
Received: 8 June 2023 - Revised: 9 November 2023 - Accepted: 11 November 2023

https://doi.org/10.1016/j.rpth.2023.102285
OR I G I NA L A R T I C L E
Risk scores for major bleeding from direct oral anticoagulants:

comparing predictive performance in patients with atrial

fibrillation
Alessandra M. Campos-Staffico1 | Juliet P. Jacoby1 | Michael P. Dorsch1 |

Nita A. Limdi2 | Geoffrey D. Barnes3 | Jasmine A. Luzum1
1Department of Clinical Pharmacy, College

of Pharmacy, University of Michigan, Ann

Arbor, Michigan, USA

2Department of Neurology, School of

Medicine, University of Alabama at

Birmingham, Birmingham, Alabama, USA

3Division of Cardiovascular Medicine,

Department of Internal Medicine, University

of Michigan, Ann Arbor, Michigan, USA

Correspondence

Jasmine A. Luzum, Department of Clinical

Pharmacy, College of Pharmacy, University

of Michigan, 428 Church St, Ann Arbor, MI

48109, USA.

Email: jluzum@med.umich.edu

Handling Editor: Dr Kristen Sanfilippo
© 2023 The Author(s). Published by Elsevier Inc. on

NC-ND license (http://creativecommons.org/licens

Res Pract Thromb Haemost. 2024;8:e102285

https://doi.org/10.1016/j.rpth.2023.102285
Abstract

Background: Despite direct oral anticoagulants (DOACs) being safer than warfarin for

stroke prevention in atrial fibrillation (AF), major bleeding concerns persist. Most

bleeding risk scores predate DOAC approval.

Objectives: This study aimed to compare the Age, history of Bleeding, and non-bleeding

related Hospitalisation [ABH] score’s performance—derived for DOAC-treated pa-

tients—with those of 5 other scores (Anticoagulation and Risk Factors in Atrial Fibril-

lation [ATRIA], Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or

predisposition, Labile international normalized ratio, Elderly [>65 years], Drugs/alcohol

concomitantly [HAS-BLED], Hepatic, Hepatic or Renal Disease, Ethanol Abuse, Malig-

nancy, Older Age, Reduced Platelet Count or Function, Re-Bleeding, Hypertension,

Anemia, Genetic Factors, Excessive Fall Risk and Stroke [HEMORR2HAGES], Outcomes

Registry for Better Informed Treatment of Atrial Fibrillation [ORBIT-AF], and

Congestive heart failure, Hypertension, Age ≥75 [doubled], Diabetes, Stroke [doubled]-

Vascular disease, Age 65–74, Sex category [CHA2DS2-VASc]) in predicting DOAC-

related major bleeding in patients with AF.

Methods: In this retrospective study of 2364 patients with nonvalvular AF on rivar-

oxaban or apixaban (median age, 68.3 years; 32.1% women), International Society on

Thrombosis and Haemostasis–defined major bleeding (incidence, 4.1%; n = 97) was

analyzed. C-statistics from time-dependent receiver operating characteristic (ROC)

curves for continuous risk scores were the primary comparison metric, but other

metrics, such as decision curves, were also compared.

Results: At 100 days, C-statistics were highest for ORBIT-AF and ATRIA (0.62 and 0.61,

respectively, with other scores having an area under the ROC curve of <0.60); some

significant differences favored ORBIT-AF. At 1100 days, C-statistics remained highest

for ORBIT-AF and ATRIA (0.62 and 0.61, respectively, with other scores having an

area under the ROC curve of <0.60 again), and ORBIT-AF had significantly higher

C-statistics than those for all other risk scores (P < .05), except for ATRIA. At 2100

days, all C-statistics were <0.60 with no significant differences. Decision curves showed
behalf of International Society on Thrombosis and Haemostasis. This is an open access article under the CC BY-

es/by-nc-nd/4.0/).
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the greatest net benefit for ORBIT-AF and ATRIA at 100 days and for ATRIA at 1100

days, with no discernible net benefit for any of the scores at 2100 days.

Conclusion: ORBIT-AF and ATRIA provided the best bleeding risk prediction within the

first 1100 days. None of the 6 bleeding risk scores provided predictive benefit over

2100 days of DOAC treatment.

K E YWORD S

anticoagulants, atrial fibrillation, blood coagulation, factor Xa inhibitors, hemorrhage
safer than warfarin, but concerns about bleeding persist.

predicting major bleeding from DOACs was assessed.

d Treatment of Atrial Fibrilation [ORBIT-AF] and Anticoagulation and Risk Factors in Atrial

C-statistics in the initial 1100 days of DOAC treatment.

d Treatment of Atrial Fibrillation [ORBIT-AF] and Anticoagulation and Risk Factors in Atrial

er risk scores in identifying major bleeding from DOACs.
1 | INTRODUCTION To improve the accuracy of predicting the risk of anticoagulant-
Atrial fibrillation (AF) is a persistent cardiac arrhythmia that increases

the risk of ischemic strokes [1], whose risk can be reduced by approx-

imately 66% with appropriate use of anticoagulants [2]. Currently,

direct oral anticoagulants (DOACs) are the guideline-recommended

first-line therapy for AF as they are as effective as warfarin in pre-

venting cerebral ischemia [3] with lower rates of bleeding overall [4].

Despite broad efforts to raise awareness about the benefits of long-

term anticoagulation in patients with AF, a recent study of more than

1.2 million Americans diagnosed with AF at increased risk of stroke

revealed that merely half of the patients were prescribed oral antico-

agulants [5]. This underutilization of oral anticoagulants was primarily

attributed to prior major bleeding episodes [5].

Bleeding can be a life-threatening condition that often arises

due to the use of anticoagulants, even in patients who are unsus-

pecting for the less obvious risk factors such as genetics, drug in-

teractions, and nutrition [6]. Between 2011 and 2019, there was a

significant increase in the number of visits to the emergency

department for anticoagulant-related bleeding [7,8]. This upward

trend mirrors the sharp rise in the number of anticoagulant pre-

scriptions in the United States during this timeframe [9]. Although

DOACs have a lower overall risk of bleeding [4], there is still a

residual annual risk of major bleeding ranging from 2.1% to 4.9%

[10–12] that contributed to a significant increase in emergency

department visits for DOAC-related bleeding from 2.3% to 37.9%

between 2011 and 2017 [13]. Furthermore, experiencing bleeding

increases the likelihood of patients with AF discontinuing anticoag-

ulants by 20% [14], ultimately increasing their risk of thromboem-

bolic events [15]. Therefore, early identification of individuals at high

risk of major bleeding is crucial in tailoring anticoagulation and

preventing the potentially catastrophic consequences that may un-

fold with major bleeding.
related bleeding, various risk prediction scores have been derived by

integrating clinical and genetic characteristics. One guideline-

recommended score for assessing bleeding risk in patients to be pre-

scribed anticoagulant drugs is the Hypertension, Abnormal renal/liver

function, Stroke, Bleeding history or predisposition, Labile international

normalized ratio, Elderly (>65 years), Drugs/alcohol

concomitantly [HAS-BLED] score [3]. However, most of the risk strati-

fication scores for predicting major bleeding in patients with AF were

derived before the DOAC era (eg, Outcomes Registry for Better

Informed Treatment of Atrial Fibrillation [ORBIT-AF], Anticoagulation

andRisk Factors in Atrial Fibrillation [ATRIA], Hepatic or Renal Disease,

Ethanol Abuse, Malignancy, Older Age, Reduced Platelet Count or

Function, Re-Bleeding, Hypertension, Anemia, Genetic Factors, Exces-

sive Fall Risk and Stroke [HEMORR2HAGES], and HAS-BLED) [16–19].

Therefore, these scores may compute variables related to the risk of

bleeding from vitamin K antagonists (VKAs) that are not applicable to

DOACs, such as labile international normalized ratio in HAS-BLED

score and CYP2C9 genetic variant in HEMORR2HAGES score [17,18].

DOACs and VKAs only share the common feature of oral anticoagu-

lants, as their pharmacokinetic and pharmacodynamic properties differ

enormously [20]. Considering that thesepharmacological intricacies can

influence the susceptibility to bleeding, employing risk scores derived

from patient cohorts undergoing DOAC treatment would likely

enhance the performance of predicting bleeding risks associated with

thesemedications. Although there are several scoring systems available

for predicting the risk of DOAC-related bleeding, the Age, history of

Bleeding, and non-bleeding related Hospitalisation (ABH) score stands

out as the unique score that has been derived exclusively from a cohort

consisting of patients onDOACtherapy,with its primary aim focusedon

assessing the risk of major bleeding events as well as clinically relevant

non-major bleeding from these drugs in the patient population with AF

[21]. However, there is a lack of evidence comparing the performance of
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the ABH score in the prediction of DOAC-related bleeding to those of

other risk prediction scores. Hence, this study aimed to address this

knowledge gap by comparing the performance of 5 DOAC-unspecific

bleeding risk scores (ATRIA, HAS-BLED, HEMORR2HAGES, ORBIT-

AF, and Congestive heart failure, Hypertension, Age ≥75 [doubled],

Diabetes, Stroke [doubled]-Vascular disease, Age 65–74, Sex category

[CHA2DS2-VASc]) to the DOAC-specific ABH score in predicting the

risk of major bleeding in a real-world cohort of patients with AF treated

with either rivaroxaban or apixaban.
2 | METHODS

2.1 | Study design and cohort identification

This single-center retrospective cohort study was conducted with

2364 outpatients diagnosed with nonvalvular AF who were treated

with either rivaroxaban or apixaban. The study cohort consisted of

outpatients with AF who received care at Michigan Medicine—a large

academic healthcare system affiliated with the University of Michigan.

Individuals were identified automatically based on AF diagnosis in the

electronic health record, followed by the first prescription of rivar-

oxaban or apixaban at Michigan Medicine. Individuals were evaluated

to determine if they met the criteria for inclusion or exclusion in the

study. The flowchart detailing the selection process of the patients can

be found in Supplementary Figure S1. Since this is a substudy of a

previously published pharmacogenetic study [22], patients aged ≥18
years who self-identified as White, and were genotyped and treated

for nonvalvular AF either with rivaroxaban or with apixaban between

October 1, 2012, and August 31, 2022, were considered eligible for

this cohort. Patients were excluded if they (i) were diagnosed with

moderate-to-severe mitral stenosis; (ii) had a history of mechanical

valve replacement; (iii) were in stage 5 of chronic kidney disease,

defined as a creatinine clearance of less than 15 mL/min estimated by

the Cockcroft–Gault equation [23]; (iv) required renal replacement

therapy; (v) were diagnosed with severe liver disease, including those

with nonalcoholic fatty liver disease, cirrhosis, total bilirubin twice as

high as the upper limit of normal with aspartate transaminase, alanine

transaminase or alkaline phosphatase 3 times as high as the upper

limit of normal, or other severe liver impairment as noted by the

physician; (vi) were not routinely followed-up by Michigan Medicine;

and (vii) did not have genotype data available through the Michigan

Genomics Initiative biobank [24]. The study was conducted in accor-

dance with principles laid out in the Declaration of Helsinki and was

approved by the local institutional review board with a waiver of

informed consent.
2.2 | Clinical and biochemical evaluation

The eligible patients’ clinical and biochemical data were retrieved from

the University of Michigan data warehouse by trained investigators,

as previously explained elsewhere [25]. The first day of DOAC therapy
was established as the index date for the study. The patients’ active

problems list was used to identify comorbidities using the code list

specified in Supplementary Table S1 or keyword note search at the

baseline period, which was defined as 1 year before the index date.

The duration of DOAC treatment was determined by reviewing the

thorough prescription history and conducting a keyword search using

a natural language processing software, Electronic Medical Record

Search Engine (EMERSE, manufactured by the Regents of the Uni-

versity of Michigan) [26]. A standardized data collection method was

used, and study data were gathered using a customized form in

Research Electronic Data Capture (REDCap) [27,28]. All electronic

data capture tools are hosted at the University of Michigan.
2.3 | Drug–drug interaction

Drug–drug interactions with DOACs were defined as the concomitant

and systemic use of either cytochrome P450 (CYP)/p-glycoprotein

(p-gp) inhibitors or inducers with good or excellent documentation of

evidence on Micromedex (Truven Health Analytics) [29]. Twelve drugs

were considered as CYP/p-gp inhibitors: (i) amiodarone, (ii) clari-

thromycin, (iii) conivaptan, (iv) cyclosporine, (v) diltiazem, (vi) drone-

darone, (vii) fluconazole, (viii) itraconazole, (ix) ritonavir, (x)

erythromycin, (xi) ketoconazole, and (xii) verapamil. Seven drugs were

considered as CYP/p-gp inducers for drug interactions with DOACs: (i)

apalutamide, (ii) carbamazepine, (iii) fosphenytoin, (iv) nevirapine, (v)

oxcarbazepine, (vi) phenytoin, and (vii) rifampin.
2.4 | Study endpoints and adjudication of events

The primary endpoint of this study was major bleeding according to

the International Society on Thrombosis and Haemostasis definition

[30]. Any hemorrhagic event during the period of DOAC medication

(established within the start and stop dates of prescriptions obtained

by the medical chart reviews) was considered DOAC-related bleeding.

Briefly, major bleeding was defined as clinically overt nonsurgical

bleeding with the symptomatic presentation and (i) fatal outcome and/

or (ii) involvement of critical anatomical area or site such as intra-

cranial, spinal, intraocular followed by vision changes, pericardial,

articular, retroperitoneal, intramuscular with compartment syndrome,

and/or (iii) hemoglobin fall of 2 g/dL or more, or leading to transfusion

of 2 or more units of whole blood or red cells. As the International

Society on Thrombosis and Haemostasis criteria are purely clinical and

there is no validated algorithm to help identify bleeding cases elec-

tronically to date, trained clinicians examined the medical records of

all patients using the EMERSE [26] to adjudicate and classify bleeding

events. The patients’ follow-up time was calculated as the difference

between censoring and index dates. Patients were censored at the

time of their first major bleeding event; the stop date of the DOAC; or,

in the case of no stop date of the DOAC, the date when medical notes

were last reviewed.
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2.5 | Bleeding scores and risk classification

Six different prediction risk scores were used to estimate the risk of

bleeding in patients with AF who were taking rivaroxaban or apixaban.

These scores were ascertained as described in their original articles and

based on clinical and biochemical characteristics at baseline, as outlined

in Supplementary Table S2. While most of the scores were derived to

predict bleeding risk in patients with AF on anticoagulation, 1 score,

CHA2DS2-VASc, was originally intended to predict stroke risk but has

also been used to predict major bleeds in patients with AF [31].
2.6 | Incidence rate of major bleeding

The continuous risk scores were categorized as low, intermediate, or

high risk based on the predetermined cutoffs, as shown in

Supplementary Table S3. Then, the incidence rate of major bleeding

per 100 person-years for each risk category was determined so that

comparisons could be made between our findings and the findings of

previous studies. Specifically, the incidence rate per 100 person-years

was calculated by dividing the total number of major bleeding events

by the number of person-years for each risk category and multiplying

by 100. Additionally, the cumulative incidence of major bleeding was

defined as the number of bleeding events divided by the total number

of individuals in each risk category.
2.7 | Statistical analysis

Patients were stratified into 2 subgroups based on the presence or

absence of DOAC-related major bleeding. Baseline characteristics

were outlined for both the entire patient cohort and these subgroups.

Categorical variables were expressed as counts and percentages,

while continuous variables were expressed as mean ± SD (if normally

distributed) or as median and IQR (if not normally distributed). Sub-

group differences were assessed using the χ2 or Fisher’s exact test for

categorical variables, and Student’s t-test or Mann–Whitney U-test

for continuous variables. To assess the normality of distribution, the

Kolmogorov–Smirnov test was employed.

The primary metric to compare predictive performance was

C-statistics from time-dependent receiver operating characteristic

(ROC) analyses of the risk scores as continuous variables both over the

entire follow-up duration and at specified time points. Temporal fluc-

tuations in the area under the ROC curve (AUROC) alongside their

corresponding 95% CIs for each predictive risk score were plotted

against follow-up time. To further assess the predictive performance of

the 6 risk scores, an exploratory analysis was conducted using contin-

uous risk scores to estimate and compare the AUROC at 3 time points:

100, 1100, and 2100 days. Subsequently, true positive rates (sensitivity)

were plotted against the false positive rates for major bleeding

(1 - specificity) to obtain ROC curves. The comparison of the AUROC

was assessed through the Hanley–McNeil test [32], and an AUROC of

<0.7 was considered to represent poor risk discrimination [33].
Several other secondary metrics were also used to compare

different dimensions of risk score performance. With the aim of

enabling the comparative assessment of incidence rates across risk

categories, continuous risk scores were condensed into predefined

risk categories in accordance with the cutoffs outlined in their original

publications (Supplementary Table S3). The incidence rate of major

bleeding per 100 person-years was estimated for each risk category.

Additionally, calibration plots were employed to compare our inci-

dence rates with prior incidence rate findings across risk categories.

Diagnostic efficiency measures (ie, sensitivity, specificity, negative

predictive value, positive predictive value, Youden’s index, and Mat-

thew’s correlation coefficient [MCC]) were computed for patients

stratified into high-risk categories for major bleeding based on risk

prediction scores. These measures were contrasted with the reference

group composed of a composite of low- and intermediate-risk categories.

The individual probability of experiencing major bleeding was

predicted through Cox proportional hazards regression models for

each of the 6 risk scores at 100, 1100, and 2100 days of follow-up.

Subsequently, the net benefit of predicting major bleeding risk was

assessed through decision curve analysis [34].

The assessment encompassing time-dependent AUROC and de-

cision curve analyses were performed using the “timeROC” and

“dcurves” packages, respectively. For statistical analyses, both RStudio

(version 4.0.2, Posit, PBC) and STATA (version 15.0, StataCorp LLC)

for Mac were employed. A 2-sided P value of <.05 was considered

statistically significant.
3 | RESULTS

3.1 | Patient sample and baseline characteristics

A cohort of 2364 outpatients diagnosed with nonvalvular AF and

treated with either rivaroxaban or apixaban was identified within

Michigan Medicine’s records. Of these, 97 patients (4.1%) experienced

major bleeding incidents over an average follow-up period of 2.27 years.

The baseline characteristics of these patients stratified by the occur-

rence of major bleeding over the entire follow-up time are presented in

Table 1. Comparative analysis unveiled that patients who experienced

major bleeding were significantly older, less frequently prescribed

apixaban, exhibited a higher frequency of switching between different

DOACs, and had more frequent drug–drug interactions involving

DOACs and CYP/p-gp inhibitors. They also displayed a significantly

higher prevalence of conditions such as hypertension and chronic

obstructive pulmonary disease, transcatheter aortic valve replacement,

and a history of smoking habit compared to their counterparts who did

not experience major bleeding. Furthermore, patients who encountered

major bleeding had significantly lower diastolic blood pressure,

glomerular filtration rate, and hemoglobin levels than those who did not

experience bleeding (as outlined in Table 1). All the assessed risk pre-

diction scores had significantly higher values for patients with major

bleeding than their counterparts. All other baseline variables displayed

no significant differences across the study subgroups.



T AB L E 1 Clinical and biochemical baseline characteristics of the patients overall and whether or not they had major bleeding over the entire
follow-up time.

Characteristics Overall

Major bleeding

P valueNo Yes

Study patients, n (%) 2364 (100.0) 2267 (95.9) 97 (4.1) __

Age (y) 68.3 (13.6) 68.1 (13.5) 74.1 (9.1) <.001

Sex, n (%) .125

Female 758 (32.1) 720 (31.8) 38 (39.2)

Male 1606 (67.9) 1547 (68.2) 59 (60.8)

Ethnicity, n (%) 1.000

Non-Hispanic or Latino 2312 (97.8) 2216 (97.8) 96 (99.0)

Hispanic or Latino 10 (0.4) 10 (0.4) 0 (0.0)

Unknown 42 (1.8) 41 (1.8) 1 (1.0)

DOAC, n (%) .006

Rivaroxaban 802 (33.9) 772 (34.1) 30 (30.9)

Apixaban 1324 (56.0) 1276 (56.3) 48 (49.5)

Both DOACs not simultaneously 238 (10.1) 219 (9.7) 19 (19.6)

Daily dose of DOAC (mg), mean ± SD

Rivaroxaban 19.3 ± 3.5 19.3 ± 3.5 18.7 ± 2.7 .308

Apixaban 7.8 ± 4.1 7.7 ± 4.1 8.7 ± 3.6 .056

Cumulative dose of DOAC (g), mean ± SD

Rivaroxaban 16.5 ± 15.5 16.6 ± 15.5 16.0 ± 14.7 .816

Apixaban 7.2 ± 6.5 7.2 ± 6.5 7.1 ± 6.3 .424

Drug–drug interactions with DOACs, n (%)

CYP/p-gp inhibitors 1046 (44.5) 983 (43.4) 63 (65.0) <.001

CYP/p-gp inducers 33 (1.4) 31 (1.4) 2 (2.1) .568

Hypertension, n (%) 933 (39.5) 885 (39.0) 48 (49.5) .039

Diabetes mellitus, n (%) 421 (17.8) 398 (17.6) 23 (23.7) .121

Heart failure, n (%) 321 (13.6) 303 (13.4) 18 (18.6) .144

Stroke, n (%) 50 (2.1) 47 (2.1) 3 (3.1) .494

Transient ischemic attack, n (%) 37 (1.6) 35 (1.5) 2 (2.1) .687

Thromboembolism, n (%) 90 (3.8) 85 (3.8) 5 (5.2) .479

Previous bleeding, n (%) 491 (20.8) 465 (20.5) 26 (26.8) .135

COPD, n (%) 157 (6.6) 145 (6.4) 12 (12.4) .021

Surgery or trauma, n (%) 1449 (61.3) 1381 (60.9) 68 (70.1) .069

Transcatheter aortic valve replacement, n (%) 22 (0.9) 17 (0.8) 5 (5.2) <.001

Elixhauser comorbidities score, mean ± SD 11.0 ± 11.3 10.9 ± 11.2 13.9 ± 12.0 <.001

ABH score, mean ± SD 3.0 ± 1.8 3.0 ± 1.8 3.9 ± 2.0 <.001

ATRIA score, mean ± SD 1.9 ± 2.0 1.9 ± 2.0 3.0 ± 1.9 <.001

HAS-BLED score, mean ± SD 1.2 ± 1.0 1.2 ± 1.0 1.5 ± 1.0 <.001

HEMORR2HAGES score, mean ± SD 1.9 ± 1.7 1.9 ± 1.7 2.6 ± 1.8 <.001

ORBIT-AF score, mean ± SD 1.7 ± 1.6 1.6 ± 1.6 2.5 ± 1.7 <.001

CHA2DS2-VASc score, mean ± SD 2.4 ± 1.5 2.4 ± 1.5 3.0 ± 1.7 <.001

(Continues)
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T A B L E 1 (Continued)

Characteristics Overall

Major bleeding

P valueNo Yes

Smoking habit, n (%) .003

Never 1052 (44.5) 1022 (45.1) 30 (30.9)

Current 67 (2.8) 67 (3.0) 0 (0.0)

Former 1222 (51.7) 1155 (51.0) 67 (69.1)

Unknown 23 (1.0) 23 (1.0) 0 (0.0)

Body mass index (kg/m2) 29.9 (8.4) 29.9 (8.4) 29.5 (8.2) .618

Systolic blood pressure (mmHg) 127.5 (21.5) 127.5 (22.0) 127.5 (17.5) .905

Diastolic blood pressure (mmHg) 71.0 (11.5) 71.0 (11.5) 67.5 (11.0) <.001

Glomerular filtration rate (mL/min) 96.5 (50.4) 92.6 (49.2) 75.5 (42.5) <.001

Platelet count (109/L) 209.8 (74.0) 209.5 (73.0) 216.0 (95.0) .193

Hemoglobin (g/dL) 13.5 (2.5) 13.5 (2.4) 12.4 (3.4) <.001

Follow-up time (d), mean ± SD 828.2 ± 739.8 830.0 ± 740.0 787.8 ± 735.6 .195

Bolded P values are <.05 and considered statistically significants.

The italicized P value for categorical variables represents the output of the Fisher’s exact test, while the nonitalicized P values correspond to the output of

χ2 test.

ABH, Age, history of Bleeding, and non-bleeding related Hospitalisation; ATRIA, Anticoagulation and Risk Factors in Atrial Fibrillation; CHA2DS2-VASc,

Congestive heart failure, Hypertension, Age ≥75 (doubled), Diabetes, Stroke (doubled)-Vascular disease, Age 65–74, Sex category; COPD, chronic

obstructive pulmonary disease; CYP, cytochrome P450; DOAC, direct oral anticoagulants; HAS-BLED, Hypertension, Abnormal renal/liver function,

Stroke, Bleeding history or predisposition, Labile international normalized ratio, Elderly (>65 years), Drugs/alcohol concomitantly; HEMORR2HAGES,

Hepatic or Renal Disease, Ethanol Abuse, Malignancy, Older Age, Reduced Platelet Count or Function, Re-Bleeding, Hypertension, Anemia, Genetic

Factors, Excessive Fall Risk and Stroke; ORBIT-AF, Outcomes Registry for Better Informed Treatment of Atrial Fibrillation; p-gp, p-glycoprotein.
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3.2 | Primary comparison metric: time-dependent

ROC analysis

Temporal fluctuations in AUROC for each risk score as a continuous

variable were plotted against follow-up time, and findings are depicted

in Figure 1 and Supplementary Figure S2.

Within the initial 100 days of follow-up, there was a notable

decline in predictive performance across all risk scores during the

initial 30 days, which was subsequently followed by a recovery and

consistent maintenance of predictive accuracy (Figure 1A). During the

entire follow-up period, ATRIA and ORBIT-AF scores consistently

displayed superior predictive performance (Figure 1B). They exhibited

notably narrower 95% CIs, with their lower limits remaining below 0.5

for a brief duration of the follow-up (approximately at the 2500th day).

In contrast, the remaining 4 scores showcased broader CIs and/or

AUROC values that dipped below 0.5 (Supplementary Figure S2).

To comprehensively assess the predictive performance of the 6

risk scores, an exploratory analysis was conducted using continuous

risk scores to compute and compare the AUROC values at 3 specific

time points: 100, 1100, and 2100 days (as illustrated in Figure 2). Of

the total 97 bleeding events, 22 (22.7%) occurred within the first 100

days; 48 (49.5%) between 101 and 1100 days; 20 (20.6%) between

1101 and 2100 days; and 7 (7.2%) after 2101 days.

On the 100th day of the follow-up period, the ORBIT-AF score

exhibited a significantly higher predictive performance in comparison
to both the ABH and HEMORR2HAGES scores (Figure 2A). Extending

the assessment to the 1100th day mark, the ORBIT-AF score consis-

tently demonstrated significantly higher predictive performance in

predicting DOAC-related major bleeding if compared to all the risk

scores, except for ATRIA. In contrast, ATRIA showed significantly

higher performance in predicting DOAC-related major bleeding if

compared to all the risk scores, except for ORBIT-AF and CHA2DS2-

VASc scores (Figure 2B). However, as the follow-up period extended

to 2100 days, no statistically significant differences in the predictive

performance of DOAC-related major bleeding among the 6 scores

were observed (Figure 2C).

The performance of the 6 scores to discriminate the risk of major

bleeding in individuals using rivaroxaban and apixaban was individu-

ally assessed and compared through a time-dependent exploratory

analysis of AUROC at 3 distinct time points. Findings of this evaluation

are illustrated in Supplementary Figure S3. On the 100th day of the

follow-up period, the ATRIA score exhibited a significantly better

performance in predicting major bleeding associated with apixaban

when contrasted with rivaroxaban. A similar trend was observed with

the ABH score. Conversely, no statistically significant differences

were observed among the remaining scores (Supplementary

Figure S3A). In assessments conducted at the 1100th and 2100th

days of follow-up, all 6 risk scores showed no significant differences in

predicting major bleeding risk from rivaroxaban compared to apixaban

(comparative P values >.05, Supplementary Figures S3B, C).



F I GUR E 1 Temporal variation in area under the receiver operating characteristic curves (AUROCs) for 6 predictive risk scores (A) during

the first 100 days and (B) over the entire follow-up period. ABH, Age, history of Bleeding, and non-bleeding related Hospitalisation; ATRIA,

Anticoagulation and Risk Factors in Atrial Fibrillation; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75 (doubled), Diabetes,

Stroke (doubled)-Vascular disease, Age 65–74, Sex category; HAS-BLED, Hypertension, Abnormal renal/liver function, Stroke, Bleeding history

or predisposition, Labile international normalized ratio, Elderly (>65 years), Drugs/alcohol concomitantly; HEMORR2HAGES, Hepatic or Renal

Disease, Ethanol Abuse, Malignancy, Older Age, Reduced Platelet Count or Function, Re-Bleeding, Hypertension, Anemia, Genetic Factors,

Excessive Fall Risk and Stroke; ORBIT-AF, Outcomes Registry for Better Informed Treatment of Atrial Fibrillation.
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3.3 | Other comparison metrics

3.3.1 | Incidence rates of major bleeding

A total of 97 cases of major bleeding were observed over an average

follow-up period of 2.27 years, resulting in 1.81 major bleeds per 100

person-years. Details regarding the incidence rates of major bleeding

per 100 person-years, along with their corresponding 95% CIs across

risk categories, are comprehensively presented in Supplementary

Tables S3 and S4.

The only statistically significant pairwise difference in major

bleeding incidence rates between risk score categories was observed

with the intermediate-risk patients (referred as I) of ATRIA and

HAS-BLED scores. The ATRIA intermediate group exhibited a

significantly higher major bleeding incidence rate at 2.55 major

bleeds per 100 person-years compared to 1.49 major bleeds per 100

person-years for the HAS-BLED intermediate group (Supplementary

Table S3).

Using these risk scores, the frequency distribution of patients and

the corresponding incidence rates per 100 person-years were calcu-

lated across both risk categories and discrete scores. These compre-

hensive findings have been compiled and are presented in

Supplementary Tables S4 and S5.
3.3.2 | Cumulative incidence of major bleeding and

diagnostic efficiency measures

We evaluated major bleeding incidence across risk categories using

cumulative incidence calculations. Diagnostic efficiency measures

were assessed for high-risk major bleeding patients versus those at
low-to-intermediate risk over the entire follow-up period. Findings are

summarized in Table 2.

ATRIA, HAS-BLED, and ORBIT-AF were the scores that disrupted

the incremental rise in major bleeding incidences as risk severity

progressed. Negative and positive predictive values showed consis-

tent values of 96.1% to 96.9% and 4.3% to 5.1%, respectively, across

the 6 risk scores. However, notable variations were observed in

sensitivity, specificity, Youden’s index, and MCC. CHA2DS2-VASc

score upheld the highest sensitivity (89.7%) in DOAC-related major

bleeding screening, while ORBIT-AF followed by ABH scores exhibi-

ted the highest specificity values (71.2% and 71.1%, respectively).

Since Youden’s index represents the maximization of the equilibrium

between sensitivity and specificity through equal weight, this metric

has been used for determining the cutoff point in diagnostic tests [35].

Thus, we compared the Youden’s index of our cohort’s results with the

pre-established high-risk cutoffs for each predictive score. Notably,

only the ABH score demonstrated a Youden’s index that matched the

predefined high-risk cutoff of 7 (Table 2).

On the other hand, MCC stands out as a statistical metric that

yields a high score exclusively when all 4 diagnostic efficiency mea-

sures exhibit heightened values [36]. Since MCC offers greater

informativeness and reliability, we computed this metric for all 6 risk

scores. The results varied across the 6 risk scores, with HAS-BLED and

ORBIT-AF having the same and highest MCC values (MCC = 0.032;

Table 2), followed by the ABH score (MCC = 0.031; Table 2).
3.3.3 | Calibration plots

Calibration plots were employed to assess the alignment between the

incidence rates of major bleeding events per 100 person-years



F I GUR E 2 Comparative time-dependent areas under the receiver operating characteristic curves (AUROCs) of the 6 scores in

discriminating the risk of direct oral anticoagulant–related major bleeding at (A) 100, (B) 1100, and (C) 2100 days of follow-up. ABH, Age,

history of Bleeding, and non-bleeding related Hospitalisation; ATRIA, Anticoagulation and Risk Factors in Atrial Fibrillation; CHA2DS2-VASc,

Congestive heart failure, Hypertension, Age ≥75 (doubled), Diabetes, Stroke (doubled)-Vascular disease, Age 65–74, Sex category; HAS-BLED,

Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or predisposition, Labile international normalized ratio, Elderly (>65

years), Drugs/alcohol concomitantly; HEMORR2HAGES, Hepatic or Renal Disease, Ethanol Abuse, Malignancy, Older Age, Reduced Platelet

Count or Function, Re-Bleeding, Hypertension, Anemia, Genetic Factors, Excessive Fall Risk and Stroke; ORBIT-AF, Outcomes Registry for

Better Informed Treatment of Atrial Fibrillation.
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reported in the derivation cohorts and the actual incidence rate

observed within our cohort. The results are shown in Supplementary

Figure S4.

Based on our findings, it was observed that the incidence rates of

major bleeding per 100 person-years in the low-risk category within

our cohort were slightly underestimated when compared to the
derivation cohort. This pattern is consistent across all risk scores

except for ATRIA and HAS-BLED, where there is a slight over-

estimation of the incidence rates. Shifting to the intermediate risk

category, our cohort displayed a significant underestimation of the

incidence rates of major bleeding per 100 person-years for

ABH, HEMORR2HAGES, and ORBIT-AF scores. However, ATRIA,



T AB L E 2 Distribution of cumulative incidence across risk categories and diagnostic efficiency measures of risk scores for major bleeding from
direct oral anticoagulants.

Prediction score

Cumulative incidence of

major bleeds (number of events/total of

individuals)

Diagnostic efficiency measures (low þ intermediate vs high risk)

Low Intermediate High Sensitivity Specificity NPV PPV

Youden’s

index

Matthew’s

correlation coefficient

ABH 8/224 (3.6%) 54/1449 (3.7%) 35/691 (5.1%) 36.1% 71.1% 96.3% 5.1% 0.07 0.031

ATRIA 23/872 (2.6%) 30/528 (5.7%) 44/964 (4.6%) 45.4% 59.4% 96.2% 4.6% 0.05 0.019

HAS-BLED 5/90 (5.6%) 33/1017 (3.2%) 59/1257 (4.7%) 60.8% 47.2% 96.6% 4.7% 0.08 0.032

HEMORR2HAGES 13/408 (3.2%) 34/807 (4.2%) 50/1149 (4.4%) 51.6% 51.5% 96.1% 4.4% 0.03 0.012

ORBIT-AF 38/1272 (3.0%) 24/405 (5.9%) 35/687 (5.1%) 36.1% 71.2% 96.3% 5.1% 0.07 0.032

CHA2DS2-VASc 1/39 (2.6%) 9/283 (3.2%) 87/2042 (4.3%) 89.7% 13.8% 96.9% 4.3% 0.04 0.020

Classification of risk score categories: ABH: low risk, 0 to 2; intermediate risk, 3 to 6; high risk, ≥7; ATRIA: low risk, 0 to 3; intermediate risk, 4; high risk,

≥5; HAS-BLED: low risk, 0; intermediate risk, 1 to 2; high risk, ≥3; HEMORR2HAGES: low risk, 0 to 1; intermediate risk, 2 to 3; high risk, ≥4; ORBIT-AF:

low risk, 0 to 2; intermediate risk, 3; high risk, ≥4; and CHA2DS2-VASc: low risk, 0 for men and 0 to 1 for women; intermediate risk, 1 for men and 2 for

women; high risk, ≥2 for men and ≥3 for women.

ABH, Age, history of Bleeding, and non-bleeding related Hospitalisation; ATRIA, Anticoagulation and Risk Factors in Atrial Fibrillation; CHA2DS2-VASc,

Congestive heart failure, Hypertension, Age ≥75 (doubled), Diabetes, Stroke (doubled)-Vascular disease, Age 65–74, Sex category; HAS-BLED,

Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or predisposition, Labile international normalized ratio, Elderly (>65 years), Drugs/

alcohol concomitantly; HEMORR2HAGES, Hepatic or Renal Disease, Ethanol Abuse, Malignancy, Older Age, Reduced Platelet Count or Function, Re-

Bleeding, Hypertension, Anemia, Genetic Factors, Excessive Fall Risk and Stroke; NPV, negative predictive value; ORBIT-AF, Outcomes Registry for

Better Informed Treatment of Atrial Fibrillation; PPV, positive predictive value.
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HAS-BLED, and CHA2DS2-VASc scores demonstrated well-calibrated

incidence rates in this category. Within the high-risk category, our

cohort consistently displayed a significant underestimation of the

incidence rates. This contrasted sharply with the derivation cohort, as

evidenced by the pronounced slope observed in all 6 risk scores

(Supplementary Figure S4).
3.3.4 | Decision curves

The clinical utility of the 6 risk assessment tools in predicting the

probability of experiencing DOAC-related major bleeding over different

time points (100, 1100, and 2100 days) was evaluated through decision

curve analysis, depicted in Figure 3. Within our patient cohort, the

ATRIA and ORBIT-AF scores exhibited the most pronounced net

benefit in predicting the occurrence of major bleeding risk from DOAC

at day 100 of observation, as illustrated by the orange and blue trends

in Figure 3A. At the 1100th day mark, the ATRIA score demonstrated

superior net benefit alone in predicting the probability of experiencing

DOAC-related major bleeding events (Figure 3B). However, when

considering the 2100-day horizon, none of the risk scores exhibited

discernible superiority in net benefit in predicting the probability of

major bleeding events from DOACs (Figure 3C).
4 | DISCUSSION

To the best of our knowledge, this study is the first to evaluate the

performance of the ABH score in predicting major bleeding risk
within a real-world cohort of patients with AF undergoing DOAC

treatment. The purpose of this research was to assess the predictive

performance of the DOAC-specific ABH score compared with 5

other DOAC–unspecific risk scores in predicting major bleeding risk

among patients with AF undergoing treatment with rivaroxaban or

apixaban within real-world settings. We employed the time-

dependent ROC analysis as the primary metric to compare the

performance of the 6 continuous risk scores in predicting DOAC-

related major bleeding risk. While some scores consistently fell

below the acceptable threshold (AUROC <0.7) over the entire

observation period, our findings underscored the sustained predic-

tive performance of both ATRIA and ORBIT-AF scores. In contrast

to the remaining metrics, these 2 risk scores exhibited a persistent

AUROC surpassing 0.6 over 3000 days of monitoring duration, oc-

casionally even exceeding 0.7 at specific intervals. The 95% CI

findings highlight that both the ATRIA and ORBIT-AF scores

exhibited the narrowest intervals, consistently mirroring the AUROC

trend over time with minimal exaggerated fluctuations.

During the initial 100-day follow-up period, ORBIT-AF exhibited

significantly superior performance in predicting major bleeding risk

from DOACs compared to ABH and HEMORR2HAGES scores.

Extending the evaluation to 1100 days, ORBIT-AF maintained its

statistical significance over all other scores, except for ATRIA.

Notably, ATRIA also demonstrated significantly higher predictive

performance than all scores except for ORBIT-AF and CHA2DS2-VASc

scores. However, as the observation extended further into the long

term, the differences in performance between ATRIA and ORBIT-AF

ceased to hold statistical significance compared to all other scores.

Hence, our findings suggest that both ORBIT-AF and ATRIA scores



F I GUR E 3 Decision curve analysis plots for the probability of experiencing direct oral anticoagulant–related major bleeding events at (A, B)

100, (C) 1100, and (D) 2100 days of follow-up according to each of the 6 risk predicting scores. The axes scale in Figure 3A is condensed

compared to those in Figure 3B–D to zoom in on score performance at 100 days. ABH, Age, history of Bleeding, and non-bleeding related

Hospitalisation; ATRIA, Anticoagulation and Risk Factors in Atrial Fibrillation; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥75
(doubled), Diabetes, Stroke (doubled)-Vascular disease, Age 65–74, Sex category; HAS-BLED, Hypertension, Abnormal renal/liver function,

Stroke, Bleeding history or predisposition, Labile international normalized ratio, Elderly (>65 years), Drugs/alcohol concomitantly;

HEMORR2HAGES, Hepatic or Renal Disease, Ethanol Abuse, Malignancy, Older Age, Reduced Platelet Count or Function, Re-Bleeding,

Hypertension, Anemia, Genetic Factors, Excessive Fall Risk and Stroke; ORBIT-AF, Outcomes Registry for Better Informed Treatment of Atrial

Fibrillation.
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exhibit the best performance in predicting the risk of major bleeding

throughout the first 1100 days of DOAC treatment.

Using the Cox proportional hazards regression model, we esti-

mated the individual probabilities of experiencing major bleeding from

DOACs. These estimates made it possible to assess the net benefits of

each score through decision curve analysis. In the initial 100-day

follow-up period, the analysis confirmed the AUROC findings,

demonstrating that ATRIA had a net benefit in predicting DOAC-

related major bleeding, paralleled the ORBIT-AF score. When

extending the follow-up to 1100 days, the ATRIA score consistently

exhibited superior net benefit in predicting the probability of major

bleeds, followed by the ORBIT-AF and CHA2DS2-VASc scores. If

analyzed together, the outcomes from time-dependent AUROC and

decision curves consistently indicate superior performance for pre-

dicting major bleeding using the ORBIT-AF and ATRIA scores during

the initial 100 days of exposure to DOACs and ATRIA scores for

DOAC exposures ranging between 100 and 1100 days.

Although the risk scores are a combination of clinical variables,

their assigned weights vary greatly. This array of clinical variables and

weights has the potential to elucidate the reasons behind the

enhanced predictive performance of ATRIA and ORBIT-AF scores in

assessing bleeding risk within our study cohort. Both ATRIA and

ORBIT-AF consist of 5 clinical variables each, of which age ≥75 years,

kidney disease, previous bleeding, and anemia are shared by them.

However, they diverge in the assessment of arterial hypertension, use

of antiplatelet drugs, and assigned weights of variables [16,19]. Out of

the 6 tested scores, 3 ascribe 2 points to individuals aged ≥75 years.

Notably, these specific scores—CHA2DS2-VASc, ORBIT-AF, and
ATRIA—have showcased superior performance in predicting DOAC-

related major bleeding within our patient cohort. Since most of our

patient cohort consists of the older adults, with a median age of 68.3

years and a substantial subset (25.1%) aged ≥75 years, it is conceiv-

able that attributing a higher weight of 2 points to this age group

might reasonably account for the distinct improvement in the pre-

dictive performance of these scores observed in our study.

Additionally, we posit that the significant improvement in pre-

dictive performance observed both in ATRIA and ORBIT-AF could be

attributed to their distinct approaches to evaluating anemia. Although

ABH, ATRIA, HEMORR2HAGES, and ORBIT-AF all consider anemia as

a clinical predictor of bleeding events [16,18,19,21], it is noteworthy

that ATRIA and ORBIT-AF uniquely allocate more substantial weights

of 3 and 2 points, respectively, to this parameter [16,19]. Notably,

68.2% of our patient cohort exhibited evidence of some degree of

anemia at baseline, substantiated by at least 1 laboratory or Inter-

national Classification of Diseases code record, as defined by the

scoring criteria. Hence, we postulate that this heightened emphasis

placed on this clinical variable might have played a pivotal role in

bolstering the predictive performance of these 2 risk scores, partic-

ularly when they are applied to a patient population where anemia

holds a high prevalence, as in our study.

Weighting previous bleeding events as 2 points may be an addi-

tional factor that likely enhanced the predictive performance of

ORBIT-AF in our cohort [19], whose prevalence was 20.8% at

baseline. Alternatively, in the context of ATRIA, we conjecture that

the 3-point weight attributed to renal dysfunction, specifically when

the glomerular filtration rate is <30 mL/min or in cases requiring
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dialysis [16], would also have a substantial impact on the predictive

performance of this score. However, due to our study’s exclusion

criteria encompassing either a creatinine clearance of <15 mL/min or

the need for renal replacement therapy, only 1% of our patient cohort

exhibited glomerular filtration rates ranging from 15 to 30 mL/min.

Consequently, it is reasonable to postulate that, although this

variable may contribute to a better predictive performance of the

ATRIA score, its influence supposedly remained marginal in our

investigation.

Several primary studies have attempted to assess the perfor-

mance of various scoring systems in predicting the risk of major

bleeding in patients with AF undergoing anticoagulation treatment.

However, a consensus on this matter has not yet been reached. To

tackle this issue, we conducted a comparative analysis of our findings

with more robust evidence derived from meta-analytical approaches

despite acknowledging the limitations of such comparisons. Among

the 6 existing meta-analyses, all have taken HAS-BLED as the stan-

dard score and assessed its predictive performance in comparison to

the others. In 4 of these meta-analyses, the ATRIA and ORBIT-AF

scores were tested against the HAS-BLED score [37–42]. The find-

ings of these meta-analytic studies diverge from our results as they

concluded that there is no significant difference in the predictive

performance of the ATRIA and ORBIT-AF scores when compared to

the HAS-BLED score [38–40,42]. It is imperative to note, however,

that the patient cohorts in these studies differ from ours. For instance,

Zhu et al. [42] compiled primary studies involving patients solely on

VKAs. Meanwhile, Gao et al. [39], Wang et al. [38], and Liu et al. [40]

encompassed patients on both DOACs and VKAs without conducting

a subanalysis to discern the individual predictive performance of

scores for each drug. Although preliminary evidence suggests a similar

performance of predictive risk scores in patients experiencing

bleeding events, whether from VKAs or DOACs [39,40], further

comprehensive investigations are necessary to appropriately address

any potential limitations that may arise when comparing these find-

ings against ours.

Regarding the calibration of risk category scores, our findings

exhibited partial discrepancies in comparison to the outcomes

presented by Zeng et al. [37]. Although our approach computed

annualized incidence rates, the outcomes of this comprehensive meta-

analysis study were originally presented as odds ratios. To make cross-

study comparisons possible, we calculated the odds ratios of risk

categories for the ATRIA, HEMORR2HAGES, and ORBIT-AF scores

against the HAS-BLED score (data not shown). Our discoveries align

with those by Zeng et al. [37] within the high-risk categories of the 3

scores, where the P values for odds ratios were not statistically

significant. Furthermore, our findings were also aligned with theirs in

the intermediate-risk category of ORBIT-AF, revealing odds ratio in

favor of a significantly higher risk of major bleeding in the ORBIT-AF

category than in the HAS-BLED category (our result: odds ratio, 0.53;

95% CI, 0.31-0.91; P = .022). There was no consistency of odds ratios

across our findings and those of Zeng et al. [37] when comparing the

low-risk categories of the 3 scores and the intermediate-risk cate-

gories for HEMORR2HAGES and ATRIA scores.
To enable cross-comparison of our results with those of the sixth

existing meta-analysis, we performed additional calculations of pre-

dictive sensitivity and specificity following the methodology described

by Chang et al. [41] (data not shown). Although our numerical values

differed from theirs, the pattern observed in our clustered ranking

plots almost entirely reflected the results reported by Chang et al.

[41]. When assessing predictive sensitivity, our results were perfectly

consistent with theirs, revealing ORBIT-AF, ATRIA, HEMORR2HAGES,

and HAS-BLED scores in ascending order. However, when assessing

predictive specificity, our results ranked ORBIT-AF, ATRIA, and HAS-

BLED equally, followed by HEMORR2HAGES scores in decreasing

order, which contradicts the assertion by Chang et al. [41] that HAS-

BLED should have a lower predictive specificity than ATRIA.

Our study yields noteworthy implications for clinical practice.

During the initial 100 days of DOAC treatment, ATRIA, HAS-BLED,

ORBIT-AF, and CHA2DS2-VASc scores demonstrated comparable

performance in predicting major bleeding events in patients with AF.

However, we strongly advocate that clinicians prioritize the use of

either ORBIT-AF or ATRIA scores during this period since these 2

scoring systems stood out with the highest net benefit on the decision

curves. In the medium term, spanning from 100 to 1100 days of

DOAC treatment, while both ORBIT-AF and ATRIA scores exhibited

similar predictive performance for major bleeding risk in patients with

AF, our recommendation leans toward the preferential use of the

ATRIA score due to its superior net benefit demonstrated on the

decision curve within this timeframe. The 6 scores exhibited poor

predictive performance over a span of 1100 to 2100 days of follow-

up, suggesting a likely inadequacy in capturing the risk of bleeding

events associated with long-term anticoagulation therapy.

While our study has several strengths, such as a cohort of patients

solely on DOACs, confirmation of major bleeding cases through chart

reviews by a trained investigator rather than International Classifi-

cation of Diseases codes, and a time-dependent approach to testing

the predictive performance of these scores, certain limitations should

be considered. First, this was an observational study with fewer than

100 total bleeding events, and the findings are limited to a single

healthcare system that primarily serves southeastern Michigan. The

study’s retrospective nature may have introduced a temporality bias,

which was mitigated by ascertaining risk scores using clinical data up

to 1 year before the first prescription of DOACs and confirming that

bleeding cases occurred within the start and stop dates of DOACs

through medical chart reviews. Furthermore, since all data were ob-

tained from the electronic health record, data on certain variables

outside the scope of DOACs, such as labile international normalized

ratio and genetic variants related to VKAs, were not collected, which

may have affected the accuracy of risk scores. Although we followed

standard protocols for data collection, the clinical care routine lacked

standardization, and, as with any observational study, unmeasured

residual confusion may have been included. Also, we did not have

access to pharmacy records to ascertain adherence to DOAC therapy.

Finally, our study focused solely on evaluating the performance of 6

bleeding risk prediction risk scores, acknowledging the existence of

additional scores that were not incorporated into our analysis.
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Although our study made valuable contributions, we acknowledge

the need for further research to substantiate our findings within

population-based cohorts. Additionally, it is imperative to assess the

clinical implications of the ATRIA and ORBIT-AF scores in routine

practice, aiming to improve the prediction of major bleeding risk from

DOACs. Looking ahead, research endeavors should explore the per-

formance of alternative bleeding risk prediction scores or the devel-

opment of innovative ones, ultimately enhancing the precision of

major bleeding risk assessment in patients with AF undergoing

treatment with DOACs.

In conclusion, our study reveals the consistent superiority of

ORBIT-AF and ATRIA over other scoring systems in predicting DOAC-

related major bleeding in patients with AF within the first 100 days of

treatment. Notably, ATRIA maintained this high predictive perfor-

mance within 100 and 1100 days of follow-up, surpassing the ABH

risk score. These results emphasize the practical value of ATRIA and

ORBIT-AF scores as essential tools for clinicians in real-world settings,

aiding in the estimation of major bleeding risk in patients with AF

receiving DOAC therapy.
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