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Abstract

Aim: Edoxaban is a non-vitamin K antagonist oral anticoagulant (NOAC) widely used for long-term stroke prevention in

patients with non-valvular atrial fibrillation (NVAF). Adherence to NOACs is unsatisfactory and decreases over time. The

aim of this study was to explore appropriated remedial dosing regimens for non-adherent edoxaban-treated NVAF patients

through the Monte Carlo simulation. Methods: Six proposed regimens were compared with the recommendations in the

European Heart Rhythm Association (EHRA) guide regarding the trough total deviation time considering both edoxaban

plasma concentration and inactive factor Xa activity. Monte Carlo simulations were performed using RxODE based on the

published population pharmacokinetics/pharmacodynamics model. Results: The proposed remedial strategies were different

from EHRA recommendations and were related to delay duration. The missed dose can be taken immediately if the delay time

is within 11 h. When the delay period is between 12 and 19 h, a half dose followed by a regular dosing schedule is recommended.

When the delay time exceeds 19 h, a full dose followed by a half dose is preferred compared to that recommended in the EHRA

guide. Our proposed strategies resulted in a shorter total deviation time than EHRA guide. Conclusion: PK/PD modelling

and simulation are effective in developing and evaluating the remedial strategies of edoxaban, which could help maximize its

therapeutic effect.

1. Introduction

Medication nonadherence has long been a persistent and yet unsolved challenge 1. Adherence is important
to achieve the desired therapeutic outcome, especially for drugs associated with a quick loss of therapeutic
effect when non-adherence occurs, including non-vitamin K oral anticoagulants (NOACs) 2. It is concerning
that patients implement variable and potentially inappropriate remedial strategies in real life 3.

Edoxaban is a commonly used non-vitamin K oral anticoagulant (NOAC). It has been approved for stroke
prevention in patients with nonvalvular atrial fibrillation (NVAF), as it selectively inhibits active clotting
factor X (FXa) 4. Edoxaban reaches its maximum plasma concentration within 1–2 h after oral administra-
tion with a volume distribution of 107 L in adults. It has a terminal elimination half-life of approximately
10–14 h with equal renal and non-renal clearance. Additionally, Edoxaban is a substrate of P-glycoprotein
(P-gp) and hence, should not be used with strong P-gp inducers (e.g., rifampin) or inhibitors 5 . According
to previous research, dose adjustment can be applied to underweight patients, patients with impaired renal
function, and patients concomitantly using a P-gp inhibitor 6.

Edoxaban is a drug with fast-on and fast-off effects, similar to other NOACs 7 . The anticoagulant effect of
edoxaban can disappear at 12–24 h after discontinuation 8 . Research has shown that adherence to NOACs
is unsatisfactory and decreases over time. In patients with NVAF, adherence to NOACs was < 70% after 12

1
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. months of treatment 9 . Low adherence to NOACs is associated with an increased risk of stroke and death.
According to a retrospective study enrolled >60,000 patients from the United States, non-adherent atrial
fibrillation patients with CHA2DS2-VASc score [?] 2 were at a higher risk of stroke comparing to adherent
patients10. Due to the undesired outcomes of non-adherence, the American Heart Association and European
Heart Rhythm Association (EHRA) emphasise the importance of a strict adherence to NOACs in atrial
fibrillation patients 11, 12. However, the proportion of non-adherent patients is still high, and developeing
approaches to help non-adherent patient to restore anticoagulant effect as soon as possible is essential. Several
generic recommendations are available for edoxaban. According to the package inserts approved by the Food
and Drug Administration (FDA), the patient need to, “If a dose of edoxaban is missed, the dose should be
taken as soon as possible on the same day. Dosing should resume the next day according to the normal
dosing schedule. The dose should not be doubled to make up for a missed dose”13. EHRA recommends, “for
NOACs with a once-a-day dosing regimen, a delayed dose can be taken up until 12 h after the scheduled
intake. After this time point, the dose should be skipped, and the next scheduled dose should be taken” 12.
Similar recommendations were found in the Electronic Medicines Compendium in the United Kingdom14.
However, none of the available recommendation is based on clinical evidence or validated. Additionally, it
is unclear whether these recommendations can be applied to specific subpopulations, such as underweight
patients, patients with renal impairment, and patients that use P-gp inhibitors.

Due to ethical reasons, it is difficult to conduct clinical studies to explore and evaluate remedial strategies.
Population pharmacokinetic/pharmacodynamic (PK/PD) modelling and simulations provide a practical ap-
proach 15. This method has also been successfully applied to antiepileptic, antipsychotic, and immuno-
suppressive agents 16-19. In our previous study, we have successfully developed model-informed remedial
strategies for rivaroxaban based on PK/PD modelling and found that the EHRA guide may not provide
best solution for dealing with delayed or missed dose20. In this study, we aimed to assess the effect of non-
adherence and explore appropriate remedial strategies through modelling and simulation in patients with
NVAF treated with edoxaban.

2. Methods

2.1 Patients and dosage regimen

We set two typical patients with normal and impaired renal function (creatinine clearance [CrCl] of 80 and
40 ml/min, respectively). Detailed demographic and dosage information are listed in Table 1. We considered
the patients age to be 75 years-old based on the reported median age of NVAF21 . Typical patients and
related dose regimens for simulation were developed based on the consensus of US FDA package insert,
European Medicines Agency leaflet, and European Society of Cardiology 2020 guideline. The standard dose
of edoxaban for NVAF is 60 mg daily. Dose needs to be reduced to 30mg daily in patients with CrCl
between15 and 50 mL/min 13, 14, 22.

2.2 Remedial strategy assessment

Various non-adherence dose scenarios within one dose interval (24 h) were developed and assessed for each
typical patient, as listed in Table 1. A total of 24 scenarios were simulated with one dose interval delayed
from 1 to 24 h after the regular time at hourly intervals (Figure 1).

2.2.1 Population PK/PD model and simulation

A previously published population PK/PD model of edoxaban was used in our study 23. . To the best of
our knowledge, this is the only published combined PK and PD model. This model was developed based
on phase I and phase II studies. A total of 1,624 healthy subjects and NVAF patients were enrolled in the
PK analysis, and a total of 585 NVAF patients were enrolled in the PD analysis. PK was described by a
two-compartment model with first-order absorption with lag time and first-order elimination. The intrinsic
FXa activity (iFXa) was selected as a PD marker and was modelled using a dynamic binding and equilibrium
model. The PD data were modeled using dynamic binding model and equilibrium model. A summary of the
demographic information of the modelling population is presented in Supplementary Table 1. The PK/PD

2
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. model and all parameter estimates employed in the Monte Carlo simulation are listed in Table 2.

Monte Carlo simulations were performed with RXODE (version 0.9.1-8) in R (version 3.6.1) 24. Under each
non-adherence scenario, one thousand virtual patients were simulated to obtain both the PK and PD profiles.
The patients were assumed to reach a steady state before the delayed dose. Additionally, it was assumed
that the current dose was sufficient to produce the desired anticoagulation effect without undesirable adverse
effects.

2.2.2 Remedial dosing strategies

Six remedial strategies were developed considering their clinical feasibility and our previous studies20. Re-
medial strategies are the action patient will take when they remember their missed dose. Remedial strategies
refer to actions that patients will take when they remember their missed dose. As edoxaban tablets are di-
visible, we included a half dose in our remedial strategy to provide a more precise approach. We tested both
the current recommendations from the EHRA guide and our developed remedial strategies. Our remedial
strategy is similar to our previous study in rivaroxaban, which are shown in Figure 2 and detailed below 20:

Strategy A: skip the full delayed dose and take the next dose as schedule.

Strategy B: take the full delayed dose immediately and take the next dose as schedule.

Strategy C: take a half delayed dose immediately and take the next dose as schedule

Strategy D: take a full delayed dose immediately followed by a half dose at the next scheduled time, and
then resume the regular dosing regimen.

Strategy E: take one and a half delayed doses immediately, skip the next scheduled dose, and then resume
the regular dosing regimen.

Strategy F: take a double of delayed dose, skip the next scheduled dose, and then resume the regular dosing
regimen.

EHRA guide: take the delayed dose if less than 12 h late; otherwise, skip the delayed or missed dose and
administer the next dose at the scheduled time.

2.2.3 Index for evaluation of remedial dosing strategies

Currently, there is no well-defined therapeutic range for edoxaban concentration. Therefore, the concept of
“on-therapy range” was employed. It was built on the assumption that patients were at therapeutic goals
when they reached full adherence. In our study, we defined the on-therapy range as between the 5thpercentile
of trough and the 95th percentile of peak for both concentration and iFXa based on previous studies25-27 .

Non-adherence scenarios described previously were simulated for both PK and PD, and the percentages of
individuals outside the on-therapy range were estimated. Moreover, the remedial strategies listed above were
assessed for each non-adherence scenario. The total deviation time for each strategy was defined as the sum
of the deviation time outside the on-therapy range of edoxaban concentration or iFXa and was calculated
for each strategy.

The goal of the remedial strategy was to help patients minimise out-of-range duration. The strategy with the
least total deviation time was considered optimal for each non-adherence scenario. Meanwhile, two remedial
strategies were considered equivalent if the difference in the total deviation time was less than 1 h for the
same non-adherence scenario.

2.2.4 Sensitivity analysis

Sensitivity analysis was applied to identify parameters that potentially impacted model outcome and their
contribution to the overall variability. Sensitivity was assessed by the change in clearance (CL/F, 50-100%),
CrCl (20-80 ml/min), and body weight (40–100 kg). The change in CL/F was assumed to reflect the impact
of co-administration with a certain P-gp inhibitor (e.g. dronedarone, cyclosporine, and erythromycin), as

3
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. concomitant use increased edoxaban exposure by 40% to 84.5% according to a previous study28. The detailed
demographic and dosage information for sensitivity analysis are listed in supplementary Table 2.

Irregularly dosed intervals of 22–26 h (09:00, 07:00, and 09:00) and 26–22 h (09:00, 11:00, and 09:00) were
tested considering that patients might take edoxaban at slightly different times every day. To ensure equiv-
alence, the criterion used to evaluate the equality of different strategies was tested from 1–3 h. Sensitivity
analysis was performed when the dose was delayed for 6, 12, 18, and 24 h.

3. Results

3.1 Effect of non-adherence on PK/PD of edoxaban

According to the PK/PD simulation, the effect of non-adherence was dependent on the delay time, as the risk
of patients outside the on-therapy range increased with increasing delay time. Under the same non-adherent
scenario, the percentage of patients out of range based on iFXa was slightly lower than the percentage of
patients out of ranged based on edoxaban concentration (Figure 3).

For example, based on edoxaban concentration, 16.3% and 39.1% of patients with normal renal function
who took 60 mg of edoxaban daily were out of range when delayed for 12 and 24 h, respectively. Similar
results were observed in patients with impaired renal function taking 30 mg of edoxaban daily (15.3% and
36.9% when delayed for 12 and 24 h, respectively). Moreover, based on iFXa activity, 8.7% and 24.1% of
patients with normal renal function were out-of-range when delayed for 12 and 24 h, respectively, and 7.8%
and 24.1% of patients with impaired renal function were out of range when delayed for 12 and 24 h .

3.2. Remedial strategies

The remedial dose strategies for two typical patients based on edoxaban concentration and iFXa activity are
summarized in Table 3. Figure 4 showed the edoxaban concentration and iFXa profile for patients (aged 75
years,CrCl 80 mL/min, TBW 80kg, receiving 60 mg q24h) with full adherent and with a proposed remedial
strategies while delay 10 h. Two typical patients had a similar optimised remedial regimen. According to
our result, a full dose of edoxaban could be taken immediately up to 11 h after a delayed dose for both
typical patients. When the delay time was between 12 and 19 h, patients were recommended to take a half
dose and then resume the normal dosing schedule. When the delay exceeds 19 h, a full dose followed by a
half dose was preferred.

Recommendations based on PK and iFXa are similar in patients with normal and impaired renal function.

Based on our research, the full dose needs to be taken immediately in the first 11 h after dose delay, as
recommended by the EHRA. However, the EHRA recommends taking the full dose at a delay of 12 h
and skip the missed dose after a 12 h delay, which yields a longer total deviation time compared to our
recommendations. For example, in 80 kg patients with normal renal function, when the dose is delayed for
14 h, the deviation time for EHRA recommendation is 73% longer than our recommendation (27.4 h versus
15.8 h) based on PK and 83% longer (27.2 versus 14.8 h) based on PD. A comparison between the EHRA
and our proposed remedial strategies is shown in Figure 5. The detailed deviation time information for
different strategies is listed in Supplementary table 3.

3.3 Sensitivity analysis

The change in deviation time did not significantly alter the remedial strategies when CL/F (50–100%), CrCl
(20–80 ml/min), and body weight (40–100 kg) were taken into account. Moreover, the change in criterion
for evaluating the equality from 1–3 h did not significantly change the remedial dosing recommendations.

4. Discussion

To the best of our knowledge, this is the first study to comprehensively develop and evaluate different
remedial strategies during non-adherence events in edoxaban treated patients with NVAF. We developed
an optimised remedial strategy based on non-adherence scenarios using PK and PD population modelling.
Unlike previous studies that focused on PK, our study considered both PK and PD 17-19. iFXa percentage

4
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. was used as a PD marker in our study, which provides a closer relationship to the clinical outcome than
exposure and can help to achieve a more appropriate remedial strategy.

In our study, we used the on-therapy range to overcome the challenge of lacking a defined therapeutic range.
The on-therapy range provides a dynamic goal based on the patient’s individual demographic and indicated
dosage regimen, which mimics the real-life situation. Additionally, we performed sensitivity analysis to
extend our recommendation to patients receiving P-gp inhibitors and/or with low body weight.

According to our PK/PD modelling and simulation, the EHRA recommendation is not optimal and can only
be applied when the delay [?] 11 hours. These results are similar to those of our previous study, showing
that EHRA also does not provide optimal recommendations for rivaroxaban missing dose20. Our study
shows that from the PK/PD perspective, there is potential room for improvement in the remedial strategy
in current practice. The current practice has missed the opportunity to help patients address their missed
or delayed drug in a more appropriate manner.

In practice, patients can have different risks of bleeding and thrombosis, which can be assessed through
scoring systems such as HAS-BLED or CHA2DS2-VASc for bleeding and stroke, respectively 29, 30. Other
risk factors, including concomitant drug use, can also alter a patient’s risk of bleeding and thrombosis.
Optimal remedial strategies can be modified based on the patient’s risk of bleeding and thrombosis. It is
necessary that healthcare providers balance patients’ risk of bleeding and thrombosis by considering the
deviation time above and below the on-therapy range.

Our study has several limitations. First, the results of our study represent the values from the modelling
population and may not be extrapolated to patients who do not match the modelling population, especially in
patients who take edoxaban for other indications, including venous thromboembolism. Second, the results of
our study were not evaluated in real-world patients. However, due to ethical reasons, PK/PD modelling and
simulation is the preferred approach for developing and testing remedial strategies in the target population.

5. Conclusion

Our study assessed the effects of non-adherence to edoxaban on PK and PD. We developed an appropriate
remedial dosing strategy for NVAF patients based on the populational PK/PD model. Our simulation
has shown that current EHRA recommendations may not be the optimal remedial dosing for patients with
delayed or missed doses. Model-informed simulation is an accessible method for effectively addressing the
remedial dosing strategy. In practice, clinicians can use our strategy and balance patients’ thrombosis and
bleeding risk to determine the optimal remedial strategy.
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