Impact of P-glycoprotein and CYP3A4-interacting drugs on clinical outcomes in patients with atrial fibrillation using non-vitamin K antagonist oral anticoagulants: a nationwide cohort study
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Abstract
[bookmark: _Hlk133564004]Aims: The clinical relevance of common pharmacokinetic interactions with non-vitamin K antagonist oral anticoagulants (NOACs) often remains unclear. Therefore, the impact of P-glycoprotein (P-gp) and CYP3A4 inhibitors and inducers on clinical outcomes in NOAC-treated patients with atrial fibrillation (AF) was investigated.
Methods and results: AF patients were included between 2013-2019 using Belgian nationwide data. Concomitant use of P-gp/CYP3A4-interacting drugs at the time of NOAC initiation was identified. Among 193,072 NOAC-treated AF patients, 46,194 (23.9%) and 2903 (1.5%) subjects concomitantly used a P-gp/CYP3A4 inhibitor or inducer, respectively. After multivariable adjustment, concomitant use of P-gp/CYP3A4 inhibitors was associated with significantly higher major bleeding (adjusted hazard ratio (aHR) 1.24, 95% confidence interval (CI) (1.18-1.30)) and all-cause mortality risks (aHR 1.07, 95%CI (1.02-1.11)), but not with thromboembolism in NOAC-treated AF patients. A significantly increased risk of major bleeding was observed with amiodarone (aHR 1.27, 95%CI (1.21-1.34)), diltiazem (aHR 1.28, 95%CI (1.13-1.46)), verapamil (aHR 1.36, 95%CI (1.03-1.80)), ticagrelor (aHR 1.50, 95%CI (1.20-1.87)), and clarithromycin (aHR 1.55, 95%CI (1.14-2.11)); and in edoxaban (aHR 1.24, 95%CI (1.06-1.45)), rivaroxaban (aHR 1.25, 95%CI (1.16-1.34)) and apixaban users (aHR 1.27, 95%CI (1.16-1.39)), but not in dabigatran users (aHR 1.07, 95%CI (0.94-1.23)). Concomitant use of P-gp/CYP3A4 inducers (e.g., antiepileptic drugs like levetiracetam) was associated with a significantly higher stroke risk (aHR 1.31, 95%CI (1.03-1.68)), but not with bleeding or all-cause mortality.
Conclusion: Concomitant use of P-gp/CYP3A4 inhibitors was associated with higher bleeding and all-cause mortality risks in NOAC users, whereas the use of P-gp/CYP3A4 inducers was associated with higher stroke risks.
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Introduction
[bookmark: _Hlk138242924][bookmark: _Hlk138242798][bookmark: _Hlk138241280][bookmark: _Hlk133913944][bookmark: _Hlk139021609]Non-vitamin K antagonist oral anticoagulants (NOACs) are the most frequently used option for stroke prevention in atrial fibrillation (AF), thanks to their ease of use, fixed dosing regimen, lower intracranial bleeding risk and fewer drug and food interactions than vitamin K antagonists (VKAs).1 All NOACs are excreted by P-glycoprotein (P-gp) efflux transporters, while apixaban and rivaroxaban are also hepatically metabolised by cytochrome P450 (CYP) enzyme CYP3A4.1,2 P-gp and CYP3A4 inhibitors may therefore increase NOAC plasma concentrations and potentially increase the risk of bleeding, while P-gp and CYP3A4 inducers may reduce NOAC plasma levels and potentially increase the risk of thromboembolism.1,3 Consequently, concomitant use of strong P-gp/CYP3A4 inhibitors (e.g., ritonavir) or inducers (e.g., rifampicin) with NOACs should be avoided, as recommended by the Summary of Product Characteristics (SmPC) of NOACs4-7 and European Heart Rhythm Association (EHRA) Practical Guide on NOAC use in AF patients1.
However, the clinical relevance of mild-to-moderate P-gp/CYP3A4 inhibitors in NOAC users, including commonly used drugs in AF patients such as amiodarone, verapamil or diltiazem, remains inconclusive. Prior studies rendered conflicting results8-12, but were often limited by small sample sizes, short follow-up durations, inclusion of non-anticoagulated AF patients, and limited assessment of interacting drug use at baseline (e.g., not accounting for the initiation or discontinuation of interacting drugs during follow-up). Moreover, data on the impact of P-gp/CYP3A4 inducers are particularly scarce, which was highlighted as an important research gap.2 
Therefore, we aimed to investigate the impact of P-gp/CYP3A4 inhibitors and inducers on clinical outcomes in NOAC-treated AF patients. Differences between specific P-gp/CYP3A4-interacting drug types and individual NOACs were explored.

Methods
Source population
[bookmark: _Hlk145411894][bookmark: _Hlk145412117]Details on the study methodology have been reported before.13,14 In brief, two nationwide databases, the InterMutualistic Agency (IMA) database and Minimal Hospital Dataset (MHD), provided the source population. The IMA centralizes all claims data from Belgian health insurance funds on reimbursed ambulatory and hospital care, including demographic characteristics (e.g., age, sex, date of death), medical procedures and drug prescription claims (e.g., dispensing date, Anatomical Therapeutic Chemical (ATC) classification code, package size…), and represents all legal residents in Belgium. The MHD aggregates hospital discharge diagnoses of every hospital admission (hospitalizations, day-care stays and emergency room contacts), coded in International Classification of Diseases (ICD) codes (ICD-9 up to 2014, ICD-10 from 2015 onwards). Every case of the study population was identified in both databases. This study was approved by the Belgian Commission for the Protection of Privacy (approval code IVC/KSZG/20/344). The Reporting of Studies Conducted Using Observational Routinely Collected Health Data for Pharmacoepidemiology (RECORD-PE) guideline was followed (eTable 1).15 

[bookmark: _Toc72073769]Study population
[bookmark: _Hlk138249436]Subjects ≥45 years old with ≥1 year coverage by Belgian health insurance funds were included on the first date of filling a NOAC prescription (=index date) from 1 January 2013 to 1 January 2019 (eFigure 1). Dabigatran (approved in Belgium since August 2012), rivaroxaban (approved since September 2012), apixaban (approved since September 2013) and edoxaban users (approved since October 2016) were included. Only NOAC-naïve subjects were considered, excluding patients with an oral anticoagulant prescription filled ≤1 year before the index date, to reduce healthy user bias. 
Persons were excluded in case of (1) total hip or knee replacement, or diagnosis of deep vein thrombosis or pulmonary embolism ≤6 months before the index date, (2) mechanical prosthetic heart valve or moderate/severe mitral stenosis, (3) end-stage renal disease (chronic kidney disease stage V and/or dialysis), (4) ≥2 prescription claims of different NOAC types or doses on the index date, or (5) use of NOAC doses not approved for stroke prevention in AF (e.g., rivaroxaban 10 mg) (eTable 2).

P-gp/CYP3A4-interacting drug use
[bookmark: _Hlk133914113][bookmark: _Hlk133913934][bookmark: _Hlk133913975][bookmark: _Hlk133913958]P-gp/CYP3A4 inhibitors and inducers described in the SmPCs of NOACs4-7, EHRA Practical Guide1 (except for drugs classified as P-gp/CYP3A4 competitors/substrates) or Stockley’s Drug Interactions16, were identified with ATC-coded prescription claims in ambulatory and hospital care up to 6 months before the index date.1,8,12,17 Only drugs commercially available on the Belgian market were considered (e.g., not the case for dronedarone). Patients were categorized by whether or not a P-gp/CYP3A4-interacting drug was concomitantly used at the time of NOAC initiation and the type of interaction (inhibitor or inducer).8,10,18,19. Patients using both P-gp/CYP3A4 inhibitors and inducers on the index date were analysed separately due to potentially opposing interaction effects. Concomitant use was considered when interacting drugs were concurrently started on the index date or when the treatment period of an interacting drug included the index date (overlapping drug supply), in line with previous research8,17-21. The treatment period of interacting drugs was calculated based on prescription claims data and the recommended dosing regimen.13 

Outcomes
Outcomes of interest were stroke or systemic embolism (stroke/SE), stroke, all-cause mortality, major bleeding, intracranial bleeding and gastrointestinal bleeding. Major bleeding was defined as a hospitalized bleeding event in a critical area or organ (e.g., intracranial), fatal bleeding or bleeding event with a medical procedure code for blood transfusion ≤10 days after admission, which is adapted from the International Society on Thrombosis and Haemostasis definition due to a lack of data on haemoglobin levels or number of blood transfusion units.14,22 Outcomes were identified using ICD-coded hospital discharge diagnoses and medical procedure codes (eTable 3).13 The incident date of outcomes was defined as the date of hospital admission, date of registration for medical procedures or date of death, whichever occurred first.14

Follow-up
Subjects were followed from NOAC initiation until the first occurrence of the investigated outcome, discontinuation (>60-day gap of drug supply) or switch of NOAC treatment, death, emigration or end of the study period (1 January 2019), whichever came first (on-treatment analysis).13 To account for changes in interacting drug use after NOAC initiation, patients who used P-gp/CYP3A4-interacting drugs at baseline and subsequently discontinued treatment, or patients who were not treated with interacting drugs at baseline but initiated one during follow-up, were censored on those dates, as done before8,10,18,20,21,23.

Covariates
[bookmark: _Hlk138250954]Baseline characteristics were assessed on the index date and included age, sex, NOAC type and dose, comorbidities, medication history and clinical risk scores. Comorbidities were identified with specific ICD-coded diagnoses, medical procedure codes and/or medication prescription claims ≤1 year before the index date (eTable 2). Medication history was identified with medication prescription claims, considering recent use ≤6 months before the index date. The CHA2DS2-VASc score, modified HAS-BLED score (without the ‘labile INR’ criterion) and age-adjusted Charlson Comorbidity Index (CCI) were calculated.1

[bookmark: _Toc72073772]Statistical analyses
[bookmark: _Hlk138250932][bookmark: _Hlk138240151][bookmark: _Hlk138240011]Mean and standard deviation (SD), and counts and percentages were presented for continuous and categorical variables, respectively. Crude event rates were calculated as the total number of events per 100 person-years at risk. Outcomes were investigated between AF patients initiating NOAC treatment without concomitant use of P-gp/CYP3A4-interacting drugs (reference group) and NOAC users concomitantly treated with P-gp/CYP3A4 inhibitors, inducers, or both inhibitors and inducers in pairwise comparisons. To minimize confounding by indication and improve comparability, 3:1 propensity score matching (PSM) was performed using nearest neighbor matching without replacement and a caliper of 0.05.19,24 Propensity scores were calculated with logistic regression models including the 40 confounding covariates described in Table 1 (age, sex, NOAC type and dose, comorbidities, medication history, risk scores), stratified by calendar year. Covariate balance before and after matching was checked using standardized mean differences with a ≥0.1 threshold to indicate imbalance. Cox proportional hazard regression models were used to calculate adjusted hazard ratios (aHRs) with 95% confidence intervals (CI). The proportional hazard assumption was assessed using scaled Schoenfeld residuals. A two-sided p-value of <0.05 was considered statistically significant. All analyses were performed in R (R version 3.6.0).

Subgroup analyses
[bookmark: _Hlk139020226][bookmark: _Hlk145346277][bookmark: _Hlk139021301]Explorative subgroup analyses were performed in subgroups of ≥1000 patients using 3:1 PSM for each pairwise comparison. First, outcomes were investigated with specific P-gp/CYP3A4-interacting drug types (e.g., amiodarone). Second, to identify a potential additive effect of concurrently using multiple inhibitors, outcomes were examined stratified by the number of P-gp/CYP3A inhibitors used per patient (1 versus ≥2 inhibitors; not possible for inducers). Third, results were stratified by the mechanism of interaction (P-gp, CYP3A4, or combined P-gp and CYP3A4 inhibitors; not possible for inducers). Lastly, outcomes were investigated stratified by individual NOAC types (not possible for inducers) and by age groups (<65, 65-<75, 75-<85 and ≥85 years for inhibitors; <75 and ≥75 years for inducers).

Sensitivity analyses
[bookmark: _Hlk145345481]Several sensitivity analyses were performed to check the robustness of results. First, to take into account the impact of initiating or discontinuing P-gp/CYP3A4-interacting drugs during follow-up, concomitant use of pharmacokinetically-interacting drugs was examined as a time-varying covariate in multivariable adjusted Cox regression models.19 Second, subjects using P-gp/CYP3A4-interacting drugs that also pharmacodynamically interact with NOACs, namely ticagrelor (P-gp inhibitor) and dexamethasone (CYP3A4 inducer), were excluded, to avoid mixing effects of pharmacokinetic and –dynamic interactions on bleeding outcomes. Lastly, analyses were repeated using stabilized inverse probability of treatment weighting (IPTW). 


Results
Baseline characteristics
A total of 193,072 NOAC-treated AF patients were included, among whom 46,194 (23.9%), 2903 (1.5%) and 957 (0.5%) subjects concomitantly used a P-gp/CYP3A4 inhibitor, inducer, or combination of an inhibitor and inducer at the time of NOAC initiation, respectively (eFigure 2, Table 1). The most frequently used P-gp/CYP3A4 inhibitors were amiodarone (19.6%) and diltiazem (2.6%), while levetiracetam (0.7%) and valproic acid (0.6%) were the most concurrently used P-gp/CYP3A4 inducers (eTable 4). Before matching, subjects concomitantly using P-gp/CYP3A4 inducers were on average younger (74.0 (SD 11.1) years) than subjects without P-gp/CYP3A4-interacting drug use (76.3 (SD 10.3) years), whereas subjects using P-gp/CYP3A4 inhibitors had a more comparable age (76.5 (SD 9.5) years) (Table 1). Subjects concomitantly using P-gp/CYP3A4 inhibitors and inducers were on average 74.4 (SD 9.7) years old and had the highest clinical risk scores (e.g., mean CHA2DS2-VASc score 4.3 (SD 2.0)). After matching, covariate balance was achieved (Table 1, eFigure 3).
[bookmark: _Hlk138234337]The unadjusted number of events and event rates among NOAC-treated AF patients without pharmacokinetically-interacting drug use (mean follow-up 1.3 (SD 1.4) years; 179,544 person-years) and with concomitant use of P-gp/CYP3A4 inhibitors (follow-up 0.9 (SD 1.1) years; 39,405 person-years), inducers (follow-up 0.8 (SD 1.1) years; 2339 person-years), or inhibitors and inducers (follow-up 0.9 (SD 1.1) years; 828 person-years) are summarized in eTable 5.

P-gp/CYP3A4 inhibitors 
After multivariable adjustment, concomitant use of P-gp/CYP3A4 inhibitors was associated with significantly higher risks of major bleeding (aHR 1.24, 95%CI (1.18-1.30)), intracranial bleeding (aHR 1.15, 95%CI (1.04-1.27)), gastrointestinal bleeding (aHR 1.20, 95%CI (1.12-1.28)) and all-cause mortality (aHR 1.07, 95%CI (1.02-1.11)) compared to NOAC-treated AF patients without pharmacokinetically-interacting drug use, while the risks of stroke/SE (aHR 0.97, 95%CI (0.90-1.05)) or stroke (aHR 0.96, 95%CI (0.88-1.05)) were not significantly different (Figure 1, eTable 6).

P-gp/CYP3A4 inducers 
[bookmark: _Hlk139020121]Concomitant use of P-gp/CYP3A4 inducers was associated with a significantly higher risk of stroke (aHR 1.31, 95%CI (1.03-1.68)) compared to NOAC-treated AF patients without pharmacokinetically-interacting drug use after multivariable adjustment, while the risks of stroke/SE (aHR 1.23, 95%CI (0.97-1.56)), all-cause mortality (aHR 0.96, 95%CI (0.82-1.11)), major bleeding (aHR 1.09, 95%CI (0.90-1.32)), intracranial bleeding (aHR 1.08, 95%CI (0.76-1.54)) or gastrointestinal bleeding (aHR 1.24, 95%CI (0.95-1.61)) were not significantly different. 

P-gp/CYP3A4 inhibitors and inducers 
Among subjects concurrently using P-gp/CYP3A4 inhibitors and inducers, the risk of all-cause mortality (aHR 1.49, 95%CI (1.21-1.84)) was significantly higher compared to NOAC-treated AF patients without pharmacokinetically-interacting drug use after multivariable adjustment, whereas the risks of stroke/SE (aHR 1.32, 95%CI (0.90-1.95)), stroke (aHR 1.37, 95%CI (0.91-2.04)), major bleeding (aHR 1.28, 95%CI (0.96-1.70)), intracranial bleeding (aHR 1.14, 95%CI (0.66-1.97)) or gastrointestinal bleeding (aHR 1.11, 95%CI (0.73-1.68)) were non-significantly higher.

Subgroup analyses
[bookmark: _Hlk138429946]Results stratified by specific P-gp/CYP3A4-inhibiting drug types were consistent, as significantly higher major bleeding risks were observed with concomitant use of amiodarone (aHR 1.27, 95%CI (1.21-1.34)), diltiazem (aHR 1.28, 95%CI (1.13-1.46)), verapamil (aHR 1.36, 95%CI (1.03-1.80)), ticagrelor (aHR 1.50, 95%CI (1.20-1.87)) and clarithromycin (aHR 1.55, 95%CI (1.14-2.11)) compared to patients without pharmacokinetically-interacting drug use (Figure 2, eTable 7). All-cause mortality risks were significantly higher with amiodarone (aHR 1.10, 95%CI (1.05-1.15)), but not with other P-gp/CYP3A4-inhibiting drug types. Significantly higher stroke risks were observed in NOAC users concurrently treated with levetiracetam (aHR 1.45, 95%CI (1.02-2.07)) compared to subjects without pharmacokinetically-interacting drug use.
[bookmark: _Hlk145420733]Moreover, subjects concomitantly using ≥2 P-gp/CYP3A4 inhibitors (n = 2913) had higher risk estimates of major bleeding (aHR 1.49, 95%CI (1.27-1.74)) than those using 1 inhibitor (n = 43,281; aHR 1.23, 95%CI (1.17-1.30)) compared to subjects without pharmacokinetically-interacting drug use (eTable 8).
After stratifying results by the mechanism of interaction, significantly higher major bleeding risks were observed with concomitant use of P-gp inhibitors (n = 35,261; aHR 1.25, 95%CI (1.18-1.32)), and combined P-gp and CYP3A4 inhibitors (n = 8774; aHR 1.24, 95%CI (1.12-1.37)), but not with CYP3A4 inhibitors (n = 992; aHR 0.79, 95%CI (0.57-1.09)) (eTable 9).
[bookmark: _Hlk139019795][bookmark: _Hlk145420526][bookmark: _Hlk138171799]Furthermore, concomitant use of P-gp/CYP3A4 inhibitors was associated with a significantly higher major bleeding risk among edoxaban (aHR 1.24, 95%CI (1.06-1.45)), rivaroxaban (aHR 1.25, 95%CI (1.16-1.34)) and apixaban users (aHR 1.27, 95%CI (1.16-1.39)), but not among dabigatran users (aHR 1.07, 95%CI (0.94-1.23)) compared to patients without pharmacokinetically-interacting drug use. Conversely, the risk of all-cause mortality was only significantly higher among dabigatran users (aHR 1.20, 95%CI (1.07-1.35)) (eTable 10). Importantly, after 3:1 PSM, a lower NOAC dose was used by 58.0% of dabigatran users concomitantly treated with P-gp/CYP3A4 inhibitors compared to 40.7%, 31.8% and 34.3% of rivaroxaban, apixaban and edoxaban users, respectively.
[bookmark: _Hlk138428036]Lastly, comparable trends were observed after stratifying by age groups (eTable 11). However, the risk of major bleeding was not significantly different among subjects <65 years old (n = 5229) concomitantly using P-gp/CYP3A4 inhibitors (aHR 1.03, 95%CI (0.84-1.27)), and higher risk estimates of stroke were observed among subjects <75 years old (n = 1432) concomitantly using P-gp/CYP3A4 inducers (aHR 1.93 (1.29-2.90)) than those ≥75 years old (n = 1479; aHR 1.45 (1.04-2.03)).

Sensitivity analyses
[bookmark: _Hlk145573622]When investigating P-gp/CYP3A4-interacting drug use as a time-varying covariate, concomitant use of P-gp/CYP3A4 inhibitors was also associated with significantly higher risks of major bleeding (aHR 1.43, 95%CI (1.38-1.49)), and concomitant use of P-gp/CYP3A4 inducers with an increased risk of stroke (aHR 1.68, 95%CI (1.44-1.96)) (eTable 12, eFigure 4). Likewise, results were consistent when only considering P-gp/CYP3A4-interacting drugs without pharmacodynamic interactions (n = 47,644; aHR 1.25, 95%CI (1.18-1.31) and aHR 1.41, 95%CI (1.09-1.83), respectively) (eTable 13, eFigure 5), or when using IPTW (aHR 1.28, 95%CI (1.21-1.34) and aHR 1.59, 95%CI (1.19-2.11), respectively) (eTable 14, eFigure 6). In addition, concomitant use of P-gp/CYP3A4 inducers was also associated with significantly higher risks of stroke/SE when investigated as a time-varying covariate (aHR 1.63, 95%CI (1.40-1.89)) or using IPTW (aHR 1.45, 95%CI (1.10-1.91)), and with higher risks of major bleeding (aHR 1.43, 95%CI (1.27-1.61)) and all-cause mortality (aHR 1.26, 95%CI (1.14-1.40)) when examined as a time-varying covariate.


Discussion
[bookmark: _Hlk145343594][bookmark: _Toc72073788]In this nationwide cohort study including more than 190,000 NOAC-treated AF patients during 222,116 person-years of on-treatment follow-up, we have demonstrated that concomitant use of P-gp and combined P-gp/CYP3A4 inhibitors was associated with increased risks of major bleeding, that concomitant use of amiodarone was associated with a higher all-cause mortality risk, and that concurrent use of P-gp/CYP3A4 inducers increased the risk of stroke, compared to subjects not using pharmacokinetically-interacting drugs. NOAC users concomitantly treated with P-gp/CYP3A4 inhibitors and inducers represented a particularly vulnerable subgroup, as illustrated by the significantly higher risk of all-cause mortality and trend towards increased but non-significantly different risks of thromboembolism and bleeding.
[bookmark: _Hlk145514298][bookmark: _Hlk145420601]Two major pharmacokinetic interaction mechanisms are present with NOACs. First, NOACs are excreted by P-gp efflux transporters, mostly present in the gastrointestinal tract, but also in the liver and renal proximal tubules.1,2,25,26 Second, apixaban and rivaroxaban are in part hepatically metabolized, mostly by CYP3A4 (not involved for dabigatran and only minimally (<4%) for edoxaban).1,2,25 Consequently, P-gp/CYP3A4 inhibitors may increase NOAC plasma levels due to a decreased excretion and/or hepatic metabolism. Indeed, we observed a 24% increased risk of major bleeding and 7% higher risk of death with P-gp/CYP3A4 inhibitors compared to subjects not using pharmacokinetically-interacting drugs, in line with previous observations2,8-11. On the contrary, P-gp/CYP3A4 inducers such as antiepileptic drugs (e.g., levetiracetam, carbamazepine) may decrease NOAC plasma levels3,27, which was associated with a 31% significantly higher risk of stroke in this study. Our findings address an important research gap, since, to the best of our knowledge, only two studies8,9 explored the impact of P-gp/CYP3A4 inducers on thromboembolic outcomes, rendering conflicting results. 
[bookmark: _Hlk145342705][bookmark: _Hlk139021957][bookmark: _Hlk138251760][bookmark: _Hlk145513865][bookmark: _Hlk145513844][bookmark: _Hlk145513887][bookmark: _Hlk145514044]In addition to the pharmacokinetic effect of P-gp/CYP3A4 inhibitors and inducers on NOAC plasma levels, other potential hypotheses on why increased risks of adverse outcomes were observed among NOAC-treated AF patients using pharmacokinetically-interacting drugs include the impact of underlying comorbidities for which the P-gp/CYP3A4-interacting drug was prescribed (e.g., levetiracetam for post-stroke epilepsy, clarithromycin for H. pylori eradication in case of a gastroduodenal ulcer…), direct drug effects (e.g., increased risk of bleeding with ticagrelor, although results were consistent when excluding ticagrelor), polypharmacy, reduced drug adherence, and inappropriate drug dosing (including off-label NOAC dosing).2,25 While results were robust throughout various methods used and adjustments made, any influence of unmeasured confounding and selective prescribing of pharmacokinetically-interacting drugs to more vulnerable, sicker AF patients cannot be ruled out completely. Our exploratory results should therefore be interpreted with caution and considered as hypothesis-generating.
[bookmark: _Hlk138171833][bookmark: _Hlk138241722][bookmark: _Hlk138242028]In line with the expected increase in NOAC plasma levels due to P-gp/CYP3A4 inhibition, higher bleeding risks were consistently observed with amiodarone, diltiazem, verapamil, ticagrelor and clarithromycin, corroborating recommendations of the EHRA Practical Guide1 and SmPCs4-7 to lower the dose of NOAC (e.g., verapamil with dabigatran) or use them cautiously (e.g., amiodarone). However, while no relevant interaction with diltiazem was anticipated by guidelines1 due to its weak P-gp and moderate CYP3A4 inhibition1,4, a 28% higher major bleeding risk was observed with diltiazem, which should warrant some caution. Moreover, a significantly higher all-cause mortality risk was only observed in NOAC users concurrently treated with amiodarone, but not with other P-gp/CYP3A4-inhibiting drug types. This may be due to the considerable extracardiac side effects of amiodarone (e.g., thyroid, pulmonary, hepatic, neurologic, ophthalmologic toxicity), increasing the risk of non-cardiovascular death.2,24
Several antiepileptic drugs, used for (post-stroke) epilepsy, are P-gp/CYP3A4 inducers, and should therefore be avoided with NOACs (e.g., phenytoin) or used with caution (e.g., levetiracetam) according to the EHRA Practical Guide1. In line with the expected decrease in NOAC plasma levels3,27, a 45% higher risk of stroke was highlighted with levetiracetam in the present study. Higher thromboembolic risks with antiepileptic drugs such as levetiracetam, valproic acid and carbamazepine among NOAC users have been demonstrated before9, albeit not consistently8. Therefore, caution and close monitoring of NOAC users concurrently treated with antiepileptic drugs are warranted, and more research is urgently needed to replicate our findings and assess whether other anticoagulants (e.g., VKAs, low-molecular-weight heparins) or higher NOAC doses may be preferred in this vulnerable patient subgroup.
[bookmark: _Hlk139020462][bookmark: _Hlk139019839][bookmark: _Hlk138171855][bookmark: _Hlk145343275][bookmark: _Hlk139019436]Concomitant use of P-gp/CYP3A4 inhibitors was associated with a significantly increased major bleeding risk among apixaban, rivaroxaban and edoxaban users, but not among dabigatran users, albeit a higher mortality risk was only observed among dabigatran users. This may in part be driven by dabigatran not being hepatically metabolised by CYP3A4.1 Consequently, CYP3A4 inhibitors without impact on P-gp activity do not affect dabigatran plasma levels, which may have contributed to the lack of a significant impact on bleeding outcomes with P-gp/CYP3A4 inhibitors in this study. However, the increased bleeding risk associated with concomitant use of P-gp/CYP3A4 inhibitors appeared to be driven by drugs inhibiting P-gp, as no significant differences in bleeding risks were observed with drugs only inhibiting CYP3A4 (e.g., fluconazole), and a similarly increased bleeding risk was seen with P-gp inhibitors (e.g., amiodarone) and combined P-gp and CYP3A4 inhibitors (e.g., diltiazem, verapamil). Moreover, dabigatran was more frequently used in a lower dose with P-gp/CYP3A4 inhibitors than other NOACs, which may have also affected bleeding and mortality risks. Prior studies investigating outcomes with individual NOACs rendered conflicting findings. Exemplary, in line with our findings, higher bleeding risk estimates with apixaban and/or rivaroxaban than with dabigatran in patients treated with P-gp/CYP3A4 inhibitors were seen in some studies8,9,19, while other studies did not observe differences in risk estimates between NOACs28 or even higher bleeding risks with dabigatran18. Therefore, our results should be interpreted with caution and no specific NOAC can yet be recommended with concomitant use of P-gp/CYP3A4 inhibitors.
Given the increased risk of adverse outcomes with pharmacokinetically-interacting drugs, caution is generally warranted, modifiable bleeding risk factors should be addressed, and the importance of high therapy adherence, especially in subjects using P-gp/CYP3A4 inducers, should be stressed.1,2,13,25 Clinicians should assess whether the P-gp/CYP3A4-interacting drug can be discontinued, especially if multiple interacting drugs are used, or should consider a non-interactive alternative or another anticoagulant with less interactions, in accordance with recommendations of the EHRA Practical Guide1 or other drug interaction management plans26.2 If not possible, NOACs should be appropriately dosed and plasma level measurement may be considered.1,3 Patients should be closely monitored by scheduling them for earlier and more frequent clinical follow-up during the concomitant use of P-gp/CYP3A4 interacting drugs, performing a regular medication review, and informing them of the increased risk of side effects.1,2 

Strengths and limitations
Strengths of this nationwide cohort study include the large sample size, use of an on-treatment analysis that accounted for changes in interacting drug use during follow-up to reduce exposure misclassification, and adjustment for several confounders using PSM.
[bookmark: _Hlk145345646][bookmark: _Hlk138252009][bookmark: _Hlk138239897][bookmark: _Hlk138250844][bookmark: _Hlk138238941][bookmark: _Hlk145345297][bookmark: _Hlk138232101][bookmark: _Hlk138231967]Several limitations should be acknowledged. First, coding errors and misclassification bias may be present due to the observational design using healthcare databases. However, by identifying comorbidities based on ICD, medical procedure codes and/or medication prescription claims assessed in ambulatory and hospital care, missing data and misclassification of characteristics were reduced. Second, assessment of P-gp/CYP3A4-interacting drug use was based on dispensing data, not on the patients’ actual intake and physicians’ prescriptions. Consequently, premature discontinuation of interacting drug use at the time of NOAC initiation before the calculated last day of supply could not be identified. Nevertheless, subjects were additionally censored in case of a >60-day gap of drug supply of the interacting drug during follow-up. Moreover, since interacting drug use was only considered at baseline, the impact of initiating pharmacokinetically-interacting drugs during follow-up was not assessed (as subjects were censored on those dates). Interestingly, results were generally consistent when investigating pharmacokinetically-interacting drug use as a time-varying covariate, suggesting that the potential risk of initiating an interacting drug does not wane over time. Third, use of over-the-counter (herbal) medicines interacting with P-gp/CYP3A4 (e.g., St. John’s wort)1 could not be identified. Fourth, despite thorough adjustment for 40 confounders, there is a risk of unmeasured confounding due to missing lifestyle characteristics (e.g., body weight, smoking), laboratory values (e.g., renal function) and disease severity. Likewise, (in)appropriate NOAC dosing could not be assessed. Fifth, data were only completely registered and validated up to 1 January 2019, which may reduce the generalizability to current practice. Sixth, although PSM improved comparability and reduced confounding by indication, unmatched individuals were discarded from the analysis, reducing the effective sample size and increasing the risk of selection bias.29 Nevertheless, results were consistent using IPTW, which included every individual. Lastly, due to the design and on-treatment approach, the mean follow-up was limited.


Conclusion
In conclusion, concomitant use of P-gp/CYP3A4 inhibitors was associated with higher bleeding and all-cause mortality risks in NOAC users, largely driven by amiodarone, diltiazem, verapamil, ticagrelor and clarithromycin use. Conversely, a higher stroke risk was observed in AF patients concurrently treated with P-gp/CYP3A4 inducers, especially with antiepileptic drugs such as levetiracetam.
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Figure legends
Figure 1: Outcomes in AF patients concomitantly using P-gp/CYP3A4 inhibitors, inducers, or combination of an inhibitor and inducer at the time of NOAC initiation, compared to patients without pharmacokinetically-interacting drug use after 3:1 propensity score matching.
aHR: adjusted hazard ratio; CI: confidence interval; CYP: cytochrome P450; DDI: drug-drug interaction; NOAC: non-vitamin K antagonist oral anticoagulant; P-gp: P-glycoprotein; PY: person-years; SE: systemic embolism.

[bookmark: _Hlk145346883][bookmark: _Hlk145346875]Figure 2: The risk of major bleeding with P-gp/CYP3A4 inhibitors, and of stroke with P-gp/CYP3A4 inducers compared to patients without pharmacokinetically-interacting drug use after 3:1 propensity score matching, stratified by interacting drug types, number of interacting drugs, mechanism of interaction, NOAC types and age.
aHR: adjusted hazard ratio; CI: confidence interval; CYP: cytochrome P450; DDI: drug-drug interaction; MB: major bleeding; NOAC: non-vitamin K antagonist oral anticoagulant; P-gp: P-glycoprotein; PY: person-years; SE: systemic embolism.
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