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Background and purpose In acute stroke patients, plasma concentrations of direct oral anticoag-
ulants (DOAC) at hospital admission only poorly mirror DOAC exposure or the coagulation status 
at the time of the event. Here, we evaluated whether DOAC exposure and DOAC plasma concen-
tration at the time of transient ischemic attacks (TIA) and ischemic strokes correlate with their 
likelihood of occurrence.
Methods Prospectively, consecutive DOAC patients with acute ischemic stroke or TIA were includ-
ed. Admission DOAC plasma concentrations were measured by ultraperformance liquid chroma-
tography–tandem mass spectrometry. Individual DOAC exposure (area under the curve) and DOAC 
concentrations at event onset were derived from population pharmacokinetic analyses.
Results DOAC exposure was successfully modeled in 211 patients (ischemic stroke 74.4%, TIA 25.6%). 
Compared to published values, 63.0% had relatively lower DOAC exposure and they more often re-
ceived lower DOAC doses than recommended (odds ratio [OR], 2.125; 95% confidence interval [CI], 
1.039 to 4.560; P=0.044). These patients more likely suffered ischemic strokes than TIA (OR, 2.411; 
95% CI, 1.254 to 4.638; P=0.008) and their strokes were more severe (slope, 3.161; 95% CI, 0.741 to 
5.58; P=0.011). Low relative DOAC concentrations at event onset were likewise associated with isch-
emic strokes (OR, 4.123; 95% CI, 1.834 to 9.268; P=0.001), but not to stroke severity (P=0.272). 
DOAC exposure had a higher explanatory value for stroke severity than concentrations at event.
Conclusions Low DOAC exposure is strongly associated to ischemic stroke and its severity. By 
monitoring DOAC plasma concentrations, patients prone to ischemic stroke might be identified. 
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Introduction

Increasing numbers of patients exposed to direct oral antico-
agulants (DOAC) are admitted to emergency departments with 
ischemic stroke and transient ischemic attack (TIA).1-4 Assessing 
the coagulation status and DOAC plasma concentrations at 

hospital admission is important in these patients because their 
results can influence acute treatment decisions.1-3 Although 
non-specific coagulation tests are available, many centers still 
do not measure DOAC concentrations in these patients at all. 
Reportedly, specific coagulation tests are performed in only 
about one quarter of patients with ischemic stroke.2 Therefore, 
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current knowledge on DOAC plasma concentrations of patients 
in the acute phase of stroke is still limited, but available evi-
dence suggests high exposure variability.2 As an example, DOAC 
admission concentrations in the multicenter Registry of Acute 
Stroke Under New Oral Anticoagulants (RASUNOA) registry 
were below expected trough concentrations in 25% of pa-
tients.2 Similar findings were observed in a single-center regis-
try, which observed low plasma concentrations at admission in 
27.7% of acute ischemic stroke patients5 and in another regis-
try-based study, only including rivaroxaban-treated acute isch-
emic stroke patients, DOAC plasma concentrations were low in 
66.3%.6 However, these reports cannot be readily compared 
because they applied different definitions for low DOAC plasma 
ranges, used different calibrator assays, and did not standard-
ize the timing of the measurements with respect to last drug 
intake. Moreover, DOAC-specific coagulation tests used in 
emergency situations (most commonly chromogenic anti-Xa 
assays) can considerably differ in terms of diagnostic perfor-
mance when compared to ultraperformance liquid chromatog-
raphy–tandem mass spectrometry (UPLC-MS/MS), which is the 
gold standard for accurate DOAC quantification and which is 
much more accurate in the low concentration range.7 

Finally, although plasma concentrations at the time of hos-
pital admission can guide treatment decisions, these measure-
ments do not mirror DOAC exposure or the coagulation status 
at onset of an ischemic cerebrovascular event, in particular 
when hospital admission is considerably delayed. Knowledge of 
actual DOAC plasma concentrations at onset of an ischemic 
cerebrovascular event would enable evaluating and establish-
ing a concentration-effect relationship and help deciding 
whether DOAC exposure of affected patients is within the tar-
get range (signifying non-response to treatment) or whether 
patients are underdosed or non-adherent. 

In the present study, we addressed these questions by mea-
suring DOAC plasma exposure at admission and estimating 
concentrations at the onset of ischemic symptoms.

Methods

Patients and clinical data
Consecutive patients aged >18 years, suspected to take a 
DOAC, and admitted to the neurological department of Heidel-
berg University Hospital due to symptoms of acute ischemic 
stroke or TIA between September 4, 2016 and June 12, 2018, 
were prospectively considered for inclusion into this observa-
tional study. Routine work-up for all patients encompassed a 
clinical examination by board-certified neurologists, brain im-
aging (computed tomography [CT] or magnetic resonance im-

aging [MRI]), and assessment of the National Institutes of 
Health Stroke Scale (NIHSS) for stroke severity. Occlusions of 
brain-supplying vessels were diagnosed by CT, MRI, or digital 
subtraction angiography. Occlusions of the distal internal ca-
rotid artery, the middle cerebral artery, the anterior cerebral ar-
tery, the posterior cerebral artery, or the basilar artery were de-
fined as large vessel occlusion (LVO). Moreover, demographic 
variables, cardiovascular risk factors, time of symptom onset (if 
known), and time of hospital admission were recorded. 

Nature and dose of DOAC and the time of the last DOAC in-
take were recorded. If the last intake was not reported or un-
known (n=58/211; 27.5%), it was assumed that the DOAC was 
taken regularly and that the last ingestion occurred at 8:00 AM 
(once a day and twice a day regimens) and 8:00 PM (twice a 
day schedules). Physicians´ adherence to approved doses as 
recommended in the corresponding product characteristics 
(SmPCs) by the European Medicines Agency was evaluated by 
comparing the actual prescription scheme with the prescribing 
information of the respective DOAC in each patient. The degree 
of disability before stroke was assessed by the premorbid mod-
ified Rankin Scale (mRS). All patients with proven ischemic 
stroke or TIA, current DOAC prescription, and at least one im-
mediate blood sampling at admission were considered for in-
clusion. Functional outcome after 3 months was assessed by 
the mRS during a standardized telephone interview.

Laboratory data and DOAC plasma concentrations 
As part of our standard of care, immediately after admission, 
standardized routine laboratory testing was performed. This in-
cluded a full blood count, glucose, electrolytes, urea, creatinine, 
prothrombin time, activated partial thromboplastin time, inter-
national normalized ratio (INR), and DOAC plasma concentra-
tions. DOAC plasma concentrations were measured from plas-
ma samples drawn at admission (t1) and 6 hours later (t2) by 
UPLC-MS/MS (lower limit of quantification [LLOQ] of 1 ng/mL), 
developed and validated according to U.S. Food and Drug Ad-
ministration and European Medicines Agency guidelines for 
bioanalytical method validation.8 DOAC exposure in the dosing 
interval and DOAC concentration at the onset of the ischemic 
event were derived from population pharmacokinetic analyses, 
based on established models for apixaban,9 dabigatran,10 edox-
aban,11 and rivaroxaban.12 Individual pharmacokinetic parame-
ters were obtained as empirical Bayes estimates (conditional 
mode) from the respective model applied to each patient to-
gether with complete profiles (data points every 2 hours) of 50 
simulated individuals with identical covariates as the respec-
tive patient. Of note, we used a simplified covariate-free adap-
tation of the complex edoxaban model11 and generally set 
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missing body weight measurements to the median value of the 
literature model in nine patients. For the simulated 50 virtual 
individuals serving as a reference, we assumed that steady-
state was reached on the 5th treatment day. 

Estimation of individual pharmacokinetic parameters of our 
patients enabled us to estimate individual concentration-time 
profiles (for an example, see Figure 1). Upon visual inspection 
of the profiles, we had to manually exclude 25 patients whose 
sparse data points did not yield clinically plausible profiles (Fig-
ure 2). Reasons for exclusion included (1) measurements or 
predicted profiles far beyond the 95% confidence range that 
were to expect from regular intake at steady-state (n=11); (2) 
extreme profiles that were not supported by any measurement 
within the regular dosing interval (n=15); and (3) implausible 
measurement pairs (e.g., second measurement with higher val-
ue than first measurement, n=6; please note: more than one 
reason was present in single patients). Based on the remaining 
192 informative profiles, we calculated the area under the 
curve (AUC) to describe exposures with the respective DOAC 
and estimate DOAC concentration at onset (if the time of the 
event was known).

As a measure of internal validity, we checked the agreement 
between model-based extrapolated concentrations and 
non-parametric extrapolations in a sample of patients with 
more than one measurement. In order to estimate individual 
elimination rate constants (l), two DOAC UPLC-MS/MS mea-

surements had to be available that were collected ≥6 hours 
apart within the same dosing interval, of which the first had to 
be drawn not earlier than 2 hours after the last drug intake, 
i.e., after expected peak concentrations. The slope of the line 
connecting the logarithms of the two measured concentrations 
over time was defined as l [l=(log C1–log C2)/(t2–t1)], where C1 
is the concentration in the first-drawn admission sample, C2 
the concentration in the sample collected ≥6 hours after C1 
within the same elimination phase, and t2–t1 the numeric in-
terval between the corresponding concentrations.

This slope (l) was used to back-extrapolate concentrations 
(Ce) expected at the time (te) of the ischemic event [log Ce=l 
(te–t1)+log C1], provided that symptom onset occurred after 
drug absorption (i.e., >2 hours after the last drug intake). In 19 
patients all measurements were below the analytical LLOQ; 
these values were set to zero and the patients were considered 
non-adherent. 

The responsible independent Ethics Committee of the Medi-
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Figure 1. Model-based concentration-time profile of an exemplary patient 
treated with apixaban (red line). Shaded areas (purple) visualize the typical 
range of 95% virtual patients as predicted from the underlying population 
pharmacokinetic model for apixaban while accounting for available covari-
ates of the particular patient or assuming median values.9 Red dots repre-
sent the actual measurements in the particular patient and the red line 
shows the a posteriori estimates of the individual concentration-time pro-
file based on individual pharmacokinetic parameters of the particular pa-
tient. The concentration at the time of event (+black cross) was directly 
derived from the profile.

353 Patients admitted with assumed DOAC use and 
suspected ischemic stroke or TIA

244 Patients with ischemic stroke or TIA and 
DOAC prescription and 

blood sampling on admission for plasma DOAC concentrations 
(90 apixaban, 21 edoxaban, 106 rivaroxaban, and 27 dabigatran)

211 Successful modeling of DOAC exposure
(79 apixaban [4 NA], 20 edoxaban [2 NA], 88 rivaroxaban [12 NA],  

and 24 dabigatran [1 NA])

179 Successful model-based prediction of DOAC concentration at  
onset of ischemic stroke/TIA

(67 apixaban [4 NA], 16 edoxaban [2 NA], 78 rivaroxaban [12 NA],  
and 18 dabigatran [1 NA])

6 No DOAC prescribed
101 No ischemic stroke  or TIA
2 Delayed blood sampling

�8 �Missing information for AUC 
modelling

25 Implausible model-fits

32 �Exact onset unknow and 
hence modeling impossible

Figure 2. Selection of the study population. DOAC, direct oral anticoagu-
lant; TIA, transient ischemic attack; AUC, area under the curve; NA, 
non-adherence.
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cal Faculty of Heidelberg University approved this study, writ-
ten informed consent was obtained from patients or their legal 
representatives.

Statistical analysis
To facilitate standardized comparisons across the four DOACs, 
we calculated fold changes from dividing our estimated values 
by the mean concentration and AUC at steady-state extracted 
from external reference populations (for apixaban,13 dabiga-
tran,14 edoxaban,15 and rivaroxaban16). Considering measure-
ments set to zero in non-adherent patients, the Yeo-Johnson 
transformation yielded power-transformed values following a 
normal distribution around the center peak of 0.5.17 Thus, nor-
malized fold changes above this normalized threshold indicat-
ed relatively higher concentrations or exposure than expected 
from the external reference (henceforth denoted as groups 
with relatively high, or vice versa low, relative DOAC AUCs or 
concentrations).

Standard statistical methods were applied for univariate 
comparisons. Multivariate logistic and linear regression was 
performed to explore factors explaining differences between 
patients with TIA and ischemic stroke, stroke severity (NIHSS), 
the occurrence of LVO in ischemic stroke patients, and the se-
verity of clinical outcome (mRS) after 3 months (dichotomized 
at the level of 2). 

To determine whether overall exposure (AUC) or the estimat-
ed concentration at the time of the event had a higher explan-
atory value to predict the nature of events (ischemic stroke or 
TIA) or stroke severity (NIHSS), we compared subpopulations 
for which both measures were available. Therefore, separate 
models were fitted including either normalized AUC or normal-
ized concentration values as independent variables (in addition 
to clinical covariates for confounding adjustment). A formal 
model comparison of these non-nested models was based on 
an appropriate likelihood ratio test assessing the working hy-
pothesis that the AUC model fits better than the respective 
concentration model.18 

All tests were two-sided and a P-value of ≤0.05 was consid-
ered significant. Data were analysed using the SPSS version 
26.0 (IBM Co., Armonk, NY, USA), the R software/environment 
version 3.6.1 (R Foundation for Statistical Computing, Vienna, 
Austria), Monolix version 2019R2 (LIXOFT, Antony, France), and 
GraphPad Prism version 8.4.2 (GraphPad, La Jolla, CA, USA).

Results

Selection and characteristics of patients
The selection of the study population is illustrated in Figure 2. 

The median age of the 211 patients of our primary analysis set 
with evaluable DOAC exposure was 80 years (interquartile 
range [IQR], 75 to 86), 50.7% were female (Supplementary Ta-
ble 1). Ischemic stroke was present in 74.4%, TIA in 25.6%. Eti-
ology of ischemic stroke according to Trial of Org 10172 in 
Acute Stroke Treatment (TOAST) was cardioembolic in 79.0% 
(Supplementary Table 1) and in 33.6% LVO was observed. Most 
patients were either taking rivaroxaban (n=88; 41.7%) or apix-
aban (n=79; 37.4%); dabigatran was used by 24 (11.4%) and 
edoxaban by 20 (9.5%) (Supplementary Table 1). Expectedly, 
the predominant reason for oral anticoagulation was atrial 
fibrillation (AF; 91.0%) and the prevalence of cardiovascular 
risk factors was high, resulting in a median CHA2DS2-VASc 
Score prior to the actual event of 5 (IQR, 4 to 6).

DOAC plasma concentrations at admission and 
DOAC exposure 
The median time between reported last drug administration 
and admission was 582 minutes (IQR, 282 to 891). DOAC 
concentrations at admission for individual DOACs are listed 
in Supplementary Table 1. The ratios of modeled exposure of 
individual patients and published average AUC values as a 
measure of individual DOAC exposure are presented in Figure 
3 (residuals of underlying pharmacokinetic models are pro-
vided in Supplementary Figure 1). Non-adherence (UPLC-MS/

Figure 3. Box plots of the ratio of modeled area under the curve (AUC) and 
published figures corresponding to the respective doses with superimposed 
individual AUC values of all included patients. The broken line indicates the 
threshold between relatively higher and lower direct oral anticoagulant 
(DOAC) exposure than the published expected average. Each boxplot con-
tains the median (horizontal line in the box), the upper quartile (75th per-
centile, top of box), the lower quartile (25th percentile, bottom of box). The 
whiskers plot the minimal and maximal DOAC exposure. Solid circles: Dot 
plots of categorized individual AUC results of all included patients (lower 
limit of quantification for ultraperformance liquid chromatography–tandem 
mass spectrometry 1 ng/mL). Open circles: non-adherent patients (concen-
tration <1 ng/mL; n=19). 
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MS measurements below LLOQ) was observed in 19 patients 
(9%). 

Lower relative DOAC exposure (AUC) than expected was ob-
served in almost two-thirds (63.0%) of our patients. Clinical 
and DOAC-specific variables in patients with relatively lower 
and higher DOAC exposure are given in Supplementary Table 2 
as are the results of univariate correlation analyses. 

Multivariate logistic regression revealed a substantially high-
er risk for ischemic stroke when DOAC exposure was low (odds 
ratio [OR], 2.411; 95% confidence interval [CI], 1.254 to 4.638; 
P=0.008) (Table 1). Adjusted for sex, age, and creatinine, low 
DOAC exposure was associated with physicians’ non-adherence 
(underdosage) to SmPCs (OR, 2.125; 95% CI, 1.039 to 4.560; 
P=0.044) (Supplementary Table 3) and, in these ischemic stroke 

Table 1. Multivariate logistic regression between ischemic stroke and TIA patients in all included patients and in all patients with modeled DOAC concentra-
tion at the event

Variable

Ischemic stroke vs. TIA

All included patients  
(n=211)

Patients with extrapolated DOAC concentration  
at the event (n=179)

OR 95% CI P OR 95% CI P

Low DOAC exposure* 2.411 1.254–4.638 0.008 - - -

Low DOAC concentration at event* -† - - 4.123 1.834–9.268 0.001

Female sex 0.610 0.294–1.270 0.187 0.528 0.244–1.145 0.106

Age 0.961 0.917–1.008 0.100 0.983 0.935–1.034 0.506

Hypertension 1.132 0.365–3.516 0.830 0.722 0.204–2.555 0.614

Diabetes mellitus 0.487 0.235–1.008 0.053 0.340 0.149–0.774 0.010

Hypercholesterolemia 0.657 0.320–1.347 0.251 0.726 0.324–1.624 0.435

Previous stroke/TIA 1.066 0.531–2.142 0.857 0.956 0.440–2.078 0.956

Congestive heart failure 1.428 0.576–3.540 0.442 1.436 0.534–3.857 0.473

Vascular disease 0.940 0.445–1.989 0.872 1.047 0.460–2.385 0.912

Atrial fibrillation 0.880 0.254–3.049 0.076 0.907 0.229–3.600 0.890

TIA, transient ischemic attack; DOAC, direct oral anticoagulant; OR, odds ratio; CI, confidence interval.
*Derived from area under the curve (AUC) ratios normalized to reference populations; †No published data available for comparison.

Table 2. Multivariate linear regression of stroke severity (NIHSS) in all included ischemic stroke patients and in all ischemic stroke patients with modeled 
DOAC concentration at the event

Variable

NIHSS

All included ischemic stroke patients  
(n=157)

Ischemic stroke patients with extrapolated DOAC concentration  
at the event (n=131)

Slope 95% CI P Slope 95% CI P

Low DOAC exposure* 3.161 0.741 to 5.581 0.011 - - -

Low DOAC concentration at event* -† - - 1.570 –1.320 to 4.334 0.293

Female sex –2.708 –5.125 to –0.291 0.028 –2.559 –5.398 to 0.281 0.077

Age 0.076 –0.053 to 0.205 0.246 0.099 –0.060 to 0.257 0.220

Hypertension 0.103 –3.717 to 3.924 0.957 0.379 –3.875 to 4.633 0.860

Diabetes mellitus 0.380 –2.312 to 3.072 0.781 0.154 –3.214 to 3.522 0.928

Hypercholesterolemia –1.629 –4.039 to 0.780 0.183 –1.454 –4.318 to 1.409 0.317

Previous stroke/TIA 1.737 –0.769 to 4.243 0.173 1.661 –1.322 to 4.644 0.272

Congestive heart failure 1.001 –1.924 to 3.927 0.500 1.119 –2.383 to 4.622 0.528

Vascular disease 1.212 –1.292 to 3.717 0.340 1.354 –1.648 to 4.356 0.374

Large vessel occlusion 7.773 5.449 to 10.098 <0.001 7.597 4.796 to 10.397 <0.001

Atrial fibrillation 2.285 –1.687 to 6.257 0.257 1.936 –2.977 to 6.850 0.437

NIHSS, National Institutes of Health Stroke Scale; DOAC, direct oral anticoagulant; CI, confidence interval; TIA, transient ischemic attack.
*Derived from ratios normalized to reference populations; †No published data available for comparison.
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patients, low DOAC exposure was associated with greater 
stroke severity (NIHSS; P=0.011; multivariate linear regression) 
(Table 2), but not with the presence of LVO (OR, 1.360; 95% CI, 
0.660 to 2.803; P=0.404) (Supplementary Table 4).

Estimated DOAC concentrations at the time of 
event 
Information on the specific time of ischemic stroke or TIA was 
available in 179/211 patients thus allowing to extrapolate 
DOAC concentration at the time of the event (Figure 2). The 
median time between last drug intake and event was 480 min-
utes (IQR, 210 to 690) and neither differed between individual 
substances (PANOVA=0.173) nor between substances with once 
(rivaroxaban and edoxaban) or twice daily use (apixaban and 
dabigatran, P=0.221). Moreover, non-parametric comparison of 
the intervals between the time of the last drug intake and time 
of the event revealed no difference between TIA and ischemic 
stroke patients (PMann-Whitney-U test=0.832).

Univariate comparisons between patients with relatively 
lower and higher DOAC concentrations are provided in Sup-
plementary Table 5. Multivariate logistic regression analysis 
revealed that patient with low relative onset concentrations 
were also more likely to suffer ischemic stroke than TIA (OR, 
4.123; 95% CI, 1.834 to 9.268; P=0.001) (Table 1), but no as-
sociation with stroke severity (NIHSS) was present (P=0.222) 
(Table 2). In ischemic stroke, lower DOAC concentrations at 
event onset were not associated with the presence of LVO 
(OR, 0.619; 95% CI, 0.287 to 1.335; P=0.222) (Supplementary 
Table 4).

Sensitivity analyses and substance-specific 
influences
Sensitivity analyses with alternating event definitions revealed 
robust results for the influence of DOAC exposure and DOAC 
plasma concentration at the time of the event on the risk of 
ischemic stroke also when data were restricted to patients 
with AF or patients with cardioembolic ischemic strokes (Sup-
plementary Figure 2). No substance-specific modulation of 
the overall DOAC effect of exposure (AUC) or event concen-
tration was present (Supplementary Figure 3). Hence, sub-
stance-specific influences did not appear to be present in our 
cohort.

Significance of DOAC exposure and DOAC 
concentration at event
In ischemic stroke patients, DOAC exposure (AUC) better pre-
dicted the stroke severity than estimated DOAC concentration 
at the event (P=0.049). However, AUC did not better explain 

the nature of observed ischemic events than estimated DOAC 
concentration (P=0.939).

Functional outcome
Overall, in 199 patients of our cohort (94.3%), follow-up infor-
mation after 3 months was available. In these patients, median 
functional outcome (mRS) was 3 (1 to 5) (Supplementary Table 
1). Of all included patients with ischemic stroke (n=157), fol-
low-up information was available in 149 patients (94.9%). An 
unfavorable outcome (mRS 3–6) was observed in 92 of them 
(61.7%). Differences between ischemic stroke patients with fa-
vorable (mRS 0–2) and unfavorable (mRS 3–6) outcome are 
presented in Supplementary Table 6. In univariate analyses, 
neither DOAC exposure nor estimated concentration at the 
time of stroke were associated with the 3-month outcome 
(Supplementary Table 6). Multivariate logistic regression re-
vealed that only stroke severity (OR, 1.174; 95% CI, 1.079 to 
1.278; P<0.001) and the premorbid functional status (OR, 
2.881; 95% CI, 1.720 to 4.828; P<0.001) were independently 
associated with an unfavorable outcome after 3 months (Sup-
plementary Table 7). 

Discussion

The main findings of our study are that (1) a large proportion 
of patients hospitalized with acute ischemic cerebrovascular 
events had lower than expected DOAC exposure; (2) these pa-
tients were more likely to have a stroke than a TIA and their 
strokes were more severe; and (3) low DOAC exposure was 
more likely when the prescribed dosage regimens contradicted 
approved standards. Finally (4) DOAC exposure had a higher 
explanatory value for stroke severity than single concentrations 
at the time of the event.

In contrast to vitamin K antagonists (VKAs), the anticoagula-
tory effect of all DOACs is rapid and clearly concentration-de-
pendent,19,20 suggesting that current plasma concentrations 
might reflect efficacy. In fact, concentration monitoring in piv-
otal DOAC trials revealed that important clinical endpoints, in-
cluding ischemic stroke, correlated with DOAC trough concen-
trations.21,22 Although, ischemic stroke in patients taking DOACs 
has become an important and common scenario in clinical 
practice, data on actual DOAC plasma concentrations in the 
hyperacute phase of stroke are still limited, not least because 
these events typically occur outside direct medical care. In par-
ticular, it is unknown whether DOAC plasma concentrations 
reflect clinical endpoints as well as they mirror the inhibition 
of coagulation factors. 

Because of the importance of supporting acute treatment 
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decisions, studies in DOAC-pretreated patients with acute 
cerebrovascular events have so far used the results of (faster) 
non-specific or specific coagulation tests as surrogates for 
DOAC activity at the time of hospital admission, which occurs 
often hours after event onset. However, such single activity 
testing of coagulation parameters represents an approximate 
snap-shot of the actual DOAC plasma concentration only, the 
quality of anticoagulation over time cannot be assessed and it 
gives no information on DOAC concentrations at the event 
time. To close this gap, we meticulously collected information 
on dose and time of individual drug intake, modeled individual 
concentration-time profiles, and correlated these data with the 
reported occurrence of stroke symptoms. This approach is inde-
pendent of time of admission and considers the specifics of in-
dividual dosing regimens and drug intake. To the best of our 
knowledge, this is the first study designed to evaluate the sig-
nificance of DOAC plasma concentrations at the event for the 
occurrence of TIA, ischemic strokes, and their severity. 

Irrespective of the prescribed DOAC, exposure of our patients 
was lower than expected and in a substantial proportion of 
patients this was a result of physicians´ non-adherence to 
guidelines (underdosing: 24.2%) or non-adherence of patients 
(9%). Poor guideline adherence with a trend to lower doses 
has been reported repeatedly and is associated with less favor-
able outcomes.23 Similarly, also poor patient adherence and 
persistence is alarmingly frequent and associated with in-
creased frequencies of thromboembolic events and death.24 In 
accordance with the known relationship between DOAC dose 
and efficacy, our study revealed that patients with DOAC plas-
ma exposure below the population mean were 2.4 times more 
likely to have a stroke than a TIA and their strokes were more 
severe. This difference was maintained when comparing the 
DOAC concentrations at the time of the ischemic event but 
the latter did not correlate with stroke severity. Because no 
study evaluated DOAC plasma concentrations at the time of 
ischemic stroke before, comparison of our results to former re-
ports is not possible. In descriptive analyses, a single-center 
registry study assessing associations between specific coagula-
tion tests and clinical and imaging characteristics reported 
lower functional plasma levels at hospital admission to be as-
sociated with stroke severity, higher risk of persisting neuro-
logical deficits, and cerebral infarction on brain imaging.5 Fur-
thermore, in a multivariate model, low results of such coagu-
lation tests were observed to be an independent predictor of 
LVO.5 However, differences between TIA and ischemic stroke 
patients were not analysed and time-intervals between last 
DOAC administration and laboratory assessments was not re-
ported.5 By considering DOAC dosing schemes prior to ischemic 

stroke, another analysis of this registry revealed that only one 
in three patients with ischemic stroke followed appropriately 
dosed DOAC regimes and underdosing was associated to 
greater stroke severity and worse functional outcome after 3 
months.25 However, only patients using coagulation factor Xa 
inhibitors were included and no DOAC plasma concentrations 
were measured at admission thus leaving open whether expo-
sure was indeed low. A further retrospective evaluation of pa-
tients with recurrent ischemic stroke at a tertiary stroke center 
reported that missed DOAC use for ≥48 hours or DOAC dosing 
below current recommendations were associated with LVO.26 
However again, no information on DOAC plasma concentra-
tions was included.26

Our study enabled to determine whether DOAC exposure 
over time (AUC) or the concentration at event onset better 
predicted ischemic stroke or its severity and found that AUC 
was superior to explain stroke severity than DOAC concentra-
tion at the time of the event. Our findings therefore suggest 
that lower DOAC exposure (and not the concentration at stroke 
onset) is more relevant for treatment efficacy. These results are 
in accordance to other reports, suggesting that AUC values 
might more closely reflect actual drug action than either 
peak27,28 or trough DOAC concentrations;29 however, this ap-
pears not to be true for all DOACs.29

When transferring the broad knowledge on treatment with 
VKA to DOAC patients, our observation that stroke severity was 
better predicted by DOAC exposure than by plasma concentra-
tion at the event is plausible. Exposure to VKA can be expressed 
by INR values and it is well known that INR values of ≥2.0 re-
duce the frequency of ischemic stroke and its severity as well 
as the risk of death from stroke in patients with AF.30 Moreover, 
the proportion of treatment time outside the therapeutic range 
has been clearly associated with adverse outcomes, including 
ischemic stroke.31,32 Furthermore, admission INR values are in-
versely correlated with infarct volume on diffusion-weighted 
MRI imaging33 and the intensity of anticoagulation with VKAs 
in cardioembolic ischemic stroke is inversely associated with 
the severity of neurological deficits and clinical outcome.34 
Such observations are the foundation for the generally known 
and established recommendation to thoroughly monitor INR 
values in VKA patients to gain optimal prevention for thrombo-
embolic events by achieving adequate drug exposure.

Taken together, our findings have important clinical implica-
tions for the future management of patients using DOACs. By 
now, recommendations to perform regular controls of plasma 
concentrations in DOACs are absent. In contrast, our data sug-
gest that monitoring these patients by thorough control of 
dosing schemes and long-term drug exposure might help iden-
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tifying patients with inadequately low exposure and subse-
quent dose adaptions could considerably improve stroke pre-
vention. Whether this strategy will help improving outcomes 
will now have to be tested in a prospective clinical trial.

An obvious strength of the present study is the prospective 
inclusion of a large number of anticoagulated acute ischemic 
stroke and TIA patients, irrespective of a prespecified DOAC 
treatment. Moreover, external standardization of DOAC plasma 
concentrations provided sound knowledge on associations be-
tween DOAC plasma concentrations and ischemic cerebrovas-
cular events. However, modeled exposure in our study is based 
on the existent literature and limited to the last hours before 
stroke. Longitudinal exposure information was not available, 
the numbers of patients for single DOACs are limited and the 
single-center approach might restrict generalizing our results. 
It could be speculated that assuming a regular drug use in pa-
tients in whom the last drug intake was not reported or un-
known may have generated bias. However, excluding these pa-
tients yielded even higher risks for stroke occurrence due to 
low DOAC plasma exposure (OR, 2.99, data not shown). This 
indicates that the main approach of approximating drug intake 
times in those patients can be considered as rather conserva-
tive as main results appeared to be biased towards the null, if 
at all. Due to the observational design, we did not perform 
brain imaging in a predefined structured manner and therefore 
cannot adequately report stroke volumes. Moreover, we did 
not consider details of recanalization therapies or changes in 
renal function when determining the functional outcome. Lon-
gitudinal information on exposure was not available, the num-
ber of patients with individual DOACs was small, as was the 
number of 1–2 observations per patient available for extrapo-
lation of individual pharmacokinetics. The lack of a control 
group and of patients with intracerebral hemorrhages is a fur-
ther limitation.

Conclusions

Our data reveal that low DOAC exposure is strongly associated 
to ischemic stroke and its severity. In consequence, monitoring 
plasma concentrations in DOAC patients on a regular basis 
might identify patients prone to ischemic stroke and subse-
quent dose adaptions could considerably improve preventing 
ischemic cerebrovascular events by achieving adequate DOAC 
exposure. Monitoring these patients longitudinally would also 
enable to examine associations between the impact of dura-
tion of suboptimal anticoagulation on the occurrence of cere-
brovascular events. This should now be assessed in an ade-
quately powered prospective trial.
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Supplementary Table 1. Demographic findings, cardiovascular risk factors, and DOAC-specific findings of all included patients (n=211)

Variable AUC cohort (n=211, 100%) Apixaban (n=79, 100%) Edoxaban (n=20, 100%) Rivaroxaban (n=88, 100%) Dabigatran (n=24, 100%)

Female sex 107 (50.7) 46 (58.2) 9 (45.0) 40 (45.5) 12 (50.0)

Age (yr) 80 (75–86) 82 (77–88) 78 (75–81) 79 (73–86) 78 (75–83)

Body weight (kg) 75 (65–85) 
201 (95.3)

74 (65–83)
75 (94.9)

78 (70–85)
20 (100)

75 (65–85)
83 (94.3)

81 (64–92)
23(95.8)

Ischemic stroke 157 (74.4) 59 (74.7) 17 (85.0) 61 (69.3) 20 (83.3)

TIA 54 (25.6) 20 (25.3) 3 (15.0) 27 (30.7) 4 (16.7)

Large vessel occlusion (ICA, MCA [1–3], 
  PCA, ACA, BA)

71 (33.6) 27 (34.2) 6 (30.0) 32 (36.4) 6 (25.0)

Large-artery atherosclrosis* 21 (13.4) 5 (8.5) 3 (17.6) 10 (16.4) 3 (15.0)

Cardioembolism* 124 (79.0) 53 (89.8) 12 (70.6) 46 (75.4) 13 (65.0)

Small-vessel occlusion* 2 (1.3) 0 (0) 1 (5.9) 1 (1.6) 0 (0)

Stroke of other determined etiology* 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Stroke of undetermined etiology* 10 (6.4) 1 (1.7) 1 (5.9) 4 (6.6) 4 (20.0)

Time of ischemic stroke/TIA (00:00–7:59)† 33 (18.4) 18 (26.9) 3 (18.8) 8 (10.3) 4 (22.2)

Time of ischemic stroke/TIA (8:00–15:59)† 94 (52.5) 30 (44.8) 6 (37.5) 48 (61.5) 10 (55.6)

Time of ischemic stroke/TIA (16:00–23:59)† 52 (29.1) 19 (28.4) 7 (43.8) 22 (28.2) 4 (22.2)

Functional impairment

Admission NIHSS of patients with 
  ischemic stroke

6 (3–16) 7 (4–18) 4 (2-15) 9 (3–15) 4 (1–11)

Premorbid modified Rankin Scale 1 (0–3) 2 (0–3) 1 (0–2) 1 (0–3) 1 (0–3)

Modified Rankin Scale at 3 months 3 (1–5)
199 (94.3)

3 (1–6)
74 (93.7)

1 (0–4)
19 (95.0)

2 (0–5)
83 (94.3)

3 (1–3)
23 (95.8)

Comorbidities

Arterial hypertension 190 (90.0) 70 (88.6) 19 (95.0) 78 (88.6) 23 (95.8)

Diabetes 68 (32.2) 28 (35.4) 2 (10.0) 24 (27.3) 14 (58.3)

Hypercholesterolemia 119 (56.4) 39 (49.4) 15 (75.0) 51 (58.0) 14 (58.3)

Previous stroke or TIA 74 (35.1) 33 (41.8) 6 (30.0) 29 (33.0) 6 (25.0)

Congestive heart failure 40 (19.0) 17 (21.5) 4 (20.0) 14 (15.9) 5 (20.8)

Vascular disease 114 (54.0) 39 (49.4) 9 (45.0) 49 (55.7) 17 (70.8)

Atrial fibrillation 192 (91.0) 73 (92.4) 17 (85.0) 80 (90.9) 22 (91.7)

Premorbid CHA2DS2-VASc score 5 (4–6) 5 (4–7) 5 (4–6) 5 (4–6) 6 (5–7)

Creatinine at admission (mg/dL) 0.92 (0.77–1.14) 0.93 (0.75–1.23) 0.93 (0.76–1.04) 0.95 (0.77–1.14) 0.85 (0.77–1.12)

eGFR (mL/min)‡ 62.0 (47.6–82.2)
167 (79.1)

56.6 (43.2–78.9)
61 (77.2)

67.6 (52.2–83.4)
16 (80.0)

65.4 (48.2–82.6)
73 (83.0)

63.7 (55.2–87.5)
17 (70.8)

Pharmacotherapy

Additional antiplatelet therapy 19 (9.0) 6 (7.6) 1 (5.0) 9 (10.2) 3 (12.5)

Time between last DOAC intake and 
  admission (min)

582 (282–891) 542 (298–826) 658 (432–1293) 610 (275–955) 420 (205–795)

Time between DOAC intake and event 
  (min)†

480 (210–690)
179 (84.8)

450 (280–630)
67 (84.8)

515 (378–1043)
16 (80.0)

450 (150–848)
78 (88.6)

495 (229–668)
18 (75.0)

DOAC concentration§ at admission 
  (ng/mL)

110.0 (42.2–220.0) 123.0 (59.6–210.0) 38.0 (11.9–103.7) 127.5 (26.4–291.5) 83.8 (47.6–200.8)

Power transformed normalized AUC 0.4399 (0.2889–0.5793) 0.3949 (0.2916–0.4881) 0.4387 (0.3036–0.4903) 0.5610 (0.2722–0.6730) 0.4284 (0.2447–0.5355)

Power transformed normalized DOAC 
  concentration at event onset†

0.5577 (0.2573–0.8037)
179 (84.8)

0.5810 (0.4604–0.7924)
67 (84.8)

0.3204 (0.823–0.6051)
16 (80.0)

0.5883 (0.1791–0.8610)
78 (88.6)

0.3927 (0.2394–0.5747)
18 (75.0)

Non-adherence 19 (9.0) 4 (5.1) 2 (10.0) 12 (13.6) 1 (4.2)

Prescription quality

DOAC adherence to SmPCs: underdosed 51 (24.2) 25 (31.6) 2 (10.0) 23 (26.1) 1 (4.2)

DOAC adherence to SmPCs: correctly 
dosed

153 (72.5) 53 (67.1) 18 (90.0) 60 (68.2) 22 (91.7)

DOAC adherence to SmPCs: overdosed 7 (3.3) 1 (1.3) 0 (0) 5 (5.7) 1 (4.2)

Values are presented as number (%) or median (interquartile range).
DOAC, direct oral anticoagulant; AUC, area under the curve; TIA, transient ischemic attack; ICA, internal carotid artery; MCA (1-3), middle cerebral artery (segments 
1-3); PCA, posterior cerebral artery; ACA, anterior cerebral artery; BA, basilar artery; NIHSS, National Institutes of Health Stroke Scale; eGFR, estimated glomerular fil-
tration rate; SmPC, recommended doses from summaries of product characteristic.
*According to Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria in ischemic stroke patients only; †Concentration subgroup only (total n=179; 84.8%); ‡Esti-
mated glomerular filtration rate according to Cockcroft-Gault formula; §Ultraperformance liquid chromatography-tandem mass spectrometry.
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Supplementary Table 2. Differences between low and high DOAC exposure (n=211)

Variable
Low DOAC exposure (AUC <0.5)

(n=133, 63.0%)
High DOAC exposure (AUC ≥0.5)

(n=78, 37.0%)
Descriptive P

Female sex 67 (50.4) 40 (51.3) 0.899‡

Age (yr) 80 (74–86) 80 (76–86) 0.452§

Body weight (kg) 75 (65–85)
124 (93.2)

75 (65–84)
77 (98.7)

0.977§

Ischemic stroke 107 (80.5) 50 (64.1) 0.014‡

TIA 26 (19.5) 28 (35.9)

Large vessel occlusion (ICA, MCA [1–3], PCA, ACA, BA) 51 (38.3) 20 (25.6) 0.059‡

Time of ischemic stroke/TIA (00:00–7:59)* 24 (18.0) 21 (26.9) 0.129‡

Time of ischemic stroke/TIA (8:00–15:59)* 71 (53.4) 35 (44.9) 0.233‡

Time of ischemic stroke/TIA (16:00–23:59)* 38 (28.6) 22 (28.2) 0.955‡

Functional impairment

Admission NIHSS of patients with ischemic stroke 7 (3–18) 5 (2–11) 0.020§

Premorbid modified Rankin Scale 2 (0–3) 1 (0–3) 0.353§

Modified Rankin Scale at 3 months 3 (1–5)
124 (93.2)

2 (0–4)
75 (96.2)

0.016§

Comorbidities

Arterial hypertension 120 (90.2) 70 (89.7) 0.910‡

Diabetes 45 (33.8) 23 (29.5) 0.514‡

Hypercholesterolemia 74 (55.6) 45 (57.7) 0.772‡

Previous stroke or TIA 45 (33.8) 29 (37.2) 0.623‡

Congestive heart failure 26 (19.5) 14 (17.9) 0.775‡

Vascular disease 70 (52.6) 44 (56.4) 0.595‡

Atrial fibrillation 120 (90.2) 72 (92.3) 0.610‡

Premorbid CHA2DS2-VASc score 5 (4–6) 5 (4–6) 0.401§

Creatinine at admission (mg/dL) 0.89 (0.75–1.13) 0.98 (0.78–1.16) 0.658§

eGFR (mL/min)† 65.08 (50.3–85.0)
107 (80.5)

56.27 (43.0–77.0)
60 (76.9)

0.081§

Pharmacotherapy

Apixaban 62 (46.6) 17 (21.8) <0.001‡

Edoxaban 16 (12.0) 4 (5.1) 0.099‡

Rivaroxaban 38 (28.6) 50 (64.1) <0.001‡

Dabigatran 17 (12.8) 7 (9.0) 0.400‡

Additional antiplatelet therapy 12 (9.0) 7 (9.0) 0.832‡

Time between last DOAC intake and admission (min) 635 (294–942) 523 (280–788) 0.264§

Time between DOAC intake and event (min)* 505 (18–725)
118 (88.7)

450 (235–645)
61 (78.2)

0.138§

Prescription quality

DOAC adherence to SmPCs: underdosed 38 (28.6) 13 (16.7) 0.051‡

DOAC adherence to SmPCs: correctly dosed 93 (69.9) 60 (76.9) 0.272‡

DOAC adherence to SmPCs: overdosed 2 (1.5) 5 (6.4) 0.055‡

Values are presented as number (%) or median (interquartile range).
DOAC, direct oral anticoagulant; AUC, area under the curve; TIA, transient ischemic attack; ICA, internal carotid artery; MCA (1-3), middle cerebral artery (seg-
ments 1-3); PCA, posterior cerebral artery; ACA, anterior cerebral artery; BA, basilar artery; NIHSS, National Institutes of Health Stroke Scale; eGFR, estimated 
glomerular filtration rate; SmPC, recommended doses from summaries of product characteristic.
*Concentration subgroup only (total n=179/211; 84.8%); †eGFR according to Cockcroft-Gault formula; ‡Chi-square; §t-test. 
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Supplementary Table 3. Multivariate logistic regression between high and low DOAC exposure (n=211)

Variable
High vs. low DOAC exposure

OR 95% CI P

Creatinine at admission (mg/dL) 0.905 0.398–2.074 0.809

Age 0.985 0.949–1.020 0.410

Female sex 0.936 0.499–1.759 0.836

DOAC adherence to SmPCs: overdosed 0.327 0.046–1.586 0.193

DOAC adherence to SmPCs: underdosed 2.125 1.039–4.560 0.044

DOAC, direct oral anticoagulant; OR, odds ratio; CI, confidence interval; SmPC, recommended doses from summaries of product characteristic.

Supplementary Table 4. Multivariate logistic regression between patients with and without large vessel occlusions of all included patients and of patients 
with modeled DOAC concentration at the event

Variable

Large vessel occlusion vs. no large vessel occlusion*

All included ischemic stroke patients  
(n=157)†

Ischemic stroke patients with modeled DOAC concentration  
at the event (n=131)‡

OR 95 % CI P OR 95 % CI P

Low DOAC exposure§ 1.360 0.660–2.803 0.404 - - -

Low DOAC concentration at event§ - - - 0.619 0.287–1.335 0.222

Female sex 0.713 0.348–1.459 0.354 0.763 0.350–1.663 0.496

Age 0.982 0.945–1.021 0.364 0.965 0.923–1.009 0.119

Hypertension 0.496 0.158–1.557 0.230 0.779 0.233–2.600 0.685

Diabetes mellitus 0.827 0.369–1.851 0.644 1.174 0.467–2.948 0.733

Hypercholesterolemia 0.875 0.428–1.791 0.716 0.768 0.349–1.689 0.511

Previous stroke/TIA 0.560 0.265–1.182 0.128 0.568 0.256–1.261 0.165

Congestive heart failure 2.001 0.851–4.709 0.112 2.468 0.912–6.683 0.075

Vascular disease 0.767 0.366–1.610 0.484 0.693 0.305–1.574 0.381

Atrial fibrillation 1.216 0.374–3.957 0.745 1.103 0.290–4.197 0.885

DOAC, direct oral anticoagulant; OR, odds ratio; CI, confidence interval; TIA, transient ischemic attack.
*Internal carotid artery, middle cerebral artery (segments 1-3), posterior cerebral artery, anterior cerebral artery, or basilar artery; †No large vessel occlusion 
(n=87), large vessel occlusion (n=70); ‡No large vessel occlusion (n=62), large vessel occlusion (n=69); §Derived from normalized ratios with reference popula-
tions.
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Supplementary Table 5. Differences between low and high DOAC concentrations at onset of the event (n=179)

Variable
Low DOAC concentration

(n=81, 45.3%)
High DOAC concentration

(n=98, 54.7%)
Descriptive P

Female sex 43 (53.1) 51 (52.0) 0.889†

Age (yr) 78 (72–86) 81 (77–86) 0.019‡

Body weight (kg) 75 (68–85)
75 (92.6)

75 (65–83)
94 (95.9)

0.247‡

Ischemic stroke 69 (85.2) 62 (63.3) 0.001†

TIA 12 (14.8) 36 (36.7)

Large vessel occlusion (ICA, MCA [1-3], PCA, ACA, BA) 33 (40.7) 37 (37.8) 0.684†

Time of ischemic stroke/TIA (00:00–7:59) 13 (16.0) 20 (20.4) 0.454†

Time of ischemic stroke/TIA (8:00–15:59) 49 (60.5) 45 (45.9) 0.052†

Time of ischemic stroke/TIA (16:00–23:59) 19 (23.5) 33 (33.7) 0.134†

Functional impairment

Admission NIHSS of patients with ischemic stroke 8 (4–19) 9 (3–16) 0.755‡

Premorbid modified Rankin Scale 1 (0–3) 1 (0–3) 0.965‡

Modified Rankin Scale at 3 months 3 (1–6)
74 (91.4)

3 (1–5)
96 (98.0)

0.111‡

Comorbidities

Arterial hypertension 73 (90.1) 86 (87.8) 0.617†

Diabetes 31 (38.3) 25 (25.5) 0.067†

Hypercholesterolemia 45 (55.6) 56 (57.1) 0.831†

Previous stroke or TIA 30 (37.0) 31 (31.6) 0.448†

Congestive heart failure 14 (17.3) 20 (20.4) 0.596†

Vascular disease 41 (50.6) 53 (54.1) 0.644†

Atrial fibrillation 73 (90.1) 90 (91.8) 0.689†

Premorbid CHA2DS2-VASc score 5 (4–6) 5 (4–6) 0.898‡

Creatinine at admission (mg/dL) 0.87 (0.75–1.12) 0.96 (0.80–1.14) 0.227‡

eGFR (mL/min)* 69.9 (52.7–86.8)
75 (92.6)

56.9 (44.0–78.4)
92 (93.9)

0.006‡

Pharmacotherapy

Apixaban 23 (28.4) 44 (44.9) 0.023†

Edoxaban 11 (13.6) 5 (5.1) 0.048†

Rivaroxaban 35 (43.2) 43 (43.9) 0.929†

Dabigatran 12 (14.8) 6 (6.1) 0.054†

Additional antiplatelet therapy 10 (12.3) 9 (9.2) 0.541†

Time between last DOAC intake and admission (min) 895 (557–1,295) 507 (320–723) <0.001‡

Time between DOAC intake and event (min) 660 (345–1,043) 383 (180–570) <0.001‡

Prescription quality

DOAC adherence to SmPCs: underdosed 25 (30.9) 21 (21.4) 0.150†

DOAC adherence to SmPCs: correctly dosed 54 (66.7) 72 (73.5) 0.321†

DOAC adherence to SmPCs: overdosed 2 (2.5) 5 (5.1) 0.366†

Values are presented as number (%) or median (interquartile range).
DOAC, direct oral anticoagulant; TIA, transient ischemic attack; ICA, internal carotid artery; MCA (1-3), middle cerebral artery (segments 1-3); PCA, posterior 
cerebral artery; ACA, anterior cerebral artery; BA, basilar artery; NIHSS, National Institutes of Health Stroke Scale; eGFR, estimated glomerular filtration rate; 
SmPC, recommended doses from summaries of product characteristic.
*eGFR according to Cockcroft-Gault formula; †Chi-square; ‡t-test. 
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Supplementary Table 6. Differences between favorable and unfavorable 3 months outcome in ischemic stroke patients (n=149)

Variable
3-month mRS 0–2

(n=57, 38.3%)
3-month mRS 3–6

(n=92, 61.7%)
Descriptive P

Female sex 24 (42.1) 53 (57.6) 0.066‡

Age (yr) 76 (72–81) 82 (76–87) <0.001§

Body weight (kg) 80 (69–90)
57 (100)

74 (65–82)
87 (94.6)

0.002§

Large vessel occlusion (ICA, MCA [1-3], PCA, ACA, BA) 24 (42.1) 45 (48.9) 0.418‡

Recanalisation therapy 22 (38.6) 34 (37.0) 0.841‡

Time of ischemic stroke (00:00–07:59)* 8 (18.6) 13 (15.9) 0.696§

Time of ischemic stroke (8:00–15:59)* 22 (51.2) 47 (57.3) 0.511§

Time of ischemic stroke (16:00–23:59)* 13 (30.2) 22 (26.8) 0.687§

Functional impairment

Admission NIHSS 3 (1–7) 11 (5–19) <0.001§

Premorbid mRS 1 (0–1) 3 (1–3) <0.001§

Comorbidities

Arterial hypertension 53 (93.0) 81 (88.0) 0.330‡

Diabetes 13 (22.8) 31 (33.7) 0.157‡

Hypercholesterolemia 33 (57.9) 46 (50.0) 0.348‡

Previous stroke or TIA 15 (26.3) 33 (35.9) 0.225‡

Congestive heart failure 13 (22.8) 19 (20.7) 0.756‡

Vascular disease 29 (50.9) 50 (54.3) 0.680‡

Atrial fibrillation 52 (91.2) 85 (92.4) 0.800‡

Premorbid CHA2DS2-VASc score 4 (3–6) 5 (4–6) 0.009§

Creatinine at admission (mg/dL) 0.88 (0.74–1.10) 0.94 (0.73–1.15) 0.537§

eGFR (mL/min)† 67.56 (56.4–82.2)
43 (75.4)

59.24 (41.6–82.1)
76 (82.6)

0.018§

Pharmacotherapy

Time between last DOAC intake and admission (min) 496 (249–869) 650 (409–952) 0.162§

Time between DOAC intake and event (min)* 420 (180–720) 480 (236–698) 0.035§

Low DOAC exposure 36 (63.2) 65 (70.7) 0.341‡

Low DOAC concentration at event* 22/43 (51.2) 42/82 (51.2) 0.995‡

Non-adherence 4 (7.0) 12 (13.0) 0.031‡

Prescription quality

DOAC adherence to SmPCs: underdosed 13 (22.8) 27 (29.3) 0.381‡

DOAC adherence to SmPCs: correctly dosed 43 (75.4) 61 (66.3) 0.238‡

DOAC adherence to SmPCs: overdosed 1 (1.8) 4 (4.3) 0.393‡

Values are presented as number (%) or median (interquartile range).
mRS, modified Rankin Scale; ICA, internal carotid artery; MCA (1-3), middle cerebral artery (segments 1-3); PCA, posterior cerebral artery; ACA, anterior cere-
bral artery; BA, basilar artery; NIHSS, National Institutes of Health Stroke Scale; TIA, transient ischemic attack; eGFR, estimated glomerular filtration rate; 
DOAC, direct oral anticoagulant; SmPC, recommended doses from summaries of product characteristic.
*Concentration subgroup only (n=125); †eGFR according to Cockcroft-Gault formula; ‡Chi-square; §t-test. 
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Supplementary Table 7. Multivariate logistic regression between favorable and unfavorable 3 months outcome in ischemic stroke patients with follow-up 
information (n=149)

Favorable (mRS 0–2) vs. unfavorable (mRS 3–6) 3 months outcome (n=149)

OR 95% CI P

Age (yr) 1.034 0.955–1.120 0.413

Body weight (kg) 0.986 0.944–1.029 0.515

Admission NIHSS 1.174 1.079–1.278 <0.001

Premorbid mRS 2.881 1.720–4.828 <0.001

Premorbid CHA2DS2-VASc score 0.861 0.589–1.260 0.442

eGFR (mL/min)* 1.009 0.981–1.038 0.522

Time between DOAC intake and event (min) 0.999 0.998–1.000 0.196

Non-adherence 0.774 0.106–5.633 0.800

Atrial fibrillation 0.647 0.075–5.572 0.692

mRS, modified Rankin Scale; OR, odds ratio; CI, confidence interval; NIHSS, National Institutes of Health Stroke Scale; eGFR, estimated glomerular filtration 
rate; DOAC, direct oral anticoagulant.
*eGFR according to Cockcroft-Gault formula.

Supplementary Figure 1. Diagnostic plots to explore deviations of predicted concentrations from observed measurements at the respective times of mea-
surement. (A, C) Panels visualize the bivariate relationship between predicted concentrations und observed measurements with distinct pairs of values co-
lour-coding individual direct oral anticoagulants (DOACs) or whether the indicator was derived from a pharmacokinetic profile estimated by one or two mea-
surements per patient. Residual plots illustrate residuals over time after the last DOAC administration (B) or residuals stratified by their origin from pharmaco-
kinetic profiles with one-point or two-point estimation (D).
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Supplementary Figure 2. Forest plot of effect estimates (expressed as odds ratios) of either low direct oral anticoagulant (DOAC) plasma exposure (A) or low 
DOAC plasma concentration at the time of the event (B) on the risk of ischemic stroke. Different outcome definitions are plotted on the discrete y-axis with 
the results from the main analysis, a restricted sample including only patients with atrial fibrillation (AF), and a sample including only cardioembolic ischemic 
strokes. Whiskers around the point estimates visualize 95% confidence intervals. AUC, area under the curve.
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Supplementary Figure 3. Substance-specific modulation of overall direct oral anticoagulant (DOAC) effects expressed as odds ratio for the probability of 
stroke occurrence (left side, A, C) or as a linear increase in the National Institutes of Health Stroke Scale (NIHSS) score for stroke severity (right side, B, D). The 
top row indicates substance-specific effects around the DOAC class effect (dashed vertical line) in terms of exposure (area under the curve [AUC]), while the 
bottom row indicated substance-specific effects in term of concentration at the time of the event. Whiskers visualize 95% confidence intervals of the respec-
tive estimates.


