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SYSTEMATIC REVIEW AND META-ANALYSIS

Fracture Risks in Patients Treated With 
Different Oral Anticoagulants: A Systematic 
Review and Meta- Analysis
Huei- Kai Huang , MD; Carol Chiung- Hui Peng , MD; Shu- Man Lin , MD; Kashif M. Munir , MD; 
Rachel Huai- En Chang , MD, MPH, MBA; Brian Bo- Chang Wu , MD; Peter Pin- Sung Liu , MS; 
Jin- Yi Hsu , MD; Ching- Hui Loh , MD, DrPH; Yu- Kang Tu , DDS, MSc, PhD

BACKGROUND: Evidence on the differences in fracture risk associated with non- vitamin K antagonist oral anticoagulants (NOAC) 
and warfarin is inconsistent and inconclusive. We conducted a systematic review and meta- analysis to assess the fracture risk 
associated with NOACs and warfarin.

METHODS AND RESULTS: We searched PubMed, Embase, Cochrane Library, Scopus, Web of Science, and ClinicalTrials.gov 
from inception until May 19, 2020. We included studies presenting measurements (regardless of primary/secondary/tertiary/
safety outcomes) for any fracture in both NOAC and warfarin users. Two or more reviewers independently screened relevant 
articles, extracted data, and performed quality assessments. Data were retrieved to synthesize the pooled relative risk (RR) 
of fractures associated with NOACs versus warfarin. Random- effects models were used for data synthesis. We included 
29 studies (5 cohort studies and 24 randomized controlled trials) with 388 209 patients. Patients treated with NOACs had 
lower risks of fracture than those treated with warfarin (pooled RR, 0.84; 95% CI, 0.77– 0.91; P<0.001) with low heterogeneity 
(I2=38.9%). NOACs were also associated with significantly lower risks of hip fracture than warfarin (pooled RR, 0.89; 95% CI, 
0.81– 0.98; P=0.023). A nonsignificant trend of lower vertebral fracture risk in NOAC users was also observed (pooled RR, 0.74; 
95% CI, 0.54– 1.01; P=0.061). Subgroup analyses for individual NOACs demonstrated that dabigatran, rivaroxaban, and apixa-
ban were significantly associated with lower fracture risks. Furthermore, the data synthesis results from randomized controlled 
trials and real- world cohort studies were quite consistent, indicating the robustness of our findings.

CONCLUSIONS: Compared with warfarin, NOACs are associated with lower risks of bone fracture.
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Oral anticoagulants (OACs) are commonly pre-
scribed to prevent or treat thromboembolic 
events in patients with atrial fibrillation or venous 

thromboembolism.1,2 Warfarin, a vitamin K antagonist, 
is a traditional OAC and has been a primary long- term 
treatment option for patients with atrial fibrillation or 
venous thromboembolism for decades. Recently, non- 
vitamin K antagonist oral anticoagulants (NOACs) have 
been approved as alternatives to vitamin K antagonists 
and have demonstrated similar or superior efficacy 

and safety compared with warfarin.3,4 Because aging 
is one of the strongest risk factors for both atrial fibrilla-
tion and venous thromboembolism,5,6 the prescription 
of OACs has gradually increased in the aging popula-
tion worldwide.

Some previous studies have suggested that war-
farin may increase fracture risks via its vitamin K an-
tagonizing effect, which impairs bone mineralization; 
in contrast, NOACs are independent of mechanisms 
associated with vitamin K antagonists. However, 
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previous studies have provided conflicting evidence on 
the association between warfarin and fracture risks.7– 10 
A previous cohort study published in 2017 was the 
first to compare the fracture risk associated with an 
NOAC (dabigatran) and warfarin, reporting a signifi-
cantly lower fracture risk in dabigatran users.11 Another 
cohort study in 2017 observed no significant difference 
in fracture risks among patients taking NOACs (both 
dabigatran and factor Xa inhibitors) and warfarin.12 In 
2018, a meta- analysis based on 12 randomized con-
trolled trials (RCTs) showed that patients treated with 
NOACs had significantly lower risks of overall fracture, 
but not hip or vertebral fracture, than patients treated 
with warfarin.13 However, all trials included in that 
meta- analysis considered fracture data as adverse 
events, and none of them were specifically designed 
to assess fracture risks. Moreover, the follow- up dura-
tion was ≤12 months in over half of these trials, which 
might yield insufficient statistical power for evaluating 
fracture events and the relatively low risks of fracture 
reported by these trials. Recently, several population- 
based cohort studies with larger sample sizes, longer 

follow- up durations, and greater statistical powers 
were conducted to evaluate the association between 
different OACs and fracture risks.14– 17 In addition, there 
is a growing number of RCTs comparing NOACs with 
warfarin. The relevant evidence regarding the fracture 
risks associated with OACs continues to accumulate.

Because osteoporosis and bone fractures pose 
major threats to the elderly and OACs are mainly pre-
scribed to older adults who have multiple risk factors 
for fractures,17,18 it is critically essential to determine 
whether a difference in fracture risks exists between 
NOACs and warfarin. Therefore, we conducted a 
systematic review and meta- analysis to compare the 
risk of bone fractures between patients treated with 
NOACs and those treated with warfarin. We searched 
for both clinical trials and observational studies to 
comprehensively evaluate the current evidence on this 
issue and compared the results from RCTs to real- 
world evidence.

METHODS
The authors declare that all supporting data are availa-
ble within the article and its online supplementary files.

Data Sources and Literature Search
This systematic review and meta- analysis was con-
ducted in accordance with the Preferred Reporting 
Items for Systematic Reviews and Meta- Analyses 
guidelines.19 We searched PubMed, Embase, 
Cochrane Library, Scopus, Web of Science, and 
ClinicalTrials.gov for studies from their inception until 
May 19, 2020. We applied 2 search strategies. In brief, 
we initially searched articles using combinations of the 
following terms: “NOAC,” “dabigatran,” “rivaroxaban,” 
“apixaban,” “edoxaban,” “warfarin,” “vitamin K antago-
nist,” and “fracture” (search strategy 1). This search was 
conducted to identify articles that evaluated the frac-
ture risk in patients treated with NOACs versus those 
treated with warfarin, regardless of the study design. 
However, this search could not identify RCTs, which 
may have reported fracture data as a part of adverse 
events only, available on websites for clinical trial regis-
tration (eg, ClinicalTrials.gov). Therefore, we conducted 
another search that used the following terms: “NOAC,” 
“dabigatran,” “rivaroxaban,” “apixaban,” “edoxaban,” 
and “clinical trial,” to identify all potential eligible trials 
related to NOACs (search strategy 2). These terms 
represent a simplified search concept; the full details 
and the combinations of search terms used in litera-
ture search strategies 1 and 2 are described in Data 
S1. Additionally, we examined the reference lists from 
relevant review articles and meta- analyses for addi-
tional articles to be included. The protocol registration 
application for this study was performed (PROSPERO 

CLINICAL PERSPECTIVE

What Is New?
• This systematic review and meta- analysis gath-

ered data from 388 209 participants in 29 stud-
ies and showed that patients taking non- vitamin 
K antagonist oral anticoagulants had an overall 
16% lower risk of developing fractures com-
pared with those taking warfarin.

• Subgroup analyses for individual non- vitamin 
K antagonist oral anticoagulants demonstrated 
that dabigatran, rivaroxaban, and apixaban 
were significantly associated with lower fracture 
risks.

• The evidence from real- world cohort studies 
and randomized controlled trials is quite con-
sistent, indicating the robustness of our findings.

What Are the Clinical Implications?
• This meta- analysis provided up- to- date evi-

dence showing that non- vitamin K antagonist 
oral anticoagulants may be the preferred alter-
natives to warfarin for lowering fracture risks in 
patients requiring oral anticoagulant therapy.

Nonstandard Abbreviations and Acronyms

NOAC non- vitamin K antagonist oral 
anticoagulant

OAC oral anticoagulant
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[International Prospective Register of Systematic 
Reviews] registration number: CRD42020182607). 
Institutional ethical approval was not required because 
this was a meta- analysis of data from published stud-
ies only.

Study Selection and Inclusion Criteria
We included studies if they (1) presented outcome 
measurements for any fracture in both NOAC and 
warfarin users, regardless of whether it was re-
ported as primary/secondary/tertiary outcomes or 
referred to as an adverse/safety event in the articles 
or supplementary data or on online sites (such as 
the ClinicalTrials.gov website); and (2) compared and 
reported the relative risk (RR) of fracture between 
NOACs and warfarin, or it could be derived from the 
data in the study. No specific restrictions were set 
for study population, treatment indication, or treat-
ment/follow- up duration. Clinical trials, cohort stud-
ies, and case– control studies that provided sufficient 
data were eligible. As observational studies (cohort 
and case– control) should report properly adjusted 
estimates by considering potential confounders (age 
and sex, at minimum), studies in which only unad-
justed estimates were available were excluded. We 
excluded review articles, case reports, editorials, and 
letters to the editor that did not report original find-
ings, and studies conducted in a laboratory or on an-
imals. Three reviewers (H.- K.H., C.- C.P., and S.- M.L.) 
independently screened all titles and abstracts and 
evaluated the relevant articles. If a study was deemed 
eligible by any reviewer, that study was included for 
further full- text review. Two reviewers (H.- K.H. and 
C.- C.P.) then independently assessed the full texts of 
the studies, and any disagreement was resolved by 
consensus among members of the study team. We 
used Covidence systematic review software (Veritas 
Health Innovation, Melbourne, Australia) to manage 
our systematic review process, coordinating each 
author’s work and enabling collaboration among the 
entire review team.

Study Outcomes
The primary outcome was any fracture event. The 
secondary outcomes were events of hip and vertebral 
fractures (the most common and quintessential osteo-
porotic fractures). Comparisons were made between 
all NOACs and warfarin, as well as between individual 
NOACs and warfarin.

Data Extraction and Quality Assessment
Two authors (H.- K.H. and C.- C.P.) independently 
extracted data using a prespecified standardized 

form, which included author names, trial name, pub-
lication year, study design, country, treatment indi-
cation, NOAC type, follow- up duration, mean age, 
sex, sample size, reported fracture sites, fracture 
risk estimates, and covariates adjusted in observa-
tional studies. A third author (S.- M.L.) then indepen-
dently examined the extracted data and resolved 
any discrepancies. For observational studies, ad-
justed hazard ratios (HRs) or risk ratios along with 
standard errors were extracted. When a study re-
ported estimates from covariate- adjusted models 
and propensity score matching/weighting models, 
we considered the latter less biased and preferred 
for inclusion in the meta- analysis.15– 17 In RCTs, we 
extracted fracture events and patient numbers in 
each treatment group. The total number of fracture 
events was the sum of any fracture site reported on 
the ClinicalTrials.gov website, because we were un-
able to obtain the exact number of patients develop-
ing fractures from the full texts of articles and trial 
registration websites.

Study quality was accessed independently by 3 re-
viewers (H.- K.H., R.H.- E.C., and B.B.- C.W.) using the 
Cochrane Collaboration’s Risk of Bias tool for RCTs 
and the Newcastle– Ottawa Scale for observational 
studies.20,21 Discrepancies were resolved via discus-
sions among members of the study team.

Statistical Analysis
Risk ratios for fracture reported by RCTs and the ad-
justed HRs reported by observational studies were 
pooled together to calculate RRs in our meta- analysis. 
Between- study heterogeneity was evaluated using 
the I2 and τ 2 statistics.22,23 The heterogeneity was 
considered low, moderate, and high for I2<50%, 50% 
to 75%, and >75%, respectively. The τ 2 was inter-
preted using the same units as the pooled effect 
(logarithm of RR). Considering the between- study 
heterogeneity, we calculated the pooled RR and re-
spective 95% CIs using the DerSimonian and Laird 
random effects model.24

We conducted several predefined subgroup anal-
yses to determine if the pooled estimates were influ-
enced by different study- level factors. The subgroup 
analyses were conducted according to NOAC type 
(dabigatran, rivaroxaban, apixaban, or edoxaban), 
study design (RCT or cohort study), indication (atrial 
fibrillation or venous thromboembolism), mean fol-
low- up period, mean age, sample size, and the geo-
graphic location of participants (North America, 
Europe, Asia, or multiple continents). We made efforts 
to contact the corresponding authors when addi-
tional information was required for subgroup analyses, 
but we did not receive any replies from the authors 
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Figure 1. Flow diagram of literature search and article selection. (A) Search strategy 1. (B) Search 
strategy 2.
*In search strategy 2, we searched only for RCTs of NOACs; if the titles/abstracts were enough to help 
judge that the publications were not RCTs of NOACs or on an irrelevant topic, they were excluded in the 
title/abstract screening stage. NOAC indicates non- vitamin K antagonist oral anticoagulant; and RCT, 
randomized controlled trial.
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of those studies.11,12,17 Meta- regressions were further 
performed if sufficient studies (n≥10) were available. 
Egger’s regression test and Begg’s adjusted rank cor-
relation test were conducted to determine publication 
bias.25,26 If there were ≥10 studies included in the meta- 
analysis, we conducted a funnel plot analysis to assess 
publication bias or small study bias. A sensitivity anal-
ysis was conducted to evaluate the influence of each 
study on the overall pooled estimate (by omitting each 
study individually). All statistical tests were 2 sided, and 
results with P<0.05 were considered statistically sig-
nificant. All statistical analyses were conducted using 
Stata version 15.1 (Stata Corporation, College Station, 
TX, USA).

RESULTS

Search Results
With search strategy 1, a total of 1742 studies were 
identified. After excluding duplicates and screen-
ing the titles and abstracts, 64 potentially relevant 
studies were retrieved for full- text review. Three 
studies, which were conducted by Lutsey et al,15 
Norby et al,27 and Bengtson et al,28 used the same 
databases (MarketScan Commercial Claims and 
Encounters and MarketScan Medicare Supplemental 
and Coordination of Benefits databases). The study 
by Lutsey et al was included in the final analysis be-
cause only this study declared fracture risks as the 

Figure 2. Forest plot of the relative risk of any fracture associated with NOACs compared with warfarin.12,14– 17,30– 53

NOAC indicates non- vitamin K antagonist oral anticoagulant; and RR, relative risk.
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primary outcome and thus reported more compre-
hensive results.15 In addition, Lau et al published 2 
studies11,17 using the same database (Clinical Data 
Analysis and Reporting System of the Hong Kong 
Hospital Authority); we included the data of only the 
latter17 in the meta- analysis owing to its more com-
prehensive data and longer follow- up period. We 
excluded a cross- sectional study reporting the clini-
cal signs of cranial fracture after a traumatic brain in-
jury in patients using different anticoagulants.29 With 
search strategy 2, a total of 17  400 relevant stud-
ies were identified. After excluding duplicates and 
screening the titles and abstracts, 2428 studies were 
retrieved for review of the full- text or trial registration. 
The search strategies for article selection are shown 
in Figure 1A and 1B.

After careful review, 29 studies met the eligibility cri-
teria, including 5 cohort studies12,14– 17 and 24 RCTs30– 53 
from search strategies 1 and 2, respectively. For co-
hort studies, we obtained the fracture data from the 
full- text articles. For RCTs, fracture data were obtained 
from the ClinicalTrial.gov website, because fracture 
was reported as an adverse event only in the included 
trials; no trial reported fracture events as a primary or 
secondary outcome.

In total, 388 209 participants were included in this 
meta- analysis. Except for RCTs, all included cohort 
studies had a large- scale population- based design. 
Additional information, such as age, sex, sample size, 
treatment indication, follow- up duration, NOAC type, 
and reported fracture sites, are summarized in Tables 
S1 and S2 (for cohort studies and RCTs, respectively). 
The results of the quality assessments are summarized 
in Table S3 (for cohort studies) and Table S4 (for clinical 
trials). The adjusted covariates for each cohort study 
are shown in Table S5.

Risk of Any Fracture Associated with All 
NOACs Versus Warfarin
All 29 studies reported at least 1 fracture site and 
were included in the analyses for any fracture. Patients 
treated with NOACs experienced a lower risk of any 
fracture than those treated with warfarin (pooled RR, 
0.84; 95% CI, 0.77– 0.91; P<0.001) with low hetero-
geneity (I2=38.9%) (Figure 2; Table 1). No evidence of 
publication bias was detected according to Egger’s 
test (P=0.149) and Begg’s test (P=0.955). The associ-
ated funnel plot is shown in Figure S1.

Risk of Any Fracture Associated with 
Individual NOACs Versus Warfarin
Compared with warfarin, a significantly lower risk of any 
fracture was found in patients taking dabigatran (pooled 
RR, 0.86; 95% CI, 0.75– 0.99; P=0.041), rivaroxaban 

(pooled RR, 0.78; 95% CI, 0.69– 0.87; P<0.001), and 
apixaban (pooled RR, 0.76; 95% CI, 0.65– 0.89; 
P=0.001). A lower fracture risk was observed in patients 
taking edoxaban than in those taking warfarin, but the 
difference was not statistically significant (pooled RR, 
0.89; 95% CI, 0.77– 1.03; P=0.122) (Table 1).

Subgroup Analyses and Sensitivity 
Analyses for Any Fracture Event
All subgroup analyses consistently revealed lower risks 
of any fracture in patients taking NOACs than in those 
taking warfarin, irrespective of study design, treatment 
indications, mean follow- up period, mean age, sample 
size, and geographic location. Meta- regressions sug-
gested no significant differences in the protective ef-
fects of NOACs between the subgroups (Table 2). The 
sensitivity analysis after omitting each study, in turn, 
demonstrated a robust pooled RR with only negligible 
differences (Figure S2).

We summarized the detailed results for each design 
subgroup, including the effect of each NOAC com-
pared with warfarin. Overall, the evidence from real- 
world cohort studies and those from adverse events 
reported by RCTs are comparable (Table 3). The forest 

Table 1. The Pooled Relative Risks of Any Fracture, Hip 
Fracture, and Vertebral Fracture in Patients Treated with 
NOACs as Opposed to Warfarin

Fracture Site
No. of 

Studies
Pooled RR 

(95%CI) P Value I2 (%)

Any fracture

NOAC 
overall

29 0.84 (0.77– 0.91) <0.001 38.9

Dabigatran 13 0.86 (0.75– 0.99) 0.041 40.2

Rivaroxaban 8 0.78 (0.69– 0.87) <0.001 35.8

Apixaban 6 0.76 (0.65– 0.89) 0.001 35.1

Edoxaban 7 0.89 (0.77– 1.03) 0.122 0.0

Hip fracture

NOAC 
overall

17 0.89 (0.81– 0.98) 0.023 0.0

Dabigatran 7 1.00 (0.86– 1.16) 0.958 0.0

Rivaroxaban 6 0.89 (0.76– 1.03) 0.124 0.0

Apixaban 4 0.68 (0.52– 0.89) 0.006 0.0

Edoxaban 3 0.89 (0.63– 1.27) 0.535 0.0

Vertebral fracture

NOAC 
overall

11 0.74 (0.54– 1.01) 0.061 38.8

Dabigatran 3 0.82 (0.29– 2.33) 0.711 63.9

Rivaroxaban 5 0.73 (0.63– 0.85) <0.001 0.0

Apixaban 3 0.47 (0.23– 0.95) 0.035 49.1

Edoxaban 2 0.86 (0.60– 1.23) 0.414 0.0

A pooled RR<1 indicates that NOAC is associated with a lower fracture 
risk than warfarin.

NA indicates not applicable; NOAC, non- vitamin K antagonist oral 
anticoagulants; and RR, relative risk.
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plots of the RR of any fracture associated with NOAC 
versus warfarin are shown in Figures  S3 (for cohort 
studies) and S4 (for RCTs).

Risk of Hip Fractures
Seventeen studies (3 cohort studies and 14 trials) re-
ported hip fracture events for data synthesis. Overall, 
patients on NOACs had a lower risk of hip fracture than 
those on warfarin (pooled RR, 0.89; 95% CI, 0.81– 
0.98; P=0.023) with minimal heterogeneity (I2=0%) 
(Figure 3; Table 1). Egger’s test (P=0.997) and Begg’s 
test (P=0.592) demonstrated no evidence of publica-
tion bias, which is supported by the funnel plot shown 
in Figure  S5. The subgroup analyses of individual 
NOACs demonstrated that the risk of hip fracture was 
significantly lower in patients taking apixaban (pooled 
RR, 0.68; 95% CI, 0.52– 0.89; P=0.006) but not in pa-
tients taking other NOACs (Table 1).

Risk of Vertebral Fractures
Eleven studies (1 cohort study and 10 trials) reported 
vertebral fracture events for data synthesis. A lower, but 
not significant, risk of vertebral fracture was observed 

in NOAC users (pooled RR, 0.74; 95% CI, 0.54– 1.01; 
P=0.061) with low heterogeneity (I2=38.8%) (Figure 4; 
Table  1). No evidence of publication bias was found 
according to Egger’s test (P=0.923) and Begg’s test 
(P=0.640), and this was supported by the funnel plot 
shown in Figure  S6. The subgroup analyses of indi-
vidual NOACs demonstrated a significantly lower risk 
of vertebral fracture in patients treated with rivaroxa-
ban (pooled RR, 0.73; 95% CI, 0.63– 0.85; P<0.001) 
and apixaban (pooled RR, 0.47; 95% CI, 0.23– 0.95; 
P=0.035) (Table 1).

DISCUSSION
In this large- scale meta- analysis involving 388 209 par-
ticipants from 29 studies (with follow- up time ranging 
from 3 to 36 months), we found that patients treated 
with NOACs had an overall 16% and 11% lower relative 
risk of any fracture and hip fracture, respectively, than 
those treated with warfarin. The subgroup analyses 
showed that dabigatran, rivaroxaban, and apixaban 
were significantly associated with a lower fracture risk. 
The results from RCTs and real- world population- based 

Table 2. Subgroup and Heterogeneity Analyses of Pooled Relative Risks of Any Fracture in Patients Treated With NOACs 
as Opposed to Warfarin

Subgroups
No. of 

Studies Pooled RR (95% CI) P Value I2 (%)

Results of Meta- Regression

τ 2 I2 Residual (%) P Value

Overall 29 0.84 (0.77– 0.91) <0.001 38.9 0.014 NA NA

Study design 0.018 40.2 0.989

Cohort study 5 0.83 (0.74– 0.94) 0.004 79.9

Randomized controlled trial 24 0.84 (0.74– 0.95) 0.008 9.0

Indication 0.016 40.7 0.754

Atrial fibrillation 20 0.84 (0.77– 0.92) <0.001 46.4

Venous thromboembolism 9 0.76 (0.52– 1.11) 0.150 20.3

Mean follow- up period 0.015 40.9 0.592

<1 y 16 0.90 (0.65– 1.24) 0.502 4.4

≥1 y 13 0.83 (0.76– 0.91) <0.001 60.0

Mean age 0.015 41.0 0.971

<65 y 13 0.83 (0.58– 1.17) 0.276 10.2

≥65 y 16 0.83 (0.76– 0.92) <0.001 53.7

Sample size 0.014 39.9 0.527

n<5000 18 0.75 (0.54– 1.04) 0.084 0.0

n ≥5000 11 0.84 (0.77– 0.92) <0.001 64.4

Geographic location 0.019 29.0

North America 2 0.46 (0.06– 3.51) 0.455 62.9 NA*

Europe 2 0.87 (0.77– 0.99) 0.030 0.0 0.955

Asia 5 0.74 (0.57– 0.96) 0.025 59.9 0.263

Multiple continents 20 0.84 (0.73– 0.96) 0.012 12.5 0.610

A pooled RR<1 indicates that NOAC is associated with a lower fracture risk than warfarin.
NA indicates not applicable; NOAC, non- vitamin K antagonist oral anticoagulant; and RR, relative risk.
*Dummy variables were created for geographic location when performing meta- regression using North America as the reference group.
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cohort studies were quite consistent, indicating the 
robustness of our findings. We undertook separate 
meta- analyses for each type of NOAC as well as for 
different fractures sites, providing a comprehensive 
evaluation to address the knowledge gap.

Comparisons with Previous Studies
One previous meta- analysis, synthesizing data from 12 
RCTs published before 2017, evaluated the differences 
in the risk of fracture associated with NOAC and warfa-
rin.13 All studies included in that meta- analysis reported 
fracture data as adverse events only online; none of 
them were specifically designed to assess fracture 
risks. That previous meta- analysis observed that pa-
tients taking NOACs showed a lower overall fracture 
risk than those taking warfarin (RR, 0.82; 95% CI, 0.73– 
0.93) but failed to demonstrate significant differences 
between NOAC and warfarin in the risk of hip fracture 
(RR, 0.99; 95% CI, 0.72– 1.34) or of vertebral fracture 
(RR, 0.79; 95% CI, 0.59– 1.06). In recent years, several 
real- world population- based cohort studies have pro-
vided data collected from routine clinical practice, with 
longer follow- up durations and higher statistical power, 
for evaluating the difference in fracture risk associated 
with NOACs and warfarin.11,12,14– 17 Additionally, a grow-
ing number of RCTs evaluating NOACs and warfarin 
have reported fractures as adverse events. Another 
recent meta- analysis, evaluating only hip fracture risk, 

showed that patients taking NOACs had a lower risk 
of hip fracture than those taking warfarin (HR, 0.89; 
95% CI, 0.80– 0.99);54 however, this meta- analysis in-
cluded only 3 observational studies. Our present meta- 
analysis used updated evidence, including 29 studies 
(5 large- scale cohort studies and 24 RCTs), and found 
a lower risk of any fracture in NOAC users (RR, 0.84; 
95% CI, 0.77– 0.91). The subgroup analyses identified 
a significantly lower risk of hip fracture (RR, 0.89; 95% 
CI, 0.81– 0.98) in patients taking NOACs, by pooling 
the data of 17 studies. Pooled data from 11 studies 
also showed a lower, and almost significant, vertebral 
fracture risk with NOACs (RR, 0.74; 95% CI, 0.54– 1.01). 
Furthermore, the present study provides novel infor-
mation by evaluating individual NOACs (dabigatran, 
rivaroxaban, apixaban, and edoxaban) for all, hip, and 
vertebral fracture risks. Our results also showed that 
the risk estimates from real- world population- based 
cohort studies and RCTs (Table 3; Figures S3 and S4) 
were very similar, with a low between- study design 
heterogeneity. This indicates that the results of our 
meta- analyses were quite robust, and real- world evi-
dence from cohort studies strengthens the evidence 
from RCTs on the protective effects of NOACs.

Possible Underlying Mechanisms
Although precise underlying mechanisms are still un-
clear, some factors might explain why NOACs are 

Table 3. The Pooled Relative Risks of Any Fracture, Hip Fracture, and Vertebral Fracture in Patients Treated with NOACs 
as Opposed to Warfarin Among Different Study Designs

Fracture Site

Cohort Studies Randomized Controlled Trials

No. of Studies Pooled RR (95%CI) P Value I2 (%) No. of Studies Pooled RR (95%CI) P Value I2 (%)

Any fracture

NOAC overall 5 0.83 (0.74– 0.94) 0.004 79.9 24 0.84 (0.73– 0.95) 0.006 6.3

Dabigatran 4 0.88 (0.77– 1.00) 0.054 62.0 9 0.69 (0.41– 1.15) 0.155 33.1

Rivaroxaban 3 0.77 (0.67– 0.89) <0.001 69.6 5 0.79 (0.60– 1.04) 0.096 6.3

Apixaban 3 0.75 (0.60– 0.92) 0.007 54.5 3 0.76 (0.40– 1.44) 0.393 38.0

Edoxaban NA NA NA NA 7 0.90 (0.78– 1.03) 0.131 0.0

Hip fracture

NOAC overall 3 0.89 (0.80– 0.99) 0.036 0.0 14 0.90 (0.71– 1.14) 0.403 0.0

Dabigatran 2 0.99 (0.85– 1.15) 0.883 0.0 5 1.21 (0.52– 2.82) 0.656 6.8

Rivaroxaban 2 0.89 (0.76– 1.05) 0.156 0.0 4 0.88 (0.47– 1.62) 0.672 3.2

Apixaban 2 0.62 (0.45– 0.86) 0.004 0.0 2 0.85 (0.52– 1.40) 0.528 0.0

Edoxaban NA NA NA NA 3 0.90 (0.63– 1.27) 0.535 0.0

Vertebral fracture

NOAC overall 1 0.75 (0.65– 0.86) <0.001 NA 10 0.74 (0.45– 1.19) 0.226 43.6

Dabigatran 1 0.81 (0.68– 0.95) 0.011 NA 2 0.66 (0.04– 10.38) 0.764 79.4

Rivaroxaban 1 0.73 (0.62– 0.85) <0.001 NA 4 0.81 (0.38– 1.73) 0.582 11.8

Apixaban 1 0.60 (0.41– 0.88) 0.009 NA 2 0.37 (0.10– 1.37) 0.137 41.8

Edoxaban NA NA NA NA 2 0.74 (0.46– 1.20) 0.411 0.0

A pooled RR<1 indicates that NOAC is associated with a lower fracture risk than warfarin.
NA indicates not applicable; NOAC, non- vitamin K antagonist oral anticoagulant; and RR, relative risk.
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associated with a lower fracture risk than warfarin. 
Warfarin, a vitamin K antagonist, may interfere with 
bone formation.55 Warfarin antagonizes vitamin K- 
dependent processes and impairs the γ- carboxylation 
of osteocalcin and other bone matrix proteins, which 
are important in bone mineralization and formation.9,55 
NOACs are independent of the mechanisms related 
to antagonizing vitamin K and do not interfere with 
bone metabolism.9 Previous animal studies revealed 
that NOACs have positive effects on bone biology, 
such as increased bone volume, decreased trabecular 
separation, and reduced bone turnover rate, increased 
bone mineral density of the fracture zone, and im-
proved fracture healing, compared with those in the 
warfarin- treated or control groups.56– 58 Furthermore, 
possible positive effects of NOACs on bone health and 
the prevention of falls have been proposed recently.59 
Additional studies are needed to evaluate the underly-
ing mechanisms of NOACs on bone health and frac-
ture risks.

Clinical Implications
The lower risk of fractures in patients taking NOACs 
is an important finding. Osteoporotic fractures, espe-
cially hip and vertebral fractures, that occur more fre-
quently in elderly people, cause significant morbidity, 
mortality, and socioeconomic burden. Previous 
studies have reported that atrial fibrillation, the most 
common indication for OAC treatment, is an impor-
tant risk factor for osteoporotic fractures.60,61 Many 
risk factors for osteoporotic fractures, such as old 
age and a history of diabetes mellitus and cardio-
vascular diseases, coexist in patients with atrial fibril-
lation.11,62 Venous thromboembolism and fractures 
also share similar important risk factors, such as old 
age, immobilization, smoking, previous fracture, and 
malignancy.63– 65 As patients taking OACs are often 
at a higher risk of fractures, evidence regarding the 
differences in fracture risks associated with the use 
of different OACs is clinically useful. The use of anti-
coagulants also poses a challenge to anticoagulation 

Figure 3. Forest plot of the relative risk of hip fracture associated with NOACs compared with warfarin.14– 16,31– 33,36,38,39,41– 45,47,48,50

NOAC indicates non- vitamin K antagonist oral anticoagulant; and RR, relative risk.
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during the surgical treatment of fractures.66,67 This 
meta- analysis provides updated clinical evidence 
for the association between NOACs and lower frac-
ture risk. Therefore, we suggest that when prescrib-
ing OAC treatment, the risk of fractures to patients 
should be carefully evaluated, and NOACs may be 
preferred over warfarin to lower fracture risks if both 
OAC types could be indicated. However, treatment 
decisions should consider all risks and benefits of 
NOACs versus warfarin for an individual patient.

Study Limitations
In this systematic review and meta- analysis, we pro-
vided comprehensive and updated evidence on the 
protective effects of NOACs on fracture compared 
with warfarin. However, there are several limitations 
worth addressing. First, similar to the meta- analysis 
mentioned previously,13 the data of fracture events 
from included RCTs were reported as only one of the 
adverse events in ClinicalTrials.gov. None of the in-
cluded trials were explicitly designed to assess frac-
ture risks; therefore, detailed assessment methods 

for identifying fracture events remain unclear. In ad-
dition, the follow- up duration was relatively short 
(≤12  months) in over half of the included trials; the 
proportion of fracture events to the number of pa-
tients was also low. Furthermore, we calculated the 
number of any fracture events by summing up the 
events of each fracture site, which may not be equal 
to the exact number of patients with fractures be-
cause a patient might have experienced more than 
1 fracture. However, this method of calculating out-
come events was not different between the NOAC 
and warfarin groups; thus, the bias in RRs we ob-
tained from these RCTs was likely minimal. Second, 
despite the considerably larger sample size of real- 
world observational studies than that of RCTs, the 
real- world observational data may be biased owing 
to unknown or unmeasured confounders. The claim- 
based retrospective cohort studies may have a prob-
lem in accurately capturing diseases with codes, as 
medical information/histories are not adjudicated or 
captured systematically. The mean follow- up time of 
the included real- world cohort studies was also short 
(range from<12 to 29.2 months; Table S1). However, 

Figure 4. Forest plot of the relative risk of vertebral fracture associated with NOACs compared with warfarin.16,32,33,36,38– 43,50

NOAC indicates non- vitamin K antagonist oral anticoagulant; and RR, relative risk.
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in our meta- analysis, the results from studies with 2 
different study designs were comparable, indicat-
ing that such a bias was likely not of great concern. 
Third, the results from some of our subgroup analy-
ses were not statistically significant (eg, the analysis 
of edoxaban), although their point estimates were 
similar to those of statistical significance (Table  1). 
This may be because of insufficient statistical power 
in the subgroup of different NOACs, especially in the 
analyses of specific fracture sites (hip and vertebral). 
It should also be noted that none of the subgroups of 
individual NOACs or fracture sites reached statistical 
significance in the analyses focusing on only RCTs 
(Table  3). The statistical power of these subgroup 
analyses was low, because these RCTs were not de-
signed for evaluating fracture events and tended to 
have a relatively short follow- up duration. More stud-
ies, especially RCTs and high- quality prospective 
studies with longer follow- up, are needed to evalu-
ate the effect of individual NOACs on each specific 
fracture site.

CONCLUSIONS
This systematic review and meta- analysis gathered 
data of 388 209 participants involved in 29 studies 
and revealed that patients taking NOACs had a 16% 
lower risk of developing fractures than those tak-
ing warfarin. The subgroup analyses demonstrated 
a similar effect on lower fracture risk for individual 
NOACs (dabigatran, rivaroxaban, and apixaban) than 
for warfarin. Based on current evidence, NOACs may 
be preferred over warfarin to lower fracture risks in 
patients with indications for OAC therapy. Future 
studies are necessary to investigate the mechanisms 
underlying the associations between different OACs 
and bone health.
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SUPPLEMENTAL MATERIAL



Detailed Search Strategies 

Search Strategy 1 

PubMed: 

("NOACs"[tw] OR "NOAC"[tw] OR "DOACs"[tw] OR "DOAC"[tw] OR "new oral anticoagulant" [tw] OR "new oral anti 

coagulant"[tw] OR "novel oral anticoagulant"[tw] OR "new oral anti coagulant"[tw] OR "new oral anticoagulants"[tw] OR "new oral 

anti coagulants"[tw] OR "novel oral anticoagulants"[tw] OR "new oral anti coagulants"[tw] OR "non-vitamin K antagonist oral 

anticoagulants"[tw] OR "non-vitamin K antagonist oral anticoagulant"[tw] OR "novel oral anticoagulants"[tw] OR "new oral 

anticoagulants"[tw] OR "direct oral anticoagulants"[tw] OR "direct oral anticoagulant"[tw] OR "direct oral anti coagulant"[tw] OR 

"direct oral anti coagulants"[tw] OR "factor Xa inhibitors"[tw] OR "factor IIa inhibitors"[tw] OR "direct thrombin inhibitor"[tw] OR 

"direct thrombin inhibitors"[tw] OR "factor xa inhibitor"[tw] OR "factor IIa inhibitor"[tw] OR "dabigatran"[tw] OR "Pradaxa"[tw] OR 

"rivaroxaban"[tw] OR "Xarelto"[tw] OR "apixaban"[tw] OR "Eliquis"[tw] OR "eliques"[tw] OR "edoxaban"[tw] OR "Savaysa"[tw] 

OR "roteas"[tw] OR “Lixiana”[tw] OR “betrixaban”[tw] OR “Bevyxxa”[tw] OR "edoxaban" [Supplementary Concept] OR 

"apixaban" [Supplementary Concept] OR "Dabigatran"[Mesh] OR "Rivaroxaban"[Mesh] OR "betrixaban" [Supplementary Concept] 

OR (("new oral"[tw] OR "novel"[tw] OR "non vitamin k"[tw]) AND (anticoagulant*[tw] OR anti coagulant*[tw]))) 

AND  

("warfarin" OR "vitamin k" OR "Coumadin" OR "acenocoumarol" OR "acenocoumarol"[mh] OR "phenprocoumon"[mh] OR 

"phenprocoumon" OR "Vitamin K/antagonists and inhibitors"[Mesh] OR "jantoven") 

AND  

("fracture" OR "fractures" OR "fractures, bone"[mh]) 

Limit: English 

Data S1.



EMBASE: 

('NOACs' OR 'NOAC' OR 'DOACs' OR 'DOAC' OR 'new oral anticoagulant'  OR 'new oral anti coagulant' OR 'novel oral 

anticoagulant' OR 'new oral anti coagulant' OR 'new oral anticoagulants' OR 'new oral anti coagulants' OR 'novel oral anticoagulants' 

OR 'new oral anti coagulants' OR 'non-vitamin K antagonist oral anticoagulants' OR 'non-vitamin K antagonist oral anticoagulant' OR 

'novel oral anticoagulants' OR 'new oral anticoagulants' OR 'direct oral anticoagulants' OR 'direct oral anticoagulant' OR 'direct oral 

anti coagulant' OR 'direct oral anti coagulants' OR 'factor Xa inhibitors' OR 'factor IIa inhibitors' OR 'direct thrombin inhibitor' OR 

'direct thrombin inhibitors' OR 'factor xa inhibitor' OR 'factor IIa inhibitor' OR 'dabigatran' OR 'Pradaxa' OR 'rivaroxaban' OR 'Xarelto' 

OR 'apixaban' OR 'Eliquis' OR 'eliques' OR 'edoxaban' OR 'Savaysa' OR 'roteas' OR 'Lixiana' OR 'betrixaban' OR 'Bevyxxa' OR 

'edoxaban'/exp OR 'apixaban'/exp OR 'Dabigatran'/exp OR 'Rivaroxaban'/exp OR 'betrixaban'/exp OR (('new oral' OR 'novel' OR 'non 

vitamin k') AND (anticoagulant* OR anti coagulant*))) 

AND  

('warfarin' OR 'vitamin k' OR 'Coumadin' OR 'acenocoumarol' OR 'acenocoumarol'/exp OR 'phenprocoumon'/exp OR 'phenprocoumon' 

OR 'antivitamin K'/exp OR 'jantoven') 

AND  

('fracture' OR 'fractures' OR 'fracture'/exp) 

Limit: English 

Cochrane Library: 

("NOACs":ti,ab,kw OR "NOAC":ti,ab,kw OR "DOACs":ti,ab,kw OR "DOAC":ti,ab,kw OR "new oral anticoagulant":ti,ab,kw OR 

"new oral anti coagulant":ti,ab,kw OR "novel oral anticoagulant":ti,ab,kw OR "new oral anti coagulant":ti,ab,kw OR "new oral 

anticoagulants":ti,ab,kw OR "new oral anti coagulants":ti,ab,kw OR "novel oral anticoagulants":ti,ab,kw OR "new oral anti 



coagulants":ti,ab,kw OR "non vitamin K antagonist oral anticoagulants":ti,ab,kw OR "non vitamin K antagonist oral 

anticoagulant":ti,ab,kw OR "novel oral anticoagulants":ti,ab,kw OR "new oral anticoagulants":ti,ab,kw OR "direct oral 

anticoagulants":ti,ab,kw OR "direct oral anticoagulant":ti,ab,kw OR "direct oral anti coagulant":ti,ab,kw OR "direct oral anti 

coagulants":ti,ab,kw OR "factor Xa inhibitors":ti,ab,kw OR "factor IIa inhibitors":ti,ab,kw OR "direct thrombin inhibitor":ti,ab,kw OR 

"direct thrombin inhibitors":ti,ab,kw OR "factor xa inhibitor":ti,ab,kw OR "factor IIa inhibitor":ti,ab,kw OR "dabigatran":ti,ab,kw OR 

"Pradaxa":ti,ab,kw OR "rivaroxaban":ti,ab,kw OR "Xarelto":ti,ab,kw OR "apixaban":ti,ab,kw OR "Eliquis":ti,ab,kw OR 

"eliques":ti,ab,kw OR "edoxaban":ti,ab,kw OR "Savaysa":ti,ab,kw OR "roteas":ti,ab,kw OR "Lixiana":ti,ab,kw OR 

"betrixaban":ti,ab,kw OR "Bevyxxa":ti,ab,kw OR [mh "dabigatran"] OR [mh "rivaroxaban"] OR [mh "apixaban"] OR [mh "edoxaban"] 

OR [mh "betrixaban"] OR (("new oral":ti,ab,kw OR "novel":ti,ab,kw OR "non vitamin k":ti,ab,kw) AND (anticoagulant*:ti,ab,kw OR 

anti coagulant*:ti,ab,kw))) 

AND 

 ("vitamin K antagonists":ti,ab,kw OR "warfarin":ti,ab,kw OR "Coumadin":ti,ab,kw OR "Acenocoumarol":ti,ab,kw OR 

"Phenprocoumon":ti,ab,kw OR "Phenprocoumon":ti,ab,kw) 

AND  

("Fracture":ti,ab,kw) 

Scopus: 

TITLE-ABS-KEY(({NOACs} OR {NOAC} OR {DOACs} OR {DOAC} OR {new oral anticoagulant} OR {new oral anti coagulant} 

OR {novel oral anticoagulant} OR {new oral anti coagulant} OR {new oral anticoagulants} OR {new oral anti coagulants} OR {novel 

oral anticoagulants} OR {new oral anti coagulants} OR {non-vitamin K antagonist oral anticoagulants} OR {non-vitamin K antagonist 

oral anticoagulant} OR {novel oral anticoagulants} OR {new oral anticoagulants} OR {direct oral anticoagulants} OR {direct oral 



anticoagulant} OR {direct oral anti coagulant} OR {direct oral anti coagulants} OR {factor Xa inhibitors} OR {factor IIa inhibitors} 

OR {direct thrombin inhibitor} OR {direct thrombin inhibitors} OR {factor xa inhibitor} OR {factor IIa inhibitor} OR {dabigatran} 

OR {Pradaxa} OR {rivaroxaban} OR {Xarelto} OR {apixaban} OR {Eliquis} OR {eliques} OR {edoxaban} OR {Savaysa} OR 

{roteas} OR {Lixiana} OR {betrixaban} OR {Bevyxxa} OR (({new oral} OR {novel} OR {non vitamin k}) AND (anticoagulant* OR 

anti coagulant*))) 

AND  

({warfarin} OR {vitamin k} OR {Coumadin} OR {acenocoumarol} OR {phenprocoumon} OR {jantoven}) 

AND  

({fracture} OR {fractures})) 

Limit: English 

Web of Science: 

TS=(("NOACs" OR "NOAC" OR "DOACs" OR "DOAC" OR "new oral anticoagulant" OR "new oral anti coagulant" OR "novel oral 

anticoagulant" OR "new oral anti coagulant" OR "new oral anticoagulants" OR "new oral anti coagulants" OR "novel oral 

anticoagulants" OR "new oral anti coagulants" OR "non-vitamin K antagonist oral anticoagulants" OR "non-vitamin K antagonist oral 

anticoagulant" OR "novel oral anticoagulants" OR "new oral anticoagulants" OR "direct oral anticoagulants" OR "direct oral 

anticoagulant" OR "direct oral anti coagulant" OR "direct oral anti coagulants" OR "factor Xa inhibitors" OR "factor IIa inhibitors" OR 

"direct thrombin inhibitor" OR "direct thrombin inhibitors" OR "factor xa inhibitor" OR "factor IIa inhibitor" OR "dabigatran" OR 

"Pradaxa" OR "rivaroxaban" OR "Xarelto" OR "apixaban" OR "Eliquis" OR "eliques" OR "edoxaban" OR "Savaysa" OR "roteas" OR 

"Lixiana" OR "betrixaban" OR "Bevyxxa" OR (("new oral" OR "novel" OR "non vitamin k") AND (anticoagulant* OR anti 

coagulant*))) 



AND  

("warfarin" OR "vitamin k" OR "Coumadin" OR "acenocoumarol" OR "phenprocoumon" OR "jantoven") 

AND  

("fracture" OR "fractures")) 

Limit: English 



Search Strategy 2 

PubMed: 

("NOACs"[tw] OR "NOAC"[tw] OR "DOACs"[tw] OR "DOAC"[tw] OR "new oral anticoagulant" [tw] OR "new oral anti 

coagulant"[tw] OR "novel oral anticoagulant"[tw] OR "new oral anti coagulant"[tw] OR "new oral anticoagulants"[tw] OR "new oral 

anti coagulants"[tw] OR "novel oral anticoagulants"[tw] OR "new oral anti coagulants"[tw] OR "non-vitamin K antagonist oral 

anticoagulants"[tw] OR "non-vitamin K antagonist oral anticoagulant"[tw] OR "novel oral anticoagulants"[tw] OR "new oral 

anticoagulants"[tw] OR "direct oral anticoagulants"[tw] OR "direct oral anticoagulant"[tw] OR "direct oral anti coagulant"[tw] OR 

"direct oral anti coagulants"[tw] OR "factor Xa inhibitors"[tw] OR "factor IIa inhibitors"[tw] OR "direct thrombin inhibitor"[tw] OR 

"direct thrombin inhibitors"[tw] OR "factor xa inhibitor"[tw] OR "factor IIa inhibitor"[tw] OR "dabigatran"[tw] OR "Pradaxa"[tw] OR 

"rivaroxaban"[tw] OR "Xarelto"[tw] OR "apixaban"[tw] OR "Eliquis"[tw] OR "eliques"[tw] OR "edoxaban"[tw] OR "Savaysa"[tw] 

OR "roteas"[tw] OR “Lixiana”[tw] OR “betrixaban”[tw] OR “Bevyxxa”[tw] OR "edoxaban" [Supplementary Concept] OR 

"apixaban" [Supplementary Concept] OR "Dabigatran"[Mesh] OR "Rivaroxaban"[Mesh] OR "betrixaban" [Supplementary Concept] 

OR (("new oral"[tw] OR "novel"[tw] OR "non vitamin k"[tw]) AND (anticoagulant*[tw] OR anti coagulant*[tw]))) 

AND  

(randomized controlled trial [pt] OR controlled clinical trial [pt] OR randomized [tiab] OR randomised [tiab] OR placebo [tiab] OR 

randomly [tiab] OR trial [tiab]) NOT (“animals”[mesh] NOT (“animals”[mesh] AND “humans”[mesh])) 

Limits: English 

EMBASE: 

('NOACs':ti,ab,kw OR 'NOAC':ti,ab,kw OR 'DOACs':ti,ab,kw OR 'DOAC':ti,ab,kw OR 'new oral anticoagulant':ti,ab,kw OR 'new oral 

anti coagulant':ti,ab,kw OR 'novel oral anticoagulant':ti,ab,kw OR 'new oral anti coagulant':ti,ab,kw OR 'new oral 



anticoagulants':ti,ab,kw OR 'new oral anti coagulants':ti,ab,kw OR 'novel oral anticoagulants':ti,ab,kw OR 'new oral anti 

coagulants':ti,ab,kw OR 'non-vitamin K antagonist oral anticoagulants':ti,ab,kw OR 'non-vitamin K antagonist oral 

anticoagulant':ti,ab,kw OR 'novel oral anticoagulants':ti,ab,kw OR 'new oral anticoagulants':ti,ab,kw OR 'direct oral 

anticoagulants':ti,ab,kw OR 'direct oral anticoagulant':ti,ab,kw OR 'direct oral anti coagulant':ti,ab,kw OR 'direct oral anti 

coagulants':ti,ab,kw OR 'factor Xa inhibitors':ti,ab,kw OR 'factor IIa inhibitors':ti,ab,kw OR 'direct thrombin inhibitor':ti,ab,kw OR 

'direct thrombin inhibitors':ti,ab,kw OR 'factor xa inhibitor':ti,ab,kw OR 'factor IIa inhibitor':ti,ab,kw OR 'dabigatran':ti,ab,kw,de OR 

'Pradaxa':ti,ab,kw,de OR 'rivaroxaban':ti,ab,kw,de OR 'Xarelto':ti,ab,kw,de OR 'apixaban':ti,ab,kw,de OR 'Eliquis':ti,ab,kw,de OR 

'eliques':ti,ab,kw,de OR 'edoxaban':ti,ab,kw,de OR 'Savaysa':ti,ab,kw,de OR 'roteas':ti,ab,kw,de OR 'Lixiana':ti,ab,kw,de OR 

'betrixaban':ti,ab,kw,de OR 'Bevyxxa':ti,ab,kw,de OR (('new oral':ti,ab,kw OR 'novel':ti,ab,kw OR 'non vitamin k':ti,ab,kw) AND 

(anticoagulant*:ti,ab,kw OR anti coagulant*:ti,ab,kw))) 

AND 

('randomized controlled trial'/de OR 'controlled clinical trial'/de OR randomized:ti,ab OR randomised:ti,ab OR placebo:ti,ab OR 

randomly:ti,ab OR trial:ti,ab) NOT ('animal'/exp NOT ('animal'/exp AND 'human'/exp)) 

Limits: English 

Cochrane Library: 

("NOACs":ti,ab,kw OR "NOAC":ti,ab,kw OR "DOACs":ti,ab,kw OR "DOAC":ti,ab,kw OR "new oral anticoagulant":ti,ab,kw OR 

"new oral anti coagulant":ti,ab,kw OR "novel oral anticoagulant":ti,ab,kw OR "new oral anti coagulant":ti,ab,kw OR "new oral 

anticoagulants":ti,ab,kw OR "new oral anti coagulants":ti,ab,kw OR "novel oral anticoagulants":ti,ab,kw OR "new oral anti 

coagulants":ti,ab,kw OR "non vitamin K antagonist oral anticoagulants":ti,ab,kw OR "non vitamin K antagonist oral 

anticoagulant":ti,ab,kw OR "novel oral anticoagulants":ti,ab,kw OR "new oral anticoagulants":ti,ab,kw OR "direct oral 



anticoagulants":ti,ab,kw OR "direct oral anticoagulant":ti,ab,kw OR "direct oral anti coagulant":ti,ab,kw OR "direct oral anti 

coagulants":ti,ab,kw OR "factor Xa inhibitors":ti,ab,kw OR "factor IIa inhibitors":ti,ab,kw OR "direct thrombin inhibitor":ti,ab,kw OR 

"direct thrombin inhibitors":ti,ab,kw OR "factor xa inhibitor":ti,ab,kw OR "factor IIa inhibitor":ti,ab,kw OR "dabigatran":ti,ab,kw OR 

"Pradaxa":ti,ab,kw OR "rivaroxaban":ti,ab,kw OR "Xarelto":ti,ab,kw OR "apixaban":ti,ab,kw OR "Eliquis":ti,ab,kw OR 

"eliques":ti,ab,kw OR "edoxaban":ti,ab,kw OR "Savaysa":ti,ab,kw OR "roteas":ti,ab,kw OR "Lixiana":ti,ab,kw OR 

"betrixaban":ti,ab,kw OR "Bevyxxa":ti,ab,kw OR [mh "dabigatran"] OR [mh "rivaroxaban"] OR [mh "apixaban"] OR [mh "edoxaban"] 

OR [mh "betrixaban"] OR (("new oral":ti,ab,kw OR "novel":ti,ab,kw OR "non vitamin k":ti,ab,kw) AND (anticoagulant*:ti,ab,kw OR 

anti coagulant*:ti,ab,kw))) 

ClinicalTrials.gov: 

"new oral anticoagulant" OR "novel oral anticoagulant" OR "non vitamin K antagonist oral anticoagulant" OR "direct oral 

anticoagulant" OR “NOAC” OR “DOAC” OR "dabigatran" OR "apixaban" OR "edoxaban" OR "rivaroxaban" OR "betrixaban" 



Table S1. Summary of the included cohort studies in the present meta-analysis 

Author name Year Design Country Treatment 

indication 

NOAC type Mean 

Follow-up 

(months) 

Mean age 

(years) 

Female 

(%) 

Study 

sample 

size (n) 

Reported fracture sites 

Lucenteforte12 2017 Retrospective 

cohort study 

Italy Not specified Dabigatran and direct Xa 

inhibitors (combined 

rivaroxaban and apixaban) 

<12* Not 

provided‡ 

48.9 16,850 Hip or vertebral fracture 

Binding14 2019 Retrospective 

cohort study 

Denmark AF Dabigatran, rivaroxaban, 

apixaban, and edoxaban 

(all combined) 

24 72.7 42.2 37,350 Any fracture; major 

osteoporotic fracture; hip 

fracture 

Huang16 2020 Retrospective 

cohort study 

Taiwan AF Dabigatran, rivaroxaban, 

and apixaban 

29.2† 71.9 41.0 28,776§ Hip; vertebral; and 

humerus/forearm/wrist 

fractures 

Lau17 2020 Retrospective 

cohort study 

Hong Kong AF Dabigatran, rivaroxaban, 

and apixaban 

14.1 74.4 48.0 23,515 Hip or vertebral fracture 

Lutsey15 2020 Retrospective 

cohort study 

USA AF Dabigatran, rivaroxaban, 

and apixaban 

16.9 68.9 38.0 167,275§ Hip fracture and all clinical 

fractures  
* no report of the actual mean follow-up time. 

† Median.
‡ 67.2% patients ≥75 years old; 32.8% patients <75 years old.
§ Overall study sample size before head-to-head propensity score matching.

Abbreviations: AF, atrial fibrillation; NOAC, non-vitamin K antagonist oral anticoagulant; OAC, oral anticoagulant 



Table S2. Summary of the included randomized controlled trials in the present meta-analysis 

Trial name Year Country Treatment 

indication 

NOAC type Follow-up 

duration 

(months) 

Mean age 

(years) 

Female 

(%) 

Study 

sample 

size (n) 

Reported fracture sites 

PETRO Study30 2007 4 (Denmark, 

Netherlands, 

Sweden, and 

USA) 

AF Dabigatran 3 69.7 18.1 502 Radius 

RE-COVER I31 2009 29 countries VTE Dabigatran 6 54.7 41.6 2,539 Femur; hip; lower limb; radius; rib; tibia 

RE-LY32 2009 44 countries AF Dabigatran 24* 71 36.4 18,040 Ankle; cervical vertebral; clavicle; compression; 

facial bones; femoral neck; femur; fibula; foot; 

forearm; hand; hip; humerus; lower limb; lumbar 

vertebral; multiple; patella; pelvic; pubic rami; radius; 

rib; scapula; skull; spinal compression; spinal; sternal; 

thoracic vertebral; tibia; upper limb; wrist; 

pathological; unspecified 

EINSTEIN-DVT||33 2010 35 countries VTE Rivaroxaban 3, 6, or 12† 56.1 43.2 3,429 Ankle; clavicle; femoral neck; femur; humerus; 

radius; rib; spinal compression; ulna; thoracic 

vertebral; pathological 

NCT00504556‡34 2010 12 countries AF Edoxaban 4 65 37.9 1,143 Clavicle; upper limb 

NCT01136408‡35 2010 1 (Japan) AF Dabigatran 3 67.8 12.3 166 Femur 

ARISTOTLE36 2011 39 countries AF Apixaban 21.6* Median 70 35.3 18,140 Hand; periprosthetic; upper limb; foot; spinal 

compression; facial bones; open; tibia; acetabulum; 

ankle; clavicle; femoral neck; pelvic; scapula; skull; 

wrist; cervical vertebral; femur; hip; lower limb; 

patella; thoracic vertebral; pubis; spinal; sternal; 

fibula; forearm; unspecified; humerus; rib; traumatic; 

lumbar vertebral; radius; ulna; pathological 

NCT00806624‡37 2011 4 (Taiwan, 

South Korea, 

Hong Kong, 

and Singapore) 

AF Edoxaban 3 65.1 34.6 234 Unspecified fracture 

ROCKET AF38 2011 45 countries AF Rivaroxaban 23.6* Median 73 39.7 14,236 Ankle; avulsion; cervical vertebral; clavicle; 



compression; facial bones; femoral neck; femur; 

fibula; foot; unspecified; hand; hip; humerus; lower 

limb; lumbar vertebral; multiple; patella; pelvic; 

pubis; radius; rib; skull; spinal compression; spinal; 

thoracic vertebral; tibia; traumatic; upper limb; wrist; 

pathological 

EINSTEIN-PE||39 2012 38 countries VTE Rivaroxaban 3, 6, or 12† 57.7 47.1 4,817 Ankle; facial bones; femoral neck; femur; fibula; foot; 

hip; humerus; rib; spinal compression; sternal; tibia; 

traumatic; cervical vertebral; lumbar vertebral; 

thoracic vertebral; upper limb 

J-ROCKET AF40 2012 1 (Japan) AF Rivaroxaban 16.2* 71.1 19.4 1,278 Femur; fibula; patella; radius; rib; spinal 

compression; tibia; ulna; skull 

AMPLIFY41 2013 28 countries VTE Apixaban at least 6 56.9 41.3 5,365 Ankle; cervical vertebral; facial bones; femur; hip; 

humerus; lower limb; lumbar vertebral; pelvic; radius; 

spinal compression; upper limb; wrist; pathological 

ENGAGE AF-

TIMI 4842 

2013 46 countries AF Edoxaban 33.6* Median 72 38.1 21,026 Femur; hip; rib; humerus; spinal compression; 

femoral neck; lower limb; lumbar vertebral; facial 

bones; pelvic; fibula; thoracic vertebral; ankle; pubis; 

cervical vertebral; foot; forearm; patella; radius; ulna; 

wrist; acetabulum; sacrum; hand; periprosthetic; 

spinal; tibia; upper limb; clavicle; compression; jaw; 

multiple; scapula; skull; unspecified; coccyx; 

ischium; skull; sternal; osteoporotic; pathological 

Hokusai-VTE43 2013 37 countries VTE Edoxaban 12 55.8 42.8 8,240 Femur; rib; spinal compression; femoral neck; tibia; 

acetabulum; hip; jaw; radius; spinal; ankle; clavicle; 

compression; fibula; foot; sacrum; hand; humerus; 

lower limb; pelvic; pubis; thoracic vertebral; upper 

limb; wrist; facial bones; forearm; lumbar vertebral; 

multiple; traumatic 

RE-COVER II44 2013 31 countries VTE Dabigatran 6 54.9 39.4 2,568 Femoral neck; hip; humerus; multiple; upper limb 

RE-MEDY45 2013 33 countries VTE Dabigatran 6-36 54.7 39 2,856 Acetabulum; ankle; femoral neck; femur; fibula; foot; 

hand; hip; humerus; lower limb; radius; tibia; upper 

limb 

ENSURE-AF46 2016 19 countries AF Edoxaban 2 64.2 34.4 2,149 Ankle 



eTRIS47 2016 1 (USA) VTE Edoxaban 4 54.8 26.2 84 Femoral neck; rib 

PIONEER AF-

PCI48 

2016 14 countries AF Rivaroxaban 12 70.1 25.5 2,099 Compression; femoral neck; hip; humerus; lower 

limb; pubis; radius; rib; traumatic; upper limb 

RE-CIRCUIT49 2017 11 countries AF Dabigatran 3-4 59.2 25.2 676 Acetabulum 

REDUAL-PCI50 2017 41 countries AF Dabigatran 14.0§ 70.8 24 2,678 Ankle; clavicle; femoral neck; femur; hand; hip; 

lumbar vertebral; multiple; pelvic; periprosthetic; 

pubis; rib; skull; spinal compression; sternal; upper 

limb; wrist 

ELIMINATE-AF||51 2018 11 countries AF Edoxaban 5 59.5 28.1 602 Foot 

EMANATE52 2018 12 countries AF Apixaban 1-4 64.6 33.2 1,456 Femur; radius 

RE-SPECT CVT53 2019 9 countries VTE Dabigatran 6 45.2 55 120 Upper limb 

*Median.
†Depended on the intended duration of treatment.
‡Named by clinical trial registry number.
§Median.
||The control group in these studies contained both warfarin and acenocoumarol users; the present meta-analysis included them in the warfarin group.

Abbreviations: AF, atrial fibrillation; NOAC, non-vitamin K antagonist oral anticoagulant; OAC, oral anticoagulant; VTE, venous thromboembolism



Table S3. Quality assessment of the included cohort studies using the Newcastle–Ottawa Scale 

Selection Comparability Outcome 
Total 

Quality 

Score 
Author Year 

Representativeness 

of exposed cohort 

Selection of 

non-exposed 

cohort 

Ascertainment 

of exposure 

The outcome of interest 

was not present at the 

start of the study 

Adjusted 

for age 

Adjusted 

for sex 

Assessment 

of outcome 

Follow-

up 

length 

Loss to 

follow-up 

rate 

Lucenteforte 2017 1 1 0 1 1 1 1 0 0 6 

Binding 2019 1 1 1 1 1 1 1 1 1 9 

Huang 2020 1 1 1 1 1 1 1 1 1 9 

Lau 2020 1 1 1 1 1 1 1 1 1 9 

Lutsey 2020 1 1 1 1 1 1 1 1 1 9 

Selection: 

1) Representativeness of exposed cohort: 1, truly or somewhat representative of a community/population-based study; 0, selected group of users or no description of the derivation of the cohort.

2) Selection of non-exposed cohort: 1, drawn from the same community as the exposed cohort; 0, drawn from a different source or no description of the derivation of the non-exposed cohort.

3) Ascertainment of exposure: 1, validation of oral anticoagulant use with a secure record or structured interview; 0, written self-report or no description of validation of oral anticoagulant use.

4) Demonstration that outcome of interest was not present at the start of the study: 1, yes; 0, no.

Comparability: 

1) Study adjusted for age: 1, yes; 0, no.

2) Study adjusted for sex: 1, yes; 0, no.

Outcome: 

1) Assessment of outcome: 1, independent blind assessment, confirmed by medical records or record linkage; 0, self-reported or no description.

2) Was follow-up long enough for outcomes to occur: 1, duration of follow-up ≥ 1 year; 0, duration of follow-up < 1 year.

3) Loss to follow-up rate: 1, complete follow-up or loss to follow up rate ≤20%; 0, loss to follow up rate >20% or no statement.



Table S4. Quality assessment of the included randomized controlled trials using the Cochrane risk of bias tool 

Trial name Year Random 

sequence 

generation 

Allocation 

concealment 

Blinding of 

participants and 

personnel  

Blinding of 

outcome 

assessment 

Incomplete 

outcome data 

addressed 

Selective 

reporting 

Other biases 

PETRO Study 2007 U U H L L L L 

RE-COVER I 2009 L L L L L L L 

RE-LY 2009 L L H L L L L 

EINSTEIN-DVT 2010 L L H L L L L 

NCT00504556 2010 L L H L L L L 

NCT01136408 2010 L U H U U L U 

ARISTOTLE 2011 L L L L L L L 

NCT00806624 2011 L L H L L L L 

ROCKET AF 2011 L L H L L L L 

EINSTEIN-PE 2012 L L H L L L L 

J-ROCKET AF 2012 U U L L U L L 

AMPLIFY 2013 L L L L L L L 

ENGAGE AF-TIMI 48 2013 L L L L L L L 

Hokusai-VTE 2013 L L L L L L L 

RE-COVER II 2013 L L L L L L L 

RE-MEDY 2013 L L L L U L L 

ENSURE-AF 2016 L L H L L L L 

eTRIS 2016 L L H L U L L 

PIONEER AF-PCI 2016 L L H U L L L 

RE-CIRCUIT 2017 L L H L L L L 

REDUAL-PCI 2017 L L H L L L L 

ELIMINATE-AF 2018 L L H L L L L 



EMANATE 2018 L L H U L L L 

RE-SPECT CVT 2019 L L H L L L L 

L: low risk; U: unclear risk; H: high risk 



Table S5. Covariates adjusted in each cohort study included in the present meta-analysis 

Author Year Age Sex HTN DM COPD CAD/MI 
Heart 

failure 
CKD Stroke Dementia 

Osteoporosis/ 

BMD 
Medication use Other variables 

Lucenteforte  2017 ● ● 
The pattern of OAC use 

(incident or non-incident) 

Binding 2019 ● ● ● ● ● ● 

Hormone replacement therapy, 

antidepressant drugs, 

glucocorticoid medication, 

statin 

Previous syncope, liver disease, 

inflammatory polyarthritis, 

alcohol 

Huang 2020 ● ● ● ● ● ● ● ● ● ● ● 

Corticosteroids, diuretics, 

NSAID, statins, PPI, 

antiepileptics, 

antiparkinsonian, 

antipsychotics, anxiolytics, 

hypnotics and sedatives, 

antidepressants, thyroxine, 

antithyroid drugs, 

antiosteoporotic drugs 

Thyroid disease, rheumatoid 

arthritis, malignancy, income 

level, time from AF diagnosis 

to OAC prescription, hospital 

level, hospital region, physician 

specialty, Charlson comorbidity 

index, cirrhosis, depression, 

parkinsonism, epilepsy, 

cataract, CHA2DS2-VASc 

score 

Lau 2020 ● ● ● ● ● ● ● ● ● 

ACEI, ARB, β-Blockers, PPI, 

bisphosphonates, 

antidepressants, systemic 

glucocorticoids 

Previous fall, previous fracture, 

rheumatoid arthritis, liver 

disease, inflammatory 

polyarthropathies 

Lutsey 2020 ● ● ● ● ● ● ● ● ● ● ● 

Digoxin, clopidogrel, 

antiplatelets, ACEI, ARB, β-

blockers, calcium channel 

blockers, antiarrhythmic 

agents, statins, diabetes 

medications, osteoporosis 

medications 

Previous fracture, peripheral 

artery disease, liver disease, 

depression, hematological 

disorders, GI tract bleeding, 

other bleeding, frailty, 

malignancy, prior procedures 

(cardiac, vascular, GI tract, and 

neurological), alcohol, 

CHA2DS2-VASc score 

Abbreviations: ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; AF, atrial fibrillation; BMD, bone mineral density; CAD, coronary artery disease; CKD, chronic kidney disease; COPD, 

chronic obstructive pulmonary disease; DM, diabetes mellitus; GI, gastrointestinal; HTN, hypertension; MI, myocardial infarction; NSAID, nonsteroidal anti-inflammatory drugs; OAC, oral anticoagulants; PPI, proton-pump 

inhibitors



Figure S1. Funnel plot for the publication bias in studies comparing any fracture risk between NOACs and warfarin 

Abbreviations: RR, relative risk 



Figure S2. Sensitivity analysis of the meta-analysis of studies comparing any fracture risk between NOACs and warfarin with each 

study omitted individually one at a time 

Abbreviations: CI, confidence interval 



 

Figure S3. Forest plot of the relative risk of any fracture associated with NOACs compared to warfarin in the cohort studies subgroup 

Abbreviations: CI, confidence interval; RR, relative risk 



Figure S4. Forest plot of the relative risk of any fracture associated with NOACs compared to warfarin in the randomized controlled 

trials subgroup 

Abbreviations: CI, confidence interval; RR, relative risk 



Figure S5. Funnel plot for the publication bias in studies comparing hip fracture risk between NOACs and warfarin 

Abbreviations: RR, relative risk 



Figure S6. Funnel plot for the publication bias in studies comparing vertebral fracture risk between NOACs and warfarin 

Abbreviations: RR, relative risk 
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