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In 2015, Andrew Vickers and David Kent described an underappreciated phenomenon 
in present-day Evidence-Based Medicine: the Lake Wobegon Effect.1, 2 The Lake Wobe-
gon Effect is known as the human tendency to overestimate one’s capabilities, describ-
ing the illusion of superiority in which a person considers oneself “above average”. For 
example, in a study about leadership ability among high school students, only 2% of the 
students considered themselves below average.3 This is paradoxical, as it seems impossi-
ble that most people are above average. Similarly, it seems paradoxical to state that most 
patients are below average risk, or benefit below average from treatment. Yet, when it 
comes to the absolute effect of treatment or the average risk that is reported in a clinical 
trial, this is more often the case than not.1, 2 In fact, most patients within a trial benefit 
less than the average effect of the investigated drug: as the distribution in patient’s risks is 
often right-skewed, the average treatment effect is driven by a small group of very high-
risk patients (Figure). With their article on the Lake Wobegon Effect, Vickers and Kent 
illustrate an important difficulty in Evidence-Based Medicine: average evidence from a 
group of patients cannot directly be translated to the individual patient.

 

Figure. Distribution in estimated individualized risk of major vascular events.
The mean estimated vascular risk is 5%, whereas the median is 3.5%. Translating the mean risk to 
individual patients is misleading as most patients (dark grey + white area, 63%) are below average risk. As 
a result, the average absolute effect reported in a trial is an overestimation for most patients.1,2
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Risk-based vascular disease prevention

Clinicians working in the field of vascular disease prevention daily face the question how 
to translate clinical trial effects to the individual patient, for example for the decision to 
start with cholesterol- and blood pressure lowering drugs or antiplatelet therapy. Clini-
cal guidelines aim to help selecting those patients that are expected to benefit sufficiently 
to outweigh disadvantages of treatment, such as side effects or costs. In the low- to inter-
mediate-risk population setting (i.e. primary prevention), treatment decisions are often 
made using risk stratification: an individual’s 10-year risk of a major vascular event, 
defined as a myocardial infarction, stroke or vascular death, is estimated based on several 
patient-specific characteristics including age, blood pressure and lipid levels. When this 
estimated risk exceeds a certain threshold, preventive therapy is recommended.4-7 The 
Dutch guidelines for example apply a threshold of 20% 10-year risk of major vascular 
events before treatment with a statin is recommended.7 Such individualized, risk-based 
treatment has long been a cornerstone in primary prevention guidelines for patients with 
vascular risk factors and not having diabetes or clinically manifest vascular disease.4-9 For 
patients with diabetes or vascular disease, currently no such individualized approach is 
applied, as these patients are generally considered high-risk. An individualized approach 
may however have several advantages for these high-risk patients, for example to deter-
mine the intensity of secondary prevention therapies or to inform patients and facilitate 
shared decision-making. Therefore, insight is needed on the estimated vascular risk in 
patients with diabetes or vascular disease, and on how this translates into expected tre-
atment effect. Ideally, similar to the primary prevention setting, validated prognostic 
tools should be available to individualize vascular disease prevention in these patients 
generally considered to be at high risk.

Vascular disease prevention in high-risk populations

In contrast to the risk-based strategy in the primary prevention setting, a “one size fits 
all” approach is currently recommended in patients with type 2 diabetes or clinically 
manifest vascular disease (i.e. coronary, cerebrovascular, or peripheral artery disease). 
For example, guidelines recommend the use of an antiplatelet and maintenance of a 
blood pressure below 140/90 mmHg in all patients with coronary artery disease, unless 
there is a contraindication.5, 10 The rationale for this approach is the current believe that 
these patients are at such high risk (>20% 10-year risk of major vascular events) that the 
effect of treatment outweighs disadvantages such as side effects or costs for all patients, 
regardless of the presence or absence of specific risk factors.5, 10 
There are reasons to question the general assumption that all patients with diabetes or 
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vascular disease are at high risk of developing vascular events. First, interpersonal varia-
tion in risk factors likely translates into different levels of vascular risk and may include 
patients at relatively low vascular risk (e.g. <20% or even <10% 10-year risk of major 
vascular events). Second, overall vascular event rates have declined internationally over 
the past decades.11 Therefore, the first question is whether all patients with diabetes or 
vascular disease should still be considered high-risk patients. 
In patients with diabetes, one study indeed showed great variation in vascular prognosis 
depending on the presence of concomitant vascular risk factors.12 For patients with vas-
cular disease, two models have been developed for the estimation of an individual’s risk 
of recurrent vascular events: the 20-month REACH models and the 10-year SMART 
risk score.13, 14 These studies showed that patients at relatively high or low risk for recur-
rent vascular events can be identified based on readily available clinical characteristics. 
Such models could be used to gain more insight in the actual amount and distribution 
of vascular risk in populations of patients with established vascular disease,15, 16 although 
the validity of these risk models in other populations than the derivation populations 
yet needs to be evaluated. 

Validity of prognostic models

In order to make valid decisions based on individualized predictions, a model needs to 
be reproducible. This can be tested by first comparing estimated risks with observed ris-
ks in the derivation population, so-called internal validation. Next, model performance 
is preferably tested in another population than the population in which the model is 
developed, external validation. External performance is often less accurate compared 
to internal performance:17 the model perfectly fits the data in which it is developed, 
but may perform modest or even insufficient if tested in new subjects. Therefore, ex-
ternal validation of a prognostic model is essential before clinical use is justified. This is 
preferably done in a population that differs for at least one aspect from the derivation 
population. For example, a model can be tested in patients originating from another 
geographic area (geographic validation), or in patients that are studied more recently 
(historic validation).18 If a prediction model performs well in another population, this is 
reassuring for its performance in new patients. 

Personalized treatment effect estimation based on prediction models

The most straightforward way to estimate an individual’s absolute effect from therapy, 
such as cholesterol-lowering or blood pressure-lowering or aspirin, is to apply a relative 
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effect of treatment, known from a trial or therapeutic meta-analysis, to someone’s esti-
mated 10-year vascular risk estimated with a validated prognostic model.19-24 The diffe-
rence between the estimated off-treatment risk and on-treatment risk is an individual’s 
estimated 10-year absolute risk reduction (ARR) and can be translated to the inverse, a 
10-year individualized number needed to treat (iNNT).20 A 10-year iNNT provides an 
individualized estimate of the number of patients that need to be treated for 10 years 
to prevent one major vascular event. The advantage of such a benefit-based approach is 
that the expected benefit can be weighed against disadvantages of treatment.20, 25 Also, 
expressing treatment benefit in terms of an individualized ARR or iNNT may be more 
appealing to the patient than communication of an individual’s risk.26, 27 

Previous examples of personalized treatment-effect analyses

Several studies have evaluated individualized treatment effects in terms of ARR or 
iNNTs in the field of vascular disease prevention. In the primary prevention setting, 
individualized effects from statin and aspirin therapy showed substantial variation, ran-
ging from very low to very high expected benefits.21, 22 For patients with diabetes, a 
recent study evaluated individualized effects from blood pressure lowering therapy.24 
Almost 60% of the patients had low to moderate expected benefit with a 5-year iNNT 
of more than 100, whereas only a small subgroup of patients had high expected benefit 
from treatment (5-year iNNT<50).24  How this applies to statin therapy in patients with 
diabetes needs to be examined.  
Also in patients with vascular disease, individualized treatment effect prediction may 
improve vascular disease prevention. In a study comparing the effect of high-dose versus 
usual-dose statin therapy in patients with coronary artery disease, the use of individu-
alized ARR to select patients for high-dose statin therapy showed improved net benefit 
compared to simply treating all patients with one specific dose.19 Another study in pa-
tients with coronary artery disease showed how individualized absolute effects of blood 
pressure lowering therapy can be quantified using a prognostic score.28 

New challenges

Currently, several novel options for further vascular risk reduction are under investi-
gation in large outcome trials. For example PCSK9-inhibitors have shown to reduce 
LDL-c cholesterol with 50-60% and are likely highly effective for further vascular risk 
reduction.29-31 These novel agents are costly and potential long-term side effects are un-
known. As a result, clinicians, policy makers and payers are reluctant to prescribe these 
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agents to all patients with vascular disease. Estimating the expected benefit of such novel 
agents for individuals with vascular disease may contribute to targeted and efficient use 
of preventive therapies.

Importantly, some limitations of risk-based treatment effects need to be recognized. 
Because age is by far the most important determinant of vascular risk, risk-based treat-
ment mainly results in selective treatment of older individuals. Older patients are often 
at increased risk of other causes of mortality whilst 10-year risk predictions are usually 
not adjusted for such competing risks (i.e. non-vascular mortality) and do not account 
for remaining life-expectancy. As a result, the expected effect of treatment is likely to be 
an overestimation in older patients. In younger patients, the opposite may occur. Due 
to their young age these patients rarely reach the risk threshold for treatment, even if 
important risk factors are present.32 This may result in missed treatment opportunities 
in younger individuals, since patients with risk factors at a young age will eventually 
become high-risk patients later in life. Focusing vascular disease prevention on young 
patients with risk factors instead of older patients is also more in agreement with the 
pathophysiological concept of atherosclerosis as a chronically progressive condition that 
already starts early in life. Moreover, preventive medication is usually continued lifelong. 
Therefore, it is intuitive to estimate treatment effect from a lifetime perspective instead 
of a 10-year lifespan. In cost-effectiveness analyses, a lifetime perspective on treatment 
benefit is already a common outcome. However cost-effectiveness analyses provide es-
timates on a group level, limiting its use for individual patients. Recent studies have 
shown individualized estimates of treatment benefit in terms of gain in (disease-free) life 
expectancy in the field of oncology and the primary prevention of vascular disease.33, 34 
Translating treatment effects from randomized trials into individualized expected gains 
in (vascular disease-free) life-expectancy could be a solution to overcome the limitations 
of risk-based treatment.  

Objectives

The general objective of this thesis is to investigate the translation of group-level evi-
dence to individual patients, in particular to patients with type 2 diabetes or clinically 
manifest vascular disease, that are generally considered to be high-risk. This is done by 
1) developing and externally validating models to estimate vascular prognosis and tre-
atment benefit for patients with diabetes or vascular disease, and by 2) evaluating the 
amount of and variation in individualized vascular prognosis and treatment benefits in 
these patients. 
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Outline of this thesis

In Chapter 2, individualized benefits of statin therapy are estimated for patients with 
type 2 diabetes in terms of 10-year ARR and NNT using on a newly developed risk 
model. The external validity of this model is tested in three populations of patients with 
type 2 diabetes, including one observational cohort. In addition, in this chapter is evalu-
ated whether the use of such a prediction model for statin therapy in patients with type 
2 diabetes results in higher greater net benefit on a group level than treating all patient. 
This was evaluated for several treatment-threshold levels.
In Chapter 3, the variation in estimated 10-year risk of a recurrent vascular event is exa-
mined in patients with clinical vascular disease using the previously developed SMART 
risk score. As the SMART risk score has not yet been externally validated, the perfor-
mance of this score is tested in three trial populations of patients with coronary artery 
disease, cerebrovascular disease and peripheral artery disease. Furthermore, an estima-
tion is made of the amount of risk that could be reduced by reaching guideline-recom-
mended risk factor targets and of the amount and distribution of residual risk in these 
patients.
In Chapter 4, the estimation of individualized treatment effect is taken a step further. 
In this chapter is shown how short term observations from randomized trials can be 
translated into lifetime predictions of individual treatment benefit in terms of gain in 
disease-free life-expectancy. Aspirin in the primary prevention of vascular disease is used 
as an illustration example, based on data from the Women’s Health Study clinical trial. 
Also a comparison is made with traditional 10-year estimates and it is shown how diffe-
rent prognostic estimates may result in different treatment decisions. 
Building on Chapters 3 and 4, Chapter 5 further focuses on the estimation of vascular 
prognosis in patients with vascular disease. In this chapter an external cross-validation of 
the SMART risk score and the REACH risk score for recurrent vascular events is perfor-
med. Subsequently, for the reasons mentioned above, a model for lifetime predictions in 
patients with clinical vascular disease (i.e. the REACH-SMART score) is developed and 
validated, using the methods developed in Chapter 4. 
The potential clinical use of a model for lifetime predictions for patients with vascular 
disease is shown in Chapter 6. In this chapter individualized months gain in life-expec-
tancy free of (recurrent) stroke or MI are estimated for additional LDL-c lowering with 
a novel agent, PCSK9-inhibition. This is done in a population of statin-treated patients 
with coronary artery disease.
Finally, the main findings of this thesis are discussed in Chapter 7 and summarized in 
the Appendix.
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Abstract

Background In this study, we aimed to translate the average relative effect of statin therapy from trial data 
to the individual patient with type 2 diabetes mellitus by developing and validating a model to predict 
individualized absolute risk reductions (ARR) of cardiovascular events.

Methods Data of 2,725 patients with type 2 diabetes from the ASCOT-LLA study (atorvastatin 10 mg 
versus placebo) were used for model derivation. The model was based on eight clinical predictors including 
treatment allocation (statin/placebo). Ten-year individualized ARR on major cardiovascular events by statin 
therapy were calculated for each patient by subtracting the estimated on-treatment risk from the estimated 
off-treatment risk.

Results Predicted 10-year ARR by statin therapy was <2% for 13% of the patients. About 31% had an 
ARR of >4% (median ARR 3.2%, IQR 2.5%-4.3%, 95% CI for 3.2% ARR: -1.4%-6.8%)). Addition 
of treatment interactions did not improve model performance. Therefore the wide distribution in ARR 
was a consequence of the underlying distribution in cardiovascular risk enrolled in these trials. External 
validation of the model was performed in data from the ALLHAT-LLT (pravastatin 40 mg versus usual care) 
and CARDS (atorvastatin 10 mg versus placebo) trials of 3,878 and 2,838 patients with type 2 diabetes, 
respectively. Model calibration was adequate in both external datasets, discrimination was moderate 
(c-statistics 0.64 (95% CI 0.61-0.67) (ALLHAT-LLT) and 0.68 (95% CI 0.64-0.72) (CARDS)).

Conclusions ARRs of major cardiovascular events by statin therapy can be accurately estimated for 
individual patients with type 2 diabetes using a model based on routinely available patient characteristics. 
There is a wide distribution in ARR that may complement informed decision-making.
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Introduction

Statin therapy is effective in preventing major cardiovascular events in patients with type 
2 diabetes mellitus with an average relative risk reduction that is similar to the effect of 
statins in patients without type 2 diabetes.1 Based on this, guidelines recommend statin 
therapy for most patients with type 2 diabetes.2, 3 In clinical practice, decision-making 
goes beyond relative effects from randomized trials and general recommendations from 
guidelines. Trial results are average effects on a group level and the effect in absolute 
risk terms for the individual patient depends on a patient’s specific characteristics. The 
absolute risk reduction (ARR) that can be expected for a patient provides information 
to discuss the individual benefit for statin therapy. Moreover, informed decisions about 
additional interventions to reduce the risk of cardiovascular events, such as potent sta-
tin therapy, or novel lipid-lowering therapies with biologicals, depend on the expected 
remaining risk of cardiovascular events when a patient is on moderate-intensity statin 
therapy. By translating trial results and guideline recommendations to an expected bene-
fit for the individual patient, individualized treatment effects may contribute to shared 
decision-making as part of personalized cardiovascular medicine. 4

Subgroup analyses, a traditional approach to individualize treatment effects, have not 
displayed any significant heterogeneity in the relative effect of statins in patients with 
type 2 diabetes between most subgroups examined.1 However disadvantages of sub-
group analysis should be acknowledged, including that only one characteristic is studied 
at a time, while treatment effects are likely to be determined by a combination of patient 
characteristics.5-7 Estimated treatment effects based on several patient characteristics, as 
well as the expected remaining risk when a patient is treated with a statin, might be more 
informative than average effects and recommendations from guidelines for both patients 
and clinicians. Therefore we aimed to develop and validate a multivariable prediction 
model for absolute risk reduction of major cardiovascular events by statin therapy for 
individual patients with type 2 diabetes. 

Methods

Analyses were performed in data from 9,441 patients with type 2 diabetes from three 
randomized trials: the Lipid Lowering Arm of the Anglo Scandinavian Cardiac Out-
comes Trial (ASCOT-LLA), the Collaborative Atorvastatin Diabetes Study (CARDS, 
ClinicalTrials.gov Identifier: NCT00327418) and the Lipid-Lowering Trial subgroup 
from the Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack 
Trial (ALLHAT-LLT, ClinicalTrials.gov Identifier: NCT00000542).8-13 In short, AS-
COT-LLA included patients aged 40-79 in the United Kingdom and Scandinavia with 
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hypertension and ≥3 cardiovascular risk factors, without previous coronary heart disease 
(CHD).14 The effect of 10 mg atorvastatin was compared with placebo among a sub-
group of patients with type 2 diabetes with total cholesterol (TC) levels <6.5 mmol/L. 
ALLHAT-LLT included patients in North America aged ≥50 with hypertension and at 
least one additional risk factor. Pravastatin 40 mg was compared with usual care in pa-
tients with triglycerides lower than 4.0 mmol/L and LDL-cholesterol between 3.1–4.9 
mmol/L (2.6–3.3 mmol/L if they had a history of cardiovascular events).12 Twenty-eight 
patients (0.7%) were excluded because follow-up time was missing. In CARDS, patients 
aged 40-75 with type 2 diabetes, LDL-cholesterol <4.14 mmol/L, triglycerides <6.78 
mmol/L, and no history of cardiovascular disease but with at least one additional risk 
factor, were recruited in the UK and the Republic of Ireland and randomized to ator-
vastatin 10 mg or placebo.9 The effect of statin therapy in ALLHAT was relatively low 
and non-significant (HR for major cardiovascular events in patients with type 2 diabetes 
0.85, 95% CI 0.71-1.02), which was probably partly due to a relatively high crossover 
to statin treatment in the non-blinded usual care arm (17% by 4 year). Nevertheless, 
pravastatin 40 mg and atorvastatin 10 mg result in similar reductions in event rates and 
are both considered moderate-intensity statins.15 Therefore in this study we refer to “mo-
derate-intensity statin therapy” rather than atorvastatin or pravastatin. 
To enable external validation of the developed model, we decided to perform model de-
velopment in one dataset and to reserve the other two for model validation. For model 
derivation the ASCOT data were used, since the cardiovascular risk of the ASCOT po-
pulation is in between the ALLHAT and CARDS populations (yearly event rate 1.9% 
in ASCOT, 2.6% in ALLHAT and 1.6% in CARDS) and ASCOT is a relatively hetero-
geneous population due to their inclusion criteria (e.g. patients with and without vascu-
lar disease and geographically diverse) . We therefore expected a model fitted in ASCOT 
to result in the most generalizable model. Since trials generally are selected populations, 
a sensitivity analysis was performed by testing the performance of the presented model 
in an observational population. For this, data from the observational Dutch SMART 
cohort16 were used of 1,758 patients with type 2 diabetes (Supplemental Table 1) with 
and without a history of vascular disease that were enrolled between 1996 and 2013 and 
followed up every six months in which 303 major cardiovascular events were observed 
during a median of 6.1 year follow-up (IQR 3.1-9.4). 
The applied criteria for diagnosis of type 2 diabetes in the study populations are shown 
in Supplemental Table 2. Endpoints were adjudicated by investigators (ALLHAT) and 
independent, blinded Endpoint Committees (ASCOT, CARDS and 10% of the end-
points in ALLHAT). All trials obtained approval from institutional review boards and 
all participants provided written informed consent. Throughout the paper, the datasets 
are referred to as ASCOT, ALLHAT and CARDS.
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Model development
A Cox proportional hazards model was fitted including eight pre-specified predictors 
measured at baseline and based on literature and whether predictors were measured in 
the three trials. These included the five most frequently used predictors in cardiovas-
cular risk models17: age, sex, current smoking, systolic blood pressure and a measure 
of blood lipids. Non-HDL cholesterol (total minus HDL-cholesterol) was chosen as 
measure of dyslipidaemia, being easily calculated, having good predictive value for car-
diovascular events and being increasingly recommended in guidelines to be used in 
clinical practice.18-20 The other three predictors were history of cardiovascular events, 
fasting plasma glucose level and treatment allocation (statin or placebo). History of car-
diovascular events was a self-reported or physicians’ record of overt clinically manifest 
disease including peripheral artery disease (PAD), CHD or cerebrovascular disease. In 
ASCOT, this variable consisted of a history of vascular disease other than CHD, since 
this was an exclusion criterion. CARDS included a few patients with non-severe PAD. 
Fasting plasma glucose was chosen since HbA1c or details on diabetes duration were 
not available in ASCOT and ALLHAT. No additional predictor selection was perfor-
med, since the predefined predictors were known predictive for cardiovascular disease.21 
The outcome of interest was a composite of non-fatal myocardial infarction, non-fatal 
ischemic or hemorrhagic stroke and cardiovascular death, which was chosen since this 
is a clinically relevant outcome and is the most accepted outcome for prediction models 
in clinical guidelines. In ASCOT, 164 major cardiovascular events occurred during a 
median follow-up of 3.2 years, this was 454 in ALLHAT during 4.5 years and 172 in 
CARDS during 4.0 years. To obtain reliable predictions, the baseline survival of the 
model was estimated at the median follow-up time in ASCOT and extrapolated to 
10 years to result in predictions that are consistent with the 10-year time span that is 
generally applied in clinical guidelines. Linear extrapolation of the baseline hazard was 
performed, assuming a constant hazard and thus exponential survival over time, which 
is a reasonable assumption for cardiovascular disease.22 Multivariable effect modification 
was tested by comparing a model with all interactions between treatment allocation and 
single predictors to the model without interactions with a likelihood ratio test (LRT). 
No single interactions with treatment effect were tested, since previous literature has 
not displayed any significant heterogeneity in the relative treatment effect between most 
subgroups examined, suggesting that an interaction between statin treatment and single 
patient characteristics is unlikely.1 Second, an interaction between baseline cardiovascu-
lar risk and treatment allocation was tested in all three datasets. Significance levels for 
LRT and interaction terms were set at a p-value of 0.05.

Continuous predictors were truncated at the 1st and 99th percentile to limit the effect 
of outliers, since outliers may be unrealistic values and may be of such influence to the 
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effect estimates that this limits generalizability of the model to patients outside the de-
rivation dataset.21 Linearity of continuous predictors was assessed with restricted cubic 
splines and transformed if this improved model fit based on Akaike’s Information Crite-
rion (AIC).21. Proportional hazard assumptions were evaluated using scaled Schoenfeld 
residuals. Missing data were singly imputed using predictive mean matching (aregImpu-
te-algorithm in R, Hmisc-package), assuming these values were missing at random, sin-
ce excluding patients with missing values may lead to bias and loss of statistical power.21 
Analyses were conducted with R statistical software V.3.1.0 and V.3.0.1 (www.R-pro-
ject.org). This paper was written in accordance with the TRIPOD guidelines for Trans-
parent Reporting of multivariable prediction models (www.tripod-statement.org).23

ARR calculation 
Estimated 10-year risks with and without treatment were calculated for each patient. 
ARR by statin therapy was calculated by subtracting a patient’s predicted risk on treat-
ment, from the predicted risk on placebo/usual care (risk off treatment – risk on treat-
ment = absolute risk reduction). Distributions of estimated risk and ARR were shown 
in histograms. Based on the estimated ARR, a 10-year individualized Number Needed 
to Treat (iNNT) was calculated (iNNT = 1/ARR*100), indicating how many patients 
with similar characteristics would have to be treated for 10 years to prevent one cardio-
vascular event.24

External validation and net benefit
The agreement between quintiles of predicted and observed event-free survival (calibra-
tion) was shown in calibration plots and formally tested with the Gronnesby and Borgan 
goodness-of-fit test.25 Discrimination was expressed by c-statistics. Since individuali-
zed treatment effects may support the process of shared decision-making, we aimed to 
evaluate the net benefit of using such a prediction model for treatment decisions on a 
population level. A net benefit analysis, as suggested by Vickers et al.,26 was performed 
for several levels of 10 year numbers willing to treat (NWT) in the pooled validation 
sets (ALLHAT and CARDS). A 10-year NWT is defined as the amount of patients 
with type 2 diabetes that one is willing to treat with a statin for 10 years to prevent one 
major cardiovascular event. The NWT thereby defines the threshold (1/NWT*100 = 
threshold ARR) above which the expected benefit from treatment with a statin is consi-
dered to outweigh disadvantages of treatment, such as side effects and costs. The NWT 
is thus subjective and conditional on disadvantages of 10-year treatment. The predic-
tion-guided treatment strategy was compared to treating no one and treating everyone 
(Supplemental Methods).
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Results

Baseline characteristics 
Baseline characteristics of the study populations are shown in Table 1. Baseline 
LDL-cholesterol varied with an average of 3.0 mmol/L in CARDS, 3.3 mmol/L in AS-
COT, and 3.8 mmol/L in ALLHAT as defined by the inclusion criteria of the trials. The 
percentage of women was relatively low in ASCOT (23%) and CARDS (32%) compa-
red to ALLHAT (52%) and the average blood pressure was higher in ASCOT than in 
ALLHAT and CARDS. In contrast to ASCOT and CARDS, the ALLHAT population 
was ethnically heterogeneous and included the highest proportion of patients with a 
history of cardiovascular events.

 
Table 1. Baseline characteristics  
  ASCOT ALLHAT CARDS 
  (n = 2,725) (n = 3,906) (n = 2,838) 
Age (y) 64 (8) 66 (7) 62 (8) 
Age range 40-79 55-93 40-75 
Female  621 (23) 2035 (52) 909 (32) 
Non-white ethnicity 247 (9) 1824 (47) 162 (6) 
Current smoking  600 (22) 501 (13) 631 (22) 
Systolic blood pressure (mmHg) 165 (17) 147 (15) 144 (16) 
Diastolic blood pressure (mmHg) 93 (10) 84 (10) 83 (8) 
Body mass index (kg/m2)  30 (5) 31 (6) 29 (4) 
        
Total cholesterol (mmol/L) 5.4 (0.8) 5.8 (0.7) 5.4 (0.8) 
LDL-cholesterol (mmol/L) 3.3 (0.7) 3.8 (0.6) 3.0 (0.7) 
HDL-cholesterol (mmol/L) 1.2 (0.3) 1.2 (0.3) 1.4 (0.3) 
Serum triglycerides (mmol/L) 1.6 (1.2- 2.3) 1.7 (1.2- 2.4) 1.7 (1.2- 2.4) 
Non-HDL cholesterol (mmol/L) 4.1 (0.8) 4.6 (0.7) 4.0 (0.8) 
Fasting glucose (mmol/L) 8.5 (2.7) 9.3 (3.7) 9.9 (3.2) 
Creatinine (µmol/L) 98 (17) 86 (25) 102 (15) 
        
History of cardiovascular disease 393 (14) 1171 (30) 97 (3) 
Previous antihypertensive treatment 2,290 (84) 3,606 (92) 1,896 (67) 
        

All data are displayed as mean (SD), median (interquartile range) or n (%); 
Note: due to inclusion criteria, in ALLHAT, lipid levels are on average lower in patients with a history 
of coronary heart disease (mean LDL-c 3.6 mmol/L) or without coronary heart disease (mean LDL-c 
3.8 mmol/L) 

	

Prediction of ARR by statin therapy in individual patients
The fitted model and its coefficients and hazard ratios are presented in Figure 1 and 
Supplemental Table 3. The addition of treatment interactions with all predictors did not 
improve model fit (LRT p-value 0.76). The relative effect of statin therapy was indepen-
dent of a patient’s baseline cardiovascular risk in all three datasets with p-values for the 
interaction term of 0.89, 0.94 and 0.39 in ASCOT, ALLHAT and CARDS respectively. 
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The predicted and observed event-free survival showed adequate agreement, as presen-
ted in the calibration plots in Figure 2  and supported by non-significant Gronnesby 
and Borgan tests (p-values 0.33 and 0.42 in ALLHAT and CARDS respectively). Dis-
crimination was moderate with c-statistics of 0.64 (95% CI 0.61-0.67) in ALLHAT and 
0.68 (95% CI 0.64-0.72) in CARDS. A sensitivity analysis of the validity of the pre-
diction model in observational data from patients with type 2 diabetes showed similar 
performance, with a c-statistic of 0.65 (95% CI 0.61-0.68), and reasonable calibration 
(Supplemental Figure 1 and a Gronnesby and Borgan p-value of 0.37), with a tendency 
towards overestimation of risk in the higher risk patients and underestimation in lower 
risk patients (Supplemental Figure 1). Some non-proportionality was observed for the 
coefficients of sex and fasting glucose (p=0.03 and p=0.02 respectively), although visual 
exploration of  the residual plots showed reasonable proportionality for both predictors 
(Supplemental Figure 2). Nevertheless, the coefficients for these predictors should be 
interpreted as the weighted average effect over follow-up time. For the other coefficients 

Predicted 10-year absolute risk reduction by statin therapy = off-treatment risk – on-treatment risk 

 

Off-treatment risk 

Prediction model: 1-0.8423^exp(A), where 

A = 0.0395* age in years - 0.1902 (if female) + 0.2930 (if currently smoking) + 0.0017 * systolic blood 

pressure in mmHg + 0.2539 * non-HDL cholesterol in mmol/L + 0.7655 (if  history of cardiovascular 

disease) + 0.0465 * glucose level in mmol/L  -   4.2627 

 

On-treatment risk 

0.80 * predicted risk 

 
Figure 1. Calculation of statin treatment effect on major cardiovascular events for the individual patient 
with type 2 diabetes 
Prediction of ARR by statin therapy in individual patients 
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and the overall model, the proportionality assumption was met. 
The median estimated 10-year risk of major cardiovascular events without a statin was 
17% (interquartile range (IQR) 13%–23%) in ASCOT, 21% (IQR 16%-30%) in AL-
LHAT and 15% (IQR 11%-19%) in CARDS (Figure 3A) .
As a consequence of the distribution in cardiovascular risk, the predicted 10-year ARR 
also varied widely with a median of 3.2% (IQR 2.5%-4.3%) or a median 10-year iNNT 
of 31 (IQR 23-41). The 95% confidence interval for an individualized ARR of 3.2% 
was -1.4%-6.7% and estimations were most precise for low ARRs (e.g. ARR of 1.0%, 
95% CI -0.5%-2.1%) compared to very high ARRs (ARR of 5.0%, 95% CI -2.2%-
10.7%). ARR by statin therapy was less than 2% for 13% of the patients with type 2 
diabetes (Figure 3B), translating to a 10-year individualized Number Needed to Treat 
(iNNT) that exceeds 50 for 13% of the patients with type 2 diabetes. Approximately 
31% of the patients had an ARR of more than 4%, which translates to a 10-year iNNT 
less than 25.

Net benefit
A translation of the model to clinical practice is shown in Table 2  and the net benefit 
curve in Figure 4 for a range of 10-year NWT. The “treat none” line in Figure 4 repre-
sents the net benefit of treating no one which is zero for all NWT. For 10-year NWT 
of less than 100, the net benefit of using individual predictions for decision-making is 
slightly higher compared to a strategy in which all patients are treated.

Figure 2. External calibration in ALLHAT and CARDS. Predicted and observed event-free survival for 
major cardiovascular events within quintiles of predicted risk and plotted at the median follow-up time 
of the specific dataset (left: ALLHAT, Gronnesby and Borgan p-value 0.33, c-statistic 0.64 (95% CI 
0.61-0.67); right: CARDS, Gronnesby and Borgan p-value 0.42, c-statistic 0.68 (95% CI 0.64-0.72)). 
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Figuur 3A: Figure 3A Distribution of estimated absolute risks and individualized treatment effects of statin therapy in 
ASCOT, ALLHAT and CARDS. 
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Figure 3B. Individualized treatment effects in all 9,441 patients with type 2 diabetes mellitus. 
	

Table 2. Inferences and consequences for clinical practice 

10-year NWT Treatment threshold (in 
% ARR) 

% of patients withheld 
from treatment§ 

Mean Tx-effect 
(ARR)¥ 

>100 <1% 0% 3.5% 
75 1.3% 2% 3.6% 
50 2% 13% 3.8% 
33 3% 53% 4.8% 

<25 >4% 69% 5.4% 
ARR indicates estimated individualized absolute risk reduction; NWT, number willing to treat; and Tx, 
treatment. §Percentage of patients that would not be treated with a statin given the 10-year NWT. ¥Predicted 
mean reduction in absolute risk of major cardiovascular events in those patients treated with statin. 
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Discussion

In this analysis of the ASCOT, ALLHAT and CARDS data, the absolute risk reductions 
of major cardiovascular events by moderate-intensity statin treatment were predicted in 
individual patients with type 2 diabetes. Among these trial participants there is a wide 
range (from 1% to 8%) in predicted 10-year ARR. Of all patients with type 2 diabetes, 
13% had <2% 10-year ARR (individualized 10-year NNT>50) and about a third of the 
patients had a 10-year ARR of >4% (10-year iNNT<25). This distribution in individual 
ARR is a consequence of the distribution in their baseline absolute cardiovascular risk. 
Depending on the number willing to treat, prediction-guided clinical decision-making 
results in slightly higher net benefit compared to treating all patients with type 2 dia-
betes.

The present findings are consistent with a similar analysis for statin therapy in the pri-
mary prevention in patients without diabetes27, in which also a wide variation was found 
in predicted ARR from statin therapy and the prediction model was associated with a 
higher net benefit than treating all patients for 10-year NWTs of 50 or lower.27 The 

	

Figure 4. Net benefit decision curve for statin therapy in patients with type 2 diabetes mellitus. The treatment thres-
hold indicates the percent of absolute risk reduction.
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present study shows that these conclusions are also applicable to patients with type 2 
diabetes.
Our findings confirm standard expectations3 that the relative effect of statin therapy is 
not affected by a patient’s baseline risk in three separate type 2 diabetes populations de-
spite very different risk profiles. This finding of a constant relative effect of statin across 
risk groups is important, as it supports a risk-based approach to select patients with type 
2 diabetes for statin therapy, resulting in highest benefit by treating higher risk patients. 

Current clinical guidelines recommend statin therapy for the majority of the patients 
with type 2 diabetes. The ADA and the ACC/AHA guidelines for example recommend 
statin therapy for all patients with type 2 diabetes over age 40.3, 28 The recent NICE 
guidelines introduced risk estimation in patients with type 2 diabetes and recommend 
treatment above a 10-year risk threshold of 10%.29 The appropriate selection strategy 
for statin use is currently controversial following the publication of the 2013 ACC/AHA 
Guidelines on the treatment of blood cholesterol.3, 30-32 Clearly, clinicians are reluctant 
to treat all patients regardless of individual characteristics or risk profiles. Individuali-
zed estimates of statin treatment effect may be complementary to current guidelines in 
several ways. First, since adherence to statin therapy is known to be poor,33 a targeted 
approach with appropriate informing of the individual patient may improve adherence. 
Previous studies have shown that communicating individual risk to the patient resulted 
in marginally better control of modifiable risk factors. 4, 34, 35  The potential additional 
value of communicating predicted treatment effects is just an hypothesis which could 
be evaluated in a future study. Additionally, since recommendations in guidelines are 
changing towards a more aggressive lipid-lowering treatment strategy for patients with 
diabetes,3, 28 information about the remaining 10-year risk of cardiovascular events if a 
patient is treated with a moderate-intensity statin (Supplemental Figure 3), can be used 
to discuss the need for further LDL-lowering. Based on the presented model incorpora-
ted in electronic patient records or by use of an online calculator, the estimated effect of 
statin therapy, as well as the on-treatment remaining risk of the individual patient, can 
easily be calculated and presented to the patient. 
 If patient selection for statin therapy would be based on the presented prediction mo-
del, this is likely to result in higher net benefit than a strategy in which all patients are 
treated (Figure 4), especially for 10-year NWTs of 50 or lower. This gain in net benefit 
is a result of not treating those patients for whom burdens of taking medicine exceed the 
potential individual benefit, i.e. whose predicted individual benefit of treatment does 
not exceed the predefined decision threshold. A 10-year NWT of 50 corresponds with 
initiation of statins in patients whose predicted 10-year risk exceeds 10%. This seems a 
reasonable threshold when compared to the thresholds of 7.5% to 10% that are applied 
in current clinical guidelines for primary prevention2, 3, 29 and even more when compa-
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red to the secondary prevention setting, in which NNTs are clearly lower with average 
5-year NNTs ranging from 15 to 33, corresponding with 10-year NNTs of 8 to 17.36 
For preventive therapies that are associated with considerably higher NNTs, such as 
blood-pressure lowering therapy (5-year NNTs between 80-16036, corresponding with 
10-year NNTs between 40-80), previous studies have shown that applying a prediction 
model may similarly result in higher net benefit compared to a strategy in which all 
patients are treated.37, 38 
Importantly, in patients at relatively high risk of cardiovascular events, the net benefit 
of a prediction-based treatment strategy will be comparable to a strategy in which all 
patients are treated, since high risk patients are likely to exceed the treatment threshold 
and therefore all will be treated in both scenarios. Therefore, the additional value of a 
prediction-based strategy lies in selective treatment of patients in the lower risk groups 
(not exceeding the treatment threshold). Due to inclusion criteria, all patients in the 
present study populations had at least one additional risk factor. In daily clinical practice 
however, the risk factor distribution is known to be more favorable (e.g. lower levels for 
blood pressure and lipids and less patients with a history of cardiovascular disease com-
pared to the present study populations).39 Therefore, the net benefit of the prediction 
model is likely to be even higher in daily clinical practice in which the prevalence of 
lower risk patients is higher than in the present study populations. 

Some limitations of randomized trials are not overcome with the method presented in 
this study. First, the choice of predictors was limited by the variables available in the 
three trials. For example we aimed to include a diabetes specific predictor. Although 
other measures of diabetes regulation, such as Hba1c or diabetes duration would have 
been preferred, fasting glucose is known to be strongly correlated to HbA1c and is 
predictive for cardiovascular disease.40-42 Second, we did not make a comparison with 
currently existing risk scores. Reasons for this included the fact that risk scores for pa-
tients with diabetes that are currently adopted in clinical guidelines, such as the ASCVD 
, JBS3 or QRISK models17, 43, 44, are not applicable to patients with a history of cardio-
vascular events while our study aimed to cover a broad population including patients 
with a history of cardiovascular disease. Also it should be noted that existing prediction 
models for patients with type 2 diabetes are known to perform generally moderate, even 
after recalibration.45 Moreover, it was recently shown that absolute risk reductions esti-
mated with models that are internally developed in trial data result in very limited bias 
compared to predictions based on existing external risk scores, given that the number of 
events per predictor does not exceed ten.46 Also the fact that the newly developed model 
performs well in two external validation sets in which the patients differ considerably in 
baseline characteristics (Table 1) as well as in an observational cohort of patients with 
type 2 diabetes (Supplemental Figure 1), is reassuring for the generalizability of this 
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model to a broad range of patients with type 2 diabetes. 
Finally, as with all risk models, risk predictions include a variable degree of uncertainty. 
Highest accuracy was seen for the lower ARRs, for which individualized weighing of 
benefit and disadvantages of treatment is most relevant. The single imputation methods 
used in the present study might have resulted in some overstatement of this precision. 
Nevertheless the estimates made are the best available for each individual and the uncer-
tainty around that prediction therefore is of less clinical relevance as the point estimate 
is the most reliable prediction for clinical decision-making.

In conclusion, the absolute reduction of cardiovascular risk by moderate-intensity statin 
therapy and the remaining risk when on statin therapy can be predicted for individual 
patients with type 2 diabetes using a prediction model based on trial data. There is a 
wide range in ARR which is a consequence of the distribution in baseline cardiovascular 
risk. The approach presented in this paper may be of additional value in personalizing 
cardiovascular medicine in patients with type 2 diabetes.
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Supplemental Methods. Net benefit decision curve

The net benefit decision curve, suggested by Vickers et al., provides the net benefit on 
group level for several decision-making strategies and for a range of 10-year treatment 
thresholds.1 The treatment threshold is the ARR above which the effect of treatment is 
considered to outweigh disadvantages of treatment, such as side effects and medicaliza-
tion. For this consideration, a 10-year number willing to treat (NWT) can be defined, 
expressing the amount of patients that one is willing to treat for 10 years, to prevent one 
major cardiovascular event.2 The net benefit on a group level can be increased compared 
to a strategy in which all patients are treated, by selecting patients that exceed this thres-
hold and not treating those patients for whom burdens of taking medicine exceed the 
potential individual benefit.  Although for statin therapy in patients with type 2 diabetes 
the 10-year NWT is likely to be high, the NWT may change between guideline makers, 
health care providers and patients. Therefore the net benefit of ARR-guided treatment 
decisions was evaluated for several ARR thresholds (thus for several NWTs). The net be-
nefit represents the balance between benefit and disadvantages of treatment for a specific 
treatment threshold. The net benefit is calculated as the benefit of treating the subgroup 
of patients that exceed a predicted ARR treatment threshold, expressed as the decrease 
in event rate, minus the disadvantages of treatment, expressed as the treatment rate mul-
tiplied by the treatment threshold (net benefit = decrease in event rate – treatment rate 
× treatment threshold).1  Since the appropriate threshold may vary between different 
patients and clinicians, the net benefit was calculated for several treatment thresholds 
ranging from a 10-year ARR treatment threshold of 0% to 5% (10-year NWT between 
infinite and 20).
For example, say the 10-year NWT is 50. This means that one is willing to treat 50 
patients for 10 years to prevent one major cardiovascular event. The treatment threshold 
of a 10-year NWT of 50 is 2% (1/50). If this treatment threshold would be applied to 
all 9,441 study participants, this would result in 87% of the patients being treated with 
an average ARR on group level of 3.8% (Table 2, main text). As can be seen from the 
net benefit curve (Figure 4, main text), if a treatment threshold of 2% would be applied 
on a group level, this would result in similar to slightly higher net benefit than treating 
all patients.
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Supplemental Table 2. Diabetes diagnoses in ASCOT, ALLHAT and CARDS 
Trial Applied definition of diabetes mellitus type 2  

ASCOT Self-reported history and receiving any treatment including dietary advice, oral 

hypoglycemic agents, or insulin. Participants were also considered to have type 

2 diabetes if they had a fasting glucose >6.0 mmol/L and a 2 hour value of 

≥11.1mmol/L after a 75 g oral glucose load at baseline.3 

ALLHAT Plasma glucose >7.8 mmol/L (fasting) or >11.1 mmol/L (nonfasting) or on oral 

hypoglycemic agents.4 

CARDS WHO criteria 1985: fasting glucose ≥7.8 mmol/L or ≥11.1 mmol/L 2 hours after 

a 75 g oral glucose load.5  

 
	

	

Supplemental Table 1. Baseline characteristics of the observational 
SMART population 
    
  SMART 
  (n = 1,758) 
Age (y) 60 (10) 
Female  537 (31) 
Current smoking  436 (25) 
Systolic blood pressure (mmHg) 146 (21) 
Diastolic blood pressure (mmHg) 83 (12) 
Body mass index (kg/m2)  29 (5) 
   
Total cholesterol (mmol/l) 4.9 (1.4) 
LDL-cholesterol (mmol/l) 2.8 (1.1) 
HDL-cholesterol (mmol/l) 1.1 (0.3) 
Serum triglycerides (mmol/l) 1.7 (1.2- 2.5) 
Non-HDL cholesterol (mmol/l) 3.7 (1.4) 
Fasting glucose (mmol/l) 8.8 (3.0) 
Creatinine (µmol/l) 93 (43) 
   
History of cardiovascular disease 1207 (69) 
Previous antihypertensive treatment  1344 (76) 
     
All data are displayed as mean (SD), median (interquartile range)  
or n (%) 
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Supplemental Table 3. Model coefficients and hazard ratios 
          
  Coefficient LRT p-value HR (95% CI) 
Age in years 0.0395 14.0 <0.01 1.04 (1.02-1.06) 
Female sex -0.1902 1.1 0.30 0.83 (0.57-1.19) 

Current smoking 0.2930 2.4 0.12 1.34 (0.93-1.92) 
Systolic blood pressure (mm Hg) 0.0017 0.1 0.71 1.002 (0.993-1.011) 
Non-HDL cholesterol in mmol/l  0.2539 6.8 <0.01 1.29 (1.07-1.56) 
History of cardiovascular disease 0.7655 16.8 <0.01 2.15 (1.52-3.04) 
Fasting glucose in mmol/l 0.0465 2.4 0.12 1.05 (0.99-1.11) 
Treatment with statin (versus placebo) -0.2216 2.0 0.16 0.80 (0.59-1.09) 
LRT: likelihood ratio test; HR: hazard ratio 

	

 

Supplemental Figure 1. External calibration in the observational SMART population of 1,758 patients 
with type 2 diabetes. Predicted and observed event-free survival for major cardiovascular events within 
quintiles of predicted risk and plotted at the median follow-up time in SMART, Gronnesby and Borgan 
p-value 0.37, c-statistic 0.65 (95% CI 0.61-0.68)). 
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Supplemental Figure 2. Plotted Schoenfeld Residuals for the predictors sex and fasting glucose 
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Abstract

Background Among patients with clinically manifest vascular disease, the risk of recurrent vascular events 
is likely to vary. We assessed the distribution of estimated 10-year risk of recurrent vascular events in a sec-
ondary prevention population. We also estimated the potential risk reduction, as well as the residual risk, 
that can be achieved if patients reach guideline-recommended risk factor targets.

Methods The SMART (Second Manifestations of ARTerial disease) score for 10-year risk of myocardial 
infarction, stroke or vascular death was applied to 6,904 patients with vascular disease. The risk score 
was externally validated in 18,436 patients with various manifestations of vascular disease from the TNT, 
IDEAL, SPARCL and CAPRIE trials. The residual risk at guideline-recommended targets was estimated 
by applying relative risk reductions from meta-analyses to the estimated risk for targets for systolic blood 
pressure, LDL-cholesterol, smoking, physical activity and use of antithrombotic agents. 

Results The external performance of the SMART risk score was reasonable, apart from overestimation of 
risk in patients with 10-year risk >40%. In patients with various manifestations of vascular disease, median 
10-year risk of a recurrent major vascular event was 17% (IQR 11-28%), varying from <10% in 18% to 
>30% in 22% of the patients. If risk factors were at guideline-recommended targets, the residual 10-year 
risk would be <10% in 47% and >30% in 9% of the patients (median 11% (IQR 7-17%)). 

Conclusions Among patients with vascular disease, there is very substantial variation in estimated 10-year 
risk of recurrent vascular events. If all modifiable risk factors were at guideline-recommended targets, half of 
the patients would have a 10-year risk of <10%. These data suggest that even with optimal treatment, many 
patients with vascular disease will remain at >20% and even >30% 10-year risk, clearly delineating an area 
of substantial unmet medical need. 
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Introduction 

Patients with a clinical manifestation of vascular disease are generally considered to be 
at high risk of recurrent major vascular events and mortality.1, 2 In order to reduce this 
risk, guidelines recommend strict targets for LDL-cholesterol and blood pressure, as 
well as for lifestyle risk factors.1, 2 Whereas previous reports have demonstrated consi-
derable variation in the risk of future vascular events in the primary prevention setting,3, 

4 little is known about the distribution of risk in patients with known vascular disease. 
Vascular event rates have declined over the last few decades.5 With the emergence of 
novel therapeutic options for the prevention of (recurrent) vascular events, such as an-
ti-inflammatory agents and PCSK9-inhibitors,6, 7 the question arises whether patients 
with vascular disease can all be considered at high vascular risk, in particular if they are 
treated according to current guidelines. Insight in risk distributions, residual risk and 
the additional risk reduction achieved with guideline-recommended targets may provide 
essential information to guide clinicians to the best therapeutic approach. 
In the present study we estimated the variation in 10-year risk of recurrent vascular 
events among patients with clinically manifest vascular disease (coronary artery disease, 
cerebrovascular disease, peripheral artery disease or an abdominal aortic aneurysm), 
using the SMART risk score.8 The SMART risk score was recently developed and ex-
ternal validity is essential before widespread use is justified. Therefore, we tested the 
performance of the SMART risk score in three external populations of patients with 
vascular disease originating from the TNT, IDEAL, SPARCL and CAPRIE trials.9-12 
Furthermore, we estimated the risk reduction which might be achieved by reaching 
guideline-recommended risk factor targets and provide estimates of the residual risk in 
the secondary prevention setting. 

Methods 

Study population
Study participants originated from the SMART study, an ongoing prospective cohort 
study at the University Medical Center Utrecht in The Netherlands. A detailed des-
cription is published previously.13 For the present study we used data of 6,904 patients 
enrolled between 1996 and 2013. At enrollment patients were aged 18-80 and were in 
a stable phase after a clinical manifestation of vascular disease, including coronary arte-
ry disease (CAD, n=3,282), cerebrovascular disease (CVD, n=1,491), peripheral artery 
disease (PAD, n=805), an abdominal aortic aneurysm (AAA, n=255) or polyvascular 
disease (vascular disease in two or more locations, n=1,071).8, 13 We excluded patients 
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with a terminal malignancy and those who weren’t independent in activities of daily li-
ving or not sufficiently fluent in Dutch language for purposes of informed consent. Risk 
factors were measured at enrollment using questionnaires, blood samples and physical 
examination. More details on definitions of vascular disease, outcomes and inclusion 
and exclusion criteria are presented in Supplemental Table 1. The SMART study com-
plies with the Declaration of Helsinki, the UMCU Ethics Committee approved the 
study and all participants gave written informed consent. 

Risk of recurrent vascular events
The estimated 10-year risk of the composite outcome of myocardial infarction, stroke or 
cardiovascular death was calculated with the SMART risk score (Supplemental Methods) 
based on the following predictors: age, sex, current smoking, diabetes mellitus, systo-
lic blood pressure (mmHg), total cholesterol (mmol/L), HDL-cholesterol (mmol/L), 
presence of CAD, CVD, PAD and/or AAA, eGFR (ml/min/1.73 m²), hsCRP (mg/L) 
and years since the first manifestation of vascular disease.8 The estimated risks were 
plotted in histograms in order to graphically show the variation in risk. Since the risk 
of recurrent events is known to vary between patients with vascular disease in different 
locations, analyses were also performed stratified for the location of vascular disease.

External validity of the SMART risk score
We tested the external validity of the SMART risk score in three populations: in 9,447 
patients with CAD from the usual-dose statin arm of the Treating to New Targets 
(TNT) and Incremental Decrease in End Points Through Aggressive Lipid Lowering 
(IDEAL) trials (ClinicalTrials.gov identifiers: NCT00327691 and NCT00159835)11, 

12, in 2,366 patients with CVD from the placebo arm of the Stroke Prevention by Ag-
gressive Reduction in Cholesterol Levels (SPARCL)  trial (ClinicalTrials.gov identifier: 
NCT00147602)9, and in 6,623 patients with PAD from both arms of the Clopidogrel 
versus Aspirin in Patients at Risk of Ischaemic Events (CAPRIE) trial.10  Notably, no sui-
table cohorts of patients with AAA or polyvascular disease were available for the present 
analyses (Supplemental Methods). Although patients with AAA (n=429) or polyvascular 
disease (n=4,388) were represented in the three validation populations, further validati-
on studies in these patient populations are required. Performance was assessed in terms 
of calibration (the agreement between predicted and observed risks) and discrimination 
(the extent to which patients that develop an event also had higher estimated risk than 
patients that did not experience the event of interest). Details are provided in Supple-
mental Methods and Supplemental Tables 1 and 2. 

Risk factor targets from secondary prevention guidelines
Targets were based on the European Society of Cardiology (ESC) guidelines on cardio-
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vascular disease prevention in clinical practice (version 2012) and the 2011 updated 
American Heart Association/American College of Cardiology Foundation (AHA/
ACCF) secondary prevention guidelines.1, 2 The six targets that are recommended for all 
patients with vascular disease were smoking cessation, LDL-cholesterol (<2.6 mmol/L 
for high risk patients and <1.8 mmol/L for very high risk patients), systolic blood pres-
sure (<140 mmHg and diastolic blood pressure <90 mmHg), use of at least one anti-
platelet or anticoagulant agent, moderate-intensity physical activity (30 minutes at least 
five times a week, equivalent to 11.25 metabolic equivalent of task (MET)) and body 
mass index (BMI, between 18.5 and 25 kg/m2 (Supplemental Table 3A)). The HbA1c 
target for patients with diabetes was not taken into account, since literature on the effect 
of HbA1c lowering on major vascular events in patients with vascular disease is limited. 
One therapeutic meta-analysis as well as one observational study that did evaluate this 
relation, showed no clear association.14, 15 

Residual risk if patients are at guideline-recommended risk factor targets 
Estimates of the reducible and residual risk obtained by achieving guideline-recom-
mended risk factor targets were derived from previous studies, as presented in Supple-
mental Table 3A. For the blood pressure, lipid and antithrombotic/anticoagulant targets, 
effects from meta-analyses of randomized trials were used.16-19 For smoking cessation, a 
relative risk reduction of 0.74 was derived from a study in patients with CAD.20 This is 
a relatively conservative estimate compared to a meta-analysis that showed HRs of 0.68 
for myocardial infarction and 0.64 for mortality separately.21 This HR was chosen in 
order to prevent overoptimistic estimations of the reducible risk in these patients. For 
physical activity improvement we used the effect on major vascular events in patients 
with diabetes mellitus with and without a history of vascular disease.22 For the weight 
target no effect on major vascular events was assumed, since in secondary prevention 
settings the effect of intentional weight loss is not proven.23 Moreover, the beneficial 
effects of weight reduction are also captured in the targets for physical activity, lipids 
and systolic blood pressure. In addition, we considered potential associations between 
risk factors, i.e. whether modifying one risk factor also influenced the levels of other risk 
factors (Supplemental Table 3B). Based on the available literature, we concluded that 
an increase in physical activity is likely to influence a patient’s blood pressure.24 There-
fore, we performed a sensitivity analysis excluding the physical activity target from the 
analyses. Importantly, we assumed there were no interactions between the effects of risk 
factor modification on the reduction of vascular risk, as data on potential interactions 
are limited and across those subgroups examined, the relative risk reductions applied in 
the present study showed no clear heterogeneity.16-18
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Statistical Analysis
Analyses were performed with R statistical software V.3.1.1. Missing data were imputed 
using 10-fold multiple imputation by predictive mean matching (R-package MICE) 
including other predictors and the outcome, assuming that these values were missing at 
random, and were pooled using Rubin’s rules.25, 26 In this method, the imputed value is 
taken from the observed values in the dataset that are nearest to the predicted value of 
the missing variable based on covariate and outcome data. Missing data in SMART were 
≤1% for smoking status, systolic blood pressure, total cholesterol, HDL-c, eGFR, MET, 
history of CAD, CVD or PAD and years since first diagnosis of vascular disease, 2% for 
hsCRP and 4% for LDL-c. Missing data were <1% of each variable in the CAD external 
validation population, <1% systolic blood pressure, total cholesterol, HDL-cholesterol 
and eGFR and 47% CRP in the CVD external validation population; and <1% years 
since first manifestation of vascular disease and eGFR, 7% total cholesterol, 64% for 
systolic blood pressure and 71% for HDL-cholesterol in the PAD external validation 
population. In the PAD population the variable “years since first manifestation of vas-
cular disease” applied to years since first manifestation of PAD even if patients also had 
CAD or CVD. For the non-available variable hsCRP in the CAD and PAD validation 
cohorts, we imputed age-, sex- and vascular disease specific median values of hsCRP 
based on data from the SMART study (details are provided in Supplemental Methods). 
External validity of the SMART risk score was evaluated in terms of discrimination and 
calibration as described in detail in Supplemental Methods. Reducible and residual risks 
were calculated based on the estimated 10-year risks and expected relative risk reduc-
tions for each target based on previous literature (Supplemental Table 3A-B). A detai-
led patient example of the calculations is provided in Supplemental Table 3C. For the 
lipid goal, we first estimated the off-treatment LDL-cholesterol level for patients who 
were already on lipid-lowering therapy based on the average percentage LDL-choles-
terol reduction that is associated with the therapy a patient already received.27 Guideli-
ne-recommended control was defined as reaching a 50% reduction LDL-cholesterol,1 
or reaching the target of 2.6 (high risk patients) or 1.8 mmol/l (very high risk patients)1, 

2 if this was less than 50% reduction. Based on the estimated individual reduction of 
LDL-cholesterol, a patient-specific relative risk reduction was used to estimate 10-year 
reducible and residual risk (Supplemental Table 3C).17 For the blood pressure target a 
similar approach was applied: guideline-recommended control was defined as a maxi-
mum of 3 different classes of blood pressure-lowering agents for which an average re-
duction in systolic blood pressure was assumed,27 or reaching the target <140 mmHg if 
this was achieved with less than 3 agents. Based on the estimated systolic blood pressure 
reduction, the average effect of blood pressure lowering agents on major vascular events 
per 5 mmHg reduction in systolic blood pressure (hazard ratio of 0.83) was used to 
estimate the reducible risk.
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Since guideline recommendations for treatment targets have changed over time, we per-
formed a sensitivity analysis in the subset of patients enrolled in the period 2008-2013, 
which is after publication of the second most recent ESC and AHA/ACCF guidelines 
for secondary prevention.28, 29

Results

Patient characteristics
Patient characteristics are shown stratified for estimated risk in Table 1  and for locati-
on of vascular disease in Table 2 . On average, patients in the SMART cohort were 60 
years old (SD 10), 74% was male, 32% was current smoker and 18% had a history of 
diabetes mellitus. Sixty percent of the patients had a history of CAD, 29% had CVD, 
19% PAD, and 9% had an AAA. Of these patients, 16% had vascular disease in two or 
more locations.

Variation in estimated 10-year risk of recurrent vascular events in patients with vascular 
disease
There was wide variation in estimated 10-year risk of recurrent vascular events and mor-
tality in patients with vascular disease varying from <5% to >50% (Figure 1) (median 
estimated risk 17%, IQR 11%-28%). Eighteen percent of the patients had a 10-year 
risk of <10%, whereas 22% were at >30% 10-year risk. The estimated risk of recurrent 
vascular events varied substantially between patients with different clinical manifestati-
ons of vascular disease (Table 2), CAD patients having the lowest risks (median 14%, 
IQR 10%-20%), and patients with polyvascular disease having the highest risks (medi-
an 35%, IQR 23%-54%).

External validation of the SMART risk score in TNT, IDEAL, SPARCL and CAPRIE
After recalibration in the CVD and PAD validation populations (SPARCL and CA-
PRIE) separately, calibration appeared reasonable in all three external populations (Sup-
plemental Table 4 and Supplemental Figure 1A). Systematic overestimation of risk was 
seen among patients with an estimated 5-year risk >25% (Supplemental Figure 1B), 
corresponding with an estimated 10-year risk of more than 40% and underestimation 
of risk was seen among CAD patients with a 5-year risk <20% (10-year risk less than 
35%). Gronnesby and Borgan p-values were <0.01, 0.18 and 0.44 in the CAD, CVD 
and PAD populations respectively. Discrimination was modest with c-statistics of 0.63 
(95% CI 0.61-0.65) in CAD patients (TNT/IDEAL), 0.62 (95% CI 0.59-0.65) in 
CVD patients (SPARCL), 0.66 (95% CI 0.63-0.68) in PAD patients (CAPRIE) and 
0.64 (95% CI 0.63-0.65) in the pooled populations.
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Estimated reducible and residual 10-year risk of recurrent vascular events and mortality 
The overall median reducible risk was 5% (IQR 2%-11%). This additional reducible 
risk was highest in patients with AAA (16%, IQR 9%-22%) and lowest in patients with 
CAD (3%, IQR 1%-6%). Figure 2  shows an illustration of the reducible risk per risk 
factor and stratified for location of vascular disease. After optimal control of risk factors 
as advocated in guidelines, the estimated residual 10-year risk of recurrent vascular even-
ts varied substantially (Figure 3 ) with about half of the patients (47%) at <10% risk and 
9% at >30% risk despite guideline-recommended control of risk factors. This residual 
risk also varied between patients with different types of vascular disease with patients 
with polyvascular disease having the highest estimated residual risk (median 22%, IQR 

 
Table 1. Patient characteristics stratified for estimated 10-year risk of recurrent vascular events  

  10-year risk 10-year risk 10-year risk 10-year risk 
  <10% 10-20% 20-30% ≥30% 
  (n = 1,243) (n = 2,861) (n = 1,270) (n = 1,530) 
Age (years) 51 (8) 57 (9) 64 (8) 69 (7) 
Male sex 804 (65) 2,113 (74) 953 (75) 1,221 (80) 
Diabetes mellitus 60 (5) 402 (14) 293 (23) 455 (30) 
Systolic blood pressure (mmHg) 129 (16) 138 (19) 146 (21) 151 (22) 
Diastolic blood pressure (mmHg) 79 (10) 82 (11) 82 (12) 82 (12) 
      

Total cholesterol (mmol/l) 4.5 (1.0) 4.8 (1.2) 5.0 (1.3) 5.2 (1.3) 
LDL-cholesterol (mmol/l) 2.5 (0.8) 2.9 (1.0) 3.0 (1.1) 3.2 (1.1) 
HDL-cholesterol (mmol/l) 1.4 (0.4) 1.2 (0.4) 1.2 (0.3) 1.1 (0.3) 
Triglycerides (mmol/l) 1.1 (0.8-1.6) 1.4 (1.0-2.0) 1.5 (1.1-2.2) 1.6 (1.1-2.3) 
eGFR (MDRD) (ml/min/1.73m2) 83 (12) 80 (15) 75 (18) 64 (22) 
C-reactive protein (mg/l) 0.8 (0.5-1.6) 1.8 (0.9-3.7) 2.8 (1.5-5.7) 3.9 (2.0-7.9) 
      

Coronary artery disease  858 (69) 1,579 (55) 528 (42) 315 (21) 
Cerebrovascular disease  282 (23) 667 (23) 283 (22) 260 (17) 
Peripheral artery disease  88 (7) 393 (14) 175 (14) 149 (10) 
Abdominal aortic aneurysm 3 (0) 32 (1) 64 (5) 156 (10) 
Polyvascular disease 12 (1) 189 (7) 220 (17) 650 (42) 
Years since first vascular event  0 (0-1) 0 (0-1) 0 (0-6) 4 (0-15) 

      

Guideline targets     
Not at smoking target 247 (20) 1,015 (36) 427 (34) 532 (35) 
Not at blood pressure target 340 (27) 1,292 (45) 774 (61) 1,039 (68) 
Not at lipid target 986 (79) 2,492 (87) 1,120 (88) 1,412 (92) 
Not at physical activity target 117 (9) 494 (17) 267 (21) 477 (31) 

Mets per week 44 (25-70) 38 (18-69) 36 (15-65) 26 (7-53) 
Not at weight target 731 (59) 2,036 (71) 905 (71) 1,037 (68) 

Body Mass Index (kg/m2) 26 (4) 27 (4) 27 (4) 27 (4) 
Not at antiplatelet/anticoagulant target 191 (15) 495 (18) 244 (20) 298 (21) 
     

All data are displayed as mean (SD), median (interquartile range) or n (%) 
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Table 2. Baseline characteristics of the SMART population stratified for location of vascular disease 

  CAD  CVD  PAD AAA Polyvascular 
  (n = 3,282) (n = 1,491) (n = 805) (n = 255) (n = 1,071) 
Age (years) 60 (10) 58 (11) 58 (11) 65 (10) 63 (9) 
Male sex  2,655 (81) 867 (58) 502 (62) 218 (85) 849 (79) 
Diabetes mellitus 599 (18) 197 (13) 134 (17) 32 (13) 247 (23) 
Systolic blood pressure (mmHg) 137 (20) 142 (22) 146 (21) 144 (20) 144 (21) 
Diastolic blood pressure (mmHg) 81 (11) 83 (12) 82 (11) 85 (12) 80 (12) 
            
Total cholesterol (mmol/l) 4.6 (1.1) 5.0 (1.2) 5.6 (1.2) 5.4 (1.3) 4.9 (1.2) 
LDL-cholesterol (mmol/l) 2.7 (0.9) 3.0 (1.1) 3.5 (1.1) 3.4 (1.2) 2.9 (1.0) 
HDL-cholesterol (mmol/l) 1.2 (0.3) 1.3 (0.4) 1.3 (0.4) 1.2 (0.4) 1.2 (0.4) 
Triglycerides (mmol/l) 1.4 (1.0-1.9) 1.3 (0.9-1.8) 1.5 (1.1-2.2) 1.4 (1.1-2.0) 1.6 (1.1-2.3) 
eGFR (MDRD) (ml/min/1.73m2) 77 (17) 77 (18) 79 (20) 73 (21) 70 (19) 
C-reactive protein (mg/l) 1.6 (0.8-3.4) 1.8 (0.8-4.1) 3.2 (1.5-6.3) 4.0 (1.7-8.0) 2.9 (1.4-6.0) 

            
Risk factor targets           
Not at smoking target  770 (23) 505 (34) 491 (61) 99 (39) 372 (35) 
Not at blood pressure target  1,417 (43) 796 (53) 470 (58) 150 (59) 613 (57) 
Not at lipid target  2,779 (85) 1,273 (85) 762 (95) 241 (95) 955 (89) 
Not at physical activity target  464 (14) 274 (18) 236 (29) 68 (27) 308 (29) 

MET per week  42 (21-71) 36 (17-63) 28 (8-57) 32 (9-63) 28 (9-55) 
Not at weight target  2,405 (73) 922 (62) 471 (59) 155 (61) 755 (70) 

Body Mass Index (kg/m2) 27 (4) 26 (4) 26 (4) 26 (4) 27 (4) 
Not at antiplatelet/anticoagulant 
target 252 (8) 318 (21) 385 (48) 156 (61) 109 (10) 
            
Estimated 10-year risk of recurrent 
vascular events  14 (10-20) 17 (11-25) 18 (13-26) 33 (24-44) 35 (23-54) 
            
All data are displayed as mean (SD), median (interquartile range) or n (%) 

14%-36%) and patients with PAD having the lowest estimated residual risk (median 
8%, IQR 5%-12%) although marked variation in risk was still observed (Figure 3).

Sensitivity analyses leaving out the physical activity target showed similar results for the 
estimates of reducible and residual risks. Sensitivity analyses of patients enrolled in the 
period 2008-2013 showed similar results for the distribution in estimated 10-year risk 
and the estimated residual risk. On average, risk factor control was better in patients 
more recently enrolled between 2008-2013 compared to the total population and, as a 
consequence, the amount of reducible risk was lower in these patients, with a median 
of 3% (IQR 1%-7%) compared to 5% (IQR 2%-11%) in the total study population. 
This lower reducible risk in more recently treated patients was seen across all subgroups 
of patients with vascular disease and was still highest in patients with AAA (median 8%, 
IQR 4%-16%) and lowest in patients with CAD (2%, IQR 1%-5%).
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Figure 1. Distribution of estimated 10-year risk of recurrent vascular events in 6,904 patients with 
clinically manifest vascular disease 
	

	

Estimated 10-year risk of recurrent vascular events: <10% 10 to <20% 20 to <30% ≥30% 
All patients with vascular disease (n=6,904) 18% 41% 18% 22% 
Patients with coronary artery disease (n=3,282) 26% 48% 16% 10% 
Patients with cerebrovascular disease (n=1,491) 19% 45% 19% 17% 
Patients with peripheral artery disease (n=805) 11% 49% 22% 18% 
Patients with abdominal aortic aneurysm (n=255) 1% 12% 25% 61% 
Patients with polyvascular disease (n=1,071) 1% 18% 21% 61% 
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Figure 2. Estimated reductions in 10-year risks by attaining guideline-recommended risk factor control 
in patients with clinically manifest vascular disease. Note: the order in which the risk factors are 
presented in this figure (first smoking cessation, than blood pressure, etc.) influences the size of each 
separate risk factor bar. Using a different order, (whilst  smoking, blood pressure and lipid targets still 
represent the largest reducible risk and the total reducible risk remains equal), the actual size of the bars 
somewhat varies depending on the order that is applied. Therefore, this figure is for illustration purposes 
only and is not a representation of the comparison between the efficacy of modification of each separate 
risk factor. 
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Figure 3. Distribution of estimated 10-year residual risk and estimated 10-year risk of recurrent vascular events in all 
patients with clinically manifest vascular disease and stratified for location of vascular disease
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Discussion

We found that patients with prevalent vascular disease display substantial variation in 
estimated 10-year risk of recurrent vascular events. In fact, 18% of the patients are at 
relatively low 10-year risk (<10%) whereas 22% had an estimated risk of >30%. If 
all guideline-recommended targets were reached, the 10-year risk of recurrent vascular 
events could be reduced to less than 10% for about half of the patients with vascular 
disease. However, very large variation in the residual 10-year risk would still remain with 
20% of patients at >20% risk and 9% at even >30% risk of a recurrent vascular event.
 
Vascular event rates have declined over the last decades.5 The present study demonstrates 
that simply considering all patients with vascular disease to be at (very) high risk for 
further vascular events does not reflect actual risk in these patients. There are very few 
studies reporting the distribution of risk in patients with a history of vascular disease,30 
although from the primary prevention setting we know that vascular prognosis greatly 
varies between patients.3, 4 The observed variation in risk is a consequence of differences 
in the prevalence and levels of both modifiable and non-modifiable risk factors (Table 
1). This 10-year risk could be reduced with a median reducible risk of 5% if guideli-
ne-recommended targets were attained. The notion that “we can do better” is supported 
by our observation that better risk factor control between 2008-2013 resulted in less 
possibilities for improvement with a 10-year reducible risk of 3% in patients enrolled 
in this period. If all risk factors were at target, the risk of recurrent vascular events 
could be relatively low (10-year risk <10%) for about half of the patients with vascular 
disease. However there would still be substantial variation, with many patients at >20% 
and even >30% residual 10-year risk (Figure 3). Residual risk in patients with vascular 
disease is explained by both modifiable risk factors such as on-treatment cholesterol 
levels31, 32 and potentially modifiable risk factors such as inflammation,6, 32 as well as 
non-modifiable factors including age and genetic predisposition. 
 
Our findings may have several implications for clinical practice and future cardiovas-
cular research. The large heterogeneity in estimated 10-year risk demonstrates that a 
single secondary prevention strategy for all patients with vascular disease may no longer 
be appropriate. Risk stratification may help to identify patients for intensive follow-up 
and to emphasize the importance of therapy adherence for reaching risk factor targets. 
Although adherence is known to be a persistent problem,33 previous studies have shown 
that repeated communication of risk to patients results in significant improvements of 
modifiable risk factors.34 As the highest reducible risk was seen in patients with AAA, 
PAD or polyvascular disease, such efforts to optimize risk factor treatment may yield 
most benefit in these patients. Also, future research is necessary to reveal why targets are 
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difficult to attain and how clinicians and patients can be best assisted to follow guide-
line recommendations. Nevertheless, even with the currently available options for risk 
reduction as advocated in secondary prevention guidelines, there remains a clear unmet 
need in patients with vascular disease with many patients at >20% and even >30% 
10-year risk for recurrent events.35 Several novel therapeutic options for cardiovascular 
prevention have the potential to address this unmet medical need and are currently un-
der investigation in large outcome trials. For example, even further lowering targets for 
traditional risk factors may be considered, such as for LDL-cholesterol, or using novel 
therapeutic targets such as inflammation. Clearly, more research is needed to assess the 
actual benefit of novel therapies for individual patients with vascular disease.36, 37 Finally, 
the observed variation in risk supports risk stratification as a tool to select patients for 
cardiovascular trials. As high risk patients may yield the largest benefit in terms of lower 
numbers needed to treat with novel treatments, a risk-based selection of patients for 
cardiovascular trials may improve trial focus and efficiency.35

The SMART risk score is a tool that may be used for these purposes. Its external valida-
tion in three separate populations shows reasonable performance. Although systematic 
overestimation of risk was seen among those with 10-year risk >40%, calibration was 
fairly good within the range of 0-40% estimated 10-year risk, which is more relevant for 
daily clinical practice and represents the majority of patients seen. The limited discrimi-
natory ability is partly inherent to the population of interest. Selecting patients with a 
certain disease (in this case vascular disease) results in a relatively homogenous populati-
on in which it is more difficult to discriminate risk, especially in the specific subgroups 
of CAD, CVD or PAD. In addition, we evaluated the performance in trial populati-
ons that are, due to strict inclusion and exclusion criteria, generally more homogenous 
compared to observational studies (Supplemental Table 1). Therefore, discrimination 
is likely to be better in a more heterogeneous population which is likely to be the case 
in clinical practice. Further optimization of the SMART risk score might improve risk 
estimation in these patients, for example by adding less traditional but well-known pre-
dictors such as atrial fibrillation.30 However for the present population the risk predicti-
ons are known to be accurate as the SMART risk score was developed in these patients.
Strengths of this study include the dynamic cohort design, representing clinical prac-
tice by including patients with different manifestations of vascular disease with long 
follow-up. A limitation is that for the estimation of residual risk, the relative effects 
for the lifestyle targets smoking and physical activity were obtained from observational 
studies20, 38 and thus are vulnerable to bias, especially confounding bias. As the applied 
effects were adjusted for confounders and limited heterogeneity in the relative effects 
was observed across several subgroups, we consider these estimates valid for our study 
population. Another limitation is that we performed external validation in trial po-
pulations with putative inclusion and exclusion criteria, relatively short follow-up and 
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limited availability of some of the predictors of the SMART risk score. Finally, the study 
population is from one academic center in The Netherlands, which may limit the ge-
neralizability of our findings. Since the participants originated from daily clinical prac-
tice with limited inclusion or exclusion criteria, we consider our findings generalizable 
to other populations with vascular disease. Due to geographic variation in underlying 
event rates and risk factor prevalence, the median risks may vary between countries.39 
However this does not affect the generalizability of our findings that there is substantial 
variation in both estimated and residual 10-year risk in patients with clinically manifest 
vascular disease.  
 
In conclusion, there is substantial variation in the estimated 10-year risk of recurrent 
vascular events in patients with vascular disease. About 18% of the patients were at re-
latively low risk (<10%) and 22% at >30% risk. Improvements in reaching risk factors 
targets could reduce the 10-year risk to less than 10% in half of the patients with vas-
cular disease however the residual risk still shows marked variation up to >30% 10-year 
risk. These findings demonstrate that considering all patients with vascular disease to be 
at equal high risk of a new vascular event is no longer valid. Instead, risk stratification 
can be used to further optimize cardiovascular disease prevention for patients with vas-
cular disease.
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Supplemental Methods. Validation of the SMART risk score in external populations of 
patients with CAD, CVD and PAD

SMART risk score for risk of recurrent vascular events
The SMART risk score was developed and validated in the observational SMART co-
hort1, 2 of 5,788 patients with a history of CAD, CVD, PAD, and/or AAA enrolled 
between 1996 and 2010 in the University Medical Center in Utrecht, the Netherlands 
with a median follow-up of 4.7 years (person-years 30,012) in which 788 major vascular 
events occurred. In a random 60% of the dataset a Cox proportional hazards model was 
developed to estimate the 10-year risk of a recurrent major vascular event (myocardial 
infarction, stroke or vascular death) based on fourteen clinical predictors.1 Model valida-
tion in the remaining 40% of the SMART data showed good calibration and sufficient 
discrimination (c-statistic 0.68 (95% CI 0.64-0.71)). 

External validation populations
We tested the external validity of the SMART risk score in three populations of patients 
with CAD, CVD and PAD.3-6  For patients with polyvascular disease or AAA, large 
cohorts are scarce and existing cohorts, such as the EVAR, DREAM and AJAX trials,7-10 
were not suitable for external validation mainly due to the limited availability of baseline 
information that is required to complete the SMART risk score calculations. Although 
patients with AAA (n=429) or polyvascular disease (n=4,388) were represented in the 
three validation populations, further validation studies in these patient populations are 
required. Patients with stable CAD originated from the TNT and IDEAL trials (Cli-
nicalTrials.gov identifiers: NCT00327691 and NCT00159835).5, 6 In both trials, the 
effect of high-dose statin (atorvastatin 80 mg) was compared with usual-dose statin 
(atorvastatin 10 mg in TNT and simvastatin 20 or 40 mg in IDEAL) for the occur-
rence of recurrent vascular events. In the SPARCL trial (ClinicalTrials.gov identifier: 
NCT00147602), patients with a recent (<6 months) TIA or stroke, without known 
CAD and with LDL-c levels between 2.6 and 4.9 mmol/L, were randomized to ator-
vastatin 80 mg or placebo.3 For TNT/IDEAL and SPARCL, data from the control arms 
were used (9,447 patients with CAD on usual-dose statin therapy from TNT/IDEAL 
and 2,366 patients with CVD on placebo from SPARCL). In the CAPRIE trial, patients 
with clinically manifest vascular disease were randomly assigned to clopidogrel (75 mg 
once daily) or aspirin (325 mg once daily).4 In total, data from 6,623 patients with 
PAD from CAPRIE were available for the present analyses. All studies complied with 
the Declaration of Helsinki, obtained approval from institutional review boards and all 
participants provided written informed consent. Study predictors were measured at ba-
seline and assessment of predictors was performed independent of the outcome. Study 
outcomes of interest were adjudicated by endpoint committees blinded for the study 
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treatment. Details on characteristics of the validation populations and on the definitions 
of vascular events for the SMART risk score as well as for each validation population are 
provided in Supplemental Tables 1 and 2. For each patient the 10-year risk of a recurrent 
vascular event was estimated using the SMART risk score formula.1 Given the median 
follow-up periods of 4.9 years (CAD validation cohort), 4.7 years (CVD) and 1.7 years 
(PAD), the SMART model was interpolated by linearly adapting the baseline hazard 
function to 5-year predictions for the CAD and CVD cohorts and 2-year predictions 
for the PAD cohort.11 
Missing data were imputed using 10-fold multiple imputation as described in the main 
text. The following age-, sex- and vascular disease specific median values of hsCRP were 
imputed in the CAD and PAD validation cohorts based on data from the SMART 
study2: 

 

  
Patients with CAD  

 
Patients with PAD  

Men aged <53 years 1.5 3.2 
Women aged <53 years 2.2 4.4 
Men aged 53-61 years 1.7 2.8 
Women aged 53-61 years 2.1 3.9 
Men aged 61-68 years 1.9 3.1 
Women aged 61-68 years 2.0 3.1 
Men aged >68 years 2.4 3.3 
Women aged >68 years 2.5 2.8 

Imputed values for hsCRP (mg/L). Subgroups of age were based on quartiles of age in SMART.1, 2 
	

Model performance in the external validation population
Model calibration, which is the agreement between estimated and observed risks, was 
evaluated in calibration plots of deciles of estimated risk and was formally tested with 
the Gronnesby and Borgan goodness-of-fit test.12 The observed risks were based on Ka-
plan Meier estimates. Calibration is known to be strongly influenced by the incidence of 
the outcome and average risk factor levels in the validation population, which may differ 
substantially from the baseline survival and average risk factor levels of the SMART 
risk score. Such differences were observed in the CVD and PAD validation populations 
(Supplemental Table 4). Therefore for these populations the SMART risk score was 
recalibrated by replacing the mean values of the risk factors and the average event-free 
survival of the SMART model by the mean values of the risk factors and average event-
free survival of the CVD and PAD validation populations separately (Supplemental 
Table 4).11 Calibration plots in these populations were shown after recalibration. In the 
CAD validation population the average survival and average risk factor levels showed 
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limited differences with the SMART risk score and therefore recalibration was not per-
formed for the CAD population. Model discrimination, the extent to which patients 
that develop an event also had higher estimated risk than patients that did not experien-
ce the event of interest, was expressed with Harrell’s c-statistic.13 Performance measures 
were also shown for the pooled external validation populations after recalibration in the 
validation populations. 

Supplemental Table 1 

A. In- and exclusion criteria of the study populations 
 SMART1, 2 TNT5 IDEAL6 SPARCL3 CAPRIE4 
Inclusion 
criteria 

Patients aged 18-79 
years with 
atherosclerotic 
cardiovascular 
disease, including 
CAD, CVD, PAD 
or AAA. 
 

Patients aged 35-75 years 
with clinically evident 
CAD  
 

Patients aged ≤80 years 
who had been 
hospitalized or had a 
history of a definite 
myocardial infarction and 
who qualified for statin 
therapy according to 
guidelines at the time of 
recruitment. 

Patients >18 years of age 
who had had an ischemic 
or hemorrhagic stroke ora 
TIA 1 to 6 months before 
randomization, diagnosed 
by a neurologist within 30 
days after the event.  
-Patients with 
hemorrhagic stroke were 
included if they were 
deemed by the 
investigator to be at risk 
for ischemic stroke or 
coronary heart disease.  
-LDL-cholesterol ≥2.6 
mmol/l and ≤ 4.9 mmol/l. 

Patients aged ≥21 years 
with symptomatic 
atherosclerotic PAD as 
established by clinical 
evaluation.  
 
(Also patients with an 
ischemic stroke or 
myocardial infarction 
were enrolled. The 
present study included 
only patients with PAD, 
either as qualifying 
diagnosis or as 
concomitant diagnosis.) 

Exclusion 
criteria 

-Terminal 
malignancy 
-Not independent 
in daily activities 
(Rankin scale >3)  
-Not sufficiently 
fluent in Dutch. 

-Hypersensitivity to 
statins 
-Active liver disease or 
hepatic dysfunction (ALT 
or AST 1.5 times ULN*) 
-Pregnant or 
breastfeeding 
-Nephrotic syndrome 
-Uncontrolled  
diabetes mellitus, 
hypothyroidism or  
hypertension (as defined 
by the 
investigator) 

-Hypersensitivity to  
Statins 
-Active liver disease or 
hepatic dysfunction (ALT 
or AST >2 times ULN) 
-Pregnant or 
breastfeeding 
-Nephrotic syndrome 
-Uncontrolled diabetes 
mellitus or 
hypothyroidism 
-Plasma triglycerides 
>6.8 mmol/l 
-Congestive heart failure 
(New York Heart 

-Not ambulatory, 
modified Rankin score >3 
-Hypersensitivity to 
statins or bile-
sequestering resins 
-Active liver 
disease/hepatic 
dysfunction, defined as 
AST or ALT ≥2 times 
ULN 
-Severe renal dysfunction 
or nephrotic syndrome 
-Atrial fibrillation 

-Severe cerebral deficit 
likely to lead to patient 
being bedridden or 
demented 
-Carotid endarterectomy 
after qualifying stroke 
-Qualifying stroke 
induced by carotid 
endarterectomy or 
angiography 
-Patient unlikely to be 
discharged alive after 
qualifying event 
-Severe co-morbidity 
likely to limit patient’s 

Table continues on next page
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-Myocardial infarction, 
coronary  
revascularization 
procedure or 
severe/unstable angina 
within 1 month of 
screening 
-Any planned surgical 
procedure for the 
treatment of 
atherosclerosis 
-Ejection fraction <30% 
-Hemodynamically 
important valvular 
disease 
-Gastrointestinal disease 
limiting drug 
absorption or partial ileal 
bypass 
-Any nonskin 
malignancy, malignant 
melanoma or other 
survival-limiting disease 
-Unexplained creatine 
phosphokinase levels 
6 times ULN* 
-Concurrent therapy with 
long-term 
immunosuppressants or 
with lipid-regulating 
drugs not specified as 
study treatment in the 
protocol 
-History of alcohol abuse 

Association classification 
IIIb or 
IV) 
-Hemodynamically 
important valvular 
disease 
-Gastrointestinal disease 
that might limit drug 
absorption or partial ileal 
bypass 
-Other significant 
abnormalities that could 
compromise 
the patient’s safety or 
successful participation in 
the study (investigator’s 
opinion) 
-Treatment with 
medications, such as 
other lipid-lowering 
drugs or any 
immunosuppressive 
agent that could 
compromise patient’s 
safety or obscure the 
efficacy or safety 
comparisons 
-Already titrated to a dose 
of statin more than the 
equivalent of 20 mg/day 
of simvastatin. 

-Subarachnoid 
hemorrhage (as 
qualifying entry event) 
-Pregnant or 
breastfeeding  
-History of CAD, 
significant PAD, 
prosthetic heart valves, 
clinically significant 
mitral stenosis or sinus 
node dysfunction 
-Uncontrolled 
hypertension 
-Stroke caused by a 
revascularisation 
procedure or trauma (as 
qualifying entry event) 
-Haematologic conditions 
that may cause thrombus 
formation 
-Endarterectomy ≤1 
month before 
randomization 
-Creatine phosphokinase 
≥5 ULN 
-Participation in another 
clinical study ≤30 days 
prior to screening; 
-Diseases or 
abnormalities that the 
investigator believed 
might compromise the 
patient’s safety during the 
study 

life expectancy to less 
than 3 years 
-Uncontrolled 
hypertension 
-Scheduled for major 
surgery 
-Contraindications to 
study drugs: severe renal 
or hepatic insufficiency; 
haemostatic disorder or 
systemic bleeding; 
history of haemostatic 
disorder or systemic 
bleeding, 
thrombocytopenia or 
neutropenia; history of 
drug-induced 
haematologic or hepatic 
abnormalities; abnormal 
white blood count, 
differential, or platelet 
count; anticipated 
requirement for long-term 
anticoagulants; non-study 
antiplatelet drugs or 
NSAIDs affecting platelet 
function; history of 
aspirin sensitivity 
-Women of childbearing 
age not using reliable 
contraception 
-Currently receiving 
investigation drug 
-Previously entered in 
other clopidogrel studies 

-Participation in another 
clinical trial concurrently 
or within 30 days before 
screening. 

-Unreliability as a study 
participant based on the 
investigator’s knowledge 
of the 
patient, such as 
alcoholism, drug abuse, 
or psychiatric illness 
-Use of any drugs known 
to affect lipid levels or 
immunosuppressive 
agents, azole antifungals 
or drugs associated with 
rhabdomyolysis in 
combination with statins.  
-Patients taking a lipid-
lowering drug could be 
considered for screening 
following a 30-day wash-
out period (except in the 
case of probucol, in 
which medication must 
have been discontinued 
for at least 6 months). 

-Geographic or other 
factors making study 
participation impractical 
-Thrombolytic treatment 
within the previous 48 
hours 

*ULN = upper limit of normal; AST =  aspartate aminotransferase; ALT = alanine aminotransferase  
Note: in- and exclusion criteria were partly copied from the original papers and partly shortened for efficiency reasons	
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B. Definitions of manifest vascular disease at enrollment 
 SMART1, 2 TNT5 IDEAL6 SPARCL3 CAPRIE4 
CAD Angina pectoris, 

myocardial 
infarction or 
coronary 
revascularisation 
(coronary bypass 
surgery or coronary 
angioplasty) 

Previous myocardial 
infarction, previous or 
present angina with 
objective evidence of 
atherosclerotic CAD, or 
previous coronary 
revascularization 
procedure 

Hospitalized or had a 
history of a definite 
myocardial infarction. 

Patients with CAD were 
excluded. Only a few 
patients (n=4) appeared to 
have a history of CAD as 
documented in their 
patient files defined as 
coronary artery disease, 
coronary revascularization 
or a history of myocardial 
infarction. 

Previous myocardial 
infarction or stable or 
unstable angina. 
History of myocardial 
infarction was defined as 
onset ≤35 days before 
randomization and two of:  
-Characteristic ischaemic 
pain for 20 min  
-Elevation of CK, CK-MB, 
LDH, or AST to 2 ULN* 
with no other explanation 
-Development of new ≥40 
Q waves in at least two 
adjacent ECG leads or new 
dominant R wave in V1 
(R≥1 mm > S in V1) 

CVD Transient ischemic 
attack, cerebral 
infarction, 
amaurosis fugax or 
retinal infarction, or 
a history of carotid 
surgery.  

Documented history of 
transient ischemic attack, 
cerebral infarction, 
amaurosis fugax, retinal 
infarction, or history of 
carotid surgery 

Documented history of 
transient ischemic attack, 
cerebral infarction, 
amaurosis fugax, retinal 
infarction, or history of 
carotid surgery 

-Stroke: focal clinical 
signs of central nervous 
system dysfunction of 
vascular origin that 
lasted for at least 24 hours 
-TIA: loss of cerebral or 
ocular function <24 hours, 
presumably as a 
consequence of 
atherosclerotic causes. 

Documented history of 
transient ischemic attack, 
ischemic stroke, or 
reversible ischemic 
neurological deficit. 
History of ischemic stroke 
was defined as: 
-Focal neurological deficit 
likely to be of 
atherothrombotic 
(including retinal origin and 
lacunar infarction)  
-Onset ≥1 week and ≤6 
months before 
randomization. 
-Neurological signs 
persisting ≥1 week from 
stroke onset 
-CT or MRI ruling out 
hemorrhage or non-relevant 
disease 

PAD Symptomatic and 
documented 
obstruction of distal 
arteries of the leg or 
surgery of the leg 
(percutaneous 
transluminal 
angioplasty, bypass 
or amputation) 

Documented as peripheral 
artery disease, intermittent 
claudication, or surgery of 
the leg (percutaneous 
transluminal 
angioplasty, bypass or 
amputation) 

Documented as peripheral 
artery disease, intermittent 
claudication, or surgery of 
the leg (percutaneous 
transluminal 
angioplasty, bypass or 
amputation) 

Documented as peripheral 
artery disease, intermittent 
claudication, or surgery of 
the leg (percutaneous 
transluminal 
angioplasty, bypass or 
amputation) 

 -Intermittent claudication 
(WHO: leg pain on walking, 
arterial disease 
disappearing in <10 min on 
standing) of presumed 
atherosclerotic origin; and 
ankle/arm ratio ≤0.85 in 
either leg at rest (two 
assessments on separate 
days) 
-History of intermittent 
claudication with previous 
leg amputation, 
reconstructive surgery, or 
angioplasty with no 
persisting complications 
from intervention. 

AAA Supra- or infrarenal 
AAA (distal aortic 
anteroposterior 
diameter ≥3 cm, 
measured with 
ultrasonography) or 
a 
history of AAA 
surgery. 

Documented history of 
AAA or history of AAA 
surgery 

Documented history of 
AAA or history of AAA 
surgery 

Documented history of 
AAA or history of AAA 
surgery 

Documented history of 
AAA or history of AAA 
surgery 

*ULN = upper limit of normal 
Note: definitions were partly copied from the original papers and partly shortened for efficiency reasons 
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C. Definitions of outcome major vascular events  
 SMART1, 2 TNT5 IDEAL6 SPARCL3 CAPRIE4 
Myocardial 
infarction 

At least two of the 
following criteria: 
1. Chest pain for at 
least 20 minutes not 
disappearing after 
administration of 
nitrates 
2. ST-elevation >1 mm 
in two following leads 
or a left bundle branch 
block on the ECG 
3. CK elevation of at 
least two times the 
normal value of CK 
and a MB-fraction 
>5% of the total CK 

Coronary death, 
nonfatal myocardial 
infarction, resuscitated 
cardiac arrest, as 
adjudicated by 
endpoint committee. 

Nonfatal acute 
myocardial 
infarction according to 
criteria of the Joint 
European 
Society of 
Cardiology/American 
College of Cardiology, 
coronary death, or 
resuscitated cardiac 
arrest. 

Cardiac death, nonfatal 
myocardial infarction 
(MI), resuscitated 
cardiac 
arrest or unstable 
angina, as adjudicated 
by endpoint 
committee. 

Two of:  
-Characteristic ischemic 
pain for 20 min  
-Elevation of CK, CK-
MB, LDH, or AST to 2 
ULN* with no other 
explanation 
-Development of new ≥40 
Q waves in at least two 
adjacent ECG leads or 
new dominant R wave in 
V1 (R≥1 mm > S in V1) 

Stroke Relevant clinical 
features that have 
caused an increase in 
impairment of at least 
one grade on the 
modified Rankin scale 
accompanied by a 
fresh hemorrhagic or 
ischemic infarction on 
a repeat brain-scan. 

Fatal or nonfatal stroke 
as adjudicated by 
endpoint committee. 

Evidence of a 
neurological deficit, 
usually localized, 
lasting ≥24 hours 
or until death, usually 
confirmed by 
diagnostic 
imaging. 

Focal clinical signs of 
central nervous system 
dysfunction of vascular 
origin for at least 24 
hours, ischemic or 
hemorrhagic. 

-Ischemic stroke: acute 
neurological vascular 
event with focal signs for 
≥24 hours. If worsening 
of previous event, must 
have lasted >1 week, or 
>24 hours if accompanied 
by CT/MRI. 
-Intracerebral 
hemorrhage: intracranial 
or subarachnoid 
hemorrhage, subdural 
haematoma documented 
by 
appropriate 
neuroimaging. 
(Traumatic 
haemorrhage was not 
considered an 
outcome event.) 

Vascular death -Sudden death 
(unexpected cardiac 
death occurring within 
1 hour after onset of 
symptoms or within 24 
hours given 
convincing 
circumstantial 
evidence) 
-Death from ischemic 
or hemorrhagic stroke, 
congestive heart 
failure, myocardial 
infarction, rupture of 
AAA 
-Vascular death from 
other cause, i.e. sepsis 
following stent 
placement. 

Death from a 
cardiovascular cause as 
adjudicated by 
endpoint committee. 

Death from a 
cardiovascular cause as 
adjudicated by 
endpoint committee. 

Death from a 
cardiovascular cause as 
adjudicated by 
endpoint committee. 

Deaths due to ischemic 
stroke, myocardial 
infarction, haemorrhage, 
or other vascular causes. 
The classification of fatal 
ischaemic stroke or 
myocardial infarction was 
based on either death 
within 28 days after the 
onset of signs or 
symptoms of the 
acute outcome event, in 
the absence of other clear 
causes, or on necropsy 
findings. Other vascular 
deaths were any deaths 
that were not clearly non-
vascular. Deaths 
considered by the Central 
Validation Committee to 
be directly related to the 
qualifying event were 
classified as other 
vascular. 

Note: study outcomes were adjudicated by an endpoint committee blinded for the study treatment; outcome definitions were partly copied from the 
original papers and partly shortened for efficiency reasons
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Supplemental Figure 1A. Calibration of the SMART risk score in the external validation populations of patients with 
CAD, CVD (after recalibration) or PAD (after recalibration)
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Supplemental Figure 1B. Calibration in the pooled validation populations (after recalibration in the 
CVD and PAD populations)  
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Abstract

Gain in healthy life-expectancy is a customary outcome measure in group-level cost-effectiveness studies, 
but individual patient level predictions can also be made. In fact, in the setting of preventive treatment 
against chronically progressive conditions, gain in healthy life-expectancy compared to number needed 
to treat (NNT) more intuitively reflects the actual effect of treatment. We demonstrate how individual 
treatment effect in terms of gain in healthy life-expectancy can be predicted based on a combination of the 
relative effect of treatment from a randomized trial and a lifetime prediction model. A lifetime prediction 
model is characterized by left-truncation and competing risks adjustment and can be developed from either 
observational cohort or clinical trial data. Aspirin in the primary prevention of cardiovascular disease is used 
as an illustration example, based on real data from the Womens’ Health Study. This example shows that 
highest treatment effect in terms of healthy life-years gained is generally achieved in younger patients with 
otherwise high risk factors for disease, but not necessarily high disease risk.
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Introduction

Treatment effects from randomized trials are typically expressed as numbers needed to 
treat (NNT) to prevent one adverse disease event during a fixed time-interval (e.g. 5 
or 10 years). In the actual patient, however, many diseases are chronically progressive 
despite treatment. Examples are diabetic nephropathy, some types of malignancies, os-
teoporosis or atherosclerosis. In these examples, the aim of treatment is not to prevent 
but to delay the occurrence of symptomatic disease. Thus, the actual effect of treatment 
is gain in disease-free life-expectancy. 
Healthy life-expectancy is a customary outcome type in group-level cost-effectiveness 
studies, but individual patient level predictions can also be made.1, 2 In this article, we 
explain how clinical trial results can be translated into gains in healthy life-expectancy 
for individual patients. We will use aspirin in primary prevention of cardiovascular di-
sease (CVD) as an illustration example, based on real data from the Womens’ Health 
Study (WHS).3, 4 

Lifetime prediction models

Traditionally, prediction models for disease risk in individual patients are limited to the 
original study follow-up time, e.g. 5 or 10 years. In few studies, the majority of study 
patients may have reached an endpoint before the end of follow-up.5, 6 Conventional 
statistical models can then suffice for making lifetime predictions. Usually, however, re-
maining life-expectancy of study participants is much longer than the follow-up of stu-
dies. Many study participants are still healthy and alive at the end of the study. Simple 
extrapolation of risk predictions beyond the follow-up time of the original study is often 
precarious. Therefore, life-time models compared to traditional survival models use age 
instead of follow-up time as the underlying timescale. A participant does not enter the 
study at time = 0, but at his/her age at study entry. Similarly, the time-to-event or censo-
ring is defined by the age of study exit. This is called left-truncation and right censoring, 
respectively. Each study participant contributes data to the survival model from the age 
of entry until the age of censoring or disease event.7, 8 Resultantly, predictions of lifetime 
models are not limited by the original study follow-up time, but by the age distribution 
of participants in the study. Therefore, observations in elderly patients are essential for 
stable long-term predictions.



Chapter 4

84

Competing risks

Competing risks are events that prevent a disease from occurring, e.g. mortality from 
other causes than the disease-outcome of interest. In traditional survival analyses, com-
peting events are handled by censoring of patients in studies. Often, however, this type 
of censoring is non-random, because the occurrence of competing events and disease are 
not independent. This is the case when events share mutual risk factors. Smoking for 
example is a risk factor for both CVD-events and non-CVD mortality. In such cases, 
failure to account for competing risks can lead to erroneous conclusions about the rela-
tive effect of risk factors and treatment.9, 10 
In addition, failure to account for competing risks leads to overestimation of the cumu-
lative incidence of disease.9-12 This is because patients who die from other causes than 
the disease outcome of interest, in reality, are no longer at risk for disease. Traditional 
survival analyses do not account for this gradual decline of the population at risk. Ho-
wever, the assumption that individuals will not die from other causes becomes incre-
asingly inappropriate on the long-term.12 Thus, competing risk adjustment is essential 
for predicting lifetime disease risk. A more extensive discussion on competing risks was 
published previously.10 

Competing risk adjusted lifetime prediction models

For making lifetime predictions, the above techniques of competing risk adjustment and 
an age-based time axis need to be combined. A well-known example of such a model is 
the JBS3 calculator (http://www.jbs3risk.com/).13, 14 For this purpose, adapted Fine and 
Gray model methods are available for standard statistical software.7, 15 Such risk scores 
consist of separate cause-specific models for the event of interest and the competing 
event. As with any prediction model, it is recommended to limit the number of predic-
tor variables and choose readily available patient characteristics to optimize ease of use 
in clinical practice. The same set of variables is used for prediction of the event of inte-
rest and the competing event. This is because dropping a variable for the prediction of 
only one of both outcomes leads to loss of information without the benefit of a simpler 
model. A covariate for the effect of treatment should be included in the models that are 
based on trial datasets.

Estimation of (gain in) disease-free life-expectancy 

Competing risk adjusted lifetime prediction models can be used to compute a life-table 



Individual treatment effects as gain in healthy life-expectancy

C
ha

pt
er

 4

85

for estimation of disease-free survival of individual patients.13 Such a life-table starts at 
the current age of the individual and is subdivided in arbitrary age intervals (e.g. years). 
For each interval, the life table contains the following probabilities:

et = the probability of being healthy and alive at the start of interval t (starting from 

1 at the current age of the individual)

at = the probability of experiencing a disease event during interval t given disease 

free survival up to the start of interval t

bt = the probability of experiencing a competing event during the interval t given 

disease free survival up to the start of interval t

Probabilities at and bt can be predicted for each age interval t using a competing risk 
adjusted lifetime model. For each subsequent age interval t, the probability of being 
healthy and alive at the start of that interval (et+1) can be calculated as et*(1-at-bt). The 
disease free life-expectancy of an individual patient follows from this life table as the sum 
of et+1 multiplied by the width of each interval t (∑et+1*interval width). This is illustrated 
in the real data example and Table 1.
Plotting of the life-table results in the survival-curve for an individual patient. Notably, 
the area under this survival-curve is equal to ∑et+1*interval width. Thus, the area under 
the survival curve is a graphical representation of the individual disease free life-expec-
tancy. The effect of treatment on disease-free survival can be obtained by computing 
the survival difference with and without treatment. Treatment effect, in terms of gain 
in healthy life-expectancy, is equal to the difference between the area under the survival 
curves of both scenarios.

Real data example: aspirin

Aspirin is effective for preventing CVD in the primary prevention setting.16 Similar to 
other types of treatment for CVD-prevention, aspirin is thought to be most effective 
in individuals with high risk of CVD in the next 10 years. This is because the NNT is 
generally lower (i.e. more favourable) in high risk patients.17, 18 Because age is by far the 
most important determinant of 10-year CVD risk, aspirin is thought to be most effec-
tive in elderly.17 Yet, age is also the most important determinant of non-cardiovascular 
death. In this case, non-cardiovascular death may precede the occurrence of a CVD-
event and, thus, must be considered a competing risk. This is because patients who die 
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from non-cardiovascular causes may not benefit from aspirin at all, even when 10-year 
CVD risk is high. Thus, aspirin treatment is a classic example where physicians need to 
consider competing risks when estimating treatment effect for individual patients.
To illustrate the above concepts, we developed a competing risk adjusted lifetime model 
based on the WHS. The WHS was a randomised trial evaluating the effect of 100 mg 
alternate-day aspirin compared with placebo for primary prevention of CVD among 
initially healthy women of 45 years of age or older.3, 4 Data of 27,939 participants who 
provided baseline plasma samples were used for this analysis. After a mean follow-up 
of 10.1 years, the hazard ratio for occurrence of the primary endpoint was 0.91 (95% 
confidence interval (CI), 0.80-1.03), favouring aspirin treatment. The competing out-
comes were defined as follows: 1) CVD (i.e. myocardial infarction, stroke or cardiovas-
cular death), and 2) non-CVD mortality. In addition to aspirin treatment, the following 
well-established cardiovascular risk factors were pre-specified as predictors: smoking, 
diabetes mellitus, systolic blood pressure, and non-HDL-cholesterol. Because observa-
tions in the very elderly were limited in the WHS, liftetime predictions were truncated 
at the age of 85. Additional details on model development and validation can be found 
in the Supplemental Material. 
Table 1 shows how the lifetime model was used to construct a life table for a random 
patient scenario A. Starting from the current age of this patient (in this case 48 years), 
the cumulative survival without CVD (et) gradually decreases towards zero conditional 
on the yearly rates of CVD (at) and non-CVD mortality (bt). The CVD-free life-expec-
tancy follows from this table as the sum of the cumulative survivals for each life year; 
in this case 22.2 years without aspirin and 22.8 years with lifelong aspirin treatment. 
Aspirin treatment effect for this patient, thus, is 0.6 years, which equals 7 months gain 
in CVD-free life-expectancy. In Figure 1 , the cumulative survival for this individual 
patient scenario is plotted as a survival curve with and without aspirin treatment. The 
effect of aspirin is represented by the size of the dark blue area between the curves, which 
is also equal to 7 months. Figure 1 also illustrates the estimated cumulative CVD-free 
survival for this patient without adjustment for competing risks (i.e. adding up un-
adjusted estimates of CVD and non-CVD mortality). The yearly rates of non-CVD 
mortality presented in Table 1 may seem relatively insignificant. Yet, failure to account 
for these competing risks leads to overly pessimistic estimations of CVD-free survival. 
Resultantly, the competing risk unadjusted survival curve may even go below 0 as it does 
in Figure 1.
Similar calculations can be performed for all other combinations of risk factor levels and 
are demonstrated in Figure 2A. This figure shows the predicted effect of lifelong aspirin 
treatment for each combination of risk factor levels as the number of months gain in 
CVD-free life-expectancy to age 85. This colour chart, thus, can be used to predict the 
effect of lifelong aspirin treatment for individual patients. Alternatively, an interactive 
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Figure 1. Predicted treatment effect for individual patient scenario A Cumulative survival free of CVD 
and mortality for patient scenario A: 48-year old smoking woman with diabetes, nonHDL-cholesterol 
of 155 mg/dL, systolic blood pressure 140 mmHg. CR = competing risk. CR unadjusted survival was 
computed using the added cumulative incidences of separate survival models for CVD and non-CVD 
mortality. The effect of aspirin is represented by the size of the dark blue area between the curves, which 
is equal to 7 months. 
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A) 

 
   
B) 

 
 
Figure 2. Colour charts 
A) Predicted aspirin treatment effect: the numbers of months gain in CVD-free life-expectancy to age 
85 for individual patients resulting from lifelong aspirin treatment. A ‘0’ means no treatment effect at 
all. A ‘6’ means that lifelong aspirin treatment is expected to prolong the individual’s CVD-free life-
expectancy with 6 months. Notably, high treatment effect is generally achieved in young patients with 
otherwise high risk factors for disease. B) Predicted 10-year CVD risk for individual patients (in 
percentages). High risk is correlated with high age. Notably, there is only limited correspondence 
between the distributions of predicted life-time treatment effect (panel A) and 10-year CVD risk (panel 
B). 
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calculator can be used for individual treatment effect predictions (Supplemental Fig-
ure 3). Notably, an inverse association can be observed between treatment effect and 
age. Highest aspirin treatment effect is obtained in younger patients with otherwise 
high risk factor levels. This is explained by the fact that these patients are at lower risk 
for competing non-CVD mortality. Longer remaining lifetime means longer time at 
risk for CVD events and, thus, more benefit of preventive treatment. These findings 
are in agreement with previous micro-simulation studies on both aspirin and statin 
treatment.2, 19 Importantly, starting lifelong treatment at a younger age also means that 
patients will be exposed to possible adverse events during a longer period of time. This 
should be taken into account when making decisions on the basis of lifetime treatment 
effect predictions.
For comparison, Figure 2B demonstrates absolute 10-year CVD risk for individual pa-
tients. This 10-year CVD risk was computed using the same competing risk adjusted 
model, but based on age-specific baseline survival-rates for prediction of 10-year risk 
without the use of a life-table (please refer to the Supplemental Material for details). Si-
milar to other risk scores, this colour chart shows that 10-year CVD risk was still higher 
with increasing age.20, 21 Yet, apparently, high 10-year CVD risk is not always associated 
with high treatment effect. This is because elderly individuals have shorter remaining 
lifetime during which they are at risk for CVD events.

Validation of life-time modelling

Because lifetime models predict survival well beyond the duration of the original study 
data, it is often impossible to validate how accurate these long-term predictions are. Yet, 
the WHS example is an exception. After the randomised treatment period of the WHS 
had ended, participants were invited for further observational follow-up, resulting in a 
total follow-up of 17.5 years.3 Because only the first 10.1-year follow-up data were used 
for model development, this allowed us to perform temporal validation. A calibration 
plot (Figure 3 ) shows that the model’s long-term survival probabilities closely match 
to the actual (observed) Kaplan-Meier survival in our example. This finding supports, 
at least for this example, the robustness of the lifetime prediction methods described 
above.

Additional considerations

Although highest treatment effect is achieved in younger patients, this comes at the cost 
of longer duration of medication use (i.e. during the entire remaining lifetime). For a 
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Figure 3. Validity of the model at 17-years follow-up. Predicted and observed 17-year CVD-free 
survival. Predicted survival is based on the competing risk adjusted models for CVD and non-CVD 
mortality as calculated for all WHS patients <68 years. Observed survival was based on Kaplan-Meier 
estimates for the composite endpoint of CVD and non-CVD mortality within deciles of predicted 
survival in the extended follow-up dataset. 
	

better comparison of the efficiency of treatment, standardisation of treatment duration 
may still be considered. For example, the model could be truncated to predict average 
gain in disease-free life-expectancy in the next 10 years. Although lifetime predictions 
can be insightful for some, others may feel more motivated by short-term effects (i.e. 
retaining good health in the near future). 
Furthermore, in the above example, we did not account for changes in risk factor levels 
over time, such as age-related changes in blood pressure and cholesterol. Large fluctua-
tions in these biomarkers are usually not seen until a first CVD event occurs. This may 
be different for other treatment scenarios, which may necessitate risk factor updating.
In the above example, the effect of aspirin was modelled based on randomized trial 
data. Predictions were truncated at 85 years due to limited number of observations in 
women >85 years. This is a frequently encountered limitation of randomized trial data, 
because stringent enrolment criteria result in exclusion of elderly patients. Moreover, 
model predictions apply only to patients who would have been eligible to enrol in the 
trial. Yet, observational cohort studies, which usually enrol more heterogeneous patient 
populations, may also be used for developing competing risk adjusted lifetime models.2, 

13, 14 Assumptions on the relative effect of treatment can then be made on the basis of 
meta-analyses of trials, if available, and added to the model coefficients. 
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Supplemental Methods

The WHS was a randomised trial evaluating the effect of 100 mg alternate-day aspirin 
compared with placebo for primary prevention of CVD among 39,876 initially healthy 
women of 45 years of age or older enrolled between 1992 and 1995.1, 2 After a mean fol-
low-up of 10.1 years, the hazard ratio for occurrence of the primary endpoint was 0.91 
(95% confidence interval (CI), 0.80-1.03), favouring aspirin treatment.2 The trial was 
approved by the institutional review board of Brigham and Women’s Hospital, Boston, 
and all participants provided written informed consent. For the current analyses we 
used data from women who provided an adequate baseline plasma sample (n=27,939). 
Covariate data were missing on 1% or less of participants and were reduced using single 
imputation methods. 

Model derivation
Two Fine and Gray competing risk models were developed to obtain cause specific esti-
mates of the cumulative incidence of the following outcomes: 1) CVD (i.e. myocardial 
infarction, stroke or cardiovascular death), and 2) non-cardiovascular mortality. To ena-
ble life course predictions, we used age as the time-scale and applied adapted Fine and 
Gray model methods that allowed both left truncation and right censoring.3 To avoid 
complexity, only the following fixed set of well-established cardiovascular risk factors 
was pre-specified as predictors: smoking, diabetes mellitus, systolic blood pressure, and 
non-HDL-cholesterol. Additionally, a variable for the aspirin treatment effect was added 
to the models. Thus, an identical set of variables was used for the two models for each 
of the competing outcomes. The proportional subdistribution hazard assumption was 
assessed by testing the correlations between scaled Schoenfeld residuals for each of the 
predictors and age.

Estimation of CVD-free life-expectancy
Next, these models were used to predict CVD-free life-expectancy for individual pa-
tients. Predictions were based on lifetable calculations as explained in the main paper 
and applied previously by other risk scores.4, 5 Beginning at the starting age of each in-
dividual patient, the cumulative CVD-free survival was estimated for each subsequent 
year. Therefore, the probability of being healthy and alive at the beginning of each li-
fe-year was multiplied by the CVD-free survival probability during that year. The CVD-
free survival probability was obtained by subtracting CVD-risk and non-cardiovascular 
mortality risk from one. Such estimation of the cumulative CVD-free survival of each 
subsequent life year was repeated until the maximum age of 85. This upper age-limit 
was chosen because the number of observations beyond the age of 85 was limited in the 
WHS. The predicted CVD-free life-expectancy of an individual person was defined as 
the sum of the CVD-free survival probabilities for all future life-years; this is equal to 
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the area under the survival curve.

Model validation
Because the model for making lifetime predictions is developed using only 10.1-year 
follow-up data, we performed a temporal validation in extended follow-up data, inclu-
ding the original trial follow-up. After the randomised treatment period of the WHS 
had ended on 31 March 2004, patients were invited for further observational follow-up 
through 14 March 2012.1 The median duration of follow-up of those who opted in for 
further follow-up was 17.5 years.1 The discriminatory ability of the models was expres-
sed as the concordance statistic (c-statistic) based on the models’ 1-year predictions, but 
without truncation of the follow-up data. We used methods for competing risk models.6 

The precision of how close the model’s long-term survival probabilities are to the actual 
(observed) Kaplan-Meier survival was demonstrated by calibration plots using 17-year 
follow-up. Thus, these calibration plots show how close 17 cumulative one-year model 
predictions match with actual observed survival during 17 consecutive years. Only data 
of women <68 years (N=26,302, 94%) were used for the calibration plot since 17-year 
predictions were not possible for older women due to the models’ upper age limit of 85 
years.
 
Estimation of treatment effect in terms of gain in CVD-free life-expectancy
For prediction of aspirin treatment effect for each individual patient, survival curves 
were estimated for the following two scenarios: 1) assuming no aspirin use, and 2) assu-
ming aspirin use during the remaining lifetime until age 85. Predicted aspirin treatment 
effect was defined as the difference between the area under the survival curves of both 
scenarios. Predicted aspirin treatment effect was expressed in healthy life-months gain-
ed. Gains in CVD-free life-expectancy were estimated for all participants of the WHS.

Estimation of 10-year CVD risk
The same competing risk adjusted lifetime model was used for prediction of 10-year 
CVD risk. For this purpose, we calculated age-specific baseline survival-coefficients for 
prediction of 10-year risk that can be used for patients up to 75 years. Thus, 10-year 
CVD risk was computed based on the CVD-model only.

Statistical analyses were performed in R, version 3.1.1 (www.r-project.org; packages 
mstate, survival, cmprsk, pec, rms, Hmisc).
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Supplemental Results

Baseline characteristics
The baseline characteristics of the WHS participants are shown in Supplemental Table 
1. Although most women entered the study between 45 and 65 years of age (N=24,969, 
89%), women of ages 65-75 years (N=2,748, 10%) and 75-85 years (N=215, 1%) were 
also represented. During the original randomised trial period a total of 652 CVD-even-
ts and 545 non-CVD deaths were observed. During the extended follow-up in the 
post-randomisation period an additional 476 CVD-events and 528 non-CVD deaths 
were observed.
 
Model derivation and performance
Supplemental Table 2-4 present the computational formulas of the prediction models for 
CVD-risk and non-CVD mortality, the hazard ratios and p-values of the separate coef-
ficients, and the baseline survival rates for each age-level. Only minimal non-proportio-
nality was observed for the coefficient of smoking in the CVD-risk model (p=0.03), but 
this was considered acceptable because the coefficient remained positive across the entire 
age-range (Supplemental Figure 1). Notably, proportionality of the aspirin treatment 
effect coefficient means that the relative risk reduction of aspirin was equal for all ages. 

The c-statistic of the separate CVD-risk model was 0.74; 95%CI 0.73-0.76) and the 
c-statistic of the separate non-CVD mortality-risk model was 0.69; 95% CI 0.67-0.70). 
The c-statistic of the combined risk score was 0.72 (95%CI 0.71-0.73). Figure 3 (main 
article) shows that predicted and observed CVD-free survival were well balanced during 
long term (i.e. 17 years) follow-up.
 
Prediction of treatment effect for individual patients
Figure 1 (main article) shows how the model was used to construct CVD-free survival 
curves for a random individual patient scenario and, thereby, estimate aspirin treat-
ment effect in terms of gain in CVD-free life-expectancy. Likewise, aspirin treatment 
effect was estimated for all participants of the WHS. Supplemental Figure 2 demon-
strates the distribution of predicted aspirin treatment effect in all participants of the 
WHS. Although a wide range of predicted treatment effect was observed, the majori-
ty of WHS-participants (N=26,368, 94%) had a predicted aspirin treatment effect <2 
months gain in CVD-free life-expectancy. Supplemental Table 5 shows a comparison 
of patients with low (<2 months) versus high (>2 months) predicted gain in CVD-free 
life-expectancy. Notably, while most conventional CVD-risk factors (e.g. smoking, di-
abetes, hypertension and hypercholesterolemia) were more prevalent in patients with 
high predicted aspirin treatment effect, age was not discriminating. 
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Supplemental Table 2. Risk model computational formulas 

 
1-year CVD model (used for lifetime estimations) 
 
1-year survival on aspirin = (age-specific 1yr baseline survival¥)^exp(A) 
 
A =  1.3197 (if history of diabetes) + 0.0046 * non HDL-c (in mg/dl) + 1.0453 (if currently smoking) + 
0.0305 * systolic blood pressure (mmHg) - 0.0862 (if aspirin) 
 
 
1-year non-CVD mortality model (used for lifetime estimations) 
 
1-year survival on aspirin = (age-specific 1yr baseline survival¥)^exp(B) 
 
B = 0.2264 (if history of diabetes) + 0.0006 * non HDL-c (in mg/dl) + 0.9823 (if currently smoking) + 
0.0024 * systolic blood pressure (mmHg) + 0.0302 (if aspirin) 
 
- - - - - 
 
10-year CVD model (used for CVD-risk estimations)  
 
Predicted 10-year risk = 1 –  (age-specific 10yr baseline survival¥)^exp(B) * 100% 
 
¥Age-specific baseline survivals are shown in Supplemental Table 4 

	

Supplemental Table 1. Baseline characteristics of the WHS population 

  (n = 27,939) 
Age (years) 53 (49-59) 
    Age <55 years  16,697 (60) 
    Age 55-65 years  8,274 (30) 
    Age 65-75 years  2,748 (10) 
    Age ≥75 years  220 (1) 
Caucasian ethnicity  26,401 (95) 
Family history of premature CHD* 5,650 (20) 
Total cholesterol (mg/dl) 208 (184-236) 
HDL-cholesterol (mg/dl) 52 (43-62) 
Non HDL-cholesterol (mg/dl) 155 (129-182) 
hs-CRP (mg/L) 2.0 (0.8-4.4) 
Systolic blood pressure (mmHg) 125 (115-135) 
Blood pressure lowering medication use 3,751 (13) 
Lipid lowering medication use 911 (3) 
Diabetes mellitus 700 (3) 
Body Mass Index (kg/m2) 25 (22-28) 
Post-menopausal status 15,167 (54) 
Current smoking 3,273 (12) 
All data are displayed as median (interquartile range) or n (%); *CHD = 
coronary heart disease 
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Supplemental Figure 1. Scaled Schoenfeld residuals for the covariate smoking in the CVD-risk model 
plotted against time (i.e. age). Only minimal non-proportionality was observed (p=0.03). This figure 
shows that although the importance of smoking slightly declined at higher ages, the coefficient remained 
positive across the entire age-range. There was no non-proportionality observed for any of the other 
variables, including aspirin. 
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Supplemental Figure 2. Distribution of predicted treatment effect in all participants of the WHS. 
Treatment effect >2 months gain in CVD-free life-expectancy was predicted in only 6% of patients. 
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Supplemental Figure 3. Example of an interactive calculator that can be used for individual treatment effect 
predictions.
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Abstract

Background In patients with established cardiovascular disease, 10-year risk estimation can be used to per-
sonalize secondary prevention. Lifetime predictions, adjusted for non-cardiovascular mortality, may further 
improve estimation of a patient’s prognosis and potential to benefit from (novel) therapy. 

Methods Analyses were performed in the REACH and SMART prospective cohort studies of patients 
with established coronary, cerebrovascular, and/or peripheral artery disease originating from primary and 
clinical practices in North-America (REACH, n=19,170), Western-Europe (REACH, n=14,259) and the 
Netherlands (SMART, n=6,959). First, we externally validated the previously developed 10-year SMART 
risk score and 20-month REACH models for recurrent cardiovascular events. Second, we developed the 
REACH-SMART model for lifetime predictions based on clinical and laboratory predictors incorporated 
in cause-specific Fine and Gray competing risk models for cardiovascular events (myocardial infarction 
(MI), stroke, vascular death) and non-cardiovascular death and adjusted for geographical differences in 
event rates. Lifetime predictions were expressed in terms of 1) life-expectancy free of stroke or MI, or 2) 
cumulative risk (until age 90).  

Results Calibration of the REACH models in SMART, as well as calibration of the recalibrated SMART 
score in REACH North-America and REACH Western-Europa was adequate, except the SMART score 
overestimated risk in very high-risk patients. The REACH-SMART lifetime model showed good external 
calibration in both SMART (c-statistic 0.68 (95% CI 0.67-0.70)) and North-America (c-statistic 0.67 
(95% CI 0.66-0.68)). Whereas 10-year risks increased with age, lifetime risk tended to be highest in young-
er patients (median 71% (quartiles 60-79%) in age <55 and 57% (quartiles 50-65%) in age ≥75).

Conclusions The REACH and SMART scores for recurrent cardiovascular events adequately estimate 
20-month or 10-year vascular risk in patients with cardiovascular disease, except in very high-risk patients. 
Lifetime prognosis can be estimated with the externally validated REACH-SMART model.
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Introduction

Patients with a clinical manifestation of cardiovascular disease show substantial varia-
tion in cardiovascular prognosis. In order to personalize secondary prevention, tools to 
predict recurrent cardiovascular events are needed.1, 2 In particular with the emergence 
of novel therapeutic options such as PCSK9-inhibitors, prediction models may com-
plement shared decision-making and allow appropriate, cost-effective use of preventive 
therapies. Recently two risk models have been developed for the prediction of recurrent 
cardiovascular events based on the observational REduction of Atherothrombosis for 
Continued Health (REACH) and the Secondary Manifestations of ARTerial disease 
(SMART) cohort studies of patients with established cardiovascular disease.3-8 These 
models estimate the 20-month (REACH) and 10-year (SMART) risk of recurrent ma-
jor cardiovascular events. The external validity of these models needs to be established 
before widespread use is justified.
The ability to estimate risk in patients with cardiovascular disease is a first step towards 
personalized secondary prevention of cardiovascular events. In addition, recent deve-
lopments have shown that lifetime predictions may further improve estimation of a 
patient’s prognosis and potential to benefit from (novel) therapy.9-13 A limitation of 
typical risk models is that these do not account for competing events (i.e., non-cardio-
vascular mortality) and a patient’s remaining life-expectancy. These aspects are impor-
tant in patients with cardiovascular disease who are generally at increased risk for both 
cardiovascular events and non-cardiovascular mortality.14, 15 Compared with short-term 
risk estimation, estimating cardiovascular prognosis from a lifetime perspective may be 
more informative of an individual’s potential to benefit from lifelong preventive thera-
py.9, 10, 12, 16 For example, the QRISK lifetime model in the primary prevention setting is 
shown to identify patients with an unfavorable prognosis at a much younger age than 
the traditional 10-year risk approach.9 In addition, recent data demonstrate that treat-
ment benefit estimated from a lifetime perspective was highest in younger patients with 
otherwise high risk factor levels.17-19 

In this paper we aimed to externally cross-validate the previously developed REACH 
and SMART risk models for estimating the 20-month and 10-year risk for recurrent 
cardiovascular events, as well as the 20-month REACH model for cardiovascular morta-
lity. Subsequently, we developed, validated, and evaluated the REACH-SMART model 
for estimation of life-expectancy free of stroke or myocardial infarction (MI) and life-
time risk for recurrent cardiovascular events in patients with established cardiovascular 
disease.
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Methods

Study populations
REACH and SMART are prospective cohort studies of patients with established car-
diovascular disease or cardiovascular risk factors. Study details have been described else-
where.5, 6, 20 In the present study we included patients with a history of clinical coronary 
artery disease (CAD), cerebrovascular disease (CVD) and/or peripheral artery disease 
(PAD) from both cohorts. From REACH, we used patient data from Western-Europe 
(n=14,259) and North-America (n=19,170). REACH participants were enrolled be-
tween 2003-2004 and followed for a maximum of four years for the occurrence of 
cardiovascular events and mortality. From the ongoing SMART cohort we used data 
from 6,959 patients enrolled between 1996-2014 originating from the University Medi-
cal Center Utrecht, The Netherlands. Detailed definitions of established cardiovascular 
disease and clinical outcomes are provided in Supplemental Table 1. Both studies were 
approved by institutional review boards and all participants provided written informed 
consent

External validation of the REACH and SMART models 
The 20-month REACH recurrent event model and the 10-year SMART risk score esti-
mate the risk of a recurrent cardiovascular event, defined as the first occurrence of a stro-
ke, MI or cardiovascular death (Supplemental Table 1C). A separate REACH cardiovas-
cular death model estimates an individual’s 20-month risk of cardiovascular mortality. 
Performance of the SMART and REACH models was assessed in terms of calibration 
and discrimination. The REACH models were tested in SMART and the SMART risk 
score in REACH Western-Europe and North-America. A detailed description of the 
cross-validation is provided in the Supplemental Methods. 
 
Development of the REACH-SMART model for lifetime predictions
We developed the REACH-SMART model for lifetime predictions in REACH Wes-
tern-Europe using statistical methods that were previously described in detail.17, 21 In 
short, two Fine and Gray competing risk models were fitted for cause specific esti-
mates of the cumulative incidence, one for recurrent cardiovascular events and one 
for non-cardiovascular mortality. Age was used as the underlying time function (i.e., 
left-truncation). This enables lifetime predictions across the age range from the youngest 
age at study entry to the highest age at study exit. Predictors were selected based on the 
SMART and REACH models3, 4 and on availability in both datasets. This resulted in the 
following nine predictors that were used for both models: sex, current smoking (yes/no), 
diabetes mellitus (yes/no), systolic blood pressure (mmHg), total cholesterol (mmol/L), 
creatinine (umol/L), number of locations of cardiovascular disease (i.e., CAD, CVD, 
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and PAD), history of atrial fibrillation (yes/no) and history of congestive heart failure 
(yes/no). Linearity of the relation between continuous predictors and the outcomes was 
tested with restricted cubic splines and transformation was applied when this improved 
model fit based on Akaike’s Information Criterion. Continuous predictors were trunca-
ted at the 1st and 99th percentile to limit the effect of outliers. The proportional hazards 
assumption was assessed by testing the correlations between scaled Schoenfeld residuals 
for the various predictors and age. 

Lifetime estimates for individual patients
Based on the newly developed REACH-SMART models, lifetime estimates were ob-
tained for all individual patients in the pooled populations (REACH Western-Europe, 
SMART and REACH North-America). Beginning at the starting age of each indivi-
dual, the cumulative survival free of stroke or MI was estimated for each subsequent 
year. Therefore, the estimated survival at the beginning of each life-year was multiplied 
by the survival probability during that year. The survival probability was obtained by 
subtracting cardiovascular risk and non-cardiovascular mortality risk from one. This was 
repeated until the maximum age of 90, as the number of observations beyond the age 
of 90 was limited in the study populations.17 Life-expectancy free of stroke or MI of an 
individual person was defined as the median estimated survival, which is the age where 
the predicted individual survival curve equals 50%. An individual’s lifetime risk was 
calculated as the cumulative cause-specific cardiovascular risk until age 90, adjusted for 
non-cardiovascular mortality. Notably, the REACH-SMART model can still be used for 
10-year predictions, by truncating cause-specific estimates of cardiovascular risk at 10 
years after the starting age. 
Differences between estimated 10-year risk and lifetime risk, both calculated with the 
REACH-SMART lifetime model, were compared in the pooled study populations as 
well as in two individual patient examples. For the patient examples, also an illustration 
of estimating treatment benefit in terms of gain in life-expectancy free of stroke or MI 
was shown for two hypothetical treatments, i.e. with hazard ratios for the occurrence 
of cardiovascular events of 0.75 and 0.5. This was done by applying the hazard ratio to 
the 1-year estimates of the cardiovascular event model (i.e., the log of the hazard ratio 
is added to the linear predictor part of the cardiovascular event model).3, 9, 17, 22 An in-
dividual’s benefit from lifelong treatment (until age 90) was estimated as the difference 
between the estimated survival curves with and without treatment.

Model validation
External validity of the REACH-SMART model was tested in the SMART population 
at 10-year follow-up and in REACH North-America at 2-year follow-up. Calibration 
(the agreement between predicted and observed events) was assessed for the total survi-
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val free of stroke or MI as well as for the cardiovascular model and the non-cardiovascu-
lar death models separately. Discrimination was expressed with C-statistics based on the 
models’ 1-year predictions.23 To adjust for geographic differences in underlying event 
rates, the ratio between expected and observed events (E/O ratio) in the SMART and 
North-American REACH populations was used to update the models to the population 
of interest. Continuous variables were truncated based on the limits of these values in 
the Western-European REACH development population. In SMART no information 
was available on heart failure, therefore heart failure was assumed absent for all SMART 
participants. 
 
Missing data (<1% of variables in SMART and in REACH 20% creatinine, 21% total 
cholesterol, 3% current smoking, 2% atrial fibrillation and heart failure and <1% for 
other variables) were reduced by single imputation using predictive mean matching (are-
gImpute-algorithm in R, Hmisc-package).24 Analyses were conducted with R statistical 
software V.3.2.2 .

Results

Baseline characteristics of the study populations are shown in Table 1 . Different age 
groups were well represented in the three cohorts. Risk factor distribution was similar 
across the three populations although SMART included more current smokers (32% 
versus 16% and 13% in REACH Western-Europe and North-America) and in REACH 
more patients had diabetes: 33% (Western-Europe) and 42% (North-America) versus 
18% in SMART. In REACH Western-Europe, a total of 1,555 cardiovascular events and 
490 non-cardiovascular deaths were observed during a median follow-up of 1.8 years 
(quartiles 1.5-2.2). In SMART, 1,077 cardiovascular events and 554 non-cardiovascular 
deaths occurred during 6.5 (quartiles 3.4-9.9) years and in REACH North-America 
were 1,743 cardiovascular events and 679 non-cardiovascular deaths during a median 
follow-up of 1.8 (quartiles 1.5-1.8) years.

External performance of the REACH and SMART risk models
Both REACH models showed reasonable calibration in SMART (Supplemental Figure 
1A). Discrimination was acceptable with C-statistics of 0.66 (95% CI 0.64-0.68) for the 
recurrent event model and 0.76 (95% CI 0.74-0.78) for the cardiovascular death model. 
The SMART model showed clear miscalibration in both REACH populations (Supple-
mental Figure 1B). After recalibration, the SMART model still showed miscalibration in 
REACH North-America. In Western-Europe, the predictions were reasonable although 
overestimation was seen in very high-risk patients (>20% 2-year risk). C-statistics for re-
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Table 1. Baseline characteristics of the REACH and SMART populations 

    

 
REACH  
Western-Europe 

 
SMART  
cohort 

 
REACH  
North-America 

    (n = 14,259) (n = 6,959) (n = 19,170) 
Age (years)   68 (10) 60 (10) 70 (10) 
Age < 55 years   1,481 (10) 2,093 (30) 1,658 (9) 
Age 55-65 years   3,525 (25) 2,382 (34) 4,325 (23) 
Age 65-75 years   5,509 (39) 2,005 (29) 6,413 (33) 
Age ≥75 years   3,744 (26) 479 (7) 6,774 (35) 
Male sex   10,270 (72) 5,098 (73) 11,861 (62) 
Current smoking   2,283 (16) 2,195 (32) 2,546 (13) 
Systolic blood pressure (mmHg)   140 (18) 140 (21) 132 (18) 
Diastolic blood pressure (mmHg)   80 (10) 81 (11) 75 (11) 
Diabetes mellitus   4,771 (33) 1,227 (18) 8,118 (42) 
          
Cardiovascular history         
Congestive heart failure   2,208 (15)  - 3,692 (19) 
Atrial fibrillation   1,629 (11) 79 (1) 2,605 (14) 
Coronary artery disease    9,860 (69) 4,367 (63) 15,512 (81) 
Cerebrovascular disease    4,451 (31) 2,124 (31) 5,348 (28) 
Peripheral artery disease    3,343 (23) 1,377 (20) 2,329 (12) 
          
Laboratory values         
Total cholesterol (mmol/L)   5.1 (1.2) 4.8 (1.2) 4.6 (1.1) 
Creatinine (umol/l)   93 (28) 88 (77) 100 (35) 
          
Medication use         
Statin    10,176 (71) 4,683 (67) 14,787 (77) 
Acetylsalicylic acid   9,529 (67) 4,022 (68) 14,459 (75) 
Antihypertensive medication   12,900 (90) 5,183 (74) 17,933 (94) 
          
All data are displayed as mean (standard deviation) or n (percentage) 
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current cardiovascular events were 0.64 (95% CI 0.63-0.65) in REACH North-America 
and 0.65 (95% CI 0.63-0.66) in REACH Western-Europe.

Development and validation of the REACH-SMART lifetime model
Table 2  shows the coefficients and hazard ratios of both the cardiovascular and non-car-
diovascular death models. The age-specific baseline survivals are presented in Supple-
mental Table 2. Supplemental Table 3 provides the calculation formulas of cause-spe-
cific survivals based on which lifetime predictions were built. The proportional hazard 
assumption was met for the cardiovascular event model. In the non-cardiovascular death 
model, non-proportionality was observed for current smoking with a decreasing effect 
with increasing age. Therefore, an interaction between age and smoking status was in-
cluded in this model. We included quadratic terms for systolic blood pressure and total 
cholesterol in the cardiovascular event model and for creatinine in the non-cardiovascu-
lar death model. 
After correction for differences in geographic event rates (Supplemental Table 3), the 
estimated survival free of stroke or MI showed good agreement with the observed sur-
vival in both SMART and REACH North-America (Figure 1 ). Discrimination of the 
estimated survivals was acceptable with an overall c-statistic of 0.68 (95% CI 0.67-0.70) 
in SMART and 0.67 (95% CI 0.66-0.68) in REACH North-America.

Lifetime estimates for individuals with established cardiovascular disease
Figure 2 shows the medians and interquartile ranges of both lifetime risk and 10-year 
risk of cardiovascular events for different age levels in the pooled study populations. 
Median lifetime risk is relatively constant for patients at different ages, with a small de-
crease in older ages with a median of 71% (quartiles 60-79%) in patients aged <55 and 
a median of 57% (quartiles 50-65%) in patients aged ≥75. In contrast, median 10-year 
risk is generally higher in older patients with a median of 21% (quartiles 16-28%) in 
patients aged <55 and 50% (quartiles 41-58%) in patients aged ≥75.
Figure 3  illustrates the use of 10-year versus lifetime predictions in individuals with 
cardiovascular disease for two patient examples. Patient A has a lower estimated 10-year 
risk than patient B (26% versus 35%). As patient A is 55 years old, her 10-year risk is 
driven by her risk factors. For patient B his risk is mainly driven by his age of 75. As 
a result, patient A has a higher lifetime risk (69% (patient A) versus 48% (patient B)) 
and a lower estimated life-expectancy free of stroke or MI than patient B (70 versus 85). 
Importantly, different prognostic estimates may result in different clinical decisions (Fi-
gure 3): based on their estimated 10-year risks, intensification of secondary prevention 
is deemed more necessary for patient B than for patient A. However, from a lifetime 
perspective, patient A is likely to benefit more from intensifying preventive secondary 
prevention than patient B: 23 versus 9 months free of stroke or MI from treatment with 
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Table 2. Coefficients and hazard ratios of the REACH-SMART lifetime models 
 
 

Model 1 (cardiovascular events)       
  Coefficient HR (95% CI) P-value 
        
Male sex   0,0720 1.07 (0.96-1.21) 0.23 
Current smoking 0.4309 1.54 (1.34-1.77) <0.01 
Diabetes mellitus 0.4357 1.55 (1.39-1.71) <0.01 
Systolic blood pressure (per 10 mmHg) -0.2814   0.07 
Systolic blood pressure squared (per 10 mmHg) 0,0010   0.07 
Total cholesterol (mmol/L) -0.3671   0.02 
Total cholesterol squared (mmol/L) 0.0356   0.01 
Creatinine (per 10 umol/L) 0.0612 1.06 (1.05-1.08) <0.01 
Nr. of location of cardiovascular disease: 1 ref 1 (ref)   
Nr. of location of cardiovascular disease: 2 0.3176 1.37 (1.22-1.54) <0.01 
Nr. of location of cardiovascular disease: 3 0.2896 1.34 (1.03-1.73) 0.03 
Atrial fibrillation 0.2143 1.24 (1.08-1.42) <0.01 
Congestive heart failure 0.4447 1.56 (1.38-1.76) <0.01 
The models contains squared terms for systolic blood pressure and total cholesterol. For these terms only 
coefficients were provided as the HRs cannot be interpreted independently. 
HR = hazard ratio 

        
Model 2 (other causes of mortality)       
  Coefficient HR (95% CI) P-value 
        
Male sex   0.5986 1.82 (1.45-2.29) <0.01 
Current smoking 4.2538   <0.01 
Current smoking * age -0.0486   <0.01 
Diabetes mellitus 0.4065 1.50 (1.25-1.80) <0.01 
Systolic blood pressure (per 10 mmHg) -0.0741 0.93 (0.88-0.98) <0.01 
Total cholesterol (mmol/L) -0.0030 1.00 (0.92-1.09) 0.95 
Creatinin (per 10 umol/L)  -0.1886   <0.01 
Creatinin squared (per 10 umol/L)  0.0008   <0.01 
Nr. of location of cardiovascular disease: 1 ref 1 (ref)   
Nr. of location of cardiovascular disease: 2 0.1442 1.16 (0.93-1.44) 0.19 
Nr. of location of cardiovascular disease: 3 0.5694 1.77 (1.17-2.68) <0.01 
Atrial fibrillation 0.3213 1.38 (1.09-1.75) <0.01 
Congestive heart failure 0.2061 1.23 (0.98-1.55) 0.08 
The models contains squared terms for creatinine and an interaction between smoking and age. For these 
terms only coefficients were provided as the HRs cannot be interpreted independently. 
HR = hazard ratio 

	

a hazard ratio of 0.75 and 51 versus 18 months for treatment with hazard ratio 0.5. 
This is because patient A has several risk factors in combination with longer remaining 
life-expectancy in which she can benefit from treatment compared with patient B.
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Figure 2. Comparison of estimated lifetime risk versus 10-year risk. Dotted lines represent the medians 
of the estimated 10-year and lifetime risks Grey lines represent the quartiles of the estimated risks. 
	

Median risks (quartiles) in subgroups of age: 
 10-year risk (%) Lifetime risk (%) 

Age <55 21 (16-28) 71 (60-79) 
Age 55-65 27 (20-36) 68 (60-76) 
Age 65-75 40 (31-50) 64 (57-72) 

Age ≥75 50 (41-58) 57 (50-65) 
	

Figure 1A. External calibration of estimated 
survival with the REACH-SMART model. 
Estimated versus observed 10-year survival free 
of stroke or MI in the SMART population (after 
correction for geographic differences in event 
rates)

Figure 1B. External calibration of estimated 
survival with the REACH-SMART model. 
Estimated versus observed 2-year survival free of 
stroke or MI in the North-American REACH 
population (after correction for geographic 
differences in event rates)
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Figure 3. Patient examples Patient A is a 55-year old woman, she is a current smoker and has no diabetes. Her systolic 
blood pressure is 145 mmHg. Her laboratory values are: total cholesterol 5.0 mmol/L, creatinine 70 umol/L. She has a 
history of one location of cardiovascular disease as well as atrial fibrillation and she has no congestive heart failure.
The estimated 10-year risk for patient A is 26%. Her estimated lifetime risk is 69%.
The dark blue survival curve is her estimated survival without additional (novel) therapy. The dark blue + blue (middle) 
area is her estimated survival on lifelong therapy with a hypothetical treatment HR of 0.75. The dark blue + blue + 
light blue area is her estimated survival on lifelong therapy with a hypothetical treatment HR of 0.5. The blue (middle) 
area represents the estimated benefit in months free from stroke or MI from lifelong treatment with HR of 0.75 (23 
months) and the blue + light blue area together represent estimated benefit with treatment with HR 0.5 (51 months).
Survival on therapy was estimated by adding the log(HR) to the linear predictor (A) part of the cardiovascular model 
(Supplemental Table 3)
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Figure 3. Patient examples Patient B is a 75-year old male, he does not smoke and has no diabetes. His systolic blood 
pressure is 140 mmHg. His total cholesterol is 4.0 mmol/L and creatinine 80 umol/L. He has a history of one location 
of cardiovascular disease, no atrial fibrillation and no congestive heart failure.  
The estimated 10-year risk for patient B is 35%. His estimated lifetime risk is 48%. 
The dark blue survival curve is his estimated survival without additional (novel) therapy. The dark blue + blue (middle) 
area is his estimated survival on lifelong therapy with a hypothetical treatment HR of 0.75. The dark blue + blue + light 
blue area is his estimated survival on lifelong therapy with a hypothetical treatment HR of 0.5.  
The  blue (middle) area represents the estimated benefit in months free from stroke or MI from lifelong treatment with 
HR of 0.75 (9 months) and the blue + light blue area together represent estimated benefit with treatment with HR 0.5 
(18 months). 
Survival on therapy was estimated by adding the log(HR) to the linear predictor (A) part of the cardiovascular model 
(Supplemental Table 3)
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Discussion

In this study we demonstrate that the 20-month REACH risk models show adequate 
external performance and that the SMART risk score shows adequate performance for 
Western-Europe patients after recalibration, although overestimation of risk was seen in 
very high-risk patients. Subsequently, we developed and validated the REACH-SMART 
model for estimating lifetime risk and remaining life-expectancy free of (recurrent) stro-
ke or MI in patients with established cardiovascular disease. The REACH-SMART mo-
del showed good external performance in the SMART and North-American REACH 
populations after correction for average risks in geographic areas. Of note, we found that 
10-year risk is generally higher in older patients, whereas median lifetime risk is highest 
in younger patients.

Estimating prognosis in patients with established cardiovascular disease is challenged 
by some typical characteristics of the population of interest. Due to shared risk factors, 
patients with cardiovascular risk are also at increased risk of other causes of death.14, 15 
For example, smoking causes cardiovascular disease but also increases a patient’s risk to 
die from cancer or COPD. Risk scores that do not account for these competing risks, 
such as the REACH and SMART models,3, 4 assume that the patient remains alive until 
a recurrent cardiovascular event occurs. In reality, a patient may also die from something 
else in the meantime. Thus, failure to account for these competing events may result in 
overestimation of cardiovascular risk and the effect of preventive treatment, particularly 
in high-risk patients. This may explain our findings with respect to external performance 
of the SMART risk score (Supplemental Figure 1B). Although the REACH models also 
do not account for competing events, the SMART score estimates are based on much 
longer follow-up than the REACH coefficients and competing events become incre-
asingly important with longer follow-up. In the REACH-SMART model for lifetime 
predictions, we applied methods accounting for competing events and using age as the 
time axis, which enabled us to make valid 10-year predictions in the external SMART 
population despite more limited follow-up in the REACH development set (median 1.8 
years). As event rates vary between geographic areas,26, 27 recalibration to the population 
of interest is often necessary. This resulted in accurate estimates of the REACH-SMART 
model in the external validation sets. The discriminatory ability of the three models was 
moderate, which we considered acceptable as this is in line with previous studies on 
models in patients with cardiovascular disease.3, 4, 28, 29

Both the REACH and SMART risk models as well as the REACH-SMART lifetime 
model may be of value in daily clinical practice. The 20-month REACH models and 
10-year SMART risk score can be used to identify high-risk patients for intensification 
of short-term follow-up or for motivating patients for medication adherence and adop-
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ting a healthier lifestyle.30 Another important application of risk estimates is to select 
patients for clinical trials that typically need limited follow-up for occurrence of events 
of interest, in order to improve study power and efficiency.1 
For clinical decision-making on treatment strategies for individuals, several studies have 
demonstrated the advantage of lifetime estimates over traditional risk estimation. In 
the primary prevention setting, lifetime estimates have been shown to identify patients 
most likely to benefit from treatment at a much earlier age.9, 11, 12, 17, 31-33 The present stu-
dy demonstrates that this likely also applies to patients with established cardiovascular 
disease. Clinicians and guideline makers should be aware of the discrepancy between 
10-year and lifetime estimates, as these may result in different therapeutic decisions for 
the individual with cardiovascular disease (Figure 3). Future research may therefore fo-
cus on how the REACH-SMART lifetime model can be used to determine optimal use 
of specific preventive therapies. For example, several novel therapies are currently under 
investigation in large outcome trials (e.g., PCSK9-inhibitors, potent antithrombotics, 
anti-inflammatory agents).34-36 For these agents to be cost-effective, an individual’s ex-
pected benefit from treatment needs to outweigh potential harms and costs. By applying 
the hazard ratios derived from these trials to the REACH-SMART lifetime model as 
illustrated in Figure 3, the lifetime benefit for individuals can be estimated and weighed 
against disadvantages of treatment, in order to personalize the secondary prevention of 
cardiovascular disease. 
As the SMART and REACH participants originate from daily clinical practice with 
limited selection criteria, the models presented in this study are broadly applicable 
to patients with a clinical manifestation of cardiovascular disease. The presented RE-
ACH-SMART lifetime model can be applied to patients from Western-Europe in ge-
neral. For patients similar to the Dutch SMART population or the North-American 
REACH population, the geographic correction factors can be applied (Supplemental 
Table 3). 
 
Strengths of this study are the observational cohort design representing clinical practice, 
geographic variation, and the external validation of three prognostic models. A limita-
tion is that risk factors were measured at baseline and were thus considered to remain 
constant the rest of patient’s lives. A second limitation is that lifetime estimates often go 
beyond the 10 years of follow-up in which we validated the REACH-SMART model. 
In a previous study it was shown that lifetime predictions based on the applied methods 
are valid for survival up to 17 years.17 Nevertheless, it could be argued that longer term 
validation is desirable. 
 
In conclusion, for patients with established cardiovascular disease the risk of recurrent 
cardiovascular events can be estimated with the 20-month REACH models, or the re-
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calibrated 10-year SMART risk score. In addition, lifetime risk and life-expectancy free 
of stroke or MI can be estimated with the externally validated REACH-SMART model 
for individuals with cardiovascular disease in North-America and Western-Europe. Cli-
nicians and guidelines makers should be aware of the discrepancy between 10-year and 
lifetime estimates, as these may result in different clinical decisions about the appropri-
ate preventive strategy for individuals with cardiovascular disease.
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Supplemental Methods. The REACH and SMART models for risk of recurrent cardio-
vascular events

Details on the SMART and REACH risk models have been published previously.1-4 The 
SMART risk score estimates the 10-year risk of a myocardial infarction, stroke or cardio-
vascular death for individuals with coronary artery disease, cerebrovascular disease, pe-
ripheral artery disease and/or an abdominal aortic aneurysm. The SMART risk score is 
based on the following predictors: age, sex, current smoking, diabetes mellitus, systolic 
blood pressure (mmHg), total cholesterol (mmol/L), HDL-cholesterol (mmol/L), pre-
sence of CAD, CVD, PAD and/or AAA, eGFR (ml/min/1.73 m²), hsCRP (mg/L) and 
years since first manifestation of cardiovascular disease.1 The REACH models estimate 
the 20-month risk of a myocardial infarction, stroke or cardiovascular death (REACH 
recurrent event model), or cardiovascular death separately based on the following pre-
dictors: age, sex, current smoking, diabetes mellitus, body mass index (kg/m2), number 
of locations of cardiovascular disease, cardiovascular event in the past year, congestive 
heart failure, atrial fibrillation, use of a statin, use of aspirin, geographic region (North 
America/Western Europe, Eastern Europe/Middle East or Japan/Australia).5 Due to 
non-available variables we used sex and location of cardiovascular disease-specific aver-
ages of hsCRP and HDL cholesterol based on those values in SMART in the REACH 
data and the variable number of years since first event we set zero if the patient had an 
event in the last year and one when this was longer ago. In SMART, congestive heart 
failure was considered absent.

External validation of the REACH and SMART risk models
As the follow-up in the REACH cohort was limited, we validated the SMART risk score 
at 2-year follow-up using the 2-year baseline survival of 0.962 that we derived from the 
original SMART risk score development dataset. Estimated risks were compared with 
observed risk in quintiles or deciles of estimated risk (calibration) and were shown in 
calibration plots. As underlying event rates are known to differ between geographic 
regions, recalibration of the models was considered based on the calibration plot.  As a 
result, recalibration of the SMART risk score was performed in both the Western-Euro-
pe and North-American REACH population by replacing the 2-year baseline survival 
(0.962) and mean linear predictor (2.099) of the SMART risk score by the estimates of 
the validation set.6, 7 Discrimination (the extent to which patients that develop an event 
also had higher estimated risk than patients that did not get the event of interest) was 
expressed with Harrell’s c-statistic.8
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Supplemental Table 1. Inclusion and exclusion criteria of the REACH and SMART cohorts and 
definitions of history of cardiovascular disease and the outcome major cardiovascular events 
 

A. In- and exclusion criteria of the study populations 

 SMART2 REACH3 
Inclusion 
criteria 

Patients aged 18-79 years with 
documented CAD, CVD, or PAD 

Subjects aged ≥45 years with documented 
CAD, CVD or PAD 

Exclusion 
criteria 

-Terminal malignancy 
-Not independent in daily activities 
(Rankin scale >3)  
-Not sufficiently fluent in Dutch 

-Already participating in a clinical trial  
-Expected to have difficulties returning 
for follow-up visits  

	

 

B. Definitions of manifest cardiovascular disease at enrolment 

 SMART2 REACH3 
History of 
CAD 

Angina pectoris, myocardial infarction or 
coronary revascularisation (coronary 
bypass surgery or coronary angioplasty) 

Stable angina with documented coronary 
artery disease, history of unstable angina 
with documented coronary artery disease, 
history of percutaneous coronary 
intervention, history of coronary artery 
bypass graft surgery, or previous 
myocardial infarction 

History of 
CVD 

TIA, cerebral infarction, amaurosis fugax 
or retinal infarction, or a history of carotid 
surgery 

Hospital or neurologist report with the 
diagnosis of TIA or ischemic stroke 

History of 
PAD 

Symptomatic and documented obstruction 
of distal arteries of the leg or surgery of the 
leg (percutaneous transluminal 
angioplasty, bypass or amputation) 

One or both of the following criteria: 
current intermittent claudication with 
ankle-brachial index of <0.9 or a history 
of intermittent claudication 
together with a previous and related 
intervention such as angioplasty, stenting, 
atherectomy, peripheral arterial bypass 
graft, or other vascular intervention, 
including amputation 
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Supplemental Table 2. Age-specific baseline survivals for the REACH-SMART models 

Age 1-year survival free  
of stroke or MI* 

1-year survival for  
non-cardiovascular mortality** 

45 1.0000 1.0000 
46 0.8539 0.9855 
47 0.8420 1.0000 
48 0.9088 0.9950 
49 0.9172 1.0000 
50 0.8464 1.0000 
51 0.7297 0.9949 
52 0.8081 0.9958 
53 0.8980 1.0000 
54 0.8155 0.9896 
55 0.7609 0.9966 
56 0.8113 0.9935 
57 0.8173 0.9842 
58 0.7939 0.9869 
59 0.8382 0.9935 
60 0.8333 0.9938 
61 0.8257 0.9934 
62 0.8000 0.9734 
63 0.7930 0.9683 
64 0.7962 0.9768 
65 0.7807 0.9725 
66 0.7731 0.9724 
67 0.8118 0.9586 
68 0.7325 0.9683 
69 0.7671 0.9720 
70 0.7236 0.9539 
71 0.6690 0.9439 
72 0.7173 0.9469 
73 0.6978 0.9299 
74 0.6074 0.9369 
75 0.6880 0.9537 
76 0.6473 0.9172 
77 0.7034 0.9018 
78 0.6904 0.9280 
79 0.6507 0.8622 
80 0.5946 0.8688 
81 0.5328 0.8381 
82 0.4954 0.8647 
83 0.5376 0.8478 
84 0.4403 0.8125 
85 0.5043 0.7855 
86 0.5509 0.7284 
87 0.5480 0.7685 
88 0.3889 0.7197 
89 0.3048 0.6469 

*Based on the cause-specific cumulative incidence model for cardiovascular disease  
**Based on the cause-specific cumulative incidence model for non- cardiovascular mortality 
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Supplemental Table 3. REACH-SMART lifetime model formulas 

 
Cardiovascular model  
 
1-year survival = (age-specific 1-yr baseline survival¥)^exp(A) 
 
A =  0.0720 (if male) + 0.4309 (if current smoker) + 0.4357 (if diabetes mellitus) – 0.0281* systolic blood 
pressure (in mmHg) + 0.0001* squared systolic blood pressure (in mmHg) – 0.3671*total cholesterol (in 
mmol/L) + 0.0356*squared total cholesterol (in mmol/L) + 0.0061*creatinine (in umol/L) + 0.3176 (if 
two locations of cardiovascular disease)§ + 0.2896 (if three locations of cardiovascular disease)§ + 0.2143 
(if history of atrial fibrillation) + 0.4447 (if history of congestive heart failure) 
 
 
Non-cardiovascular mortality model  
 
1-year survival = (age-specific 1-yr baseline survival¥)^exp(B) 
 
B = 0.5986 (if male) + 4.2538 (if current smoker) – 0.0486*age (if current smoker) + 0.4065 (if diabetes 
mellitus) – 0.0074*systolic blood pressure (in mmHg) - 0.0030*total cholesterol (in mmol/L) - 
0.0189*creatinine (in umol/L) + 0.0001*squared creatinine (in umol/L) + 0.1442 (if two locations of 
cardiovascular disease)§ + 0.5694 (if three locations of cardiovascular disease)§ + 0.3213 (if history of 
atrial fibrillation) + 0.2061 (if history of congestive heart failure) 
 
 

¥Age-specific baseline survivals are shown in Supplemental Table 2 for both models 
§ The coefficients for number of locations of cardiovascular disease (CAD, CVD, PAD) should not be 
added up. So, if the patient has two locations of cardiovascular disease, add 0.3176 to A and 0.1442 to 
B; if the patient has three locations of cardiovascular disease, add 0.2896 to A and 0.5694 to B.  
For patients similar to the Dutch (SMART) population: add –0.4296 to A and 0.2499 to B. For North-
American patients or patients similar to the North-American REACH population: add 0.1552 to A and 
0.4328 to B.  
	  

 

 
 
Supplemental Figure 1A. Calibration of the REACH recurrent event model (left) and REACH 
cardiovascular death model (right) in the SMART population	
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Supplemental Figure 1B. Calibration of the SMART risk score in the REACH cohort
Upper figures: calibration of the SMART risk score in REACH North-America before (left) and after (right) recalibrati-
on for the baseline survival (0.855 instead of 0.962) and mean linear predictor (1.142 instead of 2.099).
Lower figures: calibration of the SMART risk score in REACH Western-Europe before (left) and after (right) recalibra-
tion for the baseline survival (0.882 instead of 0.962) and mean linear predictor (1.611 instead of 2.099).
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Supplemental Figure 2A. Estimated versus observed 10-year cardiovascular risk estimated by the 
REACH-SMART model in the SMART population (left, E/O ratio 1.54) and after recalibration 
adjusting for the E/O ratio (right) 
	

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2B. Estimated versus observed 10-year risk of non-cardiovascular death 
estimated by the REACH-SMART model in the SMART population (left, E/O ratio 0.78) and after 
recalibration adjusting for the E/O ratio (right) 
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Supplemental Figure 2C. Estimated versus observed 2-year cardiovascular risk estimated by the 
REACH-SMART model in the North-American REACH population (left, E/O ratio 0.86) and after 
recalibration adjusting for the E/O ratio (right) 
	

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2D. Estimated versus observed 2-year risk of non-cardiovascular death 
estimated by the REACH-SMART model in the North-American REACH population (left, E/O ratio 
0.65) and after recalibration adjusting for the E/O ratio (right) 
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Abstract

Background In statin-treated patients with stable coronary artery disease (CAD), residual risk of vascular 
events is partly explained by plasma levels of low-density lipoprotein cholesterol (LDL-c). With the emer-
gence of the potentially effective but costly PCSK9-inhibitors, there is a need to identify individual patients 
who will benefit most meaningfully from this additional lipid-lowering treatment.

Methods We estimated individual lifetime benefit from PCSK9-inhibition in 4,853 statin-treated patients 
with stable CAD from the atorvastatin 80 mg arm of the TNT trial. The effect of PCSK9-inhibition was 
estimated based on an individual’s LDL-c level on statin treatment and assuming 50% additional LDL-c 
reduction and a risk reduction of 21% per mmol/L LDL-c lowering for the outcome major vascular events 
(myocardial infarction, stroke or cardiovascular death). Lifetime predictions were based on cause-specific 
Fine and Gray competing risk models for major vascular events  and non-vascular death. 

Results Expected individualized lifetime benefit from PCSK9-inhibition was <6 months in 62% of the 
patients, 6-12 months in 28% of the patients, and ≥12 months in 10% of the patients. Highest expected 
benefit was observed in younger patients (aged 40-60) with high risk factor burden and particularly if 
LDL-c levels were >1.8 mmol/L. Expected benefit was lowest (≤5 months) in older patients (≥70 years), in 
particular if LDL-c levels and other vascular risk factors were low.

Conclusion The individualized expected lifetime benefit from PCSK9-inhibition in patients with stable 
CAD on high-dose statin varied from a gain of <6 months to ≥12 months free of stroke or myocardial 
infarction. Highest benefit is expected in younger patients (age 40-60) with a high risk factor burden and 
relatively high LDL-c levels.
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Introduction

Patients with stable coronary artery disease (CAD) are at risk for developing new major 
vascular events (i.e. myocardial infarction (MI), stroke, or cardiovascular death), despi-
te optimal secondary prevention according to current guidelines.1-3 This residual risk 
is partly explained by low-density lipoprotein cholesterol (LDL-c) levels, even when 
treated with high-dose statin therapy.1 Novel interventions for further LDL-c lowering, 
such as PCSK9-inhibitors, have the potential to address this residual risk given the sub-
stantial additional reduction in LDL-c, but the results of endpoints studies are awaited.4 
Currently, clinicians face the dilemma which patients should be treated with these po-
tentially effective but costly new agents.5 

The additional reduction of LDL-c levels by PCSK9-inhibitors has been established in 
various studies and is approximately 50-60%.4 The effect of PCSK9-inhibition on the 
occurrence of major vascular events is currently being investigated in large outcome 
trials.6-8 Awaiting these results, an estimation of the risk reducing effect can be made 
based on the lipid-lowering effect by PCSK9-inhibition and based on the robust re-
lation between LDL-c reduction and vascular events (HR 0.79 per mmol/L LDL-c) 
irrespective of the mode of LDL-c-lowering (e.g. statins or ezetimibe).9, 10 In combined 
post-hoc analyses of small randomized trials investigating safety and the lipid-lowering 
effect of PCSK9-inhibiton, a 48-53% lower vascular event risk was observed, which 
is in line with estimates based on the observed LDL-c lowering by PCSK9-inhibiti-
on.11-13 This information can be incorporated in recently developed methods to estimate 
vascular prognosis in individual patients with clinical vascular disease, already treated 
with high-dose statins, in order estimate individualized expected additional benefit from 
PCSK9-inhibition.12, 14-16

In the present study we aimed to estimate individual benefit of PCSK9-inhibition in 
patients with stable CAD on high-dose statin therapy originating from the Treating to 
New Targets (TNT) trial.17 As preventive treatment is often continued lifelong, indivi-
dualized benefit was estimated from a lifetime perspective and expressed in terms of gain 
in life-expectancy free of stroke or MI. 

Methods

Study population
The design and results of the TNT trial have previously been published.17, 18 TNT was an 
international clinical trial that enrolled 10,001 men and women aged 35-75 with stable 
CAD (previous MI, angina with objective evidence of atherosclerotic coronary disease, 
or previous coronary revascularization) who had LDL-c levels <3.4 mmol/L at the end 
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of an open-label 8-week run-in period with atorvastatin 10 mg. Patients were randomi-
zed to either atorvastatin 80 or 10 mg daily. For the present analysis, we selected patients 
allocated to the atorvastatin 80 mg arm, if they were aged >40 years, if an LDL-c measu-
rement was available at the three-month on-treatment visit, and if they had not expe-
rienced a major vascular event (stroke, myocardial infarction) before the three-month 
visit. Baseline information (demographics, physical parameters and blood samples) was 
assessed at the screening visit. On-treatment lipid levels were measured at three months 
on study medication. Covariate data were missing on 1% or less of participants and were 
reduced by single imputation using predictive mean matching (aregImpute-algorithm 
in R, Hmisc-package) based on other patient characteristics and outcomes.19 The TNT 
trial complied with the Declaration of Helsinki, approval was obtained from institutio-
nal review boards and all participants provided written informed consent.
 
Individual benefit
Individual benefit from PCSK9-inhibition in addition to high-dose statins was estima-
ted based on: 1) Individual relative risk reduction, and 2) Individual vascular disease 
prognosis.
Individual relative risk reduction
An individual’s relative effect of PCSK9-inhibition was based on the expected LDL-c 
reduction, which is conditional to the baseline LDL-c level (i.e. on statin therapy).10, 20 
On average, PCSK9-inhibitors have been shown to reduce LDL-c levels by 50-60%.4, 21 
To prevent overoptimistic estimates of treatment benefit, we assumed a 50% LDL-c re-
duction in the present study. Large meta-analyses have shown a hazard ratio of 0.79 for 
major vascular events per mmol/L LDL-c reduction.10 Thus, an individualized expec-
ted relative effect of PCSK9-inhibition was defined as 0.790.5*LDL-c. Such individualized 
hazard ratios were calculated for each study participant. For non-vascular mortality, a 
relative risk of 1 was assumed.10

Individual vascular disease prognosis
We used an adapted version of the previously developed SMART risk score for recurrent 
vascular events in patients with clinical vascular disease.14 The SMART risk score was 
developed for 10-year predictions. In order to make lifetime predictions, we refitted the 
predictors of the SMART risk score in the present study population using previously de-
scribed methods for lifetime prediction modeling.22-24 In short, we developed two com-
peting risk models for cause-specific cumulative incidence, one for major vascular events 
(stroke, MI or vascular death) and one for non-vascular mortality. We used age as the 
underlying time function, which allowed us to make lifetime predictions across the age 
range from the youngest age at study entry to the highest age at study exit. Both models 
contained the following nine predictors: sex, current smoking (yes/no), diabetes mellitus 
(yes/no), systolic blood pressure (mmHg), total cholesterol (mmol/L), eGFR (MDRD) 
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(umol/L), history of cerebrovascular disease (yes/no), history of peripheral artery disease 
(yes/no), history of abdominal aortic aneurysm (yes/no). Two variables of the original 
SMART risk score were not incorporated in these models: hsCRP was not available in 
the TNT data, and the amount of years since first manifestation of vascular disease was 
not included because of its limited interpretability for lifetime predictions. The calcu-
lation of lifetime estimates has been described in detail previously.23, 25 Summarized, 
beginning at the starting age of each individual, the cumulative survival free of stroke 
or MI was estimated for each subsequent year. Therefore, the estimated survival free of 
stroke and MI at the beginning of each life-year was multiplied by the survival probabi-
lity during that year. The survival probability was obtained by subtracting vascular risk 
and non-vascular mortality risk (estimated with the vascular model and the non-vascu-
lar mortality model respectively) from 1. This was repeated until the age of 80 as there 
were few observations beyond this age. Continuous predictors were truncated at the 1st 
and 99th percentile to limit the effect of outliers. The proportional hazards assumption of 
both models was assessed by testing the correlations between scaled Schoenfeld residuals 
for the various predictors and age. 
Estimation of individual absolute treatment benefit 
Subsequently, the prediction model was used to estimate for each study patient 10-year 
risk of stroke, MI or vascular death, and life-expectancy free of stroke or MI in the next 
10 years, in the next 20 years and until age 80 (later referred to as lifetime prediction). 
The added effect of PCSK9-inhibition on survival was estimated by adding the estima-
ted individual relative risk reductions as a coefficient in the competing-risk adjusted 
model. Individual’s expected treatment benefit was defined as the estimated improve-
ment of each survival parameter and expressed in months gain in life-expectancy free of 
stroke or MI.

Results

Table 1  shows the characteristics of the study population. In total 4,853 individuals 
were included for the present study population. On average, patients were 61 (±SD 9) 
years old and 81% was male. More than half of the patients (59%) had a history of MI. 
In addition to CAD, 5% of the patients also had a history of cerebrovascular disease 
(TIA or stroke) and 12% had a history of peripheral artery disease. LDL-c levels on 
atorvastatin 80 mg were on average 1.9 (±SD 0.6) mmol/L and residual 10-year esti-
mated risk ranged from <10% in 30% of the patients to >30% in 3% of the patients 
(Supplemental Figure 1).

Individual benefit of PCSK9-inhibition
The median expected lifetime benefit from initiating PCSK9-inhibition was 5 months 
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Table 1. Patient characteristics 
  

TNT participants on 
atorvastatin 80 mg 

  (n = 4,853) 
    
Age (years) 61 (9) 

Age <50 years 551 (11%) 
Age 50-60 years 1,486 (31%) 
Age 60-70 years 1,928 (40%) 

Age ≥70 years 888 (18%) 
Male sex 3,929 (81%) 
Smoking status 635 (13%) 
Diabetes mellitus 740 (15%) 
Body mass index (kg/m2) 28 (4) 
Systolic blood pressure (mmHg) 131 (17) 
Diastolic blood pressure (mmHg) 78 (9) 
Antihypertensive therapy 3,872 (80%) 
Aspirin  4,212 (87%) 
    
Total cholesterol (mmol/L) 3.8 (0.7) 
LDL-cholesterol (mmol/L) 1.9 (0.6) 
HDL-cholesterol (mmol/L) 1.2 (0.3) 
eGFR (MDRD) (mL/min/1.73m2) 65 (11) 
    
Cardiovascular history   
   Myocardial infarction 2,855 (59%) 
   Coronary artery bypass grafting 2,261 (47%) 
   Cerebrovascular disease  247 (5%) 
   Peripheral artery disease  590 (12%) 
   Abdominal aortic aneurysm 86 (2%) 
   Congestive heart failure 360 (7%) 
    
All data are displayed as mean (standard deviation) or  
number (percentage) 
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(IQR 2-8 months) and varied substantially (Figure 1 ), ranging from less than 6 months 
in 62% of the patients to more than 12 months in 10% of the patients. Table 2  shows 
patient characteristics stratified for estimated benefit. Patients with highest expected be-
nefit (≥12 months) were younger (mean age 50 years ±SD 6), had higher LDL-c levels 
(mean 2.4 mmol/L ±SD 0.7) and risk factors were more prevalent, i.e. more smokers, 
diabetes, history of MI compared to patients with lowest expected benefit (<6 months) 
with a mean age of 66 years (±SD 6 years) and an average LDL-c level of 1.8 mmol/L 
(±SD 0.5 mmol/L). 
Table 3  shows median expected benefit for subgroups of several combinations of age, 
LDL-c level and estimated 10-year vascular risk. Highest benefit was seen in middle-aged 
patients (age 40-60 years), in particular if LDL-c levels were >1.8 mmol/L. Treatment 
benefits in the first 10 years of treatment turned out to be similar across different age 
groups and were about 8 months or less. However, the model estimated more benefit in 
younger patients and those with higher risk and higher LDL-c levels based on 20-year 
or lifelong predictions. 
Supplemental Tables 1 and 2 show the coefficients and age-specific baseline survivals of 
both the vascular and non-vascular death competing risk models on which the lifetime 
predictions were built. The proportional hazard assumption was met for the vascular 
event model. In the non-vascular death model, non-proportionality was observed for 
current smoking. Therefore, an interaction between age and smoking status was inclu-
ded in this model. Supplemental Figure 2 shows the agreement between the predicted 
and observed survivals free of stroke or MI in the study population. 
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Figure 1. Distribution of individualized lifetime benefit from PCSK9-inhibitions (in months free of 
stroke or MI) in stable CAD patients treated with high-dose statin 
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Table 2. Baseline characteristics stratified for months gain from lifelong PCSK9-inhibition 
  <6 months gain 6-12 months gain ≥12 months gain 

  (n = 2,957) (n = 1,323) (n = 461) 
        

Age (years) 66 (6) 55 (6) 50 (6) 
Male sex 2,274 (77%) 1,150 (87%) 425 (92%) 
Smoking status 204 (7%) 259 (20%) 170 (37%) 
Diabetes mellitus 385 (13%) 222 (17%) 108 (23%) 
Body mass index (kg/m2) 28 (4) 29 (5) 30 (5) 
Systolic blood pressure (mmHg) 131 (17) 129 (16) 129 (16) 
Diastolic blood pressure (mmHg) 77 (9) 79 (9) 80 (10) 
Antihypertensive therapy 2,366 (80%) 1,048 (79%) 363 (79%) 
Aspirin  2,568 (87%) 1,167 (88%) 388 (84%) 
        

Total cholesterol (mmol/L) 3.6 (0.6) 3.9 (0.7) 4.3 (0.8) 
LDL-cholesterol (mmol/L) 1.8 (0.5) 2.0 (0.5) 2.4 (0.7) 
HDL-cholesterol (mmol/L) 1.3 (0.3) 1.2 (0.3) 1.1 (0.2) 
eGFR (MDRD) (mL/min/1.73m2) 63 (10) 67 (11) 71 (12) 
        

Cardiovascular history       
   Myocardial infarction 1,673 (57%) 808 (61%) 308 (67%) 
   Coronary artery bypass grafting 1,435 (49%) 583 (44%) 176 (38%) 
   Cerebrovascular disease  116 (4%) 74 (6%) 49 (11%) 
   Peripheral artery disease  306 (10%) 181 (14%) 73 (16%) 
   Congestive heart failure 203 (7%) 104 (8%) 36 (8%) 
        
Estimated 10-year risk of stroke, MI 
or vascular death (%) 11 (9-15) 12 (10-16) 16 (13-20) 

        

All data are displayed as mean (SD), median (interquartile range) or number (%). 
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Individual benefit of PCSK9-inhibition: case illustrations
Patient A is 40 years old and has an estimated 10-year risk of 10% and an LDL-c of 1.8 
mmol/L (Figure 2 ). His expected gain from lifelong PSCK9-inhibition is 13 months 
free of stroke or MI. For patient E with similar estimated risk and residual LDL-c level 
but aged 70, this gain would be only 1 month. Due to her higher age, patient E has 
shorter remaining life-expectancy in which she can benefit from treatment and reducti-
on of the vascular event risk will be counterbalanced by competing risk due to non-vas-
cular mortality. If these patients had higher LDL-c levels, i.e. 3.0 mmol/L, this would 
increase the lifetime benefit to 21 months (patient B) and 2 months (patient F). The 
right part of Figure 2 shows examples of high-risk patients, i.e. 25% 10-year risk. Com-
pared to low-risk patients, i.e. 10% 10-year CVD-risk, high-risk patients have higher 
expected treatment benefit. 

Discussion

In the present study we estimated individual benefit from PCSK9-inhibition in terms 
of additional months life gain free of stroke or MI in statin-treated patients with stable 
CAD. There was substantial variation in individual expected benefit ranging from less 
than 6 months in 62% of the patients to more than 12 months in 10% of patients. On 
average, expected lifetime benefit was highest if treatment is initiated in younger pa-
tients (aged 40-60) with relatively high risk factor levels and particularly if LDL-c levels 
were >1.8 mmol/L. 

Which patients should be eligible for potentially effective, but costly lipid-lowering the-
rapy with PCSK9-inhibitors is much debated. Intuitively, clinicians may tend to select 
patients for PCSK9-inhibition based on level of vascular risk, e.g. patients with vascular 
disease at multiple locations or with specific risk factors such as diabetes or high estima-
ted 10-year vascular risk based on a risk algorithm. Indeed, in the first years after starting 
treatment this may result in slightly higher treatment benefit than selecting presumed 
lower risk patients (Table 3). However as preventive treatment is often continued li-
felong, it is more relevant to estimate benefit from a lifetime perspective. Moreover, 
risk factors accumulate with age and age itself is an important vascular risk factor as it 
represents exposure time. Therefore, a short-term high-risk-based approach generally 
leads to selecting older patients for treatment.23 This may result in suboptimal treatment 
decisions as demonstrated by our findings that greatest benefit can be achieved by star-
ting treatment in middle-aged patients (aged 40-60) in particular if LDL-c levels are 
>1.8 mmol/L (Table 2 and 3). This is explained by the longer remaining life-expectancy 
in which these patients can benefit from therapy. In older patients (>70 years), the ex-
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pected benefit was limited, in particular if levels of LDL-c and other vascular risk factor 
were low. 

What amount of benefit can be considered meaningful is subjective and conditional on 
several factors including costs, potential side effects and patient preferences. A compari-
son with expected benefit from other preventive treatments may contribute to the inter-
pretation of treatment benefit from PCSK9-inhibition. For example, a microsimulation 
study on statin therapy in individuals without vascular disease showed individualized 
benefits ranging from 4 to 18 months gain in vascular event-free life-expectancy.26 The 
patients in this microsimulation study were at relatively low vascular risk (the majority 
had 10-year risk <20%). Compared with the subgroups at <20% 10-year risk in the 
present study, our findings are quite similar. Two recent studies evaluated the event-
free months gained by aspirin treatment in the primary prevention setting and found 
small effects ranging from no gain to about 2 months expected gain for an individual 
patient.22, 27 The small effect size is explained by the much lower relative risk reduction 
of aspirin therapy compared to lipid-lowering therapy and the relatively low risk popu-
lation that was studied. Similar to the present study, all these studies show that expected 
treatment benefits were highest in younger patients, in particular in the presence of 
vascular risk factors.  

Most benefit is likely achieved if treatment is initiated in relatively young patients with 
high levels of LDL-c and other vascular risk factors, but at the cost of longer treatment. 
The cost-effectiveness of PCSK9-inhibition in patients with established vascular disease 
was recently evaluated in three studies.28-30 Although PCSK9-inhibition may on average 
be cost-effective in patients with vascular disease, two of three studies concluded that 
to reach cost-effectiveness, the price of PCSK9-inhibitors would need to be reduced 
substantially. As there is great variation in LDL-c levels and vascular risk among patients 
with vascular disease (Supplemental Figure 1), a stratified cost-effectiveness analysis, 
for example for estimated 10-year risk, may help clarify in which patients the expected 
benefit of PCSK9-inhibition outweighs costs. A benefit-based approach may be adopted 
in future clinical guidelines for treating the right patient and not giving costly treatment 
to patients with no or limited expected benefit in terms of survival free of stroke or 
MI.12, 16, 27, 31 Moreover, individualized estimation of treatment benefit can be used to in-
form the patient and contribute to shared-decision making on whether or not initiating 
PCSK9-inhibition. 

Our findings are generalizable to patients with stable CAD similar to the TNT trial 
population. As patients with severe comorbidity such as malignancy were excluded, our 
results apply to relatively healthy statin-treated patients with CAD. Our results are not 
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applicable to patients with familial hypercholesterolemia or with statin intolerance. As 
LDL-c levels are likely to be higher in these populations, lifetime benefit may also be 
larger particularly in those at younger age and if several other risk factors are present. 
Future studies may focus on individualized lifetime benefits of PCSK9-inhibition in 
such populations. 

Strengths of this study are the relevant study population, as well as the individualized be-
nefit approach from a lifetime perspective with adjustments for competing non-vascular 
risk. We acknowledge several study limitations. First, the effect of initiating PCSK9-in-
hibition was modeled until the first vascular event occurred, disregarding subsequent 
events. As the primary aim of preventive treatment is to delay the occurrence of a next 
event, we think this is a reasonable assumption. A second limitation is that we assumed 
that LDL-c reduction with PCSK9-inhibition results in similar vascular risk reduction 
as other lipid-lowering therapies. Also the effect of LDL-c reduction on vascular events 
was extrapolated from meta-analyses (HR 0.79 per mmol/L LDL-c reduction) to pa-
tients that already had relatively low LDL-c levels (<1.8 mmol/L). Since the effect of 
LDL-c lowering has been shown to be very robust across several subgroups, including 
lipid subgroups, we think it is unlikely that the effect in lower LDL-c ranges will differ 
greatly from this estimate.10 Nevertheless, future research in patients with lower LDL-c 
ranges is necessary as we show that in some patients LDL-c lowering may result in sub-
stantial benefit even if LDL-c levels are below 1.8 mmol/L (Table 3). Third, the TNT 
trial population was not treated with ezetimibe which was recently shown to effectively 
reduce vascular risk.32 Adding ezetimibe to statin treatment may be preferred before 
more costly PCSK9-inhibition is considered. Finally, we did not account for medication 
adherence in our analyses. Adherence in daily practice is known to be poorer than in 
trial settings, although evidence on this applies to daily oral medication and this may 
be different for biweekly injections.33 Clearly, if adherence to PCSK9-inhibitors is lower 
than in the trial setting, the expected benefit will also be lower.

In conclusion, the potential incremental benefit of PCSK9-inhibition varies greatly 
amongst patients with stable CAD on high-dose statin treatment, ranging from a few 
months to more than a year gain in life-expectancy free of stroke or MI. In general, most 
benefit can be achieved in middle aged patients (aged 40-60) with relatively high levels 
of LDL-c and other risk factors. Treatment benefit is expected to be limited in patients 
≥70 years, in particular if LDL-c levels are low. Individualized estimations of treatment 
benefit may contribute to targeted treatment and shared-decision making on whether or 
not initiating PCSK9-inhibition in statin-treated patients with stable CAD.
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Supplemental Table 1. Age-specific baseline survivals  

Age 1-year survival free  
of stroke or MI* 

1-year survival for  
non-vascular mortality** 

 
40 1.0000 1.0000 
41 0.5569 1.0000 
42 1.0000 1.0000 
43 0.7846 1.0000 
44 0.9039 1.0000 
45 0.9304 1.0000 
46 0.8948 1.0000 
47 0.8075 0.9946 
48 0.8134 0.9955 
49 0.8854 1.0000 
50 0.8129 0.9963 
51 0.8525 0.9944 
52 0.8558 0.9931 
53 0.8533 0.9961 
54 0.9054 0.9962 
55 0.8999 0.9966 
56 0.8828 0.9968 
57 0.8369 0.9971 
58 0.8747 1.0000 
59 0.8815 1.0000 
60 0.9318 0.9966 
61 0.8953 0.9968 
62 0.8796 0.9928 
63 0.8605 0.9971 
64 0.8519 0.9963 
65 0.8512 0.9964 
66 0.7951 0.9933 
67 0.9298 0.9945 
68 0.8584 0.9969 
69 0.8937 0.9935 
70 0.7905 0.9951 
71 0.8508 0.9958 
72 0.8230 0.9957 
73 0.8583 0.9921 
74 0.8796 0.9948 
75 0.8557 0.9968 
76 0.8514 0.9917 
77 0.8785 0.9920 
78 0.8635 0.9901 
79 0.7625 0.9969 

   
*Based on the cause-specific cumulative incidence model for vascular disease  
**Based on the cause-specific cumulative incidence model for non- vascular mortality 
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Supplemental Table 2. Coefficients and hazard ratios  
 
Model 1 (next major vascular event)       
  Coefficient HR (95% CI) P-value 
        
Male sex   0.3887 1.48 (1.10-1.98) <0.01 
Current smoking 0.2929 1.34 (1.02-1.76) 0.03 
Diabetes mellitus 0.4743 1.61 (1.27-2.04) <0.01 
Systolic blood pressure (per 10 mmHg) 0.0668 1.07 (1.01-1.10) 0.03 
Total cholesterol (mmol/L) 0.1536 1.17 (1.01-1.35) 0.04 
HDL-cholesterol (mmol/L) -0.3712 0.69 (0.46-1.03) 0.07 
eGFR (MDRD) (per 10 umol/L) -1.1516   <0.01 
eGFR (MDRD) squared (per 10 umol/L) 0.0083   <0.01 
History of cerebrovascular disease 0.5295 1.70 (1.22-2.36) <0.01 
History of peripheral artery disease 0.4364 1.55 (1.19-2.02) <0.01 

History of abdominal aortic aneurysm 0.1943 1.21 (0.70-2.11) 0.49 
The models contains squared terms for eGFR. For these terms only coefficients were provided as the 
HRs cannot be interpreted independently. HR = hazard ratio 

 
Model 2 (other causes of mortality)       
  Coefficient HR (95% CI) P-value 
        
Male sex   0.0007 1.001 (0.65-1.54) 1.00 
Current smoking -2.2532   0.13 
Current smoking * age 0.0423   0.09 
Diabetes mellitus 0.5347 1.71 (1.14-2.55) <0.01 
Systolic blood pressure (per 10 mmHg) 0.0527 1.05 (0.95-1.17) 0.32 
Total cholesterol (mmol/L) 0.0942 1.10 (0.86-1.41) 0.46 
HDL-cholesterol (mmol/L) 0.0646 1.07 (0.56-2.03) 0.84 
eGFR (MDRD) (per 10 umol/L) -0.3025   0.62 
eGFR (MDRD) squared (per 10 umol/L) 0.0012   0.81 
History of cerebrovascular disease 0.2479 1.28 (0.70-2.36) 0.42 
History of peripheral artery disease 0.3328 1.39 (0.90-2.17) 0.14 

History of abdominal aortic aneurysm 0.6795 1.96 (0.87-4.41) 0.10 
The models contains squared terms for eGFR and an interaction between smoking and age. For these 
terms only coefficients were provided as the HRs cannot be interpreted independently. HR = hazard 
ratio 
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Supplemental Figure 1. Distribution of residual LDL-cholesterol and 10-year risk levels in statin-
treated patients with CAD 
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Supplemental Figure 2. Agreement between estimated and observed survival free of MI or stroke  
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This thesis focuses on how vascular disease prevention can be individualized for patients 
with diabetes or a clinical manifestation of vascular disease, that are generally considered 
high-risk (>20% 10-year risk of vascular events). It is demonstrated that these patients 
show substantial interpersonal variation in their vascular risk, ranging from <10% to 
>50% 10-year risk. As a result, their potential to benefit from preventive therapy greatly 
varies. An individual’s potential to benefit can be estimated in terms of absolute risk 
reductions using externally validated models that estimate 10-year risk. Adjustment for 
non-vascular mortality and lifetime predictions may further improve estimation of a 
patient’s prognosis and potential to benefit from (novel) therapies. The results presented 
in this thesis may have several implications for daily practice and clinical guidelines and 
for the way results from clinical trials are reported. Also, this thesis provides a basis for 
future research on individualizing vascular disease prevention. 

Vascular disease prevention in “high-risk” patients – time for a paradigm 
shift

The findings in this thesis add to a body of literature supporting a paradigm shift to-
wards more individualized vascular disease prevention in patients with diabetes or vas-
cular disease:1-6 the general consideration of “high-risk” patients should be left behind, 
treatment decisions for individual patients should be based on estimated risk or expec-
ted benefit from therapy, and an individual’s prognosis and treatment benefit can be 
communicated in several ways with the patient to support shared decision-making. 

Vascular prognosis ranges from low to very high risk
Individualized vascular disease prevention in patients with diabetes or vascular disease 
starts with the notion that these patients show substantial variation in their vascular 
prognosis rather than considering all patients to be at high risk a priori. Both for patients 
with diabetes and for patients with vascular disease, low estimated risk (<10% 10-year 
risk) as well as very high risks (>30%) were observed (Chapters 2 and 3).
Leaving the “high-risk” label behind, patients with type 2 diabetes may be approached 
similarly as patients without diabetes, in which treatment is based on estimated vascu-
lar prognosis. In 2014, the British NICE (National Institute for health and Clinical 
Excellence) guidelines introduced risk-based treatment for vascular disease prevention 
in patients with type 2 diabetes. These guidelines recommend risk calculation with the 
QRISK2 model in both patients with and without type 2 diabetes. Statin treatment is 
indicated if a patient’s 10-year risk of vascular events exceeds 10%.7, 8 This approach is 
likely to result in more equal treatment of patients, as treatment selection is based on 
estimated risk rather than one single characteristic. 
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For patients with vascular disease, the variation in 10-year risk was demonstrated in this 
thesis in a population that received vascular prevention recommendations according to 
secondary prevention guidelines, including the use of a statin, an antiplatelet, and anti-
hypertensives to obtain a blood pressure below 140/90 mmHg (Chapter 3). Therefore, 
risk stratification may be particularly useful in this setting to determine the intensity 
of treatment, for example high-dose lipid-lowering therapy.5 Also the choice for novel 
agents on top of other agents may be considered based on an individual’s prognosis or 
expected treatment effect (Chapter 6). Notably, patients can be informed about their 
prognosis if no additional risk reducing therapy would be initiated. 

Benefit-based treatment
In order to individualize vascular disease prevention for patients with diabetes or vascu-
lar disease, risk-based treatment may be taken a step further by incorporating prediction 
models to estimate expected treatment benefit for the individual patient, like presented 
in Chapter 2, 4 and 6. Treatment benefit can be estimated separately for every pre-
ventive option that is addressed in the guideline and guidelines can provide clear treat-
ment-specific thresholds for a benefit-based treatment approach.9 
Several studies have shown the advantage of benefit-based treatment selection. One 
advantage is that benefit-based treatment can incorporate the individual treatment’s ef-
fect that is expected based on (the level of ) a specific risk factor. For example, baseline 
LDL-cholesterol determines how much LDL-cholesterol can be lowered and thus how 
much relative vascular risk reduction can be expected (Chapter 6).9-11  A second ad-
vantage of benefit-based treatment is that disadvantages of treatment can be weighed 
against the expected benefit for individual patients, which is more relevant than weig-
hing against estimated risk. 

Treatment benefit for the individual patient can be presented in different ways, such as 
a 10-year absolute risk reduction or individualized Number Needed to Treat (iNNT), 
or an expected amount of disease-free months gained, as demonstrated in Chapter 2, 4, 
5 and 6. The choice of measure to select patients for treatment can be subject of debate 
and depends on several factors such as intended time period for medication use and a 
patient’s understanding. As many preventive therapies are continued lifelong, it may be 
intuitive to consider lifetime estimates for treatment decisions. The advantage of lifetime 
predictions is that a patient’s remaining life-expectancy is taken into account, which is 
an important determinant of an individual’s potential to benefit from treatment. 
The use of lifetime prediction-based treatment instead of typical risk-based treatment 
may have two major consequences for clinical practice. First, it may result in less (over)
treatment of older patients that will almost always be selected by risk-based treatment, as 
age is a major determinant of risk. Second, treatment may be recommended for younger 
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patients that, due to their young age, will not reach the 10-year risk threshold despite 
the presence of several risk factors and unless their potential to substantially benefit from 
preventive treatment (Chapter 4 and 6). 

Communication of individual prognosis and treatment effects with the patient
Once the estimated prognosis and treatment benefits have been calculated for the indivi-
dual, guidelines should encourage communication of these predictions with the patient. 
Patients may want to be informed about their prognosis, but also about the potential to 
improve their prognosis by taking medication. The expected treatment benefits can be 
used to discuss with the patient what amount of benefit is considered meaningful given 
potential disadvantages, such as adverse events and costs, of treatment and given the 
expected benefit from other therapeutic options and lifestyle interventions.  Prognosis 
and treatment benefits can be communicated in several ways and should be adapted to 
a patient’s preferences, background and intellectual abilities. This can be done by incor-
porating prognostic models in an online tool, allowing different visualizations of the 
expected treatment benefit for the individual patient. An example is the website that was 
developed by the Joint British Societies (JBS3 calculator, www.jbs3risk.com) for estima-
ting and visualizing prognosis and treatment benefits for the primary prevention setting. 

Concluding, it is time for a paradigm shift in vascular disease prevention, away from 
average group-level evidence and towards individualized decisions, for patients with di-
abetes or vascular disease. Future guidelines may consider adopting validated prognostic 
models to estimate an individual’s vascular prognosis, to guide treatment decisions that 
are preferably based on expected benefit, and to inform the patient to support shared 
decision-making.

In order to facilitate individualized vascular disease prevention, there are some steps that 
could be taken to improve the report of clinical trial results.

A proposal for the report of clinical trial results to better meet clinical 
practice 

In general, trials report average relative group level effects, but these effects are difficult 
to translate to individual patients. In addition to reporting average relative effects, there 
is much information that can be derived from clinical trial data to better meet daily cli-
nical practice (Chapter 2, 4, and 6).13-15 At least the following two steps may be adopted 
in clinical trial reports: the evaluation of heterogeneity of relative treatment effect across 
estimated risks, and the demonstration of amount of and range in absolute treatment 
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effects for individual patients.

Heterogeneity of relative treatment effect across estimated risk
Trials often report the relative treatment effect from a trial in subgroups according to pa-
tient characteristics such as age, sex, or lipid levels. However subgroup analyses show se-
veral limitations including the biological implausibility that heterogeneity in treatment 
effect is caused by a single patient characteristic.16  Instead, this is more likely a result of 
a combination of characteristics, such as represented in an estimated risk. This is parti-
cularly important if the relative risk reduction will be applied to estimate individualized 
treatment effects as presented in Chapter 2, 4, and 6. An important assumption of 
applying relative treatment effects to, for example, a 10-year estimated risk is that the 
relative effect is constant irrespective of a patient’s risk. This is not necessarily the case.6 
For example for statin therapy, treatment may be most of influence on atherosclerotic 
plaques in early stages of vascular disease which is usually the case in younger patients, 
which may result in highest relative effect in low risk patients.17, 18 Therefore, clinical 
trials should evaluate whether such heterogeneity of relative treatment effect exists across 
estimated risk.6, 13, 15, 19, 20 In Chapter 2 we tested this for statin therapy in three separate 
trials of patients with diabetes, and found no heterogeneity, before applying the relative 
risk reduction of statin therapy to estimate individualized treatment effects. Despite a 
proposal by David Kent et al. in 2010 to evaluate and report such heterogeneity in clini-
cal trials,21 this is still not current practice. Recently two meta-analyses on blood pressure 
lowering therapy and statin therapy assessed relative treatment effects across different 
strata of estimated 5-year vascular risk.18, 22 Although meta-analyses may be most suita-
ble for this purpose due to sufficient power to detect heterogeneity, also within a trial 
clinically important heterogeneity can be found.6, 15 

Demonstration of individualized treatment benefits
Individualized estimates of treatment benefit can be reported and its distribution can 
be shown, for example as was done in Chapter 2, 4 and 6. Information on the amount 
and distribution of individual treatment effects illustrates whether treatment provides 
substantial benefit for all patients, for none, or for a certain proportion of the popula-
tion. Also, it may help define thresholds of treatment benefit above which treatment is 
considered to outweigh potential disadvantages of treatment. Whether treatment effects 
are estimated in terms of in absolute risk reductions, life-years gained, or a different 
measure, may depend on several factors such as the study population, or how long tre-
atment is expected to be prescribed. In addition, it may be considered to show patient 
characteristics stratified for estimated benefit such as in Chapters 2, 4 and 6 in order to 
provide insight in what kind of patients are expected to benefit most.
For the above suggestions, an existing model could be used and applied to the trial 
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patients, or a new model can be developed in the trial data (Chapter 2 and 6).19, 23 For 
patients with type 2 diabetes, there are several externally validated risk models that can 
be used.3 For patients with vascular disease, no tools used to be available to estimate 
vascular prognosis.

Can the REACH, SMART and REACH-SMART models be used to individualize 
vascular disease prevention for patients with vascular disease?

The REACH, SMART and REACH-SMART lifetime prediction models, presented in 
Chapter 3 and 5, have been developed to help clinicians estimate vascular prognosis for 
individual patients with clinically manifest vascular disease. In order to evaluate the va-
lidity of REACH, SMART and REACH-SMART models for new patients, in Chapter 
3 and 5 of this thesis we tested the models in several external populations of patients 
with vascular disease. The evaluation and judgment of model validity is subjective and 
conditional on the intended use of the model in clinical practice. To be useful for daily 
clinical practice, a model’s predictions should be as accurate as possible, the model needs 
to be easy and cheap to apply, and should provide predictions that are relevant for the 
patient. Finding an optimal balance between those requirements is a challenge for rese-
archers and may be an ongoing process of continuously validating and updating a model 
to clinically relevant populations.24 

The REACH, SMART and REACH-SMART models for predicting recurrent vascular 
events in patients with vascular disease sufficiently meet these requirements to make the 
first step towards clinical practice. First, the SMART, REACH, and REACH-SMART 
models all consist of easily measured and often readily available patient characteristics 
and the algorithm can be incorporated in a website, application, or medical system. 
Second, the models can be used to provide predictions in several ways for individual 
patients such as absolute risk reductions or lifetime gained as presented in this thesis 
(Chapter 2, 4, 5 and 6) and in many other ways for example as shown in the online 
JBS3 calculator for the primary prevention setting (www.jbs3risk.com).25 Third, the 
external validity of the three models can be considered sufficient to good (Chapter 
3 and 5). Overestimation of risk by the SMART risk score was seen in very high-risk 
patients (>40% 10-year risk), which may be a consequence of the fact that the SMART 
risk score was not adjusted for competing events. Therefore, when using the SMART 
risk score, clinicians should realize that 10-year risk is overestimated in patients with an 
estimated 10-year risk of >40%, or use the REACH-SMART lifetime model for 10-year 
predictions instead. Given the good performance in the 10-year risk range between 10-
30% in which risk estimation is most important presented in this thesis and the easy 
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applicability, clinical use of the REACH, SMART and REACH-SMART lifetime mo-
dels seems justified in Western Europe and Northern America (Chapter 3 and 5), for 
example to estimate the incremental benefit of novel agents such as PCSK9-inhibition 
on top of current secondary prevention strategies in individual patients with vascular 
disease (Chapter 6). 

Future perspectives for individualizing vascular disease prevention

As the REACH, SMART and REACH-SMART models are applicable to patients in 
Western-Europe and North-America, future studies may expand the applicability of the 
models by further updating to other populations, for example to Eastern Europe po-
pulations.26 Also, in the future the models may be updated to more recently treated pa-
tients (historic validation). As vascular event rates show a decline over the decades, pre-
dictions models tend to overestimate risk in new patients.27-30 Regular updating to newer 
populations will therefore be necessary. An ongoing, dynamic cohort as the SMART 
study of patients with vascular disease or with vascular risk factors provides unique 
opportunities to constantly update the models for future Dutch patients with vascular 
disease.31, 32 More general, patient registries may be used for this purpose. Patient data 
are increasingly registered in a standardized manner, which provides opportunities to 
constantly update models to newer patients. 

For patients with diabetes, many validated risk scores exist that can be used to estimate 
5-year or 10-year vascular risk.3 These models can however not be used to make lifetime 
predictions. Similar to the QRISK lifetime model for the primary prevention setting and 
the REACH-SMART lifetime model for secondary prevention (Chapter 5), a model for 
lifetime predictions may be developed specifically for patients with diabetes. Advantages 
of developing a separate model for diabetes patients is that this may incorporate diabe-
tes-specific vascular risk factors such as albuminuria or measures of glucose control.33, 34

 
Finally, studies are needed to further evaluate potential benefits of specific preventive 
medication for patients with diabetes or clinical vascular disease like presented in Chap-
ter 2 and 6. Information on individualized amount and interpersonal distribution in 
benefit from medication may help translate average relative effects from trials to abso-
lute effects in the individual patient. Also, it may help guideline makers weigh expected 
benefit against harms of treatment and decide on appropriate thresholds for treatment.
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Final remark: what does the patient want?

In this thesis steps are taken to translate group-level evidence to the individual patient. 
The translation of group-level evidence often focuses on two of the three pillars of Evi-
dence-Based Medicine: scientific evidence is combined with clinical expertise to treat the 
individual patient. The third pillar, patient values and expectations, is underexposed in 
nowadays clinical research.35 
The limited knowledge on patient preferences complicates appropriate shared decisi-
on-making in daily clinical practice. Questions like ‘What information does a patient 
need to make an informed decision?’ and ‘What do patients expect from preventive 
treatment?’ need to be answered in order to better meet individual’s and society’s needs. 
Several impact trials have evaluated the effect of communicating individualized infor-
mation about an individual’s estimated risk and treatment benefit.36-39 These trials have 
mainly focused on reaching guideline-recommended risk factor targets, such as lipid 
levels or smoking cessation. Although important from a medical point of view, the-
se outcomes may not necessarily favor the individual patient. Instead, outcomes may 
be chosen regarding patient’s expectations and understanding, patient’s autonomy and 
self-determination, or quality of life. Although these outcomes are more subjective than 
hard clinical outcomes, many well validated and easy applicable tools are available for 
this purpose.40-45 Evidence on such patient-centered outcomes may be used to improve 
clinical research by focusing on what outcomes are considered important by the patient, 
and to improve adequate reporting and communication of treatment effects to the in-
dividual patient. As Dr. Lisa Rosenbaum wrote in 2015 in an editorial on medication 
adherence in the New England Journal of Medicine:

I want to believe that if patients knew what I know, they would take their medicine. What 
I’ve learned is that if I felt what they feel, I’d understand why they don’t.46

The challenge for future research is to understand: how do we explain to patients what 
we know, and what do patients expect and wish from treatment. Clinical trials should be 
designed to evaluate the effect of communicating several measures of vascular prognosis 
and potential treatment benefit (Chapter 2, 4, 5 and 6, www.jbs3risk.com)25 on patient 
understanding, self-determination, or quality of life. Based on such knowledge, insight 
can be derived in how individualized treatment benefits can be best utilized to improve 
Evidence-Based vascular disease prevention.
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In conclusion, studies presented in this thesis showed the following:

• There is wide variation in 10-year absolute treatment effects of moderate-intensity 
statin therapy in patients with type 2 diabetes, ranging from very low (<2% 10-year 
absolute risk reduction, or iNNT >50) to very high (>5% 10-year absolute risk re-
duction, or iNNT <20). Selective prediction-based statin treatment of patients with 
type 2 diabetes may result in higher net benefit than a strategy in which all patients 
are treated, in particular if 10-year numbers willing to treat are 50 or lower.

• In patients with clinical vascular disease there is wide variation in the risk of re-
current vascular events with 18% of the patients at <10% 10-year risk and 22% at 
>30% 10-year risk. Even if all risk factors would be at guideline-recommended tar-
get, the 10-year residual risk would be estimated to be <10% for half of the patients 
with vascular disease, but many patients are still at high and very high residual risk 
of recurrent vascular events.

• The SMART risk score for 10-year risk of a recurrent major vascular event shows 
reasonable performance in external populations of patients with coronary, cerebro-
vascular and/or peripheral artery disease, apart from some overestimation of risk in 
very high risk patients (10-year risk >40%). In addition, the externally validated, 
internationally applicable REACH-SMART model can be used to make lifetime 
predictions for individual patients with vascular disease.

• Preventive treatment effect in terms of disease-free life-years gained in individual 
patients can be predicted based on randomized clinical trial data. Highest treatment 
effect is generally achieved in the younger patients with otherwise high cardiovascu-
lar risk factors, but not necessarily high estimated 10-year risk.

• The expected lifetime benefit from PCSK9-inhibition in high-dose statin-treated 
patients with coronary artery disease varied from <6 months to ≥18 months free 
of stroke or MI. Highest benefit was expected if treatment is initiated in younger 
patients (age 40-60) with relatively high levels of LDL-c and other risk factors.

• Clinicians and guidelines makers should be aware of the discrepancy between 10-
year and lifetime estimates of individual treatment effect, as these may result in 
different clinical decisions about the appropriate preventive strategy for individual 
patients.
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SUMMARY

In the pharmacologic prevention of vascular events, clinicians need to translate average 
effects from a clinical trial to the individual patient. Prediction models can contribute to 
individualized vascular disease prevention by selecting patients for treatment based on 
estimated risk or expected benefit from treatment. For patients with diabetes or vascular 
disease, currently no individualized approach for vascular disease prevention is applied, 
as these patients are generally all considered high-risk. An individualized approach may 
however provide several opportunities for these patients: the intensity of secondary pre-
vention of major vascular events can be determined based on estimated prognosis and 
predictions can be used to inform the patient. Therefore, the aim of this thesis was to 
investigate the translation of group-level evidence to individual patients with type 2 di-
abetes or clinically manifest vascular disease by 1) developing and externally validating 
models to estimate vascular prognosis and treatment benefit for patients with diabetes or 
vascular disease, and by 2) evaluating the amount of and variation in individual vascular 
prognosis and treatment benefits in these patients.

In Chapter 2, we estimated 10-year individual absolute risk reductions (iARR) and 
individual numbers needed to treat (iNNT) by moderate-intensity statin therapy in pa-
tients with type 2 diabetes. For this purpose we developed a prediction model based on 
eight clinical predictors in patients with diabetes from the ASCOT clinical trial (ator-
vastatin 10 mg versus placebo, n=2,725)). Before calculation of individualized treatment 
effects, we confirmed that the relative effect of statin treatment was constant across esti-
mated risks and could thus be applied to the 10-year risks to estimate individual ARRs. 
Subsequently, we demonstrated that estimated 10-year iARR of a myocardial infarction, 
stroke or vascular death by statin therapy ranged from less than 2% (10-year iNNT >50) 
for 13% of the patients to more than 4% (10-year iNNT<25) in about 31% of the pa-
tients with type 2 diabetes. External validation of the model was performed in data from 
the ALLHAT-LLT (pravastatin 40 mg versus usual care) and CARDS (atorvastatin 10 
mg versus placebo) trials of 3,878 and 2,838 patients with type 2 diabetes, respectively. 
Model calibration was adequate in both external datasets and discrimination was mo-
derate (c- statistics 0.64 (ALLHAT-LLT) and 0.68 (CARDS)). In addition, we showed 
that model performance was also adequate in an observational cohort of 1,758 patients 
with type 2 diabetes originating from the SMART study, with reasonable calibration 
and a c-statistic of 0.65 (95% CI 0.61-0.68). We concluded that the net benefit of using 
individual predictions for decision-making is higher compared to a strategy in which all 
patients are treated unless one is willing to treat more than 100 patients during 10 years 
to prevent 1 cardiovascular event (e.g. if the disadvantages of treatment are considered 
negligible).
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Summary

In Chapter 3 we aimed to evaluate the distribution of estimated 10-year risk of recur-
rent vascular events, and the residual risk on guideline-recommended risk factor targets, 
among patients with clinical vascular disease (coronary artery disease (CAD), cerebro-
vascular disease (CVD), peripheral artery disease (PAD) or an abdominal aortic aneu-
rysm (AAA)). We used the recently developed SMART risk score for recurrent vascular 
events for this purpose. As the SMART risk score has not yet been external validated, we 
first tested the performance of the SMART risk score in three external populations of pa-
tients with CAD originating from the TNT and IDEAL trials, patients with CVD from 
the SPARCL trial and patients with PAD from the CAPRIE trial. After recalibration in 
the CVD and PAD populations, the SMART risk score showed reasonable calibration 
in all three external validation populations, apart from systematic overestimation among 
patients with an estimated 10-year risk of more than 40%. Discrimination was modest 
with c-statistics of 0.63 (95% CI 0.61-0.65) in CAD patients, 0.62 (95% CI 0.59-0.65) 
in CVD patients, 0.66 (95% CI 0.63-0.68) in PAD patients and 0.64 (95% CI 0.63-
0.65) in the pooled populations. Subsequently, we demonstrated that among 6,904 
patients with several manifestations of vascular disease originating from the SMART 
study, the 10-year risk of a myocardial infarction, stroke or vascular death varied sub-
stantially from <10% in 18% to >30% in 22% of the patients (median 10-year risk was 
17% (IQR 11-28%)). If all patients would reach guideline-recommended risk factor 
targets for systolic blood pressure, LDL-cholesterol, smoking, physical activity and use 
of antithrombotic agents, the residual 10-year risk would be <10% in 47% and >30% 
in 9% of the patients (median 11% (IQR 7-17%)). These data suggest that, in contrast 
to the general believe that these patients are all (very) high-risk, a substantial amount of 
patients with vascular disease has a fairly low 10-year risk (<10%) of a recurrent vascular 
event, in particular if guideline-recommended risk factor targets are achieved. However 
even with optimal treatment, also many patients will remain at >20% and even >30% 
10-year risk, delineating an area of unmet medical need. Risk stratification may be used 
to individualize vascular disease prevention for patients with vascular disease, in particu-
lar regarding costly novel therapeutic options for vascular risk reduction.
Chapter 4 describes how clinical trial results can be translated into gains in healthy 
life-expectancy for individual patients. The methods we used are characterized by ad-
justment for competing risks (non-vascular mortality) and using age as the time axis 
(resulting in left-truncated and right-censored data). We used aspirin in the primary 
prevention of major vascular events as an illustration example, based on data from 
27,939 healthy women with on average 10-year follow-up originating the Women’s 
Health Study (WHS). We performed temporal validation of the model in the extended 
follow-up data of the WHS, which showed good calibration at 17 years of follow-up and 
a c-statistic of 0.72 (95%CI 0.71-0.73). Treatment effects in this WHS example varied 
from less than a month to about six months gain in vascular disease-free life-expectancy, 
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although most women had less than two months expected benefit. Notably, in contrast 
to what can be expected from a risk-based approach, the highest expected treatment 
effect in terms of lifetime gained was observed in younger patients with otherwise high 
risk factors for disease, but not necessarily a high risk for disease. However this is at the 
cost of longer duration of drug use and exposure to possible adverse events.
Chapter 5 focused on the prediction of recurrent vascular events in patients with a cli-
nical manifestation of vascular disease based on the international REACH and Dutch 
SMART observational cohorts. First, the previously developed 20-month REACH and 
10-year SMART risk scores for recurrent vascular events were externally cross-validated. 
The REACH models showed reasonable calibration and c-statistics of 0.66 (95% CI 
0.64-0.68) for major vascular events and 0.76 (95% CI 0.74-0.78)) for vascular death. 
After recalibration, the SMART risk score showed acceptable calibration and a c-statistic 
of 0.64 (95% CI 0.63-0.65) in REACH North-America and 0.65 (95% CI 0.63-0.66) 
in REACH Western-Europe, although overestimation of risk was seen in very high-risk 
patients. Second, based on the REACH and SMART scores, we developed a model 
for lifetime predictions in the Western Europe data of the REACH cohort, using the 
methods developed in Chapter 4. We externally validated and recalibrated this model 
in North-American patients (REACH North-America) and Western-European patients 
(SMART cohort). The REACH-SMART lifetime prediction model showed good cali-
bration and acceptable discrimination in both SMART (c-statistic 0.68 (95% CI 0.67-
0.70)) and REACH North America (c-statistic 0.67 (95% CI 0.66-0.68)). Whereas 
estimated 10-year risks increased with age, lifetime risk tended to be highest in younger 
patients. The median lifetime risk was 71% (IQR 60-79%) in patients aged 55 years 
and younger versus 57% (IQR 50-65%) in patients aged 75 years and older. As a con-
sequence, treatment-decisions based on estimated 10-year risk tend to result in selection 
of older patients, whereas a lifetime approach selects relatively young patients with high 
lifetime risk.
Chapter 6 shows how a lifetime prediction model can be used to individualize vascular 
disease prevention for patients with vascular disease by estimating lifetime treatment 
benefit from the novel lipid-lowering agent PCSK9-inhibitor. This was demonstrated in 
4,853 patients with CAD receiving atorvastatin 80 mg originating from the TNT trial. 
We showed that expected individualized lifetime benefit from PCSK9-inhibition was <6 
months in 62% of the patients, 6-12 months in 28% of the patients, to ≥12 months in 
10% of the patients. Highest expected benefit was observed in younger CAD patients 
(aged 40-60) with relatively high vascular risk factor levels and particularly if LDL-c le-
vels were >1.8 mmol/L. Expected benefit was lowest (≤5 months) in older patients (≥70 
years), in particular if levels of LDL-c and other vascular risk factors were low. These 
findings may contribute to the decision which patients should be selected for treatment 
with costly PCSK9-inhibitors.
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SAMENVATTING (Voor niet ingewijden)

Hart- en vaatziekten zijn wereldwijd een belangrijke oorzaak van ziekte en overlijden. 
In Nederland leven op dit moment zo’n één miljoen mensen met een uiting van vaat-
ziekte, zoals een hartinfarct, beroerte of vaatvernauwing in de benen. Naast belangrijke 
leefstijlfactoren, zoals niet roken, zijn er verschillende medicamenteuze mogelijkheden 
om het risico op het ontwikkelen of verergeren van hart- en vaatziekten te verlagen. 
Zo zijn verschillende cholesterolverlagende, bloeddrukverlagende en bloedverdunnende 
middelen op groepsniveau effectief gebleken in het reduceren van het risico op hart- en 
vaatziekten. De uitdaging van hedendaags Evidence-Based Medicine, is het vertalen van 
onderzoeksresultaten op groepsniveau naar de individuele patiënt in de spreekkamer. 
Artsen, maar ook patiënten, buigen zich dagelijks over de vraag of een behandeling die 
voor een groep patiënten nuttig bleek, ook voor de patiënt in kwestie effectief is en of 
de voordelen van behandelen opwegen tegen nadelen zoals kosten en bijwerkingen. Bij 
voorkeur wordt dus niet een gemiddeld groepseffect, maar een absoluut, individueel te 
verwachten behandeleffect besproken met de patiënt en gebruikt voor de beslissing om 
al dan niet te gaan behandelen.
In de preventie van hart- en vaatziekten wordt klassiek een onderscheid gemaakt tussen 
mensen die geen vaatziekte hebben, mensen met vaatziekte en mensen met diabetes. 
Bij mensen zonder vaatziekte of diabetes wordt vasculaire preventie geïndividualiseerd 
door een individueel 10-jaarsrisico te schatten op het krijgen van een hartinfarct, be-
roerte of om aan een vasculaire oorzaak te overlijden. Hoe hoger het risico, hoe hoger 
het te verwachten effect van behandeling. Daarom worden alleen mensen behandeld 
als ze een voldoende hoog 10-jaarsrisico hebben. In Nederland wordt bijvoorbeeld een 
drempel van 20% 10-jaarsrisico aangehouden waarboven preventieve behandeling met 
cholesterolverlaging wordt aangeraden. Vasculaire preventie bij mensen met diabetes 
en/of vaatziekte is eenzijdiger. Over het algemeen wordt aangenomen dat deze mensen 
een dusdanig verhoogd risico hebben dat behandeling voor iedere patiënt effectief is en 
opweegt tegen de nadelen van behandelen. Er zijn echter redenen om ook vasculaire 
preventie voor deze patiënten te individualiseren. Ten eerste is er de afgelopen decennia 
in westerse landen een afname gezien in het vóórkomen van hart- en vaatziekten. Bo-
vendien verschillen patiënten onderling waarschijnlijk aanzienlijk in hun prognose. Het 
is dan ook voorstelbaar dat ook binnen de groep mensen met diabetes of vaatziekte er 
zowel mensen met een vrij laag risico (bijvoorbeeld lager dan 10% 10-jaarsrisico), als 
met een zeer hoog risico zijn (meer dan 30% risico). Ten tweede komen er verschillende 
nieuwe risicoverlagende middelen beschikbaar die, vooral vanwege de hoge kosten, niet 
aan iedereen kunnen worden voorgeschreven. Het is daarom aannemelijk dat ook voor 
mensen met diabetes of met vaatziekte het schatten van individuele prognose noodzake-
lijk gaat zijn om behandelbeslissingen te maken.
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In dit proefschrift richten we ons op de vertaling van wetenschappelijke bevindingen 
op groepsniveau naar de individuele patiënt, met name voor het effect van preventie 
behandeling. We focussen daarbij op patiëntgroepen die over het algemeen als hoog-ri-
sico worden beschouwd: mensen met diabetes type 2 of met een uiting van vaatziekte. 
Dit hebben we gedaan door 1) modellen te ontwikkelen en valideren voor het schatten 
van vasculaire prognose en behandeleffecten voor individuele patiënten met diabetes of 
vaatziekte en 2) het evalueren van de individuele vasculaire prognose en behandeleffec-
ten bij deze patiënten. 
In Hoofdstuk 2 van dit proefschrift hebben we absolute behandeleffecten van statine 
geschat voor individuele patiënten met type 2 diabetes. We maakten hierbij gebruik van 
data van patiënten met diabetes uit drie internationale, klinische trials naar statinethe-
rapie: de ASCOT, ALLHAT en CARDS trials. We ontwikkelden een model voor het 
schatten van individuele 10-jaar behandeleffecten van statinetherapie in de ASCOT po-
pulatie. Externe validatie van dit model in de overige twee trial populaties, evenals in een 
observationeel cohort van patiënten met diabetes, laat zien dat het model goed in staat 
is om het risico op hart- en vaatziekten te voorspellen voor mensen met type 2 diabetes. 
Vervolgens hebben we 10-jaars absolute risicoreducties voor het optreden van een hart-
infarct, beroerte of vasculair overlijden geschat voor alle patiënten in deze studie. Deze 
bleken sterk te variëren tussen patiënten met diabetes, van vrij laag tot zeer hoog. Deze 
data dragen dan ook bij aan de discussie of mensen met diabetes niet hetzelfde benaderd 
zouden moeten worden als mensen zonder diabetes: behandeling starten op basis van 
geschat risico of verwacht behandeleffect, in plaats van iedereen behandelen.
In Hoofdstuk 3 beschrijven we een studie waarin we het 10-jaarsrisico op een herhaalde 
vasculaire gebeurtenis evalueren bij mensen die al klinisch manifest vaatlijden hebben. 
Dit hebben we gedaan met behulp van de eerder ontwikkelde SMART risico score. 
Omdat deze score nog niet was getest in een externe populatie van mensen met een 
uiting van vaatziekte, hebben we de SMART risicoscore eerst extern gevalideerd in drie 
populaties van mensen met coronair, cerebrovasculair en perifeer vaatlijden afkomstig 
uit de internationale trial populaties. Hierin zagen we dat de SMART risicoscore een 
redelijke schatting gaf van het vasculaire risico in de externe populaties, afgezien van 
een overschatting van het risico bij mensen die een zeer hoog risico hebben (>40% 
10-jaarsrisico). Vervolgens hebben we de SMART risicoscore gebruikt om in mensen 
met verschillende uitingen van vaatziekte het 10-jaarsrisico op een herhaalde vasculaire 
gebeurtenis te berekenen. Hieruit bleek dat er sterke variatie is in het 10-jaarsrisico bij 
mensen met vaatziekte, met een vrij laag 10-jaarsrisico van minder dan 10% bij zo’n 
18% van de patiënten met vaatziekte, tot een zeer hoog risico (>30%) bij zo’n 22% 
van de patiënten. Omdat de meeste patiënten volgens de huidige richtlijnen nog niet 
optimaal werden behandeld (zij hadden bijvoorbeeld een te hoge bloeddruk zonder dat 
zijn bloeddrukverlagende medicatie kregen), maakten we ook een schatting van het 
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risico als het zou lukken om alle patiënten volgens de richtlijn te behandelen. Dit liet 
een “resterend” 10-jaarsrisico van <10% zien bij maar liefst 47% van de patiënten met 
vaatziekte. Tegelijkertijd bleef er nog sterke variatie zichtbaar en was het geschatte reste-
rende risico nog steeds erg hoog bij een aanzienlijk aantal patiënten (9% >30% 10-jaars-
risico). Deze resultaten laten zien dat de huidige aanname dat patiënten met vaatziekte 
allemaal hoog- tot zeer hoog-risicopatiënten zijn niet standhoudt. Zeker als het lukt om 
mensen volgens de huidige richtlijnen optimaal te behandelen, lijkt het mogelijk om 
het 10-jaarsrisico op een herhaalde uiting van vaatziekte bij ongeveer de helft van de 
patiënten beneden de 10% te brengen. Deze resultaten laten echter ook zien dat voor 
een deel van de patiënten de huidige preventiedoelen nog onvoldoende risicoreductie 
bieden: zo’n 20% heeft een 10-jaarsrisico hoger dan 20% en 9% zelfs hoger dan 30%. 
Toekomstig onderzoek moet uitwijzen of voor deze patiënten strengere behandeldoelen 
of nieuwe behandelstrategieën het risico verder kunnen verlagen.
Nadat we in Hoofdstuk 2 en 3 hebben gefocust op het schatten van individuele 
10-jaarsrisico’s en risicoreducties, gaan we in Hoofdstuk 4 een stap verder door indi-
viduele prognose en behandeleffecten niet te schatten vanuit een 10-jaar tijdsspanne, 
maar vanuit een levenslang perspectief. In dit hoofdstuk laten we zien hoe behandelef-
fecten uit grote klinische trials kunnen worden vertaald naar winst in ziektevrije levens-
verwachting voor de individuele patiënt. We hebben dit gedaan aan de hand van een 
voorbeeld op basis van gegevens van de Amerikaanse “Women’s Health Study”, waarin 
gezonde vrouwen werden gerandomiseerd naar aspirine of een placebo en vervolgens 
10 jaar werden gevolgd. Bij de schattingen hielden we er rekening mee dat iemand 
gedurende het leven niet alleen hart- en vaatziekten kan ontwikkelen, maar ook aan 
iets anders kan overlijden, zoals aan kanker. Als er geen rekening wordt gehouden met 
deze “concurrerende risico’s”, wordt iemands risico en behandeleffect namelijk al snel 
overschat. Om met 10 jaar observaties uit de studie toch levenslange voorspellingen te 
kunnen doen, hebben we in plaats van de follow-up tijd, leeftijd als tijdsas genomen in 
onze methoden. Dat geeft de mogelijkheid om voorspellingen te doen vanaf de jongste 
leeftijd bij de aanvang van de studie, tot de oudste leeftijd aan het eind van de studie, 
in dit geval van 45 tot 85 jaar. Om te evalueren of het model juiste schattingen geeft 
op langere termijn, hebben we de geschatte ziektevrije levensverwachtingen getest in 
de lange-termijn follow-up data van de studie, waarin de vrouwen gemiddeld 17 wa-
ren vervolgd. Hierin zagen we dat de voorspellingen voor 17 jaar zeer accuraat waren, 
wat de validiteit van de gebruikte methoden voor levenslange voorspellingen versterkt. 
Vervolgens hebben we voor iedere patiënt in de studiepopulatie het behandeleffect van 
aspirine geschat in termen van maanden levenswinst vrij van hart- en vaatziekten. Het 
grootste behandeleffect zagen we bij jongere vrouwen met verschillende risicofactoren. 
Deze resultaten geven aanleiding om de huidige risico-gebaseerde benadering, waarbij 
vooral oudere patiënten worden geselecteerd voor behandeling omdat leeftijd de belang-
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rijkste vasculaire risicofactor is, te heroverwegen. 
In Hoofdstuk 5 staat het schatten van prognose bij patiënten met klinische mani-
fest vaatlijden centraal. Allereerst tonen we in dit hoofdstuk de resultaten van externe 
cross-validatie van de eerder ontwikkelde REACH en SMART risicoscores voor res-
pectievelijk 20-maanden en 10-jaarsrisico op een herhaalde vasculaire gebeurtenis bij 
patiënten met vaatziekten. Waar we in Hoofdstuk 3 de SMART risicoscore nog extern 
valideerden in trial populaties, hadden we in dit hoofdstuk de beschikking over het 
internationale REACH cohort van patiënten uit Noord-Amerika en West-Europa met 
klinisch manifest vaatlijden. Vergelijkbaar met de bevindingen in Hoofdstuk 3, over-
schat de SMART risicoscore het vasculaire risico bij zeer hoog risicopatiënten, maar 
bij lager risicopatiënten maakt de SMART risicoscore accurate schattingen, vooral in 
de West-Europese populatie. De REACH score laat redelijk tot goede schattingen zien 
vergeleken met de geobserveerde risico’s in het SMART cohort. Vervolgens gaan we in 
dit hoofdstuk een stap verder, door het ontwikkelen van het REACH-SMART model 
voor levenslange voorspellingen voor patiënten met klinisch manifest vaatlijden. De pre-
dictoren van dit model zijn gebaseerd op de originele REACH en SMART scores en het 
model werd ontwikkeld met de methoden zoals beschreven in Hoofdstuk 4. Dit nieuwe 
REACH-SMART model liet accurate voorspellingen zien in zowel Noord-Amerikaanse 
als West-Europese patiënten met vaatziekte. Verder laten we in dit hoofdstuk zien dat, in 
tegenstelling tot 10-jaarsrisico’s die stijgen met de leeftijd, levenslange risico’s gemiddeld 
hoger zijn bij jongere patiënten. Deze discrepantie is van belang voor clinici en richtlijn-
ontwikkelaars, aangezien op basis van levenslange voorspellingen waarschijnlijk andere 
behandelbeslissingen zullen worden genomen dan op basis van 10-jaarsvoorspellingen, 
een conclusie die aansluit bij onze eerdere bevindingen in Hoofdstuk 4. De REACH, 
SMART en REACH-SMART modellen kunnen een bijdrage leveren aan het individu-
aliseren van vasculaire preventie voor patiënten met vaatziekte. Waar op dit moment 
al deze patiënten over het algemeen als hoog-risico worden beschouwd, maken deze 
modellen het mogelijk om individuele prognose te schatten en te communiceren met 
de patiënt. Ook met de komst van nieuwe – maar dure – risico-verlagende middelen, is 
het van belang onderscheid te kunnen maken binnen de groep patiënten met vaatziekte. 
Een toepassing hiervan laten we zien in Hoofdstuk 6. Hierin gebruiken we een model 
voor levenslange voorspellingen om het effect van een nieuw cholesterolverlagend mid-
del, PCSK9-remming, te schatten uitgedrukt in levenswinst vrij van een hartinfarct of 
beroerte, voor individuele patiënten met coronaire hartziekte. We laten zien dat de te 
verwachten effecten van levenslang gebruik zeer sterk variëren tussen mensen met coro-
naire hartziekte, van minder dan 6 maanden winst bij 62% van de patiënten tot meer 
dan 12 maanden winst bij 10% van de patiënten. Vergelijkbaar met onze bevindingen 
in Hoofdstuk 4, werden de hoogste te verwachten behandeleffecten gezien bij jongere 
patiënten (40-60 jaar) met relatief veel risicofactoren. Deze resultaten kunnen bijdragen 
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aan de discussie over welke patiënten wel en welke niet in aanmerking moeten komen 
voor behandeling met deze kostbare medicatie. 
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zoeksvraag tot aan publicatie, bij verschillende artikelen in dit proefschrift. 
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Annemarie Pijlman en Jarmo Hunting, dank voor jullie begeleiding aan de start van 
mijn carrière. Dat heeft een geweldige promotieplek opgeleverd. Ik kijk ernaar uit om 
weer onder jullie supervisie te werken.

Alle deelnemers aan het SMART-onderzoek wil ik bedanken voor hun tijd en ver-
trouwen waarmee zij een essentiële bijdrage leveren aan wetenschappelijk onderzoek. 
SMART-verpleegkundigen, Loes, Ursula, Yvonne, Lies en Hetty, dank voor de prettige 
samenwerking en jullie betrokkenheid bij de komst van Hazel. 

Lieve Joep, wat een eer dat jij de omslag van dit proefschrift hebt ontworpen. Het was 
leuk om jou een keer van je professionele kant te zien, met een prachtig resultaat, dank 
daarvoor! 

Onno Kaagman en Bart Boon, de CSI samenwerking met jullie was een mooie toevoe-
ging aan mijn promotie, bedankt!

(Oud-)Collega’s van de vasculaire geneeskunde, Jan, Wilko, Stan, Remy, Gideon, Hen-
drina, Gerben, dank voor de prettige samenwerking en veel gezelligheid. Inge, Corina, 
Corien en Ilse, bij jullie buurten was altijd fijn. Dank voor de vele gezellige gesprekken 
en mooie grappen.
Mede-onderzoekers, Anton, Mariëtte, Melvin, Joep, Rob (aka R), Maaike (meteen feest 
bij de COIG!), dank voor alle gezelligheid en voor jullie geweldige hulp op verschillende 
punten van mijn promotie! Guido, een betere roomie kon ik mij niet wensen. Dank 
voor je ongezouten mening en je heerlijk naïeve digibetisme. Lot, het was verademend 
om met jou alle grote en kleine misstanden in de wereld te bespreken. Fijn dat wij zo 
goed weten hoe het allemaal wel moet. Manon, zo vertrouwd was het met jou. We heb-
ben veel met elkaar gedeeld en ik mis de fijne gesprekken nu al. Bassie, stabiele factor 
met onverwachte uitspattingen. Het was fijn om samen met jou te kunnen optrekken. 
Johan, je bent een aangename afwisseling tussen de brave mensen van de interne genees-
kunde, ik kijk uit naar het volgende festival! Shahnam, (you’re famous!), Nico (dank 
voor Frozen en Bridget Jones Baby), Gijs, Nicole, Monique, dank voor alle gezelligheid, 
grappen en mooie discussies!

Antonius-collega’s, dank voor de warme ontvangst in Nieuwegein! Ik kijk uit naar onze 
samenwerking de komende jaren.

Lieve vriendinnen en vrienden, het was fijn om zoveel waardevolle afleiding te hebben 
de afgelopen jaren. Juul, heerlijk om met jou te kunnen filosoferen en zoveel te kunnen 
delen. Ik heb bewondering voor de keuzes die je maakt en hoop daar nog lang veel 
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van mee te krijgen. Jaar, een date met jou is altijd zo fijn ontspannen, veel te jammer 
dat je niet meer bij ons om de hoek woont! Saar, dank voor je trouwe steun, voor het 
meegenieten, voor je begrip en de eindeloze gezellige en vertrouwde herinneringen die 
we samen hebben en waarvan we er nog veel meer gaan maken. Fleur, 4 oktober heb ik 
gezien hoe het moet, wauw! Ik ben ontzettend trots op je. En inderdaad, wat een goed 
vooruitzicht: feestgarantie op de internistendagen! Veer, pick Utrecht! Dank voor je 
lieve nuchterheid en je mooie grappen. Ik kijk met bewondering naar je (ogenschijnlijk 
totaal vanzelfsprekende) nieuwe carrièrestap en vind het heerlijk om daarvan te mogen 
meegenieten.

Lieve familie, dank voor jullie interesse en betrokkenheid. Tante Regine en Tante Annet, 
jullie lieve kaartjes, mailtjes en smsjes doen me altijd veel goed. Janneke, jij bent een 
soort bonuszus voor mij. Dank voor al je interesse en steun. 

Lieve Hanneke, Peter, Harrie, Menno, Ard en Sabine. Jullie verbazing over wat er alle-
maal komt kijken bij het publiceren van een artikel werkte ontnuchterend. Dank voor 
jullie interesse, vertrouwen, steun en zoveel gezellige afleiding de afgelopen jaren. Ik 
vind jullie geweldig. 

Lieve papa en mama, met jullie grenzeloze vertrouwen en net zo grenzeloze trots zijn 
jullie een enorme steun bij alles wat ik doe. Ik realiseer me steeds meer hoe waardevol 
die basis is. Jullie leerden ons om het leven vooral te vieren, zowel de kleine stapjes als de 
grote gebeurtenissen. Laten we daar eindeloos mee doorgaan! 
Lieve Fem en Meik, jullie zijn mijn grootste voorbeelden. Ik ben trots op jullie, de eigen-
heid waarmee jullie keuzes maken en de professionaliteit waarmee jullie je werk doen. 
Dank voor al jullie lieve steun, meeleven, flauwe grappen, begrip, gezelligheid. Ik vind 
het heerlijk om zo vaak samen te zijn. Lieve Thomas, Echte Schoonbroer. Al werken we 
er nu allebei niet meer mee: R blijft toch wel vet gaaf. Dank voor je beginnerslessen en 
voor je fijne nuchterheid.

Lieve Nanne, je deed al vaak een beroep op een plekje bij de acknowledgements, maar 
schroomde ook niet om met iedereen te delen dat mijn onderzoeksverhalen een uit-
stekend slaapmiddel bleken. Het mag duidelijk zijn hoe groot jouw bijdrage aan dit 
proefschrift is en hoe dankbaar ik daarvoor ben. Ik geniet elke dag van hoe geweldig wij 
het samen hebben en kijk uit naar alles wat nog komen gaat. Lieve Hazel, bijzondere jij. 
Ik moet nu al lachen bij het vooruitzicht dat jij de pagina’s van dit boek één voor één 
gaat uitscheuren. Gek genoeg zal dat als de grootste waardering voelen van wat ik de 
afgelopen jaren heb gedaan. 

Lotte 
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