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Background: It is unclear whether anticoagulant type is associated with the risk for osteoporotic fracture, a deleterious complication of anticoagulants among patients with atrial ﬁbrillation
(AF).
Objective: To compare the risk for osteoporotic fracture between anticoagulants.
Design: Population-based cohort study.
Setting: Territory-wide electronic health record database of the
Hong Kong Hospital Authority.
Participants: Patients newly diagnosed with AF between 2010
and 2017 who received a new prescription for warfarin or a direct oral anticoagulant (DOAC) (apixaban, dabigatran, or rivaroxaban). Follow-up ended on 31 December 2018.
Measurements: Osteoporotic hip and vertebral fractures in
anticoagulant users were compared using propensity score–
weighted cumulative incidence differences (CIDs).
Results: There were 23 515 patients identiﬁed (3241 apixaban
users, 6867 dabigatran users, 3866 rivaroxaban users, and 9541
warfarin users). Overall mean age was 74.4 years (SD, 10.8),
ranging from 73.1 years (warfarin) to 77.9 years (apixaban). Over
a median follow-up of 423 days, 401 fractures were identiﬁed
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steoporotic fracture is a frequent cause of death
and disability in the older population (1). Warfarin,
a vitamin K antagonist used for stroke prevention in
persons with atrial ﬁbrillation (AF), has long been speculated to increase the risk for osteoporotic fracture (2–
5). Preclinical studies showed that several vitamin K–
dependent proteins, such as matrix Gla protein and
osteopontin, play a role in bone metabolism (5), and
this has led to concerns that warfarin may increase the
risk for osteoporotic fracture. However, most of the previous studies that investigated the link between warfarin and fracture were done in previous decades and
have yielded inconsistent ﬁndings (2–9).
Recently, direct oral anticoagulants (DOACs), which
include a thrombin inhibitor (dabigatran) and factor Xa
inhibitors (rivaroxaban, apixaban, and edoxaban), have
been introduced for use as an alternative to warfarin. A
recent meta-analysis pooled the adverse events reported
in randomized controlled trials of DOACs and found
fewer reports of fractures in DOAC users than in warfarin
users (10). However, previous trials of DOACs were not
designed to provide reliable estimates of fracture risks in

(crude event number [weighted rate per 100 patient-years]:
apixaban, 53 [0.82]; dabigatran, 95 [0.76]; rivaroxaban, 57 [0.67];
and warfarin, 196 [1.11]). After 24-month follow-up, DOAC use
was associated with a lower risk for fracture than warfarin use
(apixaban CID, ⫺0.88% [95% CI, ⫺1.66% to ⫺0.21%]; dabigatran CID, ⫺0.81% [CI, ⫺1.34% to ⫺0.23%]; and rivaroxaban CID,
⫺1.13% [CI, ⫺1.67% to ⫺0.53%]). No differences were seen in
all head-to-head comparisons between DOACs at 24 months
(apixaban vs. dabigatran CID, ⫺0.06% [CI, ⫺0.69% to 0.49%];
rivaroxaban vs. dabigatran CID, ⫺0.32% [CI, ⫺0.84% to 0.18%];
and rivaroxaban vs. apixaban CID, ⫺0.25% [CI, ⫺0.86% to
0.40%]).
Limitation: Residual confounding is possible.
Conclusion: Among patients with AF, DOAC use may result in a
lower risk for osteoporotic fracture compared with warfarin use.
Fracture risk does not seem to be altered by the choice of
DOAC. These ﬁndings may help inform the beneﬁt–risk assessment when choosing between anticoagulants.
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clinical practice, and a range of population-based studies
are needed to inform the risk for osteoporotic fracture for
different oral anticoagulants. In mice, rivaroxaban and
dabigatran have been shown to inﬂuence different pathways in bone formation, resorption, and remodeling (11,
12). The risk for fracture with apixaban has not been investigated in vitro.
Direct oral anticoagulants are now recommended
over warfarin for stroke prevention in persons with AF
mainly because they are at least as efﬁcacious as warfarin in preventing stroke, have lower bleeding risks,
and require less monitoring (13, 14). They are also associated with a lower potential risk for drug– drug interactions than warfarin (15). However, data on osteoporotic fracture risks with DOAC use are limited (16, 17),
and it remains unclear which anticoagulant should be
recommended as the ﬁrst choice for a patient who is
also at risk for osteoporotic fracture. Given that oral
anticoagulants are often prescribed to older adults who
have multiple risk factors for osteoporotic fractures
(18), further clarity on their role in fracture risk is
needed. This is particularly relevant to persons with AF,
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who were reported to have a higher incidence of hip
fractures than those without AF (19).
Therefore, we did a territory-wide cohort study to
investigate whether the use of apixaban, dabigatran,
and rivaroxaban is associated with a lower risk for osteoporotic fracture than warfarin among patients with
AF. We also compared the fracture risks between the
DOACs.

METHODS
Data Source
We used the anonymized electronic health records
of the Clinical Data Analysis and Reporting System
(CDARS) of the Hong Kong Hospital Authority, a statutory body that manages all public hospitals and their
ambulatory (general and specialist) clinics in Hong
Kong (20). It serves a population of more than 7.4 million and covers approximately 80% of all hospital admissions in Hong Kong (21). Demographic characteristics, dates of registered deaths, dates of hospital
admissions and discharges, dates of consultations,
pharmacy dispensing records, diagnoses, procedures,
and laboratory test results are prospectively recorded
as part of the clinical care of patients and are centralized in CDARS for recordkeeping and research purposes. Data validation in CDARS has demonstrated a
high coding accuracy for the diagnoses of fractures of
the hip (positive predictive value, 100%) and vertebrae
(positive predictive value, 86%) (22). The system has
been extensively used in large-scale drug surveillance
studies (23–30). A more detailed description of CDARS
has been reported previously and is also provided in
Appendix 1 (available at Annals.org) (28, 31).
The study protocol was approved by the institutional review board of the University of Hong Kong and
the Hospital Authority Hong Kong West Cluster (reference number: UW13-468). Informed patient consent
was not required because the data used in this study
were anonymized.
Study Cohort
The study population included adults aged 18
years or older who were newly diagnosed with AF and
subsequently received a new prescription for 1 of the
anticoagulants of interest. A new diagnosis of AF was
deﬁned as the ﬁrst recorded diagnosis of AF (International Classiﬁcation of Diseases, Ninth Revision, Clinical
Modiﬁcation [ICD-9-CM], code 427.3) in either a hospital or an outpatient setting between 1 January 2010
and 31 December 2017 in CDARS. Patients with a recorded diagnosis of valvular heart disease or hyperthyroidism or who had a valve replacement (Appendix Table 1, available at Annals.org) were excluded. Patients
with transient AF (that is, those who had cardiac surgery
or were diagnosed with myocarditis, pericarditis, or
pulmonary embolism within 90 days before their ﬁrst
AF occurrence) (Appendix Table 1), those missing information on date of birth or sex, those younger than
18 years, and those who died during their ﬁrst AF occurrence were excluded.
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We identiﬁed patients who received a new prescription for apixaban, dabigatran, rivaroxaban, or warfarin after the AF diagnosis. The date of the ﬁrst prescription was deﬁned as the index date. To identify new
users of anticoagulants, we excluded patients who
were exposed to any oral anticoagulants (apixaban,
dabigatran, rivaroxaban, or warfarin) within 180 days
before the index date. Patients who had a record of
bone tumors, epilepsy, or seizure before the index date
or baseline use of hormone replacement therapy (on or
within 90 days before the index date) were excluded to
reduce their potential residual effects on fractures (32).
Outcome
The primary outcome was deﬁned as a composite
of hip and vertebral fractures, which were identiﬁed using ICD-9-CM codes (Appendix Table 1). To exclude
possible cases of traumatic fractures, fractures that
were recorded with a traumatic event (ICD-9-CM codes
E800 to E848) were regarded as censoring events and
were not included as outcome events. Patients were
followed until the occurrence of the study outcome,
treatment discontinuation, a switch from the index
medication to another oral anticoagulant (apixaban,
dabigatran, rivaroxaban, warfarin, or edoxaban), or the
end of the study period (31 December 2018), whichever came ﬁrst.
Inverse Probability of Treatment Weighting
To address potential bias due to nonrandomized
treatment allocation, inverse probability of treatment
weighting (IPTW) based on propensity scores was used
to construct a weighted cohort of patients who differed
with respect to treatment with anticoagulants but were
similar with respect to other measured characteristics
(33). The IPTW approach is suitable when comparing
several treatment groups (34). Propensity score weights
were estimated using generalized boosted models
based on a search limit of 10 000 regression trees for
optimal balance between the treatment populations
(details are provided in Appendix 2, available at Annals
.org) (34). These weights were derived to obtain estimates representing the average treatment effects in the
population. The predictor variables in the propensity
score model included the following potential confounders (3, 32): age, sex, index year (that is, year of
treatment commencement), congestive heart failure,
ischemic stroke or transient ischemic attack, diabetes
mellitus (identiﬁed by a record of diabetes mellitus or
use of insulin or antidiabetic drugs on or within 90 days
before the index date), chronic obstructive pulmonary
disease, liver disease, chronic kidney disease, osteoporosis, history of fractures, rheumatoid arthritis and other
inﬂammatory polyarthropathies, and history of falls
(Appendix Table 1). Other covariates included recent
use (on or within 90 days before the index date) of
angiotensin-converting enzyme inhibitors or angiotensin II–receptor blockers, ␤-blockers, proton-pump inhibitors, antidepressants (selective serotonin reuptake
inhibitors or tricyclic antidepressants), systemic glucocorticoids, and bisphosphonates.
Annals.org
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Standardized differences were used to assess the
differences in patient characteristics between treatment
groups. Proposed cutoffs for acceptable standardized
differences range from 0.1 to 0.25 (24). Characteristics
with a standardized difference greater than 0.1 after
IPTW were included as covariates in the subsequent
regression model. We also calculated variance ratios
for the continuous variable (age) and raw differences in
proportion for the categorical variables (all covariates
other than age) to evaluate covariate balance in terms
of distributions (Appendix 3, available at Annals.org)
(35).
Statistical Analysis
Baseline characteristics were expressed as means
and SDs for continuous variables and frequencies and
percentages for categorical variables. The cumulative
incidence difference (CID) in osteoporotic fractures at
6, 12, 18, and 24 months after treatment commencement was compared between the anticoagulants, with
adjustment for IPTW and the covariates that were not
completely balanced after IPTW (details of the adjustment methods are described in Appendix 4, available
at Annals.org) (36). The 95% CIs of the CID were estimated using bootstrap methods (500 replications)
(Appendix 4) (37).
In additional analyses, Cox proportional hazards regression using IPTW as a probability weight was applied to estimate the hazard ratio (HR) of the risk for
osteoporotic fractures between different oral anticoagulants over the entire follow-up. The proportional hazards assumption of the Cox model was assessed by
including time-dependent covariates in the model and
doing the proportionality test. The results indicated
that the assumption was met.
Given that men and women may have a different
risk for osteoporotic fracture (38) and differential oral
anticoagulant treatment effects (27), subgroup analyses
were done by stratifying the study population by sex.
Propensity scores and weights were recalculated for
the patients within the subgroups, and covariate balances were conﬁrmed using standardized differences
as in the main analyses. In sensitivity analyses, fractures
that accompanied a record of falls from higher than
standing height (Appendix Table 1) were not included
as an outcome and were treated as a censoring event.
We did additional sensitivity analyses in which patients
were not censored if they discontinued the index treatment or switched to another anticoagulant. We also did
2 post hoc sensitivity analyses that included other osteoporotic treatments (denosumab, salcatonin, teriparatide, strontium ranelate, and raloxifene) and dispensing institutions (hospitals or clinics) in the propensity
score model.
To further assess the potential effect of any unmeasured confounding on our study, we computed the
E-value for our HRs (39). The E-value is deﬁned as the
minimum strength of association that an unmeasured
confounder would need to have with both treatment
and outcome, conditional on the measured covariates,
to explain away an observed association (39).
Annals.org

In all statistical analyses, a 2-sided P value less than
0.05 was considered statistically signiﬁcant. For each
subgroup analysis, a P value for interaction was calculated and a value less than 0.05 denoted a statistically
signiﬁcant difference between subgroups. Statistical
analyses were done using SAS, version 9.4 (SAS Institute), and R, version 3.6.1 (The R Project for Statistical
Computing).
Role of the Funding Source
This study was supported by The University of
Hong Kong and University College London Strategic
Partnership Fund. The funder had no role in the design
or conduct of the study; collection, analysis, or interpretation of the data; or preparation, review, or approval of
the manuscript.

RESULTS
Patient Characteristics
There were 83 153 patients newly diagnosed with
AF identiﬁed from CDARS between 1 January 2010 and
31 December 2017. Of these, 23 515 new anticoagulant users met the inclusion criteria (apixaban [n =
3241], dabigatran [n = 6867], rivaroxaban [n = 3866],
and warfarin [n = 9541]) (Figure 1). The mean age of

Figure 1. Selection of cohort.
Patients newly diagnosed with AF from 2010 through 2017 in CDARS
(n = 83 153)
Excluded (n = 59 354)
Missing date of birth or sex: 5
Aged <18 y: 54
Died at first AF occurrence: 5808
Transient AF: 3357
Valvular disease: 5058
Did not receive apixaban, dabigatran, rivaroxaban, or
warfarin during follow-up: 41 151
Received oral anticoagulant within 180 d before index
date: 3876
Had prescription record of other oral anticoagulants on index
date: 45
New oral anticoagulant users (n = 23 799)
Apixaban: 3284
Dabigatran: 6945
Rivaroxaban: 3908
Warfarin: 9662
Excluded (n = 284)
Bone tumors (dabigatran: 4; warfarin: 2)
Epilepsy or history of seizure (apixaban: 43; dabigatran: 71;
rivaroxaban: 40; warfarin: 115)
Use of hormone replacement therapy (dabigatran: 3;
rivaroxaban: 2; warfarin: 4)
New oral anticoagulant users included in the propensity score weighting
analyses (n = 23 515)
Apixaban: 3241
Dabigatran: 6867
Rivaroxaban: 3866
Warfarin: 9541

AF = atrial ﬁbrillation; CDARS = Clinical Data Analysis and Reporting
System.
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Table 1. Baseline Characteristics
Characteristic

Patients, n
Mean age (SD), y
Women, n (%)
Medical conditions, n (%)
Congestive heart failure
Prior ischemic stroke or transient ischemic attack
Chronic obstructive pulmonary disease
Diabetes mellitus
History of falls
History of fractures
Liver disease
Osteoporosis
Rheumatoid arthritis and other inﬂammatory
polyarthropathies
Chronic kidney disease
Recent medication use, n (%)
Angiotensin-converting enzyme inhibitor or
angiotensin II–receptor blocker
␤-Blocker
Proton-pump inhibitor
Bisphosphonate
Systemic glucocorticoid
Antidepressant

DOACs

Warfarin

Maximum Pairwise
Standardized Difference*

Apixaban

Dabigatran

Rivaroxaban

Before IPTW

After IPTW

3241
77.9 (10.3)
1678 (51.8)

6867
74.4 (10.0)
3376 (49.2)

3866
75.0 (10.3)
1913 (49.5)

9541
73.1 (11.4)
4313 (45.2)

0.45
0.13

0.10
0.04

772 (23.8)
968 (29.9)
334 (10.3)
918 (28.3)
645 (19.9)
296 (9.1)
18 (0.6)
46 (1.4)
26 (0.8)

1360 (19.8)
2007 (29.2)
575 (8.4)
2009 (29.3)
1080 (15.7)
479 (7.0)
41 (0.6)
85 (1.2)
42 (0.6)

771 (19.9)
953 (24.7)
314 (8.1)
1059 (27.4)
608 (15.7)
285 (7.4)
10 (0.3)
50 (1.3)
36 (0.9)

2921 (30.6)
2664 (27.9)
887 (9.3)
2926 (30.7)
1481 (15.5)
684 (7.2)
67 (0.7)
101 (1.1)
66 (0.7)

0.25
0.12
0.08
0.07
0.12
0.08
0.06
0.03
0.04

0.06
0.13
0.04
0.03
0.04
0.06
0.06
0.02
0.02

139 (4.3)

157 (2.3)

124 (3.2)

835 (8.8)

0.29

0.06

1620 (50)

3116 (45.4)

1881 (48.7)

4619 (48.4)

0.09

0.08

1948 (60.1)
1368 (42.2)
50 (1.5)
287 (8.9)
116 (3.6)

4141 (60.3)
1983 (28.9)
76 (1.1)
504 (7.3)
264 (3.8)

2372 (61.4)
1280 (33.1)
44 (1.1)
317 (8.2)
134 (3.5)

5575 (58.4)
2714 (28.4)
75 (0.8)
907 (9.5)
311 (3.3)

0.06
0.30
0.08
0.08
0.03

0.05
0.13
0.01
0.04
0.02

DOACs = direct oral anticoagulants; IPTW = inverse probability of treatment weighting.
* Proposed cutoffs for acceptable standardized differences ranged from 0.1 to 0.25.

the cohort was 74.4 years (SD, 10.8), ranging from 73.1
years (SD, 11.4) (warfarin) to 77.9 years (SD, 10.3)
(apixaban) (Table 1). Median follow-up was 423 days
(interquartile range, 92 to 1001 days), ranging from 384
days (interquartile range, 57 to 1211 days) in warfarin
users to 473 days (interquartile range, 116 to 990 days)
in rivaroxaban users (Table 2). There were 12 548 patients (53.4%) who were censored because they either
discontinued the index treatment (n = 8940) or
switched to another anticoagulant (n = 3608). After
IPTW, all baseline characteristics had standardized differences less than 0.1 except for age, prior ischemic
stroke or transient ischemic attack, and proton-pump
inhibitor use, which had standardized differences between 0.1 and 0.15 (Table 1). The maximum pairwise
variance ratio of age was 1.14, which is close to 1 and
indicative of group balance (35). The raw differences in
proportion for all categorical variables were small
(<0.10) (Appendix Table 2, available at Annals.org).
Risk for Osteoporotic Fractures
A total of 401 fractures were identiﬁed (crude event
number [weighted rate per 100 patient-years]: apixaban, 53 [0.82]; dabigatran, 95 [0.76]; rivaroxaban, 57
[0.67]; and warfarin, 196 [1.11]). The crude median time
to osteoporotic fracture after the index date ranged
from 338 days (apixaban) to 617 days (warfarin) (Table
2). Compared with men, women tended to have a
higher incidence of osteoporotic fractures, regardless
of the type of anticoagulant received (Table 2; Appendix Table 3, available at Annals.org).
The adjusted cumulative incidences at 6 to 24
months after treatment commencement are shown in
Figure 2. At 24 months, the adjusted cumulative inci4 Annals of Internal Medicine • Vol. 173 No. 1 • 7 July 2020

dence of osteoporotic fractures was lower with DOAC
use than with warfarin use (CIDs, ⫺0.88% [95% CI,
⫺1.66% to ⫺0.21%] for apixaban vs. warfarin ⫺0.81%
[CI, ⫺1.34% to ⫺0.23%] for dabigatran vs. warfarin, and
⫺1.13% [CI, ⫺1.67% to ⫺0.53%] for rivaroxaban vs.
warfarin). The CIDs in osteoporotic fractures between
DOACs were small and not statistically signiﬁcant
across all time points, ranging from ⫺0.06% to ⫺0.32%
at 24 months (Figure 2).
Cox proportional hazards model analyses over the
entire follow-up suggested that DOAC use was associated with a lower risk for osteoporotic fractures than
warfarin use (HRs, 0.62 [CI, 0.41 to 0.94] for apixaban
vs. warfarin, 0.65 [CI, 0.49 to 0.86] for dabigatran vs.
warfarin, and 0.52 [CI, 0.37 to 0.73] for rivaroxaban vs.
warfarin) (Table 3). The corresponding E-values for the
point estimates were 2.61, 2.45, and 3.26 in an HR
scale, respectively. Similar results were seen in both
men and women (P for interaction > 0.05) (Table 3). For
all head-to-head comparisons between DOACs, the results were not statistically signiﬁcant (HRs, 0.96 [CI, 0.63
to 1.47] for apixaban vs. dabigatran, 0.80 [CI, 0.55 to
1.15] for rivaroxaban vs. dabigatran, and 0.83 [CI, 0.52
to 1.33] for rivaroxaban vs. apixaban) (Table 3).
The results of the sensitivity analyses that excluded
fractures associated with falls from higher than standing height (Appendix Table 4, available at Annals.org)
or did not censor patients if they discontinued the index treatment or switched to another anticoagulant
(Appendix Table 5, available at Annals.org) were not
materially different from the results of the main analysis.
Post hoc analyses that accounted for other osteoporosis treatments (Appendix Table 6, available at Annals
Annals.org
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.org) and any variation between dispensing institutions
in anticoagulant use (Appendix Figure and Appendix
Table 7, available at Annals.org) in the propensity score
model also yielded similar results.

less than the mean age of our study cohort (range, 74.4
years [dabigatran] to 77.9 years [apixaban]). Despite
the differences in cohort characteristics, health care systems, and methods between the studies, both yielded
consistent results and support the ﬁnding that DOAC
use may be associated with a lower risk for osteoporotic fractures than warfarin use.
Another recent study in Denmark using registry
data reported that DOACs as a group were associated
with a lower risk for osteoporotic fracture than warfarin
(16). However, the study did not examine the fracture
risk for each DOAC (16). A recent meta-analysis of 4
observational studies reported no increase in fracture
risk with warfarin versus DOACs as a group (41), but the
validity of the ﬁndings is doubtful because of potential
computational errors in the results (42).
It has been reported that the advantage of DOACs
over warfarin may not be as great in men with AF versus
women with AF because the lower rates of bleeding
with DOACs versus warfarin were not observed in men
(27). However, data on sex difference in osteoporotic
fracture risk with anticoagulant use are limited. We
found that DOACs versus warfarin were associated with
a lower risk for osteoporotic fractures in both men and
women, and we also identiﬁed a higher risk for osteoporotic fractures in women than men who received oral
anticoagulants. These results imply that lowering fracture risk may be an additional advantage of DOACs
over warfarin in both men and women, and that women
requiring oral anticoagulation may particularly beneﬁt
from DOACs given their higher risk for fracture.
This study has limitations. Given its observational
nature, the possibility of unmeasured confounders cannot be ruled out. For instance, we did not have infor-

DISCUSSION
In this study, DOAC use was associated with a
lower risk for osteoporotic fractures than warfarin use.
No evidence of a differential fracture risk was found
between DOACs. Given its limited power to compare
between DOACs, this study can only rule out more than
a 2-fold higher or a 50% lower relative risk for osteoporotic fractures between individual DOACs. However,
any absolute risk differences were small and would
likely be of minor clinical signiﬁcance. These results
were consistent in men and women.
Our results are consistent with a recent study by
Lutsey and colleagues that used insurance claim data
and reported a lower risk for osteoporotic fractures
with DOACs versus warfarin and no difference in risk
between individual DOACs (17). However, our study
had a longer on-treatment follow-up than that study
(mean, 7 months [SD, 8]), and we used a different analytic approach. Lutsey and colleagues used binary propensity score methods, which meant that the results
could be generalized only to patients who would be
eligible for a speciﬁc pair of anticoagulants (40). On the
other hand, we accounted for all anticoagulants simultaneously in the propensity score models and aimed to
generalize our results to the entire population who
would be eligible to receive any of the 4 anticoagulants, which may better reﬂect current clinical practice.
In addition, the mean age of the patients in their study
(range, 67 years [dabigatran] to 69 years [apixaban]) is

Table 2. Overall Osteoporotic Fracture Rates in the Study Cohort
Treatment

Total
Patients, n

Median
Follow-up
(IQR), d

Fractures, n

Median Time to
Fracture Since
Treatment
Commencement
(IQR), d

Crude Incidence
per 100 Patient-Years

Weighted Incidence
per 100 Patient-Years*

All patients
Apixaban
Dabigatran
Rivaroxaban
Warfarin
Total

3241
6867
3866
9541
23 515

414 (125–711)
442 (110–1000)
473 (116–990)
384 (57–1211)
423 (92–1001)

53
95
57
196
401

338 (89–537)
372 (122–917)
551 (118–799)
617 (175–1245)
468 (144–1016)

1.24
0.77
0.88
1.02
0.95

0.82
0.76
0.67
1.11
0.84

Men
Apixaban
Dabigatran
Rivaroxaban
Warfarin
Total

1563
3491
1953
5228
12 235

413 (126–692)
439 (112–979)
446 (118–957)
388 (60–1220)
419 (93–993)

18
29
22
70
139

329 (36–523)
422 (174–891)
554 (250–833)
437 (219–1240)
434 (174–943)

0.89
0.47
0.69
0.66
0.63

0.58
0.45
0.46
0.71
0.55

Women
Apixaban
Dabigatran
Rivaroxaban
Warfarin
Total

1678
3376
1913
4313
11 280

414 (123–734)
448 (104–1024)
511 (113–1022)
378 (55–1199)
428 (91–1014)

35
66
35
126
262

358 (203–547)
368 (122–917)
522 (20–799)
652 (153–1338)
497 (133–1081)

1.56
1.07
1.05
1.47
1.29

1.07
1.09
0.88
1.55
1.15

IQR = interquartile range.
* After inverse probability of treatment weighting.
Annals.org

Annals of Internal Medicine • Vol. 173 No. 1 • 7 July 2020 5

ORIGINAL RESEARCH

Osteoporotic Fractures and Oral Anticoagulants

Cumulative Incidence of Osteoporotic Fractures, %

Figure 2. Adjusted cumulative incidence curves.

3.0
2.5
2.0
1.5
1.0
0.5
0.0
0

6

People at risk, n
(adjusted cumulative incidence, %)
Apixaban (n = 3241)
Dabigatran (n = 6867)
Rivaroxaban (n = 3866)
Warfarin (n = 9541)

12
Time Since Treatment Commencement, mo

2267 (0.48)
4553 (0.50)
2678 (0.40)
5816 (0.77)

Absolute differences in
adjusted cumulative incidence (95% CI), %*
Apixaban vs. warfarin
–0.29 (–0.54 to –0.06)
Dabigatran vs. warfarin
–0.27 (–0.45 to –0.08)
Rivaroxaban vs. warfarin
–0.37 (–0.56 to –0.18)
Apixaban vs. dabigatran
–0.02 (–0.23 to 0.20)
Rivaroxaban vs. dabigatran
–0.10 (–0.25 to 0.08)
Rivaroxaban vs. apixaban
–0.08 (–0.30 to 0.15)

1800 (0.86)
3830 (0.90)
2244 (0.71)
4873 (1.37)

–0.51 (–0.89 to –0.13)
–0.47 (–0.77 to –0.15)
–0.66 (–1.01 to –0.29)
–0.04 (–0.42 to 0.35)
–0.18 (–0.47 to 0.13)
–0.15 (–0.54 to 0.23)

18

24

1245 (1.19)
3016 (1.24)
1784 (0.99)
4176 (1.89)

792 (1.50)
2388 (1.56)
1427 (1.25)
3607 (2.38)

–0.70 (–1.21 to –0.14)
–0.65 (–1.07 to –0.21)
–0.90 (–1.28 to –0.42)
–0.05 (–0.55 to 0.53)
–0.25 (–0.66 to 0.21)
–0.20 (–0.75 to 0.32)

–0.88 (–1.66 to –0.21)
–0.81 (–1.34 to –0.23)
–1.13 (–1.67 to –0.53)
–0.06 (–0.69 to 0.49)
–0.32 (–0.84 to 0.18)
–0.25 (–0.86 to 0.40)

* The 95% CIs were estimated using bootstrap methods.

mation on body mass index and bone mineral density.
However, these factors do not typically determine
whether a patient is eligible to receive an oral anticoagulant and so are not anticipated to cause confounding by indication, although they still may differ between
groups (24). Similarly, alcohol consumption and smoking status are not routinely recorded in the database.
However, this study included liver disease and chronic
obstructive pulmonary disease, which partially accounted for these unmeasured factors (43). Importantly, the E-value suggested that our observed associ-

ation of the lower risk with DOACs compared with
warfarin could only be explained away by an unmeasured confounder that was associated with both DOAC
treatment and osteoporotic fractures by an HR ranging
from 2.45-fold to 3.26-fold each. This is much greater
than well-known, strong risk factors for osteoporotic
fractures, such as age, sex, and history of falls (3, 32);
therefore, it is unlikely that an additional unmeasured
confounder of such large magnitude would exist. Given
that body mass index, bone mineral density, smoking
status, and alcohol consumption are not a common set

Table 3. Osteoporotic Fractures After IPTW
Treatment

All Patients

Men

Women

P Value for
Interaction*

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

DOAC vs. warfarin
Apixaban vs. warfarin
Dabigatran vs. warfarin
Rivaroxaban vs. warfarin

0.62 (0.41–0.94)
0.65 (0.49–0.86)
0.52 (0.37–0.73)

0.025
0.003
<0.001

0.71 (0.35–1.44)
0.62 (0.39–0.99)
0.57 (0.33–0.96)

0.35
0.046
0.035

0.60 (0.38–0.96)
0.71 (0.50–1.01)
0.51 (0.32–0.80)

0.035
0.058
0.004

0.71
0.66
0.76

DOAC vs. DOAC
Apixaban vs. dabigatran
Rivaroxaban vs. dabigatran
Rivaroxaban vs. apixaban

0.96 (0.63–1.47)
0.80 (0.55–1.15)
0.83 (0.52–1.33)

0.85
0.23
0.44

1.14 (0.55–2.38)
0.91 (0.50–1.64)
0.80 (0.36–1.77)

0.73
0.75
0.58

0.85 (0.52–1.38)
0.72 (0.45–1.15)
0.84 (0.48–1.47)

0.51
0.166
0.54

0.52
0.54
0.91

DOAC = direct oral anticoagulant; IPTW = inverse probability of treatment weighting.
* P value for interaction between treatment effect and sex.
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of factors to inform the choice of oral anticoagulants
(13, 14), it is unlikely that the joint effect of these unmeasured confounders could have accounted for an
association of this strength.
It is possible that asymptomatic fractures were undetected. This would tend to bias any result toward the
null, assuming the underdetection was nondifferential
between treatment groups (24). Although warfarin users may have had more clinical visits than DOAC users
because of coagulation testing, screening for asymptomatic fractures is not recommended in the public
health care setting of Hong Kong because of cost containment and avoidance of exposing patients to unnecessary radiation (44). If DOAC users were symptomatic,
it would generally have been reported during their regular follow-up visits, meaning a fracture would still have
been detected. Therefore, this would not have a material
effect on the study results. Finally, because edoxaban is a
recently approved DOAC, its use is still limited in Hong
Kong (27); thus, this treatment was not examined.
Our study has important clinical implications. Osteoporotic fracture and AF share common risk factors,
such as older age, hypertension, and diabetes, but in
practice, the risk for osteoporotic fractures is often neglected when choosing an oral anticoagulant for patients with AF. Surgery is often required to treat a
fracture, making perioperative management of anticoagulation difﬁcult because a balance between the risk
for stroke and excessive bleeding must be achieved.
Therefore, prevention of fracture is an important aspect
of anticoagulant management in patients with AF (45).
Given the supportive evidence from experimental settings (46, 47), ﬁndings from our study using clinical
data, and the indirect evidence provided by the previous meta-analysis of randomized controlled trials (10),
there exists a compelling case for evaluating whether
the risk for osteoporotic fractures should be considered
at the point of prescribing an oral anticoagulant to minimize fracture risk (48).
In conclusion, this study found that among patients
with AF, use of DOACs was associated with a lower risk
for osteoporotic fracture than use of warfarin. No evidence of a differential fracture risk between DOACs
was found. Given its limited power to compare between DOACs, this study can only rule out more than a
2-fold higher or a 50% lower relative risk for osteoporotic fractures between individual DOACs. However,
any differences in absolute risk were small and likely of
minor clinical signiﬁcance. The treatment effects of
DOACs versus warfarin were consistent in men and
women. These ﬁndings may help inform the beneﬁt–risk
assessment when choosing between anticoagulants.
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AD LIBITUM
Bored
for Dorothea
She's just bored with it
this disease.
She should have been gone
months ago
did all the last things
but didn't die in her sleep
like the doctor promised
and now there's a ceiling leak
and a workman at the door
and the pain.
No god to pray to
no drug to distract her
when it sings
on its one-string violin
A friend tells her to think of it—
the pain, the dying (she isn't sure)—
as one more adventure
in an adventurous life.
So, at 80, she
pulls herself up
gathers herself
once again opens the door
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APPENDIX 1: THE CDARS DATABASE
This study used the electronic health records of the
CDARS of the Hong Kong Hospital Authority (20),
which is a statutory body that manages all public hospitals and their ambulatory clinics in Hong Kong. The
Hong Kong Hospital Authority uses a computer information system, called the clinical management system
(CMS), to generate consultation and discharge summaries in daily practice (31, 49). The records in CMS are
linked among all institutions via a unique patient identiﬁer. Electronic health records in CMS, including patient demographic characteristics, dates of registered
deaths, dates of hospital admissions and discharges,
dates of consultations, drug dispensing records, diagnoses, and procedures are electronically transmitted to
Annals.org

CDARS on a daily basis for research and audit purposes. All patient records in CDARS are anonymized to
protect patient conﬁdentiality.
The CMS is also used to record data in relation to
direct clinical orders, such as prescriptions and laboratory tests (49). Drug prescriptions are ordered through
CMS and electronically transmitted to the pharmacy to
reduce transcription errors (50). Prescription details are
then veriﬁed by registered pharmacists for dispensing.
Details of the drug dispensed, including drug name,
dosing, quantity, frequency, drug route, and date of
dispensing, are stored in the CMS. Therefore, the data
in CDARS represent the actual clinical information recorded by the health care professionals as part of their
patients' care, and they have been widely used in pharmacoepidemiologic research (24, 25, 51, 52).

APPENDIX 2: PROPENSITY SCORE MODELING
FOR MULTIPLE TREATMENTS
We used the generalized boosting model (GBM), a
nonparametric machine-learning method (34), to estimate propensity score weights for the 4 anticoagulant
treatment groups in the study. Compared with multinomial logistic regression models, GBM is more ﬂexible
on model assumptions and is able to model nonlinear
relationships between treatment choice and patient
characteristics. Previous simulation studies have shown
that GBM provides more stable weights and better covariate balance than parametric logistic regression
models (53, 54).
We used the SAS twang macros, which call functions from the twang package in R for computing the
GBM. The SAS twang macros (55) and the sample
codes for using them (56) are publicly available. We
used a maximum of 10 000 iterations (or regression
trees), with an iteration stopping point that minimizes
the absolute standardized mean difference of the effect
size (effect size mean). The average treatment effect
weights were used to estimate the treatment effects in
the entire population. The SAS PROC SURVEYPHREG,
which treats average treatment effect weights as probability weights (56), was used for ﬁtting the weighted
Cox proportional hazards regression model and calculating the HRs of the outcomes between treatment
groups.

APPENDIX 3: VARIANCE RATIOS AND RAW
DIFFERENCES IN PROPORTION
To assess the covariate balance in terms of distributions (in addition to means) after propensity score
weighting, we calculated the ratios of variances for the
continuous covariate (age) and the raw differences in
proportion for the categorical covariates between treatAnnals of Internal Medicine • Vol. 173 No. 1 • 7 July 2020

ment groups (35). The R package COBALT was used for
the analyses (57).
The results showed that the maximum pairwise
variance ratio of age was 1.14, which is close to 1 (indicative of group balance) (35) and within the acceptable range (0.5 to 2) (58). The raw differences in proportion for all binary variables are small (<0.10). These
results suggested that the covariates were reasonably
balanced in terms of distributions after propensity
score weighting. The detailed ﬁgures are reported in
Appendix Table 2.

APPENDIX 4: ADJUSTED CUMULATIVE
INCIDENCE CURVES AND BOOTSTRAP METHODS
We used the direct adjustment method to create
the adjusted cumulative incidence curves (Figure 2)
that account for the inverse probability of treatment
weights and the covariates that were not completely
balanced after propensity score weighting. This
method computed the predicted survival probability
for every patient in the cohort for 4 times—at each time,
the values of the treatment variable for all patients were
set to 1 of the 4 anticoagulants (apixaban, dabigatran,
rivaroxaban, and warfarin). The predicted probabilities
were then averaged across the patients within each
treatment group to obtain the adjusted survival curves
for each treatment group (36). The SAS PROC PHREG
with the direct adjustment option (DIRADJ) in the
BASELINE statement was used to compute the adjusted
survivals (36, 59). The cumulative incidences of fractures were then derived using (1 minus adjusted survivals). The sample SAS codes for creating adjusted survival curves are publicly available (59).
We calculated the differences in adjusted cumulative incidence (CIDs) between the anticoagulant treatment groups at 6, 12, 18, and 24 months of follow-up.
Because the estimation of SEs for direct adjusted cumulative incidence is complex (60, 61) and to avoid making inappropriate assumptions about the data, we used
bootstrap methods to empirically construct the CIs of
the CIDs (37). Bootstrap methods allow for estimation
of CIs through repeated sampling of data. We randomly selected 500 bootstrap samples with replacement from the original data set using SAS PROC
SURVEYSELECT. Five hundred bootstrap samples has
been considered sufﬁcient for the estimation of CIs (37,
62). The CIDs were calculated within each bootstrap
sample. The CIs of the CIDs were derived by identifying
the 2.5th and 97.5th percentiles of the distributions of
CIDs across the bootstrap samples (37).
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Appendix Table 1. ICD-9-CM Codes Used in the Study
Atrial ﬁbrillation
427.3 Atrial ﬁbrillation and ﬂutter
Valvular heart diseases/replacement or hyperthyroidism
242 Thyrotoxicosis with or without goiter
394.0 Mitral stenosis
Valvular heart surgery (procedure codes)
35.20 Open and other replacement of unspeciﬁed heart valve
35.22 Open and other replacement of aortic valve
35.24 Open and other replacement of mitral valve
35.26 Open and other replacement of pulmonary valve
35.28 Open and other replacement of tricuspid valve
Transient atrial ﬁbrillation (recorded on or within 90 days before the
ﬁrst diagnosis for atrial ﬁbrillation)
Cardiac surgery (procedure codes)
00.5 Other cardiovascular procedures
35 Operations on valves and septa of heart
36 Operations on vessels of heart
37 Other operations on heart and pericardium
Pericarditis
391 Rheumatic fever with heart involvement
393 Chronic rheumatic pericarditis
420 Acute pericarditis
423.2 Constrictive pericarditis
036.41 Meningococcal pericarditis
074.21 Coxsackie pericarditis
093.81 Syphilitic pericarditis
098.83 Gonococcal pericarditis
Myocarditis
130.3 Myocarditis due to toxoplasmosis
391.2 Acute rheumatic myocarditis
398.0 Rheumatic myocarditis
422 Acute myocarditis
429.0 Myocarditis, unspeciﬁed
032.82 Diphtheritic myocarditis
036.43 Meningococcal myocarditis
074.23 Coxsackie myocarditis
093.82 Syphilitic myocarditis
Pulmonary embolism
415.1 Pulmonary embolism and infarction
Congestive heart failure
398.91 Rheumatic heart failure (congestive)
402.01 Malignant hypertensive heart disease with heart failure
402.11 Benign hypertensive heart disease with heart failure
402.91 Unspeciﬁed hypertensive heart disease with heart failure
404.01 Hypertensive heart and chronic kidney disease, malignant, with
heart failure and with chronic kidney disease stage I through stage
IV, or unspeciﬁed
404.03 Hypertensive heart and chronic kidney disease, malignant, with
heart failure and with chronic kidney disease stage V or end-stage
renal disease
404.11 Hypertensive heart and chronic kidney disease, benign, with
heart failure and with chronic kidney disease stage I through stage
IV, or unspeciﬁed
404.13 Hypertensive heart and chronic kidney disease, benign, with
heart failure and chronic kidney disease stage V or end-stage renal
disease
404.91 Hypertensive heart and chronic kidney disease, unspeciﬁed,
with heart failure and with chronic kidney disease stage I through
stage IV, or unspeciﬁed
404.93 Hypertensive heart and chronic kidney disease, unspeciﬁed,
with heart failure and chronic kidney disease stage V or end-stage
renal disease
428 Heart failure
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Hypertension
401 Essential hypertension
402 Hypertensive heart disease
403 Hypertensive chronic kidney disease
404 Hypertensive heart and chronic kidney disease
405 Secondary hypertension
437.2 Hypertensive encephalopathy

Rheumatoid arthritis and other inﬂammatory polyarthropathies
710.0 Systemic lupus erythematosus
710.1 Systemic sclerosis
710.4 Polymyositis
714.0 Rheumatoid arthritis
714.1 Felty's syndrome
714.2 Other rheumatoid arthritis with visceral or systemic involvement
714.81 Rheumatoid lung
725 Polymyalgia rheumatica

Diabetes
250 Diabetes mellitus
Ischemic stroke
433.01 Occlusion and stenosis of basilar artery with cerebral infarction
433.11 Occlusion and stenosis of carotid artery with cerebral infarction
433.21 Occlusion and stenosis of vertebral artery with cerebral
infarction
433.31 Occlusion and stenosis of multiple and bilateral precerebral
arteries with cerebral infarction
433.81 Occlusion and stenosis of other speciﬁed precerebral artery
with cerebral infarction
433.91 Occlusion and stenosis of unspeciﬁed precerebral artery with
cerebral infarction
434 Occlusion of cerebral arteries
436 Acute, but ill-deﬁned, cerebrovascular disease
437.0 Cerebral atherosclerosis
437.1 Other generalized ischemic cerebrovascular disease
Transient ischemic attack
435 Transient cerebral ischemia

Bone tumor
170 Malignant neoplasm of bone and articular cartilage
Epilepsy/seizure
333.2 Myoclonus
345 Epilepsy and recurrent seizures
780.33 Posttraumatic seizures
780.39 Other convulsions
Osteoporosis
733.0 Osteoporosis
Fractures
805 Fracture of vertebral column without mention of spinal cord injury
812 Fracture of humerus
813 Fracture of radius and ulna
814 Fracture of carpal bone(s)
820 Fracture of neck of femur
History of falls
781.2 Abnormality of gait
781.3 Lack of coordination
781.99 Other symptoms involving nervous and musculoskeletal
systems
V15.88 History of fall
E880–E888 Accidental falls

Systemic embolism
444 Arterial embolism and thrombosis
445 Atheroembolism
Vascular disease
410–414 Ischemic heart disease
443.8 Other speciﬁed peripheral vascular diseases
443.9 Peripheral vascular disease, unspeciﬁed
Chronic obstructive pulmonary disease
490–496 Chronic obstructive pulmonary disease and allied conditions
500 Coal workers' pneumoconiosis
501 Asbestosis
502 Pneumoconiosis due to other silica or silicates
503 Pneumoconiosis due to other inorganic dust
504 Pneumonopathy due to inhalation of other dust
505 Pneumoconiosis, unspeciﬁed
506.4 Respiratory conditions due to chemical fumes and vapors
Liver disease
456.0 Esophageal varices with bleeding
456.1 Esophageal varices without bleeding
456.2 Esophageal varices in diseases classiﬁed elsewhere
571.2 Alcoholic cirrhosis of liver
571.4 Chronic hepatitis
571.5 Cirrhosis of liver without mention of alcohol
571.6 Biliary cirrhosis
572.2 Hepatic encephalopathy
572.3 Portal hypertension
572.4 Hepatorenal syndrome
572.8 Other sequelae of chronic liver disease

Motor vehicle accidents
E800–E807 Railway accidents
E810–E819 Motor vehicle trafﬁc accidents
E820–E825 Motor vehicle nontrafﬁc accidents
E826–E829 Other road vehicle accidents
E830–E831 Water transport accidents
E840–E845 Air and space transport accidents
E846–E848 Vehicle accidents, not elsewhere classiﬁable

Accidental falls from height
E880 Accidental fall on or from stairs or steps
E881 Accidental fall on or from ladders or scaffolding
E882 Accidental fall from or out of building or other structure
E883 Accidental fall into hole or other opening in surface
E884.0 Accidental fall from playground equipment
E884.1 Accidental fall from cliff

ICD-9-CM = International Classiﬁcation of Diseases, Ninth Revision,
Clinical Modiﬁcation.

Chronic kidney disease
403 Hypertensive chronic kidney disease
404 Hypertensive heart and chronic kidney disease
582 Chronic glomerulonephritis
585 Chronic kidney disease (CKD)
590.0 Chronic pyelonephritis
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Appendix Table 2. Variance Ratios and Raw Differences in Proportion for the Baseline Characteristics Before and After
Propensity Score Weighting
Characteristic

Maximum Pairwise Variance
Ratios/Raw Difference in Proportion*
Before Weighting

Age
Women
Medical conditions
Congestive heart failure
Prior ischemic stroke or transient ischemic attack
Chronic obstructive pulmonary disease
Diabetes mellitus
History of falls
History of fractures
Liver disease
Osteoporosis
Rheumatoid arthritis and other inﬂammatory polyarthropathies
Chronic kidney disease
Recent medication use
Angiotensin-converting enzyme inhibitor or angiotensin II–receptor blocker
␤-Blocker
Proton-pump inhibitor
Bisphosphonate
Systemic glucocorticoid
Antidepressant

After Weighting

1.30
0.07

1.14
0.02

0.11
0.05
0.02
0.03
0.04
0.02
<0.01
<0.01
<0.01
0.06

0.03
0.06
0.01
0.02
0.01
0.02
<0.01
<0.01
<0.01
0.01

0.05
0.03
0.14
0.01
0.02
0.01

0.04
0.02
0.06
<0.01
0.01
<0.01

* Variance ratios were obtained by computing the ratios of variances of a continuous variable (age) between 2 treatment groups. A value that is
close to 1 and within 0.5 to 2.0 indicates a group balance. Raw differences in proportion were obtained by computing the differences in proportion
of a categorical variable (all variables except age) between 2 treatment groups.

Appendix Table 3. Cumulative Rates of Osteoporotic Fracture Before and After Inverse Probability of Treatment Weighting
Time Since
Treatment
Commencement

Apixaban

Dabigatran

Rivaroxaban

Warfarin

Events,
n

Crude
Incidence

Weighted
Incidence*

Events,
n

Crude
Incidence

Weighted
Incidence*

Events,
n

Crude
Incidence

Weighted
Incidence*

Events,
n

Crude
Incidence

Weighted
Incidence*

All patients
6 mo
12 mo
18 mo
24 mo

15
29
40
44

0.53
1.24
1.98
2.38

0.38
0.99
1.42
1.58

28
46
59
66

0.49
0.93
1.31
1.57

0.49
0.95
1.29
1.53

16
21
28
37

0.46
0.66
1.01
1.56

0.41
0.57
0.84
1.32

51
78
92
108

0.72
1.22
1.53
1.94

0.82
1.37
1.65
2.02

Men
6 mo
12 mo
18 mo
24 mo

8
10
14
15

0.57
0.79
1.35
1.62

0.47
0.66
1.01
1.10

8
13
18
20

0.28
0.51
0.81
0.97

0.33
0.55
0.82
1.01

5
7
10
15

0.30
0.46
0.79
1.41

0.25
0.35
0.53
1.02

15
30
36
42

0.38
0.90
1.13
1.41

0.34
0.94
1.16
1.43

Women
6 mo
12 mo
18 mo
24 mo

7
19
26
29

0.49
1.65
2.56
3.07

0.35
1.12
1.69
1.89

20
33
41
46

0.72
1.36
1.83
2.18

0.75
1.41
1.81
2.12

11
14
18
22

0.62
0.86
1.25
1.71

0.57
0.77
1.06
1.47

36
48
56
66

1.12
1.62
2.01
2.57

1.31
1.80
2.16
2.67

* After inverse probability of treatment weighting.
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Appendix Table 4. Sensitivity Analyses That Excluded Fractures Associated With Falls From Higher Than Standing Height
Treatment

All Patients

Men

Women

P Value for
Interaction*

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

DOAC vs. warfarin
Apixaban vs. warfarin
Dabigatran vs. warfarin
Rivaroxaban vs. warfarin

0.63 (0.42–0.96)
0.66 (0.50–0.87)
0.52 (0.37–0.74)

0.030
0.003
<0.001

0.74 (0.36–1.51)
0.65 (0.41–1.03)
0.59 (0.35–1.00)

0.41
0.068
0.050

0.60 (0.38–0.96)
0.71 (0.50–1.01)
0.51 (0.32–0.80)

0.035
0.058
0.004

0.64
0.75
0.68

DOAC vs. DOAC
Apixaban vs. dabigatran
Rivaroxaban vs. dabigatran
Rivaroxaban vs. apixaban

0.96 (0.63–1.47)
0.80 (0.55–1.15)
0.83 (0.52–1.33)

0.85
0.23
0.44

1.14 (0.55–2.39)
0.91 (0.50–1.65)
0.80 (0.36–1.77)

0.72
0.75
0.58

0.85 (0.52–1.38)
0.72 (0.45–1.15)
0.84 (0.48–1.47)

0.51
0.166
0.54

0.51
0.54
0.42

DOAC = direct oral anticoagulant.
* P value for interaction between treatment effect and sex.

Appendix Table 5. Sensitivity Analyses in Which Patients Were Not Censored If They Discontinued the Index Treatment or
Switched to Another Anticoagulant
Treatment

All Patients

Men

Women

P Value for
Interaction*

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

DOAC vs. warfarin
Apixaban vs. warfarin
Dabigatran vs. warfarin
Rivaroxaban vs. warfarin

0.65 (0.44–0.96)
0.75 (0.59–0.94)
0.62 (0.46–0.85)

0.032
0.015
0.003

0.57 (0.31–1.05)
0.84 (0.55–1.27)
0.61 (0.39–0.96)

0.069
0.40
0.031

0.71 (0.47–1.07)
0.73 (0.56–0.93)
0.64 (0.43–0.93)

0.100
0.013
0.021

0.55
0.56
0.90

DOAC vs. DOAC
Apixaban vs. dabigatran
Rivaroxaban vs. dabigatran
Rivaroxaban vs. apixaban

0.87 (0.58–1.32)
0.83 (0.60–1.15)
0.96 (0.61–1.49)

0.51
0.27
0.84

0.68 (0.34–1.35)
0.73 (0.45–1.18)
1.08 (0.53–2.21)

0.27
0.20
0.83

0.97 (0.63–1.50)
0.88 (0.59–1.31)
0.90 (0.55–1.46)

0.91
0.52
0.67

0.38
0.57
0.67

DOAC = direct oral anticoagulant.
* P value for interaction between treatment effect and sex.

Appendix Table 6. Post Hoc Sensitivity Analyses That Included Bisphosphonates and Other Osteoporosis Treatments in the
Propensity Score Model
Treatment

All Patients

Men

Women

P Value for
Interaction*

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

DOAC vs. warfarin
Apixaban vs. warfarin
Dabigatran vs. warfarin
Rivaroxaban vs. warfarin

0.62 (0.41–0.93)
0.65 (0.49–0.86)
0.51 (0.36–0.72)

0.022
0.003
<0.001

0.72 (0.36–1.44)
0.62 (0.39–0.99)
0.57 (0.34–0.96)

0.36
0.046
0.036

0.59 (0.37–0.94)
0.71 (0.50–1.00)
0.53 (0.34–0.82)

0.027
0.050
0.004

0.64
0.68
0.81

DOAC vs. DOAC
Apixaban vs. dabigatran
Rivaroxaban vs. dabigatran
Rivaroxaban vs. apixaban

0.95 (0.62–1.46)
0.79 (0.54–1.14)
0.83 (0.51–1.33)

0.82
0.21
0.43

1.16 (0.56–2.39)
0.91 (0.51–1.64)
0.79 (0.36–1.71)

0.69
0.76
0.54

0.84 (0.52–1.37)
0.74 (0.47–1.18)
0.89 (0.51–1.53)

0.48
0.21
0.66

0.47
0.59
0.81

DOAC = direct oral anticoagulant.
* P value for interaction between treatment effect and sex.
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Appendix Figure. Distribution of oral anticoagulant use among hospital clusters in the study cohort.
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The Hong Kong Hospital Authority organizes its services into 7 hospital clusters. A cluster is a group of hospitals and ambulatory clinics under the
same management structure in a region of Hong Kong. Some bars total more than 100% due to rounding.

Appendix Table 7. Post Hoc Sensitivity Analyses That Included Dispensing Institution as a Covariate in the Propensity Score
Model
Treatment

All Patients

Men

Women

P Value for
Interaction*

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

Hazard Ratio
(95% CI)

P Value

DOAC vs. warfarin
Apixaban vs. warfarin
Dabigatran vs. warfarin
Rivaroxaban vs. warfarin

0.63 (0.41–0.95)
0.69 (0.51–0.94)
0.64 (0.45–0.90)

0.027
0.019
0.011

0.74 (0.36–1.52)
0.56 (0.35–0.91)
0.58 (0.33–0.99)

0.41
0.019
0.046

0.66 (0.40–1.09)
0.72 (0.51–1.01)
0.56 (0.36–0.88)

0.108
0.057
0.012

0.80
0.43
0.95

DOAC vs. DOAC
Apixaban vs. dabigatran
Rivaroxaban vs. dabigatran
Rivaroxaban vs. apixaban

0.90 (0.58–1.42)
0.92 (0.63–1.34)
1.02 (0.63–1.63)

0.66
0.66
0.95

1.32 (0.63–2.73)
1.02 (0.56–1.85)
0.78 (0.35–1.73)

0.46
0.95
0.54

0.93 (0.56–1.55)
0.79 (0.49–1.25)
0.85 (0.48–1.51)

0.77
0.31
0.58

0.44
0.50
0.86

DOAC = direct oral anticoagulant.
* P value for interaction between treatment effect and sex.
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