions.

Thresholds for DOAC plasma concentrations have yet to 
be determined to guide DOAC therapeutic drug moni-
toring in patients co-medicated with enzyme-inducing 
antiseizure medications and DOACs. We suggest that 
therapeutic drug monitoring-based dose adjustments can 
help in the safe and effective treatment of patients.

VKAs, they still have significant PK DDIs that may sub-
stantially impact their plasma concentrations and effects. 
As most of the clinically relevant DDIs are PK [5], a 
comparative analysis of the PK profile of each individual 
DOAC is critical for predicting its DDIs with other con-
comitantly administered medications (Table 1).

Table 1  Pharmacokinetic parameters of direct oral anticoagulants

CES1 carboxylesterase 1, CL total clearance of drug from plasma, CYP cytochrome P450, F oral bioavailability, fe fraction of drug systemically 
available that is excreted unchanged in urine, fm fraction of drug systemically available that is metabolized, t½ elimination half-life, tmax time to 
peak concentration after oral dosing, V volume of distribution

Dabigatran [6, 71] Rivaroxaban [7] Apixaban [8, 72] Edoxaban [9] Betrixaban [10]

F (%) 3–7 66–100 50 62 32
CL (L/h) 6.7 10 3.3 22 40.6
V (L) 50–70 ~ 50 ~ 21 107 32
t½ (h) 12–17 5–9 12 10–14 40
fm (%) 20 50 50 24 80
Metabolized by Non-CYP CYP3A4 and CYP2J2 CYP3A4 CES1 hydrolysis and 

CYP3A4
Hydrolysis

fe (%) 80 35 50 50 20
tmax (h) 1–2 2–4 3–4 1–2 2

There are considerable differences in the reported oral 
bioavailability of the individual DOACs: dabigatran: 
3–7%, rivaroxaban: 66–100%, apixaban: 50%, edoxaban: 
62% and betrixaban: 32%. While the bioavailability of 
a drug is affected by numerous factors, P-glycoprotein 
(P-gp) transport has a significant influence on DOAC bio-
availability. In addition, the elimination pathways of the 
individual DOACs vary as follows.

2.1  Dabigatran

Dabigatran per se is not orally absorbed. Consequently, 
it is marketed as a prodrug (dabigatran etexilate) that is 
metabolically hydrolyzed by hepatic non-specific esterases 
to the parent compound. Twenty percent of the absorbed 
dose is metabolized through non-cytochrome P450 (CYP)-
mediated pathways, while more than 80% is excreted, mostly 
unchanged in the urine [6].

2.2  Rivaroxaban

About 50% of the absorbed rivaroxaban dose is metabolized 
in the liver, primarily by CYP2J2 and CYP3A4/5 and the 
formed metabolites are excreted in urine (30%) and feces 
(21%), while about 35% is excreted unchanged in urine by 
transporter-mediated processes [7].

2.3  Apixaban

About 50% of the absorbed apixaban dose is metabolized in 
the liver, primarily by CYP3A4, while the rest is excreted 
(unchanged) in urine. Apixaban metabolites are then 
excreted mostly in feces with a small percentage of metabo-
lites excreted in urine [8].
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2.4  Edoxaban

Approximately 24% of the absorbed edoxaban dose is 
metabolized in the liver, primarily by carboxylesterase 
1-mediated hydrolysis, and to a lesser extent via CYP3A4. 
About 50% of the absorbed dose is excreted unchanged in 
urine [9].

2.5  Betrixaban

About 80% of the absorbed dose of betrixaban is eliminated 
from the body by hepatobiliary metabolic hydrolyses with-
out CYP involvement, while 20% is excreted unchanged in 
urine [10]. In summary, all DOACs undergo P-gp-dependent 
absorption and renal excretion. Rivaroxaban, apixaban, and 
edoxaban undergo CYP-mediated metabolism. This P-gp-
dependent absorption and/or their CYP-mediated metabo-
lism provides the basis for many of their clinically relevant 
PK DDIs due to induction and/or inhibition of CYPs and/or 
P-gp-mediated processes.

3  DOAC DDIs

Drug interactions are common among elderly patients taking 
DOACs especially when polypharmacy is present, and the 
ramifications of toxicity or inefficacy are grave.

The DOAC PK drug interactions in the elderly include 
the interaction between DOACs and other substrates of P-gp 
and/or CYP3A4 such as statins. Specifically, simvastatin, 
atorvastatin, and lovastatin have been hypothesized to com-
pete with DOAC metabolism, thereby possibly leading to 
increased DOAC concentrations. However, PK studies in 
healthy subjects did not find any changes in DOAC concen-
trations with these concurrent medications [11, 12]. Retro-
spective studies have analyzed the statin effect on DOAC 
concentrations [13, 14] and effects [14–16] with mixed find-
ings. Thus, we conclude that no special precautions would 
seem necessary for the concurrent use of statins and DOACs.

In addition to PK interactions, DOACs have significant 
pharmacodynamic interactions that may be clinically rel-
evant in the elderly. For example, a well-known pharmaco-
dynamic mechanism of DDIs that may increase the bleeding 
risk in patients treated with DOACs is the antiplatelet activ-
ity of medications such as selective serotonin reuptake inhib-
itors and selective norepinephrine reuptake inhibitors as well 
as non-steroidal anti-inflammatory drugs [17–19]. In a ret-
rospective cohort study, typical and atypical antipsychotics 
were also associated with an increased bleeding risk when 
co-administered with DOACs compared with patients taking 
DOACs without antipsychotics [20]. However, the cohorts 
compared were significantly different at baseline. Specifi-
cally, a considerable difference between mean HAS-BLED 

scores was reported, reflecting a baseline bleeding risk that 
was higher among patients taking antipsychotics as com-
pared with patients who were not. The observed increased 
bleeding risk can be a result of differences in comorbidities 
between patients taking antipsychotics as compared with 
patients who were not, and not a result of DOAC-neuroleptic 
interactions.

4  Rifampicin and DOACs: PK Interaction

Cytochrome P450 and/or P-gp inducers increase the metabo-
lism/transport of CYP and/or P-gp substrates, resulting in 
a variable reduction in DOAC plasma concentrations and 
clinical effect. Co-administration of rifampicin, a probe 
drug for CYP and P-gp induction, has been associated with 
a decrease in plasma exposures (area under the concentra-
tion–time curve [AUC]) of dabigatran, rivaroxaban, apixa-
ban, and edoxaban [21–25]. The magnitude of the decline 
in DOACs’ AUC differs according to the CYP-mediated 
fraction metabolized and the extent of their P-gp-mediated 
transport as depicted in Table 2.

When rifampicin was concomitantly administered to 
healthy subjects, it reduced the AUC of dabigatran [21], 
apixaban [23], rivaroxaban [22], and edoxaban [24] by 67%, 
54%, 49%, and 34%, respectively. The similar (about 50%) 
decrease in the AUC of rivaroxaban and apixaban is consist-
ent with their similar metabolic and elimination pathways. 
Edoxaban exhibited the smallest decrease in AUC (34%), 
consistent with its relatively minor CYP-mediated metabo-
lism. The decrease in AUC of these drugs was due to an 
increase in their oral clearance, while no effect was reported 
on their rates of absorption.

For apixaban and rivaroxaban and also for edoxaban, 
rifampicin had a greater effect on AUC than on Cmax. This 
can be explained by the dual induction of their P-gp-medi-
ated transport and CYP-mediated metabolism [5] (Fig. 1).

For dabigatran, which undergoes extensive P-gp-medi-
ated transport and no CYP-mediated metabolism, rifampicin 
reduced the AUC and Cmax of dabigatran in healthy subjects 
by 67% and 65.5%, respectively. Its poor oral bioavailability 
(3–7%) coupled with P-gp-dependent absorption resulted in 
similar reductions in AUC and Cmax after rifampicin admin-
istration. [21, 25].

5  Established ASMs and DOACs

Like rifampicin, the established antiseizure medications 
(ASMs) carbamazepine, phenytoin, phenobarbital, and 
primidone are potent inducers of CYPs and P-gp [26–28]. 
Therefore, these ASMs are likely to decrease DOAC plasma 
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concentrations and exposure and, consequently, their clinical 
effect. While low DOAC concentrations likely contribute to 
a long-term stroke and VTE risk, other factors including epi-
lepsy per se and enzyme-inducing ASM (EI-ASM) have also 
exhibited atherogenic effects even without a co-administered 
DOAC [29, 30].

In a retrospective study, concomitant treatment of DOAC 
and EI-ASMs was associated with low apixaban concen-
trations. In this study, the odds for subtherapeutic apixa-
ban plasma concentrations were more than six-fold higher 
amongst patients co-treated with an EI-ASM compared with 
patients not treated with an EI-ASM. A similar trend was 
observed with rivaroxaban and dabigatran [31].

Concomitant administration of EI-ASMs with DOACs 
at the recommended dosage has been proposed as a poten-
tial cause of DOAC treatment failure, clinically manifested 
as stroke and recurrent VTE [32–38]. Several case reports 

describe clinical anticoagulant treatment failure in patients 
co-treated with an EI-ASM and with apixaban [32–34], 
rivaroxaban [35–37], and dabigatran [38]. Low DOAC 
plasma concentrations in these co-medicated patients were 
reported in some cases [32–35].

A study using the Food and Drug Administration Adverse 
Event Reporting System also found that concomitant use of 
EI-ASMs and DOACs was associated with a 86% increase in 
the proportion of reports involving failure of anticoagulation 
therapy, i.e., ischemic and thromboembolic events [39]. A 
large database study that included almost 90,000 patients co-
treated with DOACs and ASMs confirmed earlier findings 
that phenytoin and carbamazepine were significantly associ-
ated with an increased risk of DOAC treatment failure with 
odds ratios (ORs) and 95% confidence intervals (95% CIs) of 
4.46 (2.46–8.08), and 2.15 (1.07–4.30), respectively. Unex-
pectedly, this study found that levetiracetam and valproic 

Table 2  Effect of rifampicin on direct oral anticoagulants’ pharmacokinetic parameters

Unless stated differently, data are presented as GM and their %CV
AUC  area under the concentration–time curve, CL/F oral clearance, Cmax peak concentration, %CV % coefficient of variation, F:M female-to-
male ratio, FDA Food and Drug Administration, GM geometric means, NR not reported, t½ elimination half-life, tmax time of peak concentration 
after oral dosing, ↑increased, ↓decreased, *p < 0.05
a Data reported as mean ± standard deviation
b Following intravenous administration of apixaban
c A change smaller than 10% following rifampicin co-administration

Study Härtter et al. [21] FDA report [22] Vakkalagadda et al. [23] Mendell et al. [24]

Sex (F:M) 24 (14:10) 20 (0:20) 20 (3:17) 34 (7:27)
Intervention Dabigatran 

150 mg
Dabigatran 

150 mg + 
rifampicin 600 
mg for 7 days

Rivaroxaban 
20 mg

Rivaroxaban 
20 mg + 
rifampicin up 
to 600 mg for 
7 days

Apixaban
10 mg

Apixaban 
10 mg + 
rifampicin 
600 mg for 
11 days

Edoxaban 60 
mg

Edoxaban 
60 mg + 
rifampicin 
600 mg for 
7 days

Cmax (ng/mL)
GM (%CV)

110 (69%) 37.9 (72%) 229 (19%) 178 (27%) 149 (43%) 88 (44%) 243a ±100 257a ± 61.8

AUC (ng*h/mL)
GM (%CV)

899 (60%) 297 (48.3%) 1776 (22%) 906 (20%) 1795 (40%) 866 (35%) 1835b ±442 1192b ±214

CL/F (L/h)
GM (%CV)

125.4 (60%) 379.2 (48.3%) NR NR 5.57 (37%) 11.9 (34%) 34.8a ±9.22 52.0a ±9.76

t½ (h)
GM (%CV)

7.4 (10.6%) 7.76 (17.8%) 9.07 (48%) 4.8 (44%) 9.04a,b ± 2.22
13.91a ± 3.52

4.6a,b ± 1.13
14.34a ± 6.68

13.6a ± 6.06 6.54a ± 4.24

tmax (h) 2.0 2.0 4.0 4.0 3.0 3.0 1.08 1.0
Effect of 

rifampicin on 
Cmax

↓65.5%* ↓22%* ↓42%* c

Effect of 
rifampicin on 
AUC ∞

↓67%* ↓49%* ↓54%* ↓34%

Effect of 
rifampicin on 
CL/F

↑3.0-fold NR ↑2.1-fold ↑1.5-fold

Effect of 
rifampicin 
on t½

c ↓47% ↓49%b,c ↓52%
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acid, two ASMs that are not known to be CYP3A4/P-gp 
inducers, were significantly associated with the risk of 
DOAC treatment failure with OR (95% CI) values of 2.26 
(1.13–4.54) and 2.38 (1.37–4.12), respectively [40]. Antici-
pated and reported clinical drug interactions between ASMs 
and DOACs are presented in Table 3.

6  Reports on Interactions Between DOACs 
and Non‑EI‑ASMs Levetiracetam and/
or Valproic Acid

The explanation for the reported increased risk of DOAC 
treatment failure in patients co-medicated with DOACs 
and levetiracetam or DOACs and valproic acid is currently 
unknown [40]. This propensity score-matched, nested 
case-control study was limited by a few patients taking lev-
etiracetam (83 patients), the possibility of an imbalance in 
baseline covariates, and the number of statistical compari-
sons performed. Levetiracetam is one of the well-tolerated 
drugs for post-stroke epilepsy [41], and such an indication 
may therefore be associated with an intrinsic recurrent stroke 
risk in these patients. In a stratified analysis of a recent 
population-based cohort study with a larger levetiracetam 
sample (398 patients), patients with epilepsy taking DOACs 
did not have an increased risk of thromboembolism with lev-
etiracetam [42]. Previous animal studies have explored the 
possibility of P-gp induction by levetiracetam [43]; however, 
clinical studies did not confirm these findings [44, 45]. A 
recent case report suggested that levetiracetam initiation was 
associated with a reduction in rivaroxaban concentration, 
though a re-challenge was not performed [46]. A placebo-
controlled DDI study in healthy subjects examined the effect 

of repeated administration of levetiracetam on the pharma-
cokinetics of the P-gp substrate, digoxin. Levetiracetam did 
not affect digoxin’s AUC, Cmax, and trough concentration, 
indicating that levetiracetam does not induce P-gp forma-
tion [45].

Other studies have measured the concentration of 
4β-hydroxycholesterol, an endogenous marker of CYP3A4/5 
activity, to examine the possibility of CYP3A4 induction 
by levetiracetam and valproic acid. 4β-Hydroxycholesterol 
concentrations were significantly increased, as much as ten-
fold in one study, in patients treated with EI-ASMs as com-
pared with patients treated with levetiracetam or valproic 
acid. Consequently, the authors concluded that levetiracetam 
and valproic acid are not likely to be significant inducers of 
CYP3A4/5 activity [47–49].

Pharmacodynamic mechanisms have also been explored 
to explain a possible interaction between levetiracetam 
and valproic acid use and DOAC failure. The association 
between levetiracetam and valproic acid use (irrespective 
of DOAC use) and the risk of ischemic stroke has been 
explored. A population-based matched case-control study 
including 22,271 patients treated with ASMs found no sig-
nificant association between ischemic stroke and the use 
of ASMs when they were pooled together (OR = 1.06; 
95% CI 0.998–1.128). However, the specific ASMs, lev-
etiracetam and valproic acid were significantly associated 
with an increased ischemic stroke risk with the following 
OR (95% CI) values: levetiracetam 4.1 (3.3–5.2) and val-
proic acid 1.4 (1.1–1.9) [50]. Another large pharmaco-epi-
demiological study in a cohort of 252,407 patients treated 
with ASMs also did not find an independently increased 
risk of ischemic stroke with the use of EI-ASMs or val-
proic acid compared with all other ASMs including lev-
etiracetam. This study did not differentiate between the 

Fig. 1  Magnitude of the effect 
of rifampicin (expressed 
percentage change compared to 
baseline) on direct oral antico-
agulants’ plasma exposure (area 
under the concentration–time 
curve [AUC]) and peak concen-
tration (Cmax). The difference 
between the effect of rifampicin 
on direct oral anticoagulants’ 
AUC and Cmax varies according 
to the extent of the cytochrome 
P450-mediated fraction metabo-
lized (fm) and, consequently, its 
largest effect is on rivaroxaban 
and apixaban and its smallest 
effect is on dabigatran. The 
whiskers depict the standard 
error (SE) in the magnitude of 
the effect of rifampicin on the 
various DOACs
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Table 3  Anticipated and reported clinical interactions between ASMs and DOACs

ASM Presumed  effecta Reported effect on DOACs

Dabigatran Apixaban Rivaroxaban Edoxaban

Established ASMs
 Carbamazepine P-gp/CYP inducer 

(potent)
Decreased concentra-

tion (RS, CR) [31, 
73, 74]

Treatment failure 
(RS) [40]

Decreased concentra-
tion (RS, CS, CR) 
[31, 34, 73, 75, 76]

Treatment failure (RS, 
PC, CR) [34, 40, 
73, 77]

Decreased concentra-
tion (RS, CS, CR) 
[31, 35, 73, 75]

Treatment failure (RS, 
PC, CR) [35–37, 
40, 77]

Decreased concentra-
tion (CS) [76]

No effect (CR) [34]

 Phenobarbital P-gp/CYP inducer 
(potent)

Decreased concentra-
tion (RS, CR) [31, 
78]

Decreased concentra-
tion (RS, CS, CR) 
[31, 32, 75, 79]

Treatment failure 
(CR) [32]

Decreased concentra-
tion (RS, CR) [31, 
79]

Treatment failure (PC, 
CR) [77, 79]

NR

 Phenytoin P-gp/CYP inducer 
(potent)

Decreased concentra-
tion (RS, CR) [31, 
73, 78, 80]

Treatment failure (RS, 
CR) [38, 40, 42]

Decreased concentra-
tion (RS, CS, CR) 
[31, 33, 34, 73, 75]

Treatment failure (RS, 
CR) [33, 34, 40, 
42, 73]

Decreased concentra-
tion (RS, CR) [31, 
35, 73]

Treatment failure (RS, 
CR) [35–37, 40, 42]

Treatment failure (RS) 
[42]

No effect (CS) [73]

 Primidone P-gp/CYP inducer 
(potent)

Decreased concentra-
tion (RS) [31]

Decreased concentra-
tion (RS, CS) [31, 
75]

Decreased concentra-
tion (RS) [31]

Treatment failure 
(CR) [81]

NR

Other ASMs
 Cenobamate CYP3A4 inducer 

(moderate)
CYP2C19 inhibitor 

(moderate)

NR NR NR NR

 Oxcarbazepine CYP3A4 inducer 
(minor)

CYP2C19 inhibitor 
(minor)

Decreased concentra-
tion (RS) [31]

Decreased concentra-
tion (RS) [31]

Decreased concentra-
tion (RS, CR) [31, 
82]

Treatment failure 
(CR) [82, 83]

NR

 Topiramate CYP3A4 inducer 
(minor)

CYP2C19 inhibitor 
(minor)

NR NR Decreased concentra-
tion (CR) [82]

Treatment failure 
(CR) [82]

NR

Brivaracetam CYP2C19, epoxide 
hydrolase inhibitor 
(minor)

NR NR NR NR

 Clobazam CYP2D6
inhibitor (minor)

NR NR NR NR

 Eslicarbazepine 
acetate

CYP3A4 inducer 
(minor)b

CYP2C19 inhibitor 
(minor)

NR NR NR NR

 Ethosuximide NR NR NR NR NR
 Felbamate ? NR NR NR NR
 Gabapentin No effect NR NR NR NR
 Lacosamide No effect NR NR NR NR
 Lamotrigine ? NR NR NR NR
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various ASMs, thus the individual risk of ischemic stroke 
with each drug was not evaluated [51]. Whether the clini-
cal use of levetiracetam or valproic acid per se increases 
the risk of stroke is yet to be determined.

7  Current Clinical Guidelines 
for the Management of DOAC‑EI‑ASM 
DDIs

Current recommendations warn against the concomitant 
use of apixaban, rivaroxaban, edoxaban, or dabigatran 
together with EI-ASMs. The European Society of Car-
diology regards concomitant medication of valproic acid 
and DOACs as a contraindication and warns that the use 

of levetiracetam with DOACs may be associated with an 
increased risk for DOAC treatment failure, potentially 
because currently there are insufficient data on the con-
current use of levetiracetam with DOACs. [17]

Switching from a DOAC to a VKA or replacing the 
EI-ASM are two possible strategies to circumvent the 
clinically relevant DOAC-EI-ASM interaction. How-
ever, both may have considerable drawbacks. Switching 
from a DOAC to a VKA may be associated with forego-
ing DOACs’ main safety advantage, i.e., a lower risk of 
intracranial bleeding as compared with VKAs and forego-
ing their enhanced convenience [1, 3, 4]. As a result, many 
patients may be reluctant to switch from DOACs to VKAs, 
despite the above recommendations.

Replacing an effective EI-ASM with a non-EI-ASM is 
another potential strategy to avoid the DOAC-EI-ASM 

ASMs antiseizure medications, CR case report, CS case series, CYP cytochrome P450, DOACs direct oral anticoagulants, PC prospective cohort, 
P-gp P-glycoprotein, NR not reported, RS retrospective study, ? inconsistent/undetermined
a Presumed effect as reported in the US Food and Drug Administration prescribing information
b As reported in the Electronic Medicines Compendium, UK
c As reported in the European Medicines Agency-European Public Assessment Report

Table 3  (continued)

ASM Presumed  effecta Reported effect on DOACs

Dabigatran Apixaban Rivaroxaban Edoxaban

 Levetiracetam ? No effect on concen-
tration (CS) [84] 
or treatment failure 
(RS, CS) [42, 84]

Treatment failure (RS, 
PC) [40, 77]

No effect on concen-
tration (CS, CR) 
[33, 84] or treatment 
failure (RS, CS) 
[42, 84]

Treatment failure (RS, 
PC) [40, 77]

No effect on concen-
tration (CS) [84] 
or treatment failure 
(RS, CS) [42, 84]

Decreased
concentration (CR) 

[46]
Treatment failure (RS, 

PC, CR) [40, 46, 77]

No effect on concen-
tration (CS) [84] or 
treatment failure (RS, 
CS) [42, 84]

 Perampanel CYP3A4 inducer 
(minor)

NR NR NR NR

 Pregabalin No effect NR NR NR NR
 Rufinamide CYP3A4 inducer 

(minor)
CYP2E1 inhibitor 

(minor)

NR NR NR NR

 Stiripentol ? NR NR NR NR
 Tiagabine No effect NR NR NR NR
 Valproic acid ? No effect (RS, CS) 

[42, 84]
Treatment failure 

(RS) [40]

No effect (RS, CS) 
[42, 84]

Treatment failure (RS, 
PC) [40, 77]

No effect (RS, CS) 
[42, 84]

Increased concentra-
tion (CR) [85]

Decreased concentra-
tion (CR) [86]

Treatment failure (RS, 
CR) [40, 86]

No effect (RS,CS) [42, 
84]

 Vigabatrin CYP2C9 inducer 
(minor)

NR NR NR NR

 Zonisamide P-gp inhibitor 
(minor)c

NR NR NR NR
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interaction; however, this may result in a considerable risk 
of recurrent seizures in an epileptic patient with previously 
controlled seizures. Levetiracetam, specifically, and valp-
roic acid have been suggested as potentially safer combi-
nations with DOACs for antiseizure treatment in patients 
requiring anticoagulation [44, 52, 53]; however, they were 
also significantly associated with the risk of DOAC treat-
ment failure in a large retrospective cohort study [40]. Val-
proic acid was also associated with increased mortality 
with and without co-administered DOACs [42, 54].

8  DOAC Concentration Monitoring 
in Patients Co‑Medicated with EI‑ASM?

Direct oral anticoagulant plasma concentration monitor-
ing is currently recommended in patients who require 
an urgent invasive procedure (e.g., following orthopedic 
trauma), in patients experiencing bleeding, or in patients 
with a suspected overdose [17]. DOAC  concentration 
measurement (or calibrated AntiXa assay) may also be 
considered in patients with acute stroke who received a 
DOAC dose within 48 hours but would otherwise be can-
didates for tissue plasminogen activator treatment [55].

Previous studies are not consistent in determining a 
concentration–effect relationship for DOACs [56]. A cor-
relation between low DOAC concentrations and DOAC 
treatment failure has been suggested in previous reports 
[57, 58]. A study with apixaban for the treatment or pre-
vention of recurrent VTE observed that the predicted 
median steady-state peak and trough concentrations and 
their corresponding anti-Factor Xa activity were quantita-
tively higher in patients with bleeding and lower for those 
with thrombotic events compared with subjects without 
any event. Nevertheless, the range of plasma exposure in 
the patients with efficacy and safety endpoints was entirely 
contained within the range of plasma exposure of those 
without events [59].

In a study on VTE prevention in subjects undergoing 
orthopedic surgery, a significant association was observed 
between individual steady-state AUC and any bleeding end-
point. Additionally, in patients after a total knee replace-
ment and total hip replacement surgery, a two-fold increase 
in apixaban daily AUC was associated with an increased 
predicted bleeding probability from 6.18 to 7.25% and from 
9.32 to 10.9%, respectively [60].

In a post hoc analysis of the ENGAGE‐AF trial in which 
warfarin was compared with edoxaban at a standard dose 
(60 mg once daily) or a low dose (30 mg once daily), low 
edoxaban trough concentrations were associated with a 
higher risk of stroke and systemic embolism while high 

trough values were associated with a higher risk of major 
bleeding [61].

Various other factors can affect DOAC concentrations 
including adherence to therapy, extreme weight or body 
mass index, pharmacogenomics, and specific heart condi-
tions that may predispose patients to DOAC failure. Thus, 
a possible strategy to reduce the risk of drug toxicity and 
DOAC treatment failure is the utilization of therapeutic drug 
monitoring (TDM), as clinical efficacy in general correlates 
better with drug plasma concentrations than with oral dos-
ages [5]. Therapeutic drug monitoring has been advocated 
particularly in situations of suspected PK DDIs and other 
situations such as when a treatment is preventive, when there 
are no surrogate markers for a drug effect, and subsequently 
when therapeutic failure can have drastic consequences. 
[62–65].

The TDM approach has been successfully adopted for 
numerous medications to optimize their efficacy and safety 
when PK DDIs were clinically relevant. Monitoring the 
international normalized ratio with warfarin treatment is 
a prime example of a personalized dose adjustment when 
the dose–effect relationship is variable and unpredictable, 
as occurs in the presence of DDI or drug–food interactions. 
Similarly, monitoring DOAC plasma concentrations may 
allow patients taking concomitant EI-ASMs to be treated 
safely and effectively with DOACs.

Several challenges in adopting a TDM-based approach 
need to be addressed [63]. For most other drugs, trough con-
centrations are used for TDM because of less variability and 
likelihood to be influenced by absorption and distribution 
issues [66]. Furthermore, Cmax as an empirical single-point 
PK metric is susceptible to intra-subject variability and is 
influenced by the frequency of blood sampling [5]. In addi-
tion to other disadvantages, using Cmax to monitor DOAC 
concentrations in clinical practice may underestimate the 
effect of potent enzyme inducers on apixaban and rivaroxa-
ban. Therapeutic drug monitoring of DOACs will stipulate 
determining appropriate sample timing and establishing a 
therapeutic concentration range for each individual DOAC.

In addition, several uncertainties may limit the prac-
ticality of the TDM approach and require further discus-
sion. First, the degree of DOAC concentration reduction 
that may put a patient at risk for treatment failure is still 
unknown. While high concetrations correlate with higher 
rates of bleeding events and low concentrations with VTE 
and ischemic stroke, no cut-off values have been suggested. 
Second, reference ranges that have been published differ 
based on population differences including ethnicity, DOAC 
dose, and renal function, complicating the determination of 
a single therapeutic range for all patients. Last, a large obser-
vational study paradoxically found some EI-ASMs associ-
ated with bleeding when used concomittantly with DOACs 
[67]. Increased safety events may be explained by a higher 
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bleeding baseline risk, though increasing the dosage based 
on TDM will need to address this issue as well.

9  Conclusions and Future Directions

Concomitant treatment of a DOAC with an EI-ASM can 
result in reduced DOAC concentrations [31], and potentially 
severe clinical consequences including systemic embolism, 
stroke, or recurrent VTE [39, 40]. In such cases, the lack of 
a monitoring practice becomes a shortcoming. Therapeutic 
drug monitoring-based dose adjustments in patients con-
comitantly treated with DOACs and EI-ASMs can reduce 
the risk of treatment failure associated with low DOAC 
concentrations.

The smaller effect of rifampicin on the Cmax of rivaroxa-
ban and apixaban compared with the effect on their AUCs 
may have important clinical implications. In current prac-
tice, DOAC exposure is often measured by Cmax. In addition 
to other disadvantages, this practice may underestimate the 
effect of rifampicin on DOAC plasma exposure, especially 
on exposures of rivaroxaban and apixaban [21–24], and 
thus underestimate the effect of rifampicin on the efficacy 
and safety of DOACs. The difference between rifampicin 
effects on Cmax and AUC points towards a need to evaluate 
the usefulness of DOAC trough concentration as a measure 
for TDM, which is common practice in TDM [66, 68].

Further studies are required to determine whether 
DOACs’ TDM will allow patients taking EI-ASMs to be 
treated safely and effectively with DOACs. This approach 
requires adopting reliable and valid TDM assays and proto-
cols as well as educating physicians on how to interpret the 
results. Currently, DOAC plasma concentration measure-
ment is available for clinical practice in many institutions, 
but not in all. The most commonly used method for deter-
mination of DOAC concentration is based on a calibrated 
coagulation test (Factor Xa for apixaban, edoxaban, and 
rivaroxaban, diluted thrombin time for dabigatran) [68, 69]. 
The application of DOACs’ TDM in such cases depends 
on developing and applying validated methods for  DOAC 
plasma concentration measurement [69].

Therapeutic drug monitoring-based clinical decisions 
require physicians to understand the mechanism of PK 
drug interactions. For example, an induction-based DDI is 
observed within 2–3 weeks of initiation of an EI-ASM. Sim-
ilarly, enzyme de-induction following the discontinuation 
of an inducer is also gradual and can take about 2 weeks. If 
TDM of DOACs is performed before maximum induction is 
reached or before the induction completely wears off, it may 
give misleading results and consequently erroneous deci-
sions on DOAC therapy [62, 70].

It may be reasonable to examine the clinical usefulness of 
potential plasma concentration thresholds to guide DOAC 
dosage adjustment in prospective studies. Such studies will 
also examine the magnitude of the DOAC dose increase 
required in these patients.

Prospective controlled studies are warranted to evaluate 
the possible interactions between levetiracetam or valproic 
acid and DOACs and their  clinical implications. While 
DOACs concentration thresholds have not yet been deter-
mined, the efficacy and safety of DOACs have proven to be 
concentration dependent. Though DOAC doses are prede-
fined, patients may benefit from a personalized dose adjust-
ment based on individual PK variation.
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