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Abstract

Aims Deciding to stop or continue anticoagulation for venous thromboembolism (VTE) after initial treatment is challenging, as 
individual risks of recurrence and bleeding are heterogeneous. The present study aimed to develop and externally validate 
models for predicting 5-year risks of recurrence and bleeding in patients with VTE without cancer who completed at least 3 
months of initial treatment, which can be used to estimate individual absolute benefits and harms of extended 
anticoagulation.

Methods 
and results

Competing risk-adjusted models were derived to predict recurrent VTE and clinically relevant bleeding (non-major and ma
jor) using 14 readily available patient characteristics. The models were derived from combined individual patient data from 
the Bleeding Risk Study, Hokusai-VTE, PREFER-VTE, RE-MEDY, and RE-SONATE (n = 15,141, 220 recurrences, 189 bleeding 
events). External validity was assessed in the Danish VTE cohort, EINSTEIN-CHOICE, GARFIELD-VTE, MEGA, and Tromsø 
studies (n = 59 257, 2283 recurrences, 3335 bleeding events). Absolute treatment effects were estimated by combining the 
models with hazard ratios from trials and meta-analyses. External validation in different settings showed agreement between 
predicted and observed risks up to 5 years, with C-statistics ranging from 0.48–0.71 (recurrence) and 0.61–0.68 (bleeding). In 
the Danish VTE cohort, 5-year risks ranged from 4% to 19% for recurrent VTE and 1% –19% for bleeding.

Conclusion The VTE-PREDICT risk score can be applied to estimate the effect of extended anticoagulant treatment for individual pa
tients with VTE and to support shared decision-making.
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Structured Graphical Abstract

How can we predict risks of recurrence and clinically relevant bleeding in individuals with venous thromboembolism (VTE) without 

extended anticoagulation?

The VTE-PREDICT risk score, assessed in data from 15,141 VTE patients, estimated absolute risks of recurrence and clinically relevant 

with VTE without active cancer. The interactive calculator, available through https://vtepredict.com, facilitates its use and supports shared 
decision-making in clinical practice. 
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Introduction
The main challenge for treating patients with venous thromboembol
ism (VTE), comprising pulmonary embolism (PE), and deep venous 
thrombosis (DVT), is deciding on the duration of anticoagulant ther
apy. The primary treatment for VTE consists of 3 months of anticoa
gulation in all patients.1–3 Primary treatment duration of >3 months 
but with a limited duration (e.g. 9 or 12 months) is not recommended 
as this simply postpones recurrence until treatment is discontinued 
(the so-called ‘catch-up phenomenon’).4 Therefore, the critical 

decision is choosing between a short treatment duration of 3 months 
and an extended treatment without an end-date. Guidelines recom
mend basing this decision on weighing the risks of recurrent VTE 
and bleeding. While anticoagulant treatment is effective in reducing 
recurrence risk, it is associated with a 1%–2% annual risk of major 
bleeding.3 Currently, the risk of recurrence is estimated by categoriz
ing patients as having unprovoked VTE or VTE provoked by minor or 
major transient risk factors, or persistent risk factors.1–3 The risk of 
recurrence is low (3% per year or less), if provoked by major transient 
risk factors (e.g. major surgery), and treatment discontinuation is 
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recommended after 3 months.1–3 In the absence of major transient 
provoking factors, the risk of recurrence is considerably higher.1–3

For these patients, clinical equipoise exists regarding (dis)continuation 
of anticoagulant treatment if risk of bleeding is considered low (1.6% 
per year or less).2

Deciding on the anticoagulant treatment duration for individual pa
tients is challenging for multiple reasons. First, the risks of recurrence 
and bleeding differ between patients, even within the aforementioned 
groups. For example, there may be patients at high risk of bleeding 
for whom the benefit of extended treatment still outweighs the bleed
ing risks because VTE recurrence risk is very high. Second, guidelines do 
not provide recommendations as to how the risks of recurrent VTE 
and bleeding should be assessed and weighed. The risks of recurrent 
VTE and bleeding in the individual patient must be estimated from 
the results in groups of patients.1–3 Treatment decisions are currently 
based primarily on the presence of provoking factors as a way to cat
egorize recurrence risk rather than on the absolute risk of bleeding. 
However, bleeding may have an important negative impact on quality 
of life and cause mortality as well.

To improve clinical decision-making, well-performing models are 
needed to estimate the absolute risks of VTE recurrence and bleed
ing on an individual patient basis. Previous studies have shown that 
medical decision-making can be personalized based on estimates of 
individualized absolute treatment effects. 5–7 Such estimates can be 
obtained by combining predicted individual absolute risks with rela
tive treatment effects from trials. The present project extends this 
methodology to a new patient domain. Personalized risk informa
tion is required to facilitate patient involvement and shared 
decision-making, which will increase patient satisfaction with care 
and treatment adherence while reducing costs.8 This may improve 
the long-term treatment of VTE for individual patients and reduce 
the worldwide burden of VTE-related morbidity and mortality.

The objective of the present study was to develop and externally 
validate models for predicting (i) recurrent VTE and (ii) major bleed
ing and clinically relevant non-major bleeding (CRNMB) within 5 
years in patients with VTE without active cancer who completed 
at least a 3-month primary anticoagulant treatment course. These 
models may be applied to estimate the absolute benefits and harms 
of extended anticoagulation for individual patients with VTE in clin
ical practice.

Methods
Study population
Data sets (trials as well as cohort studies) containing data from adult pa
tients with VTE (i.e. lower extremity DVT and/or PE) without active can
cer (i.e. cancer diagnosed or receiving treatment within 6 months prior to 
the index event or metastatic cancer, excluding non-melanoma skin can
cer) who completed primary anticoagulant treatment of at least 3 
months with direct oral anticoagulants (DOACs), vitamin K antagonists 
(VKAs), heparin, or low molecular weight heparin (LMWH), were eligible 
for inclusion. A definitive selection of data sets was decided on by all 
authors based on data availability. Data sets were selected for either 
model development or validation based on reasons related to data avail
ability (i.e. whether data could be combined on the same platform for 
analysis) and methodologic reasons (e.g. wide range of predictor values, 
representative population, and possibility to impute systematically miss
ing predictors for model development; different clinical settings for ex
ternal validation), This is described in more detail in the Supplementary 
material online, Expanded Methods.

Studies for model derivation
Combined individual patient data from three randomized trials and two co
hort studies were used for model derivation. The Bleeding Risk Study was a 
multicentre prospective cohort study that aimed to develop a new predic
tion tool for major bleeding.9 Hokusai-VTE was a double-blind, randomized, 
controlled trial with the aim of assessing the efficacy and safety of edoxaban 
for treating VTE.10 PREFER in VTE was a prospective, international obser
vational registry focusing on primary and secondary care.11 RE-MEDY and 
RE-SONATE were double-blind, randomized, controlled trials on the effi
cacy and safety of dabigatran for the extended treatment of VTE.12

Studies used for model validation
The models were externally validated in four cohorts and one trial. The 
population-based Danish VTE cohort was defined from the Danish 
National Patient Registry, which contains all non-psychiatric discharge diag
noses codes from hospital admissions in Denmark since 1977 and from the 
emergency department and outpatient clinic visits since 1995.13 This cohort 
was linked on an individual level to the Danish Civil Registration System and 
to the Danish National Prescription Registry. EINSTEIN-CHOICE was a 
double-blind, randomized, controlled trial comparing two doses of rivarox
aban and aspirin.14 GARFIELD-VTE was a prospective, international obser
vational registry for long-term follow-up of VTE.15 The Multiple 
Environmental and Genetic Assessment of Risk Factors for Venous 
Thrombosis (MEGA) follow-up studies was a population-based prospective 
cohort study.16 Finally, the Tromsø population-based cohort included all in
habitants of the Tromsø municipality in Norway, and all VTEs occurring in 
this cohort were included.

All studies complied with the Declaration of Helsinki. Ethics approval was 
obtained by the institutional review boards of the participating centres. All 
patients provided written, informed consent. A more extensive description 
of the eligibility criteria for the individual studies is provided in 
Supplementary material online, Table S1. Detailed descriptions of the stud
ies have been published elsewhere.9–13,15–17

Outcome definitions
Primary outcomes were time-to-first-recurrent VTE (recurrence model) 
and time-to-first-bleeding event (bleeding model). Recurrent VTE was de
fined as objectively confirmed, fatal or non-fatal recurrent DVT or PE, or 
a death to which PE contributed or could not be ruled out. To incorporate 
all clinically relevant bleeding events, bleeding was defined as a composite of 
major bleeding and CRNMB according to the International Society on 
Thrombosis and Haemostasis.18,19 The definitions used in the individual 
studies are specified in the Supplementary material online, Table S2.

The start of follow-up for the present study was defined as the end of 
primary treatment (see Supplementary material online, Figure S1). Hence, 
for studies that enrolled patients after a primary treatment of 3 months 
or longer, the original study start date was retained. For studies that en
rolled patients at an earlier stage, follow-up for the present analysis started 
3 months after the start of primary treatment in patients who continued 
anticoagulation for >12 months or on the day of discontinuation of treat
ment for patients who discontinued primary anticoagulant treatment be
tween 3 and 12 months. Patients were followed until an event of interest 
(either VTE recurrence or bleeding, depending on the model) or a compet
ing event occurred (i.e. mortality not related to recurrence or bleeding, re
spectively) or until censoring. Patients were censored after 5 years, when 
follow-up ended, or when treatment status changed before the occurrence 
of VTE or bleeding.

Candidate predictors
A list of candidate predictors was constructed prior to model development 
based on the most recent systematic review of risk scores for recurrence 
and bleeding after initial treatment for VTE (see Supplementary material 
online, Table S3).20 Predictors were included in the models if they were 
(i) included in at least two risk scores, (ii) available in at least two of the 
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data sets used for model development, and (iii) easily available in clinical 
practice. A list of predictors and their definitions in the studies used for 
model development and validation is provided in the Supplementary 
material online, Tables S4 and S5.

Statistical analysis
Single-level multiple imputations (20 imputed data sets) using predictive 
mean matching was used for sporadically missing variables in the model der
ivation data set (for computational reasons). Subsequently, multilevel mul
tiple imputations with predictive mean matching was used to handle 
systematically missing variables, while allowing for between-study hetero
geneity using a random intercept per study. Single imputation using predict
ive mean matching was used for external validation in the 
EINSTEIN-CHOICE, MEGA, and Tromsø data sets. For the external valid
ation in the Danish VTE cohort and in the GARFIELD-VTE study, mean im
putation was used for sporadically missing values. Systematically missing 
categorical variables in external validation data sets were assumed to be 
normal or absent; for continuous variables, the mean of the derivation 
population was imputed.

Model development
The prognostic model consists of two complementary Fine and Gray com
peting risk-adjusted models. The baseline hazard was estimated and strati
fied for each study to account for differences in baseline risks. 
Transformations on continuous predictors (age, body mass index, haemo
globin, and systolic blood pressure) were applied if this improved model fit 
was based on Akaike’s information criterion. The prognostic models were 
derived to predict risks within 1 year (bleeding model) or 6 months (recur
rent VTE model), depending on the distribution of follow-up time in the in
dividual studies. The model’s baseline hazards were recalibrated for the 
prediction of 5-year risks using the expected/observed ratio as calculated 
in the MEGA study for the prediction of recurrent VTE and the Danish 
VTE cohort for the prediction of bleeding events. Data for patients both 
with and without extended treatment were used for model development 
and validation. To account for the effects of anticoagulation, offset terms 
were employed to limit the effects of extended treatment with different 
DOACs, VKAs, or LMWH to the unbiased causal effects reported in trials 
and meta-analyses (see Supplementary material online, Table S6). Assuming 
no interactions between treatment effect and predictors on a relative scale, 
the same relative treatment effect was used for all patients.

Model validation
The predictive performance of the newly derived models in terms of 
goodness-of-fit and discrimination was assessed separately in each study 
used for model development (internal validation), as well as in multiple ex
ternal data sets (external validation). To assess the potential impact of over
estimation of model performance in internal validation, in a separate 
analysis, bootstrapping (1000 samples) was used to obtain C-statistics in 
the total population for both models. Internal–external cross-validation 
(IECV) was used to validate the results of internal validation. Similarly, offset 
terms were used to adjust for the effect of extended anticoagulation. 
Models were recalibrated to account for differences in the baseline hazard 
before assessing model performance, as studies reflect different clinical si
tuations. In a sensitivity analysis, the updated models (recalibrated for clin
ical practice using 1-year and 5-year baseline hazards derived from MEGA 
and the Danish VTE cohort) were externally validated in the other external 
validation data sets, without additional recalibration. Furthermore, the per
formance of the models with updated baseline hazards were also assessed 
in the combined model development population. In the external validation 
studies, predictive performance was assessed for up to 5 years of follow-up, 
depending on the study follow-up duration. Discrimination was examined 
using Harrell’s C-statistics. For goodness-of-fit, predicted risks of recurrent 
VTE and bleeding were plotted against observed risks in the same time 

frame (calibration plots), and expected/observed ratios and calibration 
slopes with 95% confidence intervals (CIs) were estimated.21

Comparison with existing risk scores
The performance of the newly derived models was compared with the per
formance of published risk scores for VTE recurrence and bleeding (see 
Supplementary material online, Tables S7 and S8) identified from a previous 
systematic review.20

Individual net benefit of extended 
anticoagulant treatment
To estimate absolute risks with treatment, the models can be combined with 
hazard ratios (HRs) for recurrent VTE and bleeding from trials and cohorts 
for different extended treatment strategies (see Supplementary material 
online, Table S6). The individual treatment effect within 5 years was calcu
lated by subtracting absolute risks with extended anticoagulation from the 
untreated risk using data from the Danish VTE cohort. Subsequently, the 
net benefit was calculated assuming equal severity of VTE recurrence and 
bleeding. For all figures in the present paper, pooled estimates for the effect 
of extended treatment with full dose DOAC and reduced dose DOAC are 
used (see Supplementary material online, Table S6).

A detailed explanation of the methodology can be found in the 
Supplementary material online, Expanded Methods. An overview of relevant 
model assumptions is provided in Supplementary material online, Table S9. 
All analyses were conducted using R statistical software versions 3.5.2 
(model derivation), 4.0.3 (external validation in the Tromsø study and the 
MEGA study), and version 3.6.3 (external validation in 
EINSTEIN-CHOICE), and SAS 9.4 (SAS Institute Inc., Cary, NC, USA) for 
data management in the Danish VTE cohort.

Role of the funding source
This project was funded by ZonMw, the Netherlands Organization for Health 
Research and Development, as part of their programme ‘Goed Gebruik 
Geneesmiddelen’, on the more effective, more efficient, and safer use of medi
cation in day-to-day healthcare, Project Number 848018012. ZonMw had no 
role in the collection, analysis, and interpretation of data, in the writing of the 
report, or in the decision to submit the manuscript for publication.

Results
Patient population
Baseline characteristics of the study population are shown in Table 1. 
Flowcharts of patients included in each of the individual studies, follow- 
up duration, and number of events per study are shown in 
Supplementary material online, Figure S2. Adequate convergence and 
plausible imputed values were achieved with multiple imputation. In to
tal, 15 141 patients (mean ± standard deviation age 57.1 ± 15.8 years, 
41% female, 69% with unprovoked VTE, and 49% receiving extended 
anticoagulation) were included in the combined data set for model der
ivation. In this population, 220 recurrences and 169 competing 
non-VTE-related deaths occurred during the median follow-up of 
191 days (interquartile range: [IQR] 44–446 days). Furthermore, during 
a median follow-up of 189 days (IQR: 42–372 days), 737 bleeding 
events and 145 competing non-bleeding-related deaths occurred.

Model derivation
Coefficients and sub-distribution HRs of the newly developed 
VTE-PREDICT risk score are shown in Table 2. The underlying formulas 
are presented in Supplementary material online, Table S10. In both 
models, the strongest predictor was a history of cancer. Calibration 
plots for each study used for model development as well as for the total 
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population are shown in Supplementary material online, Figures S3
and S4. Internal C-statistics for the recurrent VTE model ranged 
from 0.51 to 0.79; overall 0.68 (95% CI: 0.65–0.72) (see 
Supplementary material online, Figures S3 and S4). With bootstrapping, 
this was 0.68 (95% CI: 0.62 to 0.73). The C-statistic of 0.51 was ob
served in the RE-MEDY study, in which all patients were on extended 
anticoagulation and the range of predicted risks was limited. Internal 
C-statistics for the bleeding model ranged from 0.65 to 0.73; overall, 
both in the main analysis and with bootstrapping, they were 0.69 
(95% CI: 0.67–0.72). Pooled coefficients derived from IECV are similar 
to coefficients derived in the total population for both models, although 
CIs with IECV derived using IECV were smaller (see Supplementary 
material online, Table S11). Similarly, C-statistics found in IECV were 
in the same range as in the total population, although the pooled esti
mate for the recurrent VTE model was somewhat lower (see 
Supplementary material online, Table S11).

External validation
Calibration plots for both models after recalibration in each of the ex
ternal validation data sets (total n = 59 257; 2283 VTE recurrences, 
3335 bleeding events) are shown in Figures 1 and 2. The C-statistics 
for the recurrent VTE model ranged from 0.48 (0.45–0.52) to 0.71 
(0.66–0.77). Calibration plots show agreement between predicted 
and observed risks for up to five years of follow-up. In 
GARFIELD-VTE, predicted risks did not correspond to observed risks. 
For the bleeding risk score, C-statistics ranged from 0.61 (0.54–0.67) to 
0.68 (0.65–0.70). For both models, predicted risks were higher than ob
served risks among patients with higher predicted risks in the 
Danish VTE cohort, GARFIELD-VTE, and the Tromsø study. The cali
bration plot for the bleeding risk score in the Tromsø study reflects a 

very low number of outcome events. When limited to patients without 
or with extended anticoagulant treatment for recurrent VTE and 
bleeding, respectively, predicted risks were higher and more homoge
neous. Other calibration measures are shown in Supplementary 
material online, Table S12. Performance of the recalibrated models con
taining baseline hazards to be used in clinical practice is shown in 
Supplementary material online, Figures S5 and S6, and Supplementary 
material online, Table S13. In cohort studies, the risks of recurrent 
VTE are somewhat underestimated, whereas in mainly trial populations 
(i.e. EINSTEIN-CHOICE and the combined model development popu
lation), the risks are somewhat overestimated. The recalibrated bleed
ing model underestimates risks in a trial population.

Comparison with existing risk scores
In the total population, after adjusting for the effect of extended antic
oagulation, the discrimination of the VTE-PREDICT risk scores is com
parable to the other existing risk scores for recurrent VTE and bleeding 
(see Supplementary material online, Figure S7). When limited to a sub
set of patients without extended treatment (recurrent VTE) and to pa
tients with extended treatment (bleeding), point estimates of the 
pooled C-statistics for VTE-PREDICT were highest [0.61 (95% CI: 
0.58–0.63) for recurrent VTE; 0.63 (95% CI: 0.61–0.64) for bleeding].

Individual predicted absolute benefit and 
harm
Absolute risks of recurrent VTE and bleeding within 5 years ranged 
from 3.8% to 19.1% for recurrent VTE, and 1.3% to 19.0% for bleeding 
(see Supplementary material online, Figure S8). In the Danish VTE co
hort, with extended treatment with full dose DOAC, the absolute 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Prediction models for recurrent VTE and bleeding

Predictor Recurrent VTE Bleeding

sHR (95% CI) χ2 
statistic

sHR (95% CI) χ2 
statistic

Demographics and physical 
examination

Age (per decade) 1.01 (0.97–1.06) 0.20 1.05 (1.03–1.08) 7.95

Female sex 0.86 (0.75–0.98) 2.38 1.14 (1.05–1.24) 4.87

BMI (kg/m2; per 1 unit increase) 1.00 (0.99–1.02) 0.21

Systolic blood pressure (per 10 mmHg) 1.07 (1.03–1.10) 14.36

Index event PE 1.02 (0.89–1.18) 0.05 1.07 (0.98–1.17) 1.47

Provoked by surgery, trauma or 
immobilization

0.81 (0.68–0.98) 3.16

Provoked by oestrogen therapy 0.68 (0.47–1.00) 2.53

Medical history History of cancer 1.53 (1.14–2.06) 6.44 2.48 (2.00–3.07) 128.44

History of VTE 1.13 (0.97–1.32) 1.10

History of bleeding 1.26 (1.11–1.44) 4.57

Stroke 1.26 (1.08–1.46) 3.72

Lab values Hb (g/dL; per 1 unit increase) 0.95 (0.93–0.97) 9.69

Co-medication NSAIDs 1.22 (1.08–1.38) 5.92

BMI, body mass index; CI, confidence interval; Hb, haemoglobin; NSAIDs, non-steroidal anti-inflammatory drugs; PE, pulmonary embolism; sHR, sub distribution hazard ratio; VTE, venous 
thromboembolism.
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Figure 1 Calibration plots for the VTE-PREDICT model for recurrent 
venous thromboembolism in external data sets. The study population is 
divided into 5 or 10 equal groups (depending on population size) based 
on the predicted risk of recurrent venous thromboembolism according 
to the VTE-PREDICT risk score and plotted against observed incidences 
in the same time frame. The longest available follow-up duration is used
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Figure 2 Calibration plots for the VTE-PREDICT model for bleed
ing in external data sets. The study population is divided into 5 or 10 
equal groups (depending on population size) based on predicted risk 
of bleeding according to the VTE-PREDICT risk score and plotted 
against observed incidences in the same time frame. The longest avail
able follow-up duration is used

Individualized prediction in VTE                                                                                                                                                                   1239
D

ow
nloaded from

 https://academ
ic.oup.com

/eurheartj/article/44/14/1231/6989554 by guest on 29 N
ovem

ber 2023



predicted reduction in risk of recurrent VTE is higher than the increase 
in risk of bleeding for 77% of patients (Figure 3). Figures 4 and 5 and 
Supplementary material online, Figure S8 show examples of how the 
VTE-PREDICT risk score can be used in clinical practice and as an online 
calculator.

Discussion
The VTE-PREDICT risk score, developed and validated in data from 
74 398 patients, estimates absolute risks of recurrence and clinically 
relevant bleeding for patients with VTE without active cancer after 

Figure 3 Individual absolute recurrence risk reduction and increase in risk of bleeding with extended anticoagulation. If recurrent venous thrombo
embolism is considered to be as severe as clinically relevant bleeding, the benefit of extended anticoagulation with the full dose of a direct oral anti
coagulant outweighs the harm for 77.2% of patients

Healthy male patient
60 years old
Unprovoked DVT
BMI 29.8 kg/m2

Hb 15 g/dL
Systolic blood pressure 135 mmHg

5-year recurrence risk
without extended treatment: 10.3%

5-year clinically relevant bleeding risk
without extended treatment: 2.0%

2.8% 7.5%2.3%

5.2%9.8% 2.9%2.3%

DOAC 
full dose

VKA AspirinDOAC 
reduced

5-year recurrence risk with extended treatment

5-year clinically relevant bleeding risk with extended treatment

1.6%

Figure 4 An individual patient example of the VTE-PREDICT risk score to predict the treatment effects of various extended antithrombotic treat
ment strategies. Estimates for reduced dose direct oral anticoagulants should be interpreted with caution as the pooled treatment effect is partly based 
on a comparison between reduced-dose direct oral anticoagulants and aspirin rather than reduced dose direct oral anticoagulants vs. placebo alone (see 
Supplementary material online, Table S6)
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initial anticoagulant treatment. The risk score is suitable for all patients 
for whom the decision to stop or continue anticoagulation remains un
certain. With simple, readily available patient characteristics absolute 
recurrence risk reduction and increase in bleeding can be estimated 
real-time for the individual patient. An interactive calculator, worldwide 
available for free through https://vtepredict.com/, facilitates the use of 
these models to individualize treatment decisions and improve shared 
decision-making in clinical practice (Structured Graphical Abstract).

In multiple external data sets, the performance of VTE-PREDICT is 
comparable with published risk scores. However, VTE-PREDICT has 
added practical and methodological benefits, including the use of easily 
available predictors, extensive external validation, the prediction of ab
solute risks and treatment effects, and the availability of models for re
current VTE and bleeding in one calculator. This is highly important, 
given that both physicians and patients have a tendency to focus on re
current VTE rather than bleeding.22,23 Before applying the model, no 
strict distinction between unprovoked and provoked VTE needs to 
be made. Moving away from dichotomizing VTE as provoked or unpro
voked has been advocated.24 The number of patients with distal DVT in 
the model development population is limited, but in the 
GARFIELD-VTE and MEGA studies, a higher proportion of patients 
had distal DVT only. Therefore, with some caution, the 
VTE-PREDICT score can also be used for patients with distal DVT. 
By using data from patients with and without extended anticoagulation 
for model development, we aimed to achieve maximum variation in pa
tient characteristics. Therefore, the model may be used for all patients 
in whom treatment duration is yet to be decided.

Overall, the C-statistics for VTE-PREDICT and other risk scores for 
recurrent VTE and bleeding evaluated in this study are modest, with va
lues generally between 0.50 and 0.70. Similar findings are reported in 
other studies on risk scores for patients with VTE.20 The maximum 
C-statistic that can be achieved with a model varies with the distribu
tion of risks in the population. If there is little spread, the C-statistics 
may be low even if a model is perfectly calibrated.25 Furthermore, 

differences in eligibility criteria, study population, setting, and predictor 
substitutions, compared with the model development population, may 
be responsible for the reduced discrimination in external validation 
studies.26 In treated or untreated subgroups, the range of predicted 
risks may be even smaller due to treatment duration being decided 
based on a patient’s risk profile. Furthermore, antithrombotic treat
ment has a profound impact on predicted risks. These differences in 
study characteristics, along with differences in treatment patterns, are 
also reflected by differences in the events occur between the studies. 
Results of the external validation of recalibrated models should be in
terpreted in light of differences between studies. For example, overesti
mation of recurrence risks in cohort studies may reflect a lower 
positive predictive value of the diagnosis of recurrent VTE in those co
horts.27 Underestimation of risks in trial populations suggests a health
ier population, better registration of diagnoses, or better treatment 
adherence. The latter can also be the underlying mechanism for bleed
ing risks being higher than predicted in trial patients. Notably, finding 
good discrimination for a prognostic model is highly challenging. For a 
diagnostic model, C-statistics of 0.90 and higher are desirable and plaus
ible, as the aim is to discriminate between patients with and without a 
disease at the time that the model is used. However, the outcome of 
interest for prognostic models lies in the future. Hence, C-statistics 
are often below 0.70. This is especially true when predicting outcomes 
in a population of patients who all share the same disease, because 
these populations are more homogenous. Lastly, discrimination is of 
most interest when classification into groups is the purpose of a 
score.25 However, since the goal of VTE-PREDICT is to estimate abso
lute risks and treatment effects, agreement between predicted and ob
served risks is considered more important when assessing the model’s 
clinical value.21 Alternatively, transient and/or unmeasured risk factors 
may affect model performance. Both recurrent VTE and bleeding are 
influenced by a multitude of transient risk factors (e.g. accidents, sur
gery, or blood pressure variation) occurring post initial assessment, 
which may complicate risk prediction. However, our results show 
agreement between predicted and observed risks for up to 5 years 
of follow-up after initial treatment in different clinical settings.

Variation in predicted risks and model discrimination appeared lower 
for high-risk subgroups (i.e. untreated patients for recurrent VTE and 
patients with extended treatment for bleeding). Patient characteristics 
in these subgroups are likely less varied, as treatment duration depends 
on the context of routine clinical care in most studies. Additionally, ex
tended anticoagulation has a large impact on the range of predicted 
risks compared with other predictors. This can be specifically appre
ciated from the calibration plot of the recurrent VTE model in 
RE-MEDY, in which all patients were on extended treatment and had 
very low risks of recurrent VTE. While discrimination in this population 
was poor, it stemmed from the absence of variation in risks. In the co
hort studies used for external validation of VTE-PREDICT, predicted 
risks in the low-risk groups were underestimated. This was most not
able for the bleeding. Hence, in cohort studies, patients without ex
tended anticoagulation are at a higher risk of bleeding than expected. 
A possible explanation for this counterintuitive finding may be that phy
sicians refrain from prescribing extended anticoagulation to patients 
with strong risk factors for bleeding, which are not captured in the 
VTE-PREDICT risk score. Alternatively, data on treatment status may 
not have been precise.

Estimated risks of recurrence, bleeding, and treatment effects may be 
used to facilitate shared decision-making. Patient involvement in the de
cision to stop or continue anticoagulation may lead to better treatment 
adherence, as treatment decisions are tailored to their needs. When 

Figure 5 Screenshot of the VTE-PREDICT calculator. Screenshot 
from https://vtepredict.com
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discussing estimates of the risks of recurrent VTE and bleeding with an 
individual patient, it is essential to also consider associated morbidity 
and mortality, the impact on quality of life, and the patient’s prefer
ences. In Figure 3, net benefit is calculated by assuming equal severity 
of recurrent VTE and clinically relevant bleeding. However, this ap
proach does not capture all relevant factors. The actual optimal ratio 
between recurrence risk reduction and an increase in the risk of bleed
ing may be different from 1. Therefore, the calculator will not provide 
advice on whether to stop or continue anticoagulant treatment based 
only on estimated risks. Future studies should focus on how to weigh 
risks to better guide treatment decisions. Also, ways to better commu
nicate risks to patients to further stimulate and improve shared 
decision-making need to be developed. Furthermore, the impact of 
the VTE-PREDICT risk score on clinical shared decision-making needs 
to be studied.

By allowing for the estimation of real-time risks of recurrent VTE and 
bleeding for individual patients, VTE-PREDICT provides an important 
step further towards personalizing anticoagulant treatment. 
However, some important limitations must be acknowledged. First, 
variation in definitions of predictors and outcomes among the individual 
studies used for model development may have attenuated associations 
between predictors and outcomes, thereby reducing the models’ pre
dictive performance. At the same time, using combined individual pa
tient data from different studies increases power, enhances the 
model’s potential generalizability, and provides the option to include 
variables that are not available in all data sets, resulting in a more com
plete model. Second, while the performance of the bleeding risk model 
was consistent in all external validation studies, the predictive perform
ance of the recurrent VTE model varied. In GARFIELD-VTE, 
C-statistics of all evaluated recurrence risk scores were close to 0.50, 
except for the VTE-PREDICT model in patients without extended 
treatment. Potential explanations could be a low incidence of the stron
gest predictors in patients with extended treatment, or lower treat
ment adherence in non-trial patients.28 Third, in most studies used 
for model development or validation, deaths in which PE could not 
be ruled out were included as recurrent VTE events. The proportion 
of these events among VTE recurrences is unknown. This may have 
led to misclassification, thereby reducing model performance. Fourth, 
we assumed relative treatment effects to be constant over time, across 
studies and settings, and homogenous among all patients. However, no 
long-term data on DOACs exist. Absolute effects may be different 
from those presented in Figures 2 and 3 when applying the treatment 
effects of individual DOACs rather than a pooled estimate. For 
Figure 3, pooled estimates for the effect of full dose DOAC were 
used only, as robust pooled estimates for reduced dose DOAC are cur
rently unavailable. As no head-to-head comparison has been made 
among DOACs, the treatment effects of different types of DOACs 
should not be directly compared. Therefore, we recommend that de
cisions about the type of anticoagulant first be based on clinical charac
teristics, preferences, and local availability, before assessing risks. Fifth, 
antiplatelet therapy status was registered only at the end of the initial 
treatment, or, if unavailable, at the index event. Therefore, the offset 
term for antiplatelet therapy may differ from the actual effect of antipla
telet therapy in the study. Point estimates of the effect of treatment 
were used with the offset terms, although trials and meta-analyses gen
erally provide CIs. However, we did not introduce variance for the sake 
of simplicity.29 To be able to adjust for the effect of treatment, patients 
could be either on or off extended anticoagulation. As our study popu
lation consisted of patients after initial treatment, not all follow-up data 
could be used from studies that included patients during the index 

event. Furthermore, the model is constructed using baseline risks ra
ther than time-varying risks in a dynamic model that simulates clinical 
practice.

Conclusion
The VTE-PREDICT risk score estimates the risks of recurrent VTE and 
bleeding in patients with VTE who do not have active cancer and who 
have completed initial anticoagulant treatment. The VTE-PREDICT risk 
score can be applied to estimate the absolute benefits and harms of ex
tended anticoagulation for individual patients and support shared 
decision-making.
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