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Abstract

Obiective The long-term predictive performance of existing bleeding risk models in patients with various manifestations
of cardiovascular disease (CVD) is not well known. This study aims to assess and compare the performance of relevant
existing bleeding risk models in estimating the long-term risk of major bleeding in a cohort of patients with established CVD.

Methods Seven existing bleeding risk models (PRECISE-DAPT, DAPT, Ducrocq et al, de Vries et al, S,TOP-BLEED, Intracra-
nial B,LEED3S and HAS-BLED) were identified and externally validated in 7,249 patients with established CVD included in
the Utrecht Cardiovascular Cohort-second manifestations of arterial disease study. Predictive performance was assessed in
terms of discrimination and calibration, both at 10 years and the original prediction horizon of the models. Major bleeding
was defined as Bleeding Academic Research Consortium type 3 or 5.

Results After a median follow-up of 8.4 years (inferquartile range 4.5-12.5), a total of 233 (3.2%) major bleeding
events occurred. C-statistics for discrimination at 10 years ranged from 0.53 (95%Cl 0.49-0.57) to 0.64 (95%Cl 0.60-

0.68). Calibration plots after recalibration to 10 years showed best agreement between predicted and observed bleeding
risk for De Vries et al, S,TOP-BLEED, DAPT and PRECISE-DAPT.

Conclusions The performance of existing bleeding risk models to predict long-term bleeding in patients with CVD
varied. Discrimination and calibration were best for the models of de Vries et al, S,TOP-BLEED, DAPT and PRECISE-DAPT. Of

these, recalibrated models requiring the least predictors may be preferred for use to personalize prevention with antithrom-
botic therapy. (Am Heart ] 2023;260:72-81.)

In the prevention of cardiovascular disease (CVD), risk
estimation of cardiovascular events plays an important
role in clinical decision making.!’?> This concerns not
only the risk of ischemic events, but also the risk of
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bleeding due to antithrombotic treatment, which is even
more important in a population which is increasingly
older and more frail. The question arises how bleeding
risk can be estimated accurately in patients with CVD.
Several bleeding risk scores are available for different
patient populations. The HAS-BLED score is available to
assess bleeding risk in atrial fibrillation (AF) patients.M
DAPT and PRECISE-DAPT scores are advised to guide de-
cision making on duration of dual antiplatelet therapy in
patients undergoing percutaneous coronary intervention
with stent implantation.”® However, the use of bleed-
ing risk scores in patients with chronic coronary syn-
dromes without recent intervention and patients with
cerebrovascular and peripheral artery disease is less well
defined, while the scores mentioned have not been val-
idated in a population with different manifestations of
CVD.” !9 Moreover, since atherosclerosis is a progressive
disease often involving multiple vascular beds, it is desir-
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able to be able to predict bleeding in a population with
various manifestations of CVD.!!

Ultimately, arriving at optimal treatment of individual
patients calls for weighing benefit and harm of preven-
tive strategies, thus contrasting CVD risk reduction with
increased bleeding risk. Individual treatment benefit can
already be estimated by predictions of 10-year recurrent
CVD risk, for example using the SMART risk score,'? or
lifetime risk with SMART-REACH, ' in combination with
hazard ratios from trials and meta-analyses. Which scores
should be used to estimate bleeding risk is not well
known. Recently, dual antiplatelet therapy and dual path-
way inhibition have become available as guideline sup-
ported treatment options, making it even more impor-
tant to be able to predict bleeding risks from intensified
antithrombotic therapy.” Therefore, the aim of this study
is to evaluate the performance of relevant existing bleed-
ing risk scores in predicting long-term major bleeding in
a cohort of patients with various manifestations of CVD.

Methods

Identification of bleeding risk models

Existing bleeding risk models which could potentially
be relevant to individuals with established CVD in the
long term were identified. Based on the European Soci-
ety of Cardiology (ESC) guidelines on AE chronic coro-
nary syndromes, dual antiplatelet therapy in coronary
artery disease and peripheral artery disease,?-1*:14 the
HAS-BLED score, DAPT bleeding prediction model and
PRECISE-DAPT score were selected.>>° Other models
are also commented on in these guidelines, but only
the models recommended for use, eg, based on meta-
analyses, were included.'"* The 2021 ESC consensus
document on antithrombotic therapies in aortic and pe-
ripheral arterial diseases identified bleeding prediction
models of de Vries et al and Ducrocq et al for patients
with established CVD.!'>!7 The score of Spiliopoulos et al
was not included because it was designed to predict
short-term bleeding complications of endovascular inter-
ventions, and the studies of Cea Soriano et al and Ward
et al identified risk factors without reporting a bleeding
risk model or score.'®?° To identify possible additional
bleeding models published in the 2 years before or af-
ter the guidelines were issued, a literature search (up to
March 2016) was performed (Supplementary Figure 1).
This yielded the S, TOP-BLEED and Intracranial-B,LEED3S
score.’!?2 Table I provides an overview of the predictors
used in each model. A short description of the studies
in which the bleeding risk models were derived is pre-
sented in Supplementary Table 1.

Study population

External validation of the bleeding risk models was
performed in patients originating from the Utrecht Car-
diovascular Cohort-Second manifestations of arterial dis-
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ease (UCC-SMART) study, of which the design and meth-
ods have been described previously.”®> Briefly, UCC-
SMART is an ongoing cohort study in both inclusion and
follow-up of patients aged 18 to 90 years referred to
a teaching hospital in the Netherlands for management
of atherosclerotic CVD and marked cardiovascular risk
factors. Patients with a short life expectancy, pregnant
women and those insufficiently fluent in Dutch are ex-
cluded. The study was approved by the ethics committee
and institutional board of the University Medical Center
Utrecht (reference number 22-088) and all participants
gave their written informed consent. For the present
study, 7249 patients with a history of CVD enrolled be-
tween July 2001 and January 2020 were included, be-
cause information on specific antithrombotic agents use
is only available from July 2001 onward. Established
CVD was defined as cerebrovascular (transient ischemic
attack, cerebral infarction, ischemic retinal syndrome),
coronary artery (angina, myocardial infarction), periph-
eral artery disease or abdominal aortic aneurysm (Supple-
mentary Table 2). In case of a recent cardiovascular event
or intervention, baseline measurements are recorded
more than 30 days after discharge and as such, the UCC-
SMART study can be regarded as a cohort of patients with
stable CVD. Information on the predictors was recorded
by a questionnaire, physical examination and laboratory
measurements upon enrollment in UCC-SMART. No ex-
tramural funding was used to support this work.

Outcome

Definitions of bleeding end points used in the bleed-
ing risk model derivation studies differ (Supplementary
Table 1). In the present study, major bleeding was de-
fined as type 3 or 5 bleeding according to the Bleed-
ing Academic Research Consortium definition, devel-
oped for standardized bleeding end point definitions in
cardiovascular research for patients receiving antithrom-
botic therapy. It comprises bleeding leading to a drop in
hemoglobin of >3 g/dL (1.9 mmol/L), cardiac tampon-
ade, bleeding requiring transfusion, surgical intervention
or intravenous vasoactive agents, intracranial, intraocu-
lar and fatal bleeding.’* In the UCC-SMART study, infor-
mation on outcomes is collected through annual ques-
tionnaires on hospitalizations and outpatient clinic vis-
its. When patients reports a possible event, hospital dis-
charge letters and results of laboratory and radiology
examinations are collected and audited by 3 physicians
from the end point adjudication committee. The first oc-
curring bleeding event was used for analyses in case of
multiple bleeding events. The competing event was de-
fined as death due to other causes than bleeding.

Data analyses

Use of predictors

Predictors of the models were primarily handled ac-
cording to their definitions in the original studies. If spe-
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Table 1. Prediciors included in bleeding risk models
DAPT  PRECISE- Ducrocq  De Vries ~ S,TOP- Intracranial HAS- Available in
DAPT et al etal BLEED B,LEED3S BLED UCC-SMART
Age X X P X X X X Yes
Sex X X X Yes
Ethnicity o o o No
Geographical region x Yes
Alcohol x Yes
Smoking x x x Yes
Clinical performance o No
BMI P X Yes
Hypertension/blood pressure X x X X X X Yes
Hypercholesterolemia/cholesterol level x x Yes
Kidney function/creatinine level X X X X yes
Abnormal liver function o No
Hemoglobin level X Yes
Diabetes mellitus X X X Yes
History of bleeding x o o No
History of stroke X X X Yes
Lacunar stroke o No
History of myocardial infarction X Yes
Peripheral arfery disease x x Yes
Number of cardiovascular beds affected X yes
Heart failure o o No
Antiplatelet therapy x x x x x Yes
Anticoagulant therapy X x Yes
Labile INR o No

BMI, body mass index; INR, international normalized ratio.

u_n

An “x" indicates the predictor was part of the risk score and also available in the UCC-SMART study, an “o” indicates the predictor was part of the risk score but not

available in the UCC-SMART study.

cific variables were not available in UCC-SMART, they
were replaced by a proxy (Supplementary Table 3).
Missing predictor values for alcohol use (1%), smok-
ing (0.5%), hypertension history (2.9%), hypercholes-
terolemia history (1.5%), stroke history (0.2%), myocar-
dial infarction history (0.2%), BMI (0.2%), blood pres-
sure (0.1%), kidney function (0.4%), hemoglobin (0.4%),
and cholesterol (0.4%) were imputed using single impu-
tation by predictive mean matching if the variables were
indeed collected in UCC-SMART. Information on history
of bleeding (other than intracerebral hemorrhage), heart
failure, liver failure, labile INR, leukocytes, continued (ie,
>12 months) use of dual antiplatelet therapy, ethnicity,
lacunar type stroke and modified Rankin scale was not
available in the UCC-SMART cohort. The 4-item PRECISE-
DAPT model was used because leukocytes were not mea-
sured in UCC-SMART. The model of Ducrocq et al and
HAS-BLED only report point scores based on the vari-
ables and corresponding bleeding risks, where PRECISE-
DAPT, DAPT, de Vries et al S, TOP-BLEED and Intracranial-
B,LEED3S provide predicted risks estimated by regres-
sion model equations. For bleeding models only report-
ing scores, all patients were assigned a value of zero
for liver failure, bleeding history, labile INR and heart
failure, assuming that the majority of patients did not
have these risk factors. For the bleeding models report-

ing an equation for risk prediction, the prevalence of
previous bleeding, heart failure and lacunar type stroke
from the derivation cohorts were used in the linear pre-
dictors. Prevalence of history of bleeding of the COM-
PASS trial (the derivation cohort from de Vries et al) was
used, because SMART population resembles this study
population more than the HAS-BLED derivation study in-
cluding previous bleeding as a predictor. For heart fail-
ure, the study of Ducrocq et al was used, because it
is based on a cohort including patients similar to UCC-
SMART rather than trials. In addition, sensitivity analy-
ses were performed assuming patients using a combina-
tion of ACE-inhibitors, betablockers, and mineralocorti-
coid receptor antagonists had heart failure.”> White eth-
nicity was chosen by default because of the geograph-
ical region of the UCC-SMART cohort. Since continued
use of dual antiplatelet therapy beyond 12 months af-
ter percutaneous coronary intervention or coronary by-
pass is not standard care according to ESC guidelines
used in the Netherlands, none of the patients were as-
sumed to be treated with dual antiplatelet therapy be-
yond 12 months.®?>%° Nevertheless, observational stud-
ies showed 43% to 57% of acute coronary syndrome pa-
tients continued dual antiplatelet therapy after 2 years,
and one of these studies found continuation in 29% of
patients at 4 years.”’>?® Therefore, sensitivity analyses
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were performed presuming 29% of coronary artery dis-
ease patients continued dual antiplatelet therapy >12
months by adding this prevalence to the linear predic-
tor of the DAPT model to calculate predicted bleeding
risks, given the longer prediction horizon upon valida-
tion. Lastly, none of the patients were assumed to have
a clinical performance of >3 on the Rankin scale in the
S, TOP-BLEED model, since a modified Rankin scale <3 is
an inclusion criterion in UCC-SMART.

Performance and predicted risks

Performance of the bleeding models was assessed in
terms of discrimination and calibration. Discrimination
is depicted by C-statistics for time-to-event data adjusted
for competing risk, using the time-dependent Receiver
Operating Characteristic curve estimation function in R.
The C-statistic equals the area under the curve in which
the sensitivity is plotted against 1—specificity for con-
secutive cut-offs for the probability of a major bleeding,
adjusted for competing risk. Calibration is displayed by
plotting adjusted predicted risks against observed risks.
Although bleeding risk scores are often developed for
short-term prediction horizons, in clinical practice pre-
ventive antithrombotic therapy is generally prescribed
long-term and in many cases lifelong. Therefore, the
bleeding models were primarily validated and compared
at the long-term prediction horizon of 10 years, in line
with how ischemic event risks are often considered. Ad-
ditional analyses were performed using the original pre-
diction horizons of the bleeding risk models. The model
of de Vries et al used a Fine and Gray model for life-
time predictions and was externally validated at 10 year
follow-up, so an original time span of 10 years was cho-
sen for this model. Since most of the risk scores were
derived in different populations than a population with
various manifestations of established CVD, the risk scores
were using a constant multiplicative term (recalibration
of the intercept).”’ Expected-observed ratios were used
to recalibrate all individual predicted risks in the valida-
tion population. The original intercepts and predictors
coefficients of the models were applied to calculate pre-
dicted risks of major bleeding according to the PRECISE-
DAPT, DAPT, S,TOP-BLEED, and Intracranial-B,LEED3S
scores and the model from de Vries et al This information
was not provided for the model of Ducrocq et al and HAS-
BLED, hence the scores were calculated and the bleeding
risks corresponding to the scores were used. Predicted
risks of the HAS-BLED score could only be studied up
until a score of 6, because patients from the derivation
cohort did not score higher than 6 and in our study, pa-
tients could not score higher than 6 because of 3 miss-
ing predictors. UCC-SMART patients with a score of 5 or
6 were grouped together, because in the original study
only 2 patients had a score of 6 and no bleeding. For
the model of Ducrocq et al, patients were divided into 4
groups based on their score (0-6, 7-8, 9-10, or 11-21), be-
cause the derivation study only reported predicted risks
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for score quartiles. We contacted the corresponding au-
thors of these risk scores to request the original regres-
sion equations, but unfortunately the authors were un-
able to provide these. Statistical analyses were performed
using R 4.0.3 for Windows.

The authors are solely responsible for the design and
conduct of this study, all study analyses, the drafting and
editing of the paper and its final contents.

Results

Baseline characteristics of the 7,249 patients with es-
tablished CVD included in this study are shown in
Table 11. After a median follow up of 8.4 years (interquar-
tile range 4.5-12.5), 233 first major bleeding events oc-
curred (incidence rate 3.8 major bleeding events per
1,000 person years). Of the 233 major bleeding events,
43 occurred in the first year, 63 in the first 2 years, 73 in
the first 3 years and 196 in the first 10 years of follow-up
(Figure D).

Performance of bleeding risk models

Discrimination

Discrimination of the bleeding risk models ranged
from 0.53 (95% CI 0.49-0.57) for Intracranial-B,LEED3S
to 0.64 (95%CI 0.60-0.68) for the model of de Vries
et al and DAPT in patients with CVD at a 10-year pre-
diction horizon (Table III). The DAPT, PRECISE-DAPT,
de Vries et al and S,TOP-BLEED model had comparable
C-statistics, where Ducrocq et al, Intracranial-B,LEED3S
and HAS-BLED showed poorer discrimination. The dis-
criminative ability at the original prediction horizons of
the bleeding risk models was approximately similar (Sup-
plementary Table 4). Time-dependent discrimination was
fairly stable across the first 12 years of follow-up for
most of the risk models, except for the Intracranial-
B,LEED3S model which showed slightly lower C-statistics
with longer follow-up duration more clearly (Figure ID).
Presuming that patients using a combination of ACE-
inhibitors, betablockers and mineralocorticoid receptor
antagonists had heart failure, 2 percent of the study pop-
ulation had heart failure. This sensitivity analysis showed
no change in C-statistics for the models of Ducrocq et al
and de Vries et al (Supplementary Table 5).

Calibration

Figure III shows the calibration plots after recalibra-
tion at a 10-year prediction horizon. The recalibration
factors for every model are shown in Supplementary Ta-
ble 6. For the HAS-BLED score, a substantial overestima-
tion of bleeding risk is seen for the highest score group.
In the present study population, only 23 patients had a
HAS-BLED score of 5 or 6 of whom no patients expe-
rienced a major bleeding during follow-up, leading to a
downward deflect in the last group in the calibration plot
(Figure IID). The predicted risks of PRECISE-DAPT, DAPT,
de Vries et al and S,TOP-BLEED correspond adequately
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Table II. Baseline characteristics of the UCC-SMART validation cohort
Total population No major bleeding Maijor bleeding
n=7,249 n=7,016 n=233

Age (years) 60.5 £10.3 60.4 £10.3 64.4 £ 9.3
Male sex 5,310 (73) 5,134 (73) 176 (76)
Current alcohol use 5,084 (70) 4,929 (70) 155 (67)
Current smoking 2,023 (28) 1,943 (28) 80 (34)
Diabetes mellitus 1,252 (17) 1,212 (17) 40 (17)
History of CeVD 2,104 (29) 2,039 (29) 65 (28)

Stroke 1,405 (19) 1,367 (19) 38 (16)
History of CAD 4,647 (64) 4,516 (64) 131 (56)

Myocardial infarction 2,465 (34) 2,398 (34) 67 (29)
History of PAD 1,056 (15 1,003 (14 53 (23)
Polyvascular disease 913 (13) 875 (12) 38 (16)
Antiplatelet therapy use 5,845 (81) 5,669 (81) 176 (76)

Aspirin 5,293 (73) 5,133 (73) 160 (69)

Clopidogrel 2,170 (30) 2,105 (30) 65 (28)

Dual antiplatelet 1,774 (24) 1,721 (25) 53 (23)
Oral anticoagulant use 774 (11) 744 (11) 30 (13)
BMI (kg/m2) 27 +4 27+ 4 27 + 4
Systolic blood pressure (mmHg) 138 £ 20 138 £ 20 146 + 23
Diastolic blood pressure (mmHg) 81 £11 81 £11 83 +£13
Total cholesterol (mmol/L) 4.6+ 1.1 4.6+ 1.1 48+ 1.1
LDLcholesterol (mmol/L) 26+1.0 26+1.0 28+1.0
HDL-cholesterol (mmol/L) 1.3+04 1.3+04 1.3+04
eGFR (ml/min/1.73m?2) 78+ 18 78 +£18 72 +£19

BMI, body mass index; CAD, coronary artery disease; CeVD, cerebrovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; PAD, peripheral artery disease.

Data reported as mean =+ standard deviation or n (%).

Polyvascular disease meaning 2 or more locations of vascular disease: cerebrovascular disease, coronary artery disease and abdominal aortic aneurysm and/or lower
extremity disease. Estimated glomerular filtration rate calculated using the Chronic Kidney Disease Epidemiology Collaboration equation.

Figure |
0.08
0.06
12
s
[
>
Y
=]
£
T 004
]
£
k]
3
£
3
o
0.02
0.00
0 5 10 15
Time (years)
Patients at risk (cumulative events)
7249 (0) 5195 (113) 2836 (196) 855 (226)

Cumulative incidence of first major bleeding events in the UCC-SMART validation cohort. UCC-SMART, Utrecht Cardiovascular cohort-second
manifestations of arterial disease.




American Heart Journal
Volume 260

Figure Il

Castelijns et al 77

0.8

0.5
|

0.4

C-statistics
0.6
|
(j\

T T T T
6 8 10 12

Follow-up time in years

u DAPT

= PRECISE-DAPT
Ducrocq et al
De Vries et al

S2TOP-BLEED
® |ntracranial B2LEED3S
= HAS-BLED
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Table Ill. Discrimination of the bleeding risk models in patients
with CVD af a 10-year predicfion horizon
C-statistic (95%Cl)

Bleeding risk model Pvalue*

DAPT 0.64 (0.60-0.68) NA (reference)
PRECISE-DAPT 0.62 (0.58-0.64) 17

Ducrocq et al 0.57 (0.53-0.61) <.01

De Vries et al 0.64 (0.60-0.68) 77

S, TOP-BLEED 0.61 (0.57-0.65) 21
Intracranial BoLEED3S 0.53 (0.49-0.57) <.01
HAS-BLED 0.58 (0.54-0.62) .01

95%Cl, 95% confidence interval; CVD, cardiovascular disease.
*Comparison of 2 time-dependent C-statistics, using the DAPT model as a ref-
erence.

with the observed incidences of major bleeding. Sensitiv-
ity analyses presuming a proportion of coronary artery
disease patients continued dual antiplatelet therapy be-
yond 12 months showed similar discrimination and cali-
bration for the DAPT model at 10 years (Supplementary
Figure 2). The analyses using a combination of medi-

cation for the presence of heart failure showed similar
calibration plots (Supplementary Figure 3). Recalibrated
plots using the original prediction horizons of the bleed-
ing risk models are shown in Supplementary Figure 4.
Calibration of the bleeding risk models before recalibra-
tion is shown in Supplementary Figure 5, displaying the
over- and underestimation of bleedings risks due to dif-
ferent incidences between populations.

Discussion

The long-term performance of relevant existing bleed-
ing risk models in patients with established CVD was
evaluated in terms of discrimination and calibration. The
bleeding risk model of de Vries et al, DAPT, S, TOP-BLEED
and PRECISE-DAPT showed higher discriminative ability
and good calibration.

‘Whereas the models were developed in specific popu-
lations (ie, AF, postpercutaneous coronary intervention,
cerebrovascular disease patients), the performance of
some of the validated models appears to be adequate
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cohort-second manifestations of arterial disease.

in accurately predicting long-term major bleeding risk in
a population with various manifestations of CVD. This
may be due to similarities between derivation popula-
tions and the UCC-SMART population both comprising
patients at high CVD risk, and the associated selected
predictors. The superiority of the models of de Vries
et al, DAPT, S,TOP-BLEED, and PRECISE-DAPT could be
explained by the fact that these models provided equa-
tions to calculate predicted risks based on patient charac-
teristics and that they were developed to predict severe
bleeding events, similar to BARC type 3 and 5 bleedings
used in this study. In contrast, the HAS-BLED score and
model of Ducrocq et al only provided scores and risks
per score, and the Intracranial-B,LEED3S model was de-
signed to predict intracranial bleeding only. In clinical
practice, however, the model of Ducrocq et al and HAS-
BLED also use scores with corresponding risks.

Previous external validation of the HAS-BLED score
in an AF cohort treated with various antithrombotic
agents showed moderate C-statistics (0.57-0.66) which
could be explained by incomplete data on predictors.’”
However, discrimination in patients from AF registries
with only information on labile INR missing was mod-
erate too.’! External validation of the other bleeding
risk models in their target population showed simi-
lar discrimination, with C-statistics ranging from 0.59

for Intracranial-B,LEED3S to 0.64 for the PRECISE-DAPT
score.”10:17:21,22.32 Remarkably, validation of PRECISE-
DAPT in PCI-registry patients showed similar C-statistics
despite 1 of the 4 predictors missing in UCC-SMART.®
This could indicate that applying bleeding models to
a population with various manifestations of CVD with
some predictors missing does not fully explain the lim-
ited performance of some of the models. The authors
state that availability of candidate predictors from trial
populations used for derivation could be a possible ex-
planation for the moderate performance in external vali-
dation.’>*?!:??> The lower model performance of Ducrocq
et al in the present study compared to previous exter-
nal validation could be explained by using the 4 groups
based on score quartiles reported in the original publi-
cation.!” De Vries et al previously used the UCC-SMART
population for external validation and reported higher
C-statistics (0.69 [95%CI 0.67-0.70]), which could be ex-
plained by using a composite outcome of bleeding and
nonbleeding mortality.'°

Accurate risk prediction can support individualized
antithrombotic therapy. Calibration, indicating the ac-
curacy of risk estimates (ie, agreement with observed
risks), is a more relevant measure to assess model per-
formance for use in clinical practice, when treatment
recommendations are based on the absolute values of



American Heart Journal
Volume 260

predicted risks. Appraisal of absolute numbers of C-
statistics can be difficult, since they are based on ranks
and are dependent of distribution of risk in the popula-
tion.>® The C-statistics in external validation of guideline-
recommended models for vascular events in CVD pa-
tients for example, are not considerably higher.3%3
The models of de Vries et al, DAPT, S, TOP-BLEED, and
PRECISE-DAPT showed the best performance to predict
major bleeding in a population with various CVD man-
ifestations, hence these may be suitable for use in indi-
viduals with established CVD. The recalibrated PRECISE-
DAPT or DAPT bleeding model could be a pragmatic
choice because of the fewest predictors needed. How-
ever, patients from the derivation study populations
come from clinical trials and may therefore not be rep-
resentative of CVD patients in the consulting room.
Patients with characteristics leading to higher bleed-
ing risks are often excluded from trials, whereas accu-
rate risk estimates are desired in these patients. Only
predictors available in the trials could be selected for
model derivation, and a lower variety of predictor val-
ues in derivation populations may reduce model per-
formance.” Besides, DAPT, S, TOP-BLEED, and PRECISE-
DAPT have not been adjusted for competing risk of
nonbleeding mortality. Ideally, a large, less selected co-
hort population containing numerous possible predic-
tors should be used in future research to optimize com-
peting risk adjusted bleeding risk prediction in patients
with CVD. Until such models are available, the recalibra-
tion factors as presented in the current study may be
used to tailor the predictions of existing models to clini-
cal practice for individuals with established CVD.
Strengths of this study include the evaluation and com-
parison of potential relevant bleeding risk models, pro-
viding a valuable overview in a large population with var-
ious manifestations of CVD. Moreover, recalibration to
a 10-year prediction horizon allows for contrasting pre-
dicted bleeding risks against ischemic event risks. This
long-term performance is of importance because in clini-
cal practice treatment decisions are usually based on 10-
year or even lifetime predicted risks. Lastly, competing-
risk adjustment was performed to reduce overestimation
of bleeding risk in a population at high risk of nonbleed-
ing mortality with a long follow-up. Some study limita-
tions should also be considered. First, the most impor-
tant limitation is that not all predictors of the bleed-
ing risk models were available in the UCC-SMART study.
This is mainly a limitation of the cohort study, since
the predictors history of bleeding, heart failure and la-
cunar type stroke are relevant predictors that are usu-
ally well recorded in clinical practice. In contrast, in-
formation on liver function and ethnicity are not typi-
cally collected in cardiovascular care,’* and the Rankin
clinical performance score is only collected in patients
with cerebrovascular disease rather than in all vascular
patients. Lastly, labile INR defined as therapeutic time in
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range <60% might not be very practical to assess for clin-
icians and liver failure has a low prevalence, so missing
these predictors is close to clinical practice. Assigning
the same value to all patients could have resulted in loss
of discriminative ability as is seen by lower C-statistics
even for models showing reasonable calibration. Simi-
larly, incorporating a 29% prevalence of continued dual
antiplatelet therapy in the linear predictor of the DAPT
model does not improve discrimination but only affects
calibration. Additional analyses using a proxy for heart
failure based on medication use showed similar discrim-
ination and calibration, although only 2 percent of pa-
tients had heart failure using this proxy. The prevalence
of heart failure is possibly underestimated, because not
all patients with heart failure may yet have been clinically
diagnosed and thus treated, and the medication used in
the proxy is a cornerstone treatment for heart failure
with reduced ejection fraction in particular.?” The preva-
lence in the derivation study of Ducrocq et al was higher
(14%) in CVD patients >45 years. Next, comparison of
the models is challenging given the different study pop-
ulations in which models were derived, different bleed-
ing definitions and different prediction horizons. How-
ever, by comparing all models in the same population,
with the same relevant end point and at the same pre-
diction horizon of 10 years, we have been able to com-
pare relevant models as good as possible with current
data. Lastly, assessing the performance of bleeding mod-
els using predictor values upon inclusion in the UCC-
SMART study could be considered a limitation, since pos-
sible changes of predictors throughout life are not ac-
counted for. However, in clinical practice risk estimates
are also made based on information known at that time
and would be repeated regularly, particularly in case of
clinical changes.

In conclusion, the long-term predictive performance
of all relevant existing bleeding risk models has been
shown in a large population of individuals with estab-
lished CVD. The performance in terms of discrimina-
tion and calibration varied and was best for the model
of Vries et al, DAPT, S,TOP-BLEED, and PRECISE-DAPT.
The DAPT bleeding model or PRECISE-DAPT may be pre-
ferred for use, given the readily available and least pre-
dictors needed. With the use of long-term data in less se-
lected, observational studies, prediction of bleeding may
be improved in future studies, thereby further contribut-
ing to personalized prevention in individuals with estab-
lished CVD.
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