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Abstract: Direct oral anticoagulant drugs (DOACs) interfere with the coagulation process, thus im-
proving patient care for those who require anticoagulant treatment. This study presents a descriptive
analysis of adverse reactions (ADRs) attributed to DOAC dosage errors (overdose, underdose, and
improper dose). The analysis was performed based on the Individual Case Safety Reports from the
EudraVigilance (EV) database. Results show that data reported for rivaroxaban, apixaban, edoxaban,
and dabigatran are mostly regarding underdosing (51.56%) compared to overdosing (18.54%). The
most dosage error reports were identified for rivaroxaban (54.02%), followed by apixaban (33.61%).
Dabigatran and edoxaban had similar percentages (6.26% and 6.11%, respectively) regarding dosage
error reports. Since coagulation issues can become life-threatening events, and factors such as ad-
vanced age and renal failure can influence the pharmacokinetics of drugs, the correct usage of DOACs
is of utmost importance for the management and prevention of venous thromboembolism. Thus,
the collaboration and the complementarity of knowledge of physicians and pharmacists may offer a
reliable solution for DOAC dose management and improve patient care.

Keywords: DOACs; EudraVigilance; dosage errors; underdose; overdose; safety profile

1. Introduction

Conversion of fibrinogen into fibrin driven by enzymes (active factors) and leading to
the formation of thrombi is named coagulation. It involves intrinsic, extrinsic and common
pathways [1,2]. Virchow’s triad (endothelial injury, hypercoagulability, and blood stasis) is
responsible for the coagulation activity [3,4]. The risk factors of coagulation are represented
by different physiological conditions (advanced age, pregnancy, prolonged immobilization,
long vehicle rides or flights, etc.), pathologies (atrial fibrillation—AF, diabetes, obesity,
surgery, cancer, varicose veins, congestive heart failure, renal failure, etc.) or drug use
(contraceptive drugs, glucocorticoids, antidepressants, etc.) [5–13].

Anticoagulant drugs (AC) are necessary for preventing or treating venous throm-
boembolism. After the introduction of heparin in therapy, other ACs have also been used:
vitamin K antagonists (VKAs), low molecular weight heparins (LMWHs), fondaparinux,
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etc. Subsequently, a new class of ACs (direct oral anticoagulant drugs—DOACs) was
launched on the market in 2008. Currently, DOACs are represented by two categories:
direct oral thrombin inhibitors (dabigatran) and direct oral factor Xa inhibitors (rivaroxaban,
apixaban, edoxaban, and betrixaban) [14–20]. The main indications of DOACs are: stroke
prevention in nonvalvular AF and the prevention or treatment of venous thromboembolism,
including after total knee replacement and after total hip replacement [21]. Compared to
other ACs, some advantages are conferred by DOACs: increased adherence due to oral
administration, rapid effect and fixed doses, limited interindividual variation, decreased
risks of interactions or adverse effects (e.g., bleeding), etc. [22–24]. Therefore, DOACs have
better safety and efficacy profiles, even in elderly patients [25]. The existence of specific
reversal agents (adexanet for rivaroxaban and apixaban; idarucizumab for dabigatran)
and promising preliminary results of a general reversal agent (ciraparantag) are also en-
couraging [26,27]. Their effectiveness and their toxicity, especially the higher bleeding
risk, depend on the correct dosage. Thus, the use of appropriate doses for each patient is
important. Therefore, patient follow-up and dosage adjustment according to age, body
weight, drug–drug interactions or medical condition (renal/hepatic impairment, risk of
bleeding, etc.) for each patient must be performed [28]. To reduce their risk of bleeding,
underdosing has been reported as a common practice, especially in elderly patients. Hence,
the protection against thromboembolic events and their efficacy are reduced [25,29–31].
In addition, underdosing has been associated with increased cardiovascular hospitaliza-
tion [32]. Different studies have reported off-label underdosing of DOAC used for reducing
the risk of stroke. However, underdosing presented increased all-cause mortality, and did
not reduce the risk of bleeding or embolization [30,31,33]. In addition, a fivefold increased
risk of stroke in patients with AF and renal failure who received underdosed apixaban
was observed [28]. On the other hand, DOAC overdose increased all-cause mortality and
the severity of hemorrhagic events. Overdosing is less common than underdosing in most
studies [32,34,35]. Moreover, no statistically significant efficacy was observed in patients
with renal disease [36].

According to the European Medicines Agency (EMA), medication errors (ME) rep-
resent unintended mistakes that occur during drug treatment. Regardless of the cause,
whether resulting from inappropriate prescribing, storage, dispensing, preparation, or
administration, ME can lead to adverse reactions (ADRs). As MEs represent a major public
health problem, national pharmacovigilance systems from the European Union must collect
and report them. In this context, the EMA elaborated a “good practice guide on record-
ing, coding, reporting and assessment of medication errors” and a “good practice guide
on risk minimization and prevention of medication errors”. These instruments support
the activity of national competent authorities and all stakeholders involved in the phar-
maceutical sector. According to these regulations, MEs are human- or process-mediated
failures and do not refer to intentional overdose, off-label use, misuse, and abuse of the
drug. All collected MEs must be reported and centralized in the EudraVigilance (EV)
database, regardless of whether the error is associated with ADRs [37–39]. EV is the public
system for collecting suspected ADRs to drugs that have been authorized or included in
clinical trials in the European Economic Area (EEA), and it is managed by the EMA. The
database has been in use since 2001 and includes Individual Case Safety Reports (ICSR)
voluntarily submitted by health professionals, patients, and other public categories [40–42].
EV combines multiple functions such as data collection, management and analysis and
employs standard terminology. All operations are subjected to security management. This
reliable database facilitates the rapid identification of possible safety concerns. The system
detects and removes duplicates. The resulting European database of suspected adverse
drug reaction reports allows for open access to up-to-date information [42]. On the other
hand, marketing authorization holders and sponsors of clinical trials have the obligation to
transmit suspected ADRs to national competent authorities [40–42].

Because of their increased use in clinical practice, DOACs must have a favorable
benefit/risk profile. The spontaneous reporting system, EV, could quickly offer a character-
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ization of this profile in order to improve the quality of patients’ life. Thus, the aim of the
present study is the evaluation of the reporting frequency of dosing errors associated with
DOACs. We performed a retrospective analysis of ADRs related to these errors reported
to the EV database. A descriptive analysis and a disproportionality study of these sponta-
neous reports were undertaken. The effectiveness and the toxicity of DOAC, especially the
higher bleeding risk, depends on the correct dosage. Thus, the use of appropriate doses for
each patient is important.

2. Results
2.1. Descriptive Analysis

A total number of 427,318 reported ADRs in EV were identified for 24 AC drugs (30.7%
rivaroxaban, 16.48% apixaban, 13.49% dabigatran, and 2.18% edoxaban). The total number
of ADRs reported for DOACs was 268,551 (62.85% of total ADRs reported for AC) (Table 1).

Table 1. Total ADRs reported in EV related to DOACs.

Drug Total ADRs % of Total

Dabigatran 57,627 13.49%

Rivaroxaban 131,182 30.70%

Apixaban 70,424 16.48%

Edoxaban 9318 2.18%

Other ACs 158,767 37.15%

427,318

The distribution of DOAC dosing errors by category (overdose, underdose and im-
proper dose, the latter including those PTs referring to dosing error, but not associated
with overdosing or underdosing) and drug is represented in Figure 1. Most of the ADRs
were related to DOAC underdosing (52%). Rivaroxaban (54%) and apixaban (34%) were
associated with the highest number of ICSR reported in EV (Figure 2).
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Figure 1. Distribution of DOAC dosing errors reported in EV: (a) by category; (b) by drug.

The performed analysis showed the highest percentages of reported improper dose
errors from the total ADRs for edoxaban (2.41%) and rivaroxaban (1.20%). The proportion
of overdosing errors from the total ADRs was approximatively equal for apixaban (0.68%),
rivaroxaban (0.60%), and dabigatran (0.54%), and was slightly lower for rivaroxaban
(0.32%). Regarding the underdosing errors of total ADRs, the highest value was noted for
apixaban (2.32%), and a small percentage was observed for dabigatran (0.07%) (Figure 2).
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Figure 2. Distribution of the three categories of dosing errors from the total reports.

Of the total dosing errors, a small part was represented by ADRs that had a fatal
outcome. For ADRs related to improper dose errors, the range was between 0% (edoxaban)
and 1.39% (dabigatran), and for underdosing errors, it was between 0% (dabigatran) and
2.21% (edoxaban). Overdosing errors presented high percentages of the total reported
ADRs related to each DOAC (1.45%—apixaban, 2.17%—rivaroxaban, 8.93%—edoxaban,
and 9.94%—dabigatran) (Figure 3).
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Figure 3. Distribution of the fatal ADRs related to DOACs dosing errors.

A high proportion of not recovered (NR)/not resolved (NS) cases related to dosing
errors was reported for edoxaban (38.67%—improper dose errors, 13.97%—underdosing
errors) and dabigatran (9.72%—improper dose errors and 6.09%—overdosing errors)
(Figure 4).
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No significant correlation was observed between each analyzed ADR category and
the total ADRs reported in EV for DOACs (Table 2).

Table 2. The correlation coefficient between ADR categories and total ADRs reported in EV.

Improper Dose
Errors—Total ADRs

Overdosing
Errors—Total ADRs

Underdosing
Errors—Total ADRs

Fatal Dosing Errors—
Total ADRs

NR/NS Dosing
Errors—Total ADRs

0.8193 0.7801 0.7723 0.7652 −0.6455

0.1807 0.2199 0.2277 0.2348 0.355

2.2. Disproportionality Analysis
2.2.1. Overdosing Errors

All DOACs had a high reporting probability of ADRs involving overdose only com-
pared to ticagrelor (dabigatran: ROR 3.5245, 95% CI 2.3615–5.2603; rivaroxaban: ROR
2.0548, 95% CI 1.3821–3.0549; apixaban: ROR 4.4619, 95% CI 3.006–6.6231; edoxaban ROR
3.9147, 95% CI 2.4569–6.2374) and ticlopidine (dabigatran: ROR 4.2896, 95% CI 2.2101–8.3256;
rivaroxaban: ROR 2.5008, 95% CI 1.2915–4.8424; apixaban: ROR 5.4304, 95% CI 2.8071–10.5053;
edoxaban ROR 4.7644, 95% CI 2.3552–9.6382) (Figure 5).

2.2.2. Underdosing Errors

Regarding the underdosing ADRs, it was noted that the reporting probability for dabi-
gatran was not significantly different from other ACs or antiplatelet drugs (Figure 6a). All
other DOACs presented a high probability of reporting ADRs related to underdosing errors,
except for certoparin (rivaroxaban: ROR 0.7808, 95% CI 0.5426–1.1237; apixaban: ROR
1.4128, 95% CI 0.9816–2.0335; edoxaban: ROR 0.8793, 95% CI 0.5903–1.3099); bivalirudin (ri-
varoxaban: ROR 0.7044, 95% CI 0.4408–1.1256; apixaban: ROR 1.2745, 95% CI 0.7975–2.0369;
edoxaban: ROR 0.7931, 95% CI 0.483–1.3027), ticlopidine (rivaroxaban: ROR 0.6259, 95% CI
0.557–0.7033, edoxaban: ROR 0.7049, 95% CI 0.5771–0.8608), and prasugrel (rivaroxaban:
ROR 0.608, 95% CI 0.5054–0.7315; apixaban: ROR 1.1001, 95% CI 0.9141–1.325; edoxaban:
ROR 0.6647, 95% CI 0.5353–0.8758) (Figure 6b–d).
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Figure 5. Reporting odds ratio of ADRs referring to DOAC overdose: (a) dabigatran—AC and an-
tiplatelet drugs; (b) rivaroxaban—AC and antiplatelet drugs; (c) apixaban—AC and antiplatelet drugs;
(d) edoxaban—AC and antiplatelet drugs. ABC—abciximab; ACL—combination of acetylsalicylic
acid and clopidogrel; ACE—acenocoumarol; API—apixaban; ARG—argatroban; BEM—bemiparin;
BIV—bivalirudin; CER—certoparin; CIL—cilostazol; CLO—clopidogrel; DAB—dabigatran; DAL—
dalteparin; DAN—danaparoid; DAS—combination of dipyridamole and acetylsalicylic acid; DIP—
dipyridamole; EDO—edoxaban; ENO—enoxaparin; EPT—eptifibatide; FLU—fluindione; FON—
fondaparinux; HEP—unfractionated heparin; LEP—lepirudin; NAD—nadroparin; PRA—prasugrel;
RIV—rivaroxaban; TCL—ticagrelor; TIC—ticlopidine; TIN—tinzaparin; TIR—tirofiban; WAR—
warfarin; * p <0.05; ** p ≤ 0.01; p ≤ 0.001; **** p ≤ 0.0001.



Pharmaceuticals 2023, 16, 455 8 of 20

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 8 of 21 
 

 

nadroparin; PRA—prasugrel; RIV—rivaroxaban; TCL—ticagrelor; TIC—ticlopidine; TIN—tinzapa-
rin; TIR—tirofiban; WAR—warfarin; * p <0.05; ** p ≤ 0.01; p ≤ 0.001; **** p ≤ 0.0001. 

2.2.2. Underdosing Errors 
Regarding the underdosing ADRs, it was noted that the reporting probability for 

dabigatran was not significantly different from other ACs or antiplatelet drugs (Figure 
6a). All other DOACs presented a high probability of reporting ADRs related to under-
dosing errors, except for certoparin (rivaroxaban: ROR 0.7808, 95% CI 0.5426–1.1237; apix-
aban: ROR 1.4128, 95% CI 0.9816–2.0335; edoxaban: ROR 0.8793, 95% CI 0.5903–1.3099); 
bivalirudin (rivaroxaban: ROR 0.7044, 95% CI 0.4408–1.1256; apixaban: ROR 1.2745, 95% 
CI 0.7975–2.0369; edoxaban: ROR 0.7931, 95% CI 0.483–1.3027), ticlopidine (rivaroxaban: 
ROR 0.6259, 95% CI 0.557–0.7033, edoxaban: ROR 0.7049, 95% CI 0.5771–0.8608), and pra-
sugrel (rivaroxaban: ROR 0.608, 95% CI 0.5054–0.7315; apixaban: ROR 1.1001, 95% CI 
0.9141–1.325; edoxaban: ROR 0.6647, 95% CI 0.5353–0.8758) (Figure 6b–d). 

 
(a) 

0 0.2 0.4 0.6 0.8 1 1.2

DAB - HEP (n=49)****

DAB - DAL (n=38)****

DAB - ENO (n=109)****

DAB - NAD (n=11)****

DAB - TIN (n=42)****

DAB - CER (n=30)****

DAB - FON (n=13)**

DAB - BIV (n=18)****

DAB - WAR (n=150)****

DAB - ACE (n=12)****

DAB - FLU (n=22)*

DAB - CLO (n=218)****

DAB - TIC (n=347)****

DAB - PRA (n=123)****

DAB - CIL (n=16)****

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 21 
 

 

 

(b) 

 

(c) 

0 5 10 15 20 25

RIV - HEP (n=49)****

RIV - DAL (n=38)*

RIV - ENO (n=109)****

RIV - NAD (n=11)****

RIV - TIN (n=42)*

RIV - CER (n=30)

RIV - FON (n=13)****

RIV - BIV (n=18)

RIV - WAR (n=150)****

RIV - ACE (n=12)****

RIV - FLU (n=22)****

RIV - CLO (n=218)****

RIV - TIC (n=347)****

RIV - PRA (n=123)****

RIV - CIL (n=16)***

0 5 10 15 20 25 30 35 40

API -HEP (n=49)****

API - DAL (n=38)****

API - ENO (n=109)****

API - NAD (n=11)****

API - TIN (n=42)****

API - CER (n=30)**

API - FON (n=13)****

API - BIV (n=18)

API - WAR (n=150)****

API - ACE (n=12)****

API - FLU (n=22)****

API - CLO (n=218)****

API - TC (n=347)*

API - PRA (n=123)

API - CIL (n=16)****
Figure 6. Cont.



Pharmaceuticals 2023, 16, 455 9 of 20

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 9 of 21 
 

 

 

(b) 

 

(c) 

0 5 10 15 20 25

RIV - HEP (n=49)****

RIV - DAL (n=38)*

RIV - ENO (n=109)****

RIV - NAD (n=11)****

RIV - TIN (n=42)*

RIV - CER (n=30)

RIV - FON (n=13)****

RIV - BIV (n=18)

RIV - WAR (n=150)****

RIV - ACE (n=12)****

RIV - FLU (n=22)****

RIV - CLO (n=218)****

RIV - TIC (n=347)****

RIV - PRA (n=123)****

RIV - CIL (n=16)***

0 5 10 15 20 25 30 35 40

API -HEP (n=49)****

API - DAL (n=38)****

API - ENO (n=109)****

API - NAD (n=11)****

API - TIN (n=42)****

API - CER (n=30)**

API - FON (n=13)****

API - BIV (n=18)

API - WAR (n=150)****

API - ACE (n=12)****

API - FLU (n=22)****

API - CLO (n=218)****

API - TC (n=347)*

API - PRA (n=123)

API - CIL (n=16)****

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 10 of 21 
 

 

 
(d) 

Figure 6. Reporting odds ratio of ADRs referring to DOAC underdose: (a) dabigatran—AC and an-
tiplatelet drugs; (b) rivaroxaban—AC and antiplatelet drugs; (c) apixaban—AC and antiplatelet 
drugs; (d) edoxaban—AC and antiplatelet drugs. ABC—abciximab; ACL—combination of acetyl-
salicylic acid and clopidogrel; ACE—acenocoumarol; API—apixaban; ARG—argatroban; BEM—
bemiparin; BIV—bivalirudin; CER—certoparin; CIL—cilostazol; CLO—clopidogrel; DAB—
dabigatran; DAL—dalteparin; DAN—danaparoid; DAS—combination of dipyridamole and acetyl-
salicylic acid; DIP—dipyridamole; EDO—edoxaban; ENO—enoxaparin; EPT—eptifibatide; FLU—
fluindione; FON—fondaparinux; HEP—unfractionated heparin; LEP—lepirudin; NAD—nadro-
parin; PRA—prasugrel; RIV—rivaroxaban; TCL—ticagrelor; TIC—ticlopidine; TIN—tinzaparin; 
TIR—tirofiban; WAR—warfarin; * p <0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 

2.2.3. Improper Dose Errors 
In comparison with AC drugs from other classes and antiplatelet drugs, dabigatran 

and apixaban had a low reporting probability for ADRs referring to improper dosing er-
rors (Figure 7a,c). On the other hand, for rivaroxaban, a high reporting probability for 
improper dosing errors was observed, except for dalteparin (ROR 1.0839, 95% CI 0.912–
1.4469) and bemiparin (ROR 0.7168, 95% CI 0.3703–1.388) (Figure 7b). In addition, edoxa-
ban had a higher reporting probability for this category of ADRs, except for bemiparin 
(ROR 1.4654, 95% CI 0.7484–2.8694) (Figure 7d). 

  

0 5 10 15 20 25

EDO - HEP (n=49)****

EDO - DAL (n=38)**

EDO - ENO (n=109)****

EDO - NAD (n=11)****

EDO - TIN (n=42)**

EDO - CER (n=30)

EDO - FON (n=13)****

EDO - BIV (n=18)

EDO - WAR (n=150)****

EDO - ACE (n=12)****

EDO - FLU (n=22)****

EDO - CLO (n=218)****

EDO - TIC (n=347)***

EDO - PRA (n=123)***

EDO - CIL (n=16)****

Figure 6. Reporting odds ratio of ADRs referring to DOAC underdose: (a) dabigatran—AC and antiplatelet
drugs; (b) rivaroxaban—AC and antiplatelet drugs; (c) apixaban—AC and antiplatelet drugs; (d) edoxaban—
AC and antiplatelet drugs. ABC—abciximab; ACL—combination of acetylsalicylic acid and clopidogrel;
ACE—acenocoumarol; API—apixaban; ARG—argatroban; BEM—bemiparin; BIV—bivalirudin; CER—
certoparin; CIL—cilostazol; CLO—clopidogrel; DAB—dabigatran; DAL—dalteparin; DAN—danaparoid;
DAS—combination of dipyridamole and acetylsalicylic acid; DIP—dipyridamole; EDO—edoxaban; ENO—
enoxaparin; EPT—eptifibatide; FLU—fluindione; FON—fondaparinux; HEP—unfractionated heparin;
LEP—lepirudin; NAD—nadroparin; PRA—prasugrel; RIV—rivaroxaban; TCL—ticagrelor; TIC—ticlopidine;
TIN—tinzaparin; TIR—tirofiban; WAR—warfarin; * p <0.05; ** p ≤ 0.01; p ≤ 0.001; **** p ≤ 0.0001.
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2.2.3. Improper Dose Errors

In comparison with AC drugs from other classes and antiplatelet drugs, dabigatran
and apixaban had a low reporting probability for ADRs referring to improper dosing errors
(Figure 7a,c). On the other hand, for rivaroxaban, a high reporting probability for improper
dosing errors was observed, except for dalteparin (ROR 1.0839, 95% CI 0.912–1.4469) and
bemiparin (ROR 0.7168, 95% CI 0.3703–1.388) (Figure 7b). In addition, edoxaban had a
higher reporting probability for this category of ADRs, except for bemiparin (ROR 1.4654,
95% CI 0.7484–2.8694) (Figure 7d).

Pharmaceuticals 2023, 16, x FOR PEER REVIEW 11 of 21 
 

 

 

(a) 

 

(b) 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

DAB - HEP (n=79)****

DAB - DAL (n=48)****

DAB - ENO (n-104)****

DAB - NAD (n=6)

DAB - TIN (n=24)****

DAB - CER (n=11)****

DAB - BEM (n=9)****

DAB - FON (n=23)****

DAB - WAR (n=122)****

DAB - ACE (n=69)****

DAB - FLU (=30)

DAB - CLO (n=120)***

DAB - TIC (n=40)**

DAB - PRA (n=22)***

0 2 4 6 8 10 12 14 16 18

RIV -  HEP (n=79)****

RIV - DAL (n=48)****

RIV - ENO (n=104)****

RIV - NAD (n=6)****

RIV - TIN (n=24)****

RIV - CER (n=11)*

RIV - BEM (n=9)

RIV - FON (n=23)****

RIV - WAR (n=122)****

RIV - ACE (n=69)****

RIV - FLU (N=30)****

RIV - CLO (N=120)****

RIV - TIC (N=40)****

RIV - PRA (N=22)****

Figure 7. Cont.



Pharmaceuticals 2023, 16, 455 11 of 20
Pharmaceuticals 2023, 16, x FOR PEER REVIEW 12 of 21 
 

 

 
(c) 

 

(d) 

Figure 7. Reporting odds ratio of ADRs referring to DOAC improper dose errors: (a) dabigatran—
AC and antiplatelet drugs; (b) rivaroxaban—AC and antiplatelet drugs; (c) apixaban—AC and an-
tiplatelet drugs; (d) edoxaban—AC and antiplatelet drugs. ACE—acenocoumarol; API—apixaban; 
BEM—bemiparin; CER—certoparin; CLO—clopidogrel; DAB—dabigatran; DAL—dalteparin; 
EDO—edoxaban; ENO—enoxaparin; FLU—fluindione; FON—fondaparinux; HEP—unfraction-
ated heparin; NAD—nadroparin; PRA—prasugrel; RIV—rivaroxaban; TIC—ticlopidine; TIN—tin-
zaparin; WAR—warfarin; * p <0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. 

0 0.5 1 1.5 2 2.5 3 3.5 4

API - HEP (n=79)

API - DAL (n=48)****

API - ENO (n=104)*

API - NAD (n=6)

API - TIN (n=24)***

API - CER (n=11)**

API - BEM (n=9)****

API - FON (n=23)****

API - WAR (n=122)

API - ACE (n=69)****

API - FLU (n=30)

API - CLO (n=120)

API - TIC (n=40)

API - PRA (n=22)

0 2 4 6 8 10 12 14 16 18

RIV -  HEP (n=79)****

RIV - DAL (n=48)****

RIV - ENO (n=104)****

RIV - NAD (n=6)****

RIV - TIN (n=24)****

RIV - CER (n=11)*

RIV - BEM (n=9)

RIV - FON (n=23)****

RIV - WAR (n=122)****

RIV - ACE (n=69)****

RIV - FLU (N=30)****

RIV - CLO (N=120)****

RIV - TIC (N=40)****

RIV - PRA (N=22)****

Figure 7. Reporting odds ratio of ADRs referring to DOAC improper dose errors: (a) dabigatran—AC
and antiplatelet drugs; (b) rivaroxaban—AC and antiplatelet drugs; (c) apixaban—AC and an-
tiplatelet drugs; (d) edoxaban—AC and antiplatelet drugs. ACE—acenocoumarol; API—apixaban;
BEM—bemiparin; CER—certoparin; CLO—clopidogrel; DAB—dabigatran; DAL—dalteparin;
EDO—edoxaban; ENO—enoxaparin; FLU—fluindione; FON—fondaparinux; HEP—unfractionated
heparin; NAD—nadroparin; PRA—prasugrel; RIV—rivaroxaban; TIC—ticlopidine; TIN—tinzaparin;
WAR—warfarin; * p <0.05; ** p ≤ 0.01; p ≤ 0.001; **** p ≤ 0.0001.

3. Discussion

This study presents a descriptive analysis of MEs reported in the EV database related
to DOAC doses. From a total of 91 preferred terms (PTs) related to dosing error, reports
in EV were identified for 24 PTs. These PTs were classified in overdosing, underdosing
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or improper dose errors. Until 3 December 2022, the total number of reports registered
in EV for four DOACs (dabigatran, rivaroxaban, apixaban, and edoxaban) was 268,551.
Betrixaban is not registered in the EU by EMA, and no ICSR was found for betrixaban
in EV [43]. No ICSR was found for betrixaban; 48.85% of them were associated with
rivaroxaban (n = 131,182), 26.22% with apixaban (n = 70,424), 21.46% with dabigatran
(n = 57,627), and 3.47% with edoxaban (n = 9318).

A study performed by Camm et al. included 10,426 patients that received DOAC
treatment (dabigatran, apixaban, rivaroxaban, edoxaban). Of the total patients, 23.2% were
underdosed, and 3.8% were overdosed. The most frequent dosing ADRs were reported for
edoxaban (40.6%). For the other three drugs, the proportions varied between 70% and 82%
(81.9% for dabigatran, 72.4% for rivaroxaban, and 70.1% for apixaban). The proportion of
underdosed patients was very high in the total of patients treated with edoxaban (55.9%)
and was high in patients treated with apixaban (28.7%), rivaroxaban (21.1%) and dabigatran
(15.8%). Regarding the overdoses, the same study showed smaller proportions of these
ADRs compared to underdoses (rivaroxaban—6.5%, edoxaban—3.5%, dabigatran—2.3%,
and apixaban—1.3%) [44]. Rivaroxaban was approved by the FDA in 2011 [45] and had the
highest ADR reporting rate among DOACs. Even if no correlation can be made between
the number of EV reports and drug sales, it still seems that the upward trend of rivaroxaban
sales, and its first position worldwide with sales of 7.6 billion USD from a total of 17.2 billion
USD recorded for DOACs [46], could justify the highest number of reports uploaded in
EV. The regional sales distribution of this drug shows that more than EUR 2.25 billion was
generated in Europe at that time [47]. The same trend was registered in a sales forecast
for Europe, published in 2016, which showed that rivaroxaban would have sales of EUR
2.6 billion by 2022, maintaining its position in the lead of the European DOAC market until
then [48].

Regarding the volume of the market, worldwide, approximately 74 million patients
had rivaroxaban prescribed, thus becoming the most prescribed DOAC in 2020 [47]. Italy
and Denmark showed an increase in DOAC use between 2010 and 2018 [49]. In 2018 in the
Netherlands, apixaban and rivaroxaban were the most used DOACs [50]. Studies related
to atrial fibrillation show that apixaban followed by rivaroxaban were the most prescribed
DOACs from 2017 in countries such as Belgium, France, Germany and UK [51].

Thus, comparing the increasing trend of the DOACs market with the reported ADRs,
it can be considered that the quantity of prescriptions has augmented [52]. Moreover,
according to an EMA report published in 2020, rivaroxaban was the most used DOAC
in the majority of databases consulted for this assessment report [53]. From the total
number of DOAC dosing errors (n = 6825), 51.56% represented underdose errors (n = 3519),
18.54% overdose errors (n = 1265), and 29.90% improper dose errors (n = 2041) (Figure 1a).
According to different studies, underdosing is one of the most prevalent ME of DOACs [28,
54]. Moreover, a study performed on a large database including patients with AF showed a
strong tendency to administrate DOAC underdoses (13.3%) in the absence of an indication
to reduce the dose. On the other hand, the same study noted a high proportion of overdoses
used by patients with renal indication for decreasing the doses [36]. Our results show that
dosing errors reported in the EV database were most common for rivaroxaban (n = 3687,
54.02%), followed by apixaban (n = 2294, 33.61%). These errors were similarly reported for
dabigatran (n = 427, 6.26%) and edoxaban (n = 417, 6.11%) (Figure 1b).

Underdosing (n = 3519) was the most common ADR associated with rivaroxaban
(n = 1703, 48.39%), apixaban (n = 1637, 46.52%), dabigatran (n = 43, 1.22%), and edoxaban
(n = 136, 3.87%). A variation between 0.07% (dabigatran) and 2.32% (apixaban) (Figure 2)
was observed regarding the distribution of this ADR in the total number of reports. Several
research groups have also underlined the frequent off-label underdosing for DOACs [31,55–57].

In addition, 2041 ADRs were related to improper doses: 1569 for rivaroxaban (76.88%),
225 for edoxaban (11.02%), 175 for apixaban (8.57%), and 72 for dabigatran (3.53%). Out
of the total ADRs reported, improper dosing was most frequently observed for edoxaban
(2.41%), and less frequently for dabigatran (0.12%) (Figure 2).
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Overdosing was the least common dosing error reported in EV (n = 1265): apixaban
(n = 482, 38.10%), rivaroxaban (n = 415, 32.81%), dabigatran (n = 312, 24.66%), and edoxaban
(n = 56, 4.43%). Out of the total ICSRs, the overdose reports had a frequency between 0.32%
(dabigatran) and 0.68% (apixaban) (Figure 2).

Figure 3 showed the highest ratio of fatal outcome related to dabigatran (9.94%—overdosing
errors) and edoxaban (8.93%—overdosing errors). Dabigatran and edoxaban had the
highest proportion of NR/NS outcomes from the total ADRs (Figure 4). Thus, apixaban
and rivaroxaban had a lower ratio of fatal or NR/NS outcomes.

Overdosing of DOACs or antiplatelet drugs is responsible for a variety of bleeding
disorders [32,58,59]. Figure 5 represents the probability of reporting DOAC overdosing
compared to antiplatelet drugs. Thus, the results of the disproportionality analysis do not
show statistical differences between DOAC reports and other AC drugs or most antiplatelet
drugs, except for ticagrelor and ticlopidine. Underdosing of AC or antiplatelets has led to an
increased rate of cardiovascular hospitalization and an increased risk of all-cause mortality,
stroke or myocardial infarction [60,61]. Compared to the majority of AC or antiplatelets
drugs (except for certoparin, bivalirudin, ticlopidine, and prasugrel), the reporting of ADRs
related to the underdosing of rivaroxaban, apixaban and edoxaban had a higher rate. No
difference was registered between the probability of reporting underdoses for dabigatran
compared to all ACs or antiplatelet drugs (Figure 6). In the present study, for improper
dosing errors of dabigatran and apixaban, no difference in reporting was noted compared
to other ACs or antiplatelets. A significant difference between rivaroxaban and edoxaban
versus reports for most AC or antiplatelet drugs was observed (Figure 7).

Patients’ satisfaction determines the adherence to their treatment; thus, the therapy
outcome is improved [62]. Thus, many of the mentioned medication errors could be
prevented if health professionals would become more involved in patient education and
satisfaction [63,64]. The collaboration and the complementarity of knowledge of physicians
and pharmacists may offer a reliable solution to DOAC dose management [63]. The
counselling offered by pharmacists empowers the patient and helps avoid or promptly
identify adverse effects [64].

Limitations of the Study

This study comprises the PTs related to dosing errors available in EV. Since not all
the existing ones and ADR reports related to DOACs are available through this database,
the precision of the study might be limited. The underreporting of ADRs is a widespread
phenomenon, the number of reported ADRs being below the number of ADRs that occur.
Statistics available through the EV database, or other pharmacovigilance systems, only
show data on ADRs reported.

The EV database does not comprise information regarding the use of DOACs. More-
over, quantitative data based on DOAC usage in the EEA countries that participated in the
EV database have restricted access. The scientific literature available provides very limited
information regarding DOAC sales or number of prescriptions, and the ones that are avail-
able are lacking in homogeneity (e.g., different therapeutic indications, patients’ category,
country/region, reporting period). Correlations based on this incomplete and variable
information would only be speculative. The reported ADRs or case reports depend on sev-
eral factors, such as awareness of the patient, the nature of the reaction, the administration
of other drugs, the conditions in which the drug was used, etc. The safety profiles observed
could be limited in precision; thus, the data cannot be used to determine the frequency of
ADRs because the spontaneous cases reported in EV are based on a suspicion of causality,
which does not necessarily mean that a causal relationship has been established.

The results of the current descriptive analysis do not allow for the identification of the
causes regarding the highest frequency of drug error reports on rivaroxaban, one of which
might be represented by the possible highest usage of this drug compared to other DOACs.

The calculated ROR cannot be used for the quantitative determination of ADR risk for
DOACs because it only indicates the potential safety issues that might occur.
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4. Materials and Methods
4.1. Study Design

A descriptive analysis was performed based on the ICSR from the EV database.
The analyzed ICSR included suspected ADRs related to DOAC dosing errors (overdose,
underdose, improper dose). Reports uploaded until 3 December 2022 (rivaroxaban from
20 February 2008, apixaban from 6 February 2009, dabigatran from 25 April 2005, and
edoxaban from 17 February 2014) were extracted from the electronic database available at
https://www.adrreports.eu/, accessed on 5 December 2022. The total number of ADRs for
each PT was determined. Subsequently, the number of “fatal” ADRs and “NR/NS” ADRs
was noted for each evaluated PT since the date of the first report registered in EV. Causality
and severity were not limiting criteria for the inclusion of ICSR in EV [65]. The Pearson
correlation coefficient was calculated to evaluate the correlation between each category of
ADRs (overdosing errors, underdosing errors, modified dose errors, fatal dosing errors,
and NR/NS dosing errors) and total ADRs reported in EV.

4.2. Material

According to the Medical Dictionary for Regulatory Activities (MedDRA) terminology,
MEs related to drug dosing are grouped under “injury, poisoning and procedural complica-
tions” SOC (system organ classes). Out of a total number of 91 PTs selected from MedDRA,
the ADRs reported in EV for DOACs were related to only 24 PTs. These PTs were classified
into three categories: (a) improper dose; (b) overdose; (c) underdose (Table 3). PTs referring
to dosing error but not associated with overdosing or underdosing were included in the
improper dose category (a). PTs containing “dose omission” were considered underdos-
ing errors. PTs referring to intentional overdose, underdose or improper dose were not
included (according to the EV recommendations). At the date of the study, EV registered
ICSR for dabigatran, rivaroxaban, apixaban and edoxaban.

Table 3. PTs for MEs related to drug doses.

Category ADR PT

a Improper dose

Dose calculation error

Dose calculation error associated with device

Drug dose titration not performed

Drug titration error

Incorrect dosage administered

Incorrect dose administered

Incorrect dose administered by device

Incorrect dose administered by product

Incorrect product dosage form administered

Product dosage form confusion

Wrong dosage formulation

Wrong dose

b Overdose

Accidental overdose

Extra dose administered

Overdose

Prescribed overdose

https://www.adrreports.eu/
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Table 3. Cont.

Category ADR PT

c Underdose

Accidental underdose

Drug dose omission by device

Incomplete dose administered

Prescribed underdose

Product dose omission

Product dose omission in error

Product dose omission issue

Underdose

4.3. Disproportionality Analysis

Subsequent to the descriptive analysis, a disproportionality analysis was performed.
The ROR was calculated, and a 95% CI was considered. According to the recommendations,
data reported in the EV system could be analyzed if the individual cases were classified
into four categories and two dichotomous variables (a two-by-two contingency table) [66].
The ROR was established for the three types of drug dose errors (categories a, b, c, Table 3).
The total number of cases for each category resulted by summing the number of cases
reported for each PT included in the corresponding category. In order to calculate the
ROR, it is recommended to use comparators from common therapeutic areas [67]. Thus,
antiplatelets and other AC drugs (Table 4) were used as drug references for ADRs reported
for dabigatran, rivaroxaban, apixaban, and edoxaban. All reports were considered regard-
less of drug role (suspect, interacting, or concomitant). According to EMA guidelines,
disproportionality signals were defined when cases were ≥5 and ROR was statistically >1
(lower limit of 95% CI > 1) [66]. The analysis was performed with MedCalc Software Ltd.
Odds ratio calculator [65]; https://www.medcalc.org/calc/odds_ratio.php (accessed on
5 December 2022) (Version 20.123). Data extraction for the disproportionality analysis was
performed on 3 December 2022.

Table 4. Drugs used as comparators for disproportionality analysis.

Drug Category Drug Pharmacologic Class

Anticoagulant drugs

Heparin Unfractionated heparin

Dalteparin Low molecular weight heparin

Enoxaparin Low molecular weight heparin

Nadroprin Low molecular weight heparin

Tinzaparin Low molecular weight heparin

Reviparin Low molecular weight heparin

Parnaparin Low molecular weight heparin

Certoparin Low molecular weight heparin

Bemiparin Low molecular weight heparin

Semuloparin Low molecular weight heparin

Deligoparin Low molecular weight heparin

Fondaparinux Parenteral direct factor Xa inhibitor

https://www.medcalc.org/calc/odds_ratio.php
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Table 4. Cont.

Drug Category Drug Pharmacologic Class

Anticoagulant drugs

Danaparoid Heparinoid

Pentosan polysulphate Heparinoid

Argatroban Parenteral direct thrombin inhibitor

Desirudin Parenteral direct thrombin inhibitor

Lepirudin Parenteral direct thrombin inhibitor

Bivalirudin Parenteral direct thrombin inhibitor

Warfarin VKA

Acenocoumarol VKA

Dicumarol VKA

Phenindione VKA

Anisindione VKA

Fluindione VKA

Antiplatelet drugs

Clopidogrel Platelet aggregation inhibitors

Ticagrelor Platelet aggregation inhibitors

Prasugrel Platelet aggregation inhibitors

Ticlopidine Platelet aggregation inhibitors

Cilostazol Phosphodiesterase type 3 inhibitor

Triflusal Platelet aggregation inhibitors

Abciximab Glycoprotein platelet inhibitors

Eptifibatide Glycoprotein platelet inhibitors

Tirofiban Glycoprotein platelet inhibitors

Vorapaxar Protease-activated receptor-1 antagonists

Dipyridamole Nucleoside transport and
phosphodiesterase type 3 inhibitor

Dipyridamole and Acetylsalicylic acid Combination

Acetylsalicylic acid and Clopidogrel Combination

4.4. Ethics

Data were reported anonymously by healthcare professionals or non-healthcare pro-
fessionals, including patients and marketing authorization holders, and patients could not
be identified on the portal. Thus, no ethical approval was necessary.

5. Conclusions

DOACs have been on the market since 2008 and have offered a safer alternative to
vitamin K antagonists and heparins. This retrospective analysis of ADRs related to DOAC
dosing errors showed that underdosing is still the most frequently encountered dosing
error (51.56%), as opposed to overdose errors (18.54%). Only four (rivaroxaban, apixaban,
edoxaban, and dabigatran) of the five current representatives of the DOAC class were
mentioned in ADR reports from EV. Out of the total ADRs reported for ACs, 30.7% were
related to rivaroxaban. An interdisciplinary medical team including a clinical pharmacist
can offer a complete solution to identify and address dose errors at any level, including
drug prescribing, dispensing and administration.
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Abbreviations

ABC abciximab
AC anticoagulant drugs
ACE acenocoumarol
ACL combination of acetylsalicylic acid and clopidogrel
ADRs adverse reactions
AF atrial fibrillation
API apixaban
ARG argatroban
BEM bemiparin
BIV bivalirudin
CER certoparin
CI confidence interval
CIL cilostazol
CLO clopidogrel
DAB dabigatran
DAL dalteparin
DAN danaparoid
DAS combination of dipyridamole and acetylsalicylic acid
DIP dipyridamole
DOACs direct oral anticoagulant drugs
EDO edoxaban
EEA European Economic Area
EMA European Medicines Agency
ENO enoxaparin
EPT eptifibatide
EV EudraVigilance
FLU fluindione
FON fondaparinux
HEP unfractionated heparin
ICSR Individual Case Safety Report
LEP lepirudin
LMWHs low molecular weight heparins
ME medication errors
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MedDRA Medical Dictionary for Regulatory Activities
NAD nadroparin
NR/NS not recovered/not resolved
PRA prasugrel
PT preferred term
RIV rivaroxaban
ROR reporting odds ratio
SOC system organ classes
TCL ticagrelor
TIC ticlopidine
TIN tinzaparin
TIR tirofiban
VKAs vitamin K antagonists
WAR warfarin

References
1. Weisel, J.W.; Litvinov, R.I. Fibrin Formation, Structure and Properties. Subcell. Biochem. 2017, 82, 405. [CrossRef] [PubMed]
2. Heestermans, M.; Poenou, G.; Hamzeh-Cognasse, H.; Cognasse, F.; Bertoletti, L. Anticoagulants: A Short History, Their

Mechanism of Action, Pharmacology, and Indications. Cells 2022, 11, 3214. [CrossRef]
3. Esmon, C.T. Basic Mechanisms and Pathogenesis of Venous Thrombosis. Blood Rev. 2009, 23, 225. [CrossRef]
4. Wakefield, T.W.; Myers, D.D.; Henke, P.K. Mechanisms of Venous Thrombosis and Resolution. Arterioscler. Thromb. Vasc. Biol.

2008, 28, 387–391. [CrossRef]
5. Mackman, N. New Insights into the Mechanisms of Venous Thrombosis. J. Clin. Investig. 2012, 122, 2331. [CrossRef]
6. Violi, F.; Pastori, D.; Pignatelli, P. Mechanisms and Management Of Thrombo-Embolism In Atrial Fibrillation. J. Atr. Fibrillation

2014, 7, 71–76. [CrossRef]
7. Roudaut, R.; Serri, K.; Lafitte, S. Thrombosis of Prosthetic Heart Valves: Diagnosis and Therapeutic Considerations. Heart 2007,

93, 137. [CrossRef] [PubMed]
8. Ghibu, S.; Ilie, I.; Mures, an, A.; Mogos, an, C. Perspectives in the experimental study of the metabolic syndrome. Farmacia 2015,

63, 4.
9. Kahn, S.R. The Post-Thrombotic Syndrome. Hematol. Am. Soc. Hematol. Educ. Progr. 2016, 2016, 413. [CrossRef] [PubMed]
10. Cushman, M. Epidemiology and Risk Factors for Venous Thrombosis. Semin. Hematol. 2007, 44, 62. [CrossRef] [PubMed]
11. Haiey, P.M. Overview of Venous Thromboembolism. Am. J. Manag. Care 2017, 23, S376–S382.
12. Cuc Ioana, H.; Crina Claudia, T.; Olah, N.; Dehelean, C.; Motoc, A.; Ardelean, S.; Conea, S.; Morgovan, C. Study of the Oral

Contraceptives’ Use by Women from Western Romania. Farmacia 2015, 63, 4.
13. Deep Venous Thrombosis Prophylaxis—StatPearls—NCBI Bookshelf. Available online: https://www.ncbi.nlm.nih.gov/books/

NBK534865/#!po=31.2500 (accessed on 30 June 2022).
14. Brouwers, J.R.B.J.; Roeters van Lennep, J.E.; Beinema, M.J. Biosimilars of Low Molecular Weight Heparins: Relevant Background

Information for Your Drug Formulary. Br. J. Clin. Pharmacol. 2019, 85, 2479. [CrossRef]
15. Enoxaparin—StatPearls—NCBI Bookshelf. Available online: https://www.ncbi.nlm.nih.gov/books/NBK539865/ (accessed on

29 June 2022).
16. Imberti, D.; Marietta, M.; Polo Friz, H.; Cimminiello, C. The Introduction of Biosimilars of Low Molecular Weight Heparins in

Europe: A Critical Review and Reappraisal Endorsed by the Italian Society for Haemostasis and Thrombosis (SISET) and the
Italian Society for Angiology and Vascular Medicine (SIAPAV). Thromb. J. 2017, 15, 13. [CrossRef] [PubMed]

17. Fan, P.; Gao, Y.; Zheng, M.; Xu, T.; Schoenhagen, P.; Jin, Z. Recent Progress and Market Analysis of Anticoagulant Drugs. J. Thorac.
Dis. 2018, 10, 2011–2025. [CrossRef] [PubMed]

18. Heo, Y.A. Andexanet Alfa: First Global Approval. Drugs 2018, 78, 1049. [CrossRef]
19. Burness, C.B. Idarucizumab: First Global Approval. Drugs 2015, 75, 2155–2161. [CrossRef]
20. Warkentin, T.E.; Greinacher, A.; Koster, A. Bivalirudin. Thromb. Haemost. 2008, 99, 830–839. [CrossRef] [PubMed]
21. Chen, A.; Stecker, E.; Warden, B.A. Direct Oral Anticoagulant Use: A Practical Guide to Common Clinical Challenges. J. Am.

Heart Assoc. 2020, 9, 17559. [CrossRef]
22. McRae, H.L.; Militello, L.; Refaai, M.A. Updates in Anticoagulation Therapy Monitoring. Biomedicines 2021, 9, 262. [CrossRef]
23. Schulman, S. Advantages and Limitations of the New Anticoagulants. J. Intern. Med. 2014, 275, 1–11. [CrossRef] [PubMed]
24. Zirlik, A.; Bode, C. Vitamin K Antagonists: Relative Strengths and Weaknesses vs. Direct Oral Anticoagulants for Stroke

Prevention in Patients with Atrial Fibrillation. J. Thromb. Thrombolysis 2017, 43, 365. [CrossRef]
25. Fernández, C.S.; Gullón, A.; Formiga, F. The Problem of Underdosing with Direct-Acting Oral Anticoagulants in Elderly Patients

with Nonvalvular Atrial Fibrillation. J. Comp. Eff. Res. 2020, 9, 509–523. [CrossRef]
26. MHRA DOAC Safety Reminder. Drug Ther. Bull. 2020, 58, 150. [CrossRef] [PubMed]
27. Kustos, S.A.; Fasinu, P.S. Direct-Acting Oral Anticoagulants and Their Reversal Agents—An Update. Medicines 2019, 6, 103.

[CrossRef] [PubMed]

http://doi.org/10.1007/978-3-319-49674-0_13
http://www.ncbi.nlm.nih.gov/pubmed/28101869
http://doi.org/10.3390/cells11203214
http://doi.org/10.1016/j.blre.2009.07.002
http://doi.org/10.1161/ATVBAHA.108.162289
http://doi.org/10.1172/JCI60229
http://doi.org/10.4022/JAFIB.1112
http://doi.org/10.1136/hrt.2005.071183
http://www.ncbi.nlm.nih.gov/pubmed/17170355
http://doi.org/10.1182/asheducation-2016.1.413
http://www.ncbi.nlm.nih.gov/pubmed/27913509
http://doi.org/10.1053/j.seminhematol.2007.02.004
http://www.ncbi.nlm.nih.gov/pubmed/17433897
https://www.ncbi.nlm.nih.gov/books/NBK534865/#!po=31.2500
https://www.ncbi.nlm.nih.gov/books/NBK534865/#!po=31.2500
http://doi.org/10.1111/bcp.14081
https://www.ncbi.nlm.nih.gov/books/NBK539865/
http://doi.org/10.1186/s12959-017-0136-2
http://www.ncbi.nlm.nih.gov/pubmed/28490974
http://doi.org/10.21037/jtd.2018.03.95
http://www.ncbi.nlm.nih.gov/pubmed/29707358
http://doi.org/10.1007/s40265-018-0940-4
http://doi.org/10.1007/s40265-015-0508-5
http://doi.org/10.1160/TH07-10-0644
http://www.ncbi.nlm.nih.gov/pubmed/18449412
http://doi.org/10.1161/JAHA.120.017559
http://doi.org/10.3390/biomedicines9030262
http://doi.org/10.1111/joim.12138
http://www.ncbi.nlm.nih.gov/pubmed/24112453
http://doi.org/10.1007/s11239-016-1446-0
http://doi.org/10.2217/cer-2019-0197
http://doi.org/10.1136/dtb.2020.000047
http://www.ncbi.nlm.nih.gov/pubmed/32690490
http://doi.org/10.3390/medicines6040103
http://www.ncbi.nlm.nih.gov/pubmed/31618893


Pharmaceuticals 2023, 16, 455 19 of 20

28. Joel, M.; Gore, M. Overdosing and Underdosing of Novel Direct-Acting Oral Anticoagulants. NEJM J. Watch 2017, 2017. [CrossRef]
29. Miyazaki, M.; Matsuo, K.; Uchiyama, M.; Nakamura, Y.; Sakamoto, Y.; Misaki, M.; Tokura, K.; Jimi, S.; Okamura, K.; Adachi,

S.; et al. Inappropriate Direct Oral Anticoagulant Dosing in Atrial Fibrillation Patients Is Associated with Prescriptions for
Outpatients Rather than Inpatients: A Single-Center Retrospective Cohort Study. J. Pharm. Health Care Sci. 2020, 6, 2. [CrossRef]

30. Shen, N.N.; Zhang, C.; Hang, Y.; Li, Z.; Kong, L.C.; Wang, N.; Wang, J.L.; Gu, Z.C. Real-World Prevalence of Direct Oral
Anticoagulant Off-Label Doses in Atrial Fibrillation: An Epidemiological Meta-Analysis. Front. Pharmacol. 2021, 12, 1212.
[CrossRef]

31. Pereira, M.Q.; David, C.; Almeida, A.G.; Brito, D.; Pinto, F.J.; Caldeira, D. Clinical Effects of Off-Label Reduced Doses of Direct
Oral Anticoagulants: A Systematic Review and Meta-Analysis. Int. J. Cardiol. 2022, 362, 76–82. [CrossRef]

32. Santos, J.; António, N.; Rocha, M.; Fortuna, A. Impact of Direct Oral Anticoagulant Off-label Doses on Clinical Outcomes of Atrial
Fibrillation Patients: A Systematic Review. Br. J. Clin. Pharmacol. 2020, 86, 533. [CrossRef]

33. Ashraf, H.; Agasthi, P.; Shanbhag, A.; Mehta, R.A.; Rattanawong, P.; Allam, M.; Pujari, S.H.; Mookadam, F.; Freeman, W.K.;
Srivathsan, K.; et al. Long-Term Clinical Outcomes of Underdosed Direct Oral Anticoagulants in Patients with Atrial Fibrillation
and Atrial Flutter. Am. J. Med. 2021, 134, 788–796. [CrossRef]

34. Kirchhof, P.; Radaideh, G.; Kim, Y.H.; Lanas, F.; Haas, S.; Amarenco, P.; Turpie, A.G.G.; Bach, M.; Lambelet, M.; Hess, S.; et al.
Global Prospective Safety Analysis of Rivaroxaban. J. Am. Coll. Cardiol. 2018, 72, 141–153. [CrossRef] [PubMed]

35. Bartlett, J.W.; Renner, E.; Mouland, E.; Barnes, G.D.; Kuo, L.; Ha, N.B. Clinical Safety Outcomes in Patients With Nonvalvular
Atrial Fibrillation on Rivaroxaban and Diltiazem. Ann. Pharmacother. 2019, 53, 21–27. [CrossRef] [PubMed]

36. Yao, X.; Shah, N.D.; Sangaralingham, L.R.; Gersh, B.J.; Noseworthy, P.A. Non-Vitamin K Antagonist Oral Anticoagulant Dosing in
Patients with Atrial Fibrillation and Renal Dysfunction. J. Am. Coll. Cardiol. 2017, 69, 2779–2790. [CrossRef]

37. European Medicines Agency. Good Practice Guide Medication Error Recording Coding Reporting Assessment. Available online:
www.ema.europa.eu/contact (accessed on 2 January 2023).

38. European Medicines Agency. Good Practice Guide Medication Error Risk Minimisation and Prevention. Available online:
www.ema.europa.eu/contact (accessed on 2 January 2023).

39. Medication Errors|European Medicines Agency. Available online: https://www.ema.europa.eu/en/human-regulatory/post-
authorisation/pharmacovigilance/medication-errors (accessed on 2 January 2023).
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