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Abstract

Background

Recurrent venous thromboembolism (VTE) is common. Current guidelines suggest that

patients with unprovoked VTE should continue anticoagulants unless they have a high

bleeding risk, whereas all others can stop. Prediction models may refine this dichotomous

distinction, but existing models apply only to patients with unprovoked first thrombosis. We

aimed to develop a prediction model for all patients with first VTE, either provoked or

unprovoked.

Methods and findings

Data were used from two population-based cohorts of patients with first VTE from the Neth-

erlands (Multiple Environment and Genetic Assessment of Risk Factors for Venous Throm-

bosis [MEGA] follow-up study, performed from 1994 to 2009; model derivation; n = 3,750)

and from Norway (Tromsø study, performed from 1999 to 2016; model validation; n = 663).

Four versions of a VTE prediction model were developed: model A (clinical, laboratory, and

genetic variables), model B (clinical variables and fewer laboratory markers), model C (clini-

cal and genetic factors), and model D (clinical variables only). The outcome measure was

recurrent VTE. To determine the discriminatory power, Harrell’s C-statistic was calculated.

A prognostic score was assessed for each patient. Kaplan-Meier plots for the observed

recurrence risks were created in quintiles of the prognostic scores. For each patient, the 2-

year predicted recurrence risk was calculated. Models C and D were validated in the

Tromsø study.
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During 19,201 person-years of follow-up (median duration 5.7 years) in the MEGA study,

507 recurrences occurred. Model A had the highest predictive capability, with a C-statistic of

0.73 (95% CI 0.71–0.76). The discriminative performance was somewhat lower in the other

models, with C-statistics of 0.72 for model B, 0.70 for model C, and 0.69 for model D. Inter-

nal validation showed a minimal degree of optimism bias. Models C and D were externally

validated, with C-statistics of 0.64 (95% CI 0.62–0.66) and 0.65 (95% CI 0.63–0.66), respec-

tively. According to model C, in 2,592 patients with provoked first events, 367 (15%) patients

had a predicted 2-year risk of >10%, whereas in 1,082 patients whose first event was unpro-

voked, 484 (45%) had a predicted 2-year risk of <10%. A limitation of both cohorts is that

laboratory measurements were missing in a substantial proportion of patients, which there-

fore were imputed.

Conclusions

The prediction model we propose applies to patients with provoked or unprovoked first

VTE—except for patients with (a history of) cancer—allows refined risk stratification, and is

easily usable. For optimal individualized treatment, a management study in which bleeding

risks are also taken into account is necessary.

Author summary

Why was this study done?

• Patients who suffered from a deep vein thrombosis or pulmonary embolism for the first

time have an average risk of 3%–5% per year of having a second event.

• Such a recurrence can be prevented with anticoagulant treatment, but this should be

continued indefinitely, which will lead to a substantial risk of bleeding.

• The risks of both recurrent thrombosis and bleeding differ substantially between

individuals.

• The choice of continuation on the one hand (with a decreased thrombosis risk but an

increased bleeding risk) and discontinuation on the other hand (with an increased

thrombosis risk but a decreased bleeding risk) is currently difficult to make for both cli-

nicians and patients. Individual differences in risks are hardly taken into account.

What did the researchers do and find?

• Data were used from two population-based cohorts of patients with first venous throm-

bosis from the Netherlands (Multiple Environment and Genetic Assessment of Risk

Factors for Venous Thrombosis [MEGA] study; n = 3,750) and from Norway (Tromsø
study; n = 663).

• Four versions of a venous thromboembolism (VTE) recurrence risk prediction model

were developed in the MEGA data, differing in number and type of included predictors,

of which two were validated in the Tromsø study.
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• During 19,201 person-years of follow-up, 507 recurrences occurred. The predictive

capability varied between the models.

• A substantial proportion of patients with a first venous thrombosis are currently mis-

classified with respect to duration of anticoagulant treatment.

What do these findings mean?

• The prediction model we propose applies to all patients, allows refined risk stratifica-

tion, and is easily usable.

• A limitation of both cohorts is that laboratory measurements were missing in a substan-

tial proportion of patients, which were imputed.

• For optimal individualized treatment, a management study is necessary in which bleed-

ing risks are also taken into account.

Introduction

Recurrent venous thromboembolism (VTE) after a first deep vein thrombosis (DVT) or pul-

monary embolism (PE) is common, with a 5-year cumulative incidence of approximately 25%

[1,2]. The primary treatment of VTE consists of anticoagulants for a limited period of time,

generally 3–6 months [3]. This period serves as treatment of the acute episode to prevent

extension or (further) embolization of the thrombus [4]. Secondary prevention by means of

continuation of the anticoagulant treatment will lead to reduction in the number of recurrent

events [5]. However, the decision to continue treatment is challenging in the clinic, as it has

strong, lifelong implications. The risks of recurrence when treatment is stopped and of bleed-

ing when treatment is continued are high and persist over a patient’s lifetime [6,7]. For this, an

accurate assessment of both risks is important.

Current guidelines generally advise patients with a provoked first VTE to discontinue treat-

ment after 3 months and patients with an unprovoked first event to continue (taking risk of

bleeding and patient preferences into account) [3,8]. One problem with this approach is classi-

fying an event as unprovoked in routine clinical practice, although no unequivocal definition

of such events is available, and discussion remains on risk factors like oral contraceptive use,

outpatient immobilization, prolonged travel, and thrombophilia [9–12]. Furthermore, we pre-

viously showed that this dichotomized approach is too crude because the absolute risks of

recurrence in patients vary considerably within these groups [9,13]. Hence, patients will be

either over- or undertreated.

An alternative for the situation as advised in the current guidelines is to classify patients in

a more refined way, according to the presence of other risk factors. Although some predictive

factors for recurrent VTE have been identified, such as the type of the first event, male sex, and

the presence of an active malignancy [14], none of these factors has enough distinctive power

on their own to classify patients into high or low risk of recurrence. A prediction model com-

bining several factors is needed for this purpose. The three best-known prediction models for

recurrent VTE are (1) the “men continue and HERDOO2 rule,” (2) the Vienna prediction

model, and (3) the D-dimer, Age, Sex, Hormonal therapy (DASH) score [15–17]. Although
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their predictive performances are acceptable [18–20], they suffer from some limitations

[9,10,13]. First of all, they were developed only for patients with a first unprovoked VTE [15–

17]. Because of the lack of unequivocal criteria for unprovoked VTE, definitions vary consider-

ably in the three models, which leads to differing unprovoked patient groups. We showed in

an external validation study that the predictive performance of these models drops when a dif-

ferent definition of unprovoked thrombosis is applied [13]. A model without this requirement

would be easier to apply in daily practice and lead to more accurate predictions. A second limi-

tation of the current models is that they aimed to make simple scores to facilitate their use in

practice. Although this is obviously a laudable objective, simple scores also lead to reduced dis-

criminatory performance. Besides, the current common use of “apps” in clinical practice has

outdated the concern of complicated scores: a user-friendly app or an algorithm in electronic

patient records can directly provide a patient’s risk score. This allows more complicated mod-

els with the use of more predictive variables, which can much improve discriminatory perfor-

mance [21]. A third limitation of the current models is that all recurrent events were

considered as outcome events in their derivation, whereas it would be preferable to leave out

the recurrences that occurred in high-risk situations such as surgery. For these events, the spe-

cific situation (e.g., surgery, pregnancy, plaster cast) is the major causative factor, the occur-

rence of which is hard to predict by factors assessed at the time of the initial event [22].

Moreover, patients should receive thromboprophylaxis in these situations, which will make

such recurrences even more unpredictable.

We aimed to develop a prediction model for all patients with first VTE, either provoked or

unprovoked, building on the currently available models but with inclusion of a large set of

both clinical and laboratory candidate predictor parameters.

Methods

Patient population

Between March 1999 and August 2004, 4,956 patients aged 18–70 years with an objectively

diagnosed first DVT of the leg or PE were included in a population-based case-control study

(Multiple Environment and Genetic Assessment of Risk Factors for Venous Thrombosis

[MEGA] study). All patients filled in an extensive questionnaire on putative risk factors for

VTE. Blood samples were collected at least 3 months after discontinuation of anticoagulant

treatment. Details of the MEGA study have been described previously; for the MEGA protocol,

please see S1 Protocol [23,24].

Of the MEGA case-control study, only the cases were further followed for recurrence

(MEGA follow-up study). For this, 225 of the 4,956 patients did not consent, leaving 4,731

patients. Between 2007 and 2009, the vital status of all patients was acquired from the central

Dutch population register [25], and for the patients who died, a cause of death (ICD-10-CM)

was obtained from the national register of death certificates at the Central Bureau of Statistics.

Short-answer forms concerning recurrent VTE were sent by mail to all survivors and consent-

ing individuals between June 2008 and July 2009 and were supplemented by telephone inter-

views. Furthermore, all patients were asked to complete a second questionnaire on the

presence of risk factors for VTE after their first event [26]. This study was approved by the

Medical Ethics Committee of the Leiden University Medical Center, and all participants gave

written informed consent.

Recurrent venous thrombosis

During the same period, when patients were asked to self-report on any recurrent thrombotic

events, additional information about recurrences was retrieved from the anticoagulation
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clinics where patients were initially included for their first event and, in case they moved

house, at the clinic nearest to their new address. Death due to VTE was also included. For

recurrent events reported by the patient or the clinic, discharge letters from the treating physi-

cian were obtained, including information from objective diagnostic procedures. An adjudica-

tion rule regarding certainty of the diagnosis was applied using the information collected per

patient (see S1 Text [26]). According to this rule, possible recurrences were classified into cer-

tain recurrences and uncertain recurrences to distinguish truly new thromboses from exten-

sions of a first event. For this study, we considered certain recurrences in the absence of a

high-risk situation as outcome event (defined as surgery, trauma, plaster cast, pregnancy,

immobilization, malignancy, or hormone use during the follow-up period). Unprovoked first

VTE was defined as VTE without surgery, trauma, plaster cast, pregnancy, or immobilization

in the first 3 months before the event; active malignancies (in the 5 years prior to the first

event); hormone use (oral contraceptives or hormone replacement therapy); or prolonged

travel at the time of the event. Patients who had one or more of these risk factors at time of

their first event were classified as having a provoked VTE. Patients with uncertain recurrent

events or events that occurred in a high-risk situation were censored from this recurrent event

onward.

Blood sampling and laboratory analyses

Approximately 3 months after discontinuation of oral anticoagulant therapy, patients were

invited for collection of a blood sample unless they were still on anticoagulant therapy 1 year

after their event, in which case blood was drawn during treatment [23]. Blood sampling was

requested until June 2002 for logistic reasons, and thereafter, patients were sent buccal swabs

to collect DNA. Blood samples were drawn into vacuum tubes containing 0.1 volume 0.106

mol/L trisodium citrate and centrifuged for 10 minutes at 4˚C, after which plasma was ali-

quoted, frozen, and stored at −80˚C. Assays for factor VIII (FVIII), von Willebrand factor, D-

dimer, FVII, factor V (FV), factor X (FX), free protein S, protein C activity, fibrinogen, FII,

FIX, FXI, TFPI, antithrombin, hemoglobin, white blood cell count, monocyte percentage, red

cell distribution width, high-sensitivity C-reactive protein (CRP), activated protein C resis-

tance (APCsr), and thrombin generation (ETP) were performed in automated machines by

laboratory technicians, as well as the assays for five single nucleotide polymorphisms (SNPs)

that have been associated with VTE risk: rs6025 (F5, FV Leiden), rs1799963 (F2, 20210 G>A),

rs8176719 (ABO blood group), rs2066865 (FGG 10,034 C>T), and rs2036914 (F11) [27]. See

supporting file S1 Text for details on the laboratory analyses.

Current analysis: Follow-up and patients included

Follow-up started at the moment of discontinuation of anticoagulant treatment of the index

event (so generally after 3–6 months) because this is the point in time when a decision needs

to be made on continuation of the treatment. Hence, patients who were on continuous antico-

agulant treatment were excluded. The end of follow-up was defined as the date of a recurrence

or, in its absence, the date of returning the short-answer forms. The last form was returned on

April 8, 2010. If patients did not complete the form, they were censored at the last date we

knew them to be recurrence free (date of death [n = 22], date of emigration [n = 3], date last

seen by the anticoagulation clinic or for research purposes [n = 354]). In total, 715 patients

were excluded from the MEGA follow-up study because their follow-up ended before or at the

moment of discontinuation of anticoagulant treatment, so these patients either continued

treatment (n = 575), died (n = 53), or had a recurrence during anticoagulant treatment

(n = 87; of which n = 37 were classified as certain recurrences). Furthermore, we chose to
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exclude patients with a history of cancer because specific guidelines exist for this particular

patient group [3,27]. Hence, 266 patients were excluded who had a diagnosis of cancer within

5 years before VTE or in whom data on a possible cancer diagnosis in the past were missing.

In total, 43 recurrences occurred in the 3-month time period between discontinuation of antic-

oagulation and blood sampling. These patients were included in the analysis because follow-

up started at time of discontinuation of anticoagulation. See Fig 1 for a flowchart with the

number of patients included (n = 3,750) and excluded (n = 981) for analyses. Furthermore,

patients with a provoked certain recurrent event were censored (n = 93), as well as 145 patients

with uncertain recurrent events.

Missing values

For logistic reasons, blood sampling was performed until June 2002, until which time approxi-

mately 50% of patients in the MEGA study were included [26,28]. For 2,107 patients out of

3,750 (56%), blood samples and measurements on laboratory markers were available. Multiple

imputation techniques were used for missing values on these measurements. The same was

done for vitamin K–dependent coagulation factor levels in participants whose blood was

drawn during anticoagulant treatment (n = 190). Furthermore, all other predictor variables

that were missing were imputed. Detailed information on missing data can be found in S1

Table. In the imputation step, skewed variables were log-transformed. In all, 10 datasets were

imputed, and results were pooled according to Rubin’s rules [29].

Development of the Leiden Thrombosis Recurrence Risk Prediction model

Prediction models were developed on 3,750 patients with a first VTE, either provoked or

unprovoked. Identification of candidate predictor variables was based on (1) consistent inclu-

sion in previous prediction models; (2) reported associations with the occurrence of (recur-

rent) VTE in literature; or (3) expert opinion, leading to a total number of 39 candidate

predictors for the most extensive (maximum) model [28]. For an overview of these variables,

Fig 1. Flowchart of included and excluded patients from analyses. MEGA; Multiple Environment and Genetic Assessment of Risk Factors

for Venous Thrombosis; VTE, venous thromboembolism.

https://doi.org/10.1371/journal.pmed.1002883.g001
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see S1 Table. Levels of coagulation factors or laboratory markers were entered into the models

as continuous variables, whereas most other predictor variables were set as categorical. For the

continuous variables, we checked linearity by adding a quadratic term to the models, but we

found no evidence for nonlinear associations.

Prediction models were created by means of Cox regression analyses using a backward

selection procedure (criterion p< 0.15). We developed a maximum model, including all can-

didate predictor variables (model A); a limited model, including clinical variables and only lab-

oratory markers that are easy to assess in the clinic (model B); a model including clinical and

genetic variables only (model C); and a model including clinical variables only (model D). We

also considered the current clinical situation by fitting a model with type of first event (pro-

voked or unprovoked) as the only predictor. We checked whether the proportional hazards

assumption was met by testing for time by covariate interactions. No evidence of nonpropor-

tionality was found, except for pregnancy, but the number of recurrences in women who were

pregnant at the first event was very low (4).

To determine the magnitude of discrimination of the model, Harrell’s C-statistic was calcu-

lated for the four models [29]. As a sensitivity analysis, we estimated Harrell’s C-statistics also

in the complete cases only—i.e., in the nonimputed data. However, for risk prediction, the

actual or absolute predicted risk is of more clinical interest. Therefore, the prognostic score for

each patient was calculated by beta1�x1 + beta2�x2 + beta3�x3 + . . ., where the x1, x2, x3, etc.,

represent the variables in the prediction model, and beta1, beta2, beta3, etc., represent the cor-

responding estimated regression coefficients. To be able to visualize how well the models are

able to distinguish between risks of recurrence, (inverse) Kaplan-Meier plots for the observed

recurrence risks were created in quintiles of the prognostic score. For each patient, the 2-year

predicted risk of recurrence was calculated with the baseline 2-year recurrence-free probability

S0 and the prognostic score, using the following equation: risk of recurrence = 1 − S0
�� exp

(prognostic score). We created calibration plots by plotting the observed 2-year risks in the

quintiles of the prognostic score against the mean 2-year risks as estimated by the four models.

For clinical decision-making, the absolute predicted risk is relevant. According to the Inter-

national Society on Thrombosis and Haemostasis (ISTH), patients who have a yearly absolute

risk of (either provoked or unprovoked) recurrent VTE of>5% are candidates to receive sec-

ondary prevention by prolonged treatment with oral anticoagulant therapy [30]. Therefore, we

depicted the distribution of individual predicted 2-year recurrence risks and determined the

proportions of patients above and below this threshold of 10%.

Internal validation of prediction models

To internally validate the models, we used two methods: first, a procedure based on bootstrap

resampling as follows: 1,000 bootstrap samples of each imputed dataset including 3,750

patients were drawn with replacement. In each bootstrap resample, the model was fitted and

used to calculate Harrell’s C statistic in the bootstrap sample (estimate of apparent perfor-

mance) and in the original sample (estimate of actual performance). The difference between

these two Harrell’s C estimates is an estimate of the optimism bias in the apparent C statistic.

In each of the imputed datasets, the optimism was averaged over the 1,000 bootstrap estimates,

and the results were pooled over the imputation sets. We also calculated shrinkage slopes

using bootstrapping and pooled the slopes over the 10 imputed datasets. As a second method

for interval validation, we used 10-fold cross validation, in which the data are randomly split

into 10 groups. Prognostic scores are calculated for individuals in each of the 10 groups using

a model based on only the individuals of the other nine groups. The prognostics scores are

then used to calculate Harrell’s C.

Prediction of recurrent venous thrombosis; L-TRRiP
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External validation of prediction models

The Tromsø study is a single-center, population-based prospective cohort study in which

repeated health surveys of inhabitants in Tromsø were performed between 1994 and 2016 [31–

33]. Between 1994 and 2016, 923 patients were identified with incident VTE, either DVT or

PE, and followed up throughout 2016. Patients with planned lifelong anticoagulation (n = 73)

and those with cancer (n = 187) were excluded. Furthermore, an additional 85 patients were

excluded from analyses because these patients died or developed recurrent VTE before discon-

tinuation of anticoagulant treatment. Follow-up started at discontinuation of anticoagulant

therapy. Patients who had a provoked recurrence during follow-up (n = 43) were censored at

the recurrence date. Missing values on the FV Leiden mutation (n = 133) or ABO blood group

(n = 59) were imputed, and results were pooled according to Rubin’s rules [29]. Trauma was

used as a proxy for cast immobilization in the prediction model, and for a history of cardiovas-

cular disease, only information on myocardial infarction was available. To determine the mag-

nitude of discrimination of the model in the Tromsø data, Harrell’s C-statistic was calculated

after pooling results according to Rubin’s rules [29]. Kaplan-Meier plots were created for quin-

tiles of the predicted 2-year recurrence risks. In the Tromsø study, the laboratory markers of

models A and B have not been measured, and therefore, only models C and D were externally

validated.

All analyses were performed in IBM SPSS Statistics for Windows, version 23.0 (IBM,

Armonk, NY, United States); in Stata, version 14 (StataCorp, College Station, TX, USA); and

in R, version 3.5.2, using the packages RSM and Survival.

Results

Patient characteristics

In total, 3,750 patients from the MEGA follow-up study with a first episode of VTE, without

concomitant cancer, were followed for recurrent events for a total of 19,201 person-years. The

median duration of follow-up was 5.7 years (IQR 3.2–7.4). Baseline characteristics are shown

in Table 1. Mean age of participants was 48 years (SD 13), and 45% were men. Most of the first

events were DVT (n = 2,231; 59%), and most events were classified as provoked (n = 2,592;

69%). Surgery, trauma, and immobilization made up for most of the provoking risk factors.

Follow-up and outcomes

During follow-up, 507 certain unprovoked recurrent venous thrombotic events were identi-

fied, for a total incidence rate of 26.4 per 1,000 person-years (95% CI 24.2–28.8). The cumula-

tive probabilities of unprovoked recurrence after 2, 4, 6, and 8 years were 7.4% (95% CI 6.5%–

8.3%), 11.7% (95% CI 10.7%–12.9%), 15.0% (95% CI 13.8%–16.3%), and 17.0% (95% CI

15.6%–18.5%), respectively.

Predictors

Candidate predictors are provided in S1 Table. Variables presented in Table 2 are those that

were included in the final models. In all models, the following clinical parameters were predic-

tive for recurrence: male sex, type and location of first VTE, surgery, pregnancy/puerperium,

hormone use, plaster cast, immobility in bed or in hospital, and cardiovascular disease. In

model A (maximum model), the following laboratory markers were additionally predictive for

recurrence: D-dimer, FVIII antigen, von Willebrand factor, CRP, FV, FX, fibrinogen, and

APCsr, whereas none of the genetic factors were predictive. In model B (clinical variables and

limited laboratory markers), D-dimer, FVIII antigen, CRP, and FV Leiden were predictive as
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well, whereas in model C (clinical and genetic variables only), FV Leiden and blood group

non-O were also predictive for a recurrent event (Table 2). Of note, because of the predictive

nature of the modeling, the coefficients cannot be interpreted causally—i.e., they have no

meaning other than indicating an association, conditional on the other included predictors.

Predictive performance of the model

To determine the magnitude of discrimination of models A–D, Harrell’s C-statistic was calcu-

lated (Table 3). The analyses showed that the maximum model had the highest predictive capa-

bility, with a C-statistic of 0.73 (95% CI 0.71–0.76). The discriminative performance was

somewhat lower in the other models, with C-statistics of 0.72 (95% CI 0.70–0.75) for model B,

Table 1. Baseline characteristics.

MEGA follow-up study Patient characteristics

N, (%) 3,750 (100%)

Age, mean (SD) 48 (13)

Sex, male (%) 1,684 (45%)

BMI, mean (SD) 27 (4.8)

Type of first event

DVT 2,231 (59%)

PE 1,184 (32%)

PE + DVT 335 (9%)

Provoked first event� 2,592 (69%)

Trauma, surgery, immobilization† 1,458 (39%)

Prolonged travel 681 (18%)

Pregnancy, puerperium 160 (4%)

Hormone use 1,181 (31%)

Plaster cast 198 (5%)

Unprovoked first event� 1,082 (29%)

Tromsø study Patient characteristics

N, (%) 578 (100%)

Age, mean (SD) 66.3 (14)

Sex, male (%) 279 (48%)

BMI, mean (SD) 27.0 (4.4)

Type of first event

DVT 348 (60.2%)

PE 194 (33.6%)

PE + DVT 36 (6.2%)

Provoked first event 232 (40%)

Trauma, surgery, immobilization† 190 (33%)

Pregnancy, puerperium 6 (1%)

Hormone use 36 (6%)

Unprovoked first event 346 (60%)

�Some data were missing for some variables (see S1 Table). Because concomitance of provoked risk factors occurred

frequently, patients could be counted twice or more.

†Consists of surgery, leg injury, or confinement to bed for more than 3 days at home or in the hospital within 3

months before venous thrombosis.

Abbreviations: DVT, deep vein thrombosis; MEGA, Multiple Environment and Genetic Assessment of Risk Factors

for Venous Thrombosis; PE, pulmonary embolism

https://doi.org/10.1371/journal.pmed.1002883.t001
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0.70 (95% CI 0.68–0.73) for model C, and 0.69 (95% CI 0.67–0.72) for model D. When type of

first event (provoked versus unprovoked) was the only variable used (i.e., the current clinical

situation), the C-statistic was substantially lower, at 0.61 (95% CI 0.58–0.63). A sensitivity anal-

ysis using the complete data only (i.e., in the nonimputed data) yielded very similar results for

the Harrell’s C-statistics (Table 3).

Figs 2 and 3 show Kaplan-Meier curves for the current clinical situation (i.e., displaying the

actual observed risks) and for models A–D, according to quintiles of the prognostic score,

respectively. Increasing quintiles of the prognostic score corresponded in a dose-response

manner to increased observed risks of recurrence. The extent to which the five risk groups

could be distinguished increased with the number of variables included in the model (i.e.,

highest for model A [Fig 3A] and lowest for the current clinical situation [Fig 2]). Likewise,

inclusion of more variables led to a wider range of risks that the models could detect, which

was largest for model A and smallest for model D (0%–54% for model A and 0%–24% for

model D [Table 3]).

Table 2. Predictor variables and corresponding regression coefficients included in prediction models A–D.

Type of predictor variables Model A Model B Model C Model D

Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI) Coefficient (95% CI)

Clinical factors/environmental predictor variables

Male sex 0.70 (0.43–0.96) 0.64 (0.38–0.90) 0.63 (0.38;0.89) 0.68 (0.42–0.93)

Type and location of first VTE

Popliteal§ DVT 0.09 (−0.14 to 0.33) 0.11 (−0.12 to −0.34) 0.15 (−0.09 to −0.39) 0.21 (−0.03 to −0.44)

Proximal DVT 0.40 (0.17–0.64) 0.40 (0.16–0.63) 0.46 (0.23–0.70) 0.49 (0.25–0.72)

PE + DVT popliteal§ DVT 0.38 (0.06–0.70) 0.41 (0.09–0.73) 0.47 (0.15–0.79) 0.51 (0.20–0.83)

Surgery −0.42 (−0.78 to −0.05) −0.40 (−0.76 to −0.03) −0.51 (−0.88 to −0.15) −0.52 (−0.88 to −0.16)

Pregnancy/puerperium −1.31 (−2.3 to −0.30) −0.51 (−0.83 to −0.18) −1.49 (−2.50 to −0.48) −1.44 (−2.45 to −0.43)

Hormone use −0.59 (−0.92 to −0.26) −0.70 (−1.28 to −0.12) −0.67 (−0.99 to −0.35) −0.62 (−0.95 to −0.30)

Plaster cast −0.73 (−1.31 to −0.15) −0.32 (−0.68 to −0.03) −0.79 (−1.37 to −0.22) −0.83 (−1.40 to −0.25)

Immobility in bed, in hospital −0.30 (−0.66 to 0.06) −0.44 (−0.87 to −0.01) −0.31 (−0.67 to −0.05) −0.34 (−0.69 to 0.02)

History of cardiovascular disease −0.43 (−0.86 to 0.01) −1.34 (−2.36 to −0.33) −0.36 (−0.79 to 0.07) −0.37 (−0.80 to 0.06)

Genetic factors/genetic predictor variables

Blood group, non-O versus O 0.24 (0.03–0.45)

Factor V Leiden mutation 0.38 (0.16–0.60) 0.40 (0.19–0.61)

Laboratory factors/hemorheologic and coagulation predictor variables per unit increase

lnDdimer (ng/mL)� 0.26 (0.05–0.47) 0.24 (0.04–0.44)

lnFactor VIII antigen (IU/dL)� 0.47 (−0.11 to 1.05) 0.81 (0.43–1.19)

Von Willebrand factor (IU/dL) 0.39 (−0.15 to 0.93)

lnCRP� −0.09 (−0.19 to 0.00)

Factor V (IU/dL) 0.50 (−0.16 to 1.17)

Factor X (IU/dL) 0.01 (0.00–0.02)

Fibrinogen (g/L) −0.24 (−0.42 to 0.05)

lnAPC ratio� 0.25 (0.10–0.40)

Model A denotes the maximum model (i.e., all candidate predictor variables); model B, clinical variables and some laboratory markers easy to assess in the clinic; model

C, clinical and genetic variables only; model D, clinical variables only. Variables presented in the table were included by a backward selection procedure (entry p< 0.15).

�A log-transformation was decided after a nonnormal distribution was found visually.
§Indicates DVT at the level of the vena poplitea or below.

Abbreviations: APC, activated protein C; CRP, C-reactive protein; DVT, deep vein thrombosis; PE, pulmonary embolism

https://doi.org/10.1371/journal.pmed.1002883.t002
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Fig 4 shows the calibration plots in which the 2-year observed risks, from a Kaplan-Meier

calculation in five groups, split on the basis of their xbetas, are plotted against the mean 2-year

risks as estimated by the four models. The plots show excellent calibration for all models, as

expected, because calibration is performed here in the same dataset in which the model was

developed.

Table 3. Predictive performance of prediction models A–D.

Predictive performance Model A Model B Model C Model D

Harrell’s C 0.73 (0.71–0.76) 0.72 (0.70–0.75) 0.70 (0.68–0.73) 0.69 (0.67–0.72)

Harrell’s C corrected for optimism by bootstrap 0.73 0.72 0.70 0.70

Harrell’s C after 10-fold cross validation 0.72 (0.69–0.74) 0.71 (0.69–0.73) 0.69 (0.67–0.72) 0.69 (0.66–0.71)

Harrell’s C after censoring at 2 years of follow-up 0.73 (0.70–0.77) 0.72 (0.69–0.75) 0.70 (0.67–0.73) 0.69 (0.66–0.72)

Harrell’s C using complete cases only 0.74 (0.70–0.77) 0.73 (0.69–0.76) 0.71 (0.68–0.73) 0.69 (0.67–0.71)

Range of 2-year predicted risks� 0%–54% 0%–46% 0%–32% 0%–24%

Harrell’s C after external validation NA NA 0.64 (0.62–0.66) 0.65 (0.63–0.66)

Baseline 2-year recurrence-free probability� .9998462 .9996196 .9235595 .9019939

Model A denotes maximum model (i.e., all candidate predictor variables); model B, clinical variables and some laboratory markers easy to assess in the clinic; model C,

clinical and genetic variables only; model D, clinical variables only.

�The baseline recurrence-free probability S0 can be used to calculate the absolute 2-year risk of recurrence for a patient using the following equation: risk of

recurrence = 1 − S0
�� exp(prognostic score). Here, the prognostic score is equal to beta1�x1 + beta2�x2 + beta3�x3 + . . ., where the x1, x2 x3, etc., represent the variables

in the prediction model, and beta1, beta2, beta3, etc., represent the corresponding regression coefficients.

Abbreviation: NA, not applicable

https://doi.org/10.1371/journal.pmed.1002883.t003

Fig 2. Probability of recurrence in patients with first provoked and first unprovoked VTE. VTE, venous

thromboembolism.

https://doi.org/10.1371/journal.pmed.1002883.g002
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Fig 3. (A–D) Probability of recurrence stratified by Qs of prognostic index. No., number; Q, quintile.

https://doi.org/10.1371/journal.pmed.1002883.g003
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Fig 4. Calibration of observed 2-year recurrence risks plotted against the estimated predicted recurrence risks for the four models.

https://doi.org/10.1371/journal.pmed.1002883.g004
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Internal and external validation

Two internal validation procedures showed that the degree of optimism bias of the models was

minimal (Table 3). The shrinkage slopes for the models were close to 1: 0.950 for model A,

0.959 for model B, 0.953 for model C, and 0.960 for model D.

In the Tromsø study, 73 out of 587 patients developed an unprovoked recurrence during a

median follow-up time of 5.0 years, which corresponded to a recurrence rate of 20.1 (95% CI

16.0–25.3) per 1,000 person-years. Including only type of first event (provoked versus unpro-

voked)—i.e., the current clinical situation—led to a C-statistic of 0.57 (95% CI 0.55–0.59).

Models C and D were externally validated, and the Harrell’s C-statistics were 0.64 (95% CI

0.62–0.66) and 0.65 (95% CI 0.63–0.66), respectively. The corresponding Kaplan-Meier curves

are shown in Fig 5, and the calibration of models C and D is shown in Fig 6. The predicted

2-year recurrence risks for the five risk groups were very close to the observed 2-year risks,

which indicates that the models performed well and calibration was good.

Absolute 2-year predicted risks

Fig 7A–7C depicts the distribution of individual 2-year predicted risks of recurrent VTE

according to the maximum model (model A). As shown in Fig 7A, 989 out of 3,750 (26%)

patients had a predicted risk of recurrent VTE of>10% at 2 years of follow-up. For patients

with provoked first events (n = 2,592), there were 367 (15%) patients who had a predicted risk

of recurrence of>10% (Fig 7B). In patients whose first event was unprovoked, 484 (45%) had

a predicted risk of recurrence that was less than 10% (Fig 7C). Hence, 23% (367 + 484/3,750)

of the total cohort was misclassified, of whom 367 patients would have been undertreated and

484 patients would have been overtreated if the guidelines had been strictly followed (without

allowing for bleeding risk or patient preferences). For the other models, with slightly lower dis-

criminative performances, these misclassification proportions would be somewhat lower (see

S1 Fig on model C).

Fig 5. Probability of recurrence stratified by categories of prognostic index in the external validation cohort for models C (A) and D (B). No., number.

https://doi.org/10.1371/journal.pmed.1002883.g005
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Discussion

One of the most important challenges in the management of VTE is how to deal with its con-

siderable recurrence risk [1–4]. Prolonged anticoagulant treatment offers effective prevention

but is not universally applicable because of its associated bleeding risk [3,27]. As both risks will

persist over a person’s lifetime, the cumulative probability of either a thrombotic or a bleeding

event is high [6,7]. The decision of continuation or discontinuation of treatment should there-

fore be informed [3,9].

Currently, guidelines distinguish two risk groups—i.e., patients with unprovoked or provoked

first events—and generally advise the former to continue and the latter to stop anticoagulation

[3,27]. Problems with this approach are that classifying a patient as having had an unprovoked

event is not clear-cut [11] and that the risk varies within these groups [13]; hence, patients with a

provoked event and a considerable recurrence risk can be withheld treatment, and patients with

an unprovoked event but low recurrence risk are unnecessarily treated and exposed to a bleeding

risk. Some prediction models have been developed in an attempt to improve this situation and to

refine risk stratification, the three best known of which are the “men continue and HERDOO2”

rule, the Vienna prediction model, and the DASH score [15–17,34–37]. However, limitations of

the existing models are that (1) they only apply to patients with an unprovoked first event; (2)

they included a limited number of predictors, which simplifies their use in practice but limits

their discriminative performance; and (3) they included provoked recurrent events in the deriva-

tion phase, in which events are inherently unpredictable. We developed four versions of a new

model—the Leiden Thrombosis Recurrence Risk Prediction (L-TRRiP) model, which has as its

advantages that it applies to all patients with first thrombosis and was derived from a comprehen-

sive set of variables—with the aim to predict unprovoked recurrent thrombosis. The model

showed good discriminative performance, with a wide range of predicted absolute risks, showing

Fig 6. Calibration of observed 2-year recurrence risks plotted against the estimated predicted recurrence risks for models C and D in the

validation cohort.

https://doi.org/10.1371/journal.pmed.1002883.g006

Prediction of recurrent venous thrombosis; L-TRRiP

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002883 October 11, 2019 15 / 22

https://doi.org/10.1371/journal.pmed.1002883.g006
https://doi.org/10.1371/journal.pmed.1002883


that much can be gained by further refined risk stratification compared with the current situation

(C-statistic of 0.61; only two risk categories possible [Fig 2]).

Strengths and limitations

To the best of our knowledge, the MEGA follow-up study is the largest population-based study

on recurrent venous thrombosis to date, including 3,750 patients, with 507 recurrent events

and>100 clinical, genetic, and biomarker variables. Its size allowed inclusion of a large num-

ber of candidate predictor variables [39,40]. With a rule of thumb of no fewer than 10 events

per variable (EPV), we could include 39 predictor variables (47 parameters) for maximum

model A, and the number was lower (and hence the EPV higher) for models B–D, implying

that they were unlikely to have been overfitted. In contrast, the HERDOO2 model was

Fig 7. Histogram of 2-year predicted risks according to the maximum model in total population (top), patients with a

provoked first venous thromboembolism (middle), and patients with an unprovoked first venous thromboembolism

(bottom).

https://doi.org/10.1371/journal.pmed.1002883.g007
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markedly overfitted, with collected information on 69 predictors, of which 36 were considered,

whereas there were only 91 recurrent events (EPV� 2.5) [10,15]. Another strength of our

study is that we, similar to HERDOO2, Vienna, and DASH, collected data using a prospective

design, which limits detection bias and ensures uniformity of definitions [15–17]. Further-

more, also similar to the Vienna model, but not to HERDOO2 and DASH [15–17], we avoided

dichotomous categorization of continuous candidate predictors, which is suboptimal, because

informative variation of values within each class is not used [38]. Another strength is that we

used a Cox proportional hazards model, which takes into account the censoring of patients

over time and the variable lengths of individual follow-up. Model performance was evaluated

by using internal validation methods that corrected for optimism bias and by external valida-

tion with use of follow-up data from the Tromsø study (73 events out of 587 patients), which

showed good results both in terms of discrimination and calibration. To our knowledge, the

Tromsø study is the only other cohort in the world in which detailed data are available on an

unselected group of patients with first VTE.

Some limitations of the present study also need to be addressed. First, coagulation factor

levels were measured only once during follow-up (i.e., at baseline). However, serial measure-

ments of coagulation factors over time have shown that they remain reasonably constant

[41,42]. Second, coagulation factor levels were not measured in all patients, because blood

sampling for the study was discontinued halfway during the study for logistic reasons. Other

data were also occasionally not complete, but all missing data were imputed. That bias due to

the imputation is unlikely is reflected by the results of the complete case analysis, in which the

Harrell’s C-statistics were found to be very similar. Third, because we used a strict definition

of unprovoked recurrent VTE and included only certain unprovoked recurrences in our

study, incidence rates and cumulative incidences may have been slightly underestimated.

However, using a strict and well-defined outcome as we did will have decreased misclassifica-

tion and hence improved discriminatory performance. Fourth, our study population consisted

of 90% (Northern) European descent, and we excluded children and individuals aged>70

years at the time of the first event. Therefore, results from MEGA may not be generalizable to

other ethnic groups, and our findings cannot be extrapolated to children or the elderly. Limita-

tions of the Tromsø study are that the number of recurrences was relatively low, which leaves

some imprecision around the estimates of the C-statistics. Furthermore, information on FV

Leiden and blood group was missing in almost one-third of the patients and needed to be

imputed, and not all clinical information was present as defined in the MEGA data, so proxies

needed to be used. Also, the laboratory markers that we used for models A and B were not

available here, so these models could not be externally validated. This may have limited the

external validation of the models. Lastly, we excluded patients with a history of cancer because

we could not always be 100% certain that these patients had not had a relapse of their cancer.

However, exclusion of these patients would not have affected our study in any other way than

having a better-defined patient population and a small loss of power. Still, it needs to be real-

ized that the model does not apply to patients with a history of cancer.

Choice of model

In the important decision on the duration of anticoagulant treatment, with life-long implica-

tions, it is worthwhile to include as many variables as possible for the greatest discriminatory

power. At the same time, the model should be feasible in clinical practice, which again limits

the number of predictors. We developed four versions of the L-TRRiP model, which allows a

choice by balancing maximum discriminative performance (model A: maximum number of

predictors) versus optimal ease of use (model D: clinical variables only). Model A shows the
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best performance, not only in terms of the C-statistic but also, more important clinically, in

the wide range of absolute risks that it can distinguish (2-year predicted risks between 0% and

54%). These performance markers are lowest for model D. However, model A requires exten-

sive laboratory testing (7 markers included) for which interruption of anticoagulant treatment

is warranted for correct interpretation of the values. This is less feasible for the clinic. At the

other end of the spectrum is model D, which requires no laboratory measurements but has a

lower C-statistic and half the size of the range of risks that can be detected (0%–24%). We

would therefore propose to choose model C, which has a slightly higher C-statistic, but its

added value over model D is mostly that its range of detected risks is much wider (0%–32%).

Besides, this model has been externally validated (in contrast to models A and B), in which it

performed reasonably well. For model C, only two laboratory markers are required—i.e.,

blood type and FV Leiden. Obtaining these is easy (they can be measured almost universally,

even from a buccal swab), and most importantly, interruption of anticoagulant treatment is

not necessary, because this will obviously not influence these genetic markers.

Potential clinical implications

We showed that the 2-year predicted risks of all patients vary strongly according to our model (Fig

7) and also within the groups that are now considered low (provoked) or high (unprovoked) risk.

Of patients with a provoked first event (who now all stop treatment), 15% had a predicted risk of

>10% of recurrence at 2 years of follow-up, which would be considered sufficiently high to war-

rant prolonged anticoagulant treatment [30]. In contrast, we observed that in patients with a first

unprovoked event (who now mostly go on with treatment), 45% had an estimated risk of recur-

rence of<10% at 2 years of follow-up and could therefore consider stopping anticoagulant treat-

ment. Hence, if the guidelines had been applied to this cohort, based on this model, 23% of all

patients were misclassified and under- or overtreated, consequently leading to preventable recur-

rent VTE and bleeds, respectively. The poor performance of using only (un)provoked VTE as a

determinant for treatment is also reflected in the low C-statistic for the current situation, at 0.61.

Compared with existing models that predict recurrent VTE [15–17], our L-TRRiP model

has as its most important clinical advantage that it can be applied to all patients with a first

thrombosis, so it is not necessary to determine first whether a patient fulfills the criteria for a

particular model. Furthermore, a patient does not need to discontinue anticoagulation before

assessing his/her recurrence risk. Our model may form a basis for optimal individualized treat-

ment, in which a patient’s bleeding risk should also be taken into account. This is currently

possible with a model such as the VTE-BLEED [43,44]. Obviously, the exact form of such per-

sonalized treatment should be tested in a management study, in which treatment based on an

individual’s L-TRRiP and VTE-BLEED score is compared with routine treatment according to

the current guidelines. For easy use of the L-TRRiP score in such a study or in the clinic, we

will develop a web- or mobile device–based app, using the algorithm developed in model C.

To the same app, an algorithm for a bleeding risk model can be added. Such an application

could even be incorporated in an electronic patient file, in which the estimated risks will auto-

matically appear when all data for the algorithm are available.

Conclusion

The current guidelines and the available prediction models fall short in providing optimal care for

patients with a first VTE, which leads to preventable recurrent thrombosis and bleeding. The model

we propose has important advantages because it applies to patients with provoked or unprovoked

first VTE—except for patients with (a history of) cancer—allows a refined risk stratification, and is
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still easily usable in clinical practice. Personalized anticoagulant treatment, based on this model and

on a model that assesses bleeding risk, should be further explored in a management study.
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