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Prognostication in medicine.

Prognostication originates from the Greek word prognostikos “foreknowing”. It was 
Hippocrates who described that the best way to manage the cure is by foreseeing and 
foretelling what would happen based on the present state of matters of the sick.1 Although 
it is obvious that predicting (disease) outcome both for patients and healthy people is of 
vital importance for clinical decision making, prognostication is an everlasting struggle for 
doctors.2,3 In 1934, Robert Hutchison observed that “of the three great branches of clinical 
science diagnosis, prognosis, and treatment-prognosis is admittedly the most difficult. 
It is also that about which least has been written”.4 Prognosis is still not as prominent or 
explicit a part of medicine as diagnosis and treatment, it is nevertheless fundamental in 
clinical practice.5,6 In the last decades, however, substantial improvements in prediction 
modelling techniques led to an increase in easy-to-use prediction rules. These rules can 
strongly improve clinical practice by guiding doctors and patients in estimating a prognosis 
more accurately and objectively. This implies that all doctors should become familiar with 
prognostic research, obtain a basic understanding of the strengths and weaknesses, and 
use them appropriately, since “all models are wrong, but some are useful” ~ George Box.7

Risk prediction in cardiovascular prevention

Since cardiovascular disease (CVD) is a result of a lifelong exposure to risk factors and 
involves numerous people, it is utterly important to identify which people are most likely 
to get CVD in order to prevent or delay disease. Therefore, cardiovascular risk prediction is 
a keystone in the prevention of CVD and recommended by several guidelines, even among 
apparently healthy people.8-10 The 2013 American College of Cardiology/American Heart 
Association (ACC/AHA) guideline advises to estimate cardiovascular risk in all apparently 
healthy people without diabetes mellitus or clinical atherosclerotic cardiovascular disease 
(ASCVD) aged 40 to 79 using the pooled cohort equation.9 Based on their prognosis, 
treatment decisions are made. Patients at high risk (≥7.5% 10-year risk), patients with type 
2 diabetes mellitus (T2DM), or with a clinical ASCVD should be treated with statins unless 
their low-density lipoprotein cholesterol (LDL-c) levels are below 1.8 mmol/L.10 If patients 
are at low risk (<5% 10-year risk) and between 20-59 years old, there is a possibility to 
take a 30-year or lifetime risk into account for treatment decision making.9 In the 2016 
European guidelines on cardiovascular disease prevention, in apparently healthy people, 
the Systematic Coronary Risk Estimation (SCORE) is recommended for the assessment of 
10-year risk predictions of fatal CVD. At high risk (≥5% and <10%) or very high risk (≥10%) 
for fatal CVD, preventive therapy is indicated using LDL-c targets of 2.5 mmol/L and 
1.7 mmol/L, respectively. Also, according to current guidelines, risk stratification is not 
necessary for patients with T2DM or ASCVD because they are all considered to be at high 
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risk or very high risk of vascular diseases.8 However not all patients with diabetes mellitus 
or ASCVD are equally at high risk for (recurrent) cardiovascular disease (CVD).11-13 Clinical 
decision making on whether or not to treat patients with preventive therapy could also 
benefit from risk prediction in these patients. This is especially relevant with the recent 
availability of promising but expensive preventive therapy, such as proprotein convertase 
subtilisin/kexin type 9 (PCSK9)-inhibitors14, and for patients with T2DM sodium-glucose 
cotransporter 2 (SGLT2)-inhitors15 and glucagon-like peptide 1 (GLP1) analogues16. Also, 
risk prediction could support the decision to stop preventive therapy, if the potential 
future benefit does not outweigh the disadvantage at some point in life.

Towards prediction for the individual patient

Different patients visit the clinic every day, whether this is at the general practitioner’s 
practice or specialist clinic. Let’s take a look at two typical patients; Mr. A and Mr. S. 
To help us decide whether we should treat Mr. A. and Mr. S. with lipid-lowering therapy, 
blood pressure-lowering therapy and/or antithrombotic treatment, and what their 
personal benefit would be, current risk prediction models are insufficient.

 
Mr. A. 
Mr. A. is a 43 year old IT technician, diagnosed with T2DM 5 years ago. He is 
obese, with a body-mass index of 35 kg/m2, does not smoke, and has no other 
known co-morbidities. His office blood pressure was 150/75 mmHg. Laboratory 
tests showed a haemoglobin A1c (HbA1c) of 60 mmol/mol, total cholesterol 
of 6.0 mmol/L, HDL-c of 1.10 mmol/L, and LDL-c of 4.0 mmol/L. His estimated 
glomerular filtration rate (eGFR) was 70 ml/min/1.73m2. 

 
Mr. S. 
Mr S. is 75 years old, enjoying his retirement, but recently diagnosed with T2DM. 
He has a body-mass index of 26 kg/m2, does not smoke, and has no other known 
co-morbidity. His office blood pressure was 140/85 mmHg. He has an HbA1c of 
58 mmol/mol, total cholesterol of 5.0 mmol/L, HDL-c of 1.00 mmol/L, and LDL-c of 
2.6 mmol/L. Furthermore, because of his age and diagnosed T2DM, his estimated 
glomerular filtration rate (eGFR) and albumin/creatinine ratio (ACR) was measured. 
His eGFR was 80 ml/min/1.73m2 and he had no albuminuria (ACR < 2.5 mg/mmol).  
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With the ADVANCE risk calculator, the 5-year risk for cardiovascular events can be estimated 
in patients with T2DM. However, for the presented case not all required information is 
available for using this calculator. Whether these patients have retinopathy and/or atrial 
fibrillation necessary to predict the risks of these patients is not known at time of the clinic 
visit (table). According to the European guidelines for CVD prevention, there is no need to 
calculate risk, because a one-size-fits-all approach for all patients with T2DM is proposed, 
not taking differences between patients in presence of comorbidity into account. Mr. 
A and Mr. S. are both considered at high risk for CVD without the use of individualized 
predictions. Lifestyle advice and drug treatment is recommended for all T2DM patients 
with an LDL-c >2.5 mmol/L and for Mr. A. blood pressure-lowering treatment as well with 
a systolic blood pressure >150mmHg (table). The ACC/AHA guidelines also recommend 
drug treatment for both patients, however considering their risk based on the pooled 
cohort equation, this should be a moderate or intensive statin. According to the ASCVD 
pooled cohort equation, Mr. A. has a 10-year risk of 7% to develop CVD, with a lifetime 
risk of 50%. Due to T2DM, a moderate-intensity statin should be considered according to 
guidelines with a 10-year risk < 7.5%. Mr. S. has a 10-year risk of 50%. Due to a 10-year risk of 
>7.5% and T2DM, a high-intensity statin should be considered (table). However, whether 
the risk predictions are accurate remains uncertain since the pooled cohort equation is not 
validated in a T2DM population. Based on the choice of guidelines and/or risk prediction 
models chosen, different advises might be applicable for Mr. A. and Mr. S. (table). Although 
the pooled cohort equation does try to individualize treatment decisions for Mr. A and Mr. 
S, both guideline strategies (one-size-fits-all or pooled cohort equation) do not provide 
information on the expected benefit of preventive treatment. A predicted individualized 
treatment effect of for instance lipid-lowering or blood pressure-lowering would enable 
weighing benefits and disadvantages of preventive treatment. This improves shared 
decision making, and could motivate a patient to adhere to preventive medication. 

Application of prediction models in cardiovascular prevention

An overwhelming amount of cardiovascular risk prediction models have been developed 
over the last decades. In the last 15 years, over 250 cardiovascular prediction models were 
developed for primary prevention only.17,18 The question arises why only a few of these 
prediction models are used in clinical practice. There could be several reasons for this. First, 
most models were derived from, but did not complete all steps of model development. 
For the development of a prediction model seven steps are described including external 
validation and model presentation.19 In only 36% of the models external validation was 
performed, and most models were reported inadequately for implementation in clinical 
practice.17,20 Second, prediction models that are externally validated should be easy 
to use for clinicians.21 Factors necessary to predict CVD risk should be available at the 
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time of prediction.6 As more factors are included, the model becomes more complex, 
time consuming and costly to use because a greater number of risk factors have to be 
measured to estimate the risk.22 When these risk factors are available, risk predictions 
should automatically be provided in electronic patients records at the time and location 
of decision making.23 Another option is the availability of user friendly online tools, were 
clinicians can easily fill in patient characteristics, providing an immediate risk prediction. 
However, missing patient characteristics necessary to estimate CVD risk will stop a clinician 
from using such a support tool. Although several techniques have been described for 
dealing with missing data for the development of prediction models, currently no 
strategy is available to help clinicians deal with missing patient characteristics at the time 
of prediction.24 Thus, with one missing value, a clinician is unable to use the prediction 
model. Third, the impact of a prediction model should be investigated before use in 
clinical practice. What does the outcome of a prediction model mean for a patient? And 

Table: Comparing different risk stratification for our patients.

Risk stratification Mr. A. Mr. S.
ADVANCE Available characteristics: 

- Sex (male) 
- Age at diabetes diagnosis (38 y) 
- Known duration of diabetes (5 y) 
- Systolic and diastolic blood pres-
sure (150/75 mmHg) 
- HbA1c (60 mmol/mol) 
- Non-HDL cholesterol (4.9 mmol/L) 
- Treated hypertension (no)

Available characteristics: 
- Sex (male) 
- Age at diabetes diagnosis (75 y) 
- Known duration of diabetes (0 y) 
- Systolic and diastolic blood pres-
sure (140/85 mmHg) 
- HbA1c (58 mmol/mol) 
- Non-HDL cholesterol (4.0 mmol/L) 
- Treated hypertension (n) 
- Albumin/creatinine ratio (<22 
mg/g)

 Unavailable characteristics: 
- Waist circumference (cm) 
- Albumin/creatinine ratio (mg/g) 
- Retinopathy (y/n) 
- Atrial fibrillation (y/n)

Unavailable characteristics: 
- Waist circumference (cm) 
- Retinopathy (y/n) 
- Atrial fibrillation (y/n)

European guide-
lines (one size fits 
all)

- High-risk category based on T2DM, 
without target organ damage. 
- Statins are recommended.
- Blood pressure-lowering therapy.  
- LDL-c target 2.0 mmol/L (50% of 
current LDL-c of 4.0 mmol/L).  
- No potential treatment effect 
given.

- High-risk category based on T2DM, 
without target organ damage.  
- Statins are recommended.  
- LDL-c target 1.3 mmol/L (50% of 
current LDL-c of 2.6 mmol/L).  
- No potential treatment effect 
given.

ACC/AHA guide-
lines (pooled 
cohort equation 
not validated in 
T2DM patients 
solely)

- 7% 10-year risk for CVD.  
- 50% lifetime risk for CVD.  
- moderate-intensity statin
- Blood pressure-lowering therapy  
- no LDL-c target 
- No potential treatment effect 
given.

- 50% 10-year risk for CVD. 
- No lifetime risk given due to age 
>59 
- high-intensity statin  
- no LDL-c target 
- No potential treatment effect 
given.
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how does this influence the treatment decision of a clinician? An impact study should 
quantify the effect of using a model on doctors’ behaviour, patient outcome, or cost 
effectiveness of care compared with not using such a model.20 If a patients’ risk prediction 
does not change clinical decision making, it is of no use to implement it in daily practice. 

Different estimates of individualized treatment effects

The development of risk prediction tools allowed incorporation of established risk factors 
into multivariable models to predict 10-year risk for CVD. These 10-year risk predictions 
help to identify patients at high-risk who may benefit most from drug treatment. The 
magnitude of treatment effects using 10-year risk predictions can be presented as 
absolute risk reductions (ARR), or number needed to treat (NNT = 1/ARR).25 However, since 
CVD is highly age related age is the strongest predictor for CVD in such calculators. This 
is illustrated by the SCORE table, showing that men under 45 years and women under 55 
years are always at low risk for CVD independent of their risk factor levels.26 For patients 
older than 70 years, 10-year CVD risks are always high, exceeding the threshold of 7.5%. 
Two major issues are not taken into account in current prognostic models predicting 10-
year risks: 

1. The short horizon of 10-years does not adequately reflect the potential long-term 
risks or benefits of preventive treatment. This could lead to missed treatment 
opportunities in younger patients, who will not be eligible for preventive 
treatment based on current risk predictions and guidelines. However, their future 
long-term exposure to risk factors building up atherosclerosis over a long period 
of time results in a high lifetime risk for CVD, and therefore a possibly high lifetime 
benefit of CVD prevention.

2. Competing risks, i.e. death due to other causes such as cancer, are not taken 
into account in current prediction models. Since risk factor levels related to CVD 
are also associated with incident cancer, patients at higher risk for CVD are also 
at higher risk for cancer.27,28 Most currently available 10-year prediction models 
assume that patients can only die from CVD for predicting 10-year CVD-risk, which 
is obviously not reflecting clinical reality. This leads to an overestimation in risk 
especially for patients at high risk for non-vascular mortality; i.e. the elderly.29 
Therefore, estimated benefits of treatment are overestimated in older patients 
using conventional 10-year risk prediction tools.

Nowadays, different modelling techniques are available to help stratify patients that 
benefit most from treatment from a lifetime-perspective. These models take competing 
risks into account. In younger patients, lifetime risk could overcome issues regarding the 
potential missed treatment opportunities in the long-term. The presence of two or more 
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traditional risk factors compared to optimal risk factor levels increased lifetime CVD risk 
until 95 years with 42% and 63% for women and men, respectively.30 

Although this information is useful to promote risk factor interventions at younger 
age, the interpretation of estimated treatment effects is rather difficult.31 Prevention 
of CVD at younger age reduces the age-specific CVD rates. By doing so it increases the 
years of exposure to the risk of CVD. Since CVD rates increase with age, the lifetime risk 
of CVD might even increase, depending on the increase of relative rate of mortality from 
competing events.32 Thus, lifetime risk is useful to estimate whom to treat at younger age. 
However, since prolonged life expectancy is not taken into account, it is difficult to use 
lifelong treatment effects in shared-decision making.31 

Besides lifetime CVD-risk, new methods enable the prediction of life expectancy and 
the gain in cardiovascular disease-free life years. This can be useful to stratify patients that 
benefit most from treatment especially in long-term prevention.33,34 Models predicting 
CVD-free life expectancy identify patients that are at a high lifetime risk while keeping 
competing events and prolonged life-expectancy into account (patients with a high 
lifetime risk have lower life expectancies). These models can estimate the gain in disease-
free life years due to treatment combining the model with trial results.35 The treatment 
effects are presented in months or years gained without the disease of interest, which are 
more appealing measures for patients than relative or absolute risk reductions.36 

Objective of this thesis

The general objective of this thesis is 1) to demonstrate the translations of trial results to 
the individual patient by predicting individualized CVD risk and treatment benefits for 
lifelong prevention of CVD, especially in patients with T2DM or a history of CVD and 2) to 
improve the applicability of prediction models in clinical practise.

Outline of this thesis

In Chapter 2, trends in risk factor levels and cardiovascular risk in patients with a history 
of CVD between 1996 and 2014 are described. It investigates whether the change in 
cardiovascular risk is solely due to improved risk factor levels and preventive treatments, 
or whether unmeasured factors play a role in the lower cardiovascular risk. It underscores 
the need to identify the patients with the highest risk.

In Chapter 3, we developed and geographically validated the diabetes lifetime-
perspective prediction (DIAL) model for patients with T2DM. Combining the DIAL model 
with relative treatment effects of trials in an interactive calculator (available at www.u-
prevent.com) enables the prediction of individualized treatment effects of lipid, blood 
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pressure, glucose, and aspirin treatment for prevention of cardiovascular disease (CVD). 
The individualized treatment effects are given as gain in CVD-free life years, and 10-year 
absolute risk reduction, facilitating shared decision making.

In Chapter 4, the impact of predictions expressed in CVD-free life years compared to 
10-year risk reduction is illustrated. In this chapter, the cost-effectiveness of the decision 
to start PCSK9-inhibitors in patients with a history of CVD based on gain in CVD-free life 
years is compared to the decision to start PCSK9-inhibitors based on 10-year absolute risk 
reduction using a microsimulation model. 

In Chapter 5, the use of prediction models in the presence of missing patient 
characteristics is investigated. Five different methods dealing with missing characteristics 
are presented, and results of predictive performances are compared.

Further elaborating on the results of Chapter 4, Chapter 6 describes the influence of 
postponement of treatment and/or treatment of shorter than lifelong duration. Especially 
with expensive medication such as PCSK9-inhibitors, it is important to know whether 
lifelong treatment resulting in high expenses per patient is absolutely necessary for the 
intended treatment effects. This chapter will describe the appropriate starting point and 
duration of treatment with PCSK9-inhibitors for patients with a history of CVD.

The general discussion of this thesis is described in Chapter 7 and summarized in 
Chapter 8. 
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Abstract

Background - To quantify the decline in recurrent major cardiovascular events (MCVE)
risk in patients with clinically manifest vascular disease between 1996 and 2014 and to 
assess whether the improvements in recurrent MCVE-risk can be explained by reduced 
prevalence of risk factors, more medication use and less subclinical atherosclerosis.

Methods and results - The study was conducted in the Second Manifestations of 
ARTerial disease (SMART) cohort in patients entering the cohort in the period 1996-2014. 
The prevalence of risk factors and subclinical atherosclerosis were measured at baseline. 
Incidence rates per 100 person-years for recurrent MCVE (including stroke, myocardial 
infarction, retinal bleeding, retinal infarction, terminal heart failure, sudden death, 
fatal rupture of abdominal aneurysm) were calculated, stratified by the year of study 
enrolment. For the attributable risk of changes in risk factors, risk factor treatment, and 
subclinical atherosclerosis on the incidence rates of recurrent MCVE, adjusted rate ratios 
were estimated with Poisson regression. 7216 patients had a median follow-up of 6.5 
years (IQR 3.4-9.9). The crude incidence of recurrent MCVE declined by 53% between 1996 
and 2014 (from 3.68 to 1.73 events per 100 person-years) and by 75% adjusted for age and 
sex. This improvement in vascular prognosis was for 36% explained by changes in risk 
factors, medication use and subclinical atherosclerosis.

Conclusion - The risk of recurrent MCVE in patients with clinical manifest vascular disease 
has strongly declined in the period between 1996 and 2014. This is only partly attributable 
to lower prevalence of risk factors, improved medication use and less subclinical 
atherosclerosis.
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Introduction

The incidence of cardiovascular disease (CVD) has decreased in recent decades, and 
the 2010 Global Burden of Disease study1 for Western countries has estimated a 20-50% 
decrease in the years of life lost due to premature mortality as a result of CVD between 
1990 and 2010. However, vascular diseases remain the leading cause of premature death.2,3 
The incidence of cardiovascular morbidity and mortality has decreased due to improved 
primary prevention and by improved vascular revascularisation.4-10 For example, the 
43% decline in coronary heart disease mortality rates between 2000 and 2010, was 49% 
attributed to improved revascularization procedures and for 39% attributed to improved 
risk factor treatment.11 

In addition, secondary prevention measures have improved over the last 10-20 years. 
Between 2003 and 2008 in patients hospitalized with coronary artery disease, overall 
adherence to 6 performance measures (start on aspirin within 24 hours, discharge on 
aspirin, discharge on beta-blockers, patients with low ejection fraction discharged on 
ACE inhibitors, smoking cessation counselling, and use of lipid-lowering medications) 
increased from 72% to 94%.12 Mean blood pressure and lipid levels decreased between 
1999 and 2013 in patients with coronary artery disease.13 Also, a steady increase in the 
use of lipid-lowering therapy and aspirin has been observed in the periods 1975-1986 
and 1997-2007, which likely contributed to an absolute 5% decrease in 2-year all-cause 
mortality for patients hospitalized after an acute myocardial infarction14. However, it is 
unknown whether the long-term risk decreased for recurrent major cardiovascular events 
(MCVE) and for all-cause mortality, and to what extent this is caused by improved risk 
factor management. 

Earlier in life and more widespread use of lipid-lowering and blood pressure-lowering 
medication for primary and secondary prevention and a decline in smoking may have 
changed the face of vascular disease to a more benign, stable phenotype. However, 
as there is a wide variation in the extent of atherosclerotic lesions in the arterial wall 
between patients with similar risk factors, other factors than the classical risk factors need 
to be considered.15 This variation is likely due to a combination of genetic susceptibility, 
interactions between other risk factors, life-style, and duration of exposure to risk factors.16 
One of the other factors that might give insight into the extent of atherosclerotic lesions 
might be measures of subclinical atherosclerosis, for example carotid intima-media 
thickness (cIMT).

The aim of the present study is to quantify the decline in recurrent MCVE-risk in patients 
with clinically manifest vascular disease between 1996 and 2014 and to assess whether 
the improvements in recurrent MCVE-risk can be explained by reduced prevalence of risk 
factors, more medication use and less subclinical atherosclerosis.
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Methods

Study population
Patients originated from the SMART (Secondary Manifest of ARTerial disease) study, an 
ongoing, single-center, prospective cohort study at the University Medical Centre Utrecht 
(UMCU). A detailed description of the study rationale and design has previously been 
published.17 The study commenced in 1996, after which participating patients, aged 18-
80 years, referred to the UMCU with clinically manifest atherosclerotic vascular disease 
(coronary artery disease, cerebrovascular disease, peripheral arterial disease or abdominal 
aortic aneurysm) or cardiovascular risk factors (hyperlipidaemia, diabetes, or hypertension) 
underwent vascular screening. Screening followed a standardized diagnostic protocol, 
followed by physical examinations and laboratory testing in the fasting state. For the 
current study, baseline data of patients included between September 1996 and March 
2014, with a history of CVD, were used. Written informed consent was obtained from all 
participants at baseline. The study was approved by the Medical Ethics Committee of the 
UMCU.

Follow-up and endpoints
Patients received bi-annual health questionnaires. When a participant reported a possible 
event, relevant hospital documents, laboratory, and radiologic findings were collected. 
Cause of death was verified with general practitioners, medical specialists or relatives. 
All events were audited by three members of the SMART-study endpoint committee, 
comprised of physicians from different departments. The outcomes for the present 
analyses are a composite of MCVE, vascular mortality, and all-cause mortality. A composite 
of MCVE was established including stroke, myocardial infarction, retinal bleeding, retinal 
infarction, terminal heart failure, sudden death, fatal rupture of abdominal aneurysm.
Follow-up duration was defined as the period between enrolment and first MCVE, death 
from any cause, date of loss to follow-up, or the preselected date of 1 March 2014. Of the 
7216 participants in this study, 419 patients (5.8%) were lost to follow-up due to migration 
or withdrawal from the study; these patients were censored.

Risk factors and medical treatment of risk factors
Cardiovascular risk factors and the use of medication (antithrombotic, lipid-lowering, or 
blood pressure-lowering medication) were recorded at baseline, using a standardized 
diagnostic protocol consisting of a questionnaire, physical examination and laboratory 
testing in a fasting state. Risk factors measured in this study included age, sex, smoking, 
pack years, body-mass index (BMI), LDL-c, systolic blood pressure, presence of diabetes 
mellitus, estimated glomerular filtration rate (eGFR) and duration of CVD. LDL-c in mmol/l 
was estimated using the Friedewald formula up to triglycerides of 9 mmol/L18. Systolic 
blood pressure was measured every 4 minutes during a total of 25 minutes in supine 
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position at the right brachial artery until March 1999 and 2 times in the sitting position 
at the right and left upper arms from March 1999 onward. In both situations, the highest 
mean of the blood pressure measurements on one arm was taken. Diabetes mellitus was 
defined as use of glucose lowering-therapy, self-reported diabetes mellitus, or two times 
a fasting glucose >7.0 mmol/l. eGFR was estimated using the CKD-EPI (Chronic Kidney 
Disease Epidemiology Collaboration) equations.19

Clinical manifest and subclinical atherosclerosis
Clinical manifest vascular disease was registered at baseline (e.g. coronary, cerebrovascular, 
peripheral artery disease and aortic abdominal aneurysm). Screening for subclinical 
atherosclerosis comprised of multiple clinical and radiological measurements. Direct 
measurements of subclinical atherosclerosis were defined as a carotid intima-media 
thickness (cIMT) >0.9 mm20, an ankle-brachial index (ABI) <0.9 or greater than 1.3, and an 
asymptomatic carotid artery stenosis of >50%. With subclinical atherosclerosis-associated 
measurements were chronic kidney disease (CKD), and a pulse pressure >60mmHg (PP). 
CKD was defined as either 1) an eGFR <45, 2) an eGFR <60 with >30mg/g albuminuria, or 
3) any eGFR with >300mg/g albuminuria. 

Data analyses
For the descriptive analysis of baseline characteristics in different time periods, year of 
vascular screening was split into groups of three years, where in further analyses inclusion 
year as determinant is used as a continuous variable.

Data of cardiovascular risk factors were missing for systolic blood pressure in 17 patients 
(0.2%), for glucose measurement in 23 patients (0.3%), for diabetes mellitus status in 19 
patients (0.3%), for smoking and pack-years in 42 patients (0.6%), for eGFR in 11 patients 
(0.2%), and for albuminuria in 258 patients (4%). For atherosclerotic burden, IMT was 
missing in 208 patients (3%), carotid artery stenosis in 136 patients (2%), ABI in 55 patients 
(0.8%) and pulse pressure in 48 patients (0.7%). Missing data for risk factors and subclinical 
atherosclerosis were singly imputed by weighted probability matching on the basis of 
multivariable regression using covariate and outcome data. Trends in cardiovascular risk 
factor and subclinical atherosclerosis prevalence were plotted. Crude incidence rates for 
vascular mortality, all-cause mortality, myocardial infarction, stroke and the composite 
endpoint of MCVE were calculated stratified for year of vascular screening. To evaluate 
the effect of cardiovascular risk factors, medication use, subclinical atherosclerosis and 
duration of CVD on the incidence rates of MCVE and all-cause mortality, adjustment was 
performed with Poisson regression in multiple models In addition, stratified analyses 
were performed for different groups of CVD-patients separately (i.e. coronary artery 
disease, cerebrovascular disease, peripheral artery disease, abdominal aneurysm and 
polyvascular). To check whether possible non-proportionality during long-term follow-
up did not meaningfully influence the results, a sensitivity analysis was performed in 
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which observations were censored after five year follow-up. All statistical analyses were 
conducted using R version 3.2.0.

Results

Baseline characteristics
Data of 7,216 patients with a history of CVD included in the SMART cohort between 1996 
and 2014 were used for the present analyses. Mean age was 60 ±10 years and 74% of 
patients were male (table 1). A total of 1,190 recurrent MCVE and 1,324 deaths occurred 
during a median follow-up of 6.5 (IQR 3.3 - 9.9) years. 

Change in prevalence of cardiovascular risk factors between 1996-2014
The percentage of current smokers declined from 43% in 1996 to 25% in 2014 (figure 
1). Systolic blood pressure declined from 147 ± 20 mmHg in 1996 to 134 ± 18 mmHg 
in 2014. The use of blood pressure lowering drugs increased from 59% to 75%. Plasma 
concentrations of LDL-c declined from 3.7 ± 1.0 mmol/l in 1996 to 2.5 ± 0.9 mmol/l in 2014. 
The use of lipid-lowering drugs increased from 30% in 1996 to 79% 2014. Mean BMI of 
patients slightly increased from 26.3 kg/m² in 1996 to 27.1 kg/m² in 2014.

Change in prevalence of subclinical atherosclerosis between 1996-2014
In the period 1996-2014, the prevalence of asymptomatic carotid artery stenosis decreased 
from 33% to 6%. In the same period, the prevalence of high IMT >0.9 mm was unchanged: 
52% in 1996-1998 and 46% in 2012-2014.The prevalence of CKD decreased from 18% in 
1996 to 9% in 2014. The prevalence of ABI <0.9 or >1.3 decreased from 39% in 1996 to 18% 
in 2014. The prevalence of pulse pressure >60 mmHg, an indicator of arterial stiffness, 
decreased from 61% in 1996 to 30% in 2014 (figure 1, supplemental table 1).

Change in incidence rates of recurrent MCVE and all-cause mortality for different time periods 
between 1996-2014
Incidence rates for recurrent MCVE decreased in the period 1996 to 2014 by 53% for 
recurrent MCVE from 3.68 to 1.73 events per 100 person-years (PY), by 82% for vascular 
mortality from 2.57 to 0.47 events per 100 PY, and by 82% for all-cause mortality from 4.55 
to 0.82 events per 100 PY. Incidence in recurrent MCVE decreased in patients with coronary 
artery disease, cerebrovascular disease, peripheral artery disease and polyvascular 
disease, but remained the same for patients with abdominal aortic aneurysm (figure 2; 
supplemental table 2). 
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Figure 1: Trends in risk factors (A, B, C and D), risk factor management (E) and subclinical 

atherosclerotic burden (F) at baseline.

Figure 2: Crude incidence rates of recurrent major cardiovascular events.

Figure 1: Trends in risk factors (A, B, C and D), risk factor management (E) and subclinical 

atherosclerotic burden (F) at baseline. 
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Rate ratios of MCVE and all-cause mortality adjusted for changes in risk factor, medication 
use and subclinical atherosclerosis in different time periods between 1996-2014
The risk for recurrent MCVE adjusted for age and sex changed with -7% per year (rate 
ratio of 0.93; 95%CI 0.91-0.94). After additional adjustment for risk factors, medication use 
and subclinical atherosclerosis, the change in risk for recurrent MCVE was -4% per year 
(adjusted rate ratio 0.96; 95%CI 0.95-0.98). Thus, for MCVE a risk reduction of 3% per year 
(36% of total) could be explained by changes in risk factors, medication use and subclinical 
atherosclerosis (figure 3; supplemental table 3).

For vascular mortality, additional adjustment for risk factors, medication use and 
subclinical atherosclerosis compared to adjustment for age and sex changed the risk from 
-13% to -7% per year (adjusted rate ratio 0.93; 95%CI 0.91-0.96). Thus, for vascular mortality 
a risk reduction of 6% per year (49% of total) could be explained by changes in risk factors, 
medication use and subclinical atherosclerosis.

For all-cause mortality, additional adjustment for risk factors, medication use and 
subclinical atherosclerosis compared to adjustment for age and sex changed the risk from 
-11% to -6% per year (rate ratio 0.94; 95%CI 0.93-0.96). Thus, for all-cause mortality a risk 
reduction of 5% per year (48% of total) could be explained by changes in risk factors, 
medication use and subclinical atherosclerosis (figure 3; supplemental table 3).

For myocardial infarction and stroke separately, similar results were seen as for MCVE 
after additional adjustment for risk factors, medication use and subclinical atherosclerosis 
compared to adjustment for age and sex (supplemental table 4).

Sensitivity analyses limiting the follow-up to 5 year for each patient after inclusion 
showed similar results for recurrent MCVE (adjusted rate ratio 0.96; 95%CI 0.93-0.98), for 
vascular mortality (adjusted rate ratio 0.95; 95%CI 0.92-0.98) and for all-cause mortality 
(adjusted rate ratio 0.97; 95%CI 0.95-1.00) adjusted for age, sex, cardiovascular risk factors, 
medication use and subclinical atherosclerosis (supplemental table 5).

Discussion

In this cohort study, the risk of recurrent vascular events in patients with clinical manifest 
vascular disease declined with 53% in the period between 1996 and 2014. The risk of 
vascular and all-cause mortality both decreased with 82%. These reductions are similar in 
patients with coronary artery disease, cerebrovascular disease, peripheral arterial disease 
and polyvascular disease. In patients with abdominal aortic aneurysm a decrease in risk 
of recurrent events was not observed, possibly due to a small number of patients. During 
this period, the prevalence of risk factors and prevalence of subclinical atherosclerosis 
(carotid artery stenosis, cIMT, CKD, ABI, and pulse pressure) declined as well. The observed 
reductions in recurrent vascular events and all-cause mortality could only partially 
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Rate ratios (continues line) and 95%CI (dotted line). Reference year of vascular screening is 1996.

Figure 3: Rate ratios of recurrent major cardiovascular events and all-cause mortality in the period 

1996 - 2014. 

Figure 3: Rate ratios of recurrent major cardiovascular events and all-cause mortality in the period 1996 - 

2014.  

Rate ratios (continues line) and 95%CI (dotted line). Reference year of vascular screening is 

1996. 

A. Age and sex adjusted rate 
ratios for recurrent MCVE 

B. Risk factor, medication 
use and subclinical 
atherosclerosis adjusted rate 
ratios for recurrent MCVE 

C. Age and sex adjusted rate 
ratios for all-cause mortality 

D. Risk factor, medication 
use and subclinical 
atherosclerosis adjusted rate 
ratios for all-cause mortality 

PSM 20181011 Proefschrift Berkelmans BW.indd   28 07-11-18   09:35



Decline in risk of recurrent cardiovascular events in the period 1996 to 2014 

2929

2

be explained by improved risk factor management and changes in the prevalence of 
subclinical atherosclerosis.

In the present study, the reduced risk of recurrent CVD is partially explained by 
improved risk factor management including a decline in the prevalence of smoking as 
well as a reduction of concomitant subclinical atherosclerosis indicating less advanced 
stages of atherosclerosis at the time of a clinical vascular event. As expected, over the 
years, evidence based improvements in risk factor management have resulted in 
improved outcome after a first cardiovascular event.3,21 14 The improvement of risk factor 
management is further supported by the unchanged risk of recurrent events in patients 
with abdominal aortic aneurysms. In these patients stratified analyses of risk factor levels 
and prevalence by year of vascular screening showed less improvement in risk factor 
management (data not shown). 

EUROASPIRE studies reported similar improved risk factor management and reduced 
prevalence of risk factors in different time periods (1994-1995, 1999-2000, 2006-2007, and 
2012-2013).13,22 For example, from 1999 and 2000, the prevalence of hypertension (systolic 
blood pressure >140 and/or diastolic blood pressure >90 mmHg) decreased from 54% to 
45% when compared to 2012-2013. The prevalence of LDL-c >2.5 mmol/l decreased by 
62% (from 96% to 34%) over the period 1994-2013, as a result of increased use of lipid-
lowering therapy in general (18% to 90%) and in the use of high intensity statin regimens 
(23% to 45%) 13,22. This is in line with the findings in the present study regarding risk factor 
prevalence and risk factor management, illustrating the potential gain from adherence 
to lipid guidelines. In the primary prevention this potential gain from better adherence 
to guidelines is even larger.23 The change in prevalence of risk factors and improved risk 
factor management could be a reflection of improved adherence to guidelines such as 
the Recommendations of the Task Force of European and other Societies on Coronary 
Prevention24,25, lower blood pressure targets, availability of statins, more attention to a 
healthy life-style, and public health campaigns encouraging to stop smoking. 

Besides improved risk factor management and lower risk of recurrent events, it has been 
shown that the amount of atherosclerotic burden predicts MCVE.26 In the present study 
we observed a decreasing atherosclerotic burden at the time of a clinical manifestation 
of vascular disease in the period 1996 to 2014. Lower atherosclerotic burden at the time 
of diagnosis could be a reflection of the absolute reduction in risk factors, lower exposure 
time to risk factors, or a reflection of enhanced detection of cardiovascular disease in an 
earlier stage of disease. For example, in patients suspected of coronary artery disease 
troponin has been implemented as a sensitive diagnostic biomarker for the diagnosis of 
myocardial infarction.27 Therefore, smaller myocardial infarctions may be detected, which 
were previously undetected, in patients with less atherosclerotic burden.

An important finding in our study is the still large unexplained reduction in recurrent 
MCVE after adjustment for cardiovascular risk factors and subclinical vascular disease. A 
clearer understanding of this unexplained risk reduction could provide new opportunities 
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to further decrease MCVE risk in patients with clinical manifest vascular disease. Although 
it could be speculated that part of the unexplained risk reduction could be related to 
unmeasured improved lifestyle changes such as lower salt intake, less saturated fatty 
acids or increased physical activity.28,29 Also, technical improvements in cardiovascular 
interventions (such as drug-eluting stents), and more frequent performance or 
revascularization may have contributed to lower risk. Early detection and improved 
techniques may contribute to a lower need for re-interventions and/or a lower risk for 
cardiovascular events after an intervention.30 Despite the large relative reduction in the 
risk of recurrent MCVE, the incidence in patients with clinical manifest vascular disease 
remains high. In the present study the recurrent MCVE risk was 1.7 per 100PY, which 
translates to a 17% 10-year risk. Therefore, it remains of major importance to identify those 
patients at the highest risk for recurrent MCVE,31 and find (new) targets for risk reduction. 
The latest ESC/EAS guidelines of the management of dyslipidaemias suggest even lower 
LDL-c targets (<1.8 mmol/l for patients with CVD) and stricter life-style recommendations 
than previous guidelines. Also, drug adherence is an important issue in these guidelines, 
with important suggestions to improve the adherence to (multiple) drug therapies. These 
recommendations should further decrease future MCVE-risk.32

Incidence of cardiovascular events in patients with and without CVD in the Netherlands 
decreased by 51% for men and 46% for women between 1997 and 2007. This decrease in 
CVD is explained for 32% by improved secondary prevention and for 44% by improvement 
in emergency medicine and is in line with our findings in our cohort.33 The similarity of 
findings in our SMART cohort and the Dutch population, show that the SMART cohort is a 
good representation of patients with manifest vascular disease. Therefore, the findings of 
our study are generalizable to a population with clinical manifest vascular disease.

The strengths of this study includes the prospective nature of the cohort, yearly 
inclusion of patients over a substantial time period, long follow-up, and the use of 
standardized diagnostic protocol, which enabled the direct comparison of risk factors 
and prevalence of subclinical atherosclerosis in patients included in different time periods 
without bias due to changed measurement techniques. Some limitations of the study 
should be considered. Risk factors and subclinical atherosclerosis were only measured 
at baseline and may have changed during follow-up. However, patients included at the 
start of the cohort would have had more or improved risk factor therapy during follow-
up, which would have led to fewer events during follow-up. Therefore, the event rates of 
these patients might be underestimated. The actual decrease in risk between patients 
included at the start of the cohort and patients included later might therefore have been 
even larger than observed in our study. 

Secondly, the measurements used to estimate subclinical atherosclerosis in patients 
are surrogate, dichotomized measures. This does not completely reflect the biological 
process and progress of atherosclerosis in patients.
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Lastly, the number of patients and number of events in the stratified analyses for 
different vascular locations are small, especially the group of patients with an AAA. This 
makes it more difficult to draw conclusions based on these subgroups and should be 
taken with caution.

In conclusion, in patients with clinically manifest arterial disease, the risk of recurrent 
MCVE between 1996 and 2014 strongly decreased. This was partially due to lower risk 
factors and lower prevalence of subclinical atherosclerosis. However, 10-year risk for 
recurrent events in patients with clinical manifest vascular disease remains high (average 
17%) and a better understanding of the in part unexplained reduction in recurrent MCVE 
may provide new treatment targets.
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Supplemental table 3: Rate ratios (95% CI) of recurrent major cardiovascular events for different 

locations of vascular disease at baseline.

 Rate ratios (95% CI)
 Model 1 Model 2
Composite of major events   
All patients (n = 7,216) 0.93 (0.91-0.94) 0.96 (0.95-0.98)
Coronary heart disease (n = 3,464) 0.95 (0.92-0.97) 0.96 (0.93-0.99)
Cerebrovascular disease (n = 1,549) 0.95 (0.91-0.98) 1.00 (0.96-1.04)
Peripheral artery disease (n = 825) 0.91 (0.87-0.95) 0.94 (0.89-0.99)
Abdominal aortic aneurysm (n = 265) 0.98 (0.93-1.04) 0.98 (0.91-1.05)
Polyvascular disease (n = 1,113) 0.93 (0.90-0.95) 0.96 (0.93-0.99)
   
Vascular mortality   
All patients (n = 7,216) 0.87 (0.85-0.89) 0.93 (0.91-0.96)
Coronary heart disease (n = 3,464) 0.89 (0.85-0.92) 0.93 (0.89-0.97)
Cerebrovascular disease (n = 1,549) 0.91 (0.87-0.95) 0.97 (0.91-1.03)
Peripheral artery disease (n = 825) 0.85 (0.80-0.91) 0.89 (0.83-0.96)
Abdominal aortic aneurysm (n = 265) 0.96 (0.90-1.03) 0.97 (0.89-1.05)
Polyvascular disease (n = 1,113) 0.89 (0.86-0.92) 0.93 (0.89-0.96)
   
All-cause Mortality   
All patients (n = 7,216) 0.89 (0.88-0.91) 0.94 (0.93-0.96)
Coronary heart disease (n = 3,464) 0.91 (0.88-0.93) 0.95 (0.91-0.99)
Cerebrovascular disease (n = 1,549) 0.92 (0.89-0.95) 0.95(0.91-0.99)
Peripheral artery disease (n = 825) 0.91 (0.87-0.94) 0.93 (0.89-0.98)
Abdominal aortic aneurysm (n = 265) 0.94 (0.89-0.99) 0.95 (0.88-1.01)
Polyvascular disease (n = 1,113) 0.91 (0.88-0.93) 0.94 (0.91-0.97)

Model 1: Rate ratios adjusted for age and sex. 
Model 2: Rate ratios adjusted for 10-year risk score including age, sex, current smoking, systolic blood pressure, diabetes 
mellitus, type of cardiovascular disease at inclusion, years since first diagnosis of vascular disease, HDL-c, total cholesterol, 
eGFR and hs-CRP, and for medication use and subclinical atherosclerosis.
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Supplemental table 4: Rate ratios (95% CI) of recurrent myocardial infarction and stroke 
for different locations of vascular disease at baseline.

 Rate ratios (95% CI)
 Model 1 Model 2
Myocardial infarction   
All patients (n = 7,216) 0.94 (0.92-0.96) 0.96 (0.94-0.98)
Coronary heart disease (n = 3,464) 0.96 (0.93-0.99) 0.96 (0.92-0.99)
Cerebrovascular disease (n = 1,549) 0.92 (0.87-0.98) 0.98 (0.92-1.06)
Peripheral artery disease (n = 825) 0.91 (0.85-0.98) 0.95 (0.88-1.02)
Abdominal aortic aneurysm (n = 265) 1.02 (0.93-1.11) 1.05 (0.94-1.17)
Polyvascular disease (n = 1,113) 0.95 (0.91-0.98) 0.97 (0.93-1.01)
   
Stroke   
All patients (n = 7,216) 0.93 (0.91-0.96) 0.98 (0.95-1.01)
Coronary heart disease (n = 3,464) 0.94 (0.88-0.99) 0.98 (0.95-1.05)
Cerebrovascular disease (n = 1,549) 0.97 (0.92-1.01) 0.99 (0.93-1.05)
Peripheral artery disease (n = 825) 0.93 (0.85-1.01) 0.94 (0.84-1.03)
Abdominal aortic aneurysm (n = 265) 1.01 (0.89-1.13) 1.01 (0.87-1.16)
Polyvascular disease (n = 1,113) 0.93 (0.88-0.98) 0.96 (0.91-1.03)

Model 1: Rate ratios adjusted for age and sex. 
Model 2: Rate ratios adjusted for 10-year risk score including age, sex, current smoking, systolic blood pressure, diabetes 
mellitus, type of cardiovascular disease at inclusion, years since first diagnosis of vascular disease, HDL-c, total cholesterol, 
eGFR and hs-CRP, and for medication use and subclinical atherosclerosis.
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Supplemental table 5: Rate ratios of recurrent major cardiovascular events for different locations 

of vascular disease at baseline with 5 year follow-up cut off.

 Rate ratios (95% CI)
 Model 1 Model 2
Composite of major events   
All patients (n = 7,216) 0.92 (0.90-0.94) 0.96 (0.93-0.98)
Coronary heart disease (n = 3,464) 0.95 (0.92-1.00) 0.96 (0.92-1.01)
Cerebrovascular disease (n = 1,549) 0.93 (0.88-0.98) 0.96 (0.90-1.02)
Peripheral artery disease (n = 825) 0.91 (0.84-0.97) 0.92 (0.85-0.99)
Abdominal aortic aneurysm (n = 265) 0.96 (0.88-1.05) 0.96 (0.87-1.07)
Polyvascular disease (n = 1,113) 0.94 (0.91-0.98) 0.97 (0.93-1.01)
   
Vascular mortality   
All patients (n = 7,216) 0.88 (0.86-0.91) 0.95 (0.92-0.98)
Coronary heart disease (n = 3,464) 0.93 (0.87-1.00) 0.98 (0.91-1.06)
Cerebrovascular disease (n = 1,549) 0.93 (0.85-1.00) 0.97 (0.88-1.08)
Peripheral artery disease (n = 825) 0.84 (0.75-0.94) 0.87 (0.76-0.98)
Abdominal aortic aneurysm (n = 265) 0.95 (0.85-1.05) 0.97 (0.85-1.09)
Polyvascular disease (n = 1,113) 0.91 (0.86-0.95) 0.94 (0.89-0.99)
   
All-cause mortality   
All patients (n = 7,216) 0.92 (0.90-0.94) 0.97 (0.95-1.00)
Coronary heart disease (n = 3,464) 0.96 (0.91-1.01) 1.01 (0.96-1.06)
Cerebrovascular disease (n = 1,549) 0.98 (0.92-1.03) 0.99 (0.92-1.06)
Peripheral artery disease (n = 825) 0.92 (0.86-0.98) 0.94 (0.87-1.01)
Abdominal aortic aneurysm (n = 265) 0.95 (0.87-1.03) 0.95 (0.86-1.05)
Polyvascular disease (n = 1,113) 0.92 (0.89-0.96) 0.97 (0.93-1.01)

Model 1: Rate ratios adjusted for age and sex. 
Model 2: Rate ratios adjusted for 10-year risk score including age, sex, current smoking, systolic blood pressure, diabetes 
mellitus, type of cardiovascular disease at inclusion, years since first diagnosis of vascular disease, HDL-c, total cholesterol, 
eGFR and hs-CRP, and for medication use and subclinical atherosclerosis.
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Abstract

Aim - Although group-level effectiveness of lipid, blood pressure, glucose, and aspirin 
treatment for prevention of cardiovascular disease (CVD) has been proven by trials, 
important differences in absolute effectiveness exist between individuals. We aim to 
develop and validate a prediction tool for individualizing lifelong CVD prevention in 
people with T2DM predicting life-years gained without myocardial infarction or stroke.

Methods and results - We developed and validated the Diabetes Lifetime-perspective 
prediction (DIAL)- model, consisting of two complementary competing risk adjusted 
Cox proportional hazards functions using data from people with T2DM registered in the 
Swedish National Diabetes Registry (n=389,366). Competing outcomes were: 1) CVD-
events (vascular mortality, myocardial infarction or stroke), 2) non-vascular mortality. 
Predictors were age, sex, smoking, systolic blood pressure, BMI, HbA1c, eGFR, Non-
HDLc, albuminuria, T2DM duration, insulin treatment, history of CVD. External validation 
was performed using data from the ADVANCE, ACCORD, ASCOT and ALLHAT-LLT-trials, 
the SMART and EPIC-NL-cohorts, and the Scottish diabetes register (total n=197,785). 
Predicted and observed CVD-free survival showed good agreement in all validation sets. 
C-statistics for prediction of CVD were 0.83 (95%CI 0.83-0.84) and 0.64 to 0.65 for internal 
and external validation respectively. We provide an interactive calculator at www.U-
Prevent.com that combines model predictions with relative treatment effects from trials 
to predict individual benefit from preventive treatment.

Conclusions - CVD-free life expectancy and effects of lifelong prevention in terms 
of CVD-free life years gained can be estimated for people with T2DM using readily 
available clinical characteristics. Predictions of individual-level treatment effects facilitate 
translation of trial results to individual patients.
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Introduction

People with T2DM are at up to 2-fold increased risk for cardiovascular disease (CVD) 
compared to people without T2DM independently from other risk factors.1 Estimated 
reductions in life expectancy and quality adjusted life years (QALYs) due to CVD are 
substantial in people with T2DM especially in people diagnosed with T2DM at young 
ages.2, 3 International guidelines on CVD prevention recommend lipid-lowering, blood 
pressure-lowering, and glucose-lowering treatment to achieve the respective targets and 
for some patients also aspirin use.4-6 More recently, new drugs have become available to 
further reduce the burden of CVD in patients with T2DM. These include PCSK9-inhibition, 
SGLT2-inhibibition and GLP1-analogues.7, 8 Guideline recommendations on the use of these 
preventive medications are based on the group-level effectiveness of such medication 
as shown in high-quality trials. Yet, important differences in absolute effectiveness are 
known to exist between individuals. Clinicians may struggle to identify individuals that 
benefit most from intensive and newer treatment options as the translation of group-level 
findings and recommendations to the individual patient level is extremely challenging. 
As individual effectiveness of preventive treatment is mainly determined by individual 
baseline CVD-risk, risk estimation could help to individualize treatment.9 In general, 
people with higher individual cardiovascular risk will benefit more in absolute terms from 
lipid-lowering, glucose-lowering, or blood pressure lowering than people with a lower 
cardiovascular risk. 

Therefore, the use of CVD risk prediction models for people with T2DM, such as 
the UKPDS, ADVANCE, Fremantle, and New Zealand Diabetes risk scores have been 
recommended in various national guidelines.10-13 Yet, most existing prediction models 
predict five-year risks of CVD.14 

Medications for prevention of CVD, on the other hand, are usually continued life-long 
and for most patients this means much longer than five years. Therefore, estimates of 
long-term CVD-risk and CVD-free life expectancy (i.e. expected number of remaining life-
years without the occurrence of an incident or recurrent myocardial infarction or stroke) 
are usually more informative.15, 16 Several lifetime-perspective models are already available 
for healthy individuals, but not for patients with T2DM.17, 18 

The objective of the present study is to develop and externally validate a prediction 
tool (i.e. the Diabetes Lifetime-perspective prediction (DIAL)-model), for individualizing 
lifelong CVD prevention with lipid-lowering, anti-hypertensive, glucose-lowering, and 
aspirin treatment in people with T2DM by predicting treatment effects as gains in 10-year 
CVD-risk, lifetime risk, and CVD-free life expectancy. Notably, CVD-free life expectancy for 
a person with a history of CVD should be interpreted as time without recurrent myocardial 
infarction or stroke.

PSM 20181011 Proefschrift Berkelmans BW.indd   43 07-11-18   09:35



Chapter 3

4444

Methods

Sources of data
The Swedish National Diabetes Registry (NDR) and the Scottish Care Information (SCI) –
Diabetes database are population wide registers. The secondary Manifestation of ARTerial 
disease (SMART) study and European Prospective Investigation into Cancer-Netherlands 
(EPIC-NL) are prospective cohort studies and Action to Control Cardiovascular Risk in 
Diabetes (ACCORD), the Action in Diabetes and Vascular disease: preterAx and diamicroN-
MR Controlled Evaluation (ADVANCE), Anglo-Scandinavian Cardiac Outcomes Trial 
(ASCOT) and the Lipid Lowering Trial component of the Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial (ALLHAT-LLT) are randomised controlled 
trials, all including people with T2DM. Study details have been described elsewhere.19-27 
The lifetime-perspective prediction model was developed in the Swedish NDR and 
externally validated in the remaining datasets. All use of data from registries, cohorts 
and trials were approved by institutional review boards and all participants gave written 
informed consent before taking part in the cohorts and trials. All studies complied with 
the Declaration of Helsinki.

Participants
Participants were people aged >18 years with a diagnosis of T2DM with or without 
prevalent CVD. People with a previous diagnosis of cancer (ICD-10 codes C00-C97) or 
stage 4 or 5 chronic kidney disease (estimated glomerular filtration rate, eGFR <30 mL/
min) were excluded. A comprehensive overview of the eligibility criteria and definition of 
T2DM used for the original cohorts and trials are provided in Supplemental table 1. 

Outcomes
CVD was defined as a non-fatal myocardial infarction, non-fatal stroke, or vascular 
mortality. In the Swedish NDR and the SCI –Diabetes database, this is based on linkage to 
cause of death registers and hospital discharge registers using ICD-10 codes. All endpoint 
definitions of all studies are described in Supplemental table 1. Non-vascular mortality 
was defined as all deaths other than those with an identified cardiovascular cause as 
described in Supplemental table 1.

Predictors
Based on existing diabetes risk scores and availability in routine clinical practice, eleven 
selected predictors were: sex (female/male), current smoking (yes/no), systolic blood 
pressure (SBP in mmHg), body-mass index (BMI in kg/m²), haemoglobin A1c (HbA1c) 
measured using the International Federation of Clinical Chemists (IFCC) reference method 
(in mmol/mol), eGFR estimated by the Chronic Kidney Disease Epidemiology Collaboration 
equation28 (CKD-EPI in ml/min/1.73m2), non-high-density lipoprotein cholesterol (non-
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HDLc in mmol/l), albuminuria (no/micro/macro), duration of T2DM (years since diagnosis), 
insulin treatment (yes/no), history of CVD (yes/no).10-13, 29 The number, proportion, and type 
of missing data, and methods dealing with missing data in each dataset are described in 
the supplementary appendix. No multicollinearity was detected between predictors.

Statistical analysis

Development of the lifetime model
A random sample of 75% of people from the Swedish NDR (n=292,024) was used as the 
development dataset. Continuous predictors were truncated at the 1st and 99th percentile 
to limit the effect of outliers. Using these data, we developed two complementary Fine 
and Gray competing risk adjusted Cox proportional hazard models with left truncation 
and right censoring: one for the prediction of CVD events using non-vascular mortality as 
the competing endpoint (i.e. model part A), and another for the prediction of non-vascular 
mortality using CVD events as the competing endpoint (i.e. model part B). Cumulative 
CVD-free survival was calculated using the complementary models making use of life-
tables with one-year time intervals (supplemental table 2). CVD-free life expectancy of an 
individual was defined as the median survival without myocardial infarction or stroke or 
death, which was the age where the estimated cumulative survival drops below 50%. 10-
year CVD-risk was calculated by summation of the predicted cause-specific CVD risk in the 
first 10 years from a person’s current age onwards. Similarly, lifetime risk was calculated 
by the summation of the predicted cause-specific CVD risk from a person’s current age 
onwards until the maximum age of 95.15, 30 A description of the statistical methods is 
described in the supplementary appendix. The sample size was more than sufficient by 
conventional assessment for prediction models with >1000 endpoints per variable.31

Model validation
Goodness of fit was assessed for vascular events, non-vascular mortality and the 
combined outcome of CVD-free survival separately using calibration plots for internal and 
external validation (supplementary appendix).32 The models were recalibrated based on 
the incidence of CVD and incidence of non-vascular mortality using the expected versus 
observed ratio in data from all geographic regions. The logarithm of the expected versus 
observed ratio was subtracted from the linear predictor. Discrimination was quantified 
using c-statistics. 

Prediction of individual treatment effect
We combined competing risk adjusted Cox proportional hazard function A for prediction 
of CVD with hazard ratios from randomised trials or meta-analyses to predict the individual 
treatment effect and lifetime benefit of treatment. The hazard ratio of smoking cessation 
on non-vascular mortality was added to competing risk adjusted Cox proportional hazard 
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function B when predicting the effect of smoking cessation. All other predicted treatment 
effects were assumed to have no effect on non-vascular mortality (i.e. lipid, blood 
pressure, glucose, and aspirin treatment). This method of calculating projected individual 
treatment effects has previously been applied by the American Heart Association and 
American College of Cardiology in their ‘ASCVD risk estimator plus’ based on the Pooled 
Cohort Equations for primary prevention.18 By using life-tables, any gains in CVD-free 
survival is automatically adjusted for competing risks by increasing the time at risk for 
non-CVD mortality. In this study, we derived estimates of the effect of lipid-lowering, 
glucose-lowering, blood pressure-lowering, and aspirin treatment.8, 33, 34 The hazard ratios 
for different medications used (statins, ezetimibe, PCSK9-inhibitors, antihypertensive 
medication, HbA1c-lowering, SGLT2-inhibitors, GLP1analogues, and aspirin) to estimate 
treatment effects are described in the supplementary appendix. We also derived estimates 
of the effect of smoking cessation.  Smoking cessation was unlike drug therapy assumed 
to have an effect on both CVD and non-vascular mortality (i.e. cancer mortality).35, 36

The lifetime benefit of treatment for an individual person was calculated as the difference 
between the predicted median CVD-free life expectancy with and without treatment. 
Similarly, lifetime and 10-year absolute CVD-risk reduction for individual persons were 
estimated by calculating the difference between the predicted 10-year CVD-risk with and 
without treatment. 95% CI were calculated for the estimates, representing uncertainty 
of the model development and relative effects of trial results. This was performed using 
bootstrap techniques. However, due to computational issues, bags of little bootstraps 
were necessary. First, 100 random samples without replacement of n^0.8 = 292,024^0.8 
= 23,569 patient were computed. In each random sample, 400 bootstrap samples were 
taken to obtain boundaries of 95% CIs. The average of all 100 upper and lower 95% CI gave 
the 95% confidence interval around the predicted estimates.37

Results

The selection of development and validation cohorts from the Swedish NDR is illustrated 
in Supplemental figure 1. Baseline characteristics of all study populations are described 
pooled by geographical origin in table 1, and stratified by original study cohort in 
Supplemental table 4.
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Development of the DIAL model
The calculation formulae including the coefficients of the Cox proportional hazard 
functions, age-specific baseline survivals, and HRs of intended treatment of the model 
are provided in Supplemental table 5 and Supplemental table 6. The hazard ratios (HRs) 
for Cox proportional hazard functions A and B of the DIAL model are shown in table 
2. Quadratic transformation of continuous predictors was applied for BMI, SBP, HbA1c, 
non-HDL-c, and eGFR for Cox proportional hazard function A (CVD) and for BMI, SBP, 
and BMI for Cox proportional hazard function B (non-vascular mortality). Interactions 
between age and sex, smoking, history of CVD, and treatment with insulin, were added 
to Cox proportional hazard function A and B. Due to the presence of competing risks, 
interactions with age and transformations of determinants the coefficients and hazard 
ratios as presented in table 2 should be interpreted with caution. For example, although 
the HR of history of CVD in model part B (non-vascular mortality) is 0.25, this should not 
be interpreted as a protective effect from an etiological perspective. More likely, from a 
prognostic perspective, increased incidence of vascular events in patients with a history 
of CVD simply results in a less frequent observation of non-vascular mortality. Also, since 
history of CVD interacts with age, the HRs are presented for a 65 year old patients and 
change with changing age. Furthermore, HRs need to be seen in combination with the 
age specific baseline hazards and are therefore difficult to interpret.

Table 2. Hazard ratios derived from a multi-variable model used in the DIAL model (see footnotes 

for definitions)

 

Cox proportional hazard  
function A (vascular 
events)

Cox proportional hazard 
function B (non-vascular 
mortality)

 HR (95% CI) HR (95% CI)
Male sex* 0.91 (0.88 - 0.94)* 0.89 (0.87 - 0.91)*
Current smoking* 1.04 (1.00 - 1.09)* 1.46 (1.43 - 1.50)*
Duration of T2DM (years) 1.02 (1.01 - 1.02) 1.01 (1.01 - 1.01)
Insulin therapy* 1.02 (0.98 - 1.06)* 1.04 (1.01 - 1.07)*
Systolic blood pressure (mmHg) ** 1.06 (0.95 - 1.17)** 1.01 (0.93 - 1.10)**
Body mass index (kg/m²)** 0.88 (0.81 - 0.97)** 0.89 (0.84 - 0.95)**
HbA1c (mmol/l) ** 1.15 (1.05 - 1.26)** 1.00 (1.00 - 1.00)
non-HDL-c (mmol/l) ** 1.16 (1.10 - 1.23)** 0.96 (0.92 - 1.00)**
eGFR (ml/min/1.73m²)** 0.64 (0.60 - 0.69)** 0.99 (0.99 - 0.99)
Micro-albuminuria 1.18 (1.14 - 1.22) 1.17 (1.14 - 1.20)
Macro-albuminuria 1.23 (1.18 - 1.28) 1.24 (1.20 - 1.28)
History of cardiovascular disease 9.99 (9.63 - 10.36)* 0.25 (0.24 - 0.26)*

* Age-dependent variables. Hazard ratios are shown for the median age of 65 years.
** Transformed variables. Hazard ratios are shown for the 75 percentile versus the 25 percentile (Systolic blood pressure: 150 
mmHg vs 128 mmHg; Body mass index: 33 kg/m² vs 26 kg/m²; HbA1c: 59 mmol/l vs 44 mmol/l; eGFR: 96 ml/min vs 68 ml/min; 
Non-HDLc: 4.5 mmol/l vs 3.0 mmol/l).
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Internal validation
Predicted 10-year risk for CVD and all-cause mortality (CVD risk and non-vascular 
mortality risk combined) showed good agreement with the 10-year observed risk in the 
development dataset (Supplemental figure 2). The c-statistics were 0.83 (95% CI 0.83 
to 0.84), 0.72 (0.72-0.73) and 0.77 (0.76-0.77) for 10-year CVD-risk, 10-year non-vascular 
mortality risk, and 10-year CVD-free survival respectively. 

External validation
Predicted 5-year risk for CVD and all-cause mortality showed good agreement with the 
observed 5-year CVD-free survival in Western-Europe, Eastern-Europe, North-America 
and Asia and Oceania (figure 1). The c-statistic of the estimated 5-year CVD-risk was 
between 0.64 and 0.65 in all geographically pooled datasets. C-statistics for 5-year non-
vascular mortality risk (range 0.59-0.67) and 5-year risk for CVD and all-cause mortality 
(range 0.64-0.69) are shown in Supplemental table 7. CVD event rates were higher in the 
Scottish Care Information –Diabetes database (17 per 1000 people per year) compared 
to the Swedish NDR (11 per 1000 people per year). After recalibrating the model for 
differences in predicted versus observed event rates, external validation in Scottish data 
showed good agreement between the predicted and observed 10-year risk for CVD and 
all-cause mortality (figure 1). Discrimination of 10-year CVD-risk was 0.64 (95% CI 0.64 to 
0.65; Supplemental table 7).

Individual lifetime estimates and treatment effects for people with T2DM
An interactive calculator is provided at www.U-Prevent.com. Patient characteristics and 
current medication can be entered in this decision support tool to estimate individual 
risk and CVD-free survival. Also the individual effect from medication changes can be 
modelled in terms of CVD-free life years gained, absolute risk reduction and individual 
number needed to treat. Absolute treatment effects vary widely between individuals. As 
an example, we modelled that a combination therapy of simvastatin 40mg, ezetimibe 
10mg and systolic blood pressure-lowering to 140mmHg, conferred between 0.04 (95% 
CI 0.01 - 0.04) and 12.5 (95% CI 11.0 - 21.2) years gained without CVD-events in people 
enrolled in the Swedish NDR. Treatment effect was lowest (<0.05 CVD-free years) in people 
who were 78 years or older, without a history of vascular disease, systolic blood pressure 
of <140mmHg, and LDL-c of <3.0 mmol/L at baseline. Treatment effect was highest (>10 
CVD-free years) in people aged 55 to 70, with a history of vascular disease, systolic blood 
pressure >160 mmHg and LDL-c >3.0 mmol/L at baseline. As another illustration example, 
figure 2 shows the expected result of starting the same treatment (i.e. simvastatin 40 mg) 
in three different people with T2DM.
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Predicted versus observed 5-year risk of CVD and all-cause mortality according to the DIAL-model in quintiles of risk in A) 
Eastern-Europe, B) Western-Europe, C) North-America, and D) Asia and Oceania. E) Predicted versus observed 10-year risk of 
CVD and all-cause mortality according to the DIAL-model in deciles of risk in Scotland.

Figure 1. Calibration plots in external dataset pooled by geographical region.
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Figure 2. Examples of treatment effects of simvastatin 40 mg versus no treatment in people with 

different characteristics.
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 Patient A Patient B Patient C
Age (years) 55 65 80
Sex male female female
Smoking status no no no
Duration of T2DM (y) 5 5 10
Insulin therapy no no no
Systolic blood pressure (mmHg) 150 145 140
Body-mass index (kg/m²) 27 27 30
HbA1c (mmol/mol) 55 55 55
Non-HDL-c (mmol/l) 5 6 5
eGFR (ml/min/1.73m²) 70 70 60
Albuminuria no no micro-albuminuria
History of CVD yes no yes
LDL-c (mmol/l) 3.0 4.5 3.0
10 year-risk (%) 27.1 (20.1 - 31.5) 3.7 (2.7 - 4.6) 46.4 (37.9 - 53.4)
10-year ARR (%) 5.8 (4.4 - 6.7) 1.2 (0.9 - 1.6) 8.4 (7.0 - 9.4)
10-year NNT 17 (15 - 23) 83 (64 - 115) 12 (11 - 14)
CVD-free survival (y) 71.5 (70.0 - 73.9) 85.2 (84.2 - 86.6) 86.6 (85.6 - 87.7)
Lifetime gain free of CVD (y) 2.9 (2.3 - 3.4) 0.4 (0.3 - 0.6) 1.3 (0.9 - 1.5)
Lifetime CVD risk (% until 95 years) 82.9 (74.7 - 86.1) 6.3 (5.1 - 8.8) 53.0 (43.6 - 60.4)

Discussion

In this study we have developed and validated the DIAL model to predict CVD-free life 
expectancy, lifetime risk and 10-year CVD risk in people with T2DM using widely available 
patient characteristics. The novelty of this tool compared to previous models is that it not 
only predicts 5 of 10-year risk, but also long-term perspective outcomes. In addition the 
DIAL-model takes competing non-cardiovascular mortality into account and can, therefore, 
be used to estimate unbiased lifetime benefits of preventive treatment when combined 
with trial-findings. Therefore, the DIAL model may help clinicians to translate group-level 
trial findings to the individual patient. The interactive calculator at www.U-Prevent.com 
facilitates the actual use of the DIAL-model in clinical practice. We have validated the DIAL 
model in populations from different continents and have demonstrated that, after re-
calibration, it has the potential to support medical decision-making for CVD prevention 
in people with T2DM in diverse populations. The discriminative ability of the model 
was moderate in each external validation dataset consistent with external validation of 
previous risk scores. For example validation of the ADVANCE risk score in EPIC-NL and 
SMART gave C-statistics of 0.62 and 0.68 respectively.38 The cardiovascular event rate was 
higher in Scotland compared to Sweden, due to differences in multiple factors not taken 
into consideration in the model, including lifestyle differences. Recalibration of the DIAL 
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model allows it to be adapted for use in populations with varying levels of CVD risk. Users 
can choose to apply either the low-risk CVD event rate (based on the Swedish cohort, 
i.e. 11/1000 people per year) or the high-risk event rate (based on the Scottish cohort, 
i.e.17/1000 people per year), whichever is more appropriate for their population. Although 
calibration plots show an overestimation for patients at the highest risk, in clinical 
practice this is unlikely to lead to erroneous clinical decisions. Overestimation occurs in 
patients with 5-year risks of >20% (corresponding to 10-year risks of >40%). Even though 
overestimated, the true observed risk in these patients is still very high and should urge 
for intensive medical therapy anyway. Also, overestimation of risk in the high-risk patient 
category is not a specific limitation of the DIAL-model, but in line with previous validation 
studies of CVD-risk models in diabetes patients.38

Several studies have convincingly demonstrated the advantage of lifetime prediction 
compared to traditional 5-year or 10-year risk predictions. A microsimulation model 
based on 5-year follow-up of the Rotterdam Study showed that the gain in total CVD-
free life expectancy increased as risk factor levels increased. The gain in total CVD-free 
expectancy decreased with advancing age, whereas 10-year risk for CVD mortality, and 
therefore 10-year risk reduction, increased with age.39 In other primary prevention settings 
for example, smoking cessation at age 60, 50, 40, or 30 years resulted in about 3, 6, 9, and 
10 years of life years gained respectively. This indicates that the highest lifetime benefit 
can be gained by reducing risk factors early in life, ideally with lifestyle interventions but, 
if necessary, with drug treatment.40 

In clinical practice, prediction of lifetime benefit in CVD-free life years gained would 
enable patients (as well as clinicians) to better understand the potential benefits of 
treatment. Such information could help patients to participate in the decision-making 
process about treatment and may also motivate them to adhere to therapy. Clinicians 
and patients can balance the benefit and possible disadvantages of treatment, to decide 
whether preventive medication should be started or stopped. Also, the ability to estimate 
which preventive therapy is most effective (e.g. lipid-lowering, glucose-lowering, blood 
pressure-lowering, or aspirin treatment) can help to decide what treatment should be 
initiated first, and what treatment can be postponed or not prescribed to avoid excessive 
polypharmacy. 

Using the concept of predicting lifetime benefit for making treatment decisions 
will result in changing characteristics of people eligible for treatment, towards higher 
proportions of younger people with higher risk factor levels. This group of people need 
to be treated over a longer period of time resulting in higher treatment costs. Prediction 
based treatment using the DIAL-model could theoretically also lead to higher cost-
effectiveness of treatment on a group level. This, of course, should be confirmed by future 
cost-effectiveness studies. Also, it is not clear whether stopping treatment in older people 
would offset these costs and health economic analyses are required to investigate and to 
establish appropriate thresholds of minimum gain in life-years free of CVD. 
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The strengths of this study include the use of a large number of people from diverse 
cohorts. Since the Swedish and SCI –Diabetes database are registries with information 
for over 90% of people with T2DM in both countries, there is limited selection of people 
with T2DM, in contrast to trial populations.41 Therefore, these registries are close to true 
representations of their populations and this increases the generalizability of the DIAL-
model to clinical practice. Extensive validation of the DIAL model in large and diverse 
populations supports the use of the DIAL-model in people with T2DM without chronic 
kidney disease (eGFR <30) or metastatic cancer in different parts of the world. However, 
new external validation studies using data of other and new trials including T2DM patients 
could further enhance the validity of the DIAL-model.

Some limitations of the DIAL model should be considered. Although our model can 
guide the decision to start treatment for the prevention of CVD, it must be emphasized 
that there are other reasons for people with T2DM to start preventive therapy (e.g. 
prevention of neuropathy, retinopathy, diabetic nephropathy, or foot ulcers). The DIAL-
model predictions do not incorporate these effects and may, therefore, underestimate 
the total treatment benefits. In addition, some people use preventive medication for 
other indications. For example, lipid lowering drugs are also used for monogenetic 
dyslipidaemias, antihypertensive drugs are used to reduce progression of aneurysms, 
and diuretics are used for heart failure. The DIAL-score may not be applicable to people 
with such co-morbidities. Additional risk factors such as socio-economic status, coronary 
calcium scores and ethnicity have not been incorporated in the model and may have 
improved performance. However, addition of more risk factors to prediction models 
generally only leads to minor improvements model performance.42 Finally, the initial and 
most effective approaches to primary and secondary prevention of T2DM are lifestyle 
changes, such as sufficient physical activity, healthy diet and, where appropriate, weight 
loss. Clearly prediction of effects of lifestyle interventions would be valuable. However, it 
is currently not feasible to include lifestyle factors in prediction models given the lack of 
robust estimates of the effect size for lifestyle interventions from randomized controlled 
trials. 

Other limitations of the methods used to develop and validate the DIAL model, and to 
estimate treatment effects should be acknowledged. Validation could only be performed 
for 10-year and 5-year predictions due to the limited follow-up in the included cohorts 
and trials. Lifetime estimates often go beyond 10-year predictions, and require the 
assumption that rates will be similar for a current 40 year old in 40 years’ time to those 
of an 80 year old today. This is a major assumption but previous studies have shown that 
lifetime estimates based on the methods we used appear to apply for a survival of up to 
17 years.15 Nevertheless, longer-term validation would be preferable and will be possible 
as follow up data accrue in Sweden and Scotland. Also, the lifetime benefits are calculated 
assuming immediate, lifelong, successful (i.e. targets reached) and uninterrupted 
treatment from their current age onwards. The estimated treatment effects are the 
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maximum potential benefit with treatment (i.e. full adherence, usage as prescribed). In 
clinical practice treatment adherence to preventive medication is reported to be 50% 
primary and 66% in secondary cardiovascular prevention settings.43 Yet the DIAL-model is 
intended to support medical decision-making by providing estimates about what a patient 
and health care professional can expect when adhering to a treatment as prescribed. The 
predicted treatment effects are based on the results of large randomized clinical trials in 
which adherence to treatment usually is about 80%. Furthermore, possible changes in 
risk factor levels over time were not taken into account. For example, blood pressure and 
cholesterol were assumed to remain stable over time. Therefore, re-evaluation of CVD-
free survival and treatment effects after 5 to 10 years is advised based on our validation to 
ensure valid predictions to guide treatment decisions.  

In conclusion, CVD-free life expectancy as well as the effect of lifelong lipid-lowering, 
glucose-lowering, blood pressure-lowering, and aspirin treatment in terms of CVD-free 
life years gained can be reliably predicted for people with T2DM using readily available 
characteristics. The DIAL model may facilitate personalized treatment and support shared 
decision-making and patients’ motivation to adhere to prescribed drug-treatments to 
reduce CVD risk.
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Supplementary appendix

Expanded methods
Predictors and missing data.
Predictors were predetermined based on existing diabetes risk scores and availability in 
routine clinical practice. Baseline data for people registered in the Swedish NDR and SCI –
Diabetes database were data collected in the first year after registration. In the other data 
sources, the baseline data were measured at study entrance prior to follow-up. Micro-
albuminuria was defined as an albumin/creatinine ratio 3-30 mg/mmol or urine-albumin 
20-300mg/l, and macro-albuminuria was defined as an albumin/creatinine ratio >30mg/
mmol or urine-albumin >300mg/l. Prescriptions for preventive medication for CVD were 
not selected as a predictor, because this would interfere with the predictions of treatment 
effects of these medication.

In the Swedish National Diabetes Registry (NDR) proportions of missing data was 0% for 
age, sex, and outcome status, 15% for systolic blood pressure (SBP), 11% for Haemoglobin 
A1c (HbA1c), 12% for duration of T2DM, 22% for smoking status, 25% for body mass index 
(BMI), 21% for estimated glomerular filtration rate (eGFR), 31% for total cholesterol, 40% for 
high-density lipoprotein cholesterol (HDLc) and 42% for albuminuria. In the SCI –Diabetes 
database proportions of missing data were 0% for age, sex, and outcome status, 9% for 
SBP, 10% for HbA1c, 12% for eGFR, 22% for smoking status, 32% for non-HDLc, 35% for 
BMI, and 43% for albuminuria. Duration of T2DM was not missing, because the population 
was limited to an incident cohort. In SMART missing data for cholesterol, eGFR, history of 
CVD and albuminuria ranged from 0.05% to 6%. In EPIC-NL missing data was 1% for SBP 
and history of CVD, 3.6% for duration of T2DM, 11.5% for HbA1c, eGFR, cholesterol, HDLc, 
and 24.8% for type of diabetes treatment. In the ACCORD and ADVANCE-trial, missing 
data ranged from <1% for SBP to 4.5% for albuminuria. In the ASCOT-trial missing data 
was 8.3% for plasma glucose and 33.6% for eGFR. In the ALLHAT-LLT-trial missing data was 
<2.0% for BMI, cholesterol, HDLc, and eGFR, and 20.9% for plasma glucose. To account for 
missing data in the predictors, single imputation by predictive mean matching was used 
for each of the original cohorts separately (aregImpute in R, Hmisc package).1 

In EPIC-NL, ASCOT, and ALLHAT-LLT, data was not available for duration of T2DM 
(ASCOT, ALLHAT-LLT), albuminuria (EPIC-NL, ALLHAT-LLT), treatment of T2DM with 
insulin (ASCOT, ALLHAT-LLT) and HbA1c. For cohorts where HbA1c was not measured for 
any participant (i.e. ALLHAT and ASCOT), values were estimated using available plasma 
glucose levels assuming measured glucose levels to be average glucose levels (Glucose 
(mmol/l) = 1.59*HbA1c (%) – 2.59, thus HbA1c (%) = (Glucose (mmol/l)+2.59)/1.59).2 For all 
other missing predictors in the validation dataset, data were imputed to the median value 
of the Swedish NDR (i.e. 2.0 years duration of T2DM, 17% insulin treatment, 15% micro-
albuminuria, and 7% macro-albuminuria).
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Transformations and non-proportionality of predictors.
Log-linearity of the relationship between continuous predictors and the outcomes 
was tested with restricted cubic splines and transformations were applied when this 
improved model fit based on Akaike’s Information Criterion. Quadratic transformation of 
continuous predictors was applied for BMI, SBP, HbA1c, non-HDL-c and eGFR for the CVD 
Cox proportional hazard function and for BMI, SBP, and BMI for the non-vascular mortality 
Cox proportional hazard function. Non-proportionality was observed for sex, smoking, 
history of CVD and treatment with insulin, in both parts of the Cox proportional hazard 
functions (i.e. for CVD and non-vascular mortality). These predictors are of increasing or 
decreasing importance with increasing age. Therefore, interactions with these predictors 
and age were included in the model. Supplemental figure 3 (CVD) and supplemental 
figure 4 (non-vascular mortality) visualize the HRs of transformed predictors and HRs of 
predictors depending on age.

Statistical analyses
Development of the lifetime model
Two complementary Fine and Gray competing risk adjusted Cox proportional hazard 
models with left truncation and right censoring: one for the prediction of CVD events using 
non-vascular mortality as the competing endpoint (i.e. model part A), and another for the 
prediction of non-vascular mortality using CVD events as the competing endpoint (i.e. 
model part B). Age was used as the time-scale and therefore people in the development 
dataset contributed data to the survival model from their age at study entry until the time 
of an event or censoring, defined by the age at study exit. As a result, estimates derived 
from these models are not limited by follow-up time but by the age distribution of study 
participants.3 4 However, predictions are unstable where the number of people and 
number of events in a specific age group is limited. The age-range was therefore limited 
to between 30 and 95 years (number of people <30 years: 2,045, number of people >95 
years: 2,501) for estimation of CVD-free life expectancy. The two competing risk adjusted 
Cox proportional hazard functions were then recalibrated based on the incidence of CVD 
and incidence of non-vascular mortality using the expected versus observed ratio. The 
age-specific baseline survival for both Cox proportional hazard functions were centered 
for continuous variables (BMI of 30 kg/m2, systolic blood pressure of 140 mmHg, non-HDLc 
of 3.8 mmol/l, HbA1c of 50 mmol/l, and eGFR of 80 ml/min) for practical reasons and to 
avoid rounding errors. The proportional hazards assumption was assessed by inspection 
of the correlation plots between scaled Schoenfeld residuals for the various predictors 
and age. Transformations and non-proportionality of predictors were described in the 
supplementary appendix. Where interaction existed between a predictor and age, the 
HR for that predictor is shown for the median age of 65 years. The HR for transformed 
predictors is shown for the 75th percentile versus the 25th percentile.
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Predictions for individual persons
Calculations of CVD-free life expectancy (i.e. median survival without incident or 
recurrent myocardial infarction, stroke, or vascular death) were based on life-tables with 
one-year time intervals. An example of such a life-table for an individual person is shown 
in Supplemental table 2. Starting at the current age of an individual with T2DM, the risk of 
having a CVD-event (a

t
) and the risk of dying from non-vascular causes (b

t
) were predicted 

for each future life-year. Next, the cumulative CVD-free survival (Surv
t+1

) was calculated by 
multiplying the survival probability at the beginning of each life-year (Surv

t
) by the CVD-

free survival probability during that year (Surv
t
 - a

t
 - b

t
). Obviously the cumulative CVD-free 

survival started at 100% at the current age of a person. This process was repeated until the 
maximum age of 95 years. CVD-free life expectancy of an individual was defined as the 
median survival without myocardial infarction or stroke or death, which was the age where 
the estimated cumulative survival drops below 50%. 10-year CVD-risk was calculated by 
summation of the predicted cause-specific CVD risk in the first 10 years from a person’s 
current age onwards. The cause-specific CVD-risk was obtained by multiplication of the 
chance of survival without a CVD-event at the beginning of each year (Surv

t
) and the risk 

of having a CVD-event (a
t
) during that year. Similarly, lifetime risk was calculated by the 

summation of the predicted cause-specific CVD risk from a person’s current age onwards 
until the age of 95.

Validation
Internal validation of the lifetime model was performed in the remaining random sample 
of 25% of people in the Swedish NDR (n=97,342) for 10 year risk predictions. Although 
bootstrap-based internal validation would be the most efficient method for internal 
validation, we have chosen for the split-sample validation for feasibility reasons. Due to 
the large number of patients and endpoints per variable of >1000, this will not lead to 
biased results.5 

External validation was performed using pooled cohorts based on geographical 
origin of people originating from the SCI –Diabetes database, SMART, EPIC-NL, ACCORD, 
ADVANCE, ASCOT, and ALLHAT cohorts. The selected regions were continents, with a 
subdivision for Europe. Five-year risks were predicted for Western-Europe, Eastern-Europe, 
North-America, Asia and Oceania, and 10 year risks for Scotland. Although Scotland is part 
of Western-Europe, this was a separate validation dataset, due to both the longer follow-
up and the population-based nature of the dataset. In addition, the comparatively large 
number of people in Scotland’s diabetes register overwhelmed the number of people in 
other countries in Western-Europe. Supplemental table 3 presents the number of people 
allocated from each original cohort to each pooled geographical cohort and the number 
of events occurred in each pooled cohort. 
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Relative treatment effects of meta-analyses and trials translated to lifelong 
treatment benefit in CVD-free life years gained

Lipid-lowering treatment:
The effect of lipid-lowering treatment on CVD depends on estimated reduction in low-
density lipoprotein cholesterol (LDLc) compared to baseline. A reduction of 1 mmol/l 
LDLc is related to a hazard ratio of 0.78.6 7 The percentage decrease of baseline LDLc for 
different statins and/or ezetimibe for people with T2DM are described in meta-analyses.8 

9 For proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, the percentage 
decrease of baseline LDLc is 59% in patients with T2DM.10 

The individual expected relative risk reduction of CVD is calculated by 0.78LDL-reduction 

in mmol/l, where LDL-reduction in mmol/l is defined as Baseline LDL-c multiplied by the 
expected percentage LDL-c reduction due to intended treatment.

Blood pressure-lowering treatment:
The effect of blood pressure-lowering treatment is estimated as a hazard ratio of 0.74 per 
10 mmHg for people with T2DM with a baseline blood pressure of 130mmHg or higher.11 
There is no relative risk reduction assumed of lowering blood pressure under 130 mmHg.12 
The individual expected relative risk reduction of CVD is calculated by 0.74(Blood pressure reduction 

in mmHg/10), where blood pressure reduction in mmHg is the blood pressure of the patient 
minus the target blood pressure. This only applies for people with a blood pressure above 
130 mmHg. The hazard ratio for blood pressure changes under 130mmHg is assumed to 
be 1.

Glucose-lowering treatment:
The effect of glucose-lowering treatment is estimated as a hazard ratio of 0.91 per 10 
mmol/mol reduction in HbA1c.13 There is no relative risk reduction assumed of lowering 
HbA1c under 53 mmol/mol. The individual expected relative risk reduction of CVD is 
calculated by 0.91(HbA1c reduction in mmol per mol/10), where HbA1c reduction in mmol/mol is the 
HbA1c of the patient minus the target HbA1c. This only applies for HbA1c levels above 
53 mmol/mol, whereas HbA1c changes under 53 mmol/mol correspond to a hazard ratio 
of 1. Besides HbA1c levels, individual effects of sodium–glucose cotransporter 2 (SGLT2) 
inhibitors and glucagon-like peptide 1 (GLP1) analogues can be estimated. The effect of 
SGLT2 inhibitors and GLP1 analogues are assumed to be independent of HbA1c levels. For 
SGLT2, the effect is estimated as a hazard ratio of 0.88. For GLP1, the effect is estimated as 
a hazard ratio of 0.91.14 
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Aspirin treatment:
The effect of aspirin treatment on CVD differs between people with and without a history 
of CVD. The hazard ratio of aspirin treatment in people without a history of CVD is 0.88 
and for patient with a history of CVD 0.81.15 16

Smoking cessation:
Smoking cessation is assumed to reduce the hazard ratio for cardiovascular events of 
current smokers versus never smokers (hazard ratio 1.98) to that of ex-smokers versus 
never smokers (hazard ratio 1.18).17 The resulting hazard ratio for cardiovascular events 
of current to ex-smoking, thus, is 0.60. Also, smoking cessation is assumed to reduce the 
hazard ratio for non-vascular mortality of current smokers versus never smokers (hazard 
ratio 1.83) to that of ex-smokers versus never smokers (hazard ratio 1.34).18 The resulting 
hazard ratio for non-vascular mortality of current to ex-smoking, thus, is 0.73.

Combined individualized treatment effects:
The hazard ratios of lipid-lowering, blood pressure-lowering, and aspirin treatment are 
multiplied to calculate the relative individualized risk reduction for the combination of 
treatments. This hazard ratio of intended treatment is used in the Cox proportional hazard 
function for vascular events (A) as shown in supplemental table 5 for the estimation of 
individualized treatment effects.
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Supplemental table 1. In- and exclusion criteria of the original cohorts and trials and definition of 

type 2 diabetes mellitus (T2DM).

In- and exclusion criteria of the study populations

Inclusion criteria Exclusion criteria
Swedish NDR19 People aged 18 years or older with 

T2DM, registered between 2002 and 
2012 

Scottish  Care 
Information – 
Diabetes database

People aged 18 years or older with 
T2DM, registered between January 
2004 and June 2016.

SMART20 People aged 18-79 years with T2DM, 
included between 1996 and 2015.

-Terminal malignancy
-Not independent in daily activities 
(Rankin scale >3) 
-Not sufficiently fluent in Dutch
- Estimated glomerular filtration rate 
(eGFR) < 30 ml/min

EPIC-NL21 People originated from the MORGEN 
and PROSPECT cohort.  PROSPECT is 
a prospective cohort study among 
women aged 49–70. The MORGEN 
cohort consists of a general popu-
lation sample of men and women 
aged 20–59 years. People with a 
confirmed diagnosis of T2DM were 
eligible for this study.

- Estimated glomerular filtration rate 
(eGFR) < 30 ml/min

ACCORD22 Patient aged 40-79 with T2DM - A medical condition likely to limit 
survival to <3 years or a malignancy 
other than non-melanoma skin can-
cer within the past 2 years
- Currently participating in another 
clinical trial
- Estimated glomerular filtration rate 
(eGFR) < 30 ml/min

ADVANCE23 People aged 55 years and older with 
a diagnosis of T2DM at the age of 30 
or older. 

A definite indication for long-term 
insulin therapy.
- Estimated glomerular filtration rate 
(eGFR) < 30 ml/min

ASCOT24 People aged 40-79 with T2DM and 
two other cardiovascular risk factors

Previous myocardial infarction, cur-
rently treated angina, heart failure, 
or a cerebrovascular event within the 
previous 3 months.
- Estimated glomerular filtration rate 
(eGFR) < 30 ml/min

ALLHAT25 People aged 55 and older with T2DM Symptomatic myocardial infarction 
or stroke within the past 6 months 
or diseases likely to lead to non-car-
diovascular death over the course of 
the study
- Estimated glomerular filtration rate 
(eGFR) < 30 ml/min

PSM 20181011 Proefschrift Berkelmans BW.indd   65 07-11-18   09:35



Chapter 3

6666

Definition of T2DM

Swedish NDR19 The definition of T2DM was treatment with 1) diet only, 2) oral hypoglycae-
mic agents only, or 3) insulin only or combined with oral agents, and onset 
age of diabetes ≥40 years

Scottish Care 
Information – 
Diabetes database

T2DM was defined using an algorithm which uses information from the 
clinician recorded diabetes type, prescription data (use of and timing of 
sulphonylureas and insulin) and age at diagnosis.

SMART20 A referral diagnosis of T2DM, self-reported T2DM, a fasting serum glucose 
≥7.0 mmol/L at inclusion with initiation of glucose lowering treatment 
within one year, or the use of oral anti-hyperglycaemic agents or insulin at 
baseline. Participants with known type 1 diabetes mellitus were excluded.

EPIC-NL21 Diagnosis of T2DM was self-reported at baseline.
ACCORD22 1) Symptoms of diabetes plus casual plasma glucose concentration ≥11.1 

mmol/l. Casual was defined as any time of day without regard to time since 
last meal. The classic symptoms of T2DM include polyuria, polydipsia, and 
unexplained weight loss for ≥3 months. 2) Fasting plasma glucose ≥7.0 
mmol/l. Fasting is defined as no caloric intake for at least 8 h for ≥3 months. 
3) Stable diabetes therapy for >3 months. 4) An HbA1c level 7.5%-11% more 
than 3 months before randomization.

ADVANCE23 People diagnosed with non-insulin-dependent T2DM at age 30 years or 
older.

ASCOT24 1) Fasting plasma glucose ≥7 mmol/l and/or random glucose ≥11 mmol/l, 2) 
Self-reported T2DM and receiving dietary or drug therapy, or 3) Presence 
of both impaired fasting glucose (≥6 mmol/l) and glucosuria in absence of 
above two criteria.

ALLHAT25 History of treatment with insulin or oral hypoglycaemic agents during 
the 2 years preceding randomization, a fasting baseline glucose level >7.8 
mmol/l, or a non-fasting baseline glucose level >11.1 mmol/l.
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Definition of endpoints.

Swedish NDR19 Outcome evaluation: All CVD and non-cardiovascular causes of death 
endpoints were retrieved by data linkage with the Swedish Cause of Death 
Register and the Hospital Discharge Register (National Board of Health and 
Welfare, Sweden). CVD was defined as a myocardial infarction, stroke or 
vascular mortality (ICD-10 codes I20-I25, I46.0, I46.1, I46.9, I61, I63, and I64).
Myocardial infarction: Hospitalization due to non-fatal myocardial infarc-
tion or cardiac arrest. ICD-10 codes: I21, I46.0, I46.1, I46.9.
Stroke: Hospitalization due to non-fatal stroke. ICD-10 codes: I61,I63, I64
Cardiovascular mortality: ICD-10 codes I20-I25, I46.0, I46.1, I46.9, I61, I63, and 
I64.

Scottish  Care 
Information – 
Diabetes database

Outcome evaluation: All CVD and non-cardiovascular causes of death end-
points were retrieved by data linkage with the National Records of Scotland 
death registrations and the national hospitalization register (Scottish Mor-
bidity Record, SMR01). CVD was defined as a myocardial infarction, stroke or 
vascular mortality (ICD-10 codes I20-I25, I46.0, I46.1, I46.9, I61, I63, and I64).
Myocardial infarction: Hospitalization due to non-fatal myocardial infarc-
tion or cardiac arrest. ICD-10 codes: I21, I46.0, I46.1, I46.9.
Stroke: Hospitalization due to non-fatal stroke. ICD-10 codes: I61,I63, I64
Cardiovascular mortality: ICD-10 codes I20-I25, I46.0, I46.1, I46.9, I61, I63, and 
I64.

SMART20 Outcome evaluation: During follow-up, people were asked biannually to 
complete a standardized questionnaire on hospital admissions and outpa-
tient clinic visits. If a vascular event was reported, hospital discharge letters 
and results of laboratory and radiology examinations were collected. Death 
was reported by relatives of the participant, the general practitioner or the 
treating specialist. All possible events were independently evaluated by 
three members of the endpoint committee, comprising physicians from 
different clinical departments.
Myocardial infarction: Fatal and non-fatal myocardial infarction, character-
ized by 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 an MB-frac-
tion >5% of the total CK
Stroke: Relevant clinical features which have caused an increase in handicap 
of at least one grade on the modified Rankin scale, accompanied by a fresh 
infarct on a repeat CT scan.
Cardiovascular mortality: -Sudden death: unexpected cardiac death occur-
ring within 1 hour after onset of symptoms or within 24 hours given con-
vincing circumstantial evidence 
-Death from ischemic stroke  
-Death from congestive heart failure 
-Death from myocardial infarction 
-Death from rupture of abdominal aortic aneurysm 
-Vascular death from other cause, i.e. sepsis following stent placement
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EPIC-NL21 Outcome evaluation: Vital status was identified using the municipal popu-
lation register with a loss-to-follow-up of 2.6%. For participants who died, 
information on the cause of death was obtained from Statistics Nether-
lands. Morbidity data were provided by the national hospital discharge reg-
ister (HDR).  Causes of death and morbidity have been coded according to 
the Ninth Revision of the International Classification of Diseases (ICD-9) until 
1996, and after that according to the Tenth Revision of the International 
Statistical Classification of Diseases (ICD-10).
Myocardial infarction: Hospitalization due to non-fatal myocardial infarc-
tion or cardiac arrest. ICD-10 codes I20-I25, I46  or ICD-9 code 410
Stroke: Hospitalization due to stroke.  ICD-10 codes I60-I63, I65, G45 or ICD-9 
codes 430, 431, 432, 433, 434, 435
Cardiovascular mortality: ICD-10 codes I20-I25, I46, I60-I63, I65, R96, G45 
and ICD-9 codes 410, 430, 431, 432, 433, 434, 435

ACCORD22 Outcome evaluation: Outcomes were adjudicated by a central committee 
whose members were unaware of study-group assignments on the basis of 
predefined criteria.
Myocardial infarction: The diagnosis of MI is based on the occurrence of a 
compatible clinical syndrome associated with diagnostic elevation of car-
diac enzymes (ie, an increase in troponin T or troponin I to a level indicating 
myonecrosis and/or an increase in creatine-kinase–myocardial band to a 
level more than twice the upper limit of normal). Q-wave MI is defined as 
the development of new significant Q waves. Silent MI is diagnosed when 
new (compared with the previous 12-lead electrocardiogram) significant Q 
waves are detected by surveillance electrocardiography performed every 2 
years and at study end in all participants.
Stroke: Stroke is diagnosed by a focal neurologic deficit that lasts >24 hours, 
associated with evidence of brain infarction or haemorrhage by computed 
tomography, MRI, or autopsy.
Cardiovascular mortality: Cardiovascular causes of death include fatal MI, 
congestive heart failure, documented arrhythmia, death after invasive 
cardiovascular interventions, death after non-cardiovascular surgery, fatal 
stroke, unexpected death presumed to be due to ischemic CVD occurring 
<24 hours after the onset of symptoms, and death due to other vascular 
diseases (eg, pulmonary emboli, abdominal aortic aneurysm rupture).

ADVANCE23 Outcome evaluation:  An Endpoint Adjudication Committee, masked to 
treatment allocation, reviewed source documentation for all individuals 
who had a suspected primary endpoint or who died during follow-up. 
Outcomes were coded according to the 10th revision of the International 
Classification of Diseases.
Myocardial infarction: ICD-10 codes I20-I25, I46
Stroke: ICD-10 codes I60-I63, I65, G45
Cardiovascular mortality: ICD-10 codes I20-I25, I46, I60-I63, I65, R96, G45

ASCOT24 Outcome evaluation:  Each possible study endpoint was reviewed by at 
least two members of an independent Endpoint Committee blinded tot 
the study treatments following standardized study criteria, definitions and 
algorithms.
Myocardial infarction: Non-fatal (including silent) myocardial infarction
Stroke: Any stroke
Cardiovascular mortality: Death due to any cardiovascular disease (not fur-
ther specified)
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ALLHAT25 Outcome evaluation: The diagnosis of an endpoint was classified by the 
physician-investigator at the clinical site based on death certificates or hos-
pital discharge summaries. For a random 10% subset of hospitalized (fatal 
and nonfatal) myocardial infarctions and strokes, the Clinical Trials Center 
will request more detailed information. For this subset, in hospital ECGs and 
enzyme levels (for myocardial infarctions), and neurologists’ reports and 
computed tomography (CT) or magnetic resonance imaging (MRI) reports 
(for strokes) will be evaluated by the study Endpoints Committee and the 
accuracy of the discharge diagnoses assessed.
Myocardial infarction: Non-fatal myocardial infarction based on hospital 
discharge summaries classified by the physician investigator. 
Stroke: Non-fatal stroke based on hospital discharge summaries classified 
by the physician investigator.
Cardiovascular mortality: Any death classified by the physician-investigator 
as caused due to cardiovascular disease.
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Supplemental table 2. Example of a life-table.

Life years Cumulative survival % CVD risk % non-CVD mortality
55 1.00 2.48% 0.11%
56 0.97 2.50% 0.13%
57 0.95 2.28% 0.13%
58 0.93 2.82% 0.15%
59 0.90 2.99% 0.18%
60 0.87 3.38% 0.20%
61 0.84 3.55% 0.23%
62 0.81 3.65% 0.27%
63 0.78 4.02% 0.26%
64 0.74 3.67% 0.32%
65 0.71 4.26% 0.37%
66 0.68 4.42% 0.42%
67 0.65 4.36% 0.45%
68 0.62 5.05% 0.51%
69 0.58 5.31% 0.60%
70 0.55 5.42% 0.62%
71 0.51 4.80% 0.72%
72 0.49 5.36% 0.79%
73 0.46 6.03% 0.92%
74 0.42 6.18% 0.99%
75 0.39 6.43% 1.22%
76 0.36 6.79% 1.32%
77 0.33 7.18% 1.54%
78 0.30 7.86% 1.79%
79 0.28 7.92% 1.92%
80 0.25 7.80% 2.33%
81 0.22 8.70% 2.51%
82 0.20 8.79% 2.87%
83 0.18 9.57% 3.29%
84 0.15 9.54% 3.91%
85 0.13 9.83% 4.28%
86 0.11 9.84% 4.83%
87 0.10 9.73% 5.42%
88 0.08 10.64% 6.01%
89 0.07 9.67% 6.46%
90 0.06 9.51% 6.89%
91 0.05 9.31% 7.47%
92 0.04 8.94% 7.83%
93 0.03 7.24% 7.58%
94 0.03 6.14% 7.94%

Life-table is of patient example A (figure 2), a 55-year old male, who does not smoke, T2DM since 5 years, a systolic blood 
pressure of 150 mmHg, BMI of 27 kg/m2, HbA1c of 55 mmol/mol, Non-HDL-c of 5 mmol/l, eGFR of 70 ml/min/1.73m2, no 
albuminuria, and a history of CVD. This patient has a median survival free of CVD of 71.5 years and a 10-year CVD-risk of 27.1%.
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Supplemental table 5. Calculation formulas of cause-specific 1-year survivals.

Vascular Cox proportional hazard function (A)

1-year survival = (age-specific 1-yr baseline survival¥)^exp(A) 

A = -2.432709 (if male) + 0.035983*age (if male) - 0.08603257*(BMI - 30) + 
0.001155281*(squared BMI - 30²) - 0.6910912 (if smoking) + 0.01127745*age (if smoking) 
- 0.02365684*(SBP-140) + 0.00009386*(squared SBP - 140²)  + 0.2632915*(nonHDL-3.8) - 
0.02153226*(squared nonHDL - 3.8²) + 0.02274024*(HbA1c-50) - 0.0001292752*(squared HbA1c 
- 50²) - 0.01172895*(eGFR-80) - 0.00002497421*(squared eGFR - 80²) + 0.1654953 (if micro-al-
buminuria) + 0.2061535 (if macro-albuminuria) + 0.01650379*(diabetes duration) - 0.4734714 
(if history of CVD) + 0.04268836*age (if history of CVD) - 0.8525590 (if insulin treatment) + 
0.01344922*age (if insulin treatment) + LN(Hazard Ratio of intended treatment)§ + 1.763233 (if 
high risk county)

Non-vascular mortality Cox proportional hazard function (B)

1-year survival = (age-specific 1-yr baseline survival¥)^exp(B)

B = -1.933780 (if male) + 0.02801824*age (if male) - 0.1325985*(BMI - 30) + 
0.001977846*(squared BMI - 30²) - 0.08033368 (if smoking) + 0.004628002*age (if smoking) 
- 0.02241861*(SBP-140) + 0.00008235097*(squared SBP - 140²)  + 0.1612940*(nonHDL-3.8) - 
0.01791413*(squared nonHDL - 3.8²) + 0.002996913*(HbA1c-50) - 0.008377349*(eGFR-80) + 
0.1574689 (if micro-albuminuria) + 0.2131683 (if macro-albuminuria) + 0.007551427*(diabetes 
duration) - 3.783736 (if history of CVD) + 0.03680227*age (if history of CVD) - 0.3656307 (if 
insulin treatment) + 0.006264885*age (if insulin treatment) + 0.2164599 (if low risk country) - 
0.07736502 (if high risk county)

¥ Age-specific baseline survivals are shown in table S6 for both Cox proportional hazard functions.
§ LN(Hazard ratio of intended treatment) is 0 if there is no estimation of treatment effects. The calculation of the hazard ratio 
of intended treatment is explained in the methods and supplementary appendix.
BMI: Body mass index in kg/m2; SBP: Systolic blood pressure in mmHg; non-HDLc: non-high-density cholesterol in mmol/l; 
HbA1c: Hemoglobin A1c in mmol/l; eGFR: estimated glomerular filtration rate in ml/min.
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Supplemental table 6. Age-specific baseline survivals.

Age

1-year survival 
free of stroke or 
MI*

1-year survival 
for non- 
cardiovascular 
mortality** Age

1-year survival 
free of stroke or 
MI*

1-year survival 
for non- 
cardiovascular 
mortality**

30 0.99828 0.99567 63 0.99670 0.99118
31 1.00000 1.00000 64 0.99722 0.99009
32 1.00000 0.99662 65 0.99700 0.98919
33 0.99883 0.99860 66 0.99712 0.98854
34 1.00000 0.99685 67 0.99738 0.98835
35 0.99910 0.99835 68 0.99718 0.98756
36 0.99857 0.99906 69 0.99726 0.98650
37 0.99825 0.99843 70 0.99741 0.98692
38 1.00000 0.99766 71 0.99789 0.98557
39 1.00000 0.99591 72 0.99782 0.98523
40 0.99929 0.99778 73 0.99772 0.98390
41 0.99815 0.99707 74 0.99784 0.98374
42 0.99922 0.99625 75 0.99792 0.98132
43 0.99824 0.99535 76 0.99796 0.98098
44 0.99781 0.99678 77 0.99800 0.97924
45 0.99770 0.99579 78 0.99797 0.97734
46 0.99857 0.99615 79 0.99811 0.97722
47 0.99807 0.99548 80 0.99828 0.97400
48 0.99757 0.99531 81 0.99822 0.97375
49 0.99696 0.99481 82 0.99834 0.97187
50 0.99793 0.99433 83 0.99832 0.96976
51 0.99722 0.99507 84 0.99845 0.96625
52 0.99692 0.99452 85 0.99852 0.96537
53 0.99684 0.99457 86 0.99863 0.96327
54 0.99626 0.99429 87 0.99875 0.96126
55 0.99621 0.99389 88 0.99873 0.95968
56 0.99647 0.99322 89 0.99894 0.95926
57 0.99702 0.99382 90 0.99907 0.95922
58 0.99659 0.99312 91 0.99913 0.95844
59 0.99665 0.99210 92 0.99923 0.95911
60 0.99649 0.99200 93 0.99943 0.96285
61 0.99659 0.99134 94 0.99955 0.96348
62 0.99676 0.99049    

Age-specific baseline survivals for centered continues variables with a systolic blood pressure of 140 mmHg, BMI of 30 kg/
m², HbA1c of 50 mmol/l, non-HDL-c of 3.8 mmol/l, and eGFR of 80 ml/min. *Based on Cox proportional hazard function A for 
cardiovascular disease. **Based on Cox proportional hazard function B for non- cardiovascular mortality
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Supplemental table 7. Discrimination of the DIAL model and Cox proportional hazard functions A 

and B for internal (10-year risks) and external validation (5-year risks, except Scotland: 10-year risks).

 Discrimination of estimated vs observed risk 
A. Cardiovascular 
disease

B. Non-vascular  
mortality

C. Combined model 
(DIAL model)

Validation cohort    
Swedish NDR (n=97,324) 0.83 (0.83-0.84) 0.72 (0.72-0.73) 0.77 (0.76-0.77)
Western-Europe (n=7,742) 0.65 (0.63-0.67) 0.62 (0.60-0.65) 0.66 (0.64-0.67)
Eastern-Europe (n=2,142) 0.64 (0.60-0.67) 0.59 (0.52-0.66) 0.68 (0.65-0.71)
North-America (n=14,590) 0.64 (0.62-0.65) 0.61 (0.58-0.63) 0.64 (0.63-0.66)
Asia and Oceania (n=5,580) 0.64 (0.62-0.66) 0.61 (0.57-0.66) 0.65 (0.63-0.67)
SCI –Diabetes database 
(n=167,731) 0.64 (0.64-0.65) 0.67 (0.67-0.68) 0.69 (0.69-0.70)

NDR: National Diabetes Registry. SCI: Scottish Care Information.
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Supplemental figure 1. Flowchart describing cohort selection from the Swedish National Diabetes 

Registry.
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A) Predicted versus observed 10-year risk of the cause-specific CVD risk (Cox proportional hazard function A). B) Predicted 
versus observed 10-year risk of the non-vascular mortality risk (Cox proportional hazard function B; after recalibration). C). 
Predicted versus observed 10-year risk of CVD and all-cause mortality (DIAL-model).
Dots represent mean risks with 95% confidence intervals of people grouped by deciles of predicted risk.

Supplemental figure 2. Internal validation (n=97,342) of the predicted 10-year risk.
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A-E. Quadratic relation between cardiovascular disease (CVD) and A) systolic blood pressure; B) Body-mass index; C) Non-
HDL-c; D) HbA1c; E) eGFR.
F-I: Relation between age and the effect of F) sex; G) smoking; H) insulin therapy; I) history of CVD on the risk of CVD.

Supplemental figure 3. Hazard ratios and 95% CI for transformed and age-dependent variables of 

the cause-specific cumulative incidence model for cardiovascular disease.
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A-C. Quadratic relation between non-cardiovascular mortality and A) systolic blood pressure; B) Body-mass index; C) Non-
HDL-c.
D-G: Relation between age and the effect of D) sex; E) smoking; F) insulin therapy; G) history of CVD on the risk of non-
cardiovascular mortality.

Supplemental figure 4. Hazard ratios and 95% CI for transformed and age-dependent variables of 

the cause-specific cumulative incidence model for non-cardiovascular mortality.
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Abstract

Objective - To assess whether treatment decisions based on gain in cardiovascular disease 
(CVD)-free life-expectancy is cost-effective compared to decisions based on conventional 
10-year CVD-risk estimates.

Study design and settings - A microsimulation model was constructed for 10,000 patients 
with stable cardiovascular disease (CVD). Costs and quality adjusted life years (QALYs) due 
to recurrent cardiovascular events and (non)vascular death were estimated for lifetime 
benefit-based compared to 10-year risk-based treatment, with PCSK9 inhibition as an 
illustration example. Lifetime benefit in months gained and 10-year absolute risk reduction 
were estimated using the REACH-SMART model, including an individualized treatment 
effect of PCSK9 inhibition based on baseline low-density lipoprotein cholesterol. For 
different cut-off values (i.e. the 5%, 10%, and 20% of patients with the highest estimated 
benefit of both strategies), cost-effectiveness was assessed using the incremental cost-
effectiveness ratio (ICER), indicating additional costs per QALY gain.

Results - Lifetime benefit-based treatment of 5%, 10%, and 20% of patients resulted in 
an ICER of €37,200/QALY, €39,800/QALY, or €41,500/QALY. 10-Year risk-based treatment 
decisions of 5%, 10%, and 20% of patients resulted in an ICER of €47,700/QALY, €54,800/
QALY, or €52,100/QALY.

Conclusion - Treatment decisions based on estimated lifetime benefit are more cost-
effective than treatment decisions based on estimated 10-year benefits.
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Introduction

Recent guidelines for cardiovascular prevention all recommend estimating an individual 
patient’s risk (10-year risk of cardiovascular disease) for decision-making on whether or 
not to start preventive interventions.1-4 According to the United States guidelines for 
primary prevention, if 10-year risk for fatal cardiovascular disease (CVD) is ≥ 7.5%, patients 
between 20 and 80 years old are considered high risk and eligible for intensive lipid-
lowering therapy.4 These patients with a ≥ 7.5% fatal CVD-risk benefit most from statin 
therapy.5 However, in patients under 40 years of age, 10-year risk for fatal CVD is always 
lower than 7.5%, despite risk factors. For example, a 40 year old smoking male with a 
blood pressure of 180 mmHg and cholesterol of 8 mmol/L, has a 10-year risk for fatal 
CVD of 4% and would not be treated according to guidelines. However, it seems contra-
intuitive to withhold treatment for this patient, since his lifetime risk for CVD is high.6, 7 
This example shows that specifically in younger patients, the 10-year risk horizon does not 
adequately reflect the potential long-term benefit of preventive treatment.8-10 This may 
lead to missed treatment opportunities. 

A recently developed prediction model, the REACH-SMART model, is able to estimate 
individual benefit of medication for prevention of CVD in patients with a history of stable 
CVD as 10-year risk reduction or as months gained from a lifetime perspective, the lifetime 
benefit (supplementary appendix).11 Estimation of treatment effects expressed by a 
lifetime benefit could overcome some disadvantages of the 10-year risk based strategies. 
The younger patients with a low 10-year risk, but high risk factor levels, will have a high 
estimated lifetime benefit because lifetime prediction models take long-term exposure 
of risk factors and follow-up time into account.12 On the other hand, in patients older than 
70 years of age, the high estimated 10-year risk for fatal CVD may falsely suggest large 
estimated 10-year risk reduction of preventive treatment. As older patients are also at risk 
for non-CVD mortality, any reductions in CVD-mortality may be counterbalanced by a 
high risk for non-CVD mortality. This may result in 10-year risk estimations leading to an 
overestimation of the potential benefit of preventive treatment in older patients.13 

Although it is tempting to assume estimations from a lifetime perspective could 
be useful in the identification of patients that benefit most from preventive treatment 
and interventions, there is no evidence on the cost-effectiveness of lifetime benefit 
assessment for guiding pharmacological therapy decisions.1 Also, starting preventive 
interventions at a younger age means longer treatment duration and, therefore higher 
costs and more harm. The differences in efficacy and costs between risk classification of 
patients using a lifetime prediction model and a 10-year risk model can be compared 
using a microsimulation model with a lifetime horizon.14 As an illustration example, 
Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition treatment will be used. 
PCSK9 inhibitors are a new class of drugs that effectively reduce low-density lipoprotein 
cholesterol (LDL-c) levels with 50-60%, and reduce CVD.15-18
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We aimed to assess whether treatment decisions based on lifetime benefit-based 
treatment lead to more cost-effectiveness compared to 10-year risk-based treatment, 
using PCSK9 inhibition treatment as an illustration example.

Methods

A stepwise summary of the methods is shown in figure 1. 

Study population
In order to get a representation of a national population of patients with stable CVD, a 
hypothetical population was created by repeatedly sampling from correlated probability 
distributions of risk factors. The correlated probability distribution used to create this 
hypothetical population was subtracted of the Second Manifestation of ARTerial disease 
(SMART) cohort described elsewhere.19 In brief, the SMART cohort exists of 7,519 patients 
with clinical manifest vascular disease included between 1996 and 2015. Of these patients, 
baseline measurements of risk factors were performed using a standardized protocol. 
For our study, a population of 10,000 hypothetical patients was sampled using these 
baseline risk factor variables and the distribution among patients of age, sex, smoking, 
diabetes mellitus, systolic blood pressure, total cholesterol, LDL-c, creatinine, and number 
of locations with vascular disease. Baseline variables of atrial fibrillation and chronic heart 
failure were not available in the SMART cohort. Therefore, the sampling distributions of 
atrial fibrillation and chronic heart failure were established from literature and only aged 
and sex dependent.20, 21 

Individual treatment effect estimations
Individualized 10-year risk reduction and life time benefit treatment effects were 
estimated using the REACH-SMART model.11 The REACH-SMART model is a model to 
estimate life-expectancy free of a recurrent CVD in patients with a history of CVD. It is 
based on the competing risk model of Fine and Gray and the age of patients is used as the 
time scale (left truncation).22 To estimate individual treatment effects of PCSK9 inhibition 
on recurrent CVD in this study, a coefficient based on the relative risk reduction of trials 
or meta-analyses was added to the model. The number of CVD-free life-years gained by 
therapy was calculated as the difference between the estimated life-expectancy free 
of recurrent CVD with treatment and without treatment is the lifetime benefit of the 
treatment. The difference between the expected 10-year risk with treatment and without 
treatment resulted in the 10-year absolute risk reduction (supplementary appendix).

Our assumption on the effect of PCSK9 inhibitors was based on the expected LDL-c 
reduction, which is conditional to the baseline LDL-c level.17 On average, PCSK9 inhibitors 
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have been shown to reduce LDL-c levels by 50-60%.18 In the present study, a conservative 
estimate of treatment benefit of 50% LDL-c reduction was assumed. The results of the 
recent PSCK9 inhibitor outcome trial correspond with the more robust results from 
large meta-analyses showing a hazard ratio of 0.78 (95% CI 0.76-0.80) for major vascular 
events per 1 mmol/L LDL-c reduction.15, 16 There was no indication of a decreasing effect 
size when LDL-c were reduced below 2 mmol/L.15 Thus, for our study the individualized 
relative treatment effect of PCSK9 inhibition on CVD based on expected LDL-c reduction 
was defined as 0.780.5*LDL-c. Individualized hazard ratios (HRs) were calculated for each study 
participant. We assumed that LDL-c reduction has no effect on non-vascular mortality.15

Figure 1. A brief explanation of the methods.
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Microsimulation model design
A microsimulation model was developed to predict major cardiovascular events (MACE), 
(non)vascular death, costs and quality-adjusted life years (QALYs) for risk-based treatment 
and life-time-benefit-based treatment, using treatment with PCSK9 inhibitors as an 
example.14 Treatment of patients within the study population with the highest predicted 
treatment effect based on 10-year absolute risk reduction and lifetime benefit were 
compared, using different cut-off values (i.e. the best 5%, 10%, and 20% % of patients 
with the highest estimated benefit). The microsimulation model contained three health 
states: ‘stable cardiovascular disease’, ‘recurrent MACE’ and ‘death’. All hypothetical 
patients started in the ‘stable cardiovascular disease’ health state. Patients could stay in 
their health state or transit to another health state each year (Figure 2). Patients transit 
to the recurrent MACE state if they experienced a MACE in the particular year, namely 
a myocardial infarction, ischemic stroke or haemorrhagic stroke. Patients transit to the 
‘death’ health state whenever they died of any cause and remained in that health state. 
The simulation ran until all hypothetical patients had died, i.e. for a lifetime horizon.

Stable CVD 

Death 

Stroke 

Revascularization 

Chronic heart failure 

Resuscitated cardiac arrest 

Myocardial infarction 

MACE 

Figure 2. Diagrammatic representation of the micro-simulation model with health states (boxes) 

and possible transitions (arrows).

Model variables

Transition risks
This economic evaluation was performed from a health care perspective, meaning that 
only medical and not societal costs and effects were evaluated. The probabilities of 
transition from the stable CVD health state to the MACE health state were based on mean 
annual cardiovascular event risks. Mean annual event risks for myocardial infarction, 
stroke and revascularization without PCSK9 treatment were derived from the SMART 
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cohort (supplemental table 1).19 Mean annual event risks for resuscitated cardiac arrest 
and heart failure without PCSK9 treatment were derived from the intensive treatment arm 
of the TNT trial (supplemental table 1).23 The individualized event risks changed with age 
according to an existing 10-year risk score for patients with CVD (supplemental figure 1), 
systolic blood pressure, current smoking, and diabetes mellitus.24 The annual event rates 
were multiplied by the HR to obtain an e individualized expected treatment effect when 
a patient was treated with PCSK9 inhibitors. Case-fatality rates for myocardial infarction 
and stroke were age-dependent and obtained from Dutch nationwide registries for in- 
and outside hospital deaths.25-27 The probability of non-vascular death for patients with 
stable CVD or patients in the post-event health state was estimated by multiplying the 
age-adjusted probability of non-vascular death in the general population by a disease-
specific mortality multiplier (supplemental table 1).28-34 

Health outcomes
The amount of life years and QALYs for each patient was estimated for the different 
treatment strategies (treatment of patients within the study population with the highest 
predicted treatment effect based on 10-year absolute risk reduction and lifetime benefit). 
QALYs were calculated by summing up the multiplication of the time a person spent in a 
certain health state by the utility associated with that particular health state (supplemental 
table 2). A utility is a quality of life weight varying between 1.0 (perfect health) and 0.0 
(death). In the present study, all patients start with a utility of 0.78, since all patients 
included have stable CVD. Utilities were derived from published data and measured with 
multi-attribute health status classification systems, mostly EQ-5D questionnaires35-37. 
Patients who experienced a revascularization were assumed to have the same quality of 
life as patients with stable CVD.

Costs
The costs of the cheapest available PCSK9 inhibitors (Alirocumab) in the Netherlands were 
taken as base case scenario.38 Event costs and lifetime health care costs associated with 
vascular events were derived from observational studies in the Netherlands and from 
Dutch nationwide registries. Lifetime costs made in the hospital, nursing home and at 
the general practitioner were included.39-43 Mean costs for a revascularization procedure 
were estimated as the weighted average for a PCI and a CABG.26 Costs of pharmacist’s and 
laboratory tests for all patients were modelled. The cost of one extra doctor’s visit each 
year for prescription of PCSK9 inhibitors was included.40 Costs in euro’s were updated to 
2016 with the Dutch consumer price indices (supplemental table 2).27

Data analyses
The microsimulation model was run with a lifetime horizon for all 10,000 hypothetical 
patients within the described cohort for different scenarios: 1) treat no one, 2) lifetime 
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benefit-based treatment of the most eligible 5%, 10%, and 20% of patients, and 3) 10-
year risk-based treatment of the most eligible 5%, 10%, and 20% of patients. Similar cut-
off values were used to obtain equal numbers of treated patients. Mean costs, life years 
and QALYs per patient were estimated for each of these scenarios and cut-off values. 
Incremental costs and QALYs were estimated for comparison between these scenarios. To 
calculate the incremental cost-effectiveness ratio (ICER) the incremental costs was divided 
by the incremental QALYs, expressed as costs spend per QALY gain. Discount rates of 4.0% 
for costs and 1.5% for health outcomes were applied.44 

Scenario analyses
Scenario analyses were done to test the robustness of our results, based on the treatment 
of 10% of the patients with the highest 10-year risk reduction and highest lifetime 
benefit. Scenarios were based on variations in drug costs, event probabilities, event costs, 
treatment effects of PCSK9 inhibitors, discount rates, mortality multipliers and utilities, 
fluctuating one parameter at a time (supplemental table 1 and supplemental table 2; 
lower and upper bound). 

Sensitivity analyses
Probabilistic sensitivity analyses were run a 1,000 times using Monte Carlo simulation, 
in which all parameters could fluctuate at the same time. For every simulation, event 
probabilities, hazard ratios for lowering LDL-c by PCSK9 inhibitors and utilities were 
randomly chosen from beta distributions, mortality multipliers and costs from gamma 
distributions. The individualized expected effect of PCSK9 inhibition was recalculated 
with the randomly chosen HRs. The probability that risk based and/or benefit based 
treatment for different cut-off values is cost-effective compared to no treatment with 
PCSK9 inhibitors is displayed in graphs for varying thresholds of euros willing to pay per 
QALY gained.

Results

The baseline characteristics of our hypothetical study population of 10,000 patients are 
shown in table 1. Notable, patients selected for treatment based on the highest lifetime 
benefit are more than 10 years younger compared to patients selected based on the 
highest absolute 10-year CVD-risk reduction. 
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Treatment of the 5%, 10%, and 20% most eligible patients according to the lifetime 
benefit-based treatment strategy resulted in selection of patients with >4.8 years, >4.2 
years, and >3.5 years CVD life-years gain respectively. Treatment of the 5%, 10%, and 20% 
most eligible patients according to the 10-year risk-based treatment strategy resulted 
in selection of patients with >12.3%, >10.9% and >9.2% 10-year absolute risk reduction 
of CVD, respectively. 72 patients (14%) selected according to the 5% highest lifetime 
benefit-based treatment strategy were also selected according to the 5% highest 10-year 
risk-based treatment strategy. 200 patients (20%) selected according to the 10% highest 
lifetime benefit-based treatment strategy were also selected according to the 10% highest 
10-year risk-based treatment strategy. 612 patients (31%) selected according to the 20% 
highest lifetime benefit-based treatment strategy were also selected according to the 
20% highest 10-year risk-based treatment strategy.

Compared to standard of care, the incremental costs for treatment with PCSK9 
inhibitors was similar for lifetime benefit-based treatment strategy and 10-year risk-
based treatment strategy. However, the QALYs gained treated with PCSK9 inhibitors were 
higher for the lifetime benefit-based treatment strategy compared to 10-year risk-based 
treatment strategy (table 2). Overall, lifetime benefit-based treatment was more cost-
effective compared to 10-year risk-based treatment. For a treatment of 5% of all patients, 
the ICER for lifetime benefit-based treatment was €37,200 /QALY whereas for 10-year 
risk-based treatment this was €47,700 /QALY. For a treatment of 10% of all patients, the 
ICER for lifetime benefit-based treatment was €39,800 /QALY whereas for 10-year risk-
based treatment this was €54,800/QALY. For a treatment of 20% of all patients, the ICER 
for lifetime benefit-based treatment was €41,500 /QALY whereas for 10-year risk-based 
treatment this was €52,100/QALY (table 2).

Scenario analyses
Scenario analyses showed a substantial influence of change in event probabilities, change 
in annual drug cost, and change in discount. Therapy becomes less cost-effective if CVD 
event rates are lower than estimated and more cost-effective if CVD event rates are higher. 
If therapy is less expensive, treatment becomes more cost-effective, while with more 
expensive therapy, treatment becomes less cost-effective.

A 5% higher or lower discount for both costs and health outcomes and undiscounted 
analyses showed an increase in ICER for both strategies (figure 3).
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Sensitivity analyses
Irrespective of the strategy used, treatment with PCSK9-therapy is always more expensive 
than no treatment for all. The probability of treatment being cost-effective therefore 
depends on the willingness to pay; generally €50,000 per additional QALY is considered 
acceptable.45 For this level of willingness to pay, the probability that lifetime benefit-based 
treatment of 5%, 10%, and 20% of patients is cost-effective compared to no treatment at 
all is 69.0%, 77.2%, and 84.1% respectively (figure 4, 5, and 6). Similarly, the probability that 
the 10-year risk-based treatment of the 5%, 10%, and 20% most eligible patients is cost-
effective compared to no treatment at all is 51.6%, 47.3%, and 38.8% respectively (figure 
4, 5, and 6). The level of willingness to pay, however, can be debated. The lower bound of 
willingness to pay for which treatment is >50% certain cost-effective was €35,900/QALY, 
€38,400/QALY and €41,700/QALY for 5%, 10% and 20% most eligible patients based on 
the lifetime benefit-based treatment strategy and approximately €47,800/QALY, €51,300/
QALY and €53,100/QALY for 5%, 10% and 20% most eligible patients based on the 10-year 
risk-based treatment strategy. 

Figure 3. Scenario analyses estimating the influence of different model assumptions on A) the ICER 

of the lifetime benefit-based treatment strategy of 10% of the patients vs. no treatment and B) the 

ICER of the 10-year risk-based treatment strategy of 10% of the patients vs no treatment.
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Figure 5. Incremental cost-effectiveness plane of the lifetime benefit-based strategy and the 10-

year risk-based treatment strategy for 10% of patients treated with PCSK9 inhibition (A). Additional 

cost-effectiveness acceptability curves for both strategies separately (B: Lifetime benefit-based 

treatment; C: 10-year risk-based treatment). 

Figure 4. Incremental cost-effectiveness plane of the lifetime benefit-based strategy and the 10-

year risk-based treatment strategy for 5% of patients treated with PCSK9 inhibition (A). Additional 

cost-effectiveness acceptability curves for both strategies separately (B: Lifetime benefit-based 

treatment; C: 10-year risk-based treatment).
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Discussion

In the present study it is shown that lifetime benefit-based treatment decisions results in 
lower costs per QALY gained than 10-year risk-based treatment decisions, at least in this 
illustration example of PSCK9 inhibition in patients with stable CVD. The expected costs 
per QALY gained for treatment of 10% of patients based on the highest lifetime benefit 
was €39,800/QALY and based on the highest absolute risk reduction was €54,300/QALY. 
Although the results are sensitive to the assumptions made, our scenario analyses show 
that treating patients the lifetime benefit based treatment strategy remained favourable 
compared to the traditional absolute risk reduction based treatment strategy in all 
scenarios. 

Increasing evidence suggests that estimation of lifetime benefit may help to identify 
a group of patients with previously underappreciated long-term potential for benefiting 
from preventive treatment. A large pooled survival analysis with more than 900,000 
person-years using data from 5 community-based cohort studies from 1964 through 
2008 showed that individuals with an index age of 45 with at least 2 risk factors lose 14 
life-years free of CVD compared to individuals with optimal risk factor profiles. The loss in 
life-years free of CVD for individuals with an index age of 75 was only 4 years, compared to 

Figure 6. Incremental cost-effectiveness plane of the lifetime benefit-based strategy and the 10-

year risk-based treatment strategy for 20% of patients treated with PCSK9 inhibition (A). Additional 

cost-effectiveness acceptability curves for both strategies separately (B: Lifetime benefit-based 

treatment; C: 10-year risk-based treatment).
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individuals with optimal risk factors. This suggests that long-term exposure to risk factors 
at younger age has more impact on life-years lost, despite the fact that 10-year CVD-risk 
is still low.6, 46 

These findings are also in line with a modelling study on of aspirin use in healthy 
women.10 That study showed that aspirin use is associated with the highest lifetime 
benefit in younger women with otherwise high risk factor levels. In contrast, the women 
with the highest 10-year CVD-risk, who were generally older, experienced a lower lifetime 
benefit of aspirin use to prevent CVD. It was suggested that treatment decision making 
for the highest treatment effect based on lifetime benefit improved health outcomes.9, 47, 

48 In a microsimulation based on a population based cohort of individuals aged 55 year 
and older, it has been shown that the youngest individuals with high risk factor levels 
have the highest CVD free gain in life-expectancy with statin therapy.9 However, based 
on these studies the question remains whether improvements in health outcomes would 
outweigh the costs of longer treatment duration in these younger patients.

Our findings provide evidence that the improved health outcomes due to treatment 
decisions based on the highest lifetime benefit do outweigh the costs of longer treatment 
duration compared to treatment decisions based on the highest risk reduction. This raises 
the question whether or not lifetime benefit-based strategies should be recommended 
for other treatments and in other patient populations. The scenario analyses estimating 
the influence of different assumptions in the model gives a sense of changing parameters, 
but it is merely speculating whether the lifetime benefit-based treatment strategy is 
superior to the 10-year risk-based treatment strategy in other settings. Whether the cost-
effectiveness of the lifetime benefit based treatment decisions are generalizable in other 
populations, for instance in a primary prevention setting, should be established in other 
studies. Additional, before lifetime benefit can be used to guide clinical decision making 
in other settings, thresholds at which treatment is recommended should be investigated. 
For a specific preventive intervention, a cost-effectiveness analysis can be performed to 
establish a threshold of disease free lifetime benefit gained at which an intervention is 
cost-effective. For PCSK9 inhibition in a population with stable CVD and a willingness to 
pay €50,000 per additional QALY, lifetime benefit-based treatment is cost-effective for 
patients with a lifetime benefit of >3.1 years.

Strengths of this study include the use of the microsimulation model, in which a 
cohort of patients can be exposed to multiple strategies with a lifetime horizon. It also 
made it possible to simulate the effect of multiple strategies for individual patients 
instead of simulations on a population level. Also, we based our assumptions on recent 
peer-reviewed literature and adjusted event probabilities and risk of death for the age and 
cardiovascular history of patients. Furthermore, we performed various scenario analyses 
and sensitivity analyses that showed the effect of assumption on the cost-effectiveness.

Some limitations should be considered. First, in this cost-effectiveness analysis, we 
used PCSK9 inhibitions as an example. It is unsure whether our results are generalizable 
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for other treatments. Hypothetically, selection of patients based on lifetime benefit is even 
more cost-effective compared to 10-year risk based selection for less expensive treatments 
with similar efficacy, for example statins. However, longer treatment duration with 
different medication also results in more adverse effects. It is merely speculation whether 
this outweigh the potential gain in QALYs. It would be reassuring to find similar results 
with for example statin therapy in primary prevention setting, statin therapy in patients 
with diabetes mellitus, or PCSK9 inhibition in patients with familiar hypercholesterolemia. 
Secondly, we only modelled the effect of treatment on first recurrent events, but not on 
subsequent ones. This might have led to slight underestimation of the cost-effectiveness 
of both strategies. However, taking subsequent event into account would only have led to 
a more prominent difference between them and, thus, would not change our conclusions. 
Third, the possibility to postpone treatment to an older age was not taken into account. 
For the selection of patients with the highest lifetime benefit, the possibility to postpone 
treatment will not influence the selection, since the life-year gained only decrease with 
postponed treatment. For the selection of patients with the highest 10-year risk reduction, 
there could be a difference in patient selection due to increasing 10-year risk with age, 
and aligned with that an increased 10-year risk reduction. However, the results of our 
study would not be different, since the utility gain and the costs for treatment in patients 
with a postponed treatment will be similar to the relative older patients selected at the 
start of the simulation. 

Finally, the harm and disutility of PCSK9 inhibition was not incorporated in the model. 
Assuming that harm is independent of the cardiovascular risk and benefit of the treatment, 
this would be similar for the patients treated based on the highest lifetime benefit and the 
patients treated based on the highest absolute risk reduction. However, patients with the 
highest lifetime benefit are treated for a longer duration. Since PCSK9 inhibitors are a new 
class of drugs, there is limit information on the harm of PCSK9 inhibition, especially on the 
long run. Therefore the microsimulation analyses should be re-adjusted including harm of 
treatment whenever any risk of harm is observed.

In conclusion, lifetime benefit-based treatment decisions for patients are cost-
effective compared to treatment decisions guided by 10-year risk estimates, at least in 
this example for PCSK9 inhibition in patients with stable CVD.
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Supplementary appendix

REACH-SMART model1

The REACH-SMART model is a prediction model with a lifetime horizon. It has been 
developed in the REduction of Atherothrombosis for Continued Health (REACH) and 
external validated in the Secondary Manifestations of ARTerial disease (SMART) cohort. 
REACH and SMART are prospective cohort studies of patients with clinical vascular disease 
or vascular risk factors. Study details have been described elsewhere.2 3 The statistical 
methods of the model were previously described in detail.4 5 In short, two Fine and Gray 
competing risk models were fitted for cause specific estimates of the cumulative incidence, 
one for recurrent vascular events (stroke, MI, or vascular death) and one for non-vascular 
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 pre-specified based on existing prediction 
models and on availability in both datasets. Nine predictors were used for both Fine and 
Gray 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 
vascular disease (i.e., CAD, CVD, and PAD), history of atrial fibrillation (yes/no) and history 
of congestive heart failure (yes/no).

Beginning at the starting age of each individual, the cumulative survival free of 
myocardial infarction (MI) and stroke was estimated for each subsequent year. The 
estimated survival free of MI and stroke at the beginning of each life-year was multiplied 
by the survival probability during that year. The survival probability was obtained by 
subtracting vascular risk and non-vascular mortality risk from one.

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%. The REACH-SMART model can estimate 10-year CVD-risks, by truncating cause-
specific estimates of vascular risk at 10 years after the starting age. An individual’s benefit 
from lifelong treatment was estimated as the difference between the estimated survival 
with and without treatment.
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Supplemental table 1. Annual event risks and mortality multipliers.

 Base case
Lower 
bound

Upper 
bound Source Reference

Mean annual event risk*(%)
Myocardial infarction 1.26 Observational study 3

Stroke 0.66 Observational study 3

Resuscitated cardiac arrest 0.10 RCT 6

Revascularization 2.23 Observational study 3

Chronic heart failure 0.49 RCT 6

Mortality multipliers
Stable CVD
Coronary artery disease 2.5 2.3 2.7 Observational study 7

Cerebrovascular disease 2.3 2.0 2.7 Observational study 8

Peripheral artery disease 3.1 1.9 4.9 Observational study 9

Abdominal aortic aneurysm 1.7 1.6 1.8 Observational study 10

Myocardial infarction 2.4 2.1 2.7 Observational study 3

Stroke 1.9 1.6 2.2 Observational study 3

Resuscitated cardiac arrest 2.4 2.1 2.7 Observational study 3

Revascularization 1.6 1.3 2.1 Observational study 11

Chronic heart failure 2.1 1.8 2.7 Observational study 12

*Mean annual event risk is the risk for a 60 year old patient.

PSM 20181011 Proefschrift Berkelmans BW.indd   103 07-11-18   09:35



Chapter 4

104104

Supplemental table 2. Costs and utilities.

Base 
Case

Lower
bound

Upper 
bound Source Re

fe
re

nc
e

Costs
Drug (annual costs for 1 patient)
PCSK9 inhibitors € 5,981 € 4,486 € 7,476 Official tariff 13

Event
Myocardial infarction € 5,037 € 3,778 € 6,296 Observational study 14

Stroke € 19,030 € 14,273 € 23,788 Dutch registries 15

Resuscitated cardiac arrest € 28,636 € 21,477 € 35,795 Observational study 16

Revascularization € 6,944 € 5,009 € 8,349 Observational study 14 16 17

Post-event care
Stroke € 9,827 € 7,370 € 12,284 Dutch registries 15

Chronic heart failure € 6,569 € 4,927 € 8,211 Dutch registries 15

Other costs
Doctor’s visit € 109 € 69 € 157 Official tariff 18

Pharmacy € 26 € 11 € 52 Official tariff 18

Laboratory € 25 € 17 € 37 Official tariff 18

Utilities
Stable CVD 0.78 0.69 0.83 Observational study 19

Myocardial infarction 0.65 0.56 0.70 Observational study 19

Stroke 0.64 0.55 0.69 Observational study 19

Resuscitated cardiac arrest 0.65 0.42 0.75 Observational study 20

Chronic heart failure 0.63 0.51 0.72 Observational study 21
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Supplemental figure 1. Age-adjusted annual event rates in percentage.
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Abstract

Background - Individual risk prediction can be used to optimize and support treatment 
decisions regarding cardiovascular disease (CVD) prevention in clinical practice. 
Estimating patient risk using prediction models such as the Swedish National Diabetes 
register (NDR) CVD risk prediction model may be limited by incomplete patient data, a 
common occurrence in clinical practice.

Purpose - To compare the validity of five methods for handling missing patient 
characteristics required to estimate CVD risk using the Swedish National Diabetes Registry 
(NDR) risk prediction model. 

Methods - The performance of the missing data methods was assessed using data from 
the Swedish NDR ( n=419,533) and Scottish Care Information (SCI) ˗ Diabetes register 
(n=226,953). Five methods for handling missing data were compared: 1) Reduced 
model method. Development of 2^n models, one model for each possible combination 
of available characteristics. 2) Hybrid model method. With one missing variable this 
method is similar to the reduced model method. With >1 predictor missing, the median 
value of a predictor was imputed to use multiple reduced models, taking the average 
as risk. 3) Conditional single imputation. 4) Median imputation. 5) The naïve approach. 
Baseline population survival adjusted by factors determined by independent risk ratio 
and population prevalence of available characteristics. The validity of each method for 
handling missing data was compared using calibration plots and c-statistics.

Results - There was no difference in terms of calibration or discrimination with identical 
c-statistics by missing data method (0.82 (95% CI 0.82-0.83) in NDR and 0.74 (95% CI 0.74-
0.75) in SCI-Diabetes database) . Analyses of patients of the NDR with complete data 
after randomly deletion of variables, lowered c-statistics of median imputation and naïve 
approach when age was excluded. C-statistics were 0.75 (95% CI 0.74 - 0.75) compared to 
0.80 (95% CI 0.80-0.81) of other methods dealing with missing data.

Conclusion - Pragmatic imputation of missing values by median values resulted in reliable 
predictions, though were less reliable for imputing important characteristics such as age.
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Introduction

Several prediction models are currently recommended by national clinical guidelines 1-3, 
and is expected to increase in the future.4-6 Unfortunately, an important barrier to their use 
in clinical practice is the potential unavailability of the necessary patient data required to 
estimate risk. Due to this problem, healthcare providers may choose against using the risk 
prediction tool leading to possible suboptimal care.  Options for addressing incomplete 
data in the clinical setting are limited. One approach is to replace the missing value with 
the median value for a given population but the validity of this approach is unknown and 
in general, missing data are not randomly missing. Existing, inflexible prediction models 
incapable of overcoming this barrier do not match the requirements of clinical practice 
and limit the use of prediction models. 

Extensive research has been conducted to investigate the effect of and methods for 
handling missing data in large datasets. Much of the work conducted in the risk prediction 
field has been primarily focused upon the effect of different imputation methods on risk 
prediction model development where missing data occurs in the development cohort.7-9 
There is limited evidence on methods to deal with missing patient characteristics in 
individual cases. In examples with classification trees and logistic models, reduced 
modelling approaches seem to be the most accurate way of deal with missing data, 
however this is not shown for cox proportional hazard models.10 Reduced modelling is a 
method in which new models are derived for each combination of missing variables. In 
cases where the number of available variables is low then each available variable becomes 
more important, with different coefficients in each model. Reduced modelling, however, 
comes at a cost, either in terms of storage or computation time. Therefore, an accurate and 
more efficient method is preferred. Other proposed method for handling incomplete data 
in this setting are the hybrid model method10, conditional single imputation, mean/median 
imputation11, or the naïve approach.12 The hybrid method is similar to reduced modelling 
if only 1 (or 2 variables) are missing. New models are derived for each combination of 
variables, assuming a maximum of missing variables. However, exceeding the maximum 
number of missing variables will be solved by imputation of the mean/median value of 
the additional missing variables. With the naïve approach predictions are based upon the 
population baseline survival. The naïve approach does not use regression modelling to 
predict individual risks. If no characteristics are known of an individual patient, the mean 
population risk is the most accurate estimate of risk for that patient. For every additional 
characteristic known, a more accurate risk prediction can be estimated by combining the 
population baseline survival with the population prevalence of that characteristic and the 
independent hazard ratios of that characteristic. 

The objective of the present study is to compare the validity of 5 methods for dealing 
with missing patient characteristics in a cardiovascular disease (CVD) prevention setting 
for patient with type 2 diabetes mellitus (T2DM) using an update of the 5-year risk 
equation from the Swedish National Diabetes Registry (NDR) as an example.13
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Methods

Study population
Data for this study were obtained from the Swedish NDR and the Scottish Care Information-
Diabetes (SCI-Diabetes) database. Patients were aged >18 years with a diagnosis of T2DM 
registered in the Swedish NDR14 between 2002 and 2012 or in the SCI-Diabetes register 
between 2004 and 2016. The definition of T2DM in the Swedish NDR was treatment 
with 1) diet only, 2) oral hypoglycaemic agents only, or 3) insulin only or combined with 
oral agents, and onset age of diabetes ≥40 years. In the SCI – Diabetes database T2DM 
was defined using an algorithm which uses information from the clinician recorded 
diabetes type, prescription data (use of and timing of sulphonylureas and insulin) and 
age at diagnosis. People with a previous diagnosis of cancer (ICD-10 codes C00-C97) were 
excluded, due to their increased risk of mortality and CVD.15 Use of each register’s data 
was approved by institutional review boards.

Baseline characteristics
Clinical characteristics at baseline for patients registered in the Swedish NDR and 
SCI –Diabetes database were data collected in the first year after registration. Clinical 
characteristics included in the updated Swedish NDR risk score? were age (years), sex 
(female/male), age at onset of T2DM (years), smoking status (yes/no), body-mass index 
(BMI in kg/m²), systolic blood pressure (SBP in mmHg), haemoglobin A1c (HbA1c in mmol/
mol), non-high-density lipoprotein cholesterol (non-HDLc in mmol/l), albuminuria (no/
micro/macro), estimated glomerular filtration rate (eGFR in ml/min/1.73 m²), retinopathy 
(yes/no), and a history of CVD (yes/no) and atrial fibrillation (yes/no). Micro-albuminuria 
was defined as an albumin/creatinine ratio 3-30 mg/mmol or urine-albumin 20-300mg/l, 
and macro-albuminuria was defined as an albumin/creatinine ratio >30mg/mmol or 
urine-albumin >300mg/l.

Methods handling missing data
In addition to an update of the Swedish NDR risk equation13 (supplemental methods), a 
random 25% of patients of the Swedish NDR (development dataset) was used to generate 
the necessary framework for each method for handling missing data. These five developed 
methods were:

1. Reduced model method. Starting with a model including all predictors (full 
model), all other possible models with a combination of fewer predictors was 
developed. The full model consists of 13 predictors. Therefore, for the reduced 
model method, 2 1̂3 = 8192 models were developed within the development 
dataset.

2. Hybrid model method. Starting with a full model including all predictors, all 
other possible models with one predictor missing (with the exception of age 
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and sex) were developed. When more than 1 predictor is missing, the median 
value for continues variables or mean value for categorical variables of the other 
predictor in the development dataset was used. This approach generates multiple 
predictions (one for every missing value), which were averaged to end with a 
single risk prediction.

3. Conditional single imputation to impute variables based on the available 
characteristics. All missing values were estimated with one linear or one logistic 
regression model in R for continuous and categorical predictors respectively. In 
the case of multiple missing variables, imputation consisted of 30 iterations.

4. Median imputation method whereby median values for continuous predictors 
and mean values for categorical predictors from the development dataset were 
imputed.

5. The naïve approach. The baseline population survival of the development 
dataset, the prevalence of each categorical predictor, and the mean values of the 
continuous predictors were stored. Also, the independent hazard ratios for all 
predictors were gathered from the updated risk equation. This enabled calculation 
of individual risk based on the formula: baseline population survival^(hazard 
ratio/population relative risk), where the population relative risk is equal to 
(prevalence of a factor)*HR of the factor +  (1-prevalence) * 1.0 for categorical 
variables. For continues variables, the (hazard ratio/population relative risk) is 
equal to the (hazard ratio*individual continues value)/(hazard ratio*median value 
of population). 

Validation of methods dealing with missing data
In the remaining 75% of patients (test dataset) from the Swedish NDR, real-world missing 
data was available to compare the methods for handling missing data. Each method for 
handling missing data was applied in the estimation of five-year risk for all patients using 
the updated Swedish NDR risk equation. The effect of missing data on the predictive 
accuracy of risk predictions was quantified by comparing C-statistics and calibration 
plots, stratified by the number of missing variables. For additional analyses, in patients 
without  missing data, missing patient characteristics were introduced in two ways. First, 
one patient characteristic was assumed missing at one time for all patients. This resulted 
in predictions for patients with 12 of 13 characteristics available. All 13 characteristics 
were excluded one by one, which enabled observations of accuracy of methods dealing 
with missing characteristics influenced by important and less important predictors in the 
subset of patients with complete data only. 

Second, for all patients with complete data, patient characteristics were randomly 
excluded. However, the number of missing patient characteristics was fixed. This 
resulted in 13 analyses with 1 up until 13 missing patient characteristics. Thus, the first 
analysis performed this way included all patients with complete data, with 1 randomly 
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excluded variable in these patients. The second analysis was performed in all patients 
with complete data, introducing 2 randomly excluded variables. This continued for any 
number of randomly excluded variables until all 13 patient characteristics were missing.

External validation of methods dealing with missing data
For external validation of the methods, data from the SCI-diabetes database with real-
world missing data were used. Recalibration of the Swedish NDR 5-year risk equation for 
the Scottish population was performed in an imputed 25% of the patient data to take 
into account differences in baseline hazards (supplemental methods). The methods 
for dealing with missing patient characteristics were applied in the remaining 75% of 
the patients with real-world missing data. Predictions were based on imputations and 
population means derived from the Swedish NDR development data. This was done for 
the hybrid model method, conditional single imputation method, median imputation 
method, and naïve approach. The reduced model method was not feasible due to 
necessary recalibration of 8,192 developed (reduced) models. All statistical analyses were 
conducted using R version 3.4.1.

Results

Baseline characteristics
The baseline characteristics (including percentage of missing characteristics) of patients 
in the Swedish NDR development dataset (n = 104,883), the Swedish NDR test dataset 
(n = 314,650) and the external validation SCI-diabetes database (n = 170,215) are shown 
in table 1. Notably, in the Swedish NDR and the SCI-diabetes database, age, sex, history 
of CVD, and history of atrial fibrillation were always available (0% missing), and also age 
at onset of T2DM and retinopathy was never missing in the SCI-diabetes database. The 
remaining missing data were not missing completely at random. Patients without missing 
data tend to be younger (median age of patients: 65 years versus 66 years without versus 
with missing data). Also, patients without missing data had a longer duration of diabetes, 
with a difference in median duration of 2 years.
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Validity of methods dealing with missing patient characteristics in the Swedish NDR
In the test dataset of the Swedish NDR with real-world missing patient characteristics, the 
predicted 5-year risks using any of the methods dealing with missing data showed good 
agreement with 5-year observed risks (figure 1). There was no difference in discriminative 
power as evaluated by c-statistics of 0.82 (95% CI 0.82-0.83) for all methods. Also, when 
stratified for the number of missing characteristics, no differences in c-statistics between 
the methods were observed (figure 2). Even with 9 missing patient characteristics (only 
age, sex, history of CVD, and atrial fibrillation available), c-statistics remained high with 
0.81 (95% CI 0.78-0.83)

The results were different in a dataset of randomly introduced missing data in the 
subset of patients of the Swedish NDR with complete data (n = 46,971). When the most 
important variable (i.e. age; supplemental table 1) was missing, the single imputation 
method, reduced model method, and hybrid model method resulted in c-statistics of 0.80 
(95% CI 0.80-0.81) versus c-statistics of only 0.75 (95% CI 0.74 - 0.75) achieved by median 
imputation or the naïve approach (figure 3). Missingness in the most important variables 
(i.e. age or history of CVD based on the chi-squares of model variables; supplemental table 
1) resulted in 5% underestimation of predicted risk in the highest quintile of observed 
risk when median imputation or the naïve approach was applied (supplemental figure 1). 
The observed and predicted risk showed adequate agreement when applying the other 
methods.

With the introduction of multiple random missing characteristics, the single imputation 
method and reduced model method were more accurate than the hybrid method, 
median imputation, and naïve approach. C-statistics of single imputation and reduced 
model method compared with the other methods remained higher with increasing 
numbers of randomly excluded missing characteristics (figure 4). The largest difference 
in c-statistics between single imputation and reduced model method compared to the 
other methods was observed with 10 missing variables (c-statistic of 0.68 versus 0.62). 
Also, calibration plots showed that the hybrid method, median imputation, and naïve 
approach underestimated predicted 5-year risks compared to observed 5-year risks with 
increasing number of missing variables (supplemental figure 2).
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Figure 2: C-statistics for each method for handling missing patient characteristics in the Swedish 

national diabetes register (n = 314,650) using by number of missing patient characteristics.

Figure 1: Calibration plot of observed versus predicted risk among patients in the Swedish national 

diabetes register (n = 314,650) with real-world missing patient characteristics by five methods for 

dealing with missing characteristics.
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External validity of methods dealing with missing patient characteristics in the SCI-diabetes 
database
After recalibration of the Swedish NDR risk equation (supplemental methods), in 
the clinical data of the SCI-diabetes database (n = 170,215), there was no difference in 
discriminative ability between the hybrid method, single imputation, median imputation, 
or naïve approach with c-statistics of 0.74 (95% CI 0.74-0.75; figure 5). Predicted 5-year risk 
was similar to observed 5-year risk for the patients with a risk <30% using each of the five 
methods for handling missing data. In patients with an observed risk >30%, all methods 
overestimated risk as expected based on the recalibration curve (supplemental figure 3).

Figure 3: C-statistics for each method for handling missing patient data among a subset of people 

with complete data and in whom missing data were introduced for each missing characteristic 

separately from the Swedish national diabetes registry (n=46,971).

Figure 4: C-statistics for each method for handling missing patient data among a subset of people 

with complete data and in whom missing data were randomly introduced from Swedish national 

diabetes registry (n=46,971) by number of missing patient characteristics introduced.
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Figure 5: C-statistics for each method for handling missing data among people in the Scottish Care 

Information - diabetes database (n=170,250) by number of missing characteristics.

Discussion

In this study, five methods for dealing with missing patient characteristics were 
developed and validated in real-world test datasets with missing characteristics and in 
data with randomly introduced missing characteristics. The hybrid model method, single 
imputation, median imputation, and naïve approach all showed similar discrimination and 
good calibration compared to the reduced model method. When important predictor 
variables were missing, such as age and history of CVD, the most optimal accuracy was 
achieved by single imputation or the reduced model method. Here, when age, history of 
CVD, atrial fibrillation, and sex were available and 9 out of 13 variables were imputed using 
any of the five methods tested, the individual predictions were reliable.

The results of this study are comparable to previous studies in a diagnostic setting.11 
In a study with a diagnostic prediction model for deep venous thrombosis (DVT), the 
authors compared multiple imputation to other strategies for handling missing data. 
In the absence of a D-dimer test (strongest predictor for the diagnosis of DVT), multiple 
imputation was the best way for dealing with missing characteristics. In the absence of 
calf circumference, which is a weak predictor for the diagnosis of DVT, all strategies had 
similar results in terms of calibration and c-statistics. However, it must be emphasized that 
in the clinical setting for diagnosing DVT, only a few variables are needed in the model 
that are usually available. In prediction models predicting CVD usually 6 to 16 variables are 
needed for predictions and therefore the chance of missing variables becomes higher.16 

In our study, the results did not differ by missing data method when handling 
incomplete weak predictors since these weak predictors have limited effect on predictive 
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accuracy. Therefore, any of the proposed method were able to adequately deal with 
missing weak predictor 17 18  The opposite is true when strong predictors are missing. In 
the case of missing strong predictors, the method resulting in the closest estimate of the 
true value of the strong predictor is more likely to have the highest predictive accuracy 
compared to other methods. Thus, for dealing with missing strong predictors, the median 
imputation and the naïve approach are insufficient.

These findings should encourage the addition of imputation models within apps or 
web-based calculators to handle incomplete data to enable physicians to reliably use risk 
prediction models in the presence of missing patient characteristics. Although imputation 
solves a problem of missing characteristics in clinical practice, it should be emphasized 
that it is still preferred to have complete data available. Any method for dealing with 
missing data using prediction models results in a small loss of predictive accuracy.

While the reduced model method, hybrid model method, single and median 
imputation methods, provide actual numbers for missing data, the naïve approach uses 
the population baseline hazard and the hazard ratios from the risk equation to estimate 
individual risks.12 Interestingly, this fundamental difference in methods did not lead 
to differences in c-statistics or calibration. Thus, with all characteristics available, the 
naïve approach was as accurate as predictions using Cox proportional hazard models. 
This could provide further opportunities when other important patient information is 
available in addition to predictors in a risk model, such as coronary calcium score19 or 
family history20. Both are mentioned in the ESC guidelines to downgrade or upgrade the 
risk in intermediate risk categories.21 With the naïve approach, this information could be 
added to an existing model if the hazard ratio from large studies, ideally adjusted for all 
predictors in the model, and prevalence in the population is known. 

Some strengths and limitations of the present study should be considered. The 
large number of patients, observational nature, and the methods to gather patient 
data in the Swedish NDR and the SCI-diabetes database allowed for analyses in clinical 
data with real-world missing characteristics that can be generalized to clinical practice. 
Whether the findings of this study could also be generalized to other fields in medicine is 
uncertain. However, the use of imputation as the most accurate way to deal with missing 
characteristics in a DVT example suggests that this method applies for prediction models 
in general. Although five methods were developed, only four methods were externally 
validated in the SCI-diabetes database. The reduced model method was not included for 
the analyses in the SCI-diabetes database due to long computation time, as 8,192 models 
were computed for the Swedish NDR that could not be stored, recalibrated, and used in 
an external dataset. Therefore, the reduced model method, despite being one of the most 
accurate methods for handling missing data, may not be suitable for clinical use when the 
number of predictors is high.

In conclusion, pragmatic imputation of missing values by median values resulted in 
reliable predictions, though were less reliable for imputing important characteristics such 
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as age and history of CVD. The clinical use of cardiovascular prediction tools in clinical 
practice could be facilitated by automatic imputation of missing patient characteristics 
other than age and history of CVD by median values.
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Supplementary appendix

Update of the Swedish national diabetes registry (NDR) risk equation1

Development of an update of the Swedish NDR risk equation was performed in a random 
25% of patients (development dataset) using a Cox Proportional hazard regression model.

Cardiovascular outcome definitions
CVD was defined as a non-fatal coronary heart disease (CHD), non-fatal stroke, or vascular 
mortality. This is based on linkage to cause of death registers and hospital discharge 
registers using ICD-10 codes Non-fatal CHD was defined as non-fatal myocardial infarction 
(ICD-10 code I21), cardiac arrest (ICD-10 code I46), unstable angina (ICD-10 code I20.0), 
percutaneous coronary intervention and/or coronary artery bypass. Non-fatal stroke was 
defined as intra-cerebral haemorrhage, cerebral infarction, or unspecified stroke (ICD-10 
code I61, I63, and I64). Vascular mortality was defined as any death due to CVD (ICD-10 
code I20-I25, I46, I61, I63, I64).

Model development
The risk equation of the Swedish NDR was updated including predictors of the original 
risk equation (age, sex, age at onset of diabetes, smoking status, BMI, SBP, HbA1c, total 
cholesterol and high-density lipoprotein ratio which will be replaced for non-HDLc2 

3, albuminuria, atrial fibrillation, history of CVD and additional risk factors (eGFR and 
retinopathy). Missing data of the development dataset was single imputed. Continuous 
predictors will be truncated at the 1st and 99th percentile to limit the effect of outliers. 
Log-linearity of the relationship between continuous predictors and the outcome will 
be tested with restricted cubic splines and transformation is applied when this improves 
model fit based on Akaike’s Information Criterion (AIC). The proportional hazard 
assumption will be assessed by inspection of the Schoenfeld residuals.

Validation of the updated Swedish NDR risk equation 
The updated Swedish NDR risk equation was internal and external validated in the Swedish 
NDR and the SCI-diabetes database. Model validation was performed assessing goodness 
of fit with calibration plots comparing 5-year predicted and observed risks. Discrimination 
was quantified using a bootstrap method to calculate c-statistics with 95% confidence 
intervals.

Results of updated Swedish NDR risk equation
In the random 25% development dataset (n=104,883) of the Swedish NDR a number 
of 11,446 cardiovascular events occurred in a median follow up of 5.6 years (IQR 3.7-
8.3 years). In the remaining 75% internal validation dataset (n=314,650) of the Swedish 
NDR a number of 34,394 cardiovascular events occurred in equal follow up duration. In 
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the random 25% SCI-diabetes database recalibration dataset (n=56,738) a total of 8,826 
cardiovascular events occurred in a median follow up of 4.8 years (IQR 2.3-7.9 years). In 
the remaining 75% SCI-diabetes database external validation dataset (n=170,215) a total 
of 26,352 cardiovascular events occurred in a median follow up of 4.8 years (IQR 2.2-7.9 
years). The calculation formula of the updated Swedish NDR risk equation is provided in 
supplemental table 2. Based on the AIC, SBP and HbA1c were quadratic terms in to the risk 
equation. eGFR was log-transformed based on the AIC. Interaction between history of 
CVD and age significantly improved model fit (p-value <0.001) and was therefore added 
to the model. 

Internal validation
After updating the risk equation, predicted 5-year risk showed good agreement with the 
observed 5-year risk in the development dataset (supplemental figure 4). C-statistic was 
0.82 (95% CI 0.82-0.83). 

External validation
After recalibration of the Swedish NDR risk equation using 25% of the patients’ data in the 
SCI-diabetes database, the predicted 5-year risks showed good agreement with 5-year 
observed risks (supplemental figure 5). For external validation, the c-statistic was 0.73 
(95% CI 0.73-0.74).
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Supplemental table 1: Chi-squares of variables in the updated NDR risk equation. Age and history 

of vascular disease are the most important variables in the model, based on the highest chi-square.

Variables of updated Swedish NDR risk equation Chi-square
Age (years) 7437
Sex (female/male) 551
Age at onset of T2DM (years) 398
Smoking status (yes/no) 46
Body-mass index (kg/m²) 99
Systolic blood pressure (mmHg) 408
Haemoglobin A1c (mmol/mol) 187
Non-HDLc (mmol/l) 127
Albuminuria (no/micro/macro) 313
eGFR (ml/min/1.73 m²) 197
Retinopathy (yes/no) 3
History of CVD (yes/no) 5898
Atrial fibrillation (yes/no) 1792
Age*history of CVD (interaction term) 421

Supplemental table 2: Calculation formula of 5-year cardiovascular disease (CVD) risk.

5-year risk prediction for CVD with the Swedish NDR risk equation (%)

Sweden: (1 - 0.973^exp(LP)) * 100%
Scotland: (1 - 0.964^exp(LP+0.053848)) * 100%

LP = linear predictor = 0.0838 * (age in years) + 0.2639 (if male) - 0.0174 * (age at onset of 
T2DM) + 0.1582 (if current smoker) + 0.0081 * (body mass index in kg/m2) - 0.0447 * (systolic 
blood pressure in mmHg) + 0.0001 * (systolic blood pressure in mmHg)2 + 0.0295 * (hba1c 
in mmol/mol) - 0.0002 (hba1c in mmol/mol)2 + 0.0081 * (non-HDLc in mmol/l) + 0.1050 (if 
micro-albuminuria) + 0.2291 (if macro-albuminuria) + 0.7732 (if atrial fibrillation) - 0.5170 * 
log(eGFR in ml/min/1.73m2) + 0.0317 (if retinopathy) + 4.4345 (if history of CVD) - 0.0386 * (age 
in years if history of CVD)

NDR: National diabetes registry. T2DM: Type 2 diabetes mellitus. CVD: Cardiovascular disease.
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Supplemental figure 1: Calibration of randomly introduced single missing variables in all complete 

cases of the Swedish national diabetes registry (NDR)
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Supplemental figure 2: Calibration of randomly introduced single missing variables in all complete 

cases of the Swedish national diabetes registry (NDR)
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Supplemental figure 3: Calibration of the Swedish NDR risk equation in the clinical data with 

real-world missing patient characteristics in the Scottish Care Information-diabetes register. Dots 

represent mean risks with 95% confidence intervals of patients grouped by deciles of predicted 

risk.
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Supplemental figure 4: Calibration of the updated Swedish NDR risk equation (internal validation 

of risk score). Dots represent mean risks with 95% confidence intervals of patients grouped by 

deciles of predicted risk.
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Supplemental figure 5: Calibration of the Swedish NDR risk equation in the recalibration data of 

the Scottish Care Information-diabetes register (external validation of risk score). Dots represent 

mean risks with 95% confidence intervals of patients grouped by deciles of predicted risk.
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Abstract

Background - Maximum benefit from intensive lipid-lowering therapy to prevent 
cardiovascular disease (CVD) is achieved by lifelong treatment, but high financial costs 
of PCSK9 monoclonal antibodies (mAbs) urge for consideration of alternative treatment 
strategies. One option is to postpone treatment to later in life, a period associated with 
higher CVD risk. Another option is to treat patients earlier in life, but for shorter treatment 
duration. 

Objective -  To estimate the effect of postponed and/or shortened treatment durations 
compared to lifelong treatment with PCSK9-mAbs in patients with a history of CVD.

Methods - Patients included were 45 to 75 years with a history of CVD originating from 
the SMART cohort. Using a lifetime perspective prediction model (SMART-REACH model), 
lifetime benefit in life years gained was estimated based on CVD-risk, baseline LDL-c, and 
expected 59% reduction in LDL-c with PCSK9-mAbs. Life years gained was calculated 
for postponed and shorter durations of treatment with and without a presumed legacy 
effect.

Results - 10-year postponement of treatment resulted in a loss of treatment benefit 
of 0.2 CVD-free life-years for 5-year, 0.5 years for 10-year and and 1.9 years for lifelong 
treatment. When patients are treated at their current age, the lifetime benefit increases 
with 1.1 CVD-free life-years per 10-year additional treatment duration when no legacy 
effect is assumed. Lifetime benefit of treatment assuming a constant legacy effect is 2.6 
years independent of treatment duration. With an assumed declining legacy effect, a 
treatment duration of 10 year would result in 2.5 year lifetime gain compared to a lifetime 
gain of 3.6 year when treated lifelong.

Conclusion - Postponement of intensive lipid-lowering therapy in patients with vascular 
disease always leads to loss of treatment efficacy. Given the likelihood of a legacy effect, 
it could be considered to discontinue treatment after a treatment period of 3 to 10 years, 
especially in older patients or patients with lower life-expectancy and already low LDL-c 
levels.
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Introduction

Several guidelines recommend lipid-lowering treatment for patients at high risk of 
cardiovascular disease (CVD).1,2 When a patient is considered at high risk of CVD, lipid 
lowering treatments such as statins, ezetimibe and proprotein convertase subtilisin/kexin 
type 9 monoclonal antibodies (PCSK9-mAbs) are prescribed usually lifelong. However, 
these guidelines provide no recommendations for stopping lipid lowering treatment at 
a certain age for futility. High financial costs of PCSK9-mAbs urge for consideration of 
alternative treatment strategies. One option is to postpone treatment to a higher age, 
which is associated with higher risk of CVD, and therefore results in higher absolute 
benefit. Another option is to treat patients earlier in life, but for a limited treatment 
duration., which affects lifelong CVD risk. 

A recent study has shown that elderly patients have less benefit from lipid-lowering 
treatment with high number needed to treat, depending on their medical history and 
clinical characteristics.3 Also, there is evidence for a legacy effect of statins, with a persistent 
effect after 5-year therapy up to 20 years after discontinuation.4-6 Thus, benefits of statin 
treatment do not instantly stop when the drugs are stopped. Although these findings 
suggest that patients may benefit from shorter treatment durations, it is unknown what 
on the optimal moment in life to start or the optimal limited treatment duration of PCSK9-
mAbs. 

PCSK9-mAbs are a class of drugs that effectively reduce low-density lipoprotein 
cholesterol (LDL-c) levels with 50-60%, and reduce the risk of CVD.7-9 Considering the 
high costs of PCSK9-mAbs10, it could be considered to start treatment later in a patient’s 
life or shorten the treatment period and still receive sizeable benefit in terms of CVD risk 
reduction, especially when a legacy effect is assumed due to atherosclerosis stabilization.11 

Recently developed prediction models are able to estimate lifetime individual benefit 
of medication for prevention of CVD in patients with manifest vascular disease expressed 
as years gained from a lifetime perspective, the lifetime benefit.12 The statistical methods 
of these prediction models allow for alterations to estimate effects of postponed 
preventive treatment. It also gives the opportunity to estimate the lifetime benefit of 
stopping medication with or without a legacy effect.

The objective of the present study is to estimate the effect of starting treatment later 
in life and/or a short treatment period compared to lifelong treatment with PCSK9-mAbs 
in patients with clinical evident CVD, to lower the risk of recurrent CVD with and without 
an assumed legacy effect.
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Methods

Study population
Baseline characteristics were used of patients originated from The Secondary Manifest of 
ARTerial disease (SMART) cohort included between 1996 and 2016. The SMART cohort is an 
ongoing, single-center, prospective cohort study.13 For the current study, patients included 
were between 45 and 75 years of age with clinical manifest vascular disease (coronary 
artery disease, cerebrovascular disease, peripheral arterial disease, or abdominal aortic 
aneurysm). Patients with baseline low-density lipoprotein cholesterol (LDL-c) lower than 
1.8mmol/L were excluded, since these patients do not need an intensified cholesterol 
lowering treatment according to current guidelines.

Individual treatment effect estimates of lifelong treatment
Individualized lifetime benefit of treatment is estimated using the REACH-SMART model 
(www.U-Prevent.com). The REACH-SMART model is a prediction model with a lifetime 
horizon. It has been developed in the REduction of Atherothrombosis for Continued 
Health (REACH) and external validated in the Secondary Manifestations of ARTerial disease 
(SMART) cohort. REACH and SMART are prospective cohort studies of patients with clinical 
vascular disease or vascular risk factors. Study details have been described elsewhere.13,14 
The statistical methods of the model were previously described in detail.15,16 In short, 
two Fine and Gray competing risk models were fitted for cause specific estimates of the 
cumulative incidence, one for recurrent vascular events (stroke, myocardial infarction, 
or vascular death) and one for non-vascular 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. Beginning at the 
starting age of each individual, the cumulative survival free of myocardial infarction (MI) 
and stroke was estimated for each subsequent year. The estimated survival free of MI and 
stroke at the beginning of each life-year was multiplied by the survival probability during 
that year. The survival probability was obtained by subtracting vascular risk and non-
vascular mortality risk from one.

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%. To estimate the life-expectancy free of stroke or MI with treatment, an individualized 
hazard ratio PCSK9 inhibition (explained below) is added to the Fine and Gray competing 
risk model for recurrent vascular events. Due to the complementary risk model for non-
vascular death, reducing risk for recurrent CVD results in a larger absolute risk for non-
vascular death. An individual’s benefit from lifelong treatment was estimated as the 
difference between the median estimated survival with and without treatment.
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Treatment effects for treatments at some stage in life with or without a legacy effect
To estimate treatment effects that are of limited duration at any stage in life, the 
individualized hazard ratio for therapy can be added only at the years of treatment to the 
competing risk model for recurrent CVD. Similarly, a legacy effect can be added to the 
model after treatment has been stopped. To estimate an individual’s benefit of treatments 
at some stages in life, the estimated survival curves are divided in parts equal to duration 
of postponed treatment, treatment duration, and treatment withdraw. The differences 
in median survival of these separate parts are estimated, multiplied by the proportion of 
the survival curve, and added up. A simplified example of a survival curve for a 50 year 
old individual patient is given in figure 1. The postponement of treatment for this patient 
results in no difference between median survivals for the first 20% of the survival curve. 
Starting a 15 year treatment after 5 year, will diverge the survival curves with and without 
treatment. The number of years gained in this part is measured at a survival level of 0.62, 
because this is the median between 0.8 (i.e. survival chance at the beginning of this 
treatment interval) and 0.44 (i.e. survival chance at the end of this treatment interval). The 
number of years gained in this part is 3.0 years multiplied by the respective proportion of 
the survival curve (i.e from 0.8 and 0.44 = 0.36). This equals 0.36*3.0 = 1.08 year lifetime 
benefit. After the treatment interval, therapy is stopped, which will converge the survival 
curves. However, there is still benefit in this part (i.e. 4.5 years), shown by a difference in 
median survivals. This difference is also multiplied by the respective proportion of the 
survival curve (i.e. 44%) and this results in an additional 0.44*4.5 = 1.98 years lifetime 
benefit. The total expected lifetime benefit of treatment in this simplified individual 
patient example would, thus, be 0 + 1.08 + 1.98 = 3.06 years.

Figure 1: Median expected lifetime benefit with postponed and shorter duration of treatment.
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Individual hazard ratios of PCSK9 inhibitors
Our assumption on the effect of PCSK9-inhibition was based on the expected LDL-c 
reduction, which is conditional to the baseline LDL-c level.8 On average, PCSK9-mAbs 
have been shown to reduce LDL-c levels by 59%.9 The results of the recent PSCK9-mAbs 
outcome trial correspond with the more robust results from large meta-analyses showing 
a hazard ratio of 0.78 (95% CI 0.76-0.80) for major vascular events per 1 mmol/L LDL-c 
reduction.7,17 There was no indication of a decreasing effect size when LDL-c were reduced 
below 2 mmol/L.17 Thus, for our study the individualized relative treatment effect of 
PCSK9 inhibition on CVD based on expected LDL-c reduction was defined as 0.780.59*LDL-c. 
Individualized hazard ratios (HRs) were calculated for each study participant. We assumed 
that LDL-c reduction has no effect on non-vascular mortality.17

Legacy effect of lipid-lowering therapy
The West of Scotland Coronary Prevention Study (WOSCOPS) showed a reduction of 
cardiovascular events with a HR of 0.79 after 20-years follow-up5, although after 10-year 
follow-up the use of statins was shown to be equal with 35.2% in the original placebo 
group and 38.7% treatment group.18 Based on these results and the reached difference 
in LDL-c of 1.3 mmol/L during the original placebo controlled double blinded trial19, a 
scenario of the legacy effect of lipid-lowering therapy was a remaining effect of therapy 
with a HR of 0.84 per 1 mmol/L LDL-c over the remaining lifespan.

To take in to account treatment duration and possible overestimation of the legacy 
effect, another scenario modelled was a decaying legacy effect of lipid-lowering therapy. 
The effect of lipid-lowering therapy in this scenario is assumed to be equal as on treatment 
effects (HR 0.78 per mmol/L) for half of the on-treatment period. Afterwards, the effect of 
lipid-lowering treatment was reduced with a half-life every half on-treatment period. This 
results in a logaritmic decaying treamtent effect with a HR of 0.78^(0.5^0) = 0.78, 0.78^(0.5^1) = 
0.88, 0.78^(0.5^2) = 0.94, 0.78^(0.5^3) = 0.97 etc. for every passed half on-treatment period after 
stopping treatment. These two scenario’s of treatment effects including legacy effects are 
compared with a scenario were there is no assumed legacy effect.

Statistical analyses
Predictions of the lifetime benefit of PCSK9-mAbs were estimated for all study patients. 
First, this was performed for lifelong, 5 year, and 10 year treatment durations. The 
predictions are made with and without assumed legacy effects. Mean lifetime benefits 
were plot against age to inspect the influence of increasing age of patients on the lifetime 
benefit. The effect of age on the lifetime benefit independent of 10-year risk and LDL-c 
was quantified using linear regression analyses. In addition, a graphical representation 
of lifetime benefit was shown stratified for age groups (45-55 year, 55-65 year, 65-75 
year), risk groups (10%-20%, 20-30%, 30-40%, >40%), and LDL-c (1.8-2.5 mmol/L, 2.5-3.5 
mmol/L, >3.5 mmol/L). 
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To investigate the effect of postponed treatment, the years of postponement between 
0 years (meaning immediate start of treatment at a patient’s current age) and 10 years 
were randomly assigned to the study patients to avoid differences in distributions of age, 
risk, or risk factors. The effect of postponed treatment on the lifetime benefit of a patient 
was calculated for lifelong, 5-year, and 10-year treatment with and without legacy effects. 
The lifetime benefit of patients was inspected with a graphical representation. To quantify 
the effect of postponed treatment independent of a patient’s age, 10-year risk, or LDL-c, a 
linear regression analyses was performed with lifetime benefit as the dependent variable. 
Similarly, the effect of a shortened duration of treatment was investigated by randomly 
assignment of treatment durations between 1 and 20 years, quantifying the effect using 
linear regression models. All statistical analyses were conducted using R version 3.4.1.

Results

Data from 5,739 patients with a history of CVD were used for the present analyses. Mean 
age was 60 ± 8 years and 74% of the patients were male (table 1). Median 10-year risk for 
CVD estimated using the REACH-SMART model was 27% (IQR 22% - 36%).

Table 1: Baseline characteristics

 n = 5,739
Age (years) 61 (54 - 67)
Male 4263 (74%)
Current smoking 1830 (32%)
Type 2 diabetes mellitus 901 (16%)
Systolic blood pressure (mmHg) 138 (126 - 152)
Total cholesterol (mmol/L) 4.9 (4.2 - 5.7)
LDL-c (mmol/L) 2.9 (2.3 - 3.6)
Creatinine (umol/L) 88 (77 - 100)
1 location of CVD 4864 (85%)
2 location of CVD 768 (13%)
3 location of CVD 107 (2%)
Atrial fibrillation 148 (3%)
Heart faillure 285 (5%)
Lipid-lowering medication 3810 (66%)

All data are displayed as median (Inter quartile range) or n (%).
LDL-c: low-density lipoprotein cholesterol 
* Locations of CVD: The number of locations of vascular disease (i.e. Coronary heart disease, cerebrovascular disease, 
peripheral artery disease or abdominal aortic aneurysm and combinations).
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Relation between age at start of PCSK9-mAbs and benefit of treatment
In general, more lifetime benefit can be gained in younger patients than in older patients. 
Also, lifetime benefit increases with start at young age and longer treatment durations, 
with the highest lifetime benefit for younger patients treated lifelong (figure 2). Lifetime 
benefit of a limited duration of treatment is higher with larger assumed legacy effect 
(figure 2). Compared to lifelong treatment delaying start of PCSK9-mAbs treatment with 10 
year results in a decrease of 1.8 year (95% CI 1.7 – 1.8 year) CVD free life benefit (for example 
starting at age 70-years instead of starting at age 70-year). This lower benefit is adjusted for 
10-year risk and LDL-c which is typically higher in older patients (table 2). It is also adjusted 
for life-expectancy, which is higher in younger patients with a median of 68 year (IQR 65-
73) for patients of 45 to 50 years old, and 81 (IQR 79 – 83) for patients of 70 to 75 years old. 
Thus, lifelong treatment for young patients would mean treating for about 20 years, and 
for older patients that would be treating for approximately 10 years. Limited treatment 
durations of 5 or 10 year have the same lifetime benefit irrespective of age at start of PCSK9-
mAbs therapy, assuming no legacy effect (figure 2). However, it must be noted, that this is 
independent of increasing 10-year risks and LDL-c at older age. When assuming a legacy 
effect, short durations of treatment starting at younger age always results in more lifetime 
benefit, with increasing lifetime benefit with increasing assumed legacy effects (table 2).

Exploratory analyses which group of patients benefit most from lifelong treatment, 
and thus without legacy effect, are shown in figure 3. Notably, younger patients with the 
highest LDL-c have the most benefit from lifelong treatment.

Figure 2: Effect of age of patients on lifetime benefit in life years gained for lifelong and five year 

treatment duration (left) and lifelong and ten year treatment durations (right), with and without 

assumed legacy effects.
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Figure 3: Lifetime benefit of lifelong treatment with PCSK9-mAbs stratified for age groups, LDL-c 

levels, and CVD-risk. Lifelong treatment of younger patients with high LDL-c levels results in the 

highest lifetime benefit.
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Relation between delaying the start of treatment and lifetime benefit
As shown in figure 4, postponement of treatment results in a decrease in lifetime benefit 
in any of the scenarios (lifelong treatment, 5-year treatment with and without legacy 
effect, or 10-year treatment with and without legacy effect). The largest decrease due to 
delaying treatment was seen in the lifelong treated patients with a decrease of 1.9 year 
(95% CI 1.8 – 1.9 years) in lifetime benefit per 10-year postponed treatment. For example 
a 45 year old patient, who would start PCSK9-mAbs treatment at 55 years leads to 1.9 year 
less gain in lifetime benefit. 

Adjusted for age, LDL-c, life-expectancy, and 10-year risk, postponement of treatment 
was least disadvantageous on the lifetime benefit with a 0.2 year (95% CI 0.2 – 0.2 years) 
lower lifetime benefit per 10-year postponed treatment (table 3). 

Figure 4: Effect of postponement of 5-year treatment (left) and 10-year treatment (right) compared 

to lifelong treatment (red lines) with and without a presumed legacy effect.

Relation between duration of PCSK9-mAbs treatment and lifetime benefit
The expected average lifetime benefit of patients randomly assigned to a treatment 
duration varying from 1 to 20 years is plotted against lifetime benefit (figure 5). Naturally, 
maximum treatment effects can be achieved by lifelong treatment with an average CVD-
free life years gained of 3.6 years, and this scenario can be used as a comparison for the 
effect of shortened treatment strategies. When treatment duration is shorter, the impact 
of the treatment duration on the lifetime benefit depends on the assumption of a legacy 
effect. Without a legacy effect, the lifetime benefit of patients is 1.1 year (95% CI 1.1 - 1.2) 
more for each 10-year longer treatment duration, presumably until lifelong treatment. 
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With a constant legacy effect as assumed based on the WOSCOPS5, the lifetime benefit is 
0.2 year (95% CI 0.2 – 0.2 years) higher for each 10 year longer treatment duration (table 4). 
However, most of the CVD-free gain in life years with a constant legacy effect is expected 
to be at the moment treatment has started (figure 5), and does not depend on treatment 
duration. When the legacy effect decays conditional on treatment duration, the lifetime 
benefit is 2.5 year (95% CI 2.4 – 2.5 years) higher with a treatment duration between 1 and 
10 year and 0.75 year (95% CI 0.73 – 0.76 years) higher between 10 and 20 year treatment 
duration (table 4). The most lifetime benefit is gained in the first 10-years of treatment 
(figure 5).

Figure 5: Effect of different treatment durations with and without legacy effect. Lifelong treatment 

was not shown in this figure.
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Table 4: Relation between duration of PCSK9-mAbs treatment and lifetime benefit

 Legacy effect
 Without Constant Decay
Duration of treatment  
(per + 10-year)

1.1 (1.1 - 1.2) 0.2 (0.2 - 0.2) 1.1 (1.1 - 1.1)*

Age  
(per +10 years)

-0.1 (-0.2 - -0.1) -1.3 (-1.2 - -1.3) 0.0 (-0.1 - 0.0)

10-year CVD risk  
(per +10%)

0.1 (0.1 - 0.1) 0.2 (0.2 - 0.2) 0.1 (0.0 - 0.1)

Median life expectancy  
(per +10-years)

-0.1 (-0.1 - 0.0) 0.8 (0.7 - 0.9) 0.1 (0.0 - 0.1)

LDL-c  
(per +1 mmol/L)

0.4 (0.4 - 0.4) 0.9 (0.9 - 0.9) 0.7 (0.7 - 0.7)

Regression coefficients of the effect of treatment durations on lifetime benefit in life years gained independent of age, 10-
year CVD risk, life-expectancy, and LDL-c levels. Maximum benefit of lifelong durations was on average 3.6 years. Data are 
displayed as life years gained with 95% CI. LDL-c: low-density lipoprotein cholesterol. * per 1 log(duration in years).

Discussion

This study shows that starting PCSK9-mAbs treatment later in life and limited treatment 
duration results in lower lifetime benefit in terms of CVD free life in CVD patients. Younger 
patients with high LDL-c levels have the highest expected lifetime benefit from lifelong 
treatment. Postponement of treatment in patients eligible for treatment will always results 
in loss of efficacy and efficiency of treatment to prevent a recurrent myocardial infarction, 
stroke, or vascular death, independent of the treatment duration or an assumed legacy 
effect. Also, lifelong treatment durations always result in the highest lifetime benefit. 
However, depending on the legacy effect, the gain in lifetime benefit is not constant 
with the duration of treatment. Assuming a constant legacy effect, most of the benefit 
of treatment is obtained in the first years of treatment. As shown in figure 5, the lifetime 
benefit of treatment assuming a constant legacy effect is 2.6 years at a duration of only 1 
year, compared to a maximum of 3.6 years gain when treated lifelong treatment. With an 
assumed declining legacy effect, a treatment duration of 10 year would result in 2.5 year 
lifetime gain compared to a lifetime gain of 3.6 year when treated lifelong, which is on 
average 20 years of treatment. If there is no assumed legacy effect, the gain in benefit is 
constant with the duration of treatment. 

Legacy effects have been suggested for lipid-lowering and blood-pressure lowering 
treatment, and for glucose-lowering treatment in patients with diabetes mellitus.20 For 
lipid-lowering therapy, the legacy effect during extended open-label study follow-up 
ranged from an odds ratio of 0.82 to 1.06, with an overall odds ratio of 0.88 based on 8 
studies (average 6 years of follow-up after trial ending).21 The effect of blood pressure-
lowering therapy during extended follow-up without differences in treatment ranged 
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from an odds ratio of 0.57 to 1.07, with an overall odds ratio of 0.85 based on 18 studies.22 
For glucose-lowering therapy, evidence is contradicting. The risk for CVD is reduced in 
extended follow-up of the Diabetes Control and Complications Trial (DCCT)23 and UKPDS 
trail, but not for patients included in the ADVANCE trial.24 However, the legacy effect of 
glucose-lowering therapy did reduce risk of end-stage renal disease in all trials.20 Also, 
when bariatric surgery is performed in patients with type 2 diabetes, patients with a 
transient period of type 2 diabetes remission compared to patients without a remission 
have a lower long-term microvascular disease risk. The length of time spend in remission 
was related to the risk reduction of microvascular disease, with a 19% reduction in risk 
for every additional year spend in remission.25 All these examples provide evidence of 
a legacy effect, however, the magnitude of the estimated legacy effects varies between 
studies. The duration of a legacy effect is unknown. In the present study we assumed 
a lifelong legacy effect as well as a decaying legacy effect. The legacy effect seen in 
these studies might be explained by vascular biology. When comparing carotid intimal 
medial thickness (CIMT) between patients on statins and placebo, after a mean treatment 
duration of 26 months, there was a significant regression of CIMT in patients using 
statins.26 Also, a combination of ezetimibe and statin therapy showed greater coronary 
plaque regression compared to statin monotherapy.27 Thus, patients treated with lipid-
lowering therapy do not only have a hold in progression of atherosclerotic plaques, but a 
regression of the plaques. Therefore, it would be only logical to state that treated patients 
are not at a similar risk after treatment cessation as patients who were not treated, which 
is the underlying mechanism of a legacy effect.

The importance of risk factor management in younger patients due to higher lifetime 
risks leading to higher lifetime benefits have also been described previously. In line with 
our study, PCSK9-mAbs are most effective in younger patients with high cholesterol 
levels and high 10-year CVD risks.28 In a simulation study investigating the effect of lipid-
lowering treatment with statins, there was a larger gain in CVD-free life expectancy in 
younger patients. Increasing CVD-free life expectancy was observed with increasing CVD 
risk due to increased blood pressure, unfavorable lipid levels, and body mass index.29 Vice 
versa, the absence of established risk factors at 50 years of age is associated with a very 
low lifetime risk and longer survival.30 This is not limited to lipid-lowering treatments. A 
study investigating longitudinal patterns of change in systolic blood pressure observed 
that exposure to elevated systolic blood pressure at any point in midlife results in higher 
CVD event rates even if systolic blood pressure is lowered later in life. This suggests that 
blood pressure levels should be maintained below guideline recommendations during 
life, advocating an early treatment of elevated blood pressure.31

Implications for clinical practice are that it might be beneficial to prescribe PCSK9-
mAbs, only for a short period of time, between 3 and 10 years, starting at relatively young 
age. This would result in more patients being treated using the same amount of resources, 
while the loss of treatment effect in years gained per patient due to early cessation is 
compensated by a legacy effect. 
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Strengths of this study include the use of an external validated competing risk 
adjusted lifetime risk model. Such a model enables estimates of lifetime benefit that 
are not overestimated due to non-vascular mortality, which is important for estimating 
long-term treatment effects. Also, the hazard ratios used to estimate the effects of PCSK9-
mAbs are based on large trial data and adjusted for LDL-c levels of individual patients. 
Furthermore, the use of real-world patient data of the SMART cohort instead of simulated 
data provides results that are generalizable to clinical practice.

Some limitations should be considered. In our study, baseline characteristics of 
patients with a history of CVD were used to estimate the lifetime benefit of treatment 
based on their LDL-c levels. However, on a population level, LDL-c increases between 18 
years and 70 years of age, and decrease when patients become older than 70 years old. This 
could have led to an underestimation of treatment benefit especially later in life. Second, 
since the magnitude of a legacy effect is a crucial factor to estimate the most optimal 
duration of therapy, an accurate estimate of a legacy effect is necessary for accurate 
estimates of lifetime benefits. It would be interesting to study this phenomenon in more 
detail by following-up participants of recently published PCSK9-mAbs trials over a much 
longer period after the trial period. This would enable to more accurately quantify the 
legacy effect of preventive therapy, especially if information of clinical characteristics and 
therapy use after the trial is known. Cost-effectiveness analyses of alternative strategies 
could reveal whether treating more patients for a shorter period of time is more effective 
in terms of costs per quality adjusted life-year gained than treating less patients lifelong. 

In conclusion, postponement of intensive lipid-lowering therapy in patients with 
vascular disease always leads to loss of treatment efficacy. Given the likelihood of a legacy 
effect, it could be considered to discontinue treatment after a period of 3 to 10 years, 
especially in older patients or patients with lower life-expectancy and already low LDL-c 
levels. Such a treatment strategy would advocate to treat more patients with PCSK9-mAbs 
for a short period compared to treating less patients lifelong leading to more benefit on 
population level. On an individual level lifelong treatment always results in more life years 
gained without recurrent CVD events. 
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Trial results and individual treatment effects

For the prevention of cardiovascular disease (CVD), numerous options of treatments exist, 
i.e. lipid-lowering1-3, blood pressure-lowering4, and antithrombotic5, and glucose-lowering 
therapy6 7 for patients with type 2 diabetes mellitus (T2DM). The positive effects of these 
cardiovascular preventive therapies are shown in various large randomized clinical trials. 
However, trials report an average effect based on the difference between two groups 
which does not apply to all individual patients matching eligibility criteria of the trial.8 9 
The absolute treatment effect in trials varies across individual patients, and depends on 
a patient’s baseline CVD risk . The basic concept is the greater the baseline CVD risk, the 
greater the treatment effects of preventive treatment.10 11 Also, if a patient’s baseline risk 
declines, therapy becomes less effective to prevent CVD in absolute effects and might not 
even outweigh potential disadvantages.

Chapter 2 of this thesis showed a decline in residual risk for recurrent CVD in patients 
with a history of CVD. This decline in CVD risk is also shown for patients with T2DM.12 
Furthermore, patients with a history of CVD or T2DM are not all equally at high risk for 
(recurrent) CVD.13-15 Therefore, it could be questioned whether these patients are still all 
at very high risk. Based on the concept that greater baseline or residual CVD risk leads 
to greater preventive treatment effect, it could be more beneficial from a health care 
perspective to use baseline risk stratification in order to identify patients that reduce 
their risk of CVD most and least from (additional) preventive treatment. Also, patients and 
their clinicians can weigh the benefits in terms of CVD risk reduction and possible harm 
from side effects. Based on this risks and benefits of treatment, it could enable risk based 
treatment decisions regarding (expensive) preventive treatment in these “very high risk” 
populations.

Conventional way of risk stratification and effects of prevention for CVD

The most conventional way of risk stratification used in guidelines for primary prevention 
of CVD is 10-year risk for CVD. These 10-year risks are based on individual patient 
characteristics using validated risk scores.16 17 Above a certain threshold (10% in the 
European ESC/EAS guideline and 7.5% in the American College of Cardiology/American 
Heart Association; ACC/AHA guidlines)18 19, patients qualify for pharmacologic treatment. 
However, to deliberate with a patient whether or not preventive treatment is desirable, 
an individual measure of effectiveness of therapy is necessary. Combining the validated 
risk scores with relative treatment effects of trials enable estimation of treatment effects 
in 10-year absolute risk reductions (ARR).20 Although 10-year ARR gives a hunch on the 
effectiveness of preventive treatment, patients eligible for preventive CVD treatment 
usually live much longer than 10 years (depending on their current age). Therefore, 10-year 
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ARR does not reflect the true benefit during the lifespan of patients.21 22 Also, as mentioned 
in the introduction of this thesis, the risk scores used in the ACC/AHA guidelines do not 
take competing risks into account. The risk of CVD in conventional risk scores predicts the 
possibility of a CVD in the upcoming 10 years. However, especially in elderly patients, the 
chance of other diseases leading to death (competing events such as infectious disease 
or cancer) are also increased compared to younger patients. Thus as a simplified example, 
a patients actual life-expectancy based on the competing events might only be 5-years. 
When not taken into account, this will result in an overestimation of risk for CVD (the risk 
for CVD between the 6th and 10th year for a 10-year CVD risk prediction). And because a 
higher baseline (or residual) risk for CVD leads to greater preventive treatment effects, this 
could lead to overestimated treatment effects.23 24 

Let’s take a look at our patients described in the introduction of this thesis, Mr. A. and 
Mr. S. Blood pressure-lowering therapy is indicated for Mr. A. due to his systolic blood 
pressure of 150mmHg. According to the developed DIAL model in Chapter 3, Mr. A has a 
predicted 10-year CVD risk of 2% assuming absence of albuminuria (Chapter 5; figure 1). 
Mr. S. has a predicted 10-year CVD risk of 3% (figure 2). Both patients are categorized as low-
risk patients according to cut-off values of current guidelines. However, according to the 
ASCVD pooled cohort equation Mr. S. has a 50% 10-year CVD risk and should be motivated 
to use cholesterol-lowering therapy. Starting a moderate dose statin (e.g. simvastatin 
40mg) according to current guidelines would result in an estimates 10-year ARR of 12.5%. 
Using the DIAL model, keeping competing risks into account, the estimated 10-year ARR 
would only be 0.6%. There are two major reasons for the overestimation of the ARR of 12%. 
First, it is important to notice that the ASCVD is not developed in a population of patients 
with T2DM, but in a general population with T2DM as a determinant. Therefore, it might 
be that the ASCVD is not able to distinguish low and/or high risk T2DM patients. Second, 
competing risks is as mentioned before of huge importance in older patients. To make 
this clear, the use of the LIFE-CVD model25 (also developed for apparently healthy people 
in primary prevention setting), estimates for Mr. S. a 10-year risk of 15%. The difference 
between 15% and 50% 10-year CVD risk is solely due to competing risks. 

Absolute risk reduction, a difficult measure to understand

The main reasons to use prediction models are to inform individuals about the future 
course of their risk of developing illness and to guide doctors and patients in joint 
decisions on further treatment.26 Therefore, individualized 10-year CVD risk prediction in 
patients with T2DM or CVD is a step forward compared to the “one-size-fits-all” approach, 
where all these patients are classified in the high or very high CVD-risk category. However, 
it remains difficult for patients and their physicians to understand 10-year risks and 
effectiveness of therapy expressed as ARR or number needed to treat (NNT = 1/ARR). 
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Thus, it is important to consider outcomes of prediction models that are more easy to 
understand, since one of the main goals of prediction models is to inform individuals. In 
studies with medical students, 30% of the students could not correctly answer 3 items 
testing numeracy, which was similar to surgical residents. The innumeracy was related 
to misunderstanding of risks addressing the need for further training.27 28 Although the 
authors suggest a systematic problem in the medical training, it must be emphasized 
that these students are all highly educated compared to most of the patients in clinical 
practice. It is recognized that in order to understand health-related information, patients 
must have a certain level of numeracy.29 To understand risks and benefits, patients need to 
understand their baseline risks as a reference and their relative or absolute risk reduction 
as a result of preventive treatments of CVD.30 However, the method of presentation of 
treatment benefits can influence its interpretation by patients.31 To help patients make 
better informed decisions, only the most important information should be presented in 
the most easy way. Less relevant information should be avoided, since it leads to worse 
decisions. Also, presenting information in which a higher number means better outcomes 
helps patients make better choices. For example, baseline risks where higher numbers 
represent worse health outcomes are more difficult to interpret than reductions of risks, 
where larger numbers represent better health outcomes.32

A different approach to estimate treatment effects of CVD prevention, time 
for a change?

For several decades, 10-year risk stratification of patients enabled individual predictions of 
CVD risk and CVD risk reduction to inform patients of their risk and guide clinical decision 
making. One of the first risk scores available was the Framingham risk score published in 
198733, and many CVD risk prediction scores followed.34 However, although these CVD 
risk scores made it possible to personalize vascular medicine, tailoring CVD management 
to individual patients, some limitation of 10-year risk models should be noted. Most 
important limitations are 1) the 10-year risks are mainly driven by age35, 2) do not take 
competition of other causes of death in to account23 24, and 3) are difficult to interpret.29 
As a result of these limitations, older patients are usually advised to be treated in primary 
prevention with for instance statin therapy due to a high risk caused by their age, while 
treatment effects are overestimated as shown in previous mentioned examples. On the 
other hand, younger patients with for instance high risk LDL-c levels are advised not to 
be treated, due to their low 10-year risk caused by their young age. However, CVD is a 
result of  long-term exposure to risk factors. An early intervention could stop the process 
of atherosclerotic disease in an early stage to prevent CVD in the long run.36 This example 
is contra-intuitive from a clinicians perspective, which contributes to the difficulty to 
interpret risk and risk reduction. Newly available techniques in prognostic research can 
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deal with these limitations to further improve individual risk predictions. Therefore, it is 
time for a change. The first question one would like to answer before starting preventive 
therapy is ´What is the individual benefit of preventive treatment? .́ The second question 
could be ´What is the necessary investment to reach the benefit? .́ Thus, if clinicians 
prescribe preventive treatment indefinitely, it would only be logical that the expected 
benefit of this investment would represent the same time span. In other words, the 
expected treatment benefit should be a lifetime benefit for treatment that is prescribed 
lifelong, while taking competing risks into account. Therefore, new techniques enabling 
estimates of long-term CVD-risk and CVD-free life expectancy (i.e. expected number 
of remaining life-years without the occurrence of an incident or recurrent myocardial 
infarction or stroke) are more appropriate.37 38

The DIAL model presented in Chapter 3 enables the prediction of CVD-free life 
expectancy for patients with T2DM. Also, the effectiveness of preventive treatment 
can be predicted for lipid-lowering, blood pressure-lowering, glucose-lowering, and 
antithrombotic treatment in terms of lifetime benefit. For Mr. A. and Mr. S. the CVD-free 
life expectancy without treatment can be predicted. Mr. A. has a predicted CVD-free life 
expectancy of 81 years. Lifelong treatment with simvastatin 40mg and blood pressure-
lowering therapy from 150mmHg to 140mmHg, is estimated to result in 1.1 years gain 
without CVD. To achieve this gain, he needs to use simvastatin and blood pressure-
lowering therapy for an estimated 39 years (figure 1). Mr. S. has a predicted CVD-free life 
expectancy of 87 years. His blood pressure is 140mmHg, thus according to guidelines 
there is no need for blood pressure-lowering therapy. His lifetime benefit in years gained 
without CVD due to simvastatin 40mg is estimated to be 0.1 years. To achieve this, he 
would need to take his medication for his remaining life expectancy of 12 years (figure 2).

Based on simulation studies, using lifetime benefit as a measure of treatment effect 
results in a shift of patients being treated, towards higher proportions of younger people 
with higher risk factor levels.21 22 However, this group of people needs to be treated over 
a longer period of time resulting in higher treatment costs and potential side effects. In 
Chapter 4 is shown that the lifetime benefit from using lifetime benefit as predicted by the 
SMART-REACH model to identify patients that benefit the most from PCSK9 monoclonal 
antibody treatment outweighs the higher costs of longer treatment duration in patients 
with a history of CVD. Although this is a result that might be generalizable for all lifetime 
benefit based decisions, it would be reassuring when more studies were performed and 
resulted in similar conclusions.
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Figure 2: Mr. S his personal risk profile, 10-year CVD risk, and lifetime benefit of simvastatin 40mg.

Figure 1: Mr. A his personal risk profile, 10-year CVD risk, and lifetime benefit of simvastatin 40mg 

and blood pressure-lowering therapy from 150mmHg to 140mmHg.
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Benefit-based treatment, back to treating risk factors

Recent decades, cardiovascular prevention has taken a shift from risk factor treatment 
towards treatment based on 10-year CVD risk.39 40 This shift towards 10-year risk prediction 
was based on the concept that risk factors often exert a cumulative effect on absolute 
CVD risk. Thus, an individual with multiple mildly abnormal risk factors may be at a higher 
level of absolute risk for CVD than an individual with just one high abnormal risk factor. 
And since patients with a high absolute risk, also have a high absolute risk reduction, this 
was seen as a beneficial strategy from a health care perspective.41 42 However, based on 
the findings in this thesis, and other recently published studies21 22, this might leave long-
term effects of high risk factor levels in younger patients out of the equation. The use of 
benefit-based treatment decisions results in the selection of patients with the most gain in 
CVD-free life years from preventive treatment. Patients with the highest benefit are either 
patients with high risk factor levels at young age and, thus, a low 10-year CVD risk based 
on their age, or patients with a high short-term (10-year) CVD risk, without a high chance 
of competing events. Typical patients in this category are  patients with a history of CVD 
combined with high risk factor levels. Due to the addition of treatment effects conditional 
on the baseline risk factors treated, the benefit-based treatment tools predict highest 
benefit of for instance lipid-lowering treatment in patients with high cholesterol levels, 
while patients with high blood pressure will benefit most from blood pressure-lowering 
treatment. Therefore, the use of benefit based treatment decisions will support clinicians 
to treat high risk factors of individual patients that have a high risk of CVD somewhere in 
life, also when patients are not yet at a high 10-year risk for CVD due to a young age.

What does the patient want?

Benefit-based treatment tools were recently developed for cardiovascular prevention in 
primary prevention25, T2DM patients (Chapter 3), and patients with a history of CVD43 
(www.U-Prevent.com) using state of the art prognostic modelling techniques. The use of 
these or other prediction models in clinical practice should be facilitated to help inform 
patients and clinical decision making. However, this is often precluded by missing patient 
characteristics. Therefore, less important patient characteristics should be automatically 
imputed with median values when missing by web or app based prediction tools (Chapter 
5). Although, it should be noted that predictions are most accurate when all requested 
patient characteristics are available.

One of the questions remaining using benefit based treatment decision is: “What does 
the patient want?”. With the newly developed benefit-based treatment tools, doctors are 
able to communicate the return on investment from preventive pharmacological CVD 
therapy with their patients. However, there is a large variation in the desired benefit of 
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preventive therapy.44 If we take a look at our two patient examples, it is imaginable that 
patients are not willing to take medication for a gain in CVD-free life of 0.1 year treatment. 
On the other hand, a patient might not experience any harm from medication and 
decide to agree on prevention for a gain of 1.1 year. One could even look at the expected 
benefit when treatment is postponed or shortened (Chapter 6) to further individualize 
preventive treatment and shared decision making. This would also help patients and 
clinicians decide to stop preventive treatment for CVD due to low expected benefit in a 
patient’s remaining life. While the benefit of treatment compared to 10-year ARR is easier 
to understand, the effect of communicating these measures of vascular prognosis and 
treatment benefits on patients understanding45, adherence to medication, or quality of 
life, should be investigated by clinical trials.

Future clinical perspective

With the availability of www.U-Prevent.com as online support tool to estimate 
cardiovascular prognosis and benefit from preventive treatment, new possibilities 
arise to inform patients for shared decision making regarding preventive treatment. 
Due to improved understanding of the benefit of preventive medication, it could 
lead to improved adherence, which is currently poor in both primary and secondary 
prevention settings.46 There is also a possibility that the use of benefit-based estimates 
lead to a reduction in patients using preventive medication. Expected benefits could 
be disappointing for patients, resulting in a decision to stop preventive treatment. To 
incorporate benefit based treatments in guidelines, it should be clear whom and when 
to treat our patients. For inexpensive preventive therapy such as most blood pressure-
lowering medication and statin therapy, patients preferences could guide treatment 
decisions. However for expensive therapy such as PCSK9 monoclonal antibodies, the role 
of benefit based treatment guiding treatment decisions is not completely clear. Several 
possibilities are imaginable, such as establishment of cut-off values of lifetime benefit, 
age, or LDL-cholesterol levels of patients to select those patients were benefit outweigh 
costs of treatment. Another option is presentation of a gain in CVD-free life expectancy 
per 10 year treatment, as an indication of cost-effectiveness.

Future research

In the near future studies may focus on the clinical applicability and clinical impact of 
benefit-based treatments. It would be reassuring if benefit based decisions change daily 
clinical practice, reduce the risk of (recurrent) vascular events, and improve patients health 
perception.47 Also, regular updating of underlying prediction models remain necessary. 
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The accuracy of the models are based on assumptions that baseline hazards of the 
derivation population is similar to patients for which the models are used. However, since 
vascular event rates decline over the last decades (Chapter 2), this is by definition not 
true. Thus, updating prediction models to newer populations of different geographical 
areas are necessary when available.48  

In the distant future, different techniques based on big data analytics and machine 
learning algorithms might further improve personalized medicine. Analyses could 
be extended by including a large number of risk factors, and by using all available 
data of electronic health records to assess cardiovascular risk. Although feasibility and 
acceptability of these methods are still far away from clinical practice, with increasing 
computational capacity in health care systems, the opportunities for machine learning 
techniques will become a realistic option in the future.49 50

In conclusion, studies presented in this thesis showed the following:

The cardiovascular event rates declined over the last decades in patients with a history 
of CVD, although residual 10-year recurrent CVD risk remained high (17%). However, 
this trend in declining risks underscores the need of residual risk stratification in patient 
populations at very-high risk. 

The DIAL model predicts 10-year absolute risk and CVD-free life expectancy for 
patients with T2DM. Also, the DIAL model enables the predictions of treatment benefit in 
terms of 10-year ARR and lifetime benefit in CVD-free life years gained. The use of lifetime 
benefit results in a shift of patients being treated, towards higher proportions of younger 
people with higher risk factor levels. 

Using lifetime benefit as a decision threshold for PCSK9 inhibitor treatment in patients 
with a history of CVD is cost-effective compared to decision thresholds based on the 
highest 10-year ARR. The quality adjusted life years (QALYs) gained from early treatment 
due to lifetime benefit based decisions outweigh the costs of longer treatment duration.

Pragmatic imputation of missing values by median values results in reliable predictions, 
but important characteristics must be available. The clinical use of cardiovascular 
prediction tools in clinical practice could be facilitated by automatic imputation of missing 
patient characteristics other than age and history of CVD by median values.

Postponement of intensive lipid-lowering therapy in patients with vascular disease 
always leads to loss of treatment efficacy. Given that statin therapy is likely to have a 
legacy effect after discontinuation, it could be considered to discontinue treatment after 
a period of 3 to 10 years, especially in older patients or patients with short life-expectancy 
and already low LDL-c levels. These findings could further improve personalized treatment 
decisions and shared decision making.
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Summary

Since cardiovascular disease (CVD) is a result of a lifelong exposure to risk factors and 
involves numerous people, it is utterly important to identify which people are most likely 
to get CVD in order to prevent or delay disease. Therefore, cardiovascular risk prediction is 
a keystone in the prevention of CVD to help identify patients at high-risk who may benefit 
most from drug treatment. An overwhelming of 250 risk prediction models are made over 
the last 15 years, but only a few are used in clinical practice. Besides a lack of applicability 
of these prediction models, two major issues are not taken into account in current 
prognostic models predicting 10-year risks. First, the short horizon of 10-years does not 
adequately reflect the potential long-term risks or benefits of preventive treatment. 
However, in younger patients, their future long-term exposure to risk factors building 
up atherosclerosis over a long period of time results in a high lifetime risk for CVD, and 
therefore a possibly high lifetime benefit of CVD prevention. Second, competing risks, i.e. 
death due to other causes such as cancer, are not taken into account in current prediction 
models. This leads to an overestimation in risk especially for patients at high risk for non-
vascular mortality; i.e. the elderly. Therefore, the aim of this thesis was  1) to demonstrate 
the translations of trial results to the individual patient by predicting individualized CVD 
risk and treatment benefits for lifelong prevention of CVD, especially in patients with 
T2DM or a history of CVD and 2) to improve the applicability of prediction models in 
clinical practice.

In Chapter 2, we described the risk of recurrent major cardiovascular events (MCVE) in 
patients with clinically manifest arterial disease over the last decades. The study was 
conducted in the Second Manifestations of ARTerial disease (SMART) cohort in patients 
entering the cohort in the period 1996-2014. The recurrent MCVE risk in these patients 
strongly declined with 53% from 3.68 to 1.73 events per 100 person-years. This was 
partially due to lower risk factors and lower prevalence of subclinical atherosclerosis. 
However, the 10-year risk for recurrent events remained high with an average of 17%. This 
underscores the need to identify the patients with the highest risk.

In Chapter 3 we aimed to predict treatment effects of individual life years gained 
without CVD from pharmacological preventive treatment in patients with type 2 diabetes 
mellitus (T2DM). The Diabetes Lifetime-perspective prediction (DIAL)- model, consisting 
of two complementary competing risk adjusted Cox proportional hazards functions 
was developed using the Swedish National Diabetes Registry (n=389,366). External 
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validation of the model was performed using data from the ADVANCE, ACCORD, ASCOT, 
and ALLHAT-LTT –trial, the SMART and EPIC-NL-cohorts, and the Scottish Care Information 
(SCI) –Diabetes database, with patients selected by geographical region. Calibration of 
the model was adequate and discrimination was modest with c-statistics of 0.64 to 0.69 for 
the external validation regions. Individual treatment effects of pharmacological treatment 
were predicted by addition of hazard ratios from randomized trials or meta-analyses to the 
competing risk adjusted cox proportional hazard function predicting CVD outcomes. The 
(complementary) competing risk adjusted cox proportional hazard function predicting 
non-cardiovascular mortality outcomes were not influenced by pharmacological 
treatment. However, for the prediction of the effect of smoking cessation, a hazard 
ratio was added to both the adjusted cox proportional hazard function outcomes, since 
smoking cessation also influences non-CVD mortality (e.g. cancer). The model developed 
and validated, with the addition of treatment effects was the groundwork for the DIAL-
model as presented in the interactive web-based calculator at www.U-prevent.com. 
Using the concept of predicting lifetime benefit for making treatment decisions will result 
in changing characteristics of people eligible for treatment, towards higher proportions 
of younger people with higher risk factor levels.

Chapter 4 compared the cost-effectiveness of decisions based on lifetime benefit 
predictions, and therefore, treatment of younger people for a much longer period in life, 
with treatment decisions based on 10-year absolute risk reductions. In this microsimulation 
study, 10,000 hypothetical patients representing a population of patients with stable 
CVD was created by repeatedly sampling from correlated probability distributions of 
risk factors. The correlated probability distribution used to create this hypothetical 
population was subtracted of the SMART cohort. As an example, treatment of patients 
with the highest lifetime benefit or highest absolute risk reduction was simulated 
using the treatment effects and costs of expensive PCSK9-inhibition with monoclonal 
antibodies. Individual predictions of treatment effects (both in life years gained and 10-
year absolute risk reduction) were calculated using the SMART-REACH model available at 
www.U-prevent.com.

When treating the same proportion of patients (5%, 10%, and 20%), the costs were 
higher for the lifetime benefit based treatment decisions compared to 10-year absolute 
risk reduction based decisions, as expected. However, the quality adjusted life years 
(QALYs) gained due to treatment with PCSK9-inhibition were also higher for the lifetime 
benefit based treatment decisions.  The incremental cost-effectiveness ratio (ICER) in euro 
per QALY gain, the decisions based on the highest lifetime benefit resulted in ICERs of 
€37,200, €39,800, and €41,500 for 5%, 10%, and 20% of patients treated. The decisions 
based on highest absolute risk reduction resulted in ICERs of €47,700, €54,800, and 
€52,100. Thus, lifetime benefit-based treatment decisions for patients are cost-effective 
compared to treatment decisions guided by 10-year risk estimates, at least in this example 
for PCSK9 inhibition in patients with stable CVD.
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Chapter 5 focused on the applicability of CVD prediction models. Estimating patient 
risk using prediction models may be limited by incomplete patient data, a common 
occurrence in clinical practice. Therefore, five methods handling missing patient 
characteristics required to estimate CVD risk were compared on their validity. 1) Reduced 
model method. Development of 2^n models, one model for each possible combination 
of available characteristics. 2) Hybrid model method. With one missing variable this 
method is similar to the reduced model method. With >1 predictor missing, the median 
value of a predictor was imputed to use multiple reduced models, taking the average 
as risk. 3) Conditional single imputation. 4) Median imputation. 5) The naïve approach. 
Baseline population survival adjusted by factors determined by independent risk ratio 
and population prevalence of available characteristics. These five methods were used 
on missing data of the Swedish NDR and SCI-Diabetes database for patients to estimate 
there individual risk of CVD using an updated version of the Swedish NDR risk prediction 
model. There was no difference in terms of calibration or discrimination by missing data 
method with identical c-statistics of 0.82 (95% CI 0.82-0.83) for patients of the NDR and 
0.74 (0.74-0.75) for patients of the SCI-Diabetes database. However, when missing data 
was randomly introduced in important variables that were always available (such as age 
or history of CVD), median imputation and the naïve approach were inferior to the other 
methods dealing with missing data. These findings recommend the use of pragmatic 
imputation of missing values by median values, as long as important characteristics such 
as age are available.

Chapter 6 builds on findings of chapter 4. Although Chapter 4 shows an cost-effective 
treatment decision by lifetime benefit predictions, the absolute costs of treatment using 
PCSK9-inhibition was higher compared to the 10-year absolute risk reduction. Investing 
in younger patients treated lifelong is therefore costly on a population level. However, it 
is reasonable to assume some legacy effect of pharmacological CVD prevention. Chapter 
6 demonstrated different treatment strategies for treatment of individual patients with 
stable cardiovascular disease using PCSK9 monoclonal antibodies in which a legacy effect 
is and is not assumed. It shows that lifelong treatment always results in higher life years 
gained without CVD (lifetime benefit). Also, treating patients younger is always more 
beneficial than later in life. However, depending on an assumed legacy effect, treatment 
cessation would only result in a small loss of lifetime benefit. Implications for clinical 
practice are that it might be beneficial to prescribe PCSK9 monoclonal antibodies, only for 
a short period of time, between 3 and 10 years, starting at relatively young age. This would 
result in more patients being treated using the same amount of resources, while the loss 
of treatment effect in years gained per patient due to early cessation is compensated by a 
legacy effect. Such a treatment strategy would lead to more benefit on population level, 
while on an individual level lifelong treatment always results in more life years gained 
without recurrent CVD events.
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Samenvatting (voor niet ingewijden)

Hart- en vaatziekten is het gevolg van een levenslange blootstelling aan risicofactoren 
waarmee slagaderverkalking wordt opgebouwd, en komt bij meer dan een miljoen 
mensen in Nederland voor. Voor de preventie is het belangrijk de mensen te kunnen 
selecteren die de hoogste kans hebben op het krijgen van hart- en vaatziekten. Er wordt 
daarbij traditioneel onderscheid gemaakt tussen mensen die geen vaatziekten hebben 
(primaire preventie), mensen met vaatziekten (secundaire preventie) en mensen met 
diabetes. Ondanks het feit dat wetenschappelijk onderzoek naar nieuwe medicatie altijd 
een gemiddelde effecten rapporteert, is gebleken dat de patiënten met het hoogste 
risico, de patiënten zijn die het meeste baat hebben bij preventieve medicamenteuze 
therapieën, zoals cholesterolverlagers, bloeddrukverlagers, of aspirine. Daarom is het 
kunnen voorspellen (predictie) van de risico’s bij mensen een van de bouwstenen voor de 
preventie van hart- en vaatziekten. Dat blijkt mede uit het feit dat in de huidige richtlijnen 
in de primaire preventie behandeladviezen worden gegeven op basis van het risico van 
patiënten.

In de laatste 15 jaar zijn er meer dan 250 voorspel modellen (predictie modellen) 
gemaakt om het 10-jaars risico op hart- en vaatziekten van mensen in de primaire 
preventie, maar worden er maar een aantal gebruikt in de klinische praktijk. De vraag die 
we onszelf daarbij kunnen stellen is waarom er zo weinig gebruik wordt gemaakt van deze 
ontwikkelingen. Daarbij is het belangrijk te weten waar een predictie model aan moet 
voldoen om risico’s te kunnen voorspellen. Allereerst, om een predictie model af te leiden 
is een reeks gegevens noodzakelijk over de risicofactoren van patiënten en moeten zij 
vervolg worden in de tijd om te kijken wie er wel of niet hart- en vaatziekten gaat krijgen. 
Met die gegevens kan een model worden afgeleid die voorspeld of patiënten een hoog- 
of laagrisico profiel hebben. Daarna is het van belang te zien of dat de voorspellingen 
van het patiënten uit andere gegevensbronnen ook daadwerkelijk overeenkomen met 
het geobserveerde risico op hart- en vaatziekten (externe validatie). Ten tweede zou 
een model voor een clinicus praktisch moeten zijn in het gebruik. Dit kan door middel 
van gebruiksvriendelijke (online) calculators, waarin alleen de benodigde gegevens 
ingevoerd hoeven te worden, waarna de clinicus alle gevraagde gegevens te zien krijgt. 
Echter, bij ontbrekende patiënten gegevens is er tijdens het gebruik van een risico model 
kan er momenteel geen risico voorspelling worden gedaan voor een individuele patiënt.

Het gebruik van de meest voorkomende 10-jaars predictie modellen opent de 
mogelijkheid om de patiënten te selecteren die (op relatief korte termijn) hart- en 
vaatziekten gaan ontwikkelen. Daarbij kan er berekend worden wat er verwacht wordt van 
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medicamenteuze behandelingen als absolute vermindering van het 10-jaars risico door 
de behandeling. Er zijn echter belangrijke keerzijden van het voorspellen van 10-jaars 
risico. Zoals in de inleiding van deze samenvatting al aangegeven, is hart- en vaatziekten 
een gevolg van een levenslange blootstelling aan risicofactoren. Daarom geeft 10 jaar 
een onjuist beeld van het effect van preventieve behandeling. Een goed voorbeeld 
hiervan zijn hele jonge mensen met veel risicofactoren. Van deze mensen wordt er op 
basis van hun leeftijd niet verwacht dat zij de eerste 10 jaar hart- en vaatziekten zullen 
ontwikkelen. Omdat het risico gerelateerd is aan het behandeleffect van preventieve 
therapie (absolute risico reductie), zal de absolute reductie in procenten afname ook laag 
zijn (een heel klein risico kan nooit veel kleiner worden). Wanneer we bij deze mensen 
zouden kijken naar het effect op de langer termijn, dan zou er juist heel veel winst te 
halen zijn door het tegengaan van de opbouw van slagaderverkalking, en daarmee hart- 
en vaatziekten. Er zijn echter ook mensen met een levensverwachting korter dan 10 jaar 
mede door “concurrerende” ziekten anders dan hart- en vaatziekten. Bij deze vaak oudere 
mensen wordt het risico op hart- en vaatziekten hierdoor vaak overschat, en daarmee 
wordt ook het gerelateerde behandeleffect overschat. Met huidige nieuwe technieken 
kunnen deze nadelen worden weggenomen.

In dit proefschrift richten we ons daarom op 1) het vertalen van gemiddelde 
behandeleffecten van wetenschappelijke bevindingen naar individuele patiënten door 
het voorspellen van individuele hart- en vaatziekten risico’s en behandeleffecten voor 
levenslange preventie, met name voor patiënten met diabetes of hart- en vaatziekten. 
En 2) op het verbeteren van het gebruik van predictie modellen in de klinische praktijk.

In Hoofdstuk 2 van dit proefschrift beschrijven het risico op een terugkerende hart- en 
vaatziekten bij patiënten met hart- en vaatziekten over de afgelopen decennia. Hiervoor 
hebben we de gegevens van patiënten uit het Second Manifestations of ARTerial disease 
(Tweede manifestatie van slagaderverkalking; SMART) cohort gebruikt. Daarin laten we 
zien dat het risico op een volgende uiting van hart- en vaatziekten met 53% is afgenomen in 
de periode tussen 1996 en 2014. Dit was deels verklaard door een afname in risicofactoren 
en een toename in preventieve medicatie. Echter het absolute risico bleef hoog met een 
gemiddelde van 17% over 10 jaar (dus gemiddeld 17 van de 100 patiënten krijgt een 
volgende uiting van hart- en vaatziekten in de komende 10 jaar). Dit hoge gemiddelde 
onderstreept het belang van het maken van onderscheid tussen de patiënten met een 
heel hoog en een minder hoog risico. 

In Hoofdstuk 3 hadden we als doel om zelf een predictie model te maken, waarbij we 
de levenslange behandeleffecten van preventieve medicatie in jaren winst zonder een 
(nieuw) hartinfarct of herseninfarct konden bereken voor patiënten met diabetes. Dit 
predictie model (DIAL-model) hebben we afgeleid en extern gevalideerd in verschillende 
gegevens van patiënten uit de hele wereld, waarvan de meeste gegevens uit Zweden 
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en Schotland. De behandeleffecten van grote trials voor het verlagen van cholesterol, 
bloeddruk, en glucose, het behandelen met aspirine, en het effect van stoppen met 
roken hebben we toegevoegd aan het predictie model. Dit is de basis geweest voor het 
DIAL-model zoals dat te vinden is binnen de interactieve calculator op www.U-prevent.
com. Wanneer er individueel gekeken wordt naar de winst in 10-jaar risico reductie ten 
opzichte van levenslange winst in jaren zonder hart- en vaatziekten, dan wordt er een 
verschuiving gezien in de patiënten karakteristieken . Op basis van de levenslange winst 
komen vaker jongere patiënten in aanmerking voor behandeling met hogere waarden 
van risicofactoren.

Hoofdstuk 4 vergelijkt of de kosten-baten verhouding van behandeladviezen op basis 
van de hoogste levenswinst waarbij meer jongere patiënten voor een langere tijd worden 
behandeld, lager is dan de huidige manier om behandeladviezen te geven op basis van 
het 10-jaars risico reductie. Om dit te doen is er gebruik gemaakt van een simulatie studie 
waarin 10,000 fictieve patiënten met hart- en vaatziekten met behulp van de ene of 
andere methode behandeladviezen kregen voor een duur cholesterolverlagend middel, 
PCSK9-remmers. 5%, 10% en 20% van deze patiënten met de hoogste levenslange winst 
werden behandeld binnen de simulatie, en vergeleken met de behandeling van 5%, 10%, 
en 20% patiënten op basis van de hoogste 10-jaars risico reductie. Zoals verwacht lagen 
de kosten van de behandeladviezen op basis van levenslange winst hoger, maar leverde 
dit ook meer gezondheidswinst op. Deze gezondheidswinst was zodanig groter voor 
de levenslange behandelbeslissingen, dat dit de kosten-baten verhouden goedkoper 
maakten dan de beslissingen op basis van de 10-jaars risico reductie. Kortom, dit is dus 
voor de maatschappij een efficiëntere manier om patiënten te selecteren, in ieder geval in 
het gebruikte voorbeeld van patiënten met al bestaande hart- en vaatziekten en PCSK9-
remmers.

Hoofdstuk 5 richt zich op het verbeteren van de toepasbaarheid van een predictie model. 
In dit hoofdstuk hebben we gekeken naar vijf verschillende methodes om met missende 
patiënten gegevens om te gaan tijdens het gebruik van een predictie model. Daarbij 
hebben we gekeken welk van de methode het meest nauwkeurige voorspellingen gaf. 
Het model dat we daarvoor hebben gebruikt is het Zweedse 5-jaars risico model voor het 
voorspellen van hart- en vaatziekten. De methodes zijn getest op hun nauwkeurigheid 
om voorspellingen te kunnen blijven doen door risico’s te voorspellen voor patiënten 
met missende gegevens uit Zweden en uit Schotland te gebruiken (externe validatie). 
Daarnaast hebben we zelf missende waarden geïntroduceerd door willekeurig gegevens 
de verwijderen en vervolgens te kijken wat de methodes deden op de voorspellingen. 
Het bleek dat het invoeren van een gemiddelde waarden uit de gehele populatie 
afdoende was om nauwkeurige voorspellingen te geven, mits leeftijd, geslacht, en de 
voorgeschiedenis of een patiënt hart- en vaatziekte had maar aanwezig waren. Kortom, 
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deze bevindingen kunnen ervoor zorgen dat clinici voorspellingen op het krijgen van 
hart- en vaatziekten ook kunnen doen, terwijl minder belangrijke gegevens ontbreken 
die nodig zijn voor het invullen van het predictie model.

Hoofdstuk 6 komt deels voort uit de bevindingen in Hoofdstuk 4. In hoofdstuk 4 
werd gezien dat de kosten-baten analyses in het voordeel uitvielen voor levenslange 
schattingen. Er moet daarbij wel gezegd worden dat de kosten die geïnvesteerd moeten 
worden om alle patiënten levenslang te behandelen, wel hoger zijn bij de beslissingen op 
basis van levensjaren winst. Hoofdstuk 6 laat diverse strategieën zien waarop patiënten 
kunnen worden behandeld met cholesterolverlagende medicatie. Daarbij wordt in 
ogenschouw genomen dat het gebruik van cholesterolverlagende (en mogelijk ook 
andere preventieve) medicatie een effect zou kunnen hebben, wat langer doorwerkt 
dan daadwerkelijk de medicijnen worden gebruikt. Dit zou betekenen dat er nog 
gezondheidswinst is lang nadat de medicatie gestopt is. De diverse strategieën met en 
zonder aanhoudende gezondheidswinst laten een aantal interessante bevindingen zien. 
Allereerst levert levenslang behandelen, vanaf het moment waarop besloten wordt dat 
dit zinvol zou kunnen zijn het meest levenswinst zonder hart- en vaatziekten op. Uitstellen 
van behandeling is daarbij ongunstig voor het effect op levenswinst. Afhankelijk van de 
grote van de aanhoudende gezondheidswinst zou korter behandelen (op jongere leeftijd), 
waarna gestopt wordt, leiden tot relatief weinig verlies van gezondheid. Dit impliceert dat 
we daarom voor dezelfde kosten meer patiënten kunnen behandelen op jongere leeftijd, 
waarna zij na tussen de 3 en 10 jaar zouden kunnen stoppen met behandeling. Dit zou 
op populatie niveau de meeste winst opleveren tegen dezelfde kosten, ondanks het feit 
dat op individueel niveau levenslang behandelen altijd het meeste gezondheidswinst 
oplevert.
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Eindelijk mag ik eraan beginnen. Het laatste stuk, en naar alle eerlijkheid, waarschijnlijk 
ook het meest gelezen stuk uit dit proefschrift. Een heerlijk gevoel. Iedereen die altijd 
waarschuwde dat de laatste loodjes het zwaarst zijn, ze hebben allemaal gelijk gehad. En 
voor de mensen die mij goed kennen, dat je dat van mij leest, zegt een hoop. Ik wil uiteraard 
een aantal mensen bedanken voor hun hulp, steun, en de gekregen mogelijkheden.

Allereerst mijn promotoren, prof. dr. F.L.J. Visseren en prof. dr. Y. van der Graaf, en mijn 
copromotor J.A.N. Dorresteijn.

Beste Frank, dank voor al jou steun en begeleiding de afgelopen jaren. We hebben 
aardig wat discussies gehad, maar ik denk dat dat ons allebei scherp heeft gehouden. 
Het onderzoek wat daaruit voort gekomen is, staat grotendeels in dit boekje. Ik heb veel 
geleerd van jou kijk op het ´verkopen´ van artikelen en opmerkingen bij het schrijven van 
een artikel. De gezonde hoeveelheid obsessieve compulsieve trekjes heb ik ondertussen 
overgenomen. Alle letters, komma’s, en lijntjes moeten natuurlijk op precies de juiste 
plek staan, en overal gestructureerd en consequent. Daarnaast wil ik je bedanken voor 
je hulp bij de sollicitatie, met tips en tricks voor een mooie brief en een goed gesprek. En 
natuurlijk bedankt voor alle leuke tripjes naar Rome, Lissabon, München, en Gotenborg.

Beste Yolanda, ik zal eerlijk zeggen dat ik best geïntimideerd was in de eerste paar maanden 
van mijn promotieonderzoek. Vaak op een tablet scrollend, kwamen uit dezelfde hoek 
ineens vragen waaruit blijkt dat jij wel meerdere dingen tegelijk kan doen. De vragen 
waren altijd raak, en vaak ook meteen een vinger op de zere plek van het onderzoek. 
Tijdens mijn promotieonderzoek kwam ik erachter dat je alles behalve intimiderend was. 
Je vroeg altijd ook hoe het ging, niet alleen met het onderzoek, maar ook met ons. Ik wil 
je heel graag bedanken voor het feit dat je altijd voor ons klaar stond als we dat nodig 
hadden. Ik heb heel veel respect voor alle dingen die je gedaan heb en er trots op dat ik 
een van de laatste van vele promovendi ben geweest die jou als promotor hebben gehad.

 Beste Jannick, we hebben elkaar in het diakonessenhuis leren kennen als collega’s. Jij 
was daar AIOS, ik begon daar als ANIOS. Na een half jaar vroeg jij of onderzoek doen niet 
wat voor mij was, wat de aanleiding was voor het promotieonderzoek en dit proefschrift. 
Heel veel dank daarvoor. Ik heb onwijs veel respect voor jou doortastendheid, kennis, 
en ontoombare drive om alles af te krijgen. Ieder manuscript kwam gelezen en met 
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zinvolle opmerkingen binnen een week terug. En dat met een parttime baan en één 
onderzoeksdag.

De leden van de beoordelingscommissie, prof. dr. L.J. Kappelle, prof. dr. K.G.M. Moons, 
prof. dr. P.A. de Jong, prof. dr. R.H.H. Groenwold en prof. dr. H.A.H. Kaasjager dank ik voor 
hun bereidheid dit proefschrift te beoordelen.

Beste ´ dr. Westerink voor mij ,́ beste Jan, Ik wilde je ook graag persoonlijk bedanken voor 
alles wat je hebt gedaan tijdens mijn promotieonderzoek. Bij jou kon ik ook altijd terecht 
om even te sparren over de wetenschap. Maar ook de geschiedenislessen en de andere 
gesprekken waren altijd een echte verademing. Je ben gewoon zo lekker abnormaal in de 
goede zin van het woord. 

I would like to thank all coauthors for the cooperation. Without your help, writing this 
thesis would not have been possible.

Beste dr. A.F. Muller, beste Alex, dank voor het vertrouwen in mij en alle hulp om zowel 
mijn promotieplek als een opleidingsplek tot internist te krijgen. Ik ben blij dat ik mag 
terugkomen naar het Diakonessenhuis om aan mijn opleiding interne geneeskunde te 
beginnen. Ik heb er nu al zin in.

SMART-verpleegkundigen Loes, Lies, Ursula, Yvonne en Hetty, dank voor de prettige 
samenwerking tijdens de periode als SMART-arts.

Inge, Corina en Ilona, dank jullie wel voor alle gezelligheid en kopjes koffie. Het was mij 
een waar genoegen om met jullie te mogen samenwerken op de research poli. Jullie 
maakte het ons altijd zoveel makkelijker. Wat hebben jullie het daar toch goed voor elkaar.
De (oud) mede-onderzoekers van de Vasculaire geneeskunde, Lotte Ko, Lotte Kaas, 
Manon, Johanneke, Bas, Nicolette, Shahnam, Nicole, Monique, Tamar, Jean Paul, Cilie en 
Britt. Dank voor alle gezelligheid, vrijdag middag borrels, en etentjes in de afgelopen 3 
jaar. Zonder jullie was promoveren een heel stuk minder leuk geworden. Ook de tripjes 
naar het ESC in Rome en München zullen mij mede door jullie altijd bij blijven.

Lieve (badminton)vrienden, het was een verademing om het over andere dingen te 
hebben dan over werk en/of onderzoek. Heerlijk drankjes drinken (waar dan ook), zo af 
en toe een feestje, of een escape room waren een goede afleiding om de week erna weer 
fris te beginnen met de nieuwe week. Ik hoop dat we dat soort dingen nog jaren kunnen 
doen.

Lieve familie, dank voor jullie steun. 
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Pap en mam, heel fijn dat jullie er altijd voor mij waren. Dankzij jullie ondersteuning en 
liefde is het mogelijk geworden uiteindelijk dit proefschrift te schrijven en mijn promotie 
af te ronden. Ik kijk altijd met bewondering naar de manier waarop jullie ons vier hebben 
gebracht waar we nu staan. We zijn allemaal goed terecht gekomen.

In het bijzonder wil ik noemen mijn opa, opa Berns, wat had ik u graag bij mijn promotie, 
het eten, en het feest aanwezig gehad. Helaas moeten we u op het moment van schrijven 
al missen. 

Beste Guido en Jonas, wat fijn dat jullie als paranimfen naast mij willen staan op het 
moment suprême. Het begon ooit als collega´s, maar het is zoveel meer geworden dan 
dat. Guido met zijn heerlijke eerlijkheid, en Jonas altijd net iets te lief. Ik hoop dat we nog 
vaak barbecues, etentjes, biertjes, stap avondjes, en andere gekkigheid gaan meemaken 
met zijn drieën. Zullen we in de toekomst wel alle borden laten staan?

Lieve schat, lieve Maren, wat mag ik mij gelukkig prijzen met jou. Voor mij heb je huis en 
haard verlaten, en ben je in Nederland komen wonen. Je bent er altijd voor mij, in goede, 
maar zeker ook in mindere tijden. Ik ben trots op je, hoe je alles doet. Ik hou heel veel van je.
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