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ABSTRACT
Objective There has been limited systematic evaluation 
of outcomes and drivers of inappropriate non- vitamin K 
antagonist oral anticoagulants (NOACs) dosing among 
patients with atrial fibrillation (AF). This review identified 
and systematically evaluated literature on clinical and 
economic outcomes of inappropriate NOAC dosing and 
associated patient characteristics.
Methods MEDLINE, Embase, Cochrane Library, 
International Pharmaceutical Abstracts, Econlit, PubMed 
and NHS EEDs databases were searched for English 
language observational studies from all geographies 
published between 2008 and 2020, examining outcomes 
of, or factors associated with, inappropriate NOAC 
dosing in adult patients with AF.
Results One hundred and six studies were included 
in the analysis. Meta- analysis showed that compared 
with recommended NOAC dosing, off- label underdosing 
was associated with a null effect on stroke outcomes 
(ischaemic stroke and stroke/transient ischaemic attack 
(TIA), stroke/systemic embolism (SE) and stroke/SE/TIA). 
Meta- analysis of 15 studies examining clinical outcomes 
of inappropriate NOAC dosing found a null effect of 
underdosing on bleeding outcomes (major bleeding 
HR=1.04, 95% CI 0.90 to 1.19; p=0.625) but an 
increased risk of all- cause mortality (HR=1.28, 95% CI 
1.10 to 1.49; p=0.006). Overdosing was associated 
with an increased risk of major bleeding (HR=1.41, 
95% CI 1.07 to 1.85; p=0.013). No studies were found 
examining economic outcomes of inappropriate NOAC 
dosing. Narrative synthesis of 12 studies examining 
drivers of inappropriate NOAC dosing found that 
increased age, history of minor bleeds, hypertension, 
congestive heart failure and low creatine clearance (CrCl) 
were associated with an increased risk of underdosing. 
There was insufficient evidence to assess drivers of 
overdosing.
Conclusions Our analysis suggests that off- label 
underdosing of NOACs does not reduce bleeding 
outcomes. Patients prescribed off- label NOAC doses are 
at an increased risk of all- cause mortality. These data 
underscore the importance of prescriber adherence to 
NOAC dosing guidelines to achieve optimal clinical 
outcomes for patients with AF.
PROSPERO registration number CRD42020219844.

INTRODUCTION
Global guidelines recommend that non- vitamin K 
antagonist oral anticoagulants (NOACs) are used 
to prevent stroke in patients with atrial fibrillation 
(AF). NOACs (including apixaban, dabigatran, 
edoxaban and rivaroxaban) have demonstrated at 
least similar efficacy in preventing AF- related stroke 
compared with warfarin and are safer concerning 
serious bleeding across several large- scale clinical 
studies. Consequently, NOACs are recommended 
as first- line therapy for stroke prevention among 
adult patients with AF.1–5

Comorbidities (eg, chronic kidney disease and 
extreme body weight), as well as age and concomi-
tant therapies, can impact the appropriate dosing of 
NOACs. Therefore, guidelines informed by clinical 
trials recommend dose adjustment to reduce the 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Inappropriate non- vitamin K antagonist oral 
anticoagulant (NOAC) dosing is a common 
occurrence in patients with atrial fibrillation 
(AF) and has been variably associated with 
adverse outcomes in individual studies. 
However, there has been limited synthesis of 
these studies to date.

WHAT THIS STUDY ADDS
 ⇒ This study provides a systematic synthesis of 
existing literature to highlight the importance 
of adhering to NOAC dosing guidelines to 
achieve the best clinical outcomes for patients 
with AF. To the best of our knowledge, this study 
provides the first synthesis of studies examining 
factors driving inappropriate NOAC dosing.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Sustained emphasis on the importance of 
adhering to clinical dosing guidelines for 
patients with AF may increase the likelihood 
that such patients achieve optimal clinical 
outcomes.
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risk of thromboembolic events and bleeding complications for 
defined subgroups.6 7

The product information of each NOAC provides clear guid-
ance as to which patients should be considered for dose adjust-
ment; however, a substantial number of patients in routine clinical 
practice are inappropriately prescribed adjusted doses.8 9 A 2016 
study conducted in the USA found that 9.4% of patients with 
AF were underdosed and 3.4% were overdosed.10 Prescribers 
may perceive that this reduces bleeding risk; however, there is 
currently a lack of evidence as to whether routine underdosing 
reduces the risk of bleeding and adequately protects patients.

Several studies have indicated that inappropriate NOAC 
dosing may be associated with adverse events.6 11 Underdosing 
has been associated with increased stroke risk,12 while over-
dosing may increase the risk of adverse events such as bleeding.13 
Several large observational studies have been conducted in the 
secondary care setting (USA,12 13 South Korea14 15 and Europe16), 
which show an association between inappropriate NOAC dosing 
and adverse health outcomes. Similar results have been found in 
high- risk populations such as nursing home residents.17

To inform decision- makers whether the common practice of 
dosing outside of guidelines produces optimal patient outcomes, 
it is necessary to systematically evaluate the clinical and economic 
implications of off- label dosing and to establish what is driving 
decisions to dose outside of guidelines. To our knowledge, there 
is no published systematic review that examines the clinical and 
economic impacts, as well as drivers, of inappropriate NOAC 
dosing.

The primary objectives of this review were to identify the evidence 
for (1) the effect of inappropriate dosing (underdosing and over-
dosing) of a NOAC on clinical outcomes in adult patients with non- 
valvular atrial fibrillation (NVAF) and (2) the economic impact of 
inappropriate NOAC dosing. The secondary objective is to identify 
patient characteristics associated with inappropriate dosing.

RESEARCH QUESTIONS
These review objectives were met by answering the following 
three research questions:
1. What is the impact of inappropriate dosing (underdosing 

and overdosing) of a NOAC on clinical outcomes in adult 
patients with AF?

2. What is the cost impact of inappropriate NOAC dosing?
3. What are the key patient characteristics associated with inap-

propriate NOAC dosing?

REVIEW METHODS
The review was conducted following the Preferred Reporting 
Items for Systematic Reviews and Meta- analyses guidelines 
and in accordance with the Centre for Review and Dissemina-
tion (CRD) Handbook. The protocol was preregistered on the 
PROSPERO register of systematic reviews (CRD42020219844).

Literature search
Published literature was captured through searches of 
MEDLINE, Embase, Cochrane library, International Pharma-
ceutical Abstracts, Econlit, PubMed and NHS EEDs databases. 
The searches were conducted on 12 October 2020 and included 
material from 2008 (see online supplemental S1, Search strategy 
for the full search strategy).

Conference proceedings were date limited 2018–2020. The 
Conference Proceedings Citation Index- Science (Clarivate 
Analytics) and The Professional Society for Health Economics 
and Outcomes Research conference databases were searched 

alongside a search of Embase limited to conference proceed-
ings. The European Society of Cardiology, the American College 
of Cardiology and the American Heart Association were hand 
searched by a researcher (CC).

Study selection and screening
Studies were screened by two researchers independently (AW 
and HS) based initially on study title and abstract and subse-
quently on full text. Disagreements over study eligibility were 
resolved by a third researcher (AC).

Inclusion and exclusion criteria, data extraction and quality 
assessment
English language studies were included if they examined 
outcomes of, or factors associated with, inappropriate NOAC 
dosing (apixaban, dabigatran, edoxaban or rivaroxaban) for 
adult patients with NVAF. Doses were considered inappropriate 
if they did not conform to label or guideline recommenda-
tions, either non- recommended high dose (overdosing) or non- 
recommended low dose (underdosing) (table 1).18 We applied 
the NOAC dosing guidelines as used in each included study.

Data were extracted by one reviewer (AW) for each included 
study and independently checked by a second reviewer (HS). 
Information extracted included study information (author, year 
of publication, country, study design, follow- up length, study size 
and NOAC studied), patient characteristics (age, sex, ethnicity, 
comorbidities and concomitant medications), outcomes/factors 
assessed, measures used and effect sizes.

Factor and outcome definitions were applied as used in the 
included studies.

Study quality was assessed by two researchers independently using 
the Newcastle- Ottawa Scale. Cut- off values of 0–3, 4–6 and 7–10 
corresponding to low, moderate and high qualities, respectively, were 
assigned.19

Analysis
The feasibility of meta- analysis of adjusted HRs was determined 
based on an assessment of similarity of study design, presenta-
tion of results and factors adjusted for in regression analyses.

Fifteen studies addressing outcomes of inappropriate NOAC 
dosing were deemed sufficiently similar to enable a meta- analysis 
conducted in Stata V.16.10 12–14 17 20–29 These were all cohort 
studies that conducted regression analyses and reported results 
as HRs, and all adjusted for a minimum common set of factors 
(age, sex, diabetes (type unspecified), heart failure and hyper-
tension). Statistical details from these studies were collected 
(online supplemental information S5, table 14). Random- effects 
meta- analysis was performed using aggregated data. We assume 
the log HR in each trial is independently normally distributed; 

Table 1 Dose reduction criteria of NOACs18

NOAC Dose reduction criteria Reduced dose

Dabigatran Creatinine clearance: 50 mL/min Variable doses below full 
110 mg dose recommended in 
ESC guidelines

Rivaroxaban Creatinine clearance: 50 mL/min 15 mg once a day

Apixaban 2 of 3 criteria: age ≥80 years, 
weight ≤60 kg, creatinine ≥1.5 mg/
dL

2.5 mg two times a day

Edoxaban Creatinine clearance: ≤50 mL/min 30 mg once a day

NOAC, non- vitamin K antagonist oral anticoagulant.
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however, studies have unequal variance and therefore regression 
was weighted using the inverse variance method.

Cardiovascular outcomes of underdosing assessed through meta- 
analysis were ‘ischaemic stroke (IS) and stroke/transient ischaemic 
attack (TIA)’, ‘stroke/systemic embolism (SE)’, ‘stroke/SE/TIA’ and 
‘myocardial infarction (MI)’. Bleeding outcomes addressed were 
‘major bleeding’, ‘gastrointestinal haemorrhage (GIB)’ and ‘intracra-
nial haemorrhage (ICH)’. ‘Mortality’ was also assessed.

Clinical outcomes of overdosing assessed through meta- 
analysis were ‘IS and stroke/TIA’, ‘stroke/SE’, ‘major bleeding’ 
and ‘mortality’.

Due to study heterogeneity, meta- analysis was not considered 
appropriate for studies addressing the factors associated with 
inappropriate NOAC dosing. Therefore, the findings from these 
studies are presented as a narrative synthesis, and factors exam-
ined within a regression analysis by more than one paper were 
included in the narrative synthesis.

Patient and public involvement
Patients or the public were not involved in the design, conduct, 
reporting or dissemination plans of the study.

RESULTS
One hundred and six studies were included in this review: 34 
of these examined clinical outcomes of inappropriate NOAC 
dosing; 41 examined drivers of inappropriate NOAC dosing; and 
31 examined both outcomes and drivers of inappropriate NOAC 
dosing (figure 1). No studies examined economic outcomes of 
inappropriate NOAC dosing.

Sixty- three were cohort studies, and 43 were cross- sectional 
studies (see online supplemental S2 for an overview of study 
characteristics).

The following sections describe findings by outcome. Results 
for all subgroup analysis for each outcome can be found in 
online supplemental S4.

Stroke outcomes of inappropriate NOAC dosing
Compared with recommended NOAC dosing, underdosing was 
found to have a null effect on stroke outcomes. A null effect 
was observed for IS and stroke/TIA (HR=1.08, 95% CI 0.83 
to 1.41; p=0.546), stroke/SE (HR=1.01, 95% CI 0.83 to 1.24; 
p=0.886) and stroke/SE/TIA (HR=1.14, 95% CI 0.73 to 1.77; 
p=0.569) (figure 2).

Figure 1 Preferred Reporting Items for Systematic Reviews and Meta- analyses flow diagram of the study selection. NVAF, non- valvular atrial 
fibrillation RQ1, research question 1; RQ3, research question 3.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://heart.bm

j.com
/

H
eart: first published as 10.1136/heartjnl-2022-321114 on 31 O

ctober 2022. D
ow

nloaded from
 

https://dx.doi.org/10.1136/heartjnl-2022-321114
https://dx.doi.org/10.1136/heartjnl-2022-321114
http://heart.bmj.com/


4 Caso V, et al. Heart 2022;0:1–8. doi:10.1136/heartjnl-2022-321114

Arrhythmias and sudden death

A null effect of overdosing was found for IS and stroke/
TIA (HR=1.16, 95% CI 0.88 to 1.52; p=0.291) and stroke/
SE (HR=1.68, 95% CI 1.00 to 2.82; p=0.052).

Cardiovascular outcomes of inappropriate NOAC dosing
Compared with recommended NOAC dosing, underdosing was 
associated with a null effect for MI (HR=1.08, 95% 0.74–1.58; 
p=0.676) (figure 2).

Bleeding outcomes of inappropriate NOAC dosing
When assessed through meta- analysis, underdosing had a null 
effect on bleeding outcomes compared with recommended 
NOAC dosing. This was the case for major bleeding (HR=1.04, 
95% CI 0.90 to 1.19; p=0.625), GIB (HR=1.08, 95% CI 0.82 
to 1.42; p=0.590) and ICH (HR=1.22; 95% CI 0.94 to 1.60; 
p=0.141) (figure 3).

Figure 2 Forest plot showing the HRs and 95% CIs for studies examining cardiovascular outcomes of non- vitamin K antagonist oral anticoagulant 
underdosing compared with recommended dosing. SE, systemic embolism; TIA, transient ischaemic attack.

Figure 3 Forest plot showing the HRs and 95% CIs for studies examining bleeding (A–C) and mortality (D) outcomes of non- vitamin K antagonist 
oral anticoagulant underdosing compared with recommended dosing. DL, DerSimonian and Laird approach.
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Compared with recommended NOAC dosing, overdosing 
was associated with a greater risk of major bleeding (HR=1.41, 
95% CI 1.07 to 1.85; p=0.013) (figure 3).

Mortality outcomes of inappropriate NOAC dosing
An increased risk of all- cause mortality was associated with 
underdosing (HR=1.28 95% CI 1.10 to 1.49; p=0.006) 
(figure 3). As the recorded outcome was ‘all- cause’ mortality, 
it was not possible to define which elements of mortality were 
driving this trend.

Overdosing had a null effect on all- cause mortality (HR=1.13, 
95% CI 0.83 to 1.55; p=0.438) (figure 4).

Economic outcomes of inappropriate NOAC dosing
No studies were identified examining economic outcomes of 
inappropriate NOAC dosing.

Drivers of inappropriate NOAC dosing
Fifteen studies conducted regression analyses on the drivers of 
inappropriate NOAC dosing, examining patient demographics 
(age, sex and weight), comorbidities (diabetes (type unspecified), 
hypertension and congestive heart failure), stroke risk factors 
(history of prior stroke, CHA2DS2- VASc score and CHADS2 
score), renal function (CrCl and estimated glomerular filtration 
rate (eGFR) and bleeding risk (HAS- BLED and history of minor 
bleed).8 9 14 22 27 30–39

Drivers of inappropriate NOAC underdosing
A history of minor bleed (HAS- BLED <3 vs HAS- BLED ≥3) was 
associated with an increased risk of underdosing.8 9 14 22 27 30–39 
Similarly, an increased risk of underdosing was observed with 
age ≥65 years and age ≥75 years (reference category: ≤65 
years).8 9 14 22 27 30–39 An increased risk was also observed with 
CrCl levels of ≤50 mL/min. Okumura et al9 and Yagi et al39 
found an increased risk of underdosing with CrCl levels of 
50–80 and 50–63 mL/min, respectively.8 9 14 22 27 30–39 Başaran 
et al8 found an increased risk of underdosing with CrCl of 

≥50 mL/min.8 9 14 22 27 30–39 Hypertension (vs no hypertension) 
and CHF (vs no CHF) were also associated with an increased 
risk of underdosing.8 9 14 22 27 30–39

A null effect on underdosing was observed with age when 
measured as a continuous variable. Weight, sex, CHADS2 score, 
CHA2DS2- VASc score and HAS- BLED score also showed a null 
effect on underdosing (online supplemental information S3, 
figure 1). An inconclusive effect was observed with diabetes 
mellitus and history of prior stroke (online supplemental infor-
mation S3, figure 2).

Drivers of inappropriate NOAC overdosing
There were variable effects between age, sex and CHA2DS2- VASc 
score and whether the patient had an overdose (online supple-
mental information S3, figure 3).

DISCUSSION
The need for this systematic review was driven by an observa-
tion that NOACs are being inappropriately dosed in practice 
and a hypothesis that clinicians are prescribing lower doses to 
patients whom they deem to be at high risk of bleeds.9 12 24 40–42 
Analysis of the drivers of inappropriate NOAC dosing supports 
this conjecture, identifying history of minor bleed but not major 
bleeding as a key driver of decisions to dose outside of guideline 
recommendations.

This may reflect physician perceptions about which patients 
have a higher risk of bleeding, reflected in the finding that age 
≥65 was also associated with underdosing. Frailty might also be 
expected to be associated with underdosing; however, no studies 
quantitatively examined the impact of frailty on inappropriate 
NOAC dosing.

There was no difference in bleeding risk between patients 
with AF underdosed outside of the dosing guidelines and those 
dosed according to guidelines. This finding may suggest that 
contrary to clinicians’ assumed aim of selecting lower doses to 
reduce bleeding risk, in practice, no reduction in bleeding risk 
was found with underdosing. Underdosing conveyed no safety 

Figure 4 Forest plot showing the HRs and 95% CIs for studies examining cardiovascular (A,B), major bleeding (C) and mortality (D) outcomes of 
non- vitamin K antagonist oral anticoagulant overdosing compared with recommended dosing. SE, systemic embolism; TIA, transient ischaemic attack.
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benefit in terms of reduced bleeding to the patient. Further-
more, differences in both stroke and cardiovascular outcomes 
between these patients were not found to be statistically signif-
icant, conveying no safety benefit to patients receiving reduced 
doses outside of guideline recommendations. While appropriate 
dose adjustment to avoid high levels of drug exposure have been 
studied in clinical trials and are necessary to avoid the unneces-
sary excess risk of bleeding, the fact that routinely underdosing 
NOACs has no safety advantage suggests that the risk of bleeding 
in these patients has more to do with their underlying bleeding 
risk than with dosing. Another explanation for this finding is that 
clinicians are successful in optimising NOAC doses for patients 
with high bleeding risk. Importantly, there is potential harm to 
reduce the NOAC dose in patients at presumed increased risk of 
bleeding, as demonstrated by the increase in all- cause mortality. 
Further studies are required to clarify this association due to 
unmeasured confounders such as frailty.

Adherence to guideline- recommend dosing is of critical 
importance across all the NOACs; however, different outcomes 
associated with individual NOAC underdosing have previ-
ously been observed.12 43 Subgroup analyses within this review 
echoed these findings; these results can be found in online 
supplemental information S4. While inappropriate low doses 
of dabigatran and rivaroxaban resulted in a null effect on major 
bleeding and all- cause mortality, inappropriate low doses of 
apixaban led to a paradoxically increased risk of both major 
bleeding and all- cause mortality. However, these associations 
are likely to be confounded since apixaban is more likely to 
be used in very high- risk patients (greater comorbidities and 
frail) who are also likely to be inappropriately underdosed. 
Therefore, it cannot be assumed that an appropriate NOAC 
dose would reduce all- cause mortality. Moreover, given that it 
is not biologically plausible that underdosing NOACs results 
in increased bleeding events, this emphasises that bleeding risk 
is more attributable to individual patient characteristics than 
NOAC dose.

Ashraf et al’s recently published study examining long- term 
clinical outcomes of underdosed NOACs similarly found that 
underdosing with apixaban, in particular, was associated with 
increased all- cause mortality.44 The current review and meta- 
analysis do not address this issue either, as there are currently no 
publications available on this issue.

While the clinical impact of inappropriate NOAC dosing 
is evident, there is a clear absence of evidence regarding the 
economic impact. This is an important area for future research.

This systematic review showed no association of underdosing 
with cardiovascular outcomes such as IS. However, increased 
stroke risk due to underdosing of NOACs has been seen in 
numerous randomised clinical trials. Steffel et al45 found that 
half- dose edoxaban increased stroke risk among patients with 
NVAF.45 The study compared a lower- dose edoxaban regime 
comprising a standard dose of 30 mg once a day and reduced 
dose of 15 mg once a day to a higher- dose edoxaban regime 
comprising a standard and reduced dose of 60 and 30 mg once 
a day, respectively. Patients randomised to a lower- dose edox-
aban regimen had significantly higher stroke risk than patients 
randomised to a higher- dose edoxaban regimen.

Similarly, the RE- LY and RELY- ABLE randomised controlled 
trials found higher rates of stroke and SE among patients receiving 
110 mg of dabigatran two times per day than patients receiving 
150 mg of dabigatran two times per day.1 46 Of note, dabigatran 
at a dose of 110 mg two times per day is not a dose reduction, as 
both dabigatran doses were approved for clinical use. Details of 
how underdosing was defined for dabigatran among the studies 

included for meta- analysis were recorded (online supplemental 
information S5, table 14).

The lack of a similar effect observed in this review may be 
linked to the inclusion of solely observational studies, creating 
a risk of unmeasured confounders affecting reported results. 
Disparity between the observational real- world data and 
randomised trial data illustrates the potential influence of 
confounders such as adherence, which was not considered or 
adjusted for in any of the studies included in meta- analyses. Poor 
adherence among standard- dosed patients could increase stroke 
risk among this group, obscuring any potential elevated stroke 
risk among underdosed patients.

Furthermore, there must be caution in clinical practice when 
interpreting the lack of association between underdosing and 
the risk of stroke based on observational studies. The impact 
of underdosing on AF- related clinically silent strokes and multi- 
infarct dementia47 was not evaluated by this review due to the 
paucity of data. Longitudinal studies are needed to demonstrate 
the lack of increased risk of these outcomes among patients 
underdosed with NOACs.

Low absolute rates of stroke magnify the potential influence of 
confounders. Calculation of absolute risk difference found that 
patients receiving inappropriate low doses experienced three 
additional IS and stroke/TIA events per 100 patients compared 
with those receiving a recommended dose, aligning with the 
conclusions drawn from the meta- analysis using relative risk 
(online supplemental information S3, figure 4).

A recently published systematic review by Liu et al supports the 
finding of null effect on bleeding and increased risk of mortality 
following underdosing.48 However, in contrast to this review, 
Liu et al also found an increased risk of stroke and SE following 
underdosing. This difference may be due to the broader search 
strings and database inclusion in this review (as demonstrated by 
the fact that all the 11 publications included by Liu et al were 
also included within the 106 selected for this review).

Strengths and limitations
To our knowledge, this is the first systematic review to assess 
both clinical and economic outcomes of inappropriate NOAC 
dosing as well as drivers of inappropriate NOAC dosing.

While observational studies are a valuable source of infor-
mation for understanding NOAC dosing in clinical practice, 
the summary effects reported may be biased. This is due to the 
limitations of the primary studies in controlling for confounders 
both measured and unmeasured. For key variables, this review 
applied definitions used by the included studies. There was often 
a lack of clarity over definitions such as ‘history of minor bleed’, 
while definitions for inappropriate NOAC dosing may vary 
according to local guidelines. The outcome ‘all- cause mortality’ 
offers no further insight into specific causes of mortality driving 
observed trends. Understanding the causes of death in the under-
dosed group is an important avenue for further research to fully 
understand the potential detrimental impacts of inappropriate 
NOAC dosing.

CONCLUSIONS
This systematic review with meta- analysis indicates that off- label 
underdosing of NOACs does not reduce bleeding and may be 
associated with an increased risk of mortality. It is important 
to educate prescribers that this strategy will not result in less 
bleeding as the risk of bleeding in these patients has more to do 
with the patient’s underlying risk of bleeding than the dose of 
NOAC.
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Arrhythmias and sudden death

The factors identified in this review (increased age, history 
of minor bleeds, hypertension, congestive heart failure and low 
creatinine clearance) are the same risk factors that increase the 
overall stroke risk and may help identify vulnerable patients at 
high risk for routine, inappropriate underdosing.
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