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Ischemic Stroke and Systemic Embolism in 
Warfarin Users With Atrial Fibrillation or Heart 
Valve Replacement Exposed to Dicloxacillin or 
Flucloxacillin
Maja Hellfritzsch1,*, Lars Christian Lund1, Zandra Ennis2, Tore Stage1, Per Damkier1,2, Mette Bliddal3,  
Peter Bjødstrup Jensen1, Daniel Henriksen1,2, Martin Thomsen Ernst1,3, Morten Olesen1, Anne Broe1,2, 
Kasper Bruun Kristensen1, Jesper Hallas1,2 and Anton Pottegård1

The antibiotics dicloxacillin and flucloxacillin induce cytochrome P450-dependent metabolism of warfarin. We 
explored the influence of these drug–drug interactions on the clinical effectiveness of warfarin therapy due 
to atrial fibrillation or heart valve replacement. Using the population-based Danish registers, we performed a 
propensity-score matched cohort study including around 50,000 episodes of dicloxacillin/flucloxacillin matched to 
phenoxymethylpenicillin and to no antibiotic, respectively. We estimated hazard ratios (HRs) with 95% confidence 
intervals (CIs) by comparing 21-day (days 7–28) risks of ischemic stroke/systemic embolism (SE) following initiation 
of each exposure. When compared with phenoxymethylpenicillin, dicloxacillin/flucloxacillin was associated with an 
HR of ischemic stroke/SE of 2.09 (95% CI 1.51–2.90; strongest for dicloxacillin (HR 2.17; 95% CI 1.56–3.02)). Use 
of an untreated comparator strengthened the association (HR 2.84; 95% CI 1.97–4.09). Dicloxacillin should be used 
with caution in patients receiving warfarin. This may also apply to flucloxacillin; however, more data on the risks 
associated with flucloxacillin exposure during warfarin therapy are needed.

Warfarin is an effective and highly valued drug in the treatment 
and prophylaxis of thromboembolisms. However, warfarin has a 
narrow therapeutic index and even minor subtherapeutic interna-
tional normalized ratio (INR) levels are associated with reduced 
treatment effectiveness.1

Several reports have suggested that beta-lactamase-resistant pen-
icillins (i.e., oxacillin, cloxacillin, dicloxacillin, and flucloxacillin), 

lower the anticoagulant effect of vitamin K antagonists (VKAs), 
especially warfarin.2–9 In a register-based study of INR measure-
ments and prescription fills, we have previously demonstrated that 
initiation of dicloxacillin treatment led to subtherapeutic INR lev-
els in about 60% of VKA-treated patients.10 In a subsequent clinical 
drug–drug interaction study in healthy volunteers, we elucidated 
this further by demonstrating that dicloxacillin induces several 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THIS 
TOPIC?
 The antibiotics dicloxacillin and flucloxacillin induce cy-
tochrome P450-dependent metabolism of warfarin leading to 
decreased values of the international normalized ratio. Whether 
the clinical effectiveness of warfarin therapy is also affected re-
mains to be established.
WHAT QUESTION DID THIS STUDY ADDRESS?
 Is exposure to dicloxacillin or flucloxacillin during chronic 
warfarin use due to atrial fibrillation or heart valve replacement 
associated with an increased risk of ischemic stroke and sys-
temic embolism (SE)?

WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
 In this population-based propensity-score matched cohort 
study of warfarin users, exposure to dicloxacillin or flucloxa-
cillin was associated with a twofold higher short-term risk of 
ischemic stroke and SE when compared with unexposed peri-
ods. The risk was more pronounced for dicloxacillin than for 
flucloxacillin.
HOW MIGHT THIS CHANGE CLINICAL PHARMA- 
COLOGY?
 Increased awareness among clinicians and researchers on 
these drug–drug interactions has the potential to improve the 
safety of warfarin therapy during infections.
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cytochrome P450 enzymes, including CYP2C9.11 CYP2C9 is 
the enzyme that catalyzes the metabolism of the most pharma-
cologically active warfarin isomer (S-warfarin). Supplementary in 
vitro studies demonstrated that the underlying molecular mecha-
nism is activation of the pregnane X receptor, leading to increased 
transcription and activity of cytochrome P450 enzymes relevant 
to warfarin metabolism.11 Flucloxacillin use has also been asso-
ciated with decreased INR values in clinical practice,2,8 which is 
supported by in vitro data showing a potential of flucloxacillin to 
induce CYP2C9, although to a lesser extent than dicloxacillin.11 
Consequently, initiation of beta-lactamase-resistant penicillin 
treatment in patients receiving drugs with a narrow therapeutic in-
terval such as warfarin, cyclosporine, and some anti-epileptic drugs 
may result in therapeutic failure.

With this study, we assessed whether initiation of dicloxacillin 
or flucloxacillin was associated with an increased risk of thrombo-
embolism in warfarin users with a condition requiring chronic war-
farin therapy. Specifically, we included warfarin users with atrial 
fibrillation (AF) and/or heart valve replacement and assessed their 
risk of ischemic stroke and systemic embolism (SE) in the context 
of concomitant treatment with these antibiotics.

RESULTS
The sampling cohort included 271,711 episodes of warfarin 
therapy contributed by 111,637 unique patients receiving war-
farin due to AF or mechanical heart valves during the study 
period (Figure 1). Within this cohort, we identified 53,035 ep-
isodes of dicloxacillin and 5,376 episodes of f lucloxacillin use 
as well as 144,727 episodes of phenoxymethylpenicillin use. 
After trimming, 49,661 episodes of dicloxacillin/flucloxacillin 

use were matched 1:1 to episodes of phenoxymethylpenicil-
lin (Figure S1). In the matched cohorts, covariates were well 
balanced between dicloxacillin/flucloxacillin users and phe-
noxymethylpenicillin users (Table 1). Warfarin users exposed 
to antibiotics had a median age of 76 years, were most often 
men (63%), and had, on average, been on warfarin therapy for 
4 years, typically due to AF (94%). The level of comorbidity was 
high; 41% had a Charlson Comorbidity Index ≥ 3 and 87% had 
a CHA2DS2-VASc score ≥ 3.

Ischemic stroke/SE occurred more commonly during exposure 
to dicloxacillin/flucloxacillin than during phenoxymethylpen-
icillin exposure (2.3/1,000 vs. 1.1/1,000 episodes, respectively; 
Figure 2). The corresponding hazard ratio (HR) for ischemic 
stroke/SE was 2.09 (95% CI 1.51–2.90) for warfarin users ex-
posed to dicloxacillin/flucloxacillin and the number needed to 
harm (NNH) was 842 (Table 2). Absolute as well as relative risks 
of ischemic stroke/SE were similar in patients using warfarin due 
to AF and heart valve replacement (Table 2). There was no con-
siderable effect modification of the observed HR by patient char-
acteristics. Stratification by type of antibiotic revealed a stronger 
association for use of dicloxacillin (HR 2.19; 95% CI 1.56–3.02; 
NNH 784) than flucloxacillin (HR 1.27; 95% CI 0.55–2.95), al-
though the estimate for flucloxacillin was unprecise due to low use 
in our cohort. The increased risk of ischemic stroke/SE attenuated 
over time, with an HR in the 29–60-day interval after the index 
date of 1.40 (95% CI 1.02–1.93) and an HR of 1.43 (95% CI 
1.09–1.88) for the 61–120-days interval (Table S1). In the anal-
ysis of the 29–60-day interval, flucloxacillin was associated with a 
significantly increased risk of ischemic stroke/SE (HR 2.07; 95% 
CI 1.12–3.83).

Figure 1  Flow chart describing the selection of the overall cohort of warfarin episodes, the propensity score matched cohorts, and the case-
crossover population. AF, atrial fibrillation.
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In the secondary analysis, 48,373 episodes of dicloxacillin/flu-
cloxacillin use were matched 1:1 to randomly selected episodes of 
no antibiotic use (Table 1 and Figure S2). The rate of ischemic 
stroke during untreated episodes was lower (0.8/1,000 episodes) 
than during phenoxymethylpenicillin episodes, leading to a higher 
HR (2.84; 95% CI 1.97–4.09) as well as lower NNH (681) for 
dicloxacillin/flucloxacillin in this analysis than in the primary anal-
ysis (Figure 2 and Table 3). Associations during later periods of 
follow-up of the secondary analysis are provided in (Table S2).

The case-crossover analysis included 175 cases of ischemic 
stroke/SE exposed to dicloxacillin/flucloxacillin during either 
focal or reference windows (Figure 1 and Figure S3). Exposure 
just prior to the outcome event was more common than exposure 
in more distant periods, and the OR for ischemic stroke/SE during 
dicloxacillin/flucloxacillin exposure among warfarin users was 1.88 
(95% CI 1.37–2.59) when compared with unexposed periods in 
the same warfarin users. A similar analysis for phenoxymethylpeni-
cillin (n = 348) yielded an OR of 1.24 (95% CI 0.98–1.58).

When increasing the assigned daily warfarin dose, and thereby 
decreasing the assigned duration of a warfarin prescription in the 
study cohort, the sample sizes decreased slightly (Table S3 and 

Table S4). Overall, the sensitivity analyses yielded results similar to 
the main analysis.

DISCUSSION
This population-based cohort study is the first to address the 
clinical impact of reduced anticoagulation inferred by the phar-
macokinetic drug–drug interaction between warfarin and diclox-
acillin/flucloxacillin. Our main finding was a twofold transient 
increase in the risk of ischemic stroke and SE upon initiation of 
dicloxacillin in patients receiving warfarin in the context of AF 
or mechanical heart valves. The estimates for flucloxacillin expo-
sure were unprecise but overall did not support a similar increased 
short-term event risk when combined with warfarin.

The findings are consistent with the underlying and well-elu-
cidated biological mechanism. As we have shown previously, di-
cloxacillin induces CYP2C9 in vitro and increases the activity of 
CYP2C9 in healthy volunteers.11 Consequently, more than half of 
warfarin users reach subtherapeutic INR levels following initiation 
of dicloxacillin.10 The latter observation was recently supported by 
a case series (n = 5) reporting that warfarin dose had to be increased 
by ~  50% to maintain therapeutic INR values after dicloxacillin 
initiation.12 The finding of a twofold increased risk of arterial 
thromboembolic complications in the present study, thus, cor-
responds well with the established knowledge on the drug–drug 
interaction.

The interpretation of our findings concerning flucloxacillin is 
hampered by the lack of statistical power due to the historically 
limited use of flucloxacillin in Denmark.13 Nevertheless, the find-
ing of a weaker association for flucloxacillin than dicloxacillin is 
compatible with previous findings concerning the individual an-
tibiotic’s potential for CYP2C9 induction and influence on the 
pharmacodynamic effect of warfarin as measured by the INR.8,11 
In a recent register-based study based on a large sample of warfarin 
users from Sweden, short-term therapy of flucloxacillin (10 days) 
was found to be associated with a minor, albeit significant, decrease 
in mean INR from 2.36 (95% CI 2.34–2.37) to 2.20 (95% CI 
2.19–2.21). Long-term flucloxacillin therapy (≥ 30 days) seemed 
to have an additional impact on warfarin pharmacodynamics, as 
the mean INR decreased from 2.24 (95% CI 2.16–2.32) to 1.96 
(1.89–2.02) 6 weeks after initiation in this subgroup. Importantly, 
the present study was designed to assess potential effects of short-
term therapy with dicloxacillin/flucloxacillin on warfarin effective-
ness. Clinically relevant induction of CYP2C9 by flucloxacillin in 
the context of long-term therapy (e.g., in endocarditis patients), 
can, therefore, not be ruled out by the present study. Interestingly, 
for the flucloxacillin-exposed patients included in our analysis, the 
risk of ischemic stroke/SE was higher during late than early fol-
low-up (2.9/1,000 vs. 1.4/1,000 episodes, respectively).

The absolute risk of thromboembolic complications during 
a single episode of dicloxacillin treatment was low; 842 warfa-
rin users should be treated with dicloxacillin instead of phe-
noxymethylpenicillin for one additional event to occur. In 
Denmark, beta-lactamase-resistant penicillins are the mainstay 
of antibiotic treatment in trivial and severe staphylococcal infec-
tion because of their narrow-spectrum characteristics, their ef-
fectiveness, and favorable safety profile. Therefore, although our 

Figure 2  Kaplan–Meier plot from day 7 to day 28 with cumulative 
incidence of ischemic stroke/systemic embolism among 
warfarin users exposed to dicloxacillin/flucloxacillin and (a) 
phenoxymethylpenicillin or (b) no antibiotic.

(a)

(b)
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findings indeed indicate that dicloxacillin should be used with 
caution in patients receiving warfarin, the increase in ischemic 
stroke/SE risk associated with use of dicloxacillin among warfa-
rin users needs to be weighed against the benefits of this antibi-
otic. Closer INR surveillance of warfarin may mitigate the risk 
of experiencing insufficient anticoagulation during dicloxacillin 
use. Importantly, dose adjustments of warfarin in the context of 
short-term treatment with an interacting drug will require adjust-
ment of warfarin dosage upon starting as well as stopping therapy. 
Such adjustments are complicated by the long half-life of warfa-
rin as well as by the delay in on-set and off-set of the inductive 
effect of dicloxacillin. Further complicating the titration process 
during and after dicloxacillin therapy, is the fact that INR may be 
affected by infection/fever itself and by the potential changes in 
dietary habits during an infection. As such, the sustained, albeit 
attenuated, association persisting beyond dicloxacillin exposure, 
may reflect a long-term impact on the stability of INR control 
following dose adjustments in relation to a short-term treatment 
episode with an interacting drug. Alternative explanations in-
clude the time to normalization of CYP2C9 enzyme capacity as 
well as presence of residual confounding in our analysis.

Direct oral anticoagulants (DOACs) are potential treatment al-
ternatives to warfarin in patients with AF.14 Compared with warfa-
rin, DOACs are overall less susceptible to drug–drug interactions, 

especially due to their broader therapeutic range.15 The factor Xa 
inhibiting DOACs (rivaroxaban, apixaban, and edoxaban) are, how-
ever, mainly metabolized by CYP3A4,16 which is also induced by 
dicloxacillin and flucloxacillin.11 A potential drug–drug interaction 
between DOACs and dicloxacillin/flucloxacillin has, to our knowl-
edge, not been studied. In general, the clinical relevance of concom-
itant treatment with inducers of CYP3A4 on DOAC effectiveness 
seems to depend on whether p-glycoprotein is also induced by the 
drug.15 Interestingly, in vitro findings have indicated a potential of flu-
cloxacillin to induce p-glycoprotein in addition to CYP3A4.17

Infection is associated with both INR changes18 and ischemic 
stroke.19 However, the decreased effect of warfarin found in the 
present study contrasts with the increased effect of warfarin that 
have been associated with fever and infection in prior studies.20 
Nevertheless, the present analysis might be affected by confound-
ing from the underlying infection. This was mainly addressed by 
using propensity-score matching to an active, and thereby also in-
fected, comparator. The fact that the association between diclox-
acillin/flucloxacillin exposure and risk of ischemic stroke/SE was 
weaker when using an active comparator rather than an untreated 
comparator indicates that we have succeeded in eliminating at least 
part of the potentially confounding effect by the infection itself. 
The effect of infection per se is also demonstrated by the higher 
absolute risk of the outcome in the active than in the nontreated 

Table 2  Association between dicloxacillin/flucloxacillin exposure during warfarin use and risk of stroke/systemic embolism 
compared to penicillin, overall and in patient subgroups

 

Outcome rate (n/1,000)
Dicloxacillin/flucloxacillin vs. 

phenoxymethylpenicillin

Dicloxacillin/ 
flucloxacillin Phenoxymethylpenicillin HR (95% CI) NNH

All 2.3/1,000 1.1/1,000 2.09 (1.51–2.90) 842

Stratified analyses

Sex        

Male 2.1/1,000 0.8/1,000 2.55 (1.61–4.05) 796

Female 2.6/1,000 1.5/1,000 1.68 (1.06–2.69) 937

Age

< 70 years 1.8/1,000 0.9/1,000 1.98 (1.02–3.85) 1,127

70–79 years 1.9/1,000 0.7/1,000 2.97 (1.54–5.72) 770

80 + years 3.0/1,000 1.7/1,000 1.76 (1.11–2.78) 767

Treatment indication, VKA

Heart valve 2.1/1,000 1.0/1,000 2.19 (0.76–6.31) 874

Atrial fibrillation 2.3/1,000 1.1/1,000 2.08 (1.48–2.94) 838

Type of beta-lactamase-resistant penicillin

Dicloxacillin 2.3/1,000 1.1/1,000 2.17 (1.56–3.02) 784

Flucloxacillin 1.4/1,000 1.1/1,000 1.27 (0.55–2.95) 3,435

Restricted analyses

No recent hospitalization 2.3/1,000 0.9/1,000 2.46 (1.72–3.53) 736

No recent antibiotic (any) 2.3/1,000 1.0/1,000 2.20 (1.50–3.25) 785

No prior exposure to dicloxacillin/flucloxacillin 2.4/1,000 1.1/1,000 2.25 (1.53–3.29) 739

No diabetes 2.4/1,000 1.0/1,000 2.44 (1.66–3.57) 694

No previous stroke 1.8/1,000 0.8/1,000 2.31 (1.52–3.52) 990

CI, confidence interval; HR, hazard ratio; NNH, number needed to harm; VKA, vitamin K antagonist.
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comparison group as well as by the slightly increased risks seen in 
the case-crossover analysis of phenoxymethylpenicillin exposure. 
Based on this analysis, infection in itself seems to be associated 
with a 25% increased risk of experiencing an ischemic stroke/SE 
during warfarin use.

A primary strength of our study is the use of population-based 
registries of high coverage and validity of exposure and outcome.21,22 
Furthermore, our findings were robust across several analyses to ad-
dress potential confounding and when applying different analytical ap-
proaches. A main limitation is the lack of data on INR measurements 
as well as on the prescribed warfarin dose, including dose adjustments. 
However, the increase in ischemic stroke/SE risk found in the present 
study is substantiated by decreases in INR and increases in warfarin 
dose relative to exposure to dicloxacillin demonstrated in prior stud-
ies.3,10 In addition, our data sources did not enable us to account for 
neither the severity of the infections treated nor differentiate between 
specific indications for antibiotic use. The overall unchanged result in 
the subgroup analyses excluding hospitalized patients, however, argues 
against severity of the underlying infection as an important modifier 
of the association. Furthermore, warfarin users experiencing signifi-
cant decreases in INR values after receiving dicloxacillin/flucloxacillin 
may be more aware of INR fluctuations when using these antibiotics 
at a later point in time. Thus, by allowing individual warfarin users to 
contribute with more than one episode of dicloxacillin/flucloxacillin 

use, we may have underestimated the association. This concern is, 
however, not supported by the analysis restricted to the first treatment 
episode during warfarin use, which produced results similar to the 
main analysis. Finally, the study was performed in a primarily (> 90%) 
white population.23 As such, our results may not be directly applica-
ble to populations of other ethnic compositions, including genetic 
makeup important to warfarin metabolism and effect.24

CONCLUSION
Short-term use of dicloxacillin in warfarin users with AF or me-
chanical heart valves was associated with an increased short-term 
risk of ischemic stroke and SE. Dicloxacillin should be used with 
caution in patients receiving warfarin. A similar association for 
short-term use of flucloxacillin was not supported by our analysis. 
Generation of further clinical knowledge on the potential drug–
drug interaction between flucloxacillin and warfarin is encouraged.

METHODS
Using the Danish population-based health registers (described in detail in 
the Supplementary Methods), we performed a cohort study examining 
whether dicloxacillin/flucloxacillin use was associated with short-term 
occurrence of ischemic stroke/SE in adult warfarin users in Denmark 
during the study period 1995 through 2018. Data were analyzed using 
the following comparators: (i) users of phenoxymethylpenicillin, (ii) 

Table 3  Association between dicloxacillin/flucloxacillin exposure during warfarin use and risk of stroke/systemic embolism 
compared with no antibiotic use, overall, and in patient subgroups

  Outcome rate (n/1,000)
Dicloxacillin/flucloxacillin  

vs. no antibiotic

  Dicloxacillin/flucloxacillin No antibiotic HR (95% CI) NNH

All 2.3/1,000 0.8/1,000 2.84 (1.97–4.09) 681

Stratified analyses

Sex        

Male 2.0/1,000 0.9/1,000 2.28 (1.45–3.59) 892

Female 2.7/1,000 0.7/1,000 4.08 (2.17–7.67) 486

Age

< 70 years 1.8/1,000 0.5/1,000 3.61 (1.57–8.32) 754

70–79 years 1.9/1,000 0.9/1,000 2.24 (1.24–4.08) 955

80 + years 3.0/1,000 1.0/1,000 3.02 (1.72–5.30) 495

Treatment indication, VKA

Heart valve 2.0/1,000 0.0/1,000 - -

Atrial fibrillation 2.3/1,000 0.9/1,000 2.58 (1.78–3.73) 709

Type of beta-lactamase-resistant penicillin

Dicloxacillin 2.3/1,000 0.8/1,000 2.92 (2.02–4.22) 652

Flucloxacillin 1.6/1,000 0.8/1,000 2.02 (0.90–4.52) 1,239

Restricted analyses

No recent hospitalization 2.3/1,000 0.8/1,000 2.97 (2.03–4.35) 668

No recent antibiotic (any) 2.3/1,000 0.8/1,000 2.82 (1.87–4.26) 678

No prior exposure to dicloxacillin/flucloxacillin 2.2/1,000 0.8/1,000 2.72 (1.78–4.17) 726

No diabetes 2.3/1,000 0.7/1,000 3.25 (2.09–5.04) 636

No previous stroke 1.8/1,000 0.6/1,000 3.15 (1.97–5.04) 810

CI, confidence interval; HR, hazard ratio; NNH, number needed to harm; VKA, vitamin K antagonist.
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nonusers of antibiotics, and (iii) recent exposure experience of outcome 
cases (self-controlled design).

Setting
In Denmark, warfarin therapy is managed at hospital-based outpa-
tient anticoagulation clinics, by general practitioners, and by patients 
trained to manage their own warfarin therapy (i.e., patient self-man-
agement).25 Warfarin initiation and titration is always handled by a 
physician or a trained nurse. Danish guidelines recommend an ini-
tiation dose of 5  mg once daily in most patients.26 After 5  days, the 
INR is measured, and from there warfarin dose is titrated to the rec-
ommended therapeutic range of INR guided by regular INR measure-
ments. Of note, dosing instructions are not available from the Danish 
Prescription Register.22 During maintenance therapy with warfarin, 
the interval between INR measurements are recommended to not 
exceed 4  weeks. Outside the hospital setting, the majority of INR 
measurements is performed using point-of-care coagulometers and is 
neither registered in laboratory nor clinical databases available for re-
search. Pharmacogenomic testing is rarely used in the context of war-
farin management in Denmark.

Sampling cohort of warfarin users
The study population for the cohort study as well as the case-crossover 
study was sampled from an open cohort consisting of Danish warfarin 
users with a treatment indication compatible with long-term warfarin use 
(Figure 1). Accordingly, patients with a registered diagnosis of AF and/or 
mechanical heart valves entered the sampling cohort on the date of their 
first warfarin prescription fill after the diagnosis. Patients with a diagno-
sis of venous thromboembolism during the year prior to warfarin initia-
tion were not eligible for cohort entry. We used relevant hospital-based 
diagnoses (Supplementary Methods) as proxies for the indication for 
warfarin therapy, as the treatment indication is not provided in Danish 
prescription data. Patients remained in the sampling cohort as long as 
they were covered by a warfarin treatment episode, according to the defi-
nition described in the Supplementary Methods.

Patients were censored permanently from the sampling cohort upon (i) 
experience of an outcome, (ii) dispensing of > 200 capsules of dicloxacil-
lin/flucloxacillin at one occasion or receiving an osteomyelitis or endo-
carditis diagnosis, as a marker of long-term dicloxacillin/flucloxacillin use, 
(iii) death, (iv) emigration, or (v) end of study period.

Ascertainment of antibiotic exposures and thromboembolic 
outcomes
Systemic infections are associated with an increased risk of ischemic 
stroke.19 Thereby, comparisons of the stroke risk in infected (i.e., antibiotic 
recipients) and noninfected patients may be confounded. To address such 
potential confounding by indication, we compared the risk during diclox-
acillin/flucloxacillin exposure with the risk during exposure to another 
antibiotic (i.e., we used an active comparator). Phenoxymethylpenicillin, 
an oral, narrow-spectrum penicillin, was chosen as the active comparator 
because it has no known effect on warfarin metabolism.10 Exposure to 
antibiotic use was identified as filled outpatient prescriptions registered 
in The Danish Prescription Register.22 The register does not contain in-
formation on in-hospital drug use. The date of the prescription fill was 
set as the index date. As a secondary analysis, exposure to dicloxacillin/
flucloxacillin was compared with no antibiotic exposure.

Arterial thromboembolic outcomes were identified as registered hospi-
tal diagnoses in the Danish National Patient Register.21 The outcome of 
interest was a composite of ischemic stroke and SE. Only the first occur-
rence of an outcome following sample cohort entry was included.

Cohort analysis
Propensity score matching. We characterized study participants’ 
covariates (specified in the Supplementary Methods) at initiation 
of their eligible antibiotic treatment episode. We applied a look-back 
period of 180  days for prescription data and used all available data 
for diagnosis data (including prescriptions used to define existing 
medical conditions). We used a multivariable logistic regression model 
incorporating most of these covariates to calculate the probability of 
being treated with dicloxacillin/flucloxacillin vs. being treated with 
phenoxymethylpenicillin and vs. being randomly sampled as a nonuser 
in the primary and secondary analysis, respectively. The selection of 
untreated episodes is described in detail in the Supplementary Methods. 
Individual propensity score models were constructed for 3-year calendar 
strata, to handle possible trends in indications or clinical preferences 
over time. If a given individual had multiple antibiotic episodes within 
the 3-year period, all episodes were included in the model calculation. 
We applied an asymmetrical trimming (i.e., truncating the entire material 
at the propensity score value of the 2.5% percentile for treated subjects 
and 97.5% percentile for untreated subjects), thus removing tails at both 
ends.27

Based on the propensity score, we matched episodes of dicloxacillin/
flucloxacillin 1:1 to episodes of phenoxymethylpenicillin and to no anti-
biotic use. In addition, we applied a forced match on assumed treatment 
indication. We matched with a caliper width of 0.02 for the absolute value 
of the treatment probability. Phenoxymethylpenicillin-treated and un-
treated episodes were censored if a dicloxacillin/flucloxacillin prescription 
occurred during follow-up (i.e., during days 1–28 after the index date), or 
if VKA treatment was discontinued.

Statistical analysis. Participants were followed from day 7 after 
the index date until day 28. We chose a risk window of 28 days on the 
basis of prior studies on the clinical pharmacological properties of the 
beta-lactamase-resistant penicillins and warfarin.10,11 Specifically, the 
rationale behind the 7-day lag period was the latency in CYP induction11 
along with the latency in the INR decrease.10 We calculated rates of 
the composite outcome of ischemic stroke/SE and 95% CIs for each 
exposure group using the exact Poisson distribution. We used Cox 
proportional hazard models to calculate HRs and 95% CI for ischemic 
stroke/SE associated with use of dicloxacillin/flucloxacillin vs. use of 
phenoxymethylpenicillin (primary analysis) and vs. no antibiotic use 
(secondary analysis). As a measure of the absolute risk, we calculated the 
NNH for one additional event to occur.

We examined whether the association was modified by patient or treat-
ment characteristics by stratifying on age, sex, assumed indication for VKA 
therapy (AF or mechanical heart valves), and choice of either dicloxacillin 
or flucloxacillin. We performed several subgroup analyses excluding patients 
with potentially confounding characteristics. Specifically, we excluded pa-
tients with (i) a history of ischemic stroke, (ii) a history of diabetes, (iii) any 
prior use of dicloxacillin/flucloxacillin, (iv) use of other antibiotics within 
30 days prior to index date, and (v) hospitalization within 10 days prior to the 
index date. The two latter analyses served to decrease potential misclassifica-
tion of the actual time of initiation of antibiotic therapy. In addition, the anal-
ysis excluding recently hospitalized patients served to decrease the potential 
for confounding by the severity of the infection. Furthermore, in a sensitivity 
analysis, we assessed the association during later windows of follow-up; days 
29–60 and days 61–120 relative to the index date. In case of a transient effect 
induced by a drug–drug interaction, we would expect a potentially increased 
risk of ischemic stroke/SE to disappear or attenuate over time. Finally, to 
challenge our definition of the duration of warfarin use among study cohort 
members, we performed two sensitivity analyses changing the assigned daily 
warfarin dose from 2 mg to 3.5 mg and 5 mg, respectively.
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Case-crossover analysis
We also examined the proposed association through a case-crossover design; 
a “within-subject” study design where the same persons contribute to both 
exposed and unexposed follow-up time.28 Inherent in the design is effective 
control of measured and unmeasured confounders that are stable over time.29

From the sampling cohort, we identified all incident cases of ischemic 
stroke/SE (Figure 1). We then assessed exposure during predefined time 
windows prior to the date of the outcome. In line with the cohort study 
design, we disregarded dicloxacillin/flucloxacillin initiations during the last 
7 days before the outcome and set the focal window to day −7 to −28 rela-
tive to the case outcome date. In addition, we applied a washout window and 
four consecutive reference windows, all having a width of 21 days (Figure 
S3). We calculated ORs with 95% CIs for associations between exposure to 
dicloxacillin/flucloxacillin and risk of ischemic stroke/SE using conditional 
logistic regression by comparing the frequency of exposure in the focal vs. 
reference windows. No other covariates than dicloxacillin/flucloxacillin 
exposure were included in the conditional models. To estimate the poten-
tial effect of time-varying confounding by infection in this analysis, the 
case-crossover analysis was also performed with phenoxymethylpenicillin as 
the exposure of interest, as this would provide an estimate of the effect of 
infection in itself on the risk of ischemic stroke/SE in warfarin users.

Other
All analyses were performed using STATA 15.0 (StataCorp, College 
Station, TX). In Denmark, studies based solely on register data do not 
require review or approval from an ethics committee.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).

Figure S1. Propensity score distributions. The dashed vertical lines 
mark the cut-offs for trimming. Primary analysis: phenoxymethylpenicil-
lin as the comparator.
Figure S2. Propensity score distributions. The dashed vertical lines 
mark the cut-offs for trimming. Secondary analysis: no antibiotic use 
as the comparator.
Figure S3. The case-crossover design as employed in the present study.
Table S1. Association between dicloxacillin/flucloxacillin exposure 
during warfarin use and risk of stroke/systemic embolism compared to 
phenoxymethylpenicillin use during later periods of follow-up, overall, 
and in patient subgroups.
Table S2. Association between dicloxacillin/flucloxacillin exposure 
during warfarin use and risk of stroke/systemic embolism compared to 
no antibiotic use during later periods of follow-up, overall, and in patient 
subgroups. 
Table S3. Association between dicloxacillin/flucloxacillin exposure 
during warfarin use and risk of stroke/systemic embolism compared 
to phenoxymethylpenicillin assigning a daily warfarin dose of 3.5 mg 
(47,093 included in each group) and 5  mg (39,259 included in each 
group), respectively, overall, and in patient subgroups. 
Table S4. Association between dicloxacillin/flucloxacillin exposure 
during warfarin use and risk of stroke/systemic embolism compared 
to no antibiotic use assigning a daily warfarin dose of 3.5 mg (45,090 
included in each group) and 5 mg (38,211 included in each group), re-
spectively, overall, and in patient subgroups.
Supplementary Text S1. Supplementary Methods including code ap-
pendix and references.
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