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Abstract Background Reasons for the relatively poor performance of bleeding prediction
models are not well understood but may relate to differences in predictors for various
anatomical sites of bleeding.

Methods We pooled individual participant data from four randomized controlled trials of
antithrombotic therapy in patients with coronary and peripheral artery diseases, embolic
stroke of undetermined source (ESUS), or atrial fibrillation. We examined discrimination and
calibration of models for any major bleeding, major gastrointestinal (Gl) bleeding, and
intracranial hemorrhage (ICH), according to the time since initiation of antithrombotic
therapy, and indication for antithrombotic therapy.

Results Of 57,813 patients included, 1,948 (3.37%) experienced major bleeding, includ-
ing 717 (1.24%) major Gl bleeding and 274 (0.47%) ICH. The model derived to predict major
bleeding at 1 year from any site (cindex, 0.69, 95% confidence interval [Cl], 0.68-0.71)
performed similarly when applied to predict major Gl bleeding (0.71, 0.69-0.74), but less
well to predict ICH (0.64, 0.61-0.69). Models derived to predict Gl bleeding (0.75, 0.74-
0.78) and ICH (0.72, 0.70-0.79) performed better than the general major bleeding model.
Discrimination declined over time since the initiation of antithrombotic treatment,
stabilizing at approximately 2 years for any major bleeding and major Gl bleeding and 1

Keywords year for ICH. Discrimination was best for the model predicting ICH in the ESUS population
= bleeding (0.82, 0.78-0.92) and worst for the model predicting any major bleeding in the coronary
= risk prediction and peripheral artery disease population (0.66, 0.65-0.69).
= antithrombotic Conclusion Performance of risk prediction models for major bleeding is affected by
= atrial fibrillation site of bleeding, time since initiation of antithrombotic therapy, and indication for
= ESUS, CAD, PAD antithrombotic therapy.
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antithrombotic therapy Introduction

Bleeding is the most common adverse event in patients
treated with antithrombotic therapy and is independently
associated with the risk of subsequent morbidity and mor-
tality.! Numerous bleeding risk prediction models have been
proposed for clinical use, but most poorly discriminate risk
and do not predict the risk for individual patients accurately
enough to guide management decisions.? Reasons for their
poor performance are not well understood, but there are
several possible explanations. Risk factors for bleeding differ
by anatomical sites related to vascular bed-specific hemo-
stasis,> but most models do not distinguish between bleed-
ing at different sites. The risk of bleeding changes over time
but most models do not consider risk in relation to the timing
of commencement of antithrombotic therapy. Most bleeding
models have been developed in selected patient populations
and antithrombotic regimens and may not perform as well
when applied to other populations.

To further explore the determinants of bleeding risk
prediction, we analyzed pooled individual patient data
from four large randomized controlled trials of antithrom-
botic therapy in patients with coronary and peripheral
artery diseases, embolic stroke of undetermined source
(ESUS), or atrial fibrillation, in which bleeding events
were systematically collected. Our objectives were to inves-
tigate the impacts of the site of bleeding, timing of bleeding
in relation to the commencement of antithrombotic thera-
py, and indication for antithrombotic therapy on bleeding
risk prediction.

Methods

Dataset

We combined data from the Cardiovascular Outcomes for
People Using Anticoagulation Strategies (COMPASS), New
Approach Rivaroxaban Inhibition of Factor Xa in a Global
Trial versus acetyl salicylic acid (ASA) to Prevent Embolism in
Embolic Stroke of Undetermined Source (NAVIGATE ESUS),
Randomized Evaluation of Long-Term Anticoagulation Ther-
apy (RE-LY), and Apixaban Versus Acetylsalicylic Acid to
Prevent Stroke in Atrial Fibrillation Patients Who Have Failed
or Are Unsuitable for Vitamin K Antagonist Treatment (AVER-
ROES) randomized trials that compared various antithrom-
botic strategies in patients with coronary and peripheral
artery diseases, ESUS, or atrial fibrillation.*” We included
trials of antithrombotic agents, for which we had access to
individual participant-level data and which collected bleed-
ing outcomes. A summary of the trial designs is provided in
~Supplementary Table S1 (available in the online version).

Baseline Predictors of Bleeding

Alist of baseline variables reported in the trials is provided in
=Supplementary Table S2 (available in the online version).
Variables that were included in one or more previously
published risk scores or felt to be relevant, and which were
collected in all four studies, were considered as candidate
variables when building the model.
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Outcome Definitions

Outcome events reported in the RE-LY and AVERROES trials
were adjudicated by an independent panel who were blinded
to the treatment assignment. Outcome events reported in
the COMPASS and NAVIGATE ESUS trials were first screened
by a computer algorithm and only those that did not clearly
meet protocol definitions were adjudicated by a blinded
panel.® We included bleeding as defined in each trial and
did not attempt to reclassify events.

Major Bleeding

The definition of major bleeding in all four trials was closely
aligned with the International Society on Thrombosis and
Haemostasis definition and included fatal bleeding; symp-
tomatic bleeding in a critical area or organ, such as intracra-
nial, intraspinal, intraocular, retroperitoneal, intra-articular
or pericardial, or intramuscular with compartment syn-
drome; and/or bleeding causing a fall in the hemoglobin
level of 20 g/L or more, or leading to the transfusion of two or
more units of whole blood or red cells. The only exception
was the COMPASS trial in which bleeding resulting in a visit
to an acute care medical facility replaced a 20 g/L hemoglo-
bin drop in the definition for major bleeding.

Major Gastrointestinal Bleeding
Each trial defined major gastrointestinal (GI) bleeding as
major bleeding from any GI source.

Intracranial Hemorrhage

ICH was defined as bleeding that was intracranial and
included subdural, epidural, subarachnoid, and intraparen-
chymal bleeding. Hemorrhagic transformation of ischemic
stroke was not included in the definition of ICH.

Major Adverse Cardiovascular Events

Major adverse cardiac events (MACEs) included myocardial
infarction, ischemic stroke, and cardiovascular death. The
definition of myocardial infarction in all studies adhered to
the Third Universal Definition of Myocardial Infarction.’
Ischemic stroke was defined as the presence of acute focal
neurological deficit thought to be of vascular origin with
signs and symptoms lasting > 24 hours or to the time of
death, with computed tomography or magnetic resonance
imaging or autopsy that does not show primary hemorrhage
(although hemorrhagic transformation is consistent with
ischemic stroke). In the NAVIGATE ESUS trial, a deficit lasting
less than 24 hours was considered ischemic stroke if evi-
dence of acute brain infarct was present on neuroimaging.
Cardiovascular death was any death for which no definite
noncardiovascular cause could be identified.

Statistical Analyses

We developed separate Cox proportional hazards models,
stratified by trial, for the prediction of major bleeding from
any anatomical site, major GI bleeding, and ICH. We com-
pared the discriminative performance of these models in
predicting bleeding from different anatomical sites, accord-
ing to durations of follow-up after the initiation of
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antithrombotic treatment, and in patients with different
indications for antithrombotic therapy.

Model Building

Study-specific Cox proportional hazard models were ap-
plied to the time-to-event analysis, and the multivariable
fractional polynomial algorithm'® was employed to both
select covariates for the model and choose the functional
form of the continuous covariates if their effects on the
dependent variable were nonlinear. This method does not
require the categorization of continuous covariates, even
when they do not have a linear relationship with the
outcome of interest. Competing risk analysis was performed
using the Fine and Gray method'"; MACE during follow-up
was considered as a competing risk for major bleeding, and
MACE and major bleeding at another site were considered
as competing risks for major GI bleeding and ICH, respec-
tively. Patients with missing values were excluded. For
variables deemed multicollinear due to correlation matrix
value >0.4, or a variance inflation factor >10, the variable
identified by the model-building algorithm as having great-
er predictive utility was selected for the covariate candidacy
set. The proportional hazards assumption was checked by
Schoenfeld residuals, Cox regression to assess for interac-
tion with time, and visual assessment of log-log survival
plots.

Assessment of Confounders

Each excluded variable was added one-by-one back to the
model, and the change in coefficients for all selected varia-
bles was assessed. Confounders were considered to exist if,
by including the confounding variable in the regression
model, there was a change of 10% or greater in the coefficient
of any other variable in the model."?

Assessment of Model Performance

Model discrimination was assessed using Harrell’s c-index
weighted over four strata defined by the individual study
populations.'® Continuous calibration curves were produced
using restricted cubic splines, and the integrated calibration
index (the mean absolute difference between observed and
predicted probabilities, weighted by the distribution of
predicted probabilities) was calculated.’® To assess how
the discriminative performance changed depending on the
length of follow-up for the bleeding outcomes, we truncated
follow-up at varying times and calculated the c-index for
each time point.’? For internal validation, 200 bootstrap
samples were created using the random selection of partic-
ipants, with replacement. An optimism-corrected c-index
was calculated using these samples.15

Comparison of Predictors Between Site-Specific Models

Alist was composed of all variables that were selected in any
of the three models (major bleeding, major GI bleeding, and
ICH). These variables were then forced into two new multi-
variable fractional polynomial models to predict major GI
bleeding and ICH. Variables whose hazard ratios had non-
overlapping 95% confidence intervals (Cls) were deemed of
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interest as potentially having different predictive abilities for
the two sites of bleeding.

Results

Characteristics of Included Patients

Of 57,813 patients enrolled in the four trials, 57,383 had
complete data for the set of considered covariates and were
included in the model-building analyses. Median age was
70 years (interquartile range [IQR]: 65-75), and 30.3% were
female. Study antithrombotic treatment was full-intensity
direct oral anticoagulant (DOAC)—dabigatran 150 or 110 mg
bid, apixaban 5 mg bid or 2.5 mg in patients meeting at least
two of three criteria for dose reduction [age > 80 years,
weight < 60kg, creatinine > 133 pmol/L], or rivaroxaban
15mg od, in 18,216 (31.5%); warfarin in 5,879 (10.2%);
aspirin (81 to 324 mg od) alone in 15,475 (26.8%); rivarox-
aban 2.5 bid plus aspirin in 9,135 (15.8%), and rivaroxaban
5mg bid in 9,108 (15.8%). =Table 1 describes the baseline
characteristics in the overall patient population and sepa-
rately in those with no major bleeding, major bleeding at any
site, major GI bleeding, and ICH.

Events Included

In the competing risk analysis, there were 1,948 (3.37%)
patients whose first event was a major bleed, 717 (1.24%)
whose first event was a major GI bleed, and 274 (0.47%)
whose first event was an intracranial bleed. The number of
patients with a bleeding event in each of these categories is
summarized by trial in ~Supplementary Table $3 (available
in the online version).

Variables Selected in the Models

Thirty-eight variables were identified as potentially being of
interest. Of these, four were excluded from the models since
they represented prerandomization use of medications whose
subsequent use was randomized (prerandomization use of
anticoagulant, antiplatelet agent, or proton pump inhibitor), or
they represented inclusion or exclusion criteria for a trial
(history of atrial fibrillation), thereby limiting the interpret-
ability of their relationship to outcomes. An additional six
variables were excluded because they were not collected in all
four studies (see =Table 1). The remaining 28 were used for
developing the models (=Table 1). = Supplementary Table S4
(available in the online version) displays hazard ratios associ-
ated with each variable in univariate analysis, for the outcomes
of major bleeding, major GI bleeding, and ICH respectively.

In total, 17 variables were selected for the major bleeding
model, 12 for the major GI bleeding model, and 8 for the ICH
model. Randomized treatment arm, age, Asian race, history
of hypertension, smoking history, and baseline use of diu-
retics were selected in all three models. Sex was deemed of
interest a priori and was forced into all models. The only
confounder according to our criteria was heart rate, which
resulted in an 18% decrease in the coefficient for female sex,
only in the major GI bleeding model. =Table 2 displays these
models, with adjusted hazard ratios for each variable select-
ed in the respective models.
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Table 2 Fractional polynomial models and adjusted hazard ratios (95% confidence intervals) of included variables for major

bleeding, major Gl bleeding, and intracranial hemorrhage

Variable name | Major bleeding

Major Gl bleeding

| Intracranial hemorrhage

Randomized treatment arm

Warfarin vs. aspirin 1.88 (1.33-2.65) 0.93 (0.51-1.68) 5.18 (2.67-10.03)
DOAC, therapeutic dose vs. aspirin 1.58 (1.15-2.18) 1.19 (0.68-2.08) 1.60 (0.92-2.79)
Rivaroxaban alone vs. aspirin 1.57 (1.29-1.92) 1.70 (1.21-2.39) 1.49 (0.91-2.45)
Rivaroxaban plus aspirin vs. aspirin 1.77 (1.46-2.15) 2.45 (1.78-3.37) 1.10 (0.65-1.87)
Baseline biometrics
Age (per 10 units increase) 1.68 (1.57-1.80) 1.94 (1.74-2.17) 1.78 (1.52-2.09)
Female 1.01 (0.90-1.14) 1.02 (0.84-1.24) 0.86 (0.64-1.15)
Asian race (vs. non-Asian) 1.14 (0.99-1.31) 1.24 (0.99-1.56) 2.03 (1.55-2.66)
Diastolic blood pressure 0.94 (0.92-0.96) 0.90 (0.87-0.93) N/A
(per five units increase)
Pulse pressure 1.02 (1.01-1.04) N/A N/A
(per five units increase)
Weight Selected in Selected in N/A
transformation? transformation?
Creatinine Selected in Selected in N/A
transformation® transformation®
Medical history
Diabetes 1.13 (1.02-1.25) N/A N/A
Cancer 1.19 (1.04-1.37) N/A N/A
Heart failure 1.07 (0.96-1.19) 1.22 (1.03-1.45) N/A
Hypertension 1.16 (1.03-1.30) 1.22 (1.01-1.48) 1.26 (0.93-1.71)
Peripheral artery disease 1.11 (0.96-1.28) N/A N/A
Smoking: former vs. never 1.37 (1.23-1.52) 1.50 (1.26-1.78) 1.25 (0.96-1.64)
Smoking: current vs. never 1.52 (1.30-1.79) 1.77 (1.36-2.31) 1.38 (0.92-2.06)
Stroke 1.14 (0.98-1.32) N/A 2.21(1.62-3.02)
Prerandomization medication use
NSAID 1.21 (1.02-1.43) 1.32 (1.01-1.73) N/A
Diuretic 1.12 (1.02-1.24) 1.22 (1.04-1.43) 0.79 (0.60-1.02)

Abbreviations: DOAC, direct oral anticoagulant; Gl, gastrointestinal; NSAID, nonsteroidal anti-inflammatory drug.

Note: Variables/transformations not selected for a specific model are denoted by “N/A”.

Weight (kg) transformed to (weight)2*10* and log(weight) in the major bleeding model, and log(weight)*10 and log(weight)? in the major Gl
bleeding model. Creatinine (umol/L) transformed to creatinine®*(1/10)° and creatinine®*log(creatinine)*(1/10)° in the major bleeding model, and
creatinine®*(1/10°) and creatinine®*log(creatinine)*(1/10°) in the major Gl bleeding model. Adjusted hazard ratios for transformed variables not

shown due to difficulty in interpreting their values.

Model Discrimination

Discrimination was better for site-specific bleeding models
than for the model that predicted major bleeding at any site.
Harrell’s c-index (95% CI) for the first year of follow-up was
0.69 (0.68-0.71) for the model derived to predict major
bleeding at any anatomical site, 0.75 (0.74-0.78) for the
model derived to specifically predict major GI bleeding,
and 0.72 (0.70-0.79) for the model derived to predict ICH.
Optimism-corrected c-indices (95% CI) for 1 year of follow-up
were 0.68 (0.67-0.70) for major bleeding, 0.73 (0.72-0.76)
for major Gl bleeding, and 0.69 (0.67-0.76) for ICH. When the
model derived to predict major bleeding from any anatomi-
cal site was applied to predict the more specific outcomes of
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major GI bleeding and ICH respectively, it performed more
poorly than the respective site-specific models; c-indices
(95% CI) for the major bleeding model at 1 year of follow-
up for predicting major GI bleeding and ICH were 0.71 (0.69-
0.74) and 0.64 (0.61-0.69; =Table 3)

C-indices were highest within the first 3 months of follow-
up, and stabilized after 1 to 2 years of follow-up (=~Fig. 1).
Harrell’s c-indices for predicting events that occurred within
the first 6 months of follow-up and those that occurred after
the first 6 months, respectively, were 0.70 and 0.66 for major
bleeding, 0.77 and 0.70 for major GI bleeding, and 0.74 and
0.71 for ICH. G-indices for the first year of follow-up and the
entire follow-up period were 0.69 and 0.67 for major
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Table 3 Harrell’s cindices and 95% confidence intervals of models derived for prediction of major bleeding, major gastrointestinal
bleeding, and intracranial hemorrhage, as applied, unmodified, for prediction of various outcomes at 1 year

Model Outcome
Major bleed Major Gl bleed ICH
Major bleed 0.69 (0.68, 0.71) 0.71 (0.69, 0.74) 0.64 (0.61, 0.69)

0.68 (0.67, 0.70)°

Major Gl bleed 0.66 (0.64, 0.67)

0.75 (0.74, 0.78)
0.73 (0.72, 0.76)?

0.60 (0.55, 0.65)

ICH 0.61 (0.57, 0.62)

0.61 (0.56, 0.64) 0.72 (0.70, 0.79)

0.69 (0.67, 0.76)°

Abbreviations: Gl, gastrointestinal; ICH, intracranial hemorrhage.
?Optimism-corrected cindex and 95% confidence interval.

bleeding, 0.75 and 0.72 for major GI bleeding, and 0.72 and
0.72 for intracranial hemorrhage.

When we applied the various bleeding models to sub-
groups defined by indication for antithrombotic therapy, we
found that c-index at 1 year of follow-up was lower for the
major bleeding model applied to the coronary and peripheral
artery disease population (c-index [95% CI], 0.66 [0.65-0.69])
as compared to the other two populations (0.73 [0.71-0.75]
for atrial fibrillation and 0.73 [0.70-0.80] for ESUS). For the
major GI bleeding model, the c-indices were similar across
the populations. For the ICH model, the c-index was higher
when applied to the ESUS population (0.82 [0.78-0.92]),
especially when compared to the coronary and peripheral
artery population (0.69 [0.66-0.79]; =Table 4). When look-
ing within these subpopulations, we found that c-indices at
1 year of follow-up were generally lower for the major
bleeding model than for the site-specific bleeding models.
This was most pronounced for the major GI bleeding model
applied to the coronary or peripheral artery disease subpop-
ulation (0.66 [0.65-0.69] for the major bleeding model vs.
0.75 [0.73-0.80] for the major GI bleeding model) and the
ICH model applied to the ESUS population (0.73 [0.70-0.80]
for the major bleeding model vs. 0.82 [0.78-0.92] for the ICH
model; =~Table 4).

Calibration

~Fig. 2 shows calibration plots and integrated calibration
index for the major bleeding, major GI bleeding, and ICH
models, with follow-up truncated at 1 year, and for the entire
follow-up period. The model for major bleeding displayed
some overprediction, whereas the models for major GI
bleeding and ICH displayed some underprediction. Calibra-
tion was relatively similar whether truncating at 1 year or the
entire follow-up period.

Differences in Predictors Between Major Gl Bleeding
and ICH Models

When we produced new models to predict major GI bleeding
and ICH which were forced to include all variables selected in
the major bleeding, major GI bleeding, and ICH models
described above, the hazard ratios of three variables had

non-overlapping 95% Cls (=Table 2). For major GI bleeding
and ICH respectively, the hazard ratios and 95% Cls for these
variables were 0.93 (0.51-1.68) and 5.18 (2.67-10.03) for
randomized treatment of warfarin vs. aspirin; 1.14 (0.98-
1.32) and 2.21 (1.62-3.02) for the history of stroke at
baseline; and 1.22 (1.04-1.43) and 0.79 (0.60-1.02) for
baseline use of diuretic.

Discussion

We examined the performance of bleeding risk prediction
models according to the anatomical site of bleeding, time
since initiation of antithrombotic therapy, and the underly-
ing indication for antithrombotic therapy using a dataset of
patients with coronary or peripheral artery disease, recent
ESUS, or atrial fibrillation. There were three major findings:
first, bleeding site-specific models provided better risk dis-
crimination than the model which included major bleeding
from any anatomical site; second, the performance of the
models declined with duration of follow-up since starting
antithrombotic therapy; and third, the performance of the
models varied depending on the underlying indication for
antithrombotic therapy.

Most previous bleeding prediction models were devel-
oped using datasets that included major bleeding from any
anatomical site."®2" Few previous studies have separately
examined risk prediction for different sites of bleeding. The
QBleed algorithm separately predicted upper GI bleeding
and ICH, but the performance of these models was not
compared against the prediction of any major bleeding.??

Our results demonstrating that models perform better
when focused on individual sites of bleeding are not surpris-
ing because several risk factors for bleeding have been shown
in prior studies to have different strengths of association
with ICH and major GI bleeding. For example, the finding in
our study that history of stroke and warfarin use were
stronger predictors of ICH than of major GI bleeding is
consistent with prior reports.”> In contrast, the finding
that lower diastolic blood pressure and diuretic use were
predictors of GI bleeding but not of ICH was unexpected but
in the context of contemporary trials with overall excellent
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Fig. 1 Harrell’s c-indices for various follow-up times. (a) Major
bleeding model. (b) Major Gl bleeding model. (c) Intracranial
hemorrhage model.

blood pressure control this may reflect the effect of reduced
perfusion in the splanchnic circulation. Others have reported
that higher diastolic pressure was associated with ICH,2*
which suggests that diastolic blood pressure may help to
differentiate between those at risk of intracranial versus GI
bleeding. Overfitting is unlikely to explain the better dis-
crimination of the site-specific models compared with the
major bleeding model, since the site-specific models includ-
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ed fewer variables than the major-bleeding model, the opti-
mism-corrected c-indices were similar to the uncorrected c-
indices, and the calibration curves do not show patterns
typical of overfitted models. The importance of separately
examining the risk of bleeding by anatomic site is under-
scored by differences in prognosis; major upper GI bleeding
is associated with in-hospital mortality of 10%, whereas ICH
is associated with in-hospital mortality of over 30%.2%2¢ GI
bleeding and ICH account for about 75% of all major bleeding
events in patients treated with antithrombotic therapy and
their separate prediction could improve evaluation of the
risks and benefits of antithrombotic therapies.

Discriminative performance of most previous bleeding
prediction models is described at median follow-up of 1 or
2 years.'®17:21 Our finding that bleeding risk discrimination
declines over the first 2 years for major GI bleeding, and
1 year for ICH, limits the utility of most currently available
risk prediction models beyond this time and suggests that
separate tools are needed to predict risk during chronic
therapy. This conclusion is supported by results of the
COMPASS trial which found that excess major bleeding
with the combination of rivaroxaban and aspirin compared
with aspirin alone was largely confined to the first year after
starting treatment.?’ To address this issue, time-varying
covariates as used in the ATRIA bleeding model'® and
time-by-treatment interactions could be employed.

Most previously published models were derived using an
atrial fibrillation population.'®'® We unexpectedly found
that major bleeding and ICH prediction model performance
was worst when applied to patients with coronary and
peripheral artery disease enrolled in COMPASS, which con-
tributed 35% of bleeding events and nearly half of the
patients in our dataset; bleeding models derived from other
populations may not optimally predict bleeding for these
patients.

Strengths and Limitations

A strength of our approach is the use of a large dataset in
which baseline characteristics and bleeding events were
systematically collected using similar definitions. Our anal-
yses also have limitations. Our models were derived from a
population enrolled in randomized controlled trials, and our
findings may not apply equally to a community population.
Several potentially important variables were not available in
all datasets. The duration of follow-up differed by indication
for anticoagulation, and we were unable to explore the
performance of our risk prediction model beyond 3 to 4 years.
Our results are only applicable to the antithrombotic drugs
and treatment indications included in our dataset. We were
unable to account for neuroimaging markers of cerebral
small vessel disease which have been established to be
potent predictors of ICH in patients receiving anticoagulant
treatment. Despite this, our ICH model applied to the ESUS
population (c-index 0.82) performed well compared to the
MICON-ICH model that included these neuroimaging
markers in patients with prior history of ischemic
stroke/TIA (optimism-corrected c-index 0.73).® We also
included experimental treatments (rivaroxaban 5 mg bid in
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Table 4 Harrell’s cindices and 95% confidence intervals of models derived using the entire population for the prediction of major
bleeding, major gastrointestinal bleeding, and intracranial hemorrhage, as applied, unmodified, to various subpopulations for

prediction of various outcomes at 1 year

Model Population
Overall AF ESUS Coronary and
(AVERROES, (NAVIGATE ESUS) peripheral artery disease
RE-LY) (COMPASS)
Major bleed 0.69 (0.68, 0.71) 0.73 (0.71, 0.75) 0.73 (0.70, 0.80) 0.66 (0.65, 0.69)
Major Gl bleed 0.75 (0.74, 0.78) 0.76 (0.73, 0.79) 0.73 (0.70, 0.85) 0.75 (0.73, 0.80)
ICH 0.72 (0.70, 0.79) 0.75 (0.70, 0.82) 0.82 (0.78, 0.92) 0.69 (0.66, 0.79)

Abbreviations: AF, atrial fibrillation; AVERROES, Apixaban Versus Acetylsalicylic Acid to Prevent Stroke in Atrial Fibrillation Patients Who Have Failed
or Are Unsuitable for Vitamin K Antagonist Treatment; COMPASS, Cardiovascular Outcomes for People Using Anticoagulation Strategies; ESUS,

embolic stroke of undetermined source; Gl, gastrointestinal; ICH, intracranial hemorrhage; NAVIGATE ESUS, New Approach Rivaroxaban Inhibition of
Factor Xa in a Global Trial versus ASA to Prevent Embolism in Embolic Stroke of Undetermined Source; RE-LY, Randomized Evaluation of Long-Term

Anticoagulation Therapy.
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and ICH models. (a) Major bleeding. (b) Major Gl bleeding. (c) ICH.
ICl—integrated calibration index.

coronary and peripheral artery disease, rivaroxaban 15 mg
once daily in ESUS) that are not approved for these indica-
tions. Our intent, however, was not to develop a new clinical
risk prediction tool but rather to explore model performance
in different contexts. We considered only first events in these
analyses. We did this because many important predictors
such as antithrombotic treatments are likely to change at the
time of a bleeding or MACE event. Lastly, it is important to
note that many of the variables that predict bleeding (i.e.,
older age, prior history of stroke, history of hypertension,
etc.) are also predictors of heightened thrombotic risk and
thus bleeding risk scores should not be used in isolation to
withhold anticoagulation where otherwise indicated but are
rather best used for prognostication and to identify and
mitigate modifiable risk factors for bleeding complications.

Conclusion

Our models performed better at identifying bleeding at
specific anatomical sites than major bleeding at any site
and at predicting bleeding earlier after initiation of treat-
ment. Performance also varied according to subpopulation
defined by indication for antithrombotic therapy. Future
efforts to enhance bleeding risk prediction might consider
the risk of major GI bleeding and ICH separately, and using
datasets with a greater variety of antithrombotic agents and
indications. Models that account for time since initiation of
an antithrombotic medication, or strategies that allow for
updating predictive variables, could result in improved
prediction.

List of Abbreviations

AVERROES Apixaban Versus Acetylsalicylic Acid to
Prevent Stroke in Atrial Fibrillation
Patients Who Have Failed or Are Unsuit-
able for Vitamin K Antagonist Treatment
bid twice daily
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CI confidence interval

COMPASS Cardiovascular Outcomes for People
Using Anticoagulation Strategies

DOAC direct oral anticoagulant

ESUS embolic stroke of undetermined source

GI gastrointestinal

ICH intracranial hemorrhage

ISTH International Society on Thrombosis and
Haemostasis

MACE major adverse cardiovascular events

NAVIGATE ESUS

od
RE-LY

New Approach Rivaroxaban Inhibition of
Factor Xa in a Global Trial versus ASA to
Prevent Embolism in Embolic Stroke of
Undetermined Source

once daily

Randomized Evaluation of Long-Term
Anticoagulation Therapy
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