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The German composer Johann Sebastian Bach (1685-1750) once spoke the following words to 

an admirer of his organ playing: “There is nothing remarkable about it. All one has to do is hit the 

right keys at the right time and the instrument plays itself.” Bach made it sound simple, but in 

reality, making an instrument live up to its potential is complex. No two instruments are alike. A 

musician must tweak his technique ever so slightly to have an instrument resonate beautifully.  

 The complex art of producing music resembles the art of cardiovascular medicine. In the 

fight against cardiovascular disease, clinicians search, on a daily basis, for the optimal approach 

to treat each patient. Most clinicians instinctively know; no two patients are alike. Yet, a “one 

size fits all” approach has been the standard for centuries. Even though progress, demonstrated 

by a rapid decline in cardiovascular mortality rates during the past decades, has been made, the 

burden of cardiovascular disease remains high1. Annually, 4 million people (1.4 million <75 years 

of age) die from cardiovascular disease in Europe2. Hospitalizations for these conditions slightly 

increased in the Netherlands from 2000 to 20092. Furthermore, the prevalence of diabetes 

has increased, and patients with diabetes mellitus have an estimated mean of 6 life years lost 

due to this disease per individual3. These numbers show the need for further improvement of 

cardiovascular prevention strategies.

Cardiovascular risk in groups of patients compared to individuals
Population-level rates and probabilities are not very informative for treatment decisions 

concerning individual patients at high risk for cardiovascular disease. The group-level estimates 

assume that patients within each group are alike, neglecting the complex diversity of patients 

encountered in clinical practice. For example, international guidelines consider all patients 

with cardiovascular disease to be at (very) high risk, and make no distinction between types 

of manifestations when advising lipid-lowering, blood-pressure lowering and antithrombotic 

therapy4-6. Yet, the risk of recurrent major cardiovascular events in patients with clinically 

manifest vascular disease does depend on disease location7, 8, as illustrated by the higher event 

rates observed in patients with cerebrovascular or peripheral artery disease compared to 

coronary artery disease. Because of the heterogeneity in patient characteristics and risk factors 

for cardiovascular disease, a wide distribution is observed in individual risk for cardiovascular 

disease in both the primary and secondary prevention settings9-11. The diversity of characteristics 

implies that the benefit patients receive from cardiovascular prevention strategies may vary as 

well. The average treatment effect observed in trials applies to the average patient, which is 

a hypothetical patient that does not exist in clinical practice (e.g. 70% male, 20% diabetes) 12. 

Individual patient characteristics define the risk for cardiovascular disease, and thereby the 

benefit from preventive treatment13.

Translating trial results into benefit for the individual patient
When trial results are applied in clinical decision-making to individual patients, findings in 

study populations are generalized to the broader spectrum of patients seen in daily practice. 
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In clinical trials, the effect of a drug or intervention is studied under controlled circumstances 

trials to minimize the probability of bias. Selection of the study population aims to ensure 

validity of the results14. The use of selection criteria forms a clearly defined, yet sometimes 

homogeneous study population. Furthermore, the inclusion of trial participants is influenced by 

the organization of health care systems, and patient and physician preferences. Consequently, 

relatively healthy, low risk patients (“healthy trial participant effect”) are more likely to be 

included in clinical trials15-17. The translation of research results into meaningful differences for 

the broader patient population in clinical practice thus becomes complicated. There is a fine 

balance between validity and generalizability. 

 When we consider trial results generalizable, the next step in translation of trial results 

is evaluation of potential treatment effect modification by single or multiple patient 

characteristics. Traditionally, subgroup analyses are used to study treatment effect modification 

one characteristic at a time. However, subgroup analyses have a high risk of chance findings 

due to lack of power and multiple testing18. Fortunately, new techniques with multivariable 

models could be used to assess treatment effect modification by multiple characteristics 

at once19. When the relative effect of a treatment is constant and not dependent on patient 

characteristics, individuals at high risk benefit the most in absolute terms. Consider a treatment 

scenario with a 20% relative risk reduction. An individual with a 25% risk for the outcome would 

have a 5% absolute risk reduction (number needed to treat to prevent one event [NNT] 20). An 

individual with a 10% risk for the outcome would have a 2% (NNT 50) absolute risk reduction.

Benefit for the individual patient
The absolute treatment benefit for an individual patient can be predicted with a multivariable 

model including relevant patient characteristics and the allocated treatment20. Previous 

research on the effect of lipid-lowering therapy has shown that individual treatment benefit 

can vary widely. For individual patients with type 2 diabetes, the predicted 10-year absolute 

risk reduction for major cardiovascular events associated with statin use was <2% for 13% of 

patients, and >4% for 30% of patients21.  For individual patients with coronary artery disease, 

the predicted 5-year absolute risk reduction for major cardiovascular events associated with 

high-dose statin compared with usual-dose statin was >4% for 12% of patients, and <2% for 

42% of patients22. For individual elderly patients (>70 years of age), the statin treatment benefit 

is unknown. They are underrepresented in lipid-lowering trials. For certain elderly, the benefit 

of lipid-lowering therapy might be limited because of reduced life-expectancy or relevant 

comorbidity.  International guidelines recommend statin therapy in the elderly for secondary 

prevention of vascular disease5, 23. For primary prevention, those with an estimated risk of 

≥10% in 10 years, or those with additional risk factors are advised to use a statin5, 24. Current 

statin prescription rates are lower than advised by the guidelines, suggesting there may be 

ambiguities regarding the benefit of statins in the elderly population25.
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Weighing individual benefit and harm from treatment
In making treatment decisions, both the expected treatment benefit and harm must be 

considered. The predicted individual treatment benefit is weighed against potential treatment 

harms. If a treatment is initiated, the treatment benefit is considered to outweigh potential 

harms. When a treatment has a considerable risk for serious negative effects, such as bleeding 

induced by antithrombotic therapy, weighing expected benefit and harms is crucial. Treatment 

rates of atrial fibrillation patients with direct oral anticoagulants (DOACs) are increasing. 

Individual patient characteristics may modify the treatment effect of a DOAC on stroke and 

bleeding differently. Individualized treatment effect prediction can identify those patients who 

have the highest net benefit from DOAC therapy26.

Lifetime effectiveness and cost of individualized cardiovascular disease 
prevention
Individual treatment benefit is traditionally predicted as an absolute risk reduction for a 

relatively short time-period, usually 5 or 10 years. Prediction of long-term treatment benefits 

could be clinically relevant for chronic conditions like atherosclerosis. Lifelong treatment is 

required to delay the ongoing disease process and to prevent complications of cardiovascular 

disease. However, clinicians and patients do not primarily aim for longer life-expectancy, but 

for a longer life-expectancy in good health. Lifetime effectiveness can be expressed as a gain 

in (disease-free) life expectancy, or quality-adjusted life expectancy. Those who benefit most in 

terms of disease-free life expectancy are the younger patients with risk factors27. These younger 

patients have an unfavourable risk profile, but because of their age, do not always have a high 

5- or 10-year risk for vascular disease.

 Finally, the monetary cost of treatment should be weighed against expected treatment 

benefit and harm before implementing treatment strategies in clinical practice. Risk-based 

treatment implies that patients above a risk-threshold (e.g. those at ≥10% risk for major 

cardiovascular events in 10 years) will receive treatment, while those below the threshold 

will not receive treatment. The treatment threshold can also be based on benefit, in terms 

of an absolute risk reduction or gain in disease-free life-expectancy. Targeting treatment to 

those who benefit most spares treatment costs and optimizes the benefit achieved in treated 

patients. On the contrary, patients with low predicted benefit, for whom treatment is not 

advised by the prediction model, may experience an event after all. Recently, the optimal 

risk-threshold for statin therapy in the primary prevention setting was assessed for different 

numbers of dollars willing to pay per quality-adjusted life year gained with a statin28. The cost 

and lifetime effectiveness of benefit-based intensification of lipid-lowering therapy in the 

secondary prevention setting are still unknown.

 Recently, monoclonal antibodies that bind to proprotein convertase subtilisin-kexin type 

9 (PCSK9) have shown to lower LDL-c serum levels substantially in high-risk patients with 

hypercholesterolemia despite optimal standard lipid-lowering treatment29. While awaiting for 
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trial results to elucidate the effect of PCSK9 inhibitors on major cardiovascular events, these 

drugs are entering the market30, 31. An economic evaluation of PCSK9 inhibitors is important 

because of their high price, and potentially large clinical effect.

Objective of this thesis
The objective of this thesis is to translate group level evidence on cardiovascular preventive 

strategies into benefit for the individual patient in clinical practice. A second aim is to weigh 

the benefits of treatment against harm, and to evaluate the cost-effectiveness of individualized 

cardiovascular medicine in clinical practice.

Outline of this thesis
In Chapter 2, the risk of recurrent major cardiovascular events, and the influence of type 2 

diabetes on these events, is assessed for patients with clinically manifest vascular disease 

at different locations. In Chapter 3, the applicability of major lipid-lowering trial results in 

contemporary patients with coronary artery disease is evaluated. This is done by quantification 

of the proportion of contemporary patients with coronary artery disease who would be 

eligible for trial participation. Furthermore, patient characteristics and clinical outcomes of 

those eligible and ineligible are compared. In Chapter 4, the assessment of treatment effect 

modification by multiple variables at the same time is illustrated. An individual patient data 

meta-analysis provides the opportunity to assess treatment effect interaction across the whole 

range of baseline (i.e. untreated) risk. 

 After assessment of generalizability of trial results, and possible treatment interactions, 

treatment benefit can be predicted for individual patients. In Chapter 5, translates trial 

results into individual benefit from statin therapy for primary or secondary prevention of 

vascular disease in elderly patients (>70 years). In Chapter 6, both benefit and harm from oral 

anticoagulation is estimated for individual patients with atrial fibrillation. Individual benefit 

(gain in stroke-free life years) and harm (loss of major bleeding-free life years) can be weighed 

for DOACs in different dosages and vitamin K antagonists. 

 The cost-effectiveness of individualized medicine is evaluated in Chapter 7 for benefit-based 

intensification of lipid-lowering therapy in patients with coronary artery disease. In Chapter 8 

the cost-effectiveness of PCSK9 inhibition, a promising, but expensive lipid-lowering strategy, 

is assessed for different patient groups who are likely to benefit most from it. The main findings 

of this thesis are discussed in Chapter 9 and summarized in Chapter 10.
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Part I

From cardiovascular risk to individual treatment benefit
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Abstract

Objective: Our aim is to compare the effect of type 2 diabetes on recurrent major cardiovascular 

events (MACE) for patients with symptomatic vascular disease at different locations.

 Methods: 6,841 patients from the single-center, prospective Secondary Manifestations 

of ARTerial disease (SMART) cohort study from Utrecht, the Netherlands, with clinically 

manifest vascular disease with (n=1155) and without (n=5686) type 2 diabetes were followed 

between 1996 - 2013. The effect of type 2 diabetes on recurrent MACE was analyzed with Cox 

proportional hazard models, stratified for  disease location (cerebrovascular disease, peripheral 

artery disease, abdominal aortic aneurysm, coronary artery disease or polyvascular disease (≥ 2 

vascular locations)).

 Results: Five-year risks for recurrent MACE were 9% in cerebrovascular disease, 9% in 

peripheral artery disease, 20% in those with an abdominal aortic aneurysm, 7% in coronary 

artery disease, and 21% in polyvascular disease. Type 2 diabetes increased risk of recurrent 

MACE in coronary artery disease (HR 1.67; 95%CI 1.25-2.21) and seemed to increase risk in 

cerebrovascular disease (HR 1.36; 95%CI 0.90-2.07), while being no risk factor in polyvascular 

disease (HR 1.12; 95%CI 0.83-1.50). Results for patients with peripheral artery disease (HR 

1.42; 95%CI 0.79-2.56) or an abdominal aortic aneurysm (HR 0.93; 95%CI 0.23-3.68) were 

inconclusive.

 Conclusions: Type 2 diabetes increased risk of recurrent MACE in patients with coronary 

artery disease, but there is no convincing evidence that it is a major risk factor for subsequent 

MACE in all patients with symptomatic vascular disease.
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Introduction

Type 2 diabetes has a significant impact on a patient’s life expectancy, with a recently 

estimated loss of six life years1. Reduced life expectancy in these patients is mainly attributable 

to a higher incidence of vascular disease and heart failure2-4. Type 2 diabetes increases risk of 

cerebrovascular disease with 35% and peripheral artery disease with 70%5, 6. The risk of coronary 

artery disease is two to three times higher in type 2 diabetes patients compared to patients 

without type 2 diabetes, particularly in females7-9. 

 Type 2 diabetes is assumed to be a major risk factor for occurrence of vascular events in 

patients with established vascular disease as well. While the incidence of major cardiovascular 

events (MACE) among non-diabetic patients with vascular disease is around five percent in 

three years10, the incidence in diabetic patients with vascular disease is about three times 

higher11. However, it is unknown and questionable whether the risk increase caused by type 

2 diabetes is equal for various locations of vascular disease. Subsequent vascular events occur 

far more often in patients with peripheral artery disease and cerebrovascular disease than in 

patients with coronary artery disease and risk profiles of these patients differ12, 13. Therefore, 

the risk increase for MACE caused by type 2 diabetes may be dependent on the site of vascular 

disease. 

 Furthermore, since atherosclerosis is a systemic disease, many patients have symptomatic 

vascular disease at multiple locations. It is interesting to evaluate whether type 2 diabetes 

still has an influence on processes leading to new vascular events in those with advanced, 

widespread vascular disease. If we would be able to identify patients in whom diabetes induces 

a relevant increase in MACE risk, we could be more cautious for signs of recurrent vascular 

disease in these patients and offer them strict vascular preventive strategies.

 We therefore primarily aimed to quantify and compare the effect of type 2 diabetes 

on recurrent MACE for patients with symptomatic vascular disease at different locations. 

Furthermore, we evaluated the effect of type 2 diabetes on subsequent MACE risk in patients 

with symptomatic vascular disease at multiple sites versus a single site.
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Methods

Study population
Patients originated from the ongoing, single-center prospective “SMART” cohort study 

(Secondary Manifestations of ARTerial disease) conducted at the University Medical Center 

Utrecht (UMCU) in the Netherlands. Patients with clinically manifest vascular disease or risk 

factors for vascular disease from various areas of the Netherlands are referred to this tertiary 

care hospital14. The quality and complexity of care given in the UMC Utrecht is to a great 

extent comparable to a secondary care hospital. Additionally, patients with rare and complex 

disorders are treated in this hospital. Patients are asked to participate after referral to the 

UMCUtrecht because of a (recent) clinical manifestation of vascular disease or a major risk 

factor for vascular disease such as hyperlipidemia, hypertension or type 2 diabetes. Nine year 

follow-up data were used from patients with clinically manifest vascular disease enrolled and 

followed between 1996 - 2013. Clinically evident vascular disease included a history or recent 

diagnosis of symptomatic cerebrovascular disease (CeVD), peripheral artery disease (PAD), 

abdominal aortic aneurysm (AAA) or coronary artery disease (CAD). Coronary artery disease 

was defined as a prior myocardial infarction, symptoms of myocardial ischemia with >50% 

stenosis in at least one of three major coronary arteries on coronary angiography or symptoms 

of myocardial ischemia for which a percutaneous coronary intervention (PCI) or coronary 

artery bypass graft was performed. Patients were classified as having cerebrovascular disease 

when they had experienced a transient ischemic attack or cerebral infarction as diagnosed by 

a neurologist. Patients had an aneurysm of the abdominal aorta if they were known with an 

aortic diameter ≥ 3.0 centimeters or a distal / proximal diameter ratio ≥ 1.5 as diagnosed by a 

vascular surgeon before inclusion or had a history of surgical or endovascular aneurysm repair.  

Peripheral artery disease was defined as a diagnosis made by the vascular surgeon because a 

patient had intermittent claudication or rest pain with: an ankle brachial pressure index (ABPI) 

≤ 0.90 in rest, a post exercise deterioration in ABPI of 20% or more in at least one leg, or a 

documented obstruction in one or more arteries; or because a patient had gangrene or ulcers15. 

The Medical Ethical Committee of the UMCU approved the study and all participants gave their 

written informed consent.

Data collection and follow-up
A thorough medical assessment was performed at baseline to acquire information on 

vascular health of these patients. Study participants received a standardized questionnaire on 

medical history, medication use and patient characteristics associated with vascular disease.  

Furthermore, information was gained by a physical examination and a wide spectrum of 

laboratory measurements, including specific measures of glucose regulation (like fasting 

plasma glucose, glycated hemoglobin (HbA1c) and insulin levels). HbA1c levels had only been 

assessed since 2006 and were therefore not available for all study participants. 
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During the follow-up period, patients completed a standardized questionnaire on hospital 

admission and outpatient clinic visits for new vascular events twice a year. If an event was 

reported, discharge letters, laboratory and radiology examinations were collected and evaluated. 

Death and cause of death was reported by family members, general practitioner or medical 

specialist of the study participant. The endpoint committee consisted of three physicians from 

different medical fields who independently judged reported events. The primary outcome was 

a composite of myocardial infarction, hemorrhagic and non-hemorrhagic stroke and vascular 

mortality (see Appendix for detailed outcome definitions). Secondary outcomes were vascular 

mortality and all-cause mortality. 

Study definitions
The diagnostic criteria for type 2 diabetes were a patient reported history of type 2 diabetes, 

use of oral glucose lowering therapy or insulin, or a fasting plasma glucose  ≥ 7.0 mmol/l with 

start of diabetes treatment (dietary advices, weight reduction or medication) within one year 

from inclusion. Patients with vascular disease at a single site were classified according to their 

location of disease, e.g. cerebrovascular disease, peripheral artery disease, abdominal aortic 

aneurysm or coronary artery disease. Patients with symptomatic vascular disease at more 

than one of four major locations were categorized as polyvascular disease (PVD). Smoking 

was defined as current or past nicotine addiction. Current use of insulin and glucose-lowering, 

blood pressure-lowering, antiplatelet, anticoagulant or lipid-lowering agents was self-reported 

by the study participant at baseline. Blood pressure was measured twice, manually at the left 

and right upper arm using the correct cuff size. The mean of the two measurements was taken 

as the blood pressure. Waist circumference was measured halfway between the lowest rib 

and the iliac crest with the patient in standing position. Body Mass Index (BMI) was defined as 

weight divided by squared height. Fasting plasma glucose, triglycerides and total cholesterol 

were measured using commercial enzymatic dry chemistry kits (Johnson and Johnson) and 

high density lipoprotein (HDL)-cholesterol using a commercial enzymatic kit (Boehringer-

Mannheim). Low density lipoprotein (LDL)-cholesterol was estimated with the Friedewald 

formula up to a plasma triglyceride level of 9 mmol/l16. Homeostatic model assessment (HOMA), 

a method for assessing beta-cell function and insulin resistance, was calculated as fasting 

plasma insulin (mU/l) * fasting plasma glucose (mmol/l) / 22.5 17. Glomerular filtration rate was 

assessed using the Modification of Diet in Renal Disease (MDRD) formula18. Albuminuria was 

defined as a urinary albumin-to- creatinine ratio (mg/mmol) of > 2.5  in men and > 3.5 in women2

Data analysis
Cox regression models for nine-year follow-up were fitted to estimate hazard ratios for type 2 

diabetes as a risk factor for vascular disease and mortality. For the combined endpoint, the date 

at which the first event occurred was set as the primary outcome date. Analyses were stratified 

for location of symptomatic vascular disease and for number of locations of vascular disease. 
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Prespecified confounders in the association between type 2 diabetes and recurrent MACE were 

gender, age, smoking, systolic blood pressure, BMI, LDL-cholesterol and duration of clinically 

manifest vascular disease. 

 Results are displayed as hazard ratios (HR) and 95% confidence intervals (95% CI). We 

checked the Cox proportional hazards assumption with plots of the Schoenfeld residuals and 

tested non-proportionality. If non-proportionality was observed for a particular covariate, the 

model was extended with a time dependent covariate19. Missing values were single imputed 

by weighted probability matching using multivariate regression, since complete case analysis 

results in loss of power and possibly in bias. Risk factors for vascular disease, other patient 

characteristics and outcomes were included in the imputation model. Missing values were 

imputed for the variables smoking (n=42, 0.61%), BMI (n=14, 0.20%), systolic blood pressure 

(n=47, 0.69%), LDL-cholesterol (n=302, 4.4%) and duration of clinically manifest vascular 

disease (n=24, 0.35%). Imputed values were only used for multivariable analysis.

 We tested effect modification on a multiplicative scale by adding a “type 2 diabetes * 

location of vascular disease” term to the non-stratified model. We compared models with 

and without interaction term with the likelihood ratio test and a p-value < 0.05 indicated a 

significant interaction. The same was done for the interaction between type 2 diabetes and 

monovascular versus polyvascular disease.

 Analyses were performed with R statistical software version 3.0.3 for Windows and the add-

on packages foreign, survival, Hmisc, rms, and xlsx. 

Results

Baseline characteristics 
The study population consisted of 6841 patients with clinically manifest vascular disease, 

of whom 1115 (16.9%) had type 2 diabetes. Baseline patient characteristics are shown in 

Table 1. Patients with type 2 diabetes were slightly older and more intensively treated with 

antihypertensive, lipid-lowering and antiplatelet agents than non-diabetic controls. Patients 

with diabetes had higher systolic blood pressure, BMI and waist circumference. Furthermore, 

triglyceride levels were higher while both HDL- and LDL-cholesterol were lower. Albuminuria 

was much more frequent in diabetic than in non-diabetic patients. 

 The prevalence of type 2 diabetes was 13% in cerebrovascular, 15% in peripheral artery, 11% 

in abdominal aortic aneurysm, 18% in coronary artery and 22% in patients with polyvascular 

disease. Mean duration of diabetes was 5.9 (SD 6.9) years for patients with cerebrovascular 

disease, 7.3 (SD 8.7) for patients with peripheral artery disease, 8.6 (SD 8.6) for patients with 

abdominal aortic aneurysm, 7.8 (SD 7.3) for patients with coronary artery disease and 8.8 (SD 

8.3) years for those with polyvascular disease. Patients with type 2 diabetes and peripheral  

 



25

2

artery disease had the poorest glycemic control, with the highest fasting plasma glucose (9.5 

[SD 3.3] mmol/l) and HbA1c levels (7.3 [SD 1.4] %; 56 [SD 16] mmol/mol).

Type 2 diabetes as a risk factor for recurrence of vascular events 
according to vascular disease location 
Five-year risks for recurrent vascular events were 9% in CeVD, 9% in PAD, 20% in AAA, 7% 

in CAD, and 21% in PVD. The adjusted Cox nine-year MACE incidence curves for patients in 

different strata of location of vascular disease are shown in Figure 1. These Cox survival curves 

are derived from the fully adjusted model. The same differences in incidence of recurrent MACE 

between locations of vascular disease were observed for vascular mortality and for all-cause 

mortality. Since the Schoenfeld residuals and test showed non-proportionality for age, a time 

dependent age-covariate (age*log(follow-up time)) was added to all Cox models. Patients 

with coronary artery disease and type 2 diabetes had a 67% higher risk for the combined 

vascular endpoint compared to patients with coronary artery disease without diabetes (HR 

1.67; 95%CI 1.25-2.21, Table 2). Type 2 diabetes seemed to confer a higher risk in patients with 

cerebrovascular artery disease (HR 1.36; 95%CI 0.90-2.07), whereas there was no increased risk 

for patients with peripheral artery disease (HR 1.42; 95%CI 0.79-2.56) or polyvascular disease 

(HR 1.12; 95%CI 0.83-1.50) (p-value for interaction type 2 diabetes and location of vascular 

disease = 0.28).

 Type 2 diabetes increased risk of vascular mortality in patients with coronary artery disease 

(HR 1.55; 95%CI 1.00-2.41) and seemed to increase risk of vascular mortality in patients with 

cerebrovascular disease (HR 1.57; 95%CI 0.91-2.70) (p-value for interaction type 2 diabetes 

and location of vascular disease = 0.057). Type 2 diabetes increased risk of all-cause mortality 

in patients with peripheral artery disease (HR 1.64; 95%CI 1.01-2.68) and seemed to increase 

risk of all-cause mortality in cerebrovascular disease (HR 1.34; 95%CI 0.90-1.98) and coronary 

artery disease (HR 1.29; 95%CI 0.95-1.75) (p-value for interaction type 2 diabetes and location 

of vascular disease = 0.057).
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Figure 1 A: Incidence of recurrent vascular events according to location of symptomatic vascular disease and 

B: Incidence of recurrent vascular events according to number of vascular disease locations. 

Cox survival graphs are adjusted for DM2, gender, age, smoking, systolic blood pressure, BMI,  LDL-

cholesterol and duration of clinically manifest vascular disease. N at risk = number of patients at risk for the 

outcome at a certain time point



29

2

Table 2. Type 2 diabetes as a risk factor for recurrent cardiovascular events stratified for location of 

vessel disease

Combined endpoint

  N pts N events
5-year  

risk (%)
Model 1 -  

HR (95%CI)
Model 2 -  

HR (95%CI)

Total cohort 6841 901 10.2 1.37 (1.17-1.61) 1.41 (1.20-1.67)

Cerebrovascular disease 1474 161 8.8 1.53 (1.02-2.29) 1.36 (0.90-2.07)

Peripheral artery disease 787 97 8.5 1.13 (0.64-1.99) 1.42 (0.79-2.56)

Abdominal aortic aneurysm 247 59 19.8 0.50 (0.15-1.68) 0.93 (0.23-3.68)

Coronary artery disease 3258 301 6.9 1.70 (1.29-2.22) 1.67 (1.25-2.21)

Polyvascular disease 1075 283 21.3 1.08 (0.81-1.43) 1.12 (0.83-1.50)

Vascular mortality

  N pts N events
5-year  

risk (%)
Model 1 -  

HR (95%CI)
Model 2 -  

HR (95%CI)

Total cohort 6841 502 5.3

Cerebrovascular disease 1474 80 4.1 1.96 (1.19-3.24) 1.57 (0.91-2.70)

Peripheral artery disease 787 58 4.7 1.37 (0.69-2.72) 1.87 (0.90-3.90)

Abdominal aortic aneurysm 247 46 13.9 0.53 (0.14-1.99) 1.23 (0.26-5.79)

Coronary artery disease 3258 112 2.3 1.72 (1.13-2.62) 1.55 (1.00-2.41)

Polyvascular disease 1075 206 14.2 1.02 (0.73-1.43) 1.08 (0.76-1.54)

All-cause mortality

  N pts N events
5-year  

risk (%)
Model 1 - 

HR (95%CI)
Model 2 -  

HR (95%CI)

Total cohort 6841 919 9.1

Cerebrovascular disease 1474 166 7.4 1.51 (1.05-2.19) 1.34 (0.90-1.98)

Peripheral artery disease 787 126 9.1 1.22 (0.76-1.96) 1.64 (1.01-2.68)

Abdominal aortic aneurysm 247 76 19.7 0.75 (0.30-1.91) 1.16 (0.40-3.39)

Coronary artery disease 3258 242 5.2 1.37 (1.03-2.14) 1.29 (0.95-1.75)

Polyvascular disease 1075 309 20.6 0.90 (0.68-1.19) 0.96 (0.72-1.29)

PY = person-years, HR = hazard ratio, 95%CI= 95% confidence interval. 

Model 1-  Hazard ratios adjusted for gender and age 

Model 2 - Hazard ratios adjusted for gender, age, smoking, systolic blood pressure, Body Mass Index, LDL-

cholesterol, duration of clinically manifest vascular disease and age*log(follow-up time).
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Type 2 diabetes as a risk factor for recurrence of vascular events 
according to the number of locations of vascular disease
Of patients with polyvascular disease at two locations (n=935), 306 (33%) had coronary artery and 

cerebrovascular disease, 267 (28%) had coronary artery and peripheral artery disease, 171 (18%) 

had coronary artery disease with an abdominal aortic aneurysm, 101 (11%) had cerebrovascular 

and peripheral artery disease, 38 (4%) had cerebrovascular disease with an abdominal aortic 

aneurysm and 52 (6%) had peripheral artery disease with an abdominal aortic aneurysm. 

Type 2 diabetes was a risk factor for recurrence of vascular events in patients with symptomatic 

vascular disease at one location (HR 1.51; 95%CI 1.23-1.86, Table 3), but not at two locations 

(HR 1.16; 95%CI 0.84-1.61) or three locations (HR 1.30; 95% 0.58-2.91) (p-value for interaction 

type 2 diabetes and mono- versus polyvascular disease = 0.11). Results for vascular and all-cause 

mortality were comparable to those for the combined vascular endpoint (p-values for interaction 

type 2 diabetes and mono- versus polyvascular disease of 0.053 and 0.022, respectively).
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Table 3. Type 2 diabetes as a risk factor for recurrent events stratified for the number 

of locations of vessel disease 

Combined endpoint          

  N pts N events
5-year  

risk (%)
Model 1 -  

HR (95%CI)
Model 2 -  

HR (95%CI)

Total cohort 6841 901 10.2 1.37 (1.17-1.61) 1.41 (1.20-1.67)

1 location 5766 618 8.2 1.44 (1.19-1.76) 1.51 (1.23-1.86)

2 locations 935 237 20.3 1.12 (0.82-1.54) 1.16 (0.84-1.61)

≥3 locations 140 46 27.9 1.36 (0.63-2.94) 1.30 (0.58-2.91)

Vascular mortality          

  N pts N events
5-year  

risk (%)
Model 1 -  

HR (95%CI)
Model 2 -  

HR (95%CI)

Total cohort 6841 502 5.3    

1 location 5766 296 3.6 1.48 (1.13-1.94) 1.47 (1.11-1.95)

2 locations 935 169 13.1 1.10 (0.76-1.61) 1.14 (0.78-1.68)

≥3 locations 140 37 22.1 1.06 (0.42-2.65) 0.89 (0.33-2.44)

All-cause mortality          

  N pts N events
5-year  

risk (%)
Model 1 -  

HR (95%CI)
Model 2 -  

HR (95%CI)

Total cohort 6841 919 9.1    

1 location 5766 610 6.9 1.29 (1.06-1.56) 1.35 (1.11-1.66)

2 locations 935 255 18.9 0.94 (0.69-1.30) 0.99 (0.71-1.37)

≥3 locations 140 54 32.4 1.05 (0.49-2.23) 1.04 (0.47-2.34)

PY = person-years, HR = hazard ratio, 95%CI= 95% confidence interval 

Model 1-  Hazard ratios adjusted for gender and age 

Model 2 - Hazard ratios adjusted for gender, age, smoking, systolic blood pressure, Body Mass Index,

LDL-cholesterol, duration of clinically manifest vascular disease and age*log(follow-up time).
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Conclusions

In the present cohort study in patients with clinical manifest vascular disease, type 2 diabetes 

was related to a 67% increased risk of recurrent MACE in patients with coronary artery disease 

and a 36% increased risk of recurrent MACE in patients with cerebrovascular disease. Type 2 

diabetes was no risk factor for recurrent MACE in patients with vascular disease at multiple 

locations.

 The association between type 2 diabetes and vascular disease in general is quite well 

understood. Insulin resistance is likely to be the main pathophysiological mechanism underlying 

the increased vascular risk in patients with type 2 diabetes. Insulin resistance leads to formation 

of advance glycation endproducts (AGEs), oxidative stress and endothelial dysfunction, 

resulting in accelerated atherogenesis with intimal and medial calcifications20-22. Other 

processes induced by insulin resistance that increase vascular risk are vascular inflammation 

due to pro-inflammatory cytokines secreted by adipose tissue, elevated blood pressure and 

dyslipidemia with high triglyceride and concordant low HDL-cholesterol plasma levels23, 24. We 

found that the strength of the association between type 2 diabetes and vascular disease, with 

these underlying pathophysiologic mechanisms, depends on the location of vascular disease.

 Results of the present study indicate that in patients with coronary artery disease, those with 

type 2 diabetes have higher risk of recurrent vascular events than those without diabetes. An 

explanation may be that patients with type 2 diabetes have higher risk of late complications after 

coronary interventions than patients without diabetes, including more recurrent myocardial 

infarctions and target lesion revascularizations25, 26. Half of recurrent events in patients with 

coronary artery disease in the present study were myocardial infarctions, compared to 10-25% 

in patients with vascular disease at another location. The reason for re-thrombosis could be an 

increased pro-inflammatory state in patients with diabetes, possibly combined with impaired 

re-endothelialization27. Moreover, platelets are in an activated state and platelet adhesiveness 

and aggregation is enhanced in diabetic patients28. A second explanation might be that patients 

with diabetes have a higher prevalence of heart failure and left ventricular dysfunction29. This 

could result in death due to heart failure or sudden death because of an arrhythmia in patients 

with established coronary artery disease30. Prior studies found a 1.5 to 2.0 times higher MACE 

recurrence risk for diabetic patients compared to non-diabetic patients in myocardial infarction 

or post-PCI patients31-33. These studies assessed recurrence of myocardial infarction or death, 

but not a composite of vascular events as in the present study. Also, a substantial number of 

patients in these studies had concomitant symptomatic vascular disease at other locations, 

while we assessed the risk increase by type 2 diabetes for patients with vascular disease 

restricted to a single location, such as the coronary arteries.

 A large worldwide cohort from the Reduction of Atherothrombosis for Continued Health 

(REACH) investigators found type 2 diabetes to be related to an increased risk of recurrent 

MACE in patients with cerebrovascular disease (HR 1.32; 95%CI 1.20-1.45)34. Median follow-up 
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in the REACH study was only two years and patients originated from a primary care setting 

in contrast to the tertiary care setting in the present study. Yet, findings in patients with 

cerebrovascular disease from the SMART population are comparable to those from the REACH 

population and make it likely that type 2 diabetes increases risk of recurrent MACE in patients 

with cerebrovascular disease.

 In the present study the results for patients with peripheral artery disease or an abdominal 

aortic aneurysm were inconclusive, most likely due to a lack of power. Since the prevalence 

of coexisting atherosclerotic disease in patients with peripheral artery disease is high35-37, the 

number of patients in SMART with symptomatic vascular disease only in the leg arteries is small. 

The amount of patients with clinically manifest vascular disease restricted to an abdominal 

aortic aneurysm is even smaller. Furthermore, it was a selected population of AAA-patients at 

very high risk of recurrent MACE, since halve of them had a vascular intervention planned at the 

date of inclusion and 19% had a history of surgical aneurysm repair.

 Interestingly, type 2 diabetes seemed to be most detrimental for patients with clinical 

manifest vascular disease limited to one part of the vascular tree, such as coronary artery 

disease. There was no increased vascular risk for type 2 diabetes  in patients with polyvascular 

disease. Our hypothesis is that patients with symptomatic vascular disease at multiple 

locations are in a strong proatherogenic state with increased inflammation and coagulation, 

shown by a very high MACE recurrence rate of 21% in five years. In such an advanced disease 

state, there is no relevant additional influence of diabetes on vascular risk processes anymore. 

The duration of type 2 diabetes might also play a role. Patients with polyvascular disease had 

a longer duration of diabetes than patients with monovascular disease. The influence of type 

2 diabetes on recurrent vascular events might diminish with longer duration of diabetes, since 

patients with a diagnosis of diabetes several years ago may have more stable glucose levels and 

may have been treated according to the guidelines for more years than patients with a recent 

diagnosis of diabetes.

 Since type 2 diabetes increases recurrent MACE risk in patients with coronary artery disease 

and cerebrovascular disease, physicians should be more vigilant for signs of recurrent vascular 

disease in patients with type 2 diabetes and may pay special attention to preventive strategies 

in those individuals.  Even though patients with atherosclerotic disease limited to the coronary 

arteries were in general adequately treated in the present study, it could be hypothesized that 

those with diabetes  might benefit from targeting towards lower LDL-cholesterol levels. Part 

of the vascular risk reduction in patients with cerebrovascular disease might be achieved by 

consistently treating patients with lipid-lowering agents. More comprehensive blood-pressure 

lowering therapy could also be beneficial in these patients. Aggressive management of risk 

factors may be beneficial in patients with polyvascular disease, since their risk of recurrent 

vascular disease is very high.

 A strength of our study  is the large and well phenotyped cohort of patients with symptomatic 

vascular disease who were followed over a long time period. Medical care was given according 
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to current international guidelines and thereby reflected current clinical practice. Also, the 

SMART cohort is representative for patients with symptomatic vascular disease in Western 

countries since it comprises patients from a large catchment area in the Netherlands. The 

prevalence of type 2 diabetes in patients with various manifestations of vascular disease in 

this cohort is equal to the prevalence of type 2 diabetes in patients with vascular disease in 

the country. Furthermore, type 2 diabetes and various types of clinically manifest vascular 

disease were clearly defined and reported in a standardized manner. Because of the large 

sample size it was possible to make a distinction between various groups of patients with and 

without type 2 diabetes according to their location of symptomatic vascular disease and to 

adequately adjust for possible confounders. Study limitations also need to be considered. 

Patient characteristics were only measured at baseline. This also accounts for measures of 

diabetes regulation such as fasting plasma glucose and HbA1c values. We had no information 

about diabetes regulation during follow-up. Therefore, the relation between glycemic control 

and recurrent vascular events could not be studied. Moreover, the intensity of management 

of patients with and without diabetes was different according to the location of vascular 

disease. To adjust for potential confounding factors, we added major vascular risk factors that 

are influenced by medical therapy, i.e. systolic blood pressure and LDL-cholesterol, to the Cox 

models. A sensitivity analysis in which we also adjusted for antiplatelet and oral anti-coagulant 

therapy did not change the effect estimates.

 In conclusion, type 2 diabetes increased risk of recurrent MACE and mortality in patients 

with coronary artery disease whereas it was no risk factor in patients with polyvascular disease. 

There is no convincing evidence that type 2 diabetes is a major risk factor for subsequent MACE 

in all patients with clinically manifest vascular disease.
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Supplementary Material

Supplementary Table 1. Study outcome definitions

Myocardial infarction Acute chest pain for at least 20 min with ST-segment elevation (STEMI) 
Acute chest pain without ST-segment elevation with elevated troponin (NSTEMI) 
Intervention related myocardial infarction 
Typical pain, remaining STT changes on ECG, no documented cardiac enzymes development 
Sudden death: unexpected cardiac death occurring within 1 h after onset of symptoms, or within 24 h given 
convincing circumstantial evidence

Hemorrhagic or  
non-hemorrhagic stroke

Relevant clinical features for at least 24 h causing an increase in impairment of at least one grade on the 
modified Ranking scale, 
with a new cerebral infarction on CT or MRI 
Relevant clinical features for at least 24 h causing an increase in impairment of at least one grade on the 
modified Ranking scale, 
with a new cerebral hemorrhage on CT or MRI 
Relevant clinical features for at least 24 h causing an increase in impairment of at least one grade on the 
modified Ranking scale, 
without a new (hemorrhage) cerebral infarction on CT or MRI

Cardiovascular mortality Death from stroke, intracranial bleeding, myocardial infarction, congestive heart failure, rupture of abdominal 
aortic aneurysm and  
vascular death from other causes 
Sudden death: unexpected cardiac death occurring within 1 h after onset of symptoms, or within 24 h given 
convincing circumstantial evidence

MACE Nonfatal myocardial infarction, nonfatal hemorrhagic or non-hemorrhagic stroke or cardiovascular mortality

All-cause mortality All deaths during follow-up, irrespective of the cause of death
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Abstract

Background A concern in current times is that trial populations may not represent the patients 

seen in daily practice, due to strict selection criteria.

 Objective To assess the impact of lipid-lowering trial selection criteria on the applicability of 

results from the Scandinavian Simvastatin Survival Study (4S, 1988-1989),  the Treating to New 

Targets (TNT, 1998-1999) and the Improved Reduction of Outcomes (IMPROVE-IT, 2005-2010) 

in clinical practice. 

 Methods Trial selection criteria were applied to 2,867 patients with coronary artery disease 

(CAD) from patients seen in clinical practice, and followed between 2004-2014 in the Secondary 

Manifestations of ARTerial disease (SMART) study. Differences in characteristics between trial 

eligible and ineligible patients were estimated, and tested with the t-test for continuous and 

10,000 bootstrap samples for binary variables. Differences in the risk for major cardiovascular 

events (MACE) and mortality were estimated by Kaplan Meier.

 Results Thirty percent were eligible for 4S, 71% for TNT, and 29% for IMPROVE-IT. Compared 

to patients ineligible for 4S, eligible patients were 5 years younger, had less vascular disease and 

diabetes, and 0.9 mmol/L higher low density lipoprotein-cholesterol (LDL-c). Patients eligible 

for TNT were 4 years younger, with 18 mmHg lower systolic blood pressure and 0.8 mmol/L 

lower LDL-c. Patients eligible for IMPROVE-IT were 4 years older with 0.4 mmol/L lower LDL-c. 

Five-year MACE risk in eligible versus ineligible patients was 6.9% versus 8.4% for 4S (p=0.06), 

7.6% versus 8.7% for TNT (p=0.12), and 7.3% versus 8.2% for IMPROVE-IT (p=0.74). 

 Conclusion Applicability of major lipid-lowering trial results is not impaired by selection criteria, 

as eligible and ineligible patients differ only slightly in cardiovascular risk factors and prognosis.
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Introduction

Landmark randomized controlled clinical trials with lipid-lowering agents are the cornerstone 

in current guidelines for cardiovascular disease prevention in patients with coronary artery 

disease (CAD)1, 2. The AHA/ACC and ESC guidelines recommend intensive lipid-lowering for 

most CAD patients, as large randomized trials reported a consistent benefit of intensive over 

standard lipid-lowering treatment on cardiovascular outcomes3-7. In the setting of these clinical 

trials, lipid-lowering drug efficacy was evaluated under strict, controlled circumstances to 

minimize the probability of bias. Trial results should be valid in order to be clinically useful, and 

validity is pursued by selection criteria that define a clearly delineated population. At the same 

time, selection of participants may impair the applicability of trial results to the wide variety 

of CAD patients seen in current daily practice. It is unknown how many CAD patients seen by 

clinicians in daily practice would be eligible for lipid-lowering trial participation, and to what 

extent they differ from those who do not fulfil eligibility criteria. In other words, it could be 

questioned whether the benefit of lipid-lowering therapy can be extended to CAD patients seen 

in clinical practice, not selected on the basis of strict eligibility criteria8, 9.

 In addition, current populations may have a different cardiovascular risk profile than original 

trial participants due to improved vascular treatment strategies such as an increase in statin 

and aspirin use, improved control of hypertension and diabetes, as well as the evolution of 

successful vascular revascularization procedures10. Hospitalization and mortality rates of major 

acute cardiovascular events (MACE) have decreased significantly over the past decades11, 12. If 

the more favourable risk profile of contemporary patients would have excluded them from trial 

participation in the past, caution is warranted with generalization of trial results.

 We aimed to assess the influence of trial selection criteria on the applicability of major 

lipid-lowering trial results from three different time periods (1988-2010) to contemporary CAD 

patients in clinical practice4, 6, 13.
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The 4S, TNT and IMPROVE-IT randomized clinical trials 
The Scandinavian Survival Study (4S) study included 4,444 patients from 1988-1989 with 

exertional angina pectoris or a myocardial infarction ≥ 6 months ago, and total serum 

cholesterol 5.5-8.0 mmol/L13. They were randomized to simvastatin 20-40 mg or placebo. 

Simvastatin lowered risk of major coronary events from 28% to 19% during a median follow-up 

of 5.4 years (hazard ratio [HR] 0.66, 95%CI 0.59-0.75). The Treating to New Targets (TNT) trial 

included 10,003 patients with clinically evident coronary heart disease between 1998-1999 and 

randomly assigned them to atorvastatin 10 or 80 mg4. High-dose statin reduced the risk of 

MACE from 10.9% to 8.7% (HR 0.78, 95% 0.69-0.89) during a median of 4.9 years follow-up. The 

Improved Reduction of Outcomes (IMPROVE-IT) trial randomly added ezetimibe or placebo to 

simvastatin 40 mg in 18,144 patients who recently had an acute coronary syndrome (inclusion 

period 2005-2010)73. Ezetimibe on top of statin decreased risk of MACE from 34.7% to 32.7% 

(HR 0.94, 95% 0.89-0.99) during a median follow-up of 6 years.

The SMART ongoing prospective cohort study
Trial selection criteria were applied to 2,867 CAD patients from the Secondary Manifestations 

of ARTerial disease (SMART) cohort study, enrolled and monitored between 2004 and 2014. 

The SMART study is an ongoing, prospective cohort study at the University Medical Center 

Utrecht (Utrecht, the Netherlands) among patients aged 18-79 years at baseline with clinically 

evident atherosclerotic vessel disease, or known major risk factors for atherosclerosis (e.g. 

diabetes, hyperlipidemia, hypertension). The rationale and design of the SMART study have 

been described in detail previously14. The main objective of the SMART study is to assess the 

occurrence of and risk factors for subsequent cardiovascular events. The SMART study was 

approved by the local ethical committee and all study participants gave informed consent. 

An extensive, standardized baseline screening was performed in the SMART study including 

medical history, medication use, symptoms of cardiovascular disease or risk factors, physical 

examinations (e.g. height, weight, systolic and diastolic blood pressures) and fasting laboratory 

measurements of serum lipid, glucose, HbA1c and creatinine levels. 

Eligibility criteria
Major overarching eligibility criteria concerned the age of participants, lipid profile. Moreover, 

patients using a statin with LDL-c lowering potency higher than simvastatin 40 mg were not 

eligible for IMPROVE-IT. The application of eligibility criteria is presented in Figure 1. and 

cardiovascular history. Since 4S participants did not use lipid-lowering medication before the 

start of the trial, serum cholesterol values in SMART patients were recalculated to approximate 

untreated levels based on the percentage LDL-c reduction expected by statin type and dose 15, 16. 

As the TNT trial had an 8 week run-in period in which all participants received atorvastatin 10 
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mg, serum cholesterol values were recalculated to baseline values with this statin (assuming 

a 35% LDL-c reduction compared to no statin) (16). Uncontrolled diabetes was defined as a 

diagnosis of diabetes in concurrence with  HbA1c >10%. Uncontrolled hypertension was defined 

as a systolic blood pressure (SBP) >160 mmHg.

Baseline SMART patient characteristic definitions
Definitions of baseline characteristics in SMART reflect clinical practice as recommended 

by (inter)national guidelines. The definition of CAD was a prior myocardial infarction, 

revascularization procedure or symptoms of myocardial ischemia with documentation of 

coronary atherosclerosis (>50% stenosis in ≥1 of the major coronary arteries on coronary 

angiography). A history of cerebrovascular disease included a diagnosis of transient ischemic 

attack or stroke by a neurologist. A history of peripheral artery disease was defined as a 

diagnosis by the vascular surgeon because of gangrene/ulcers, rest pain or intermittent 

claudication with: an ankle brachial pressure index (ABPI) ≤ 0.90 in rest or a post-exercise 

deterioration in ABPI of 20% or more in at least one leg. Type 2 diabetes was defined as a self-

reported history by the patient, use of glucose lowering therapy, or a fasting plasma glucose  

≥7.0 mmol/l at baseline plus initiation of diabetes treatment (dietary advices, weight reduction 

or medication) within one year from screening. Body Mass Index (BMI) was defined as weight 

(kg) divided by squared height (m2). Renal function was estimated with the Modification of Diet 

in Renal Disease (MDRD) formula. Triglycerides, total cholesterol and HDL-cholesterol (HDL-c) 

were measured with enzymatic kits. Using the Friedewald formula, LDL-c was calculated up to 

plasma triglyceride levels of 9 mmol/L17. 

SMART follow-up and definitions of clinical outcomes
During the follow-up period, information from a biannual questionnaire was used to document 

hospitalizations and relevant events. Events were evaluated independently by three members 

of the SMART study end point committee, consisting of specialists from different fields 

of medicine. The death of a participant and underlying cause were reported by the general 

practitioner, medical specialist, or relatives. Additional information on the event was obtained 

from discharge letters, and laboratory or radiology examinations. The primary outcome 

was of a composite of MACE, including non-fatal myocardial infarction, hemorrhagic, and 

non-hemorrhagic stroke, and cardiovascular mortality (detailed outcome description in 

Supplementary Table 1). Secondary outcomes were cardiovascular mortality and all-cause 

mortality. 

Data analyses 
The number of CAD patients in the SMART cohort eligible or ineligible for participation in 

each trial was calculated. Differences in patient characteristics between trial eligible versus 

ineligible CAD patients were estimated and tested with a t-test for continuous and 10,000 
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bootstrap samples for binary variables. Randomly missing data were singly imputed by 

weighted probability matching to prevent biased analyses (smoking, n=13 [0.5%]; SBP, n=4 

[0.1%]; diastolic blood pressure [DBP], n=8 [0.3%]; Body Mass Index [BMI], n=3 [0.1%]; MDRD, 

n=4 [0.1%]; HDL-c and LDL-c, n=11 [0.4%]; plasma glucose, n=7 [0.2%])18. Five-year risks for 

the primary and secondary outcomes in eligible and ineligible CAD patients were derived from 

Kaplan-Meier survival curves. Differences in risk of MACE and (cardiovascular) mortality were 

tested with the Log-rank test, and adjusted for age in a Cox proportional hazard survival model. 

The Cox proportional hazards assumption was checked with plots of the Schoenfeld residuals. 

Analyses were performed using IBM SPSS Statistics version 21 and R statistical software 

version 3.2.2, with the add-on packages Hmisc, survival and rms. A two-sided p-value <0.05 

was considered significant.

Results

Trial eligibility for contemporary CAD patients
The application of trial eligibility criteria to contemporary CAD patients is schematically 

depicted in Figure 1. Of 2,867 patients with CAD, 30% were eligible for 4S, 71% for TNT and 

29% for IMPROVE-IT trial participation. An overview of the total number of eligibility criteria 

not fulfilled by CAD patients is provided in Supplementary Table 2. Patients were most likely 

ineligible on the basis of a single criterion (72% of patients ineligible for 4S, 88% of patients 

ineligible for TNT and 67% of patients ineligible for IMPROVE-IT).

Patient characteristics of eligible versus ineligible contemporary CAD 
patients
Table 1 shows the differences in clinical characteristics between trial eligible and ineligible 

contemporary CAD patients. Compared to ineligible patients, those eligible for 4S trial 

participation were on average 5 years (95%CI 4-6) younger, had a 10% (95%CI 7-13%) lower 

prevalence of diabetes, a 9% (95%CI 7-11%) lower prevalence of cerebrovascular disease, and 

0.9 mmol/L (95%CI 0.8-1.0) higher untreated serum LDL-c levels. TNT eligible patients were 

on average 4 years (95%CI 3-5) younger than ineligible patients, had a 18 mmHg (95%CI 17-

20) lower SBP, and 0.8 mmol/L (95%CI 0.7-0.9) lower serum LDL-c with atorvastatin 10 mg. 

IMPROVE-IT eligible patients were on average 4 years (95%CI 3-5) older than ineligible patients, 

had a and had 0.4 mmol/L (95%CI 0.4-0.5) lower serum LDL-c. The percentage of females was 

the same in both groups for all three trials.
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Table 1. Differences in characteristics of CAD patients eligible and ineligible for trial participation

4S TNT IMPROVE-IT

Eligible ∆ Eligible - 
ineligible
(95% CI)

Eligible ∆ Eligible 
-  ineligible

(95% CI)

Eligible ∆ Eligible - 
ineligible
(95% CI)

N (%) of SMART CAD 864 (30) 2,039 (71) 825 (29)

Female gender 162 (19) -1% (-4/2) 383 (19) -3% (-6/1) 152 (18) -2% (-5/2)

Age (years) 58 (7) -5 (-6/-4) 60 (9) -4 (-5/-3) 64 (7) 4 (3/5)

Current smoker 214 (25) 3% (0/7) 467 (23) 2% (-2/5) 153 (19) -5% (-9/-2)

Medical history

Former smoker 431 (50) -6% (-10/-2) 1082 (53) -4% (-8/1) 472 (57) 4% (0/8)

Diabetes mellitus 114 (13) -10% (-13/-7) 400 (20) -2% (-5/1) 202 (24) 6% (3/9)

Cerebrovascular disease 18 (2) -9% (-11/-7) 163 (8) -2% (-4/1) 75 (9) 1% (-1/3)

Peripheral artery disease 46 (5) -1% (-3/1) 111 (5) -4% (-7/-2) 57 (7) 1% (-1/3)

Medication

RAAS inhibitors 446 (52) -3% (-6/1) 1,054 (52) -6% (-10/-2) 432 (52) 0% (-4/4)

Beta blocker 661 (77) -1% (-4/2) 1,591 (78) 3% (-1/6) 649 (79) 2% (-1/5)

Other antihypertensive 
drugs

296 (34) -6% (-9/-2) 738 (36) -7% (-11/-3) 347 (42) 5% (1/9)

Aspirin 776 (90) 5% (2/7) 1,785 (88) 3% (0/6) 720 (87) 1% (-2/4)

Oral anticoagulants 97 (11) -3%  (-6/-1) 256 (13) -3% (-6/0) 106 (13) -1% (-4/2)

Statins 787 (91) 5% (2/7) 1,790 (88) 0% (-2/3) 700 (85) -4 (-7/-1)

Physical examination

Systolic BP (mm Hg) 135 (19) -4 (-6/-3) 133 (14) -18 (-20/-17) 140 (20) 3 (1/4)

Diastolic BP (mm Hg) 81 (11) 1 (0/2) 79 (9) -6 (-7/-5) 81 (11) 0 (-1/1)

Body mass index (kg/m²) 27 (4) 0 (0/0) 27 (4) 0 (0/0) 27 (4) 0 (0/0)

Laboratory 
measurements

HDL cholesterol (mmol/L) 1.3 (0.3) 0.1 (0.1/0.1) 1.1 (0.3) -0.1 (-0.1/0) 1.2 (0.3) 0.0 (0.0/0.0)

LDL cholesterol (mmol/L) 4.5 (0.7)1 0.9 (0.8/1.0)1 2.3 (0.6)2 -0.8 (-0.9/-0.7)2 2.1 (0.4) -0.4 (-0.5/-0.4)

Triglycerides (mmol/L) 1.4 (0.5) -0.2 (-0.3/-0.2) 1.5 (0.9) -0.1 (-0.2/-0.1) 1.4 (0.7) -0.2 (-0.3/-0.1)

Glucose (mmol/L) 6.1 (1.2) -0.3 (-0.4/-0.1) 6.2 (1.3) -0.2 (-0.3/-0.1) 6.4 (1.5) 0.1 (0.0/0.2)

MDRD (ml/min/1.73 m2) 78 (16) 3 (2/5) 77 (17) 3 (1/4) 74 (16) -3 (-4/-2)

Eligible patient characteristics are given as mean (SD) for continuous and n (%) for categorical variables. 

Differences (∆) in mean or percentages are given with 95% CI. 
1 Recalculated to untreated levels.
2 Recalculated to levels with atorvastatin 10mg/day.  

RAAS= renin-angiotensin-aldosterone system, BP = blood pressure, HDL = high-density lipoprotein, 

LDL = low-density lipoprotein, MDRD = modification of diet in renal disease equation
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Vascular outcomes and mortality of eligible versus ineligible 
contemporary CAD patients
Patients with CAD eligible for 4S or TNT had a slightly lower 5-year risk for MACE than ineligible 

patients (6.9% versus 8.4% for 4S [p=0.06], 7.6% versus 8.7% for TNT [p=0.12], and 7.3% versus 

8.2% for IMPROVE-IT [p=0.74] (Table 2 and Figure 2). Similar non-significant differences were 

observed for cardiovascular mortality. Patients eligible for 4S had a 5-year all-cause mortality 

risk of 2.2% compared to 3.4% for 4S ineligible patients (p=0.02). Patients eligible for TNT had 

a 5-year all-cause mortality risk of 2.8% compared to 3.8% for TNT ineligible patients (p=0.01). 

Five-year all-cause mortality risk in patients eligible for IMPROVE-IT was 7.2% compared to 

5.9% for ineligible patients (p=0.03). 

 After adjustment for age, CAD patients eligible for a lipid-lowering trial still had slightly 

lower risk for MACE, but differences were non-significant (HR 0.85 [95%CI 0.63-1.15] for 4S, HR 

0.89 [95%CI 0.68-1.16] for TNT, and HR 0.86 [95%CI 0.66-1.13] for IMPROVE-IT). Age-adjusted 

mortality risk was similar for eligible and ineligible patients (HR eligible vs. ineligible 1.06 

[95%CI 0.75-1.50] for 4S, 0.94 [0.70-1.26] for TNT, and 1.08 [0.82-1.43] for IMPROVE-IT).

 

Table 2. MACE and mortality in trial eligible versus ineligible CAD patients in SMART 

Clinical outcomes Trial Eligible CAD patients Ineligible CAD patients p-value eligible vs. ineligible

5-year risk (%) 5-year risk (%)

MACE (n=254) 4S 6.9 8.4 0.06

TNT 7.6 8.7 0.12

IMPROVE-IT 7.3 8.2 0.74

Vascular mortality (n=100) 4S 2.2 3.4 0.06

TNT 2.8 3.8 0.22

IMPROVE-IT 3.5 2.9 0.30

All-cause mortality (n=213) 4S 4.5 7.0 0.02

TNT 5.4 8.3 0.01

IMPROVE-IT 7.2 5.9 0.03
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Discussion

In a cohort of contemporary CAD patients, eligibility for major lipid-lowering trial participation 

ranged between 29%-70%. Compared to patients ineligible for 4S and TNT trial participation, 

eligible patients were younger, had less prior vascular disease, and a 1% lower 5-year risk for 

MACE. Mean age of CAD patients eligible for IMPROVE-IT was higher compared to ineligible 

patients, accompanied by a higher mortality risk. After adjustment for age, there were no 

differences in mortality risk between trial eligible and ineligible patients. In contrast to 

frequently heard concerns about trial selection criteria, differences in risk factors for and the 

occurrence of cardiovascular disease between patients eligible and ineligible for lipid-lowering 

trials are modest. 

The impact of selection criteria on the applicability of cardiovascular 
trial results
The present study confirms the applicability of trial results on lipid-lowering therapy in 

contemporary patients with coronary artery disease. In the field of cardiovascular medicine, 

the applicability of trial results has been previously investigated for coronary revascularizations 

or antiplatelet therapy19-22. This has also been done for antithrombotic therapy in patients 

with atrial fibrillation23. Patients eligible for trial participation were younger, with less 

prior cardiovascular disease and less major risk factors for MACE than ineligible patients. 

Occasionally, female patients and minority ethnic groups were underrepresented in trials24, 

25. A recent cohort study found no real differences in patient characteristics between those 

eligible and ineligible for the PEGASUS-TIMI-54 trial, which studied the effect of long-term dual 

antiplatelet therapy in patients with a history of myocardial infarction21. Most studies found a 

lower incidence of vascular outcomes or mortality in eligible versus ineligible patients, but the 

magnitude of the differences varied19-22.  For example, 3-year risk for MACE in the PEGASUS-

TIMI-54 eligible patients was 9% compared to 18% in ineligible patients21. For stroke patients, 

2.5-year MACE risk was independent of eligibility for antiplatelet trials, but mortality risk was 

higher in ineligible patients (27-40%) compared to eligible patients (16-20%)20.

 The current results are partially in line with studies in other areas of cardiovascular medicine. 

Patients eligible for lipid-lowering trial participation had a slightly more favourable risk profile 

than ineligible patients. However, the absolute differences in risk factors and vascular outcomes 

were modest and might not be of clinical relevance. 

Clinical implications 
In contrast to what is advised in the current guidelines, lipid-lowering therapy is often 

not intensified in CAD patients26. This may reflect uncertainty of physicians regarding the 

applicability of lipid-lowering trial results on which guideline recommendations are based. The 

results of the present study show that trial eligibility criteria do not impair the applicability of 
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lipid-lowering trials results and guideline recommendations. CAD patients not eligible for major 

lipid-lowering trials have a slightly higher risk for MACE. As a consequence, they may benefit 

even more from intensive lipid-lowering therapy than patients eligible for trial participation (see 

Box 1 for a clinical case scenario)27, 28. We previously developed and validated a prediction model 

for predicting 5-year MACE risk and the absolute risk reduction with intensive lipid-lowering 

therapy in individual CAD patients28. The algorithms, based on simple patients characteristics, 

were developed in the TNT trial and validated in the Incremental Decrease in End Points Through 

Aggressive Lipid Lowering (IDEAL) trial4, 5, 28. Results from the current study are reassuring for 

the validity of this prediction model in clinical practice CAD patients as those who benefit most 

from intensive lipid-lowering can be identified, which enables clinicians to target intensive 

lipid-lowering treatment towards those with high predicted benefit. An individual’s expected 

absolute benefit from intensive treatment should be weighed against side effects, costs and 

patient preferences in making a treatment decision. 

Other factors that may impact applicability of trial results
Besides trial selection criteria, there are several other factors that could impact the applicability 

of trial results, such as the time period in which the trial was conducted, geographic differences, 

blinding, and the controlled follow-up schedule of trial participants8. Furthermore, patient and 

physician’s preferences play a role in the inclusion of participants in a trial. Although difficult to 

measure, these factors may impact the applicability of trial results. 

Strengths and limitations
The CAD patients in the cohort study reflect current clinical practice as they were referred to 

the hospital with coronary artery disease. Furthermore, they originate from a large catchment 

area in the Netherlands. Other strengths of this study include the relatively large number of 

vascular outcomes, long follow-up period, extensiveness of collected patient characteristics 

and completeness of data. Baseline measurements were performed in a standardized manner. 

In addition, the impact of selection criteria was assessed for clinical trials from different time 

periods. A limitation of this study is that some  trial exclusion criteria could not be applied 

to the SMART cohort  as these data were lacking. We expect no significant overestimation of 

trial eligibility as it concerned the less common criteria for exclusion (i.e. hepatic dysfunction, 

uncontrolled hypothyroidism, nephrotic syndrome or severe congestive heart failure). 

Furthermore, treated LDL-c  concentrations in contemporary patients were recalculated to 

untreated levels for 4S eligibility or levels with atorvastatin 10 mg for TNT eligibility, which 

may have induced inaccuracy. 
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Conclusion

In conclusion, contemporary CAD patients fulfilling eligibility criteria for major lipid-lowering 

trials differ only little from ineligible patients in cardiovascular risk factors and risk of MACE.  

Selection criteria do not limit the applicability of lipid-lowering trial results to CAD patients in 

contemporary clinical practice.
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Box 1. Clinical case scenario

Patient A

· Male

· 65 years old

· History of myocardial infarction

· Total cholesterol 4.3 mmol/l

· LDL-c 2.5 mmol/l on atorvastatin 10 mg

· HDL-c 1.0 mmol/l

· Triglycerides 1.8 mmol/l

· Systolic blood pressure 140 mmHg

· No diabetes

He fulfils the eligibility criteria for both the TNT and IMPROVE-IT trial. He  has a 5-year 

MACE risk of 7.4%28. Intensive lipid-lowering therapy would reduce this risk with 15%27.

5-year absolute risk reduction with a high-dose statin = 7.4% - (0.85 * 7.4%) = 1.1% 

Number needed to treat  = 91

5-year absolute risk reduction with ezetimibe = 7.4% - (0.94 * 7.4%) = 0.4% 

Number needed to treat = 250

Patient B

Patient B has the same characteristics as patient A, but a different lipid profile:

· Total cholesterol 5.5 mmol/l

· LDL-c 3.6 mmol/l on atorvastatin 10 mg

· HDL-c 1.0 mmol/l

· Triglycerides 2.0 mmol/l

He does not fulfil the eligibility criteria for both the TNT and IMPROVE-IT trial, due to 

his high LDL-c serum levels. He has a 5-year MACE risk of 8.9%. Intensive lipid-lowering 

therapy would reduce this risk with 15%.

5-year absolute risk reduction with a high-dose statin = 8.9% - (0.85 * 8.9%) = 1.3% 

Number needed to treat  = 77

5-year absolute risk reduction with ezetimibe = 8.9% - (0.94 * 8.9%) = 0.5% 

Number needed to treat = 200
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Supplementary Material

Supplementary Table 1. Study outcome definitions

Myocardial infarction

Acute chest pain for at least 20 min with ST-segment elevation (STEMI) 
Acute chest pain without ST-segment elevation with elevated troponin (NSTEMI) 
Intervention related myocardial infarction 
Typical pain, remaining STT changes on ECG, no documented cardiac enzymes development 
Sudden death: unexpected cardiac death occurring within 1 h after onset of symptoms, or within 24 h given 
convincing circumstantial evidence

Hemorrhagic or  
non-hemorrhagic stroke

Relevant clinical features for at least 24 h causing an increase in impairment of at least one grade on the modified 
Ranking scale, 
with a new cerebral infarction on CT or MRI 
Relevant clinical features for at least 24 h causing an increase in impairment of at least one grade on the modified 
Ranking scale, 
with a new cerebral hemorrhage on CT or MRI 
Relevant clinical features for at least 24 h causing an increase in impairment of at least one grade on the modified 
Ranking scale, 
without a new (hemorrhage) cerebral infarction on CT or MRI

Cardiovascular mortality

Death from stroke, intracranial bleeding, myocardial infarction, congestive heart failure, rupture of abdominal 
aortic aneurysm and  
vascular death from other causes 
Sudden death: unexpected cardiac death occurring within 1 h after onset of symptoms, or within 24 h given 
convincing circumstantial evidence

MACE Nonfatal myocardial infarction, nonfatal hemorrhagic or non-hemorrhagic stroke or cardiovascular mortality

All-cause mortality All deaths during follow-up, irrespective of the cause of death
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Supplementary Table 2. Number of trial eligibility criteria NOT fulfilled by CAD patients

N of criteria 4S TNT IMPROVE-IT

N of patients % N of patients % N of patients %

0 864 30 2,039 71 825 29

1 1400 49 724 25 1,363 48

2 545 19 95 3 560 20

3 48 2 3 0 109 4

4 3 0 NA NA 9 0

Total 2,867 100 2,861 100 2,867 100

Supplementary Table 3. SMART inclusion year for trial eligible vs. ineligible patients

Year of inclusion 4S TNT IMPROVE-IT

Eligible Ineligible Eligible Ineligible Eligible Ineligible

Median 2008 2008 2008 2008 2007 2008

IQR 2006-2010 2006-2010 2006-2010 2006-2010 2005-2009 2006-2011

IQR= interquartile range
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Summary points

•  For translation of an overall trial result into an individual’s expected absolute treatment 

effect, possible differences in relative treatment effect between patients should be taken 

into account.

•  If there is no underlying biologic mechanism for a single variable treatment interaction, 

relative treatment effect heterogeneity is preferably assessed with a multivariable risk 

score.

•  Although infrequently performed, an individual patient data meta-analysis provides a 

unique opportunity to asses relative treatment effect heterogeneity across the full range of 

baseline risk (untreated risk) as determined by multiple characteristics.  

•  Treatment effect heterogeneity can be assessed in a survival model with a likelihood ratio 

test for the interaction between baseline risk and treatment, including a random effect for 

unmeasured study differences (i.e. frailty term in a Cox proportional hazards model).
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Randomized clinical trials (RCTs) often report a single relative effect measure for a large group 

of patients. In guideline development and clinical practice, this single relative measure is applied 

to diverse patient categories and individual patients. However, individual patient characteristics 

define risk without treatment and thereby influence the anticipated absolute treatment 

effect1, 2. These characteristics may also influence the relative response to treatment2, 3. Relative 

treatment effect heterogeneity is regularly assessed with subgroup analyses, which is studying 

a single patient characteristic at a time. This paper explains why such approaches to subgroup 

analyses could have limitations, and so we propose an alternative method to evaluate treatment 

effect heterogeneity. Individual patient data from multiple trials provide an opportunity for the 

assessment of relative treatment effect heterogeneity between patients with varying baseline 

(i.e. untreated) risk. We illustrate this method with an example by combining individual 

patient data from four large RCTs which assessed the effect of angiotensin converting enzyme 

inhibitor (ACEi) therapy on mortality in patients with symptomatic heart failure or a reduced 

left ventricular ejection fraction (LVEF)4-7.

A constant or varying relative treatment effect
An accurate assessment of the relative treatment effect is essential for the estimation of 

absolute treatment effect for individual or groups of patients. It should therefore be established 

whether a relative treatment effect is consistent across a spectrum of patients with differing 

clinical characteristics. That an intervention confers a constant relative treatment effect across 

subgroups assumes this effect to be independent of baseline risk. In clinical terms, this means 

that patients at high risk for the outcome benefit more from therapy in terms of absolute risk 

reduction. For example, a 20% relative treatment effect would result in a 5% absolute risk 

reduction for an individual with a 25% risk for the outcome and a 2% absolute risk reduction 

for an individual with a 10% risk for the outcome. The opposite scenario is that the relative 

effect of a drug is dependent on patient characteristics. The treatment effect may be influenced 

by a single characteristic or it may be influenced by a combination of patient characteristics8. 

In this scenario, an association between the relative risk reduction and a patient’s baseline 

risk, as defined by a set of prognostic characteristics (including age and comorbidities, other 

treatments, and duration of disease), may be expected. 

Subgroup analyses
Subgroup analyses, based on single patient characteristics, are frequently performed to assess 

differences in the relative treatment effect between groups of patients. However, there are 

some major limitations to subgroup analyses in RCTs9-12. 

Subgroup-specific treatment effects
Stratification and subsequent estimation of relative treatment effects within numerous 

subgroups results in a high risk of chance findings9. In a trial with a positive overall treatment 
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effect without true subgroup differences, the chance of finding a significant treatment effect in 

one of two subgroups varies from 40-60%, depending on the power for detection of an overall 

treatment effect13. If a treatment strategy is falsely concluded to be ineffective in a specific 

subgroup, patients within this subgroup may consequently be denied a potentially beneficial 

treatment. Alternatively, the treatment effect in the subgroup of patients with a significant 

result could be over-estimated and thereby misinterpreted. In a different trial with a neutral 

effect and no true subgroup differences, the chance of finding a falsely significant subgroup 

effect in one of two subgroups is approximately 7%13. Multiple testing for numerous subgroups, 

frequently seen in clinical trial reports, increases the likelihood of chance findings in both 

scenarios11. 

Interaction between the treatment and a single patient characteristic
An interaction test is more accurate than estimation of subgroup-specific treatment effects. 

However, a true interaction might not be detected as few trials are adequately powered for 

single variable treatment interaction analysis11. If an interaction is expected to have the same 

magnitude as the overall treatment effect (e.g. treatment X lowers the overall probability of 

death with 30% and is 30% more effective in men than in women), the sample size would need 

to be increased by a factor of 4 to assess this interaction with the same 80% statistical power 

as the original overall treatment effect13. If the interaction effect is expected to have a third 

of the overall effect (treatment X is 10% more effective in men than in women) the sample 

size needs to be increased by a factor of 50 to retain the statistical power. If there is no actual 

interaction effect, the probability of finding a false-positive treatment interaction is 5% per 

tested characteristic11.

Examples of single variable treatment interactions
A single factor may directly modify the relative treatment effect of a drug. If such treatment 

interactions are expected, they should be specified in the trial design and taken into account in 

trial power estimation. Biologic or genetic mechanisms may underlie a single factor treatment 

interaction (e.g. drug-drug interaction of CYP2C9 inhibitors and vitamin K antagonists, or the 

molecular profile of a breast tumor and cancer therapy14). Moreover, a treatment strategy can 

directly influence a major prognostic factor (e.g. low- versus high-grade carotid artery stenosis 

and carotid endarterectomy11). Finally, the timing of acute care like thrombolytic therapy for 

patients with acute myocardial infarction can be essential, and is independent of long-term 

vascular risk15. 

Interaction between baseline risk and relative treatment effect
If baseline risk (without treatment) for a clinical outcome is estimated with a risk model 

composed of multiple prognostic factors, a risk-treatment interaction assesses whether the 

relative treatment effect of a drug is influenced by baseline risk of an individual patient. This 
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multivariable approach in an individual patient data meta-analysis has essential advantages 

over a one characteristic at a time approach used in single trial subgroup analyses. First, it 

includes all patients from multiple trials in the analysis, possibly maintaining sufficient power 

for the assessment of treatment effect differences in the study population. Second, treatment 

effect heterogeneity could be a simultaneous influence of multiple risk factors. As trial 

participants usually differ in numerous characteristics, baseline risk varies widely in a pooled 

cohort  of patients from multiple trials, which provides the opportunity to detect multivariable 

treatment interaction8, 9. Third, a single test for risk-treatment interaction prevents chance 

findings due to multiple testing.

Review of the literature
Despite the current emphasis on the application of trial results to individual patients, relatively 

few studies combined evidence from multiple trials to assess whether the relative treatment 

effect is dependent on baseline risk. This has been done for the relative treatment effect of 

statins and blood-pressure lowering treatment on vascular events16, 17. A 1 mmol/L reduction 

in the low-density lipoprotein cholesterol (LDL-c) plasma concentration is associated with 

a greater relative treatment effect for patients at low risk for major vascular events than 

for patients at high risk for major vascular events16. An explanation may be that 1 mmol/L 

LDL-reduction is a greater reduction relative to the lower pretreatment LDL-c levels in low 

risk patients, or that low risk patients have less competing nonvascular causes of death. The 

relative decrease in vascular events and mortality due to blood pressure reduction in patients 

with hypertension was consistent across strata of baseline risk17. A recently published trial 

showed that in intermediate-risk patients without a history of cardiovascular disease and a 

mean systolic blood pressure of 138 mmHg, a fixed low-dose combination of candesartan and 

hydrochlorothiazide did not reduce the overall incidence of major cardiovascular events18. 

However, the relative effect of blood-pressure lowering therapy was dependent on baseline 

blood pressure, with benefit in patients with higher blood pressure and no benefit in patients 

without hypertension. This single factor treatment interaction was prespecified in the trial 

design and supported in a meta-analysis of independent trials19.

Assessment of interaction between the relative treatment effect 
and baseline risk
Before individual patient data from different studies are pooled, between-study heterogeneity 

can be quantified with a two-stage meta-analysis. At first, an intervention effect per study 

is calculated. Second, a pooled intervention effect is derived as a weighted average of the 

individual study treatment effects. Heterogeneity in treatment effects is a common issue 

that arises if trials differ regarding  drug dosage, clinical setting, follow-up length or selection 

criteria20. A measure of treatment heterogeneity is the I2 statistic which quantifies it as the 

proportion of observed variance in the relative treatment effect due to real differences between 
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studies. The next step is to pool the data and estimate baseline risk for individual patients, 

preferably with an existing risk score. If not all variables are collected in the studies, one may 

have to create a new risk score. A survival model is subsequently fitted with baseline risk and 

treatment allocation as predictors. A random-effects term for study type accounts for possible 

treatment heterogeneity (i.e. gamma frailty term in a Cox proportional hazards model)21. A 

potential interaction between the relative treatment effect and baseline risk is assessed by 

adding the interaction term “treatment * baseline risk” to the model. The models with and 

without interaction term are compared using the likelihood ratio test with a p-value <0.05 

indicating a significant interaction. 

Real data illustration: effect of ACEi in patients with reduced LVEF
Heart failure is a common disease with a prevalence of 2% in adults and 8% in those aged 

≥75 years22. The most common cause of heart failure is coronary heart disease. Mortality rates 

remain high despite significantly improved survival in recent years23. Multiple trials have shown 

that ACEi reduce mortality in patients with symptomatic heart failure or reduced LVEF, with an 

overall 20% relative reduction  in the risk of death24. 

 To illustrate assessment of a risk-treatment interaction we pooled data from 4 RCTs on 

ACEi versus placebo in patients with symptomatic heart failure and/or reduced LVEF: the 

Prevention Trial (n= 4,228) and the Treatment trial (n= 2,569) as part of the Studies of Left 

Ventricular Dysfunction (SOLVD), the Trandolapril Cardiac Evaluation (TRACE) study (n= 1,479), 

and the Survival and Ventricular Enlargement (SAVE) study (n= 2,331) 4-7. Trial designs, study 

populations and results are presented in Supplementary Tables 1-3. The trials were suitable for 

illustration because of the large study population (n=10,777) without observed inconsistency 

between studies, the robust clinical outcome of mortality and sufficient power to assess risk-

treatment interaction.

 During a median follow-up of 2.8 years in the 4 trials, 1488 deaths occurred (28%) in those 

who received placebo (104/1000 person-years [PY]), compared to 1297 deaths (24%) in patients 

who received ACEI treatment (88/1000 person-years [PY]). 

Statistical analyses
Quantification of heterogeneity
An overall relative treatment effect of ACEi on mortality was estimated with a two-stage meta-

analysis using the inverse variance method and the random-effects model of DerSimonian-

Laird25. There was no observed study heterogeneity between the relative ACEi effect estimates 

(I2 = 0). The pooled hazard ratio was 0.85 (95% confidence interval [CI] 0.78-0.92; Figure 1).
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Estimation of baseline mortality risk
Since existing risk scores like the MAGGIC risk score or the Seattle Heart Failure model could 

not be used for risk estimation due to missing variables(w1-w2), a prediction model for all-

cause mortality without ACEi treatment was derived in a pooled cohort of patients from 

the 4 placebo trial arms using Cox proportional hazards analysis. Well-known predictors 

were selected from previously published risk scores(w1-w4). Details on model development 

for estimation of baseline mortality risk are presented in the Appendix. The final prediction 

model is presented in Table 1. Age was exponentially related to the risk of mortality. Model 

discriminative performance assessed by Harrell’s c-statistic was 0.71 (95%CI 0.70-0.72)(w5). 

Model calibration was good, as shown by a plot of predicted versus observed 2.8-year survival in 

deciles of baseline risk (Figure 2) and a Grønnesby and Borgan p-value of 0.60(w6,w7). Baseline 

mortality risk was estimated by filling in individual patient characteristics in the model formula 

(Supplementary Table 4). Estimated absolute 2.8-year mortality risk without ACEi treatment 

(i.e. baseline risk) varied widely from <10% in 16.7% of patients, 10-20% in 34.4% of patients, 

20-40% in 31.3% of patients and  ≥40% in 16.8% of patients (Figure 3).

Figure 1. Two-stage random-effects meta-analysis of trials on ACEI versus placebo in patients with 

symptomatic heart failure and/or reduced LVEF. Heterogeneity: Tau
2
: 0%, I

2
 0%, Q test (d.f. 4) 0.43 Overall 

effect: Z= -5.2052, p<0.001.
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Table 1. Final prediction model for all-cause mortality derived in the 4 placebo trial arms

Predictors Coefficient HR 95% CI Chi-square* p-value

Age (per year) -0.045 3.7 0.057

Age2 (per year2) 0.0006 10.6 0.011

History of myocardial infarction (yes vs no) 0.206 1.23 1.07-1.42 8.1 0.0044

History of heart failure (yes vs no) 0.329 1.39 1.23-1.57 27.4 <0.001

Type 2 diabetes mellitus (yes vs no) 0.298 1.35 1.20-1.52 23.9 <0.001

Current smoking (current vs former/never) 0.393 1.48 1.32-1.66 45.8 <0.001

Systolic blood pressure (per 10 mmHg) -0.033 0.97 0.94-1.00 4.7 0.031

Heart rate (per 10 beats/minute) 0.115 1.12 1.08-1.17 31.5 <0.001

Creatinine (per 10 μmol/l) 0.086 1.09 1.07-1.11 80.6 <0.001

Left ventricular ejection fraction  (per % increase) -0.045 0.96 0.95-0.96 135.8 <0.001

Oral diuretic (yes vs no) 0.435 1.54 1.36-1.75 45.9 <0.001

Figure 2. Calibration plot of predicted versus observed survival.

HR= hazard ratio, 95% CI= 95% confidence interval, vs= versus 

*Chi-square statistic of the Wald test
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Figure 3. Histogram of predicted 2.8-year mortality risk without ACE-inhibitor treatment (baseline risk).

Figure 4. The relative effect of ACEI treatment versus placebo in quartiles of baseline mortality risk over  

2.8-year years of follow-up. P-value for interaction: 0.84.
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Assessment of interaction between relative ACEi treatment effect and 
baseline risk
A Cox proportional hazards model was fitted in a pooled cohort of all patients from the 4 trials 

with baseline risk and treatment as predictors, and a random-effects gamma frailty for study. 

The interaction term “ACEi treatment * baseline risk” was added to the model. There was no 

significant interaction between baseline mortality risk and the relative treatment effect of ACEi 

(p-value= 0.76). Similarly, there were no differences in the relative treatment effect of ACEi 

between quartiles of baseline risk (Figure 4, p-value= 0.84). The observed 2.8-year absolute 

risk reduction with ACEI treatment increased with baseline risk from 1.8% in the lowest quartile 

(NNT= 56), 2.6% in the second quartile (NNT= 38), 2.7% in the third quartile (NNT= 37) and 6.2% 

in the highest quartile of baseline risk (NNT= 16). 

Additional considerations
In the presented illustration of ACEi, subgroup analyses revealed a significant interaction 

between the relative effect of ACEi and LVEF in 2 trials4, 5. A reduced ejection fraction may 

lead to activation of the Renin-Angiotensin-Aldosterone system (RAAS), which enhances the 

effect of ACEi(w8). There are several other factors associated with low cardiac output, renal 

hypoperfusion, and RAAS activation. These include blood pressure, an increased severity of 

congestive heart failure, diuretic therapy, and reduced renal function(w9). As trial results 

suggest that the relative effect size of ACEi increases with the stage of disease and duration of 

heart failure, it may be more sound to base a clinical decision on multivariable risk estimation 

than on LVEF solely4, 5, 10 ,26. As the relative ACEi effect appears to be homogeneous, the absolute 

treatment benefit is larger in patients at high risk for mortality.

 Assessment of treatment heterogeneity seems most useful if a treatment strategy is costly 

or confers harms, as physicians may consider to withhold such treatment from patients with 

low expected benefit27. This method may not be appropriate to assess long-term treatment 

heterogeneity due to the relatively short follow-up duration in most trials. Finally, if a relative 

risk reduction is independent of baseline risk (like in the presented ACEi example), the variation 

in absolute effect from therapy may still be large if the range of baseline risk is large27. In making 

a treatment decision an individual’s predicted absolute treatment benefit should be weighed 

against potential adverse effects of a drug1, 2.  

 In conclusion, for translation of an overall trial result into an individual’s expected absolute 

treatment effect, possible differences in relative treatment effect between patients should be 

taken into account. Single variable treatment interactions apply when there is an underlying 

biologic mechanism for the interactive effect. As a complementary approach, a validated risk 

score is useful for multivariable assessment of possible relative treatment effect heterogeneity. 

By pooling individual patient data from multiple trials, relative treatment effect heterogeneity 

can be assessed across the full spectrum of risk.
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Supplementary Material

Supplementary Table 1 shows the ACEi trial designs which enrolled patients in 1986-19921-4. 

Ethical approval was obtained from the local committees and patients gave informed consent 

for study participation. Patients from the TRACE and SAVE study were included 3-7 days or 3-16 

days after acute myocardial infarction, respectively. The severity of heart failure in the days 

following acute myocardial infarction was measured using the Killip classification5, whereas 

the New York Heart Assocation Functional Classification (NYHA) described the extent of heart 

failure symptoms for patients in the SOLVD studies6. ACEi treatment prior to study participation 

was only allowed in the Prevention Trial. Trial ACEi dosages were in line with current guideline 

recommendations7, 8. 

Supplementary Table 1. Trials on the effect of ACEi versus placebo on all-cause mortality in patients with 

reduced LVEF

Study Study population ACE 
inhibitor

Initial dose 
(mg/day)

Maximal dose 
(mg/day)

Patients  
(n)

Median  
FU (years)

Hazard ratio 
(95%CI)

SAVE Acute myocardial 
infarction and a 

LVEF ≤ 40% without 
congestive heart 

failure

captopril 12.5 o.d. 25-50 t.i.d. 2,231 3.5 0.81 
(0.68-0.97)

TRACE Acute myocardial 
infarction and a LVEF 

≤ 35%

trandolapril 1 o.d. 4 o.d. 1,749 2.0 - 4.1* 0.78 
(0.63-0.89)

SOLVD 
Prevention

Coronary artery 
disease

and a LVEF ≤ 35%

enalapril 2.5 b.i.d. 10 b.i.d. 4,228 3.1 0.92 
(0.79-1.08)

SOLVD
Treatment

Congestive heart 
failure

and a LVEF ≤ 35%

enalapril 2.5 b.i.d. 10 b.i.d. 2,569 3.5 0.84 
(0.74-0.95)

 
 
LVEF = left ventricular ejection fraction, o.d. = once daily, b.i.d. = twice daily, t.i.d. = three times daily, FU = 

follow-up, 95%CI = 95 percent confidence interval. *Range in follow-up
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Patient characteristics are presented in Supplementary Table 2. Mean age of patients was 61 

years (standard deviation [SD] 11) and 83% of them were male. Symptomatic heart failure 

was present in 6% of patients in the SAVE study, 22% in the TRACE study, 0% in the SOLVD 

prevention study and 100% in the SOLVD Treatment study. In the SAVE and TRACE study, the 

number of smokers was two times higher than in the SOLVD studies. The diuretic treatment rate 

was highest in the SOLVD Treatment study (86%) and lowest in the SOLVD Prevention study 

(17%). Oral ß-blockers were most often used by patients from the SAVE study (35%) and least 

by those from the SOLVD Treatment study (8%). Trial results are summarized in Supplementary 

Table 3.
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Supplementary Table 2. Baseline characteristics of patients with reduced LVEF from trials on ACEi versus 

placebo

  SAVE TRACE SOLVD SOLVD Total

  Prevention Treatment

  (n = 2,231) (n = 1,749) (n = 4,228) (n = 2,569) (n = 10,777)

Patient origin United States Denmark United States United States

  Canada Canada Canada

  Belgium Belgium

Male sex (n, %) 1841 (83) 1248 (71) 3752 (89) 2065 (80) 8906 (83)

Age (years) 59 (11) 67 (10) 59 (10) 61 (10) 61 (11)

Current smoker (n, %) 925 (41) 847 (48) 994 (24) 568 (22) 3334 (31)

Type 2 diabetes mellitus (n, %) 492 (22) 237 (14) 647 (15) 663 (26) 2039 (19)

Trial ACE-inhibitor (n, %) 1115 (50) 876 (50) 2111 (50) 1285 (50) 5387 (50)

Oral ß-blocker (n, %) 789 (35) 278 (16) 1015 (24) 197 (8) 2279 (21)

Oral diuretic (n, %) 782 (35) 1149 (66) 705 (17) 2196 (86) 4832 (45)

Medical history

Myocardial infarction (n, %)* 2231 (100) 1749 (100) 3382 (80) 1687 (66) 9049 (84)

Hypertension (n, %) 837 (38) 400 (23) 1567 (37) 1085 (42) 3889 (36)

Heart failure (n, %) 130 (6) 384 (22) 0 (0) 2568 (100) 3082 (29)

Physical examination

Systolic blood pressure (mmHg) 113 (15) 121 (18) 125 (17) 125 (18) 122 (17)

Diastolic blood pressure (mmHg) 70 (10) 76 (11) 78 (10) 77 (11) 76 (10)

Heart rate (beats/minute) 78 (13) 81 (14) 75 (14) 80 (14) 78 (13)

Severity of heart failure  (n, %)

1 1348 (60)† 1382 (79) † 2821 (67)‡ 283 (11)‡ 5834 (54)

2 721 (32) † 347 (20) † 1399 (33)‡ 1457 (57)‡ 3924 (36)

3 124 (6) † 20 (1) † 5 (0)‡ 783 (30)‡ 932 (9)

4 38 (2) † 0 (0) † 0 (0)‡ 45 (2)‡ 83 (1)

Laboratory examinations

Creatinine (μmol/L) 105 (35) 117 (35) 102 (25) 109 (28) 107 (7)

Ejection fraction (%) 31 (7) 30 (5) 28 (6) 25 (7) 28 (26)

All data are displayed as mean ± SD, or n (%); *Includes the myocardial infarction that preceded study 

participation in SAVE and TRACE. †NYHA classification; ‡Killip classification; assessed between the 

myocardial infarction event and time of randomization. 
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Supplementary Table 3. Outcomes of trials on ACEI versus placebo in patients with reduced LVEF

  SAVE TRACE SOLVD SOLVD Total

  Prevention Treat

  (n = 2,231) (n = 1,749) (n = 4,228) (n = 2,569) (n = 10,777)

Death during follow-up (n, %) 503 (23) 673 (38) 647 (15) 962 (37) 2785 (26)

Cause of death (n, %)

   Cardiovascular - heart failure 96 (4) 185 (11) 191 (4) 460 (18) 932 (9)

   Cardiovascular - other 326 (15) 329 (19) 372 (9) 400 (16) 1427 (13)

   Noncardiovascular 81 (4) 159 (9) 84 (2) 102 (4) 426 (4)

Maximal NYHA classification  (n, %)*

1 1471 (66) 237 (17) 1542 (37) 98 (4) 3348 (32)

2 616 (28) 819 (58) 2177 (52) 1093 (43) 4705 (45)

3 140 (6) 314 (22) 451 (11) 1111 (44) 2016 (19)

4 3 (0) 42 (3) 39 (1) 236 (9) 320 (3)

Model derivation and estimation of baseline risk
A prediction model for 2.8-years (median follow-up) all-cause mortality without ACEi treatment 

was derived in a pooled cohort of patients from the 4 placebo trial arms using Cox proportional 

hazards analysis. Prespecified predictors were derived from published risk scores: age, sex, 

history of myocardial infarction, history of hypertension, history of heart failure, symptomatic 

versus asymptomatic reduced LVEF, type 2 diabetes, smoking, systolic blood pressure, heart 

rate, ejection fraction, creatinine, use of oral ß-blockers and use of oral diuretics(w1-w4). The 

myocardial infarction that preceded study inclusion in SAVE and TRACE was counted as a 

history of myocardial infarction. Baseline missing values were singly imputed with multivariate 

regression by weighted probability matching, to prevent the estimation of biased coefficients 

in a complete case analysis. Values were imputed for the predictors age (n=4, 0.04%), history 

of myocardial infarction (n=2, 0.02%), history of hypertension (n=4, 0.04%), type 2 diabetes 

mellitus (n=2, 0.02%), current smoking (n=2, 0.02%), systolic blood pressure (n=191, 1.8%), 

heart rate (n=209, 1.9%), creatinine (n=365, 3.3%), EF (n=5, 0.05%), use of oral ß-blockers (n=2, 

0.02%) and use of oral diuretics (n=2, 0.02%). The shape of the association between continuous 

predictors and mortality was assessed with restricted cubic splines9. Continuous predictors 

were truncated at the 1st and 99th percentile as outliers might have a unjustified influence on 

the estimation of model coefficients10. The Cox proportional hazards assumption was checked 

with plots of the Schoenfeld residuals. Backward selection of predictors was applied based on 

*Maximal NYHA classification during follow-up was missing for 388 patients (3.6%)
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the Akaike’s Information Criterium (AIC). Model fit improved by removing sex, symptomatic 

versus asymptomatic heart failure, a history of hypertension and use of oral ß-blockers from 

the full model. Model coefficients of the final model were uniformly shrunken to account for 

over-optimism with a factor of 1.8% derived from model selection in 1000 bootstrap samples 

based on the AIC10. While model coefficients were kept constant, baseline 2.8-year survival 

was assessed in each of the 4 trials separately. Supplementary Table 4 shows how individual 

baseline risk was estimated for all 10,777 patients according to the trial they originated from. 

Supplementary Table 4. Estimation of baseline mortality risk in patients with symptomatic heart failure or 

reduced LVEF from trials on ACEI versus placebo

Individual 2.8-year risk for mortality (%):

SAVE (1 - 0.773 ^exp(A – 0.408)) * 100%

TRACE (1 - 0.734 ^exp(A – 0.408)) * 100%

SOLVD Prevention (1 - 0.823 ^exp(A – 0.408)) * 100%

SOLVD Treatment (1 - 0.804 ^exp(A – 0.408)) * 100%

 

A = -0.045 * (age in years) + 0.0006 * (age in years2) + 0.206 (if a history of myocardial infarction) + 0.329 (if 

a history of heart failure) + 0.298 (if type 2 diabetes mellitus) + 0.393 (if current smoker) – 0.0033 * (systolic 

blood pressure in mmHg) + 0.0115 * (heart rate in beats/minute) + 0.0086 * (creatinine in μmol/l) – 0.045 * 

(left ventricular ejection fraction in %) + 0.435 * (if use of oral diuretics)
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Abstract

Objective: To estimate the absolute treatment effect of statin therapy on major adverse 

cardiovascular events (MACE; myocardial infarction, stroke and vascular death) for the 

individual patient aged ≥70 years.

 Methods: Prediction models for MACE were derived in patients aged ≥70 years with 

(n=2550) and without (n=3253) vascular disease from the “PROspective Study of Pravastatin 

in Elderly at Risk” (PROSPER) trial and validated in the “Secondary Manifestations of ARTerial 

disease” (SMART) cohort study (n=1442) and the “Anglo-Scandinavian Cardiac Outcomes Trial- 

Lipid Lowering Arm” (ASCOT-LLA) trial (n=1893) respectively, using competing risk analysis. 

Prespecified predictors were various clinical characteristics including statin treatment. 

Individual absolute risk reductions (ARRs) for MACE in 5 and 10 years were estimated by 

subtracting on-treatment risk from on-treatment risk.

 Results: Individual ARRs were higher in elderly patients with vascular disease (5-year ARRs: 

median 5.1%, interquartile range [IQR] 4.0-6.2%, 10-year ARRs: median 7.8%, IQR 6.8-8.6%) 

than in patients without vascular disease (5-year ARRs: median 1.7%, IQR 1.3-2.1%, 10-year 

ARRs: 2.9%, IQR 2.3–3.6%). Ninety-eight percent of patients with vascular disease had a 5-year 

ARR ≥2.0%, compared to 31% of patients without vascular disease. 

 Conclusions: With a multivariable prediction model the absolute treatment effect of a statin 

on MACE for individual elderly patients with and without vascular disease can be quantified. 

Because of high ARRs, treating all patients is more beneficial than prediction-based treatment 

for secondary prevention of MACE. For primary prevention of MACE, the prediction model can 

be used to identify those patients who benefit meaningfully from statin therapy. 
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Introduction

Vascular disease in the elderly (age ≥70 years) accounts for a high global burden of disease as 

risk of atherosclerotic vascular events and their case-fatality rate increase exponentially with 

age1-3. Older patients who survive a major adverse cardiovascular event (MACE) are commonly 

chronically disabled because of heart failure, cardiac arrhythmia or neurologic deficits. 

Population ageing and the chronic complications of vascular events that physicians encounter 

in the elderly have triggered a debate about the benefit of cardiovascular risk management in 

these patients. The “PROspective Study of Pravastatin in Elderly at Risk” (PROSPER) trial found 

a 15% reduction myocardial infarction, stroke and coronary heart disease death with pravastatin 

treatment in elderly subjects4. Older patients are underrepresented in other trials evaluating 

cardiovascular prevention strategies and it is therefore uncertain whether statins are effective 

in the elderly. They have lower life-expectancy in general than middle-aged individuals which 

could potentially limit their benefit from statins. The benefit of statins is particularly uncertain 

and debated in those with limited life expectancy due to nonvascular diseases5. 

 Statin therapy is recommended for the secondary prevention of MACE in those who have 

vascular disease, unless comorbidity and polypharmacy confound management6-8. For the 

primary prevention of MACE, the European guideline states that ‘statin therapy may be 

considered particularly in the presence of at least one other risk factor than age’ and the National 

Institute for Health and Care Excellence (NICE) guideline advices statin therapy in those with an 

estimated 10-year risk of MACE ≥10%7, 9. Since the QRISK2 score estimates a 10-year risk ≥10% 

for every patient aged ≥70 years and almost all older patients have at least one vascular risk factor 

besides age, statin therapy would be indicated for nearly all elderly patients10. However, under-

prescription of statins in daily practice may in part reflect uncertainty about the extent to which 

elderly patients may benefit from a statin11. As the absolute risk for vascular disease and the 

absolute risk reduction (ARR) caused by a statin are influenced by individual patient characteristics, 

there is a potential range in the benefit received from a statin. Therefore, we aimed to estimate 

the absolute treatment effect of statin therapy on MACE for the individual elderly patient by 

developing and validating a prediction model based on individual patient characteristics12, 13.  

Methods

Study populations
We developed two separate prediction models for MACE in patients with and without vascular 

disease aged ≥70 years, since a history of vascular disease is the strongest predictor for MACE 

in elderly subjects with great differences in risk profiles of elderly subjects with and without 

vascular disease. Moreover, guidelines differentiate between primary and secondary prevention 

of MACE6, 7. Both models were derived in the PROSPER trial population. The model for patients 
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with vascular disease was validated in the “Secondary Manifestations of ARTerial disease” 

(SMART) cohort study and the model for patients without vascular disease in the “Anglo-

Scandinavian Cardiac Outcomes Trial- Lipid Lowering Arm” (ASCOT-LLA) trial. The design and 

patient populations of these studies have been described in detail in the original publications4, 

14, 15. Ethical approval was obtained for these studies. The PROSPER study included patients 

70-82 years of age from Scotland, Ireland and the Netherlands with vascular disease or a high 

risk profile for vascular disease between 1997-1999. Patients were randomly assigned to 40 

mg pravastatin per day or placebo. Patients from the elderly ASCOT-LLA population recruited 

between 1998-2000 were 70-79 years of age and were known to have hypertension (untreated 

or treated), but total cholesterol levels ≤6.5 mmol/l, in combination with three additional risk 

factors for vascular disease. They originated from the United Kingdom, Ireland and the Nordic 

Countries. Study participants were randomly assigned to atorvastatin 10 mg or placebo. All 

patients from the PROSPER and ASCOT-LLA trial were not taking a statin at the time of study 

inclusion. Elderly patients from the single-center prospective, observational SMART cohort 

study with a history of vascular disease from the Netherlands were 70-82 years of age and 

followed up between 1996-2014. 

Model derivation
We derived prediction models in the PROSPER trial for the combined outcome of myocardial 

infarction, stroke and vascular death (MACE) in elderly patients with (n=2550) and without 

(n=3253) vascular disease. Vascular disease included current or prior coronary artery disease 

(myocardial infarction, angina, coronary artery bypass graft/ percutaneous coronary 

intervention), cerebrovascular disease (stroke or transient ischemic attack) or peripheral artery 

disease (claudication or peripheral artery surgery). We built a Fine & Gray competing risks 

model to account for nonvascular deaths16. Prespecified predictors from existing risk scores 

in the elderly were: sex, age, current smoking, diabetes, systolic blood pressure, low density 

lipoprotein (LDL)-cholesterol, high-density lipoprotein (HDL)-cholesterol, glomerular filtration 

rate (eGFR) and number of medications taken17-19. Variable selection was not applied in order 

to prevent optimism, which is the phenomenon that a model optimally fits the data in which 

it is derived, but is not generalizable to an external population. Glomerular filtration rate was 

assessed with the Modification of Diet in Renal Disease (MDRD) formula20. Polyvascular disease 

(vascular disease at ≥1 of the defined locations) was added as a predictor to the model for recurrent 

MACE. The number of medications per patient was included as a measure of comorbidity, not 

taking into account nasal sprays and topical skin medicines. Allocated treatment was added to 

both models. Statin treatment effect for secondary prevention of MACE was derived from the 

PROSPER population. For primary prevention of MACE, statin treatment effect was estimated 

in a pooled analysis of the PROSPER and ASCOT trial population, adjusted for potential study 

differences regarding statin type, patient population and clinical setting. This was done in a 

competing risks analysis of the pooled PROSPER and ASCOT-LLA individual patient data, with 
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statin treatment and the trial patients originated from as independent variables. We singly 

imputed missing values by weighted probability matching using multivariate regression, as 

complete case analysis leads to loss of information and possibly to bias of coefficients21. Missing 

values were imputed for eGFR (n=8, 0.1%). Continuous predictors were truncated at the 1st and 

99th percentile to minimize the influence of outliers in the model22. Whether the association of 

continuous predictors with the outcome variable was linear or not was assessed with restricted 

cubic splines23.

 Model performance was assessed with the c-statistic (95% confidence interval [CI]) for 

discrimination and with calibration plots of predicted versus observed risk. The model was fitted 

for the prediction of 3.2-year risk (median follow-up). These estimations were extrapolated 

to derive 5-year and 10-year vascular event risks. An individual 5-year and 10-year ARR was 

estimated for each patient, by subtracting the predicted risk for a specific patient with statin 

treatment from his or her predicted risk without statin treatment (ARR = individual MACE risk 

without a statin – individual MACE risk with a statin). One can estimate the MACE risk and ARR 

with and without statin treatment for each individual patient by filling in patient characteristics 

in the model formula (Supplementary Table 1). This ARR can be translated into an individual 

number needed to treat (iNNT), the number of patients with the exact same risk profile needed 

to treat to prevent 1 event in 5 or 10 years, respectively (iNNT = 100/ARR). For example, an 

estimated 5-year absolute risk reduction of 2% means that one has to treat 50 patients with the 

exact same risk profile for 5 years to prevent 1 event (iNNT = 100/2 (ARR) = 50). The distribution 

of MACE risk and ARR in patients with and without vascular disease is presented in a histogram 

and described as median with an interquartile range (IQR). 

Model validation
The derived model for patients with vascular disease was externally validated in the SMART 

cohort study (n=1442) and the model for patients without vascular disease in the ASCOT-LLA 

trial (n=1893). Discrimination was assessed with the c-statistic (95%CI) and calibration with 

plots of predicted versus observed risk. To optimally estimate vascular risk and treatment effect 

for individual patients we adjusted for geographic differences by recalibrating the models with 

updated cumulative baseline hazard and mean linear predictor, while effect sizes of predictors did 

not change. Missing values in the ASCOT-LLA trial were imputed for creatinine (n=54, 2.9%), LDL-

cholesterol (n=185, 9.8%) and number of medications (n=1156, 61%). In the SMART study, 

missing values were imputed for systolic blood pressure (n=11, 0.8%), LDL-cholesterol (n=37, 

2.7%), HDL-cholesterol (n=13, 0.9%), eGFR (n=4, 0.3%) and smoking (n=10, 0.7%). We estimated 

baseline LDL-cholesterol concentrations for patients in the SMART cohort study who were 

already on a statin at the time of study inclusion, according to the expected LDL-cholesterol 

reduction that the different statin preparations with their dosages probably had achieved24.
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Sensitivity analyses
We performed a sensitivity analysis to assess what the expected individual ARR would be if 

patients were treated with atorvastatin 20 mg as recommended by the NICE guideline for 

primary prevention of vascular disease9. We assumed that atorvastatin 20 mg gives 6% more 

LDL-cholesterol reduction than pravastatin 40 mg or atorvastatin 10 mg. In this scenario, the 

relative risk reduction with a statin would be 25% instead of 22% for secondary prevention and 

15% instead of 13% for primary prevention of vascular disease. In a second sensitivity analysis, 

individual ARRs for primary prevention of MACE were estimated with a combined statin relative 

risk reduction of 16% for patients aged ≥75 years from different trial populations25.

Net benefit analysis
The different treatment strategies (treating none, treating all patients and treating patients 

according to the prediction model with a statin) were compared with each other in a net benefit 

analysis26. This method shows whether it is valid to base treatment decisions on the prediction 

model. Methods and results (Supplementary Figure 1, Supplementary Table 2) can be found in 

the Supplementary material.

 Analyses were performed in R statistical software 3.2.0 with the add-on packages rms, plyr, 

pec, riskRegression, and cmprsk (extended by Wolbers et al.16).

Results

Patient population and trial outcomes
The study population consisted of elderly patients with vascular disease (PROSPER n=2550, 

SMART n=1442) and patients without vascular disease (PROSPER n=3253, ASCOT-LLA n=1893). 

Baseline characteristics are presented in Table 1. Mean age of patients with vascular disease 

was 75.7 (standard deviation [SD] 3.4) years in the PROSPER trial and 73.6 (SD 2.7) years in 

the SMART study. Mean age of patients without vascular disease was 75.1 (SD 3.3) years in 

the PROSPER trial and 74.1 (SD 2.7) years in the ASCOT-LLA trial. During a median follow-

up of 3.2 years in patients with vascular disease from the PROSPER trial, 517 MACE (68/1000 

person years [PY]) and 114 nonvascular deaths occurred. Median follow-up in SMART patients 

with vascular disease was 5.4 years with 398 MACE (46/1000 PY) and 212 nonvascular deaths. 

Patients without vascular disease from the PROSPER trial experienced 395 MACE (39/1000 PY) 

and 155 nonvascular deaths. In ASCOT-LLA patients without vascular disease, median follow-

up was 3.1 years with 128 MACE (22/1000 PY) and 86 nonvascular deaths. 

Model derivation and performance for patients with vascular disease
The derived model in patients with vascular disease is presented in Table 2A. Baseline 

systolic blood pressure and LDL-cholesterol were exponentially related to the outcome. 
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Table 1. Baseline characteristics of elderly patients (age ≥ 70 years) with and without vascular disease 

 
With vascular disease Without vascular disease

 

  PROSPER (n=2550) SMART (n=1442) PROSPER (n=3253) ASCOT-LLA (n=1893)

Demographics        

Male gender (n, %) 1453 (57.0) 1062 (73.7) 1350 (41.5) 1525 (80.6)

Age (years) 75.7 (3.4) 73.6 (2.7) 75.1 (3.3) 74.1 (2.7)

Country of residence (n, %)        

Scotland / UKa 1232 (48.3)   1288 (39.6) 990 (52.3)

Ireland 845 (33.1)   1338 (41.1) 19 (1.0)

the Netherlands 473 (18.5) 1442 (100) 627 (19.3)  

Denmark       133 (7.0)

Finland       126 (6.7)

Iceland       11 (0.6)

Norway       205 (10.8)

Sweden       409 (21.6)

Current smoker (n, %) 474 (18.6) 238 (16.5) 1084 (33.3) 402 (21.2)

N medications (median, IQR) 4 (3-6) 5 (4-7) 3 (2-4) 2 (1-3)

Statin treatment (n, %) 1299 (50.9) 885 (61.4) 1591 (48.9) 939 (49.6)
         

Medical history        

Diabetes (n, %) 224 (8.7) 293 (20.3) 399 (12.3) 514 (27.2)

Cardiovascular disease (n, %)        

Coronary artery disease 1524 (59.8) 610 (42.3) 0 (0) 0 (0)

Cerebrovascular disease 425 (16.7) 276 (19.1) 0 (0) 0 (0)

Peripheral artery disease 206 (8.1) 238 (16.5) 0 (0) 0 (0)

Polyvascular disease 395 (15.5) 318 (22.1) 0 (0) 0 (0)
         

Physical examination        

Heart rate (beats/minute) 65.2 (11.6) 66.0 (14.1) 67.2 (11.6) 69.6 (12.3)

Systolic blood pressure (mmHg) 152 (22) 148 (22) 157 (22) 170 (19)
         

Laboratory measurements        

LDL cholesterol (mmol/l) 3.8 (0.8) 3.8 (1.2) 3.8 (0.8) 3.5 (0.7)

HDL cholesterol (mmol/l) 1.2 (0.3) 1.3 (0.4) 1.3 (0.4) 1.3 (0.4)

eGFR (ml/min/1.73m2) 58.8 (14.3) 66.8 (16.7) 61.0 (14.7) 63.6 (11.8)

Data are displayed as mean (SD) unless indicated otherwise
aUK = United Kingdom



90

LDL-cholesterol was not a major independent predictor for MACE. There was no interaction 

present between statin treatment and baseline risk, baseline LDL-cholesterol, LDL-cholesterol 

after 3 months of randomization, age, renal function or polyvascular versus monovascular 

disease (p-values >0.2). Model performance in the derivation set showed a good calibration 

(Figure 1) and moderate discrimination (c-statistic 0.62 [95%CI 0.60-0.64]). After recalibration, 

the model calibrated well in the SMART validation set (Figure 1) with a moderate discriminative 

performance (c-statistic 0.60 [95%CI 0.56-0.63]). 

Model derivation and performance for patients without vascular disease
The derived model for patients without vascular disease is presented in Table 2B. Renal function 

(eGFR) was exponentially related to the outcome. LDL-cholesterol was no independent risk 

factor for MACE. There was no interaction present between statin treatment and baseline risk, 

baseline LDL-cholesterol, LDL-cholesterol after 3 months of randomization or age (p-values 

>0.4). An interaction between statin treatment and eGFR (p=0.006) in the derivation set was 

not present in the validation set and therefore not included in the model. The model calibrated 

well in the derivation set (Figure 1) with a moderate discriminative performance (c-statistic 

0.61 [95%CI 0.58-0.63]). After recalibration, model calibration was good in the ASCOT-LLA 

validation set (Figure 1) with a low discriminative performance (c-statistic 0.57 [95%CI 0.53-

0.63]).

Five-year and ten-year predicted absolute risk for MACE and the 
absolute risk reduction if treated with a statin
Figure 2 and 3 show the distribution of 5-year and 10-year MACE risk and the absolute risk 

reductions in patients with vascular disease from the PROSPER trial and SMART study, and 

in patients without vascular disease from the PROSPER and ASCOT-LLA trials. There was a 

wide distribution of MACE risk in patients with vascular disease (5-year: median 26.4%, IQR 

20.3-33.6%, 10-year: median 46.9%, IQR 38.5-57.0%) and in those without vascular disease  

(5-year: median 13.7%, IQR 10.4-17.8%, 10-year: median 25.5%, IQR 19.8-32.4%). Individual 

5-year ARRs with a statin were higher in patients with vascular disease (median 5.1%, IQR 4.0-

6.2%) than in patients without vascular disease (median 1.7%, IQR 1.3-2.1%).  Ninety-eight 

percent of patients with vascular disease had a 5-year ARR ≥2.0% (iNNT ≤50), compared to 31% 

of patients without vascular disease. In patients with vascular disease the median 10-year ARR 

was 7.8% (IQR 6.8-8.6%) compared to a median 10-year ARR of 2.9% (IQR 2.3-3.6%) in patients 

without vascular disease. 
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Figure. 1 Calibration plots of predicted versus observed MACE risk in elderly patients
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Table 2. Fitted prediction models for major adverse cardiovascular events in elderly patients

A - Patients with vascular disease      

Variable coefficient sHR (95% CI) p-value

Male sex 0.401 1.49 (1.21 - 1.84) <0.001

Age (years) 0.042 1.04 (1.02 - 1.07) 0.002

Current smoking 0.240 1.27 (1.02 - 1.58) 0.031

Diabetes 0.543 1.72 (1.31 - 2.26) <0.001

Polyvascular disease 0.344 1.41 (1.13 - 1.76) 0.003

Number of medications 0.053 1.06 (1.01 - 1.10) 0.009

Systolic blood pressure (per 10 mmHg) -0.366   0.084

Systolic blood pressure (per 10 mmHg)2 0.001   0.084

LDL-cholesterol (mmol/l) 0.876   0.074

LDL-cholesterol (mmol/l)2 -0.109   0.080

HDL-cholesterol (mmol/l) 0.081 1.08 (0.82 - 1.43) 0.570

eGFR (per 10 ml/min/1.73) -0.053 0.95 (0.88 - 1.02) 0.150

Statin treatment -0.245 0.78 (0.66 - 0.93) 0.006

B - Patients without vascular disease      

Variable coefficient sHR (95%CI) p-value

Male sex 0.283 1.33 (1.06 - 1.66) 0.013

Age (years) 0.037 1.04 (1.01 - 1.07) 0.018

Current smoking 0.290 1.34 (1.07 - 1.68) 0.012

Diabetes 0.210 1.23 (0.93 - 1.64) 0.150

Number of medications 0.090 1.09 (1.05 - 1.15) <0.001

Systolic blood pressure (per 10 mmHg) 0.060 1.06 (1.01 - 1.11) 0.014

LDL-cholesterol (mmol/l) 0.007 1.01 (0.89 - 1.15) 0.920

HDL-cholesterol (mmol/l) -0.359 0.70 (0.51 - 0.96) 0.028

eGFR (per 10 ml/min/1.73) -0.613   0.008

eGFR (per 10 ml/min/1.73)2 0.005   0.008

Statin treatment -0.140 0.87 (0.73-1.03) 0.110

Models derived with Fine & Gray competing risk analysis 

sHR = subdistribution hazard ratio, CI = confidence interval
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Sensitivity analyses
Under the assumption that atorvastatin 20 mg lowers LDL-cholesterol with an additional 6% 

compared to pravastatin 40 mg or atorvastatin 10 mg, the median 5-year ARR would be 6.0% 

(IQR 4.7-7.3%) in patients with vascular disease and 2.0% (IQR 1.5-2.5%)  in patients without 

vascular disease. Forty-nine percent of patients without vascular disease would have a 5-year 

ARR ≥2.0%. Median 10-year ARR would be 9.3% (IQR 8.1-10.2%) for patients with vascular 

disease and 3.5% (IQR 2.8-4.2%) for patients without vascular disease.

 Assuming statin therapy reduces MACE by 16% in patients without vascular disease, the 

median 5-year ARR would be 2.1% (IQR 1.6-2.6%) and the median 10-year ARR would be 3.6% 

(IQR 2.9-4.4%). Fifty-three percent of patients without vascular disease would have a 5-year 

ARR ≥2.0%.

Discussion

Risk for MACE and the absolute treatment effect of a statin on MACE for individual elderly 

patients can be estimated with a clinical prediction model containing simple, readily available 

patient characteristics. There is a wide distribution of MACE risk in elderly patients with and 

without vascular disease. For secondary prevention of MACE, treating all patients is most 

beneficial since predicted absolute risk reductions are almost invariably high. With the use of 

a prediction model that quantifies an individual’s expected absolute risk reduction by statin 

treatment, those who benefit meaningfully from statin therapy in absolute terms in the primary 

prevention setting can be identified.

 Current guidelines recommend statin treatment for the secondary prevention of MACE in 

general, but where possible treatment decisions should ideally be made per individual taking 

into account expected absolute treatment effect, adverse events and patient preferences6-8. 

High absolute treatment effects found in our study underline this recommendation, and 

moreover enable physicians to estimate the individual absolute treatment effect for a patient. 

There seems to be a maximal absolute risk reduction that can be achieved by a statin in this 

high-risk population, as a statin may delay recurrent MACE in patients at very high risk (≥70% 

10-year MACE risk) rather than prevent it from happening during a lifetime. In these individuals, 

the benefit from statin therapy in recurrent MACE-free life years might be limited. In general, 

treating elderly patients with vascular disease with a statin seems beneficial as the large 

expected benefits are very likely to outweigh potential harms. These include adverse events 

like myopathy and incident type 2 diabetes, drug-drug interactions and the inconvenience of 

polypharmacy which impair quality of life in elderly patients in particular27-28. An example of a 

drug-drug interaction that increases the risk of adverse events comes from the United States of 

America where 83% of patients with dyslipidemia is treated with a CYP3A4-metabolized statin 

of whom 25-30% concomitantly use a CYP3A4-inhibitor29. Even though there might be a higher 
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risk of serious adverse events in the elderly, there is no conclusive evidence for a higher incidence 

of rhabdomyolysis, cognitive deterioration, liver or kidney injury30.

 For primary prevention of vascular disease, current guidelines advise to treat those at high 

risk which means that practically everyone aged ≥70 years would be given a statin since age 

dominates risk scores6, 7, 9. However, in clinical practice statin treatment rates for elderly patients 

are low presumably reflecting ambiguities about the absolute benefit of statin treatment for 

the primary prevention of vascular disease in the elderly11. Moreover, the incidence of severe 

comorbidities increases with age and emphasis might be placed on treating these inter-current 

illnesses. Our prediction model shows that the absolute effect of a statin on MACE is influenced 

by individual patient characteristics. With the use of this prediction model those individuals who 

benefit most from statin treatment can be identified. A patient’s advantage of statin therapy in 

terms of reduction of absolute MACE risk can be estimated and weighed against potential harms 

of treatment and the costs of statin therapy, even though these are low, in making a treatment 

decision. A potential harm of statin therapy found in the PROSPER trial was an increase in cancer 

incidence4. However, a meta-analysis of 35 large randomized controlled trials found an equal 

risk of cancer in those with and without statins31. Even so, there was no increased cancer risk 

in statin users during the extensive 8-11 year follow-up of both the PROSPER and ASCOT-LLA 

trial32, 33. In patients aged > 70 years from the ASCOT-LLA population (n=2415), atorvastatin did 

not raise cancer risk (sHR 0.83, 95%CI 0.58-1.20). Therefore, it is likely that statin therapy does 

not increase cancer incidence. For adequate estimations of MACE risk and the absolute risk 

reduction with a statin, death due to cancer was taken into account as a competing event. 

 Apart from the estimation of individual absolute statin treatment effects, these models 

inform physicians and patients about an individual’s 5-year or 10-year risk for MACE. Thereby 

the need for preventive medical and life-style interventions could be established. Informing 

patients about their risk and engaging them in treatment decision-making might stimulate 

treatment adherence34. Vascular risk estimation in elderly patients has been challenging and 

the Systematic Coronary Risk Evaluation (SCORE), QRISK2 and Framingham / Pooled Cohort 

Equations risk charts are not validated for patients >65 years, >74 years and >79 years of age, 

respectively10, 35, 36. Furthermore, they do not take into account that many elderly patients die 

from a nonvascular cause. One risk score for patients aged ≥65 years accounted for competing 

events like the risk score in the present study, but that study included only patients without 

vascular disease and the outcome was coronary artery events instead of MACE as in the present 

study17. Interestingly, LDL-cholesterol was a weak predictor for MACE in both patients with and 

without vascular disease. Other risk factors contribute more to risk prediction in the elderly. 

As our aim was to predict individual absolute benefit from statin therapy we did not assess 

causality. Previous studies showed no or an inverse association between LDL-cholesterol and 

all-cause mortality37. In the PROSPER trial pravastatin lowered MACE risk with 15% whereas it 

had no effect on all-cause mortality, which implies that the causal association between LDL-

cholesterol and MACE may differ from the association between LDL-cholesterol and mortality. 
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Strengths and limitations
A strength of this study is that the prediction models were derived and externally validated 

in an elderly population. Moreover, the variable ‘number of medications’ was added to the 

models as a proxy for comorbidity38, 39. Also, we accounted for competing events (death due to 

a nonvascular cause) in our statistical analysis. Furthermore, the model for those with vascular 

disease was validated in a patient population from a cohort study. Thereby, we show that our 

model is generalizable to a broad elderly population and not restricted to relatively healthy 

patients in trials. There are some limitations of this study. Overall discriminative ability of these 

models was moderate, and low in the ASCOT-LLA population. This could be explained by the 

homogeneity of trial populations in general and of the ASCOT-LLA population in particular with 

a small range in MACE risk40. The adequate calibration of these models may be more important 

in assessing model validity, as we aim to accurately predict MACE risk and the absolute statin 

treatment effect for the individual elderly patient. In the PROSPER and ASCOT-LLA trial, fixed 

statin doses were given and dosing was not titrated to a specific LDL-cholesterol target. Patients 

in the SMART study used different statins and dosages. It could be that treatment effects for 

more potent statins or dosages are underestimated with the current model41. In sensitivity 

analyses we established what the individual absolute risk reduction might be with atorvastatin 

20 mg or the treatment effect from a meta-analysis in elderly subgroups from statin trials. 

These results should be interpreted with caution as the meta-analysis was performed in slightly 

older patients (≥75 years) for an LDL-reduction of 1 mmol/l, for a different vascular outcome 

and not taking competing risks into account25.  Finally, our results cannot be extrapolated to 

the very old (≥85 years) and to patients with chronic kidney disease stage IV or V (eGFR <30 ml/

min), since they were not enrolled in these studies.

Conclusion

A multivariable prediction model can be used to quantify the absolute MACE risk and absolute 

MACE risk reduction in 5 and 10 years by statin therapy in individual elderly patients with and 

without vascular disease. Most elderly patients with vascular disease have high predicted 

absolute MACE risk reduction by a statin and it is most beneficial to treat them all with a 

statin for secondary prevention of vascular disease. The prediction model identifies the elderly 

patients who benefit most (i.e. meaningfully in terms of ARR) from statin therapy for primary 

prevention of MACE. The model could help physicians in managing vascular risk in their elderly 

patients, a population rapidly rising in prevalence.
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Supplementary Material

Supplementary Table 1. Estimation of MACE risk and treatment effect of statin for individual elderly patients 

Risk estimation for patients with vascular disease

Individual risk for MACE (%) 5-year: 10-year:

Scotland / Ireland: (1 - 0.727 ^exp(A – 2.389)) * 100% (1 - 0.529 ^exp(A – 2.389)) * 100%

Rest of North- and West-Europe: (1 - 0.828 ^exp(A – 2.359)) * 100% (1 - 0.644 ^exp(A – 2.359)) * 100%

A = linear predictor for both 5- and 10-year risk = 0.401 (if male) + 0.042 * (age in years) + 0.240 (if current 

smoker) + 0.543 (if diabetes) + 0.344 (if polyvascular disease) + 0.053 * (number of medications) - 0.037 * 

(systolic blood pressure in mmHg) + 0.00012 * (systolic blood pressure in mmHg)2  + 0.876 * (LDL-cholesterol 

in mmol/L)  - 0.109 * (LDL-cholesterol in mmol/L)2 + 0.081 * (HDL-cholesterol in mmol/L) - 0.0053 * (MDRD 

in ml/min/1.73) - 0.245 (if treated with a statin)

Risk estimation for patients without vascular disease

Individual risk for MACE (%) 5-year: 10-year:

Scotland / Ireland: (1 - 0.838 ^exp(A – 1.934)) * 100% (1 - 0.703 ^exp(A – 1.934)) * 100%

Rest of North- and West-Europe: (1 - 0.895 ^exp(A – 1.968)) * 100% (1 - 0.801 ^exp(A – 1.968) * 100%

A = linear predictor for both 5- and 10-year risk = 0.283 (if male) + 0.037 * (age in years) + 0.290 (if current 

smoker) + 0.210 (if diabetes) + 0.090 * (number of medications) + 0.0060 * (systolic blood pressure in mmHg) 

+ 0.0070 * (LDL-cholesterol in mmol/L) - 0.359 * (HDL-cholesterol in mmol/L) - 0.061 * (MDRD in ml/min/1.73) 

+ 0.00048 * (MDRD in ml/min/1.73) 2 - 0.140 (if treated with a statin)

Absolute risk reduction (ARR)

ARR = individual MACE risk (%) without a statin – individual MACE risk (%) with a statin
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Calculation example Net Benefit for a 5-year NWT = 40
The net benefit method by Vickers et al.129 is an instrument for weighing benefit and harms 

of treatment for different treatment strategies on a group level. Benefit in the measure is the 

observed mean absolute risk reduction in the population. Harm is not measured directly, but 

includes expected costs, side effects and other negative effects of treatment. Net benefit is 

presented in a graph for different treatment thresholds. A treatment threshold is chosen by 

a physician who decides how many patients he or she is willing to treat to prevent one event, 

i.e. the number willing to treat (NWT). The treatment threshold is the minimal absolute risk 

reduction for which a physician believes the benefit of statin treatment outweighs the harm of 

treatment (= 100/NWT). For example, a 5-year NWT of 50 corresponds to a treatment threshold 

of 2%, which means that only patients with a predicted 5-year ARR ≥2% are treated with a 

statin. Harm is indirectly incorporated in the treatment threshold, as one will only treat patients 

who have high absolute treatment effect if a treatment is considered harmful (low NWT). If a 

treatment is relatively safe and cheap, both patients with high and lower absolute treatment 

effect may be treated, which corresponds to a low treatment threshold (high NWT). 

 Now we provide an example of net benefit estimation for a statin in elderly patients without 

vascular disease. In Supplementary Figure 1B, net benefit is shown for a range of treatment 

thresholds. In this example, a NWT for 5 years of 40 is chosen, which corresponds to a treatment 

threshold ARR of 2.5% (=100/40). 

  Treat none Treat all Prediction-based treatment

N patients treated (%) 0 (0%) 5146 (100%) 693 (13.47%)

5-year event rate 15.91% 13.45% 14.98%

Decrease in 5-year event rate 0% 15.91 - 13.45 = 2.46% 15.91 – 14.98 = 0.93%

Net benefit 0% -0.04% 0.59%

The event rate for the strategy “treat none” is the observed event rate in patients not treated 

with a statin (15.91%). For the strategy “treat all”, the event rate is the observed event rate in 

patients treated with a statin (13.45%). If all patients are treated with a statin, 2.46% less major 

cardiovascular events will occur compared to treating none.

 The event rate for prediction-based treatment is the observed event rate in patients 

treated with a statin for whom the prediction model recommends treatment (predicted ARR 

≥2.5%), plus the observed event rate in patients not on a statin for whom the prediction model 

discourages treatment (predicted ARR <2.5%). The event rate for prediction-based treatment 

is 14.98%, which means a 0.93% decrease in 5-year event rate compared to treating none. 
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Net benefit is estimated as follows:

Decrease in 5-year event rate (%) - (Patients treated (%)   * Treatment threshold (=1/NWT))

Benefit                                                     Harms

Net benefit treat all = 2.46% - (100% * (1/40)) = -0.04%

Net benefit prediction-based treatment = 0.93% - (13.47% * (1/40)) = 0.59%

This means that if one chooses a NWT of 40, treatment according to the prediction model has 

a more favorable trade-off between benefit and harms of treatment than treating all patients.

A - Patients with vascular disease   B - Patients without vascular disease

Supplementary Figure 1. Net benefit analysis. For secondary prevention of vascular disease, treating 

all elderly patients with a statin is more beneficial than prediction-based treatment irrespective of the 

treatment threshold a physician chooses. For primary prevention of vascular disease, treatment according 

to the prediction model is more beneficial than treating all elderly patients with a statin for a treatment 

threshold ≥1.0% predicted 5-year ARR (5-year NWT ≤100).
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Supplementary Table 2. Net benefit analysis in patients without vascular disease (eFigure 1B)

NWT Strategy with highest net benefit Patients treated (%) Event rate (%)

Infinite (>100) Treat all 100 13.5

100 Prediction model 93 13.5

60 Prediction model 51 14.5

50 Prediction model 31 14.6

40 Prediction model 13 15.0

≤ 30 None 0 15.9

 

*Event rate as the percentage of patients that experience MACE, regardless of their treatment allocation
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Abstract

Aims: To estimate absolute benefit and harm from treatment with dabigatran in individual 

patients with atrial fibrillation, and to select the optimal dose for each individual.

Methods and Results: Models were derived to predict the risk for stroke/ systemic embolism 

(SE) and major bleeding in Caucasian (n=12,615) patients with atrial fibrillation from the 3 

treatment arms of the randomized evaluation of long-term anticoagulation therapy (RE-LY) 

trial. Readily available patient characteristics were included in Fine & Gray competing risk 

models (sex, age, smoking, antiplatelet drugs, prior stroke, prior bleeding, prior myocardial 

infarction, peripheral artery disease, heart failure, diabetes, blood pressure, renal function and 

hemoglobin). The models were validated in non-Caucasian (n=5,498) patients from the RE-LY 

trial. Model calibration was good for both outcomes, and discrimination was adequate with a 

c-statistic of 0.63 (95%CI 0.58-0.67) for stroke/SE and 0.70 (95%CI 0.68-0.72) for major bleeding. 

Ten-year risks for stroke and major bleeding were estimated without anticoagulation therapy, 

and with dabigatran. The 5-year absolute risk reduction (ARR) for stroke/SE with dabigatran 

150 mg twice daily ranged from <10% in 29% of patients to >25% in 7% of patients, and the 

5-year absolute risk increase (ARI) for major bleeding ranged from <5% in 53% of patients to 

15-20% in 2% of patients. Comparing high-dose to low-dose dabigatran, the net benefit (ARR - 

ARI) was positive for 34% of patients.

Conclusion: The absolute treatment benefits and harms of dabigatran in atrial fibrillation differ 

widely between individual patients, and can be estimated based on readily available patient 

characteristics. Such treatment effect estimations can be used for shared decision-making 

before starting dabigatran treatment, and to determine the optimal dose.
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Introduction

Nonvalvular atrial fibrillation (AF) is a common cardiac arrhythmia occurring more frequently 

at higher age. The prevalence of AF increases from 1% in patients aged 55-60 years to 18% in 

patients >85 years1. Patients with AF are at a 2-times higher risk of mortality, mostly due to 

embolic stroke or chronic heart failure2. Anticoagulation with Vitamin K antagonists (VKAs) has 

proven to be highly effective with a ≈60% reduction in the number of strokes3. More recently, 

direct oral anticoagulants (DOACs) have been launched on the market, which include direct 

factor Xa inhibitors and a direct thrombin inhibitor4-7. Laboratory monitoring is not required for 

DOAC therapy. DOACs are more effective in stroke reduction than VKAs, and appear to have a 

favorable safety profile with less major bleeds3, 8-10. The European Society of Cardiology (ESC) 

therefore recommends DOACs in preference of VKAs for patients with nonvalvular AF11. The 

benefit of dabigatran, a direct thrombin inhibitor, has been shown in the randomized evaluation 

of long-term anticoagulation therapy (RE-LY) trial4. High-dose dabigatran (150 mg twice daily) 

was more effective in prevention of strokes than low-dose dabigatran (110 mg twice daily), but 

at the expense of an increased risk of gastrointestinal bleeds. These results have been replicated 

in a general practice setting12. An net benefit estimate for both efficacy and safety showed 

similar results for the two doses13. The ESC guideline recommends to consider the lower dose 

for patients aged ≥75 years because of a potential higher bleeding risk11. However, the absolute 

treatment effect of dabigatran in both doses will likely differ between individuals. Estimation 

of one treatment effect for all patients, or sole reliance on a single characteristic is suboptimal, 

especially since a combination of multiple patient characteristics affects the risk of stroke/ 

systemic embolism (SE) and the risk of bleeding differently14, 15. Individual treatment effect 

estimation has the potential to identify patients who have a favourable trade-off in absolute 

benefit and harm from dabigatran, and to select the optimal dose for each individual patient. 

 We aim to develop and validate a model to predict the absolute treatment effect of 

dabigatran on stroke and major bleeding in individual patients with atrial fibrillation. A second 

aim is select the optimal dose of dabigatran for the individual patient.

Methods

Data acquisition
We submitted a research proposal for the current study at www.clinicalstudydatarequest.

com. Several study sponsors have committed to use this site as an opportunity to conduct 

further research on anonymized patient data. The proposal was reviewed by an Independent 

Review Panel, and access to the anonymized individual patient data from RE-LY was provided. 

Boehringer Ingelheim did not influence this decision, nor any of the conducted analyses.
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Study population
The RE-LY trial included 18,133 patients with atrial fibrillation, documented by 

electrocardiography no more than six months previously, and at least one of the following 

characteristics: a previous stroke or transient ischemic attack, congestive heart failure, an age 

of ≥75 years; or an age 65-74 years with diabetes, hypertension, or coronary artery disease. Thus, 

most patients had an indication for oral anticoagulation therapy with a CHA2DS2-VASc score ≥ 

216. Patients with a severe heart-valve disorder, a recent stroke, a condition that increased the 

risk of bleeding, or renal insufficiency (estimated glomerular filtration rate [eGFR] < 30 ml/min) 

were excluded from participation. Detailed descriptions of the trial have been published4, 17. 

Ethical approval was obtained from the national regulatory authorities and ethical committees 

of the participating centers, and all patients provided informed consent. Patients were recruited 

between 2005-2007, from 951 clinical centers in 44 countries (see Table 1 for ethnic origin). They 

were randomly allocated to warfarin (unblinded, target international normalized ratio [INR] of 

2.0 – 3.0) or one of two doses of dabigatran (blinded, 110 mg or 150 mg twice daily). 

Model derivation
A stepwise summary, and detailed explanation of the methods is presented in the Supplementary 

Material. Two separate prediction models were derived for ischemic stroke/systemic embolism 

(SE), and major bleeding. Atrial fibrillation patients from non-Caucasian origin are at higher 

risk for ischemic stroke than Caucasians18. For generalizability of the study results to patients 

from different ethnic origins, models were derived in Caucasian (n=12,615), and validated in 

non-Caucasian patients (n=5,498). Major bleeding was defined as a drop in hemoglobin of ≥2 

g/dL (1.2 mmol/L), transfusion of ≥ 2 packed cells, or symptomatic bleeding in a critical area or 

organ. Critical areas were: intraocular, intracranial (including hemorrhagic stroke), intraspinal, 

intramuscular with compartment syndrome, retroperitoneal, intra-articular, or pericardial. If 

the nature of a stroke was unknown, it was classified as an ischemic stroke. Previously selected 

predictors for stroke and major bleeding were derived from known risk scores: the CHA2DS2-

VASc, HAS-BLED, HEMORR2HAGES, and ORBIT-AF scores16, 19-21. We combined readily available 

predictors from these scores into a competing-risk adjusted score, with the aim to derive a 

well performing model that is simple to apply. The predictors were: sex, age, current or former 

smoking, antiplatelet use, a previous stroke/ transient ischemic attack (TIA)/SE, a previous 

bleed (major or minor), a previous myocardial infarction, peripheral artery disease, congestive 

heart failure, type 2 diabetes, systolic blood pressure, renal function, and hemoglobin at 

baseline. Selection of predictors was not applied. We used a Fine & Gray analysis to account for 

competing risks22, 23. Events are ‘competing’ when they preclude the occurrence of the outcome 

of interest. The competing outcome was death not due to stroke for the first, and death not 

due to major bleeding for the second model. In a population with a high death rate due to 

other causes than the primary outcome, failure to take competing risks into account results 

in overestimation of the risk for the primary outcome. Another advantage of competing risk 
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analyses is that the predicted risk of stroke and major bleeding can be summed or subtracted 

from each other. Thereby, ‘net benefit’ estimations can be derived. 

Anticoagulation treatment effects
To estimate the effect of anticoagulation therapy on individual absolute risk for stroke and 

major bleeding, average relative treatment effects were added to the model. The relative 

treatment effects of dabigatran 110 mg and dabigatran 150 mg twice daily compared to 

warfarin were derived from the original RE-LY study population. The relative treatment effect 

of warfarin versus no anticoagulation treatment was derived from a meta-analysis, and used for 

estimation of untreated risk for stroke and major bleeding24. 

Model validation
Discriminative ability of the models was assessed with the c-statistic (95% confidence interval 

[CI]), and calibration with plots of the predicted versus observed probability of stroke or major 

bleeding. Because the overall incidence of stroke/SE was higher in patients from non-Caucasian 

origin, the mean cumulative hazard was updated. 

Individual predictions
Predictions were made for 2.5 years of follow-up, and extrapolated to 5-year individual 

risks and treatment effects.  Thereby, a constant incidence of the outcomes, and a constant 

effect of the predictors over time was assumed. The 5-year individual absolute risk reduction 

(ARR) for dabigatran 150 mg was estimated by subtracting an individual’s 5-year risk for 

stroke with dabigatran 150 mg from his or her untreated stroke risk. Similarly, an individual’s 

5-year individual absolute risk increase (ARI) for major bleeding was estimated. Furthermore, 

individual treatment effects were estimated for dabigatran 150 mg compared to 110 mg. Net 

benefit was estimated for two scenarios, namely for equal severity of a stroke and a major 

bleeding (individual net benefit = ARR – ARI), and for a stroke being 2 times as severe as a major 

bleeding (individual net benefit = ARR – 0.5 * ARI). 

Performance of non-competing adjusted risk scores
The performance of previously published risk scores (CHA2DS2-VASc score for stroke/SE, and 

the ORBIT-AF score for major bleeding) was assessed in the total RE-LY trial population, to 

allow a comparison with the newly derived competing risk-adjusted scores16, 21. The ABC score 

for stroke or major bleeding, and the HEMORR2HAGES and HAS-BLED for major bleeding could 

not be validated. Important predictors were missing (e.g. genetic factors and biomarkers), 

or difficult to define with the data available (liver disease, alcohol or drug use, excessive fall 

risk)16, 19-21, 25, 26. Furthermore, the HAS-BLED score is meant for patients on VKA treatment (with 

INR as a predictor)19. The discriminative ability was assessed with the c-statistic (95% CI), and 

calibration with plots of predicted versus observed risk. The allocated treatment effect was 
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taken into account in risk estimations. Methods and results are presented in the Supplementary 

Material.

 Analyses were performed in R statistical software 3.3.0 with the add-on packages rms, pec, 

riskRegression, and cmprsk (extended by Wolbers et al.)23.  

Results

Patient population and number of events
Patients with atrial fibrillation in the RE-LY trial (n=18,133) had a mean age of 71 years (standard 

deviation [SD] 8), and 36% was female (Table 1). Caucasians (derivation cohort, n=12,615) 

were on average 2 years older than non-Caucasians (validation cohort, n=5,498), with a higher 

prevalence of current or former smoking (53% versus 45%). Caucasians had less prior stroke 

(20% versus 27%), and a better renal function (median 71 [interquartile range (IQR) 55-89] 

versus 64 [IQR 50-81] ml/min). Patients were followed for a median duration of 2.0 [IQR 1.6-2.4] 

years, and only 20 patients were lost to follow-up. Use of antiplatelet agents decreased during 

the study period from 42% to 21%. The mean percentage of the follow-up period during which 

patients on warfarin were within the therapeutic range was 64%. 

 During the study period, a total of 455 strokes and systemic embolisms occurred (272 in the 

derivation, 183 in the validation cohort), and 1182 major bleedings (832 in the derivation, 350 

in the validation cohort). A total of 1371 patients died, of which 423 deaths (31%) were due to 

stroke or major bleeding.

Anticoagulation treatment effects
Compared to warfarin, the relative treatment effect of dabigatran 110 mg was 1.06 (95%CI 

0.86-1.32) for stroke, and 0.80 (95%CI 0.70-0.93) for major bleeding. The relative treatment 

effect of dabigatran 150 mg was 0.76 (95%CI 0.60-0.96) for stroke, and 0.94 (95%CI 0.82-1.08) 

for major bleeding. The relative effect of warfarin compared to placebo was 0.27 for stroke and 

1.75 for major bleeding27.

Model derivation and performance
Predictors associated with a large increase in the risk for stroke/SE were a previous stroke, 

and peripheral artery disease (Table 2). Per year increase in age, the risk of stroke was 2% 

higher and the risk of major bleeding 4% higher. Other predictors that strongly elevated major 

bleeding risk were baseline hemoglobin, current/former smoking, type 2 diabetes and the use 

of antiplatelet agents. The risk of major bleeding increased for lower hemoglobin levels, from 

a cut-off <15.0 g/dl (9.3 mmol/l). With decreasing renal function, the risk of major bleeding 

increased rapidly. 
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Table 1. Baseline characteristics of atrial fibrillation patients in the RELY trial

Derivation 
cohort

Validation 
cohort

(n=12,615) (n=5,498)

Female sex (%) 4,553 (36) 2,045 (37)

Age (years) 72 (8) 70 (9)

Current/former smoker (n,%) 6,697 (53) 2,475 (45)

Ethnic origin (n, %)

Caucasian 12,615 (100) 0 (0)

Asian 0 (0) 2,875 (54)

African 0 (0) 176 (3)

Hispanic 0 (0) 879 (16)

Arab 0 (0) 64 (0)

Other 0 (0) 1,504 (27)

Medical history

Myocardial infarction (n,%) 2,290 (18) 716 (13)

Stroke/TIA (n,%) 2,497 (20) 1,457 (27)

Peripheral artery disease (n,%) 564 (4) 122 (2)

Congestive heart failure (n,%) 3,291 (31) 1,873 (34)

Diabetes mellitus (n,%) 2,843 (23) 1,379 (25)

Hypertension (n,%) 10,052 (80) 4,232 (77)

Bleeding (n,%) 831 (7) 372 (7)

Medication use

Antiplatelet agents (n,%) 4,857 (39) 2,682 (49)

Vitamin K antagonists (n,%) 8,311 (66) 2,878 (52)

NSAIDs (n,%) 620 (5) 304 (6)

Physical examination

Systolic blood pressure (mmHg) 131 (17) 130 (17)

Body Mass Index (kg/m2) 22 (5) 27 (6)

Laboratory examinations

Renal function (eGFR, ml/min)* 71 [55 – 89] 64 [50 – 81]

Hemoglobin (g/dL) 14 (1) 14 (2)

Hematocrit (%) 42 (4) 43 (5)

 

Values are displayed as mean (SD) or n (%) unless otherwise indicated. 

*Median with interquartile range 

TIA = transient ischemic attack, NSAIDs = nonsteroidal anti-inflammatory drugs
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 Both models for stroke and major bleeding calibrated well (Figure 1). The discriminative 

performance for stroke prediction as assessed by the c-statistic was 0.68 (95%CI 0.64-0.70) 

in the derivation set, and 0.63 (95%CI 0.58-0.67) in the validation set. For major bleeding, 

the c-statistic was 0.70 (95%CI 0.68-0.72) in the derivation, and 0.69 (95%CI 0.66-0.72) in the 

validation set.  
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Table 2. Prediction models for stroke/SE and major bleeding

  Stroke/SE

  Coefficient sHR (95%CI) p-value

Female sex 0.152 1.19 (0.90-1.56) 0.22

Age (per year ↑) 0.016 1.02 (1.00-1.04) 0.11

Current/former smoking 0.236 1.30 (1.01-1.68) 0.04

Use of antiplatelet drugs 0.246 1.32 (1.03-1.69) 0.03

Previous Stroke/TIA/SE 0.624 2.01 (1.57-2.59) <0.001

Previous bleeding 0.094 1.11 (0.72-1.71) 0.63

Previous myocardial infarction 0.233 1.30 (0.96-1.75) 0.09

Peripheral artery disease 0.567 1.89 (1.27-2.82) 0.002

Congestive heart failure 0.324 1.44 (1.11-1.87) 0.007

Type 2 diabetes 0.063 1.07 (0.81-1.42) 0.62

Systolic BP (per 10 mmHg ↑) 0.119 1.14 (1.07-1.22) <0.001

Renal function (per 10 ml/min ↑) -0.070 0.92 (0.87-0.99) 0.02

Hemoglobin (low vs. normal/high)* 0.193 1.24 (0.90-1.72) 0.19

  Major bleeding

  Coefficient sHR (95%CI) p-value

Female sex -0.287 0.75 (0.63-0.89) <0.001

Age (per year ↑) 0.041 1.04 (1.03-1.06) <0.001

Current/former smoking 0.31 1.36 (1.17-1.58) <0.001

Use of antiplatelets 0.279 1.32 (1.15-1.52) <0.001

Previous Stroke/TIA/SE 0.206 1.23 (1.05-1.44) 0.01

Previous bleeding 0.266 1.30 (1.03-1.65) 0.03

Previous myocardial infarction 0.167 1.18 (1.00-1.40) 0.05

Peripheral artery disease 0.006 1.01 (0.76-1.33) 0.97

Congestive heart failure -0.065 0.94 (0.80-1.10) 0.42

Type 2 diabetes 0.289 1.34 (1.15-1.52) <0.001

Systolic BP (per 10 mmHg ↑) -0.035 0.97 (0.93-1.01) 0.09

Renal function (per 10 ml/min ↑) 0.033 0.61

Renal function (per 10 ml/min ↑), log -8.009 0.07

Hemoglobin (per g/dL ↑) -0.928 0.005

Hemoglobin (per g/dL ↑), squared 0.025 0.04

*Low haemoglobin was defined as <13 g/dL for males, and <12 g/dL for females (19,21).

sHR= subdistribution hazard ratio
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Figure 1. Calibration plots for stroke/SE and major bleeding
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Figure 2. Individual absolute untreated risk and treatment effects. For patients with an ARR with 

dabigatran 150 mg ≥20%, the ARR was per definition higher than the ARI. For patients with an ARR with 

dabigatran 150 mg <20%, the ARI was <5% in 60% of patients, 5-10% in 33% of patients, 10-15% in 6% of 

patients, and 15-20% in 1% of patients.
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Individual predicted absolute benefit and harm from dabigatran 
Individual treatment effects from dabigatran 150 mg twice daily 
compared to no anticoagulation
The 5-year absolute risk reduction (ARR) with dabigatran 150 mg twice daily was <10% in 29% 

of patients, 10-15% in 36% of patients, 15-20% in 19% of patients, 20-25% in 9% of patients, 

and >25% in 7% of patients (Figure 2). The 5-year absolute risk increase (ARI) with dabigatran 

150 mg was <5% in 53% of patients, 5-10% in 36% of patients, 10-15% in 9% of patients, and 

15-20% in 2% of patients. 

Individual treatment effects from dabigatran 150 mg twice daily 
compared to 110 mg twice daily
The 5-year ARR for high-dose compared to low-dose dabigatran was <1% for 25% of patients, 

1-2% for 53% of patients, 2-3% for 16% of patients, and >3% for 7% of patients. Figure 3 shows 

the balance between the individual absolute benefit and harm from dabigatran 150 mg twice 

daily compared to dabigatran 110 mg twice daily in 20 equal groups ordered by increasing 

net benefit (defined as ARR – ARI in the upper, and ARR – 0.5 * ARI in the lower panel). In 

Supplementary Table 1, patient characteristics are shown for those with more benefit (ARR) 

than harm (ARI) from high-dose compared to low-dose dabigatran. For 42% of the patients 

aged ≤75 years (n=11,886), the ARR for high-dose compared to low-dose dabigatran was higher 

than the ARI. For patients aged >75 years (n=6,227), the ARR was higher than the ARI in 18% of 

patients. 
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Discussion

With simple, readily available patient characteristics the absolute treatment benefit and harm 

derived from dabigatran therapy can be estimated for individual patients with atrial fibrillation. 

In a population of atrial fibrillation patients with additional risk factors, the indication for 

anticoagulation is confirmed for most patients. The individual absolute 5-year stroke risk 

reductions with dabigatran 150 mg twice daily range from <10% in 29% of patients to >25% 

for 7% of patients. Innovatory, the well performing prediction model in the present study 

Figure 3. Individual absolute benefit and associated harm from dabigatran 150 compared to 110 mg 

twice daily. If a stroke is considered to be as severe as a major bleed (A), the benefit of dabigatran high- 

versus low-dose outweighs the harm for 34% of patients. If a stroke is considered to be two times as severe 

as a bleed (B), high-dose dabigatran is more beneficial for 85% of patients.
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adequately estimates individual benefit and harm from dabigatran in 2 doses at the same time. 

Thereby, the individual absolute benefit can be directly weighed against the individual absolute 

harm from dabigatran treatment. When initiation of dabigatran is considered, the prediction 

model adequately selects the optimal dose for the individual patient. For equal severity of a 

stroke and major bleeding, the higher dose of dabigatran is more beneficial in 34% of patients.

Individual absolute benefit and harm from dabigatran therapy
Because of their effectiveness and favorable safety profile, DOAC therapy is preferred in 

the ESC guidelines over VKA treatment for patients with atrial fibrillation who have an 

indication for anticoagulation therapy11. The current study showed that patient characteristics 

have a different impact on the benefit and harm from dabigatran. Therefore, the benefit of 

DOAC therapy for an individual patient (stroke risk reduction) should be weighed against its 

associated potential harm (increase in bleeding risk). In a registry of Danish patients, there 

was a consistent net clinical benefit from edoxaban compared to warfarin across various risk 

groups, as defined by the CHA2DS2-VASc score for stroke, and HAS-BLED score for major 

bleeding8. The stroke risk reduction was weighed against the risk increase for intracranial 

hemorrhage. The interpretation of this ‘net benefit’-measure is limited by four issues. First, 

edoxaban treatment was compared with warfarin treatment, not with an untreated situation. 

Second, only intracranial hemorrhage was taken into account, while bleeds at other (critical) 

locations may be severe or life-threatening as well. Third, a weight was given to intracranial 

hemorrhage as being 1.5 times as severe as a stroke, which is arbitrary. Fourth, the CHA2DS2-

VASc score presumably overestimates stroke risk reductions in the higher risk groups. 

 The use of the CHA2DS2-VASc score in the current study could lead to a flawed estimation 

of the individual benefit from high-dose compared to low-dose dabigatran. Existing risk 

scores for major bleeding (HEMORR2HAGES, ATRIA and HAS-BLED) show a poor to moderate 

performance in external validation cohorts, and require information that is not available for all 

AF patients in daily practice19, 20, 28, 29. The new ORBIT-AF score for major bleeding is a simple 

score, that performed quite well in the RE-LY population, but not as good as the score for 

major bleeding in the present study. A higher age does raise the risk for stroke in the current 

study, but non-significantly, as its effect is partly explained by a decrease in renal function. 

Importantly, the competing risk-adjusted prediction model in the present study provides valid 

estimates of both individual absolute benefit and harm of dabigatran. These estimates can be 

communicated and discussed with individual patients with atrial fibrillation in clinical practice, 

and used for shared-decision making. 

 While the guideline focuses on initiation of DOAC therapy, there is little guidance for the 

follow-up of these chronically treated patients. Repeated communication of the expected 

absolute benefit, and potential harm from treatment to the individual patient may in addition 

stimulate long-term treatment adherence30. Non-adherence accompanies potential serious 

harms, especially since DOACs are short-acting drugs compared to VKAs.
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Tailoring the right dose of dabigatran to the individual patient
Dabigatran 150 mg twice daily is more effective in absolute stroke risk reduction than a dose 

of 110 mg twice daily4. However, for patients considered to be at high risk for bleeding, a lower 

dose of dabigatran may be safer13. In clinical practice, women tend to be treated more often with 

the lower dose of dabigatran31. This is a surprising finding, as women may in fact be at higher 

risk for stroke than men, and at lower risk for bleeding32. Although underlying mechanisms for 

these gender differences are unknown, potential explanations are post-menopausal changes in 

hemodynamics, stiffening of the vessels, and increased inflammation and hypercoagulability33. 

The ESC guideline recommends to consider the lower dose of dabigatran in the elderly11, 27. In 

addition to age and sex, there are several other important predictors for major bleeding and 

the risk increase with dabigatran in both doses34. Based on the prediction model described in 

the present study, the optimal dose can be selected for each individual patient. The individual 

reduction in stroke risk can be directly weighed against the individual increase in risk for 

major bleeding. Moreover, the prediction model improves awareness of potentially modifiable 

bleeding risk factors, like smoking, and the use of antiplatelet drugs35. For those at high risk for 

both stroke and major bleeding, optimization of bleeding risk factors may enable the use of 

high-dose dabigatran. 

Online calculator
In clinical practice, an online calculator (Figure 4) facilitates the estimation of the absolute 

anticoagulation treatment effects for individual patients with atrial fibrillation. These effects 

can be presented and discussed with a patient in clinical practice. This enables selection of 

the optimal, or preferred, treatment for each individual. The upper chart in Figure 4 gives an 

example of a 70-year old Caucasian male with an untreated 5-year stroke risk of 14%, and a 

5-year risk for major bleeding of 8%. His estimated 5-year ARR from dabigatran 150 mg twice 

daily is 11% (NNT 9), and his 5-year ARI 6% (NNH 19). 

Strengths and limitations
There are several strengths of the present study. Prediction models were based on simple, and 

readily available clinical characteristics. The combination of these characteristics accurately 

estimates both the absolute treatment effect of dabigatran therapy on stroke and major 

bleeding. By using an interactive calculator, the individual absolute benefit and harm from 

anticoagulation therapy can be estimated. Prediction models were fitted with a competing risk 

analysis. Failure to take competing events into account may lead to overestimation of absolute 

risk and treatment effect, because of the high rate of deaths due to other causes than stroke 

or major bleeding36, 37. This might be a limitation of other prediction scores for atrial fibrillation 

patients, as illustrated with the CHA2DS2-VASc score in the RE-LY patient population16, 19-21. 

Mortality risks (competing events) are presumably higher among patients in daily practice, due 

to the exclusion criteria of the RE-LY study (e.g. a recent stroke, a condition that increased the 
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risk of bleeding, and renal insufficiency). Overestimation of risk and treatment is therefore an 

even bigger issue for atrial fibrillation patients in clinical practice than in the present study. 

Limitations of this study need to be addressed as well. We aimed for generalizable results by 

splitting up the trial population in a derivation and validation cohort based on ethnic origin. 

With external validation of the models, preferably in a routine care setting, we could further 

assess and improve the applicability of the prediction models in clinical practice. Risk scores 

derived in trial populations potentially underestimate bleeding risk in “real-world” patients29. 

The RE-LY trial had a quite short follow-up period, and extrapolation was needed to derive 

5-year predictions. Real-world data with a longer follow-up duration support our assumption 

that DOAC therapy has consistent benefit over the years38. Caution is needed with the 

generalization of the results from the present study to patients with heart valve-disorders, 

active liver disease, severe renal impairment (eGFR ≤ 30 ml/min), a recent stroke (<14 days ago, 

or a severe stroke <6 months ago), or a condition with increased bleeding risk, as they were 

excluded from trial participation.

 In conclusion, there is a range in the 5-year absolute risk reduction for stroke/SE and the 

absolute risk increase for major bleeding from the two doses of dabigatran in patients with 

atrial fibrillation. These individual absolute treatment effects can be predicted based on simple 

patient characteristics. Expected absolute benefit and harm can be weighed for individual 

patients, and used for shared decision-making whether or not to start dabigatran treatment, 

and at what dose.
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Supplementary material

Supplementary Box 1. Stepwise summary of the methods

1 Selection of predictors for stroke/SE and major bleeding from existing risk scores 

2 Imputation of missing values in the predictor variables

3 Truncation of continuous variables at the 1st and 99th percentile

4 Assessment of the shape of the association between continuous variables and stroke/SE or major bleeding

5 Fitting two Fine & Gray competing risk models for stroke/SE and major bleeding, in Caucasian patients 

7 Adjustment of stroke predictors effect sizes for optimism 

6 Validation of the two models in non-Caucasian patients

7 Recalibration of the stroke/SE model for patients from non-Caucasian origin

8 Estimation of the individual absolute risk for stroke/SE and major bleeding, untreated and with anticoagulation therapy

9 Estimation of the individual absolute risk reduction for stroke/SE, and absolute risk increase for major bleeding with anticoagulation 
therapy, compared to no treatment.

10 Estimation of the individual absolute risk reduction for stroke/SE, and absolute risk increase for major bleeding with high-dose 
dabigatran compared to low-dose dabigatran 

Methods for prediction of absolute benefit and harm from dabigatran 
treatment
Missing values for these predictors were singly imputed by weighted probability matching to 

prevent biased predictions1. Information from both baseline patient characteristics and clinical 

outcomes was used to impute missing values for the following characteristics: 298 (1.6%) for 

baseline hemoglobin, 27 (0.1%) for systolic blood pressure, 738 (4.1%) for renal function, and 

79 (0.4%) for age. Continuous variable were truncated at the 1st and 99th percentile, to prevent 

the influence of outliers on the predictor coefficients2. The optimal association of continuous 

variables with the outcomes was assessed with restricted cubic splines3. Variables were 
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Supplementary table 1. Patient characteristics of atrial fibrillation patients based on the trade-off between 

absolute benefit and harm from dabigatran 150 mg versus 110 mg

 5-year ARR > ARI 5-year ARR < ARI 5-year ARR > 0.5 * ARI 5-year ARR < 0.5 *ARI

 n= 6,080 (34%) n= 12,033 (66%) n=15,360 (85%) n=2,753 (15%)

Female sex (%) 2,600 (43) 3,998 (33) 5,850 (38) 748 (27)

Age (years) 67 (9) 74 (7) 71 (8) 76 (6)

Current/former smoker (n,%) 2,817 (46) 6,355 (53) 7,653 (50) 1,519 (55)

Ethnic origin (n, %)

Caucasian 4,406 (73) 8,209 (68) 10,888 (71) 1,727 (63)

Asian 962 (16) 1,913 (16) 2,362 (15) 513 (19)

African 52 (1) 124 (1) 144 (1) 32 (1)

Hispanic 322 (5) 557 (5) 762 (5) 117 (4)

Arab 14 (0) 50 (0) 49 (0) 15 (1)

Other 324 (5) 1,180 (10) 1,155 (8) 349 (13)

Medical history

Myocardial infarction (n,%) 1,056 (17) 1,950 (16) 2,602 (17) 404 (15)

Stroke/TIA (n,%) 2,238 (38) 1,616 (13) 3,875 (25) 79 (3)

Peripheral artery disease (n,%) 472 (8) 214 (2) 679 (4) 7 (0)

Congestive heart failure (n,%) 2,983 (49) 2,811 (23) 5,441 (35) 353 (13)

Diabetes mellitus (n,%) 956 (16) 3,266 (27) 3,190 (21) 1,032 (37)

Hypertension (n,%) 4,911 (81) 9,373 (78) 12,245 (80) 2,039 (74)

Bleeding (n,%) 313 (5) 890 (7) 948 (6) 255 (9)

Medication use

Antiplatelets (n,%) 2,376 (39) 5,163 (43) 6,359 (41) 1,180 (43)

Vitamin K antagonists (n,%) 3,733 (61) 7,456 (62) 9,466 (62) 1,723 (63)

NSAIDs (n,%) 274 (5) 650 (5) 784 (5) 140 (5)

Physical examination

Systolic blood pressure 
(mmHg)

139 (17) 127 (16) 133 (17) 118 (13)

Body Mass Index (kg/m2) 29 (5) 28 (6) 29 (5) 28 (6)

Laboratory examinations

Renal function (eGFR, ml/min)* 75 [60 - 94] 65 [51 - 82] 70 [55 ¬- 88] 61 [47 - 78]

Hemoglobin (g/dL) 15 (1) 14 (1) 14 (1) 13 (1)

Hematocrit (%) 45 (4) 41 (4) 43 (4) 39 (4)

Values are displayed as mean (SD) or n (%) unless otherwise indicated

*Median with interquartile range

TIA = transient ischemic attack, NSAIDs = nonsteroidal anti-inflammatory drugs, ARR= 5-year absolute risk 

reduction, ARI= 5-year absolute risk increase
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transformed if the association with the outcome was non-linear. Because there were less strokes 

than major bleeds in the derivation cohort, potential optimism of the stroke prediction model 

was assessed with bootstrapping2. A model is ‘optimistic’ if it performs well in the population 

wherein it is derived, but not in other populations. Multiplication of the model coefficients with 

a shrinkage factor derived from bootstrap samples (partly) adjusts for optimism. Optimism for 

stroke predictions was 10.8%, and predictor effect sizes (model coefficients) were shrunken 

accordingly.

 For dabigatran, a potential stronger relative increase in bleeding risk has been reported 

for patients aged ≥75 years or a renal function < 80 ml/min4, 5. However, these findings have 

not been replicated in other DOAC trials6-8. As no other treatment interactions were described 

in the literature, the relative treatment effect was assumed to be independent of patient 

characteristics.

Performance of non-competing adjusted risk scores
The CHA2DS2-VASc score is estimated based on age, sex, a history of heart failure, a history 

of hypertension, a history of stroke/TIA/SE, a history of clinically manifest vascular disease, 

and diabetes9. CHA2DS2-VASc stroke risk were re-estimated to untreated values, using 

the previously described anticoagulation treatment effects. The CHA2DS2-VASc score 

overestimated risk for stroke/SE in the higher risk categories (Supplementary Figure A), and 

Supplementary Figure 1. Calibration of the CHA2DS2-VASc score for stroke/SE (A) and the ORBIT-AF score 

for major bleeding (B) in the complete RE-LY trial population (n=18,133). The allocated anticoagulation 

treatment effect was taken into account.

A B
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had a moderate discriminative ability (c-statistic 0.62 [95%CI 0.60-0.64]). The ORBIT-AF score 

is estimated based on age, reduced hemoglobin/ hematocrit/ a history of anemia, bleeding 

history, insufficient renal function, and antiplatelet treatment10. ORBIT-AF bleeding risks were 

re-estimated to bleeding risks with warfarin, as used by 93% of the USA patients in the ORBIT-

AF registry. Calibration and discrimination for major bleeding with the ORBIT-AF score was 

reasonable (Supplementary Figure B, c-statistic 0.66 [95%CI 0.65-0.69]). 
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Abstract

Background: A validated prediction model estimates the absolute benefit of intensive versus 

standard lipid-lowering therapy (LLT) with statins on next major cardiovascular events (MACE) 

for individual patients with coronary artery disease (CAD). We aimed to assess whether 

targeting intensive LLT therapy to CAD patients with the highest predicted absolute benefit is 

cost-effective compared to treating all with standard or all with intensive LLT.

 Methods: A lifetime Markov model was constructed for CAD patients (n=10,000) with mean 

age 61 years. Number of MACE, (non)vascular death, costs and quality-adjusted life years 

(QALYs) were estimated for the following strategies: 1] standard LLT for all (reference strategy), 

2] intensive LLT for those with 5-year absolute MACE risk reduction (ARR) ≥3%, ≥2.3% or ≥1.5% 

(corresponding to ≥20%, ≥15% or ≥10% 5-year MACE risk), and 3] intensive LLT for all. 

 Results: With intensive LLT for those with ≥3% 5-year ARR (13% of patients), 380 QALYs 

were gained for €2,423/QALY. Using a threshold of ≥2.3% ARR (26% of patients), 630 QALYs 

were gained for €5,653/QALY. Using a threshold of ≥1.5% ARR (56% of patients), 1,020 QALYs 

were gained for €10,960/QALY. By treating all intensively, 1,410 QALYs were gained (0.14 QALY 

per patient) for €17,223/QALY. With benefit-based treatment, 0.16-0.17 QALY was gained per 

treated patient.

 Conclusions: Intensive LLT with statins for all CAD patients results in the highest overall 

QALY gain against acceptable costs. However, the number of QALYs gained with intensive LLT 

by statins in individual patients can be increased with selective benefit-based treatment.
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Introduction

In patients with coronary artery disease (CAD) intensive lipid-lowering therapy (LLT) with 

statins renders a 15% relative risk reduction in vascular events compared with standard LLT1. 

Therefore, the American Heart Association (ACC/AHA) clinical guideline recommends intensive 

lipid-lowering in patients with CAD unless characteristics like older age, history of statin 

intolerance or serious comorbidities diminish safety of intensive LLT2. Nevertheless, high-dose 

statin treatment rates are low, especially in women3, 4. This might be due to a dose-related 

higher incidence of adverse effects like myopathy, new-onset diabetes and elevation of liver 

transaminits5, 6. Selection of the appropriate statin and dosage is ideally made by weighing 

individual expected benefit against the potential for adverse effects. As CAD patients differ 

widely in history of and risk factors for vascular disease, there is a potential range in absolute 

benefit from intensification of LLT. Previously, we derived a prediction model in the Treating to 

New Targets (TNT) trial population that estimates 5-year absolute treatment effect of intensive 

versus standard LLT with statins on recurrent vascular events for an individual patient, which was 

validated in the Incremental Decrease in End point through Aggressive Lipid-lowering (IDEAL) 

trial population7-9. With this model we are able to estimate the individual 5-year absolute risk 

reduction (ARR) for vascular events based on simple patient characteristics7, 10. Considering the 

intention for life-long treatment and potential adverse effects, it may be worthwhile to target 

intensification of LTT to those patients who benefit most.

 Before implementing a benefit-based treatment strategy in clinical practice, an estimation 

of expected costs and health outcomes is required. Previous studies have shown that treating 

all patients with stable coronary artery disease with intensive LLT is a cost-effective strategy11-15. 

The costs and effects of treating patients with the highest predicted absolute benefit intensively 

and those with smaller benefit with standard therapy are unknown. Thus, is targeting intensive 

LLT with statins to CAD patients with the highest predicted absolute benefit cost-effective 

compared to standard or intensive LLT for all?
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Methods

Prediction model for vascular events
The derivation of the prediction model in the TNT trial and validation in the IDEAL trial is 

explained in detail previously7. These studies were approved by the local or regional institutional 

review committee at each participating center, and all subjects gave informed consent. The 

prediction model for the combined outcome of myocardial infarction, stroke, fatal coronary 

heart disease and resuscitated cardiac arrest (RCA) contains the patient characteristics age, 

sex, history of myocardial infarction, history of a coronary artery bypass graft (CABG), history 

of congestive heart failure, history of cerebrovascular disease, diabetes mellitus, current 

smoking, total cholesterol, high-density lipoprotein (HDL)-cholesterol, glomerular filtration 

rate (eGFR), systolic blood pressure and treatment allocation (intensive versus standard LLT). 

Individual patients’ 5-year risk and ARR with intensive lipid-lowering treatment with statins for 

the combined outcome of vascular events is estimated with this model (Box 1)7. 

Box 1. Computational formula for 5-year absolute treatment effect of intensive versus standard LLT in 

patients with stable coronary artery disease. 

 

Predicted 5-year treatment effect of intensive lipid-lowering therapy =  

(1 - 0.85) x 5-year vascular risk with standard lipid-lowering therapy

5-year vascular risk with standard LLT (%) = (1- 0.914 exp[A +1.5106]) x 100%, where

A = -0.0478 x age in years + 0.000515 x (age in years)2 + 0.315 [if male] + 0.410 [if history of

myocardial infarction] + 0.226 [if history of CABG] + 0.469 [if history of congestive heart failure] +

0.617 [if history of cerebrovascular disease] + 0.432 [if diabetic] + 0.538 [if current smoker] + 0.00419

x total cholesterol in mg/dL – 0.0130 x HDL-cholesterol in mg/dL - 0.0605 x eGFR in mL/min/1.73m² + 

0.000419 x (eGFR in mL/min/1.73m²)2 + 0.00371 x systolic blood pressure in mmHg + 0.00254 x

systolic blood pressure in mmHg [if on antihypertensive treatment]
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Figure 1. Diagrammatic representation of the Markov model with health states (boxes) and possible 

transitions (arrows). All patients start in the Stable CAD health state (n=10,000). The solid arrows show 

the possible transitions after each year. The shaded arrows show the transition possible within each cycle. 

For example, if a patient experiences a myocardial infarction and dies within a year from this event, he 

will transfer from the health state ‘stable coronary artery disease’ to ‘death’ within one cycle. Transition 

probabilities are presented for a mean age of 61 years. Cardiovascular event and mortality probabilities 

increased with age.

CAD= coronary artery disease, MACE= major adverse cardiovascular event, MI= myocardial infarction, RCA= 

resuscitated cardiac arrest, Revasc= revascularization, CHF= congestive heart failure
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The prediction model can be applied in clinical practice by choosing a treatment threshold, 

which is the minimal predicted ARR from which a physician is willing to treat a patient 

intensively. Patients with a predicted ARR above this threshold will receive intensive LLT and 

those below the threshold standard LLT. This subjective treatment threshold includes what one 

considers a clinically relevant treatment effect and whether there are any treatment harms.

Markov Model design
A Markov model was developed to predict major cardiovascular events (MACE), (non)vascular 

death, costs and quality-adjusted life years (QALYs) for benefit-based treatment for different 

treatment thresholds and treating all patients with intensive LLT (Figure 1).  

 The Markov model had four health states: ‘stable coronary artery disease’, ‘1 recurrent 

MACE’, ‘2 recurrent MACE’ and ‘death’ (based on the model by Wagner et al., 200914). All 

patients started in the health state ‘stable coronary artery disease’ and could transit to another 

health state or stay in their respective health state each year as shown by the solid lines in 

Figure 1. If patients experienced a single MACE in a year, namely a myocardial infarction, a 

stroke, a RCA, a revascularization procedure (percutaneous coronary intervention [PCI] or 

CABG) or chronic heart failure, they transited to the health state ‘1 recurrent MACE’. If patients 

Box 2. A calculation example for estimating event risk and the relative treatment effects of benefit-based 

intensive LLT (various thresholds) versus standard LLT for all 

Calculation example benefit-based treatment with a threshold ≥ 1.5% 5-year ARR for the outcome 

myocardial infarction, stroke, fatal CAD and RCA, in the TNT/IDEAL population: 

1.  Risk if all patients are treated with standard LLT = 5-year risk in trial arm on standard LLT (n=9455) = 

12.6%

2.  Risk in patients on standard LLT for whom the prediction model recommends standard LLT = 5-year 

risk in trial arm on standard LLT & predicted ARR ≤1.5% (n=4200) = 7.4%

3.  Risk in patients on standard LLT for whom the prediction model recommends intensive LLT = 5-year 

risk in trial arm on standard LLT & predicted ARR ≥ 1.5% (n=5255) = 16.7%

4.  Risk in patients in 3. if they would have been treated with intensive LLT = risk in 3. multiplied by the 

hazard ratio = 16.7% x 0.85 = 14.2%

5.  Overall risk if patients are treated according to the prediction model = (14.2%*5255 + 7.4%*4200)/9455 

= 11.2%

6.  Overall relative treatment effect of benefit-based intensive LLT versus standard LLT for all = risk in 5. 

divided by risk in 1. = 11.2% / 12.6% = 0.89
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experienced two of these events in one year, they transited to the health state ‘2 recurrent 

MACE’. If patients died of any cause they transited to the ‘death’ health state. The model was 

run until all hypothetical patients had died, i.e. for a lifetime horizon. 

Model variables
Transition risks 
This economic evaluation was performed from a health care perspective, which means that only 

medical and not societal costs and effects were evaluated. Annual event risks were derived from 

the TNT trial (Table 1 shows them for standard LLT for all)8. They increased with age according 

to the TNT/IDEAL prediction model (Box 1)7. For selective benefit-based treatment, those with 

an ARR above the intensive treatment threshold had higher event probabilities than those with 

a predicted ARR beneath this threshold. Box 2 shows a detailed example of estimation of event 

risk and intensive LLT treatment effect for benefit-based treatment. Case-fatality rates for 

myocardial infarction and stroke were age-dependent and obtained from Dutch nationwide 

registries for in- and outside hospital deaths9,16-18. The probability of death for patients with 

stable CAD or patients in the different post-event health states was estimated by multiplying 

the age-adjusted probability of death not due to a myocardial infarction or stroke in the general 

population by a disease-specific mortality multiplier (Table 1)18-21. 

Treatment effect
Intensive lipid-lowering was defined as either daily high-dose statin therapy (simvastatin 80 mg, 

atorvastatin 80 mg, rosuvastatin ≥20mg) or the combination of ezetimibe 10 mg with usual- or 

high-dose statins (simvastatin ≥40 mg, atorvastatin ≥40 mg, rosuvastatin ≥10 mg)22. Standard 

LLT included simvastatin 20-40 mg, atorvastatin 10-20 mg or rosuvastatin 5 mg each day. The 

relative treatment effect of intensive versus standard LLT for a myocardial infarction, stroke, 

RCA and revascularization procedure was obtained from a meta-analysis (Table 1)1. The relative 

treatment effect of intensive LLT on congestive heart failure was based on the TNT trial8. 

Health outcomes
The amount of life years and quality-adjusted life years (QALYs) per patient were estimated for 

the different treatment strategies. QALYs were calculated by summing up the multiplication of 

the time a person spend in a certain health state by the utility associated with that particular 

condition (Table 2). A utility is a quality of life weight varying between 1.0 (perfect health) and 

0.0 (death). For example, living 50 years in perfect health results in 50 x 1.0 = 50 QALYs and 

living 50 years with a utility of 0.70 results in 50 x 0.70 = 35 QALYs. Utilities were derived from 

published data and measured with multi-attribute health status classification systems, mostly 

EQ-5D questionnaires23, 24. Patients who experienced a single revascularization procedure were 

assumed to have the same quality of life as patients with stable coronary artery disease.
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Costs
The mean costs of the cheapest generic preparations of intensive lipid-lowering and standard 

lipid-lowering drugs in the Netherlands were taken as base case scenario (Table 2)25. The 

frequency by which different statin preparations and ezetimibe were used, was obtained from 

the United Kingdom General Practice Research Database26. Event costs and lifetime health care 

costs associated with vascular events were derived from observational studies in the Netherlands 

and from Dutch nationwide registries27-31. Mean costs for a revascularization procedure were 

estimated as the weighted sum of costs for a PCI and a CABG17. Lifetime costs for stroke and 

chronic heart failure made in the hospital, nursing home and at the general practitioner were 

included27. Pharmacist’s and laboratory tests costs for all patients were modelled, and the cost 

of one extra doctor’s visit for prescription of intensive LLT was included32. Costs in euros were 

updated to 2014 with the Dutch consumer price indices18. 
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Table 1. Annual event risks, mortality multipliers and hazard ratios for intensive versus standard LLT

Base case Lower bound Upper bound Source Reference

Mean annual event risk if all receive standard LLT (%)

Single recurrent MACE: RCT 8

Myocardial infarction 0.61 0.46 0.76

Stroke 0.47 0.35 0.59

Resuscitated cardiac arrest 0.08 0.06 1.00

Revascularization 2.85 2.14 3.56

Chronic heart failure 0.47 0.35 0.59

Double recurrent MACE: RCT 8

Myocardial infarction, followed by:

Myocardial infarction 0.06 0.05 0.08

Stroke 0.02 0.02 0.03

Revascularization 0.49 0.37 0.61

Chronic heart failure 0.05 0.04 0.06

Stroke, followed by:

Myocardial infarction 0.01 0.008 0.01

Stroke 0.05 0.04 0.06

Revascularization 0.02 0.02 0.03

Chronic heart failure 0.003 0.002 0.004

Revascularization, followed by:

Myocardial infarction 0.10 0.08 0.13

Stroke 0.04 0.03 0.05

Revascularization 0.47 0.35 0.59

Chronic heart failure 0.05 0.04 0.06

Chronic heart failure, followed by:

Myocardial infarction 0.03 0.02 0.04

Stroke 0.01 0.008 0.03

Revascularization 0.05 0.04 0.06

Mortality multipliers

Coronary artery disease 2.0 1.4 2.6 Observational study 20

Myocardial infarction 3.7 2.7 4.7 Observational study 20

Stroke 2.1 1.5 2.8 Observational study 19

Resuscitated cardiac arrest 3.7 2.7 4.7 Observational study 20

Revascularization 2.0 1.4 2.6 Observational study 20

Chronic heart failure 2.3 1.4 3.2 Observational study 21

HR intensive versus standard LLT

Myocardial infarction, stroke, RCA 0.85 0.82 0.89 Meta-analysis 1

Revascularization 0.81 0.59 0.94 Meta-analysis 1

Chronic heart failure 0.74 0.76 0.85 RCT 8

CV = cardiovascular, HRs = hazard ratios, LLT = lipid-lowering therapy, RCT = randomized controlled trial



142

Table 2. Costs and utilities

Base case Lower bound Upper bound Source Reference

Costs  

Drug (annual costs for 1 patient)

Intensive LLT € 357 € 178 € 535 Official tariff 25

Standard LLT € 9 € 5 € 14 Official tariff 25

Event

Myocardial infarction € 5,037 € 3,778 € 6,296 Observational study 29

Stroke € 19,030 € 14,273 € 23,788 Dutch registries 27

Resuscitated cardiac arrest € 28,636 € 21,477 € 35,795 Observational study 30

Revascularization € 6,944 € 5,009 € 8,349 Observational study 27, 28, 31

Post-event care

Stroke € 9,827 € 7,370 € 12,284 Dutch registries 27

Chronic heart failure € 6,569 € 4,927 € 8,211 Dutch registries 27

Other costs

Doctor’s visit € 109 € 69 € 157 Official tariff 32

Pharmacy € 26 € 11 € 52 Official tariff 32

Laboratory € 25 € 17 € 37 Official tariff 32

 

Utilities Observational study 23,24

Stable CAD 0.78 0.58 0.97

Myocardial infarction 0.65 0.49 0.81

Stroke 0.64 0.48 0.80

Resuscitated cardiac arrest 0.68 0.51 0.85

Chronic heart failure 0.63 0.47 0.79

≥ 1 event 0.62 0.47 0.78

LLT = lipid-lowering therapy, CAD = coronary artery disease
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Analysis
The Markov Model was run with a lifetime horizon for a cohort of 10,000 patients based on the 

TNT/IDEAL trial populations for the treatment strategies standard LLT for all, intensive LLT 

for all and intensive LLT for those with ≥3%, ≥2.3% and ≥1.5% 5-year ARR (corresponding to 

≥20%, ≥15% and ≥10% 5-year MACE risk). Patients had a mean age of 61 years, and 81% was 

male7. The medical history contained a myocardial infarction in 78% of patients, a PCI in 40%, 

a CABG in 34%, and cerebrovascular disease in 6% of patients. Current smoking was present 

in 17%, past smoking in 61% and diabetes mellitus in 14% of patients. Patients had a mean 

systolic blood pressure of 134, and mean total and HDL-cholesterol levels of 4.8 and 1.2 mmol/l, 

respectively. Predicted 5-year MACE risk with standard LLT was ≤10% in 44% of patients, 10-

20% in 43% of patients, and ≥20% in 13% of patients7.  

 Mean costs, life years and QALYs per patient were estimated for each treatment strategy. 

Incremental costs and QALYs were estimated for benefit-based intensive LLT and intensive LLT 

for all compared to standard LLT for all. To calculate the incremental cost-effectiveness ratio 

(ICER) we divided incremental costs by incremental QALYs. Discount rates of 4.0% for costs and 

1.5% for health outcomes were applied33. 

 Scenario analyses were done with varying drug costs, event probabilities, event costs, 

relative treatment effects of intensive versus standard LLT, discount rates, mortality multipliers 

and utilities, fluctuating one parameter at a time (see Table 1 and 2 for lower and upper bound). 

Furthermore, two alternative scenarios were modelled under the assumption that benefit-

based treatment leads to higher treatment compliance (2.5% or 5% greater relative treatment 

effect). An additional scenario was considered that took statin-related muscle complaints into 

account, assuming a dose reduction from intensive to standard LLT if myopathy occurred. There 

was a 2% higher risk of myopathy with intensive LLT (11%) compared to standard LLT (9%)34, 35.

 In probabilistic sensitivity analyses the Markov Model was run a 1000 times (Monte Carlo 

simulations). For every simulation, event probabilities and utilities were randomly chosen from 

beta distributions, mortality multipliers and costs from gamma distributions and the relative 

treatment effects of intensive versus standard LLT from lognormal distributions. All model 

assumptions were varied at the same time. The ICERs derived from these simulations are 

presented in a scatter plot (1000 dots, 1 for each simulation). Cost-effectiveness acceptability 

curves show the probability that (benefit-based) intensive LLT is cost-effective compared to 

standard LLT for all, for various thresholds of euros willing to pay per QALY gained.



144

Results

Total costs and QALYs for the different treatment strategies on a population level are shown in 

Figure 2. Compared to standard therapy for all CAD patients (n=10,000), lifetime benefit-based 

intensive LLT with statins resulted in a gain of 380 QALYs for €2,423/QALY using a threshold of 

≥3% 5-year ARR (13% of patients). Using a threshold of ≥2.3% ARR (26% of patients), 680 QALYs 

were gained for €5,653/QALY. Using a threshold of ≥1.5% ARR (56% of patients), 1,020 QALYs 

were gained for €10,960/QALY. By treating all with intensive LLT 1,410 QALYs were gained (0.14 

QALY per patient) for €17,223/QALY. 

 With benefit-based intensive LLT for patients with a ≥3% predicted 5-year ARR, 411 life-years 

were gained. Using a threshold of ≥2.3% ARR, 699 life-years were gained. Using a threshold of 

≥1.5% ARR, 1,150 life-years were gained. Intensive LLT for all resulted in a gain of 1,614 life-

years, which was an increase in life expectancy of about two months per patient (0.16 life year) 

compared to standard therapy for all. Lifetime drug costs were low, ranging from €1,749 per 

patient if all would be treated with standard LLT to €5,413 if all would be treated intensively. 

Lifetime event and post-event costs ranged from €9,791 per patient if all would be treated with 

standard LLT to €8,555 if all would be treated intensively. 

 The estimated number of different vascular events in 10 years for the different treatment 

strategies is shown in Figure 3. The 10-year absolute reduction in total MACE (myocardial 

infarction, revascularization, chronic heart failure, RCA and stroke) was 1.6%, 2.8% and 5.1% if 

those with ≥3%, ≥2.3% or ≥1.5% estimated 5-year ARR would be given intensive LLT and 7.8% if 

all would receive intensive LLT.

Individual benefit
The mean amount of QALYs gained per treated patient was 0.17 for a ≥3% predicted 5-year 

ARR threshold, 0.17 for a ≥2.3% threshold and 0.16 for a ≥1.5% threshold. Thus, benefit-

based treatment resulted in an increase of individual benefit per treated patient compared to 

intensive LLT for all. Similarly, the 10-year absolute reduction in total MACE in these patients 

with intensive LLT was 8.8% for a threshold of ≥3% 5-year ARR, 9.1% for ≥2.3% and 9.2% for 

≥1.5% ARR.

Scenario analyses 
Results were sensitive to assumptions about the relative treatment effect of intensive versus 

standard LLT and drug costs (Figure 4). Under the assumption that benefit-based intensive LLT 

leads to higher treatment compliance, the ICER decreased to €2,561/QALY and €609/QALY for 

a 2.5% and 5% higher treatment effect using a treatment threshold of ≥2.3% ARR. When statin-

associated myopathy was taken into account, ICERs did not change substantially.
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Figure 3. Occurence of MACE in 10 years for the different treatment strategies.  

LLT= lipid-lowering therapy

Figure 2. Total costs and health outcome in QALYs per patient for the different treatment strategies. LLT= 

lipid-lowering therapy, ICER= incremental cost-effectiveness ratio, with standard LLT for all as the reference 

strategy, ARR= absolute risk reduction in 5 years.
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Figure 4. Scenario analyses assessing the influence of the different model assumptions on the estimated 

ICER for benefit-based treatment (upper chart) and intensive LLT for all (lower chart) versus standard LLT for 

all, varying one assumption at a time. LLT= lipid-lowering therapy



147

7

Sensitivity analyses
For a willingness to pay of €20,000 per additional QALY, the probability that benefit-based 

intensive LLT is cost-effective compared to standard LLT for all is 98% for a threshold of ≥3% 

5-year ARR, 97% for ≥2.3% and 83% for ≥1.5% ARR (Figure 5). The probability that intensive LLT is 

cost-effective is 61%. For a willingness to pay of €50,000 per additional QALY, these probabilities 

increase to 99-100% for all three ARR thresholds. The chance that intensive LLT for all is cost-

effective compared to standard LLT for all is 97% for a willingness to pay of €50,000 euros per 

QALY.

Benefit-based intensive LLT versus treating all intensively
Compared to intensive LLT for all (n=10,000 patients), benefit-based intensification of statin 

therapy saved €23,371 for a loss of 1,034 QALYs (ICER €22,604/QALY) using a threshold of ≥3.0% 

ARR, saved €20,708 for a loss of 778 QALYs (ICER €26,630/QALY) using a threshold of ≥2.3% ARR, 

and saved €13,101 for a loss of 390 QALYs (ICER €33,614/QALY) using a threshold of ≥1.5% ARR.
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Discussion

A previously published model predicts the 5-year absolute benefit of intensive versus standard 

LLT with statins for individual CAD patients. The present study assesses lifetime costs and 

health outcomes of benefit-based intensive LLT with statins compared to standard LLT for all 

in 10,000 CAD patients. The expected costs per additional QALY for benefit-based intensive 

LLT range from €2,423 ($2,744) to €10,960 ($12,412), depending on the treatment threshold 

chosen. Intensive LLT for all resulted in the highest QALY gain (1,410 QALYs [0.14 QALY per 

patient]), for €17,223 ($19,504) per extra QALY. Yet, selective benefit-based treatment increases 

the QALY gain in those treated with intensive LLT to 0.16 per patient for a treatment threshold 

≥1.5% 5-year ARR and 0.17 for a threshold ≥2.3% ARR. Results are sensitive to the assumed 

relative treatment effect of intensive versus standard LLT and the costs of these drugs. 

Cost-effectiveness of benefit-based intensification of lipid-lowering 
therapy in CAD patients
The present cost-effectiveness study shows that benefit-based intensive LLT is cost-effective 

compared to standard LLT for all, due to the capacity of our prediction model to select the 

right patients who benefit most from intensive LLT. The total costs per extra QALY were 

lower for benefit-based intensive LLT than for intensive LLT for all, with an optimal ratio for 

a threshold ≥3% ARR. However, intensive LLT therapy for all results in the highest QALY gain 

against reasonable treatment costs. The AHA/ACC and the National Institute for Health and 

Care Excellence (NICE) clinical guidelines recommend intensive LLT for patients with coronary 

artery disease in general2, 36. Interestingly, LLT is only intensified in 25% of CAD patients in daily 

practice3, 4, 37. This may be because physicians tend to treat solely patients who they belief to 

be at high risk for recurrent vascular events with intensive LLT. For example, men, patients 

with high low density lipoprotein-cholesterol (LDL-c) levels and those with a ST-elevation 

myocardial infarction are more often treated with a high-dose statin3, 4. This is understandable 

because those at high risk for recurrent MACE benefit the most from intensive LLT in absolute 

terms. The present study shows that on average, the life years and quality of life to be gained 

with intensive LLT is modest. As our prediction model accurately predicts absolute risk and 

treatment effect of intensive versus standard LLT for an individual patient taking multiple 

characteristics into account, those who benefit most can be identified. For individuals with 

moderate benefit, the expected beneficial and negative treatment effects can be weighed 

before making a treatment decision. Even though these health-economic results point towards 

intensive LLT for all, initiation and intensification of LLT is preferably done in close consultation 

with the patient taking into account potential drug interactions or adverse effects, an individual 

patient’s life expectancy and his or her preferences. 
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Optimization of the health gain obtained by lipid-lowering therapy in 
individual patients with CAD
An estimated mean of 2 months (~ 1.7 months in perfect health) is gained with intensive therapy for 

all. These results are in line with a simulation study in CAD patients from eight European countries, 

which showed that by optimizing cardiovascular prevention in individuals (smoking cessation, diet 

and exercise and better management of systolic blood pressure and/or LDL-c) a mean of ~0.25 

QALYs (3 months in perfect health) could be gained38. The moderate health benefit to be obtained 

with intensive LLT may be attributable to the higher risk of nonvascular death in this secondary 

prevention setting, which is not decreased by lipid-lowering treatment. Furthermore, the mean 

age at onset of CAD and initiation of intensive LLT is >60 years, which could limit life prolongation 

with these drugs despite a reduction in MACE in 10 years. Our study shows that targeting intensive 

LLT to those who benefit the most in terms of a 5-year vascular risk reduction, increases the gain in 

life years and QALYs in individual patients. Benefit-based treatment may be even more appealing 

in the future now the expensive LDL-c lowering monoclonal antibodies to proprotein convertase 

subtilisin/kexin type 9 (PCSK9) have been introduced to the market. Identification of CAD patients 

who benefit most from PCSK9 inhibitors is needed to keep the monetary costs down, and the 

presented model could be used for that purpose in CAD patients. 

 While atherosclerosis is a chronic, and progressive disease, it would be interesting to assess 

the cost-effectiveness of benefit-based treatment in younger individuals with an unfavourable 

risk profile. Due to their lower age, the short-term benefit from intensive LLT may be moderate. 

However, without adequately regulated lipid levels, their lifetime risk for recurrent vascular disease 

could be high39. Therefore, intervening at an early stage could be beneficial in these patients. 

Starting lifelong treatment at a young age implies a long duration of treatment. The benefit in 

younger patients should be weighed against the inconvenience of taking a pill every day, and the 

cost and health impairment by adverse effects (e.g. higher risk of myopathy or new-onset diabetes). 

Scenarios that might impact the cost-effectiveness of benefit-based lipid-
lowering treatment
There are some scenarios that might alter our main results. If the relative treatment effect of intensive 

versus standard LLT in a specific setting is smaller than assumed in the current model it will be more 

attractive to treat according to predicted ARR from an economic perspective. For example, adherence 

to statin therapy is often lower in daily life than in the setting of a randomized trial, which might 

result in lower overall treatment effect of intensive LLT. If the difference in country-specific costs of 

intensive versus standard LLT is greater, this could result in a more beneficial cost-effectiveness ratio 

of benefit-based intensive LLT. In a scenario analysis with mean event costs for the United States of 

America (USA) and Europe (assuming similar drug costs), the ICERs of both benefit-based treatment 

and intensive treatment for all slightly decreased compared to the Dutch situation40. Intensive LLT 

increased risk of new-onset diabetes in TNT/IDEAL with 20% in prediabetics, but did not confer a 

higher risk of diabetes in normoglycemic patients when compared to standard LLT41. Benefit-based 
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treatment was slightly more attractive than treating all patients with intensive LLT when we included 

a higher risk of new-onset diabetes with intensive LLT in the model. 

Strengths and limitations
A strength of this study is the comprehensive Markov Model which is representative for current 

clinical practice. The validity of this model is confirmed by a comparable estimation of costs and 

health outcomes in previous studies assessing the cost-effectiveness of intensive LLT for all versus 

standard LLT for all12-15. 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 including one in which we took statin-

induced myopathy into account. A limitation of our study is that second events more than one year 

apart from the first event were not modelled. Alternatively, we adjusted the risk of death for the 

medical history of a patient and included lifelong costs for patients who had a stroke or chronic 

heart failure. Generalizability of event probabilities in the TNT trial to contemporary CAD patients 

in clinical practice could be doubted, due to trial in- and exclusion criteria (limited age range, 

LDL-c levels) and improvement of cardiovascular care and secondary prevention for CAD patients 

in recent years. Yet, it is reassuring that trial event probabilities resembled event probabilities in 

CAD patients from an ongoing observational cohort study in the Netherlands42. Ninety-four percent 

of patients in the TNT trial population was Caucasian. Because of overall higher event rates in 

Black patients, intensive lipid-lowering therapy for all may be more cost-effective in Black than in 

Caucasian patients43-45. Because of overall lower event rates in Asian patients, the cost-effectiveness 

of intensive versus standard lipid-lowering therapy is presumably less beneficial in Asian than in 

Caucasian patients43-45. The distribution in individual ARRs of intensification of lipid-lowering 

therapy in Black and Asian patients with coronary artery disease is unknown. The prediction model 

should be validated in these groups before the cost-effectiveness of benefit-based intensive LLT in 

non-Caucasians can be assessed.

 Estimation of the absolute treatment effect of intensive versus standard LLT with statins in 

individuals patients with CAD enables us to select those who benefit most from aggressive LLT. 

We conclude that intensive LLT with statins for all CAD patients results in a higher QALY gain than 

benefit-based intensive LLT against reasonable costs. Benefit-based intensive LLT is a less favorable 

strategy from a health-economic perspective. However, the number of life years and QALYs to 

be gained with intensive LLT in individual patients is modest and can be increased with selective 

benefit-based treatment.
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Abstract

Background: As proprotein convertase subtilisin-kexin type 9 (PCSK9) monoclonal antibodies 

are entering the market, we assessed the cost-effectiveness of PCSK9 inhibition added to 

standard lipid-lowering therapy in patient groups at high risk for major adverse cardiovascular 

events (MACE).

 Methods: A lifetime Markov Model was designed to estimate healthcare costs, quality-

adjusted life years (QALYs) and incremental cost-effectiveness ratios (ICERs) for PCSK9 

inhibition added to standard therapy in patients with Familial Hypercholesterolemia (FH), 

patients with vascular disease at high MACE recurrence risk, and patients with vascular disease 

with diabetes mellitus. The balance between costs and health outcomes was established for a 

broad range of potential relative risk reductions and drug costs. 

 Results: The expected QALY gain per patient and ICER in the main scenario were 1.4 QALYs 

for €78,485/QALY gained in patients with FH, 0.22 QALYs for €176,735/QALY gained in those with 

vascular disease and a predicted risk of MACE ≥30% in 10 years, and 0.22 QALYs for €295,543/

QALY gained in those with vascular disease and diabetes. Results were sensitive to assumptions 

on PCSK9 inhibitor treatment efficacy, and vascular event risks. 

 Conclusion: The costs and effects of PCSK9 inhibition in addition to standard lipid-lowering 

treatment in patient groups at high risk for MACE can be estimated with this model and adapted 

to a specific clinical setting. PCSK9 inhibition could be cost-effective in patients with FH, but is 

unlikely to reach an acceptable cost-effectiveness ratio for patients with vascular disease. This 

model may aid treatment and reimbursement decisions regarding PCSK9 inhibitors.
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Introduction

The burden of cardiovascular disease has decreased significantly in the past decades by the 

introduction of drugs that lower low-density lipoprotein cholesterol (LDL-c)1. Statins effectively 

lower LDL-c and risk of major adverse cardiovascular events (MACE), and addition of ezetimibe 

to a statin regimen may further reduce LDL-c and MACE risk3.  However, some patients remain 

at high vascular risk because of uncontrolled LDL-c levels despite maximal lipid-lowering 

therapy3. Recently, monoclonal antibodies that bind to proprotein convertase subtilisin-kexin 

type 9 (PCSK9) have shown to lower LDL-c serum levels with 57% (95% confidence interval [CI] 

54%-60%) compared to placebo in patients with hypercholesterolemia when added to standard 

lipid-lowering treatment4. Large ongoing clinical randomized trials evaluate the effect of 

PCSK9 monoclonal antibodies on the incidence of MACE. Combined secondary analyses on 

MACE of small clinical trials primarily evaluating the lipid-lowering effect of PCSK9 monoclonal 

antibodies revealed a relative risk reduction of 46% (95%CI 23%-62%) compared to standard 

lipid-lowering therapy4-6. While awaiting the results of large clinical trials on vascular outcomes, 

PCSK9 monoclonal antibodies are approved by the U.S. Food and Drug Administration (FDA) 

and European Medicines Agency (EMA) for treatment of hypercholesterolemia and are entering 

the market. Compared to other lipid-lowering drugs the price of PCSK9 monoclonal antibodies 

will be high which raises questions on cost-effectiveness7. In the present study we evaluated the 

cost-effectiveness of PCSK9 monoclonal antibodies for the treatment of hypercholesterolemia 

in addition to maximal lipid-lowering therapy in patients defined by the international guidelines 

being at (very) high risk for vascular disease, namely patients with Familial Hypercholesterolemia 

(FH) or clinically manifest vascular disease with or without diabetes8, 9. In sensitivity analyses, 

effectiveness in terms of  vascular risk reduction and drug costs are varied. The effect of PCSK9 

inhibitors on vascular events is still uncertain, and drug costs may differ between countries, 

between compounds and may change over time. 
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Methods

Model structure
A Markov model was designed to estimate costs, life years and quality-adjusted life years 

(QALYs) gained for PCSK9 inhibition in addition to standard lipid-lowering therapy for various 

patient groups at high risk for vascular disease (Figure 1)8, 9. These high risk groups were: 1) 

patients with familial hypercholesterolemia (FH) without a history of vascular disease, 2) 

patients with stable vascular disease and a 10-year recurrence MACE risk of ≥20% or ≥30%, 

and 3) stable vascular disease and type 2 diabetes. These groups partly overlap as patients 

with vascular disease and diabetes have a high recurrence MACE risk. Cost-effectiveness in 

patients with diabetes was assessed separately to account for diabetes treatment costs and 

the health impairment caused by diabetes. All patients started in the stable health phase at the 

left of the diagram. Each year a patient could transit to another state. After a vascular event 

the patient transited to the corresponding post-event state (myocardial infarction, stroke, 

revascularization or unstable angina). Multiple vascular events could occur during a lifetime. If 

patients died of any cause, they transited to the terminal ‘death’ health state. 

Figure 1. Markov model with health states (boxes) and possible transitions (arrows). Each year patients 

can transit to another health state or stay in their original health state. Patients could have multiple events 

during a lifetime as the model had matching post-event states.
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Model input
Event risks
Model assumptions were made from a healthcare perspective in the Netherlands. Annual 

vascular event risks are presented in Table 1. Event probabilities for patients with FH were 

based on observational Dutch multi-center studies10-12. Risk for recurrent events in FH patients 

was assumed to be 5 times higher than their primary event risk11. 

 Event risks for a myocardial infarction, stroke or revascularization procedure in high risk 

patients with vascular disease and in patients with vascular disease and type 2 diabetes, were 

derived from the single-center prospective SMART (Secondary Manifestations of ARTerial 

disease) cohort study (median follow-up duration 7 years). Risk for unstable angina was 2.8 

times higher than for a myocardial infarction13. A detailed description of the design of the 

SMART study conducted at the tertiary care hospital University Medical Center (UMC) Utrecht 

in the Netherlands has been published previously14. Study approval was obtained from the 

medical ethical committee and patients gave informed consent for participation in the SMART 

study. High risk was defined according to the World Health Organization as a predicted 10-year 

risk for MACE (myocardial infarction, stroke and cardiovascular mortality) recurrence ≥20% or 

≥30%15. MACE recurrence risk was estimated using the SMART risk score, recently validated 

in multiple cohorts of patients with vascular disease at different locations16, 17. Patients with 

vascular disease and diabetes had a median predicted 10-year MACE risk of 25% (interquartile 

range [IQR] 17-39%). In patients with vascular disease, the risk of a second event and third 

event was assumed to be equal.

 Characteristics from the study populations on which model event risks were based are shown 

in Supplementary Table 1. Event risks increased with age, according to the Systemic COronary 

Risk Evaluation (SCORE) chart for primary events and the SMART risk score for recurrent 

events16, 18. The probability of death from any cause and the 1-year probability of death after 

a myocardial infarction or stroke were age-dependent and obtained from Dutch nationwide 

registries13, 19. Mortality rates in Dutch males are comparable to other West-European countries, 

rates in Dutch females are slightly higher than in females from Mediterranean countries20. 

Moreover, the probability of death for a patient with vascular disease or diabetes was estimated 

by multiplying the probability of death for a person with the same age in the general population 

by a disease-specific mortality multiplier (Table 1)21, 22.
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Table 1. Event risks and the PCSK9 inhibitor treatment effect

 

Base case Lower bound Upper bound Source Reference

Annual event risk (%)          

Familial hypercholesterolemia          

Myocardial infarction 1.18 0.60 1.80 Observational study 10,11

Stroke 0.08 0.04 0.12 Observational study 12

Revascularization 1.30 0.65 1.95 Observational study 11

Unstable angina 2.10 1.05 3.15 Observational study 11,13

Recurrent event multiplier 5 2 8 Observational study 11

           

Stable vascular disease          

10-year risk ≥20%          

Myocardial infarction 0.99 0.49 1.48 Observational study 14

Stroke 1.38 0.69 2.07 Observational study 14

Revascularization 1.94 0.97 2.91 Observational study 14

Unstable angina 2.80 1.40 4.20 Observational study 14

10-year risk ≥30%          

Myocardial infarction 1.21 0.60 1.81 Observational study 14

Stroke 1.71 0.86 2.57 Observational study 14

Revascularization 1.82 0.91 2.73 Observational study 14

Unstable angina 3.42 1.71 5.12 Observational study 14

           

Diabetes and stable vascular disease          

Myocardial infarction 0.89 0.44 1.33 Observational study 14

Stroke 0.91 0.46 1.37 Observational study 14

Revascularization 2.46 1.23 3.69 Observational study 14

Unstable angina 2.51 1.26 3.78 Observational study 14

Mortality multipliers          

Cardiovascular disease overall 2.8 2.1 3.5 Observational study 14

Myocardial infarction 3.7 3.0 4.7 Observational study 21

Stroke 2.1 1.4 2.8 Observational study 21

Revascularization 2.0 1.4 2.6 Observational study 21

Unstable angina 3.0 2.1 4.2 Observational study 21

>1 vascular disease location 4.5 3.4 5.6 Observational study 22

Type 2 diabetes 2.9 2.2 3.6 Observational study 22

PCSK9-inhibitor treatment effect          

HR - MACE 0.70 0.53 0.85 Meta-analysis 1,4,23

HR = hazard ratio, MACE = major adverse cardiovascular event, LDL-c = LDL-cholesterol 
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PCSK9 treatment effect
The expected PCSK9 inhibitor relative treatment effect was based on the mean decrease in 

absolute LDL-c levels in trial populations4, 9, 23. Mean baseline LDL-c was 3.15 mmol/l, which 

was lowered with 48% (1.5 mmol/l) when PCSK9 inhibition was added to the combination of 

a statin and ezetimibe4. Assuming a hazard ratio (HR) for MACE of 0.79 per mmol/l absolute 

LDL-c reduction, the relative MACE risk reduction with PCKS9 inhibition added to statin and 

ezetimibe would be 30% (HR = 0.79^1.5 = 0.70)1. Thereafter, the balance between costs and health 

outcomes was established for a broad range of potential PCSK9 inhibitor relative treatment 

effects. 

Costs 
The annual cost of standard lipid-lowering therapy was the mean cost in euros of the generic 

usual-dose statins plus ezetimibe once daily (Table 2)24. Annual cost of PCSK9 inhibition was 

€6,000 in the base case analysis based on estimated drug costs in different European countries24, 

25. These drug costs vary between countries and therefore the balance between costs and 

health outcomes was studied for a wide range of potential drug costs from €500 to €11,000 

euro/year. Vascular event costs and post-event costs were obtained from observational studies 

and nationwide registries26-30. The cost of a revascularization procedure was a weighted mean 

for a percutaneous coronary intervention and a coronary artery bypass graft31. Annual costs for 

diabetes care were based on a recently performed cluster randomized trial in the Netherlands32. 

Annual pharmacy costs, laboratory costs for a lipid profile and one doctor’s visit per year were 

included33, 34. Costs were updated to 2014 with Dutch consumer price indices35.

Health outcomes
Health outcomes were measured in mean life years and quality-adjusted life years (QALYs) per 

patient with and without PCSK9 inhibition. QALYs are the multiplication of the amount of life 

years a patient is in a certain health state and the utility belonging to that health condition. 

A utility is a value that scales the quality of life between 1 (perfect health) and 0 (death). 

A patient that lives for 10 years with a disease that has a utility of 0.8 attributes 10 * 0.8 = 8 

QALYs. Utilities for stable vascular disease, diabetes and post-event states were derived from 

the literature and adjusted for age (Table 2)36-38.
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Table 2. Costs and utilities

 

Base case Lower bound Upper bound Source Reference

Costs          

Drug (annual)          

Standard lipid-lowering therapy € 524 € 7 € 873 Official tariff 24

PCSK9-inhibition € 6,000 € 4,500 € 7,500 Estimated tariff 24,25

Event          

Myocardial infarction € 5,037 € 3,778 € 6,296 Observational study 28

Stroke € 19,030 € 14,273 € 23,788 Observational study 29

Revascularization € 6,944 € 5,009 € 8,349 Observational study, RCT 27,30,31

Other healthcare costs (annual)          

Cardiovascular disease overall € 2,653 € 1,990 € 3,316 Dutch registries 26

Coronary artery disease € 990 € 743 € 1,238 Dutch registries 26

Stroke € 9,290 € 6,967 € 11,612 Dutch registries 26

Type 2 diabetes € 1,874 € 1,406 € 2,343 RCT 32

Other (annual)          

Doctor’s visit € 109 € 69 € 157 Official tariff 33

Pharmacy € 26 € 11 € 52 Official tariff 33

Laboratory € 5 € 4 € 6 Official tariff 34

Utilities          

Myocardial infarction/ revascularization 0.79 0.59 0.99 Observational study 38

Stroke 0.77 0.58 0.96 Observational study 38

Unstable angina 0.78 0.58 0.97 Observational study 38

Type 2 diabetes 0.77 0.58 0.96 Observational study 37
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Analyses
A hypothetical cohort of 10,000 patients for each high risk group entered the Markov model. 

The model was run for the standard lipid-lowering treatment strategy and the strategy in which 

PCSK9 inhibition was added to the standard regimen. When starting in the stable health phase 

FH patients were on average 45 years of age, patients with stable vascular disease and ≥20% 

10-year MACE risk 67 years of age, those with stable vascular disease and ≥30% 10-year MACE 

risk 70  years of age, and those with diabetes and stable vascular disease were on average 

63 years of age10,11,14,22. The model was run for a lifetime horizon, i.e. until all patients had 

died. Event and drug costs, life years and QALYs were calculated for the different groups and 

treatment strategies. Incremental cost-effectiveness ratios (ICERs) were estimated by dividing 

the difference in costs by the difference in QALYs with and without PCSK9 inhibition. A discount 

rate of 3.0% was applied for both costs and health outcomes39. The analysis was repeated for 

different event probabilities, drug costs, event costs, PCSK9 inhibitor treatment efficacies, 

discount rates and mortality multipliers, adjusting one model assumption at a time (lower 

and upper bound from Table 1 and 2). In a probabilistic sensitivity analysis with Monte Carlo 

simulations (1000 times), all model assumptions were varied at the same time choosing random 

values from the beta distribution for event probabilities and utilities, the gamma distribution 

for costs and mortality multipliers and the lognormal distribution for the hazard ratio of PCSK9 

inhibition versus standard lipid-lowering therapy. The chance that PCSK9 inhibition would be 

a cost-effective therapy was presented in a graph for different thresholds in euros willing to 

pay for an additional QALY. For transparency, we developed an Excel file in which all model 

assumptions and calculations can be found, and adapted to another clinical setting.
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Results

Incremental costs and effects for PCSK9 inhibitors in FH patients
PCSK9 inhibition yields 2.3 life years and 1.4 QALYs per patient with FH without vascular disease 

at baseline (mean age of 45 years) when added to standard lipid-lowering therapy (Table 3). 

Expected lifetime costs for PCSK9 inhibition in addition to standard lipid-lowering treatment 

are €108,414 per FH patient, resulting in an ICER of €78,485 euros per QALY gained. 

The expected costs for one QALY gained are below €80,000 if the relative risk reduction with 

PCSK9 inhibition is ≥ 30%, ≥ 23% or ≥ 15% for annual PCSK9 inhibitor treatment costs of 

€6,000, €4,500 or €3,000 respectively (Figure 2A-C). Assuming a relative risk reduction of 30%, 

the estimated costs for one QALY gained in patients with FH are below €80,000 for annual 

PCSK9 inhibitor drug costs ≤ €6,000, and below €20,000 for drug costs ≤ €1,500 (Figure 3). 

*Weighted mean annual health care costs for patients with clinically manifest vascular disease (coronary 

artery disease, cerebrovascular disease or peripheral artery disease) irrespective of their recurrence risk and 

whether they have diabetes or not.

Table 3. Main results for the different treatment strategies
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Costs per patient (€)                

Treatment 11,606 123,112 5,087 52,684 4,247 44,149 6,155 63,489

Event and post-event care 13,858 10,766 22,030 22,232 21,085 20,593 46,404 54,155

Total 25,464 133,878 27,116 74,916 25,331 64,742 52,559 117,644

Expected age at death 73   76   78   76  

Life-years gained   2.3   0.36   0.32   0.40

QALYs gained   1.4   0.25   0.22   0.22

ICER (€/ QALY)   78,485   193,726   176,735   295,543
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Figure 2. Incremental cost-effectiveness ratios (ICERs) for PCSK9 inhibition versus standard lipid-lowering 

therapy for varying relative treatment effects of PCSK9 inhibitors. Annual costs of PCSK9 inhibition were 

assumed to be a) €6,000 per patient, b) €4,500 per patient or c) €3,000 per patient. PCSK9i = PCSK9 inhibition.
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Incremental costs and effects for PCSK9 inhibitors in patients with 
vascular disease
For patients with vascular disease, 0.25 QALY may be saved with PCSK9 inhibition for those 

with ≥20% risk (mean age 67 years), and 0.22 QALY for those with ≥30% risk of MACE in 10 

years (mean age 70 years). Expected incremental costs during a patient’s lifetime are €47,799 

for those with ≥20% risk, and €39,411 for those with ≥30% risk of MACE in 10 years. ICERs in 

patients with vascular disease are €193,726 euros per QALY gained for those with ≥20% risk, 

and €176,736 euros per QALY gained for those with ≥30% risk of MACE in 10 years.

 For patients with vascular disease and ≥30% risk of MACE in 10 years, the ICER falls below 

€100,000/QALY if the relative risk reduction with PCSK9 inhibition is ≥ 52%, ≥ 40% or ≥ 27% for 

annual PCSK9 inhibitor treatment costs of €6,000, €4,500 or €3,000 respectively. Assuming a 

relative risk reduction of 30%, expected costs per QALY are below €100,000 if annual PCSK9 

inhibitor treatment costs are ≤ €3,000, and ≤ €3,250 for patients with vascular disease and a 10-

year MACE risk of ≥20%, and ≥30% respectively.

Incremental costs and effects for PCSK9 inhibitors in patients with 
diabetes
An estimated 0.22 QALY is saved with PCSK9 inhibitor treatment per patient with vascular 

disease and diabetes (mean age of 63 years). Predicted lifetime costs for PSCK9 inhibitor 

therapy are €63,489 per patient, resulting in an ICER of €295,543 per QALY gained. For patients 

with vascular disease and diabetes, an ICER below €100,000/QALY would be achieved with 

a relative risk reduction ≥ 85%, ≥ 66% or 47% for annual PCSK9 inhibitor treatment costs of 

€6,000, €4,500 or €3,000 respectively. Assuming a relative risk reduction of 30%, annual PCSK9 

inhibition treatment costs ≤ €1,750 result in an ICER below €100,000/QALY.

Scenario analyses
ICERs are most sensitive to assumptions on PCSK9 inhibitor treatment efficacy (Figure 4). 

Event probabilities and the annual costs of PCSK9 inhibitor treatment affect the results as well. 

In a scenario analysis with 50% lower vascular event probabilities, PCSK9 inhibition gains 1.6 

life years and 0.9 QALYs per FH patient, resulting in an ICER of €135,012 euros per QALY gained. 

If the mean age of patients with FH is increased to 60 years, approaching the mean age of 

patients with vascular disease, a mean of 1.0 QALY is gained per patient with PCSK9 inhibition 

for €80,782.

 Results of the probabilistic sensitivity analyses are presented in Supplementary Figure 1. 

The probability that PCSK9 inhibition in addition to standard lipid-lowering therapy is cost-

effective compared to standard lipid-lowering treatment alone is shown for various thresholds 

of willingness to pay in euros per QALY gained. For example, if one is willing to pay €100,000 

per additional QALY, the chance that PCSK9 inhibition is a cost-effective strategy is 70% for 

patients with FH, 9% for patients with vascular disease and a 10-year MACE recurrence risk of 
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≥30% and 1% for patients with vascular disease and diabetes. Estimated mean QALY gain in the 

Monte Carlo simulations was 1.3 (95%CI 0.45-2.2) for patients with FH, 0.22 (95%CI 0.03-0.50) 

for patients with vascular disease at 30% 10-year MACE risk and 0.22 (95%CI 0.02-0.50) for 

patients with vascular disease and diabetes.

Figure 3. Incremental cost-effectiveness ratios (ICERs) for PCSK9 inhibition versus standard lipid-lowering 

therapy for varying annual costs of PCSK9 inhibition. The relative risk reduction with PCSK9 inhibition was 

assumed to be 30%. PCSK9i = PCSK9 inhibition.
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Figure 4. Scenario analyses varying model assumptions for the different patient groups. HR = hazard ratio, 

SE = standard error.

ICER= incremental cost-effectiveness ratio
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Discussion

A lifetime model was developed to estimate expected costs and health outcomes for PCSK9 

inhibition in addition to standard lipid-lowering treatment compared to standard lipid-lowering 

treatment alone in heterozygous FH patients, patients with vascular disease at high recurrence 

risk, and patients with vascular disease and diabetes. More health gain is expected with PCSK9 

inhibition in patients with FH than in patients with vascular disease with and without diabetes. 

The balance between costs and health outcomes is most favorable for those with FH with 

an expected ICER of €78,485 ($88,091) per QALY gained, compared to an ICER of €176,735 

($198,411) per QALY gained for patients with vascular disease and a ≥30% risk of recurrent 

MACE in 10 years, and €295,543 ($331,717) per QALY gained for patients with vascular disease 

and diabetes. ICERs were estimated for a wide range of possible relative risk reductions with 

PCSK9 inhibition and costs of these drugs, which shows that the ICER is likely to be ≤ €100,000 

per QALY in patients with FH compared to ≥ €100,000 per QALY in high risk patients with 

vascular disease or vascular disease and diabetes. The supplementary material holds a file in 

which model assumptions can be adapted to a specific clinical setting and to change costs and 

effectiveness of PCSK9 inhibitor treatment. 

 Previous studies show a substantial reduction in LDL-c levels and, in secondary analyses, 

a reduction in MACE after 1 year by PCSK9 monoclonal antibodies in patients at high risk 

for vascular disease in addition to standard lipid-lowering treatment, strongly suggesting 

a beneficial effect of these drugs on vascular outcomes5, 6. Two reports have been published 

recently for cost-effectiveness estimations of PCSK9 inhibition in the United States of America 

(USA) for patients with FH or vascular disease40-42. The Comparative Effectiveness Public 

Advisory Council-Institute for Clinical and Economic Review (CEPAC-ICER) concludes that while 

PCSK9 inhibitors are highly efficacious in lowering LDL-c and are likely to reduce MACE risk, 

cost-effectiveness ratios are above the current standards of dollars willing to pay per extra QALY 

in the USA41, 42. They conclude that for the USA health care setting, a substantial price reduction 

to $4,536 would be necessary to meet a willingness to pay threshold of $100,000/QALY41. We 

found a more favorable cost-effectiveness ratio for European FH patients, which is to a great 

extent explained by lower mean drug costs in Europe (a scenario analysis with USA drug costs 

increased the ICER to +/- €200,000/QALY). Furthermore, event risks in the present study were 

higher as we also took revascularization procedures and angina pectoris into account. Another 

report written from a USA payer perspective concludes that PCSK9 inhibition in patients with 

FH or vascular disease may be cost-effective, with lower costs per QALY gained in patients with 

FH than in patients with vascular disease40. The present study focuses on the European health 

care setting with many scenario analyses on possible treatment effects and costs of PCSK9 

inhibitor treatment. There is quite some difference in cost-effectiveness between patient 

groups. Patients with FH have the highest QALY gain and the lowest costs per QALY gained. 

This could be partly, but not entirely due to the lower mean age of patients with FH compared 
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to patients with clinically manifest vascular disease, with more potential life years to be saved 

in patients with FH. Their high overall QALY gain may further be explained by high LDL-c serum 

levels, even when treated with statins in combination with ezetimibe. Therefore, a larger LDL-c 

reduction can be achieved in FH patients. In patients with clinically manifest vascular disease 

with or without diabetes, the recurrent vascular risk is caused by various risk factors including 

LDL-c. Consequently, patients with clinically manifest vascular disease have a higher risk of 

death due to other causes than MACE which limits the health gain with PCSK9 inhibition. 

 The Markov Model in this study was robust and representative for clinical practice. This is the 

first study to assess costs and health outcomes for patients in a European health care setting, 

and to select patients according to their predicted MACE risk. Moreover, extensive scenario 

analyses were performed, in particular for costs and effects of PCSK9 inhibitor treatment. There 

are several considerations that need to be addressed when interpreting the model results. 

Obviously, the relative effect of PCSK9 inhibition on MACE is unknown as clinical trials are 

ongoing. Event probabilities in FH patients were mainly derived from older studies and might 

be lower in current times because of improved cardiovascular preventive strategies. Therefore, 

we performed a scenario analysis with 50% lower event probabilities, based on a recent study 

that assessed the effect of increased statin use on coronary artery disease and mortality in FH 

patients43. Furthermore, we did not take into account that those who receive PCSK9 inhibitor 

treatment in clinical practice may have higher LDL-c levels than those not receiving PCSK9 

inhibitors. Patients with high LDL-c levels could have higher event probabilities than assumed 

in the current model which would result in a more beneficial cost-effectiveness ratio. PCSK9 

inhibitor treatment costs may decrease over time and are likely to drop after patent expiration. 

As we model lifelong treatment with PCSK9 inhibition, lower treatment costs in the future 

would decrease the costs per QALY gained. Also, costs may differ between countries. We 

have not included possible costs or health impairment by any side effects of PCSK9 inhibitor 

treatment as there are no results of blinded long term follow-up trials yet. Quality of life was 

not lowered for subcutaneous injections with PCSK9 inhibitors, currently administered every 

2 to 4 weeks. We assumed that standard lipid-lowering treatment consisted of a usual-dose 

statin and ezetimibe, as optimal therapy in those with refractory hypercholesterolemia should 

be a combination of the maximally tolerated statin dose and another lipid-lowering therapy44. 

Although some patients are not treated as such in the PCSK9 inhibitor trials and in clinical 

practice, this will not greatly impact the results as statins and ezetimibe are less costly than 

PCSK9 inhibitors.  
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Conclusions

We derived a model to estimate the costs and health outcomes of PCSK9 inhibition in addition 

to standard lipid-lowering treatment in different patient groups at high risk of vascular disease. 

The balance between costs and health outcomes was best for patients with FH. Depending on 

the drug price, and the willingness to pay per additional QALY, PCSK9 inhibition may be cost-

effective for patients with FH.  The cost-effectiveness ratio of PCKS9 inhibition is less favorable 

in patients with vascular disease at high risk for MACE or patients with vascular disease 

and diabetes. With current drug prices, the cost-effectiveness ratio is above an acceptable 

willingness to pay threshold in these patients. While the results of large randomized clinical 

trials are awaited, this model may be helpful in making decisions as to which patient groups are 

treated with PCSK9 inhibition to reduce the risk of (recurrent) vascular events and to negotiate 

on pricing and reimbursement of these drugs.
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Supplementary material

Supplementary Table 1. Characteristics of patients at high risk for vascular disease

 

 

Familial 
Hypercholes-

terolemia
(Reference 

6-7)*

Vascular disease 
10-year MACE risk ≥20% 

(SMART)

Vascular disease 
10-year MACE risk ≥30% 

(SMART)

Vascular disease 
and diabetes 

(SMART)

Number of patients 1832 2820 1529 1209

Male gender (%) 41 78 80 75

Age (years) 45 67 (8) 70 (7) 63 (9)

Current/former smoking (%) 69 83 84 80

Cerebrovascular disease (%) 0 36 39 29

Peripheral artery disease (%) 0 26 30 22

Abdominal aortic aneurysm (%) 0 19 28 7

Coronary artery disease (%) 0 55 55 67

Diabetes mellitus (%) 3 26 29 100

Systolic blood pressure (mmHg) 133 (18) 148 (22) 150 (22) 145 (21)

Body Mass Index (kg/m2) 24 (3) 27 (4) 27 (4) 28.4 (4.3)

Triglycerides (mmol/l) 1.6 (0.6) 1.9 (1.7) 1.9 (1.9) 2.0 (1.6)

HDL-cholesterol (mmol/l) 1.2 (0.3) 1.2 (0.3) 1.4 (0.3) 1.1 (0.3)

LDL-cholesterol (mmol/l) 7.8 (1.8) 3.1 (1.1) 3.2 (1.1) 2.7 (1.0)

MDRD (ml/min/1.73 m2) NA 69 (21) 64 (20) 76 (21)

HbA1c (mmol/mol) - - - 50 [44-58]†

Oral glucose-lowering agents (%) 64

Use of insulin (%) 24

Values are given as mean (SD) or % unless otherwise indicated. 

* Based on observational studies from which event probabilities in patients with FH were derived. 

† Median and interquartile range 

SMART = Secondary Manifestations of ARTerial disease prospective observational study, HDL = high-

density lipoprotein, LDL = low-density lipoprotein, MDRD = Modification of Diet in Renal Disease
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The current large global burden of cardiovascular disease highlights the need for further 

improvement of cardiovascular prevention strategies. For the primary prevention of 

cardiovascular disease, treatment decisions are based on predicted absolute risk for 

cardiovascular disease, and thresholds of low density lipoprotein (LDL)-cholesterol and blood 

pressure1-3. Patients with diabetes and patients with clinically manifest vascular disease are 

generally considered to be at (very) high risk for (recurrent) vascular events. However, in 

both the primary and secondary prevention setting, patients differ widely in their risk for 

cardiovascular disease (Chapter 2) 4-6. Therefore, it is unlikely that all patients benefit equally 

from treatment. The diversity in patient characteristics and comorbidity leads to variation in 

absolute benefit from treatment7-9. A contemporary view on cardiovascular disease prevention 

in daily practice focuses on optimization of therapy for individual patients, often referred to 

as personalized medicine or precision medicine. With prediction models consisting of simple 

patient characteristics, those who benefit most from strategies for prevention of cardiovascular 

disease can be identified. This enables us to treat those patients who benefit most, or have 

meaningful benefit, from a treatment strategy. At the same time, treatment can be spared for 

those with low expected benefit, or those who are prone to adverse treatment effects.

 The development process of a new drug consists of different stages, which assess efficacy 

and safety in standardized phases. Likewise, multiple steps need to be taken for individualized 

cardiovascular disease prevention; from identifying the right clinical trials to implementation 

in clinical practice. A stepwise guide for development and application of individualized 

cardiovascular disease prevention is depicted in Figure 1. Each step is explained and illustrated 

in this thesis. Future directions will be discussed, as well as potential hurdles that need to be 

overcome before individualized cardiovascular disease prevention can be implemented in 

clinical practice.
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Figure 1.
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Highlights of this thesis

Part I From cardiovascular risk to individual treatment benefit
•  Type 2 diabetes increases the risk of recurrent major cardiovascular events in patients with 

coronary artery disease, but not in patients with polyvascular disease. The risk of recurrent 

major cardiovascular events differs according to the location of vascular disease (Chapter 2).

•  Contemporary patients with coronary artery disease who fulfill eligibility criteria for major 

lipid-lowering trials differ only little from ineligible patients in cardiovascular risk factors and 

risk of major cardiovascular events. Lipid-lowering trial results are applicable to both trial 

eligible and ineligible contemporary patients with coronary artery disease (Chapter 3 / Step 

2).

•  For translation of an overall trial result into an individual’s expected absolute treatment 

effect, possible differences in relative treatment effect between patients should be taken 

into account. By pooling individual patient data from multiple trials, heterogeneity in 

relative treatment effect can be assessed across the spectrum of baseline risk (Chapter 4 / 

Step 3).

•  For primary prevention of major cardiovascular events in elderly patients, a prediction model 

identifies those patients who have meaningful benefit from statin therapy. For secondary 

prevention of vascular disease, it is beneficial to treat all with a statin, because of high 

predicted absolute risk reductions in most elderly patients with vascular disease (Chapter 5 / 

Step 4).

•  For prevention of stroke and systemic embolism in patients with atrial fibrillation, at the 

least expense of major bleedings, a prediction model allows clinicians to quantify and weigh 

individual absolute benefit and harm from direct oral anticoagulants (Chapter 6 / Steps 4 

and 5). 

Part II Cost-effectiveness of benefit-based treatment decisions 
•  Intensive lipid-lowering with statins for all patients with coronary artery disease results in a 

higher gain in quality-adjusted life years (QALYs) than benefit-based intensive lipid-lowering 

treatment, against reasonable costs. However, the number of QALYs to be gained with 

intensive lipid-lowering treatment in individual patients is modest and can be increased with 

selective benefit-based treatment (Chapter 7 / Step 6).

•  Depending on the cardiovascular event reduction, and the willingness to pay per additional 

quality-adjusted life year, PCSK9 inhibition may be cost-effective for patients with Familial 

Hypercholesterolemia. With current drug prices, the cost-effectiveness ratio is above an 

acceptable willingness to pay threshold in patients with vascular disease, or patients with 

vascular disease and diabetes (Chapter 8 / Step 6). 
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How can we apply evidence from trials or guidelines to individual 
patients in clinical practice?
Step 1 & 2: Which trials address the therapeutic dilemma of the 
individual patient, and are those trials applicable to the patient?
Guideline treatment recommendations are based on randomized controlled trials, the ‘golden 

standard’ for assessment of treatment effects. Controlled circumstances aim to ensure validity 

of the trial results, such as randomization, blinding, and eligibility criteria for selection of study 

participants. Frequently, strict participation criteria target a subgroup from a wider population 

of potentially eligible patients. Those patients who are most likely to adhere and respond to a 

treatment strategy are included in the trial10. In these situations, eligibility criteria may define 

a homogeneous, low risk population, not representative for the wide variety of patients seen 

in clinical practice. In Chapter 3, we studied whether major lipid-lowering trial results are 

applicable to patients with coronary artery disease in contemporary clinical practice. Based on 

multiple trials from different time periods, intensive lipid-lowering therapy (to a target low-

density lipoprotein cholesterol (LDL-c) level of 1.8 mmol/l) is recommended for all patients with 

coronary artery disease11, 12. Contemporary cohort patients fulfilling eligibility criteria did not 

differ greatly in patient characteristics and cardiovascular outcomes from those who did not 

fulfil eligibility criteria. Thus, it can be concluded that the results from major lipid-lowering 

trials are applicable to contemporary patients with coronary artery disease, regardless of their 

eligibility status. 

Trials with a pragmatic design (assessment of real-world drug effectiveness) might include a 

broader population of patients for generalizability of the study results than explanatory trials 

(assessment of drug efficacy). Furthermore, selection of patients who are in a moderate to 

good clinical condition, could be a bigger issue in for example surgical intervention trials than 

in cardiovascular medicine trials. Still, the “healthy trial participant effect” has been reported 

for pragmatic trials in patients with clinically manifest vascular disease13-16. A randomized 

controlled trial design is highly suitable for establishment of drug effects. However, a careful 

evaluation of the representativeness of study results is essential for the application of trial 

results to individuals in clinical practice. One should critically review whether real-world patients 

differ to such an extent from trial participants that results may not be generalizable. Notably, 

there are several other factors besides eligibility criteria that influence the applicability of trial 

results. Is the chosen outcome relevant? Does the comparison group receive current standard 

of care? Does a health care system correspond to the trial follow-up schedule (e.g. frequency of 

consultations, availability of resources, and reimbursement)? 

Step 3: Which relative treatment effect applies to the patient?
Although trial populations may be homogeneous, there can still be heterogeneity in the benefit 

patients receive from treatment. It seems rather simplistic to assume that all patients have 

equal benefit from treatment. Since patients differ in characteristics and outcomes, there 
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is by definition heterogeneity in treatment effects on an absolute scale17. When one relative 

treatment effect applies to all, patients at highest absolute risk for an outcome benefit most 

from treatment in terms of an absolute risk reduction9. Heterogeneity can also occur on a 

relative scale18, 19. Before estimation of an individual’s expected absolute treatment effect, one 

should establish whether a single relative treatment effect applies to all patients (Chapter 4). 

Differences in the relative treatment effect are commonly assessed in subgroups. Stratification 

and estimation of the relative treatment effect within multiple subgroups results in a high risk 

of chance findings20, 21. An interaction test is more accurate in detecting relative treatment 

effect differences by a single characteristic. However, trials often lack the power to perform 

single variable interaction analyses21. When there are underlying (biologic) mechanisms for 

single variable treatment interactions, they should be specified in the trial design and taken 

into account in trial power estimation. In most cases, treatment effect heterogeneity is more 

likely a simultaneous influence of multiple characteristics at the same time18, 19. An example is 

the association between angiotensin converting enzyme inhibitor (ACEi) therapy and mortality 

in patients with heart failure. There are several factors associated with renal hypoperfusion 

and Renin-Angiotensin-Aldosterone system (RAAS) activation in these patients, resulting in a 

potentially larger effect of ACEi22. These include low ejection fraction, low blood pressure, an 

increased severity of congestive heart failure, low renal function, and use of diuretics. To assess 

whether ACEi therapy is more effective in patients with activated RAAS, these factors can be 

combined in a multivariable risk score23. Using new techniques, combined individual patient 

data from multiple trials provide the opportunity to assess multivariable treatment interactions 

across the full range of baseline risk (i.e. untreated risk for an outcome) (Chapter 4). For 

example, low risk patients with coronary artery disease do not benefit from early coronary 

artery bypass grafting in contrast to medium- and high-risk patients24. Also, the SYNTAX-II 

score helps clinicians to decide whether a PCI or CABG is the optimal revascularization strategy 

for patients with complex coronary artery disease25, 26. 

Step 4: What is the individual absolute treatment benefit for the 
patient?
When trial results are applicable to a patient population, and differences in relative treatment 

effect heterogeneity have been assessed, individual treatment benefit can be predicted 

(Chapters 5-7). If one relative treatment effect applies to all patients, the absolute risk with 

treatment can be estimated by multiplying the individual, untreated absolute risk for an outcome 

by the relative treatment effect. If there are treatment interactions, these can be included in a 

new multivariable model with predictors and the allocated treatment strategy. The absolute risk 

reduction in a certain period of time is the predicted risk without treatment minus the predicted 

risk with treatment. For newly derived prediction models, external validation is the best way 

to assess the validity, and generalizability of the model predictions to other clinical settings 

and patient populations. In the selection of model predictors, the trial sample size should be 
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taken into account. An adequate ratio between the number of predictors and outcomes aims to 

minimize bias in the predictors effect sizes, and to improve the accuracy of the model in other 

settings27. The commonly-used rule of thumb of 10 outcomes per predictor is too simplistic. 

A higher number of ≥20 outcomes per predictor  is needed if low-prevalence predictors are 

included in the model28. In patient populations with high risk of death due to nonvascular causes, 

cardiovascular risk and treatment benefit are overestimated in traditional survival models29. 

A competing risk analysis allows adequate predictions of risk and absolute treatment benefit 

(Chapters 5-6)7, 30. Elderly patients have lower life-expectancy than middle-aged individuals, 

which induced a debate whether statin therapy if effective for them31. Unfortunately, elderly 

patients are underrepresented in clinical trials evaluating statin therapy32. Most elderly patients 

are considered to be at high risk for cardiovascular disease, mainly because of their age4, 5, 33. 

Underprescription of statins for the elderly reflects ambiguities regarding the treatment 

benefit and potential drug-drug interactions34. In Chapter 5 we present a model, derived and 

externally validated in patients ≥70 years, that predicts the absolute benefit of statin therapy 

for the individual elderly patient. Patients with a history of vascular disease have high predicted 

absolute treatment benefit, and should all receive statin treatment. For primary prevention of 

vascular disease, the prediction model identifies those who benefit meaningfully from statin 

therapy. It is attractive to treat those with expected treatment benefit, as there is no conclusive 

evidence for a higher risk of serious adverse events due to statin therapy in the elderly, and 

treatment costs are low35. 

Step 5: What is the (potential) individual treatment harm for the 
patient?
The expected individual benefit should be weighed against potential harms of treatment, 

which is referred to in the literature as ‘net benefit’36, 37. Ideally, the risk of treatment harm is 

also predicted for the individual patient. Unfortunately, trials are often inadequately powered 

to predict harm on an individual basis. An indirect measure that weighs individual benefit 

against potential harms of treatment, is the number of patients willing to treat to prevent one 

event (NWT) (Chapter 5 & 7). For a relatively safe treatment strategy the NWT will be higher 

than for a potential harmful strategy. In Chapter 6, individual treatment effects of direct oral 

anticoagulants (DOACs) on both stroke/systemic embolism (benefit) and major bleeding (harm) 

are predicted in patients with atrial fibrillation. The prediction model can be used to weigh the 

expected benefit and harm, and discuss them with a patient before making a treatment decision. 

Active engagement of patients in treatment decisions may stimulate treatment adherence38, 

39. This is important, as non-adherence may have serious consequences. Dabigatran, a direct 

thrombin inhibitor, has been studied in a dose of 110 mg and 150 mg twice daily40. The higher 

dose was more effective in stroke prevention, but increased the chance of bleeding compared 

to the lower dose of dabigatran41. The prediction model allows one to estimate which dose is 

expected to have the highest net benefit for an individual patient.
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Step 6: Is individualized cardiovascular prevention cost-effective 
compared to current practice?
When valid estimations of an individual’s expected (net) benefit have been made, the focus 

shifts from the individual level back to the group level. Before individualized cardiovascular 

prevention is implemented in clinical practice, its cost-effectiveness should be assessed on a 

group level. In such analyses, individualized benefit-based treatment is compared with treating 

all, treating none, or treating subgroups of patients. The total costs of benefit-based treatment 

are weighed against the benefits, expressed as the gain in (quality-adjusted) life years on a 

population level. The cost-effectiveness of a treatment strategy is influenced by many factors42. 

First of all, it can be assessed from different perspectives. A  healthcare perspective involves 

only medical costs and outcomes. The healthcare perspective is the payer’s view, the view of the 

health insurer. A societal perspective, which also involves non-medical costs and outcomes (e.g. 

due to absenteeism from work), is more informative for the government. Cost-effectiveness 

also depends on the organization of the health care setting for which the analysis is performed. 

Recently, the cost-effectiveness of dabigatran 150 mg twice daily compared to warfarin was 

assessed in patients with atrial fibrillation in the United States of America43. The results showed 

that from a patient’s perspective, dabigatran is cost saving compared to warfarin for those 

with prescription drug coverage. On the contrary, dabigatran is less cost-effective for patients 

who are uncovered and need to pay high out-of-pocket costs. Moreover, a cost-effectiveness 

analysis is performed for a specific time period, also called time horizon. Importantly, all these 

aspects need to be kept in mind when interpreting results from cost-effectiveness analyses. 

 In general, the cost-effectiveness of benefit-based treatment might be optimal for expensive 

drugs or treatment interventions. In the current era with a rapidly growing population of 

chronically ill patients, and expanding treatment possibilities, we need to select the right 

patients to treat. Therefore, a prediction model for treatment benefit should be accurate. 

Erroneous decisions not to treat could increase the cardiovascular event rate in patients falsely 

assumed to receive low benefit. A cost-effectiveness analysis assesses the accuracy of the 

model, by estimating the impact of benefit-based treatment on lifetime health outcomes in 

a population (Chapters 7 & 8). Cost-effectiveness analyses can be used to define the optimal 

threshold above which patients receive treatment. Scenarios with varying treatment thresholds 

can be compared (Chapter 7) 44, 45. 

 For the primary prevention of vascular disease, risk-based treatment is the current 

standard of care as recommended by (inter)national guidelines1, 3. From a United States 

societal perspective, initiation of statin therapy for the primary prevention of vascular disease 

from a  threshold of ≥7.5% 10-year risk for major cardiovascular events was cost-effective 

compared to a threshold of  ≥10.0% 10-year risk45. Depending on the money willing to pay 

per quality-adjusted life year gained, even lower thresholds could be chosen. The results are 

comparable to those for the Dutch health care system44. In the Netherlands, aspirin was found 

cost-effective for the primary prevention of vascular disease from a threshold of ≥10% 10-
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year risk for men, and ≥15% for women46. Because of the wide variety in cardiovascular risk 

between patients with already established vascular disease, risk-based treatment could also 

be beneficial in the secondary prevention setting47, 48. If the relative treatment effect is the 

same for all patients, benefit-based and risk-based treatment are complementary (Chapter 3). 

In Chapter 7, the cost-effectiveness of benefit-based intensification of lipid-lowering therapy 

with statins was assessed for patients with coronary artery disease. Intensive lipid-lowering 

for all resulted in a higher gain in quality-adjusted life years than benefit-based treatment, 

against reasonable costs. The treatment costs were low, as the current prices of most statins 

are very low. Going beyond the standard therapeutic lipid-lowering options, adding proprotein 

convertase subtilisin-kexin type 9 (PCSK9) inhibitors to the treatment regimen of high-risk 

European patients with clinically manifest vascular disease is unlikely to reach an acceptable 

cost-effectiveness threshold (Chapter 8). The current price of PCSK9 inhibitors is too high, 

even though their enormous LDL-c lowering effect is promising for their effect on vascular 

outcomes. A report on the cost-effectiveness of these drugs in the American health care setting 

reached the same conclusion49. However, the authors based their model on all patients with 

vascular disease, and did not perform a risk-based analysis. Identifying those who benefit the 

most from PCSK9 inhibitors is highly important to keep the monetary treatment costs down, 

and for reimbursement decisions regarding patient groups or individuals.

 Surprisingly, the mean health gain in (quality-adjusted) life years might be limited for secondary 

cardiovascular prevention strategies (Chapters 7 & 8) 50. Many patients with clinically manifest 

vascular disease have “shared risk factors”, factors that raise both their risk for cardiovascular 

and non-cardiovascular disease. Furthermore, many patients with vascular disease have an age 

≥ 65 years. Consequently, they have a higher non-cardiovascular mortality risk than healthy 

persons, which could limit their life prolongation with preventive treatment strategies. Patients 

with heterozygous Familial Hypercholesterolemia (FH) had a higher expected treatment benefit 

from PCSK9 inhibitors (Chapter 8) than patients with vascular disease. Because of their lower 

overall age, more life years could be gained with PCSK9 inhibition. The PCSK9 treatment effect 

may be larger in patients with FH than in patients with vascular disease without FH, since the 

risk for cardiovascular disease in patients with FH is primarily based on hypercholesterolemia 

instead of a combination of ‘shared’ risk factors. Because of the modest overall benefit received 

by secondary prevention strategies, benefit-based treatment is useful for identification of 

those who benefit to a greater extent. This would enable us to target new and costly treatment 

strategies to those who are likely to benefit from it.
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Step 7: Which issues are important for the different key players in the 
field of cardiovascular medicine, when implementing individualized 
cardiovascular disease prevention in clinical practice?
When implementing individualized cardiovascular disease prevention in clinical practice, 

there are several aspects that need to be considered. During the implementation process, the 

key players in the field of cardiovascular medicine (patients, clinicians, the government and 

health insurers) have different interests. For all stakeholders, the accuracy of the prediction 

model is important. When expected individual benefits are communicated to patients, with 

the intention to base treatment decisions on the predicted benefit, the estimations should be 

valid and precise. Therefore, external validation of prediction models is essential, preferably in 

a “real-world” clinical setting (Chapters 2, 5 & 7). For scenario modelling, valid assumptions 

and model building ascertain the validity of the model results (Chapters 7 & 8).

Patient perspective
From a patient’s perspective, the way in which benefit is expressed and communicated is 

essential. For some patients, lifetime estimates as an expected gain in (disease-free or quality-

adjusted) life-expectancy may be most informative. Others might be more satisfied with 

estimates on a shorter term, like 5- or 10-year absolute risk reductions. The preferred estimate 

of individual treatment benefit probably depends on the type of disease. When the benefit 

of treatment becomes only visible after a rather long treatment period, which is the case for 

atherosclerotic disease, lifetime estimates may be more informative. This would allow younger 

patients, at risk for developing atherosclerotic disease later on in life, to consider the start 

of preventive treatment strategies in an early stage (Chapter 8)7, 51. For treatment strategies 

with direct and short-acting effects, such as anticoagulation in atrial fibrillation, an absolute 

risk reduction for a shorter period may be more informative (Chapter 6). How much benefit is 

enough for a patient to opt for a treatment strategy, is a very subjective choice. It depends on 

the expected harms from treatment. Even for an ‘ideal’ treatment strategy, without any harms, 

taking a pill every day accounts for health impairment. In 360 persons randomly sampled from 

the general public in London, with a mean age of 38 years, the benefit needed to offset tablet 

disutility ranged from < 6 months for 40% of patients, to ≥ 10 years for 12% of patients52. Thus, 

12% of patients would only opt for the ‘ideal’ treatment if they would gain ≥ 10 years in life 

expectancy. Furthermore, for elderly or disabled patients, a gain of 1 year in life-expectancy 

might be of other value than for younger or nondisabled patients53, 54. 

Clinician perspective
From a clinician’s perspective, implementation of individualized cardiovascular disease 

prevention would be facilitated by a tool that estimates individual treatment effects. Prediction 

models could be processed in a user-friendly website or mobile application that enables 

a physician to enter a patient’s characteristics. An example is the JBS3  Cardiovascular Risk 
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Assessment tool (www.jbs3risk.com)55. Preferably, to save the spare time of the clinician, 

the calculator automatically extracts relevant information from the existing patient file. The 

application should be well programmed to select the right prediction model for each individual 

treatment dilemma. Visualization of the expected treatment benefit, for example by an 

individual survival curve or bar graph, would be helpful in presenting the expected treatment 

benefit to individual patients (Chapter 6). For the clinician, the advantage of shared decision-

making is that patients are more likely to adhere to treatment38. 

Societal perspective
From a societal’ s perspective, incorporation of the prediction models in clinical guidelines 

would enhance its use in clinical practice. Close collaboration between the ministry of health 

and clinicians in the field of cardiovascular medicine is needed to organize and promote the 

implementation of individualized cardiovascular disease prevention. After all, for shared-decision 

making to be successful, physicians need to be convinced of the advantages of individualized 

disease prevention56. Furthermore, collaboration with health economic experts would help to 

evaluate whether benefit-based treatment is cost-effective for the society. It would reduce 

medical costs, and optimize the health gain obtained in individual patients. However, societal 

health is broader than “being free from disease”. It also includes the wellbeing, employment 

and social functioning of a country’s citizens. The highest attainable overall societal health 

gain could be most interesting for the government, especially with limited resources available. 

On the other hand, the policy of the Dutch health ministry is to offer individual citizens the 

healthcare they need57. Individualized prevention could help in offering individual citizens the 

type of cardiovascular care they benefit from. Individual treatment benefit is estimated with 

readily available information. When incorporated in the national guidelines, the use of these 

models needs to be monitored. A model update might be needed once in a while, because of 

the rapid growth in cardiovascular therapeutic options.

Reimbursement perspective
From a health insurer’s perspective, the discriminative ability of the prediction model should 

be optimal. In other words, patients who experience an event should be distinguished from 

the ones who do not. If a model has a high discriminative ability, treatment can be targeted to 

those who benefit from it, which saves costs. The cost-effectiveness of benefit-based treatment 

has been demonstrated in both the primary and secondary prevention setting 44-46 (Chapter 7 

& 8). The amount of costs saved with benefit-based treatment is high for expensive drugs or 

interventions, and for strategies with a wide distribution in individual absolute benefit. The 

concept of benefit-based treatment may become more and more relevant as promising, but 

expensive novel medical therapies enter the market. To assess the expected costs and benefits 

from individualized cardiovascular disease prevention, a health insurer would like to set a clear 

cut-off in benefit above which treatment costs are covered. This raises ethical constraints that 
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need to be discussed and regulated by the government. Considering all the issues discussed in 

the previous sections, it is not desirable to use one cut-off for all. 

Conclusion

Individualized cardiovascular disease prevention aims to target a treatment strategy to those 

patients who are most likely to benefit. With the use of a stepwise guide, the expected benefit, 

harm and cost of individualized cardiovascular disease prevention can be quantified and 

weighed. This enables clinicians to discuss expected individual treatment effects with patients 

in clinical practice, with the aim to optimize a patient’s life-expectancy and quality of life. 

“It should be the function of medicine to have 

people die young as late as possible”

Ernest L. Wynder (1922-1999)
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Summary

For treatment decisions in clinical practice, group-level treatment effects need to be translated 

into benefit for an individual patient. The group-level estimates assume that patients within 

each group are alike, neglecting the complex diversity of patients. In both the primary and 

secondary cardiovascular prevention setting, patients differ widely in the risk for cardiovascular 

events, and the benefit they receive from preventive strategies. Individualized cardiovascular 

disease prevention in daily practice focuses on optimization of therapy for individual patients. 

With prediction models consisting of readily available patient characteristics, those who 

benefit (most) from strategies for prevention of cardiovascular disease can be identified. An 

individual’s expected absolute treatment effect can be discussed in a doctor’s office, which 

complements informed decision-making. In this thesis we translate group level evidence on 

cardiovascular preventive strategies into benefit for the individual patient in clinical practice. 

The benefits of treatment are weighed against potential harms on an individual patient level. 

Furthermore, the cost-effectiveness of individualized cardiovascular medicine is assessed.

Part I: From cardiovascular risk to individual treatment benefit
In the current guidelines, all patients with vascular disease are assumed to be at (very) high 

risk for recurrent events. No distinction is made regarding recommendations for secondary 

prevention of vascular disease. In Chapter 2, the wide distribution in risk for recurrent major 

cardiovascular events (MACE; myocardial infarction, stroke and cardiovascular mortality) is 

shown, which largely depends on the location of vascular disease. Five-year risks for recurrent 

MACE ranged from 7% in coronary artery disease to 21% in polyvascular disease. Type 2 

diabetes increased the risk of recurrent MACE in coronary artery disease (hazard ratio [HR] 

1.67; 95% confidence interval [CI] 1.25-2.21) and seemed to increase the risk in cerebrovascular 

disease (HR 1.36; 95%CI 0.90-2.07), while being no risk factor in polyvascular disease (HR 1.12; 

95%CI 0.83-1.50).

 Individualized cardiovascular medicine is based on the results from randomized controlled 

trials, the ‘golden standard’ for assessment of treatment effects. A randomized controlled 

trial design is highly suitable for establishment of drug effects. However, due to selection 

criteria, relatively healthy, low risk patients (“healthy trial participant effect”) are included 

in clinical trials. This could potentially limit the applicability of the trials results to the wide 

variety of patients encountered in clinical practice. In Chapter 3, we assessed the applicability 

of major lipid-lowering trial results to contemporary patients with coronary artery disease. We 

applied the selection criteria of 3 trials (Scandinavian Simvastatin Survival Study [4S, inclusion 

period1988-1989], the Treating to New Targets [TNT, inclusion period 1998-1999] and the 

Improved Reduction of Outcomes [IMPROVE-IT, inclusion period 2005-2010]) to contemporary 

patients from the Secondary Manifestations of ARTerial disease (SMART, 2004-2014) cohort 

study. The eligibility of these SMART patients for trial participation ranged from 29%-71%. 
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Patients who fulfilled the eligibility criteria differed only little from ineligible patients in 

cardiovascular risk factors and risk of major cardiovascular events. Lipid-lowering trial results 

are applicable to both trial eligible and ineligible contemporary patients with coronary artery 

disease. 

 The next step in the process of individualized cardiovascular disease prevention, is to assess 

whether patient characteristics modify the relative treatment effect of an intervention strategy. 

If there is no underlying biologic mechanism for a single variable treatment interaction,  

relative treatment effect heterogeneity is preferably assessed with a multivariable risk score. 

In Chapter 4 is illustrated how an individual patient data meta-analysis provides a unique 

opportunity to asses relative treatment effect heterogeneity across the full range of baseline 

risk (untreated risk) as determined by multiple characteristics. Treatment effect heterogeneity 

can be assessed in a survival model with a likelihood ratio test for the interaction between 

baseline risk and treatment, including a random effect for unmeasured study differences (i.e. 

frailty term in a Cox proportional hazards model).

 When relative treatment effect heterogeneity has been assessed, individual absolute 

benefit from preventive treatment can be estimated. In Chapter 5, we estimated the 5- and 

10-year absolute treatment benefit of a statin for secondary and primary prevention of MACE 

in individual elderly patients (aged ≥70 years). Two separate prediction models were developed 

for patients with (n=2,55) and without (n=3,253) vascular disease in the “PROspective Study of 

Pravastatin in Elderly at Risk” (PROSPER) trial. The model for primary prevention of MACE was 

validated in the “Anglo-Scandinavian Cardiac Outcomes Trial – Lipid-Lowering Arm” (ASCOT-

LLA) trial (n=1,893), and the model for secondary prevention of MACE in the SMART cohort 

study (n=1,442). Individual absolute risk reductions (ARRs) were higher in elderly patients with 

vascular disease (5-year ARRs: median 5.1%, interquartile range [IQR] 4.0-6.2%, 10-year ARRs: 

median 7.8%, IQR 6.8-8.6%) than in patients without vascular disease (5-year ARRs: median 

1.7%, IQR 1.3-2.1%, 10-year ARRs: 2.9%, IQR 2.3-3.6%). Ninety-eight percent of patients with 

vascular disease had a 5-year absolute risk reduction ≥2.0%, compared to 31% of patients 

without vascular disease. We concluded that because of the high ARRs in most patients with 

vascular disease, it is beneficial to treat them all with a statin for secondary prevention of 

MACE. For primary prevention of MACE, the prediction model can be used to identify those 

patients who have meaningful benefit from statin therapy.

 The absolute benefit from a treatment strategy should be weighed against the potential 

treatment harms, preferably on an individual basis. In Chapter 6, we estimated the absolute 

benefit and harm from dabigatran treatment, a direct oral anticoagulant, for individual patients 

with atrial fibrillation. Furthermore, we aimed to select the optimal dose of dabigatran for 

the individual patient. Models were derived to predict the risk for stroke/ systemic embolism 

(SE) and major bleeding in Caucasian (n=12,615) patients with atrial fibrillation from the 

“Randomized Evaluation of Long-term anticoagulation therapy” (RE-LY) trial. The models were 

validated in non-Caucasian (n=5,498) patients from the RE-LY trial. Model calibration was good 
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for both outcomes, and discrimination was adequate with a c-statistic of 0.63 (95%CI 0.58-0.67) 

for stroke/SE and 0.70 (95%CI 0.68-0.72) for major bleeding. The 5-year absolute risk reduction 

(ARR) for stroke/SE with dabigatran 150 mg twice daily ranged from <10% in 29% of patients to 

>25% in 7% of patients, and the 5-year absolute risk increase (ARI) for major bleeding ranged 

from <5% in 53% of patients to 15-20% in 2% of patients. Comparing high-dose to low-dose 

dabigatran, the absolute benefit (ARR) was higher than the absolute harm (ARI) for 34% of 

patients. These individual treatment effect estimations can be used for shared decision-making 

before starting dabigatran treatment, and to determine the optimal dose.

Part II Cost-effectiveness of benefit-based treatment decisions
Finally, the monetary cost of treatment should be weighed against expected treatment benefit 

and harm before implementing individualized treatment strategies in clinical practice. In 

Chapter 7, the cost-effectiveness of benefit-based intensification of lipid-lowering therapy 

(LLT) with statins was assessed for patients with coronary artery disease. A lifetime Markov 

model was constructed for patients with coronary artery disease (n=10,000) from the “Treating 

to New Targets” and “Incremental Decrease in End point through Aggressive Lipid-lowering” 

trial. Costs and quality-adjusted life years (QALYs) were estimated for the following strategies: 

1] standard LLT for all (reference strategy), 2] intensive LLT for those with 5-year absolute 

MACE risk reduction (ARR) ≥3%, ≥2.3% or ≥1.5% (corresponding to ≥20%, ≥15% or ≥10% 5-year 

MACE risk), and 3] intensive LLT for all. The expected costs per additional QALY for benefit-

based intensive LLT ranged from €2,423 to €10,960, depending on the treatment threshold 

chosen. Intensive LLT for all resulted in the highest overall QALY gain (0.14 QALY per patient) 

for  reasonable costs of €17,223 per extra QALY. Yet, selective benefit-based treatment increased 

the QALY gain in those treated with intensive LLT to 0.16 per patient for a treatment threshold 

≥1.5% 5-year ARR, and 0.17 for a threshold ≥2.3% ARR. Even though these health-economic 

results point towards intensive LLT for all, initiation and intensification of LLT is preferably 

done in close consultation with the patient taking into account potential drug interactions or 

adverse effects, an individual patient’s life expectancy and his or her preferences.

 Recently, monoclonal antibodies that bind to proprotein convertase subtilisin-kexin type 

9 (PCSK9) have shown to lower low density liproprotein - cholesterol (LDL-c) serum levels 

substantially in high-risk patients with hypercholesterolemia despite optimal standard lipid-

lowering treatment. In Chapter 8, we assessed the cost-effectiveness of PCSK9 inhibitors in 

addition to standard lipid-lowering treatment in patients at high risk for MACE. The balance 

between costs and health outcomes was established for a broad range of potential relative risk 

reductions and drug costs. The expected QALY gain per patient and ICER in the main scenario 

were 1.4 QALYs for €78,485/QALY gained in patients with Familial Hypercholesterolemia, 

0.22 QALYs for €176,735/QALY gained in those with vascular disease and a predicted risk of 

MACE ≥30% in 10 years, and 0.22 QALYs for €295,543/QALY gained in those with vascular 

disease and diabetes. PCSK9 inhibition could be cost-effective in patients with Familial 
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Hypercholesterolemia, but is unlikely to reach an acceptable cost-effectiveness ratio for 

patients with vascular disease. This model may aid treatment and reimbursement decisions 

regarding PCSK9 inhibitors. Identifying those who benefit the most from PCSK9 inhibitors is 

highly important to keep the monetary treatment costs down, and for reimbursement decisions 

regarding patient groups or individuals.
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Samenvatting (voor niet ingewijden)

Een beslissing over de behandeling van een individuele patiënt is meestal gebaseerd op 

wetenschappelijk onderzoek waarin grote groepen patiënten een behandeling hebben 

gekregen. Vaak is de uitkomst van geneesmiddelonderzoeken naar het effect van bijvoorbeeld 

cholesterol- of bloeddrukverlaging op het voorkómen (preventie) van hart- en vaatziekten een 

gemiddeld effect in een grote groep patiënten. De aanname is dat alle patiënten evenveel baat 

hebben bij de behandeling. Hiermee wordt voorbij gegaan aan de diversiteit die er bestaat 

tussen patiënten. Het risico op hart- en vaatziekten varieert sterk, ook tussen degenen die een 

eerder hart- of herseninfarct hebben gehad. Het is dus logisch dat niet iedereen evenveel baat 

heeft bij een behandeling ter preventie van hart- en vaatziekten. Idealiter zou de behandeling 

gericht op preventie van hart- en vaatziekten geïndividualiseerd zijn, zodat iedere individuele 

patiënt de voor hem/haar beste behandeling krijgt. Dit is een nieuwe ontwikkeling die de 

afgelopen jaren in wetenschappelijk onderzoek steeds meer vorm heeft gekregen. Om het 

effect van een behandeling voor een individu te berekenen, kan gebruik worden gemaakt van 

simpele kenmerken van een patiënt, zoals leeftijd, geslacht, voorgeschiedenis, risicofactoren als 

suikerziekte (diabetes) en roken, en laboratoriumbepalingen in het bloed. Het behandeleffect 

kan worden uitgedrukt als een daling in het risico op hart- en vaatziekten, of een verwachte 

winst in ziektevrije levensjaren. Dit individuele behandeleffect kan besproken worden met de 

patiënt in de spreekkamer. De verwachte winst kan worden afgewogen tegen de nadelen, zoals 

bijwerkingen, en de kosten van een behandeling. 

 In dit proefschrift worden gemiddelde effecten uit onderzoeken bij grote groepen 

patiënten vertaald naar het verwachte behandeleffect voor een individu in de spreekkamer. 

Dit behandeleffect wordt afgewogen tegen de verwachte bijwerkingen van de behandeling. 

Daarnaast worden de kosten en baten van geïndividualiseerde preventie van hart- en 

vaatziekten afgewogen. 

Deel I: Individueel risico op hart- en vaatziekten en het behandeleffect 
voor een individu
In de huidige richtlijnen wordt aangenomen dat alle patiënten met een vaatziekte in de 

voorgeschiedenis een vergelijkbaar hoog risico hebben op een recidief. De behandeladviezen 

ter preventie van hart- een vaatziekten zijn nagenoeg hetzelfde voor hen allemaal. In Hoofdstuk 

2 wordt duidelijk dat het risico op een recidief vaatziekte sterk afhangt van de locatie waar 

een patiënt eerder een vaatziekte had. Het risico op een recidief vaatziekte is het laagst voor 

patiënten bij wie de kransslagaders van het hart zijn aangedaan (7% krijgt een recidief in 5 jaar). 

Het risico is het hoogst voor patiënten die op meerdere locaties  vaatlijden hebben (21% krijgt 

een recidief in 5 jaar). Diabetes verhoogt het risico op een recidief bij patiënten met vaatlijden 

in de kransslagaders, maar niet bij patiënten die op meerdere locaties vaatlijden hebben.
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 Voor het schatten van individuele behandeleffecten wordt gebruik gemaakt van gegevens 

van ‘trials’. Dit zijn medicijnonderzoeken waarin de omstandigheden sterk gecontroleerd 

worden met het doel om betrouwbare resultaten te krijgen. Er worden vaak strikte criteria 

gehanteerd waarmee personen geselecteerd worden voor deelname. Een gevolg hiervan kan 

zijn dat relatief gezonde patiënten met een laag risico op hart- en vaatziekten aan een trial 

meedoen. De resultaten zijn dan mogelijk niet van toepassing op de brede variatie aan patiënten 

in de spreekkamer. In Hoofdstuk 3 hebben we onderzocht of de resultaten uit trials naar het 

verlagen van vetten en vetachtige stoffen (lipiden) bij patiënten met vaatverkalking in de 

kransslagaderen van het hart (coronarialijden) toepasbaar zijn in de spreekkamer. We hebben de 

selectiecriteria van drie trials uit verschillende tijdsperioden toegepast op een groep patiënten 

met coronarialijden uit de SMART studie (Secondary Manifestations of ARTerial disease). Dit 

is een lopende studie in het Universitair Medisch Centrum Utrecht, waarin patiënten met (een) 

vaatziekte(n) of risicofactoren voor hart- en vaatziekten in kaart worden gebracht en gevolgd 

door de tijd. Het percentage patiënten uit SMART dat voldeed aan de selectiecriteria van de 

trials lag tussen de 29% en 71%. Er waren weinig verschillen in de risicofactoren voor en het 

optreden van een recidief vaatziekte tussen patiënten die wel en niet aan de criteria voldeden. 

Daarom concluderen we dat de resultaten van onderzoeken naar lipidenverlaging toepasbaar 

zijn op de huidige patiënten met coronarialijden in de klinische praktijk.

 De volgende stap in het proces van geïndividualiseerde preventie van hart- en vaatziekte is 

de beoordeling of bepaalde kenmerken van een patiënt het behandeleffect beïnvloeden. Dit 

kan een enkele kenmerk zijn, of een combinatie van kenmerken. In Hoofdstuk 4 illustreren we 

een methode waarmee variatie in het behandeleffect kan worden onderzocht. Hiervoor is het 

goed om gegevens uit gelijksoortige medicijnonderzoeken te combineren. 

 Als de diversiteit in het behandeleffect onderzocht is, kan het verwachte behandeleffect 

voor een individu worden berekend. In Hoofdstuk 5 hebben we een wiskundig model gemaakt 

waarmee het behandeleffect van een statine (cholesterolverlager) voor oudere patiënten (≥70 

jaar) kan worden berekend. Oudere patiënten met een eerdere vaatziekte hebben een groter 

behandeleffect van statine dan patiënten die nog geen vaatlijden hebben. Van de patiënten 

met een voorgeschiedenis van vaatlijden had 98% een absolute verlaging van het risico op 

een recidief vaatziekte van ≥2.0%. Van de patiënten zonder een eerdere hart- of vaatziekte 

was dit 31%. We concluderen dat oudere patiënten met een voorgeschiedenis van vaatlijden 

met een statine behandeld moeten worden. Het model kan voor patiënten zonder een eerdere 

hart- en vaatziekte hun individueel behandeleffect berekenen. Daarmee worden patiënten 

geïdentificeerd die baat hebben bij statinebehandeling. 

 Het individueel behandeleffect moet afgewogen worden tegen mogelijke nadelen van 

behandeling. Een voorbeeld van medicatie met mogelijke nadelen is bloed verdunnende 

medicatie. Aan patiënten met een veelvoorkomende, veelal chronisch aanwezige 

hartritmestoornis (atriumfibrilleren) geven we stollingsremmers. Deze remmers voorkomen dat 

er bloedpropjes van het hart naar de hersenen schieten en een herseninfarct veroorzaken. Een 
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duidelijk nadeel van het remmen van de stolling, is een hoger risico op (ernstige) bloedingen. 

In Hoofdstuk 6 hebben we een model gemaakt waarmee het individueel behandeleffect van 

een nieuwe stollingsremmer (dabigatran) op zowel een herseninfarct als een ernstige bloeding 

wordt berekend voor patiënten met atriumfibrilleren. Het effect van dabigatran in een hoge 

dosering wordt vergeleken met een onbehandelde situatie, en met dabigatran in een lagere 

dosering. Ten opzichte van niet behandelen, verlaagt dabigatran in een hoge dosering het 

5-jaars risico op een herseninfarct met <10% bij 29% van de patiënten tot >25% bij 7% van 

de patiënten. Het risico op bloedingen wordt verhoogd met <5% bij 53% van de patiënten tot 

15-20% bij 2% van de patiënten. Wanneer de hoge dosering dabigatran met de lage dosering 

wordt vergeleken, is de winst (daling van het risico op een herseninfarct) van de hoge dosering 

groter dan het verwachte nadeel (stijging van het risico op een ernstige bloeding) voor 34% van 

de patiënten. 

Deel II: Een afweging van de kosten en baten van geïndividualiseerde 
preventie van hart- en vaatziekten
Voordat geïndividualiseerde preventie van hart- en vaatziekten wordt geïmplementeerd 

in de klinische praktijk, moeten de kosten afgewogen worden tegen de baten van deze 

behandelstrategie. In Hoofdstuk 7 doen we dit voor statines bij patiënten met coronarialijden. 

We vergelijken de strategie om iedereen een statine in een ‘normale’ dosering te geven met 

het intensiveren van lipidenverlaging op basis van de verwachte winst voor het individu. 

De gezondheidswinst wordt uitgedrukt in extra levensjaren, waarbij de kwaliteit van leven 

wordt meegewogen. Omdat de kosten van statinebehandeling tegenwoordig laag zijn, levert 

het intensiveren van lipidenverlaging voor alle patiënten met coronarialijden de hoogste 

totale gezondheidswinst op, tegen redelijke kosten. Echter, de winst per individu is beperkt. 

Geïndividualiseerde intensivering van lipidenverlaging zorgt voor een optimale behandeling 

van het individu, waardoor de gezondheidswinst per behandelde patiënt stijgt. 

 Recent zijn nieuwe cholesterolverlagers genaamd PCSK9 remmers op de markt gekomen. 

Zij verlagen het LDL-cholesterol aanzienlijk bij patiënten die een verhoogd LDL-cholesterol 

hebben ondanks een optimale behandeling. Omdat een hoog LDL-cholesterol een belangrijke 

risicofactor is voor het krijgen van hart- en vaatziekten, verwachten we dat deze medicijnen 

een belangrijke rol gaan spelen in de preventie van hart- en vaatziekten. De onderzoeken naar 

het daadwerkelijke effect van PCSK9 remming op hart- en vaatziekten lopen nog, en de prijs 

van PCSK9 remming is hoog. In Hoofdstuk 8 wegen we de kosten af tegen de verwachte baten 

van PCSK9 remming voor patiënten die een hoog risico op hart- en vaatziekten hebben. Voor 

patiënten met Familiaire Hypercholesterolemie, die door een genetisch defect een hoog LDL-

cholesterol hebben, is er een gunstige verhouding tussen de verwachte kosten en baten van 

behandeling. Voor patiënten met een voorgeschiedenis van hart- en vaatziekten, en een hoog 

risico op een recidief, is het onwaarschijnlijk dat de hoge kosten op zullen wegen tegen de 

behaalde gezondheidswinst. Deze resultaten kunnen helpen bij het nemen van behandel- en 
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vergoedingsbeslissingen ten aanzien van PCSK9 remmers. Het identificeren van patiënten die 

de meeste gezondheidswinst behalen met PCSK9 remming is essentieel om deze behandeling 

te kunnen vergoeden.
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jouw kookkunsten zijn fantastisch! Lotte Ko, heerlijk hoe jij het hart op de tong hebt. Nu zijn 

we gelukkig opnieuw collega’s. Lotte Ka, je bent intelligent, ontzettend gezellig en (bijna altijd) 

optimistisch. Shahnie, Nico en Nicole, mijn geweldige roomies. Fijn dat jullie me via de app nog 

steeds op de hoogte houden van alles wat zich in Kamertje 1 afspeelt. Het leven is zwaar als je 

het Amerikaanse nieuws, Linda Nieuws, noedels, chips voor negen uur ’s ochtends en live Salsa 

optredens moet missen. Johan (medereisleidster!), Monique, Guido en Gijs, bedankt voor de 

samenwerking en de gezellige tijd samen. 

Mijn collega’s in het Diakonessenhuis wil ik bedanken voor de fijne ontvangst. Ik geniet van 

mijn nieuwe baan, leer elke dag een heleboel, en kijk uit naar onze verdere samenwerking!

Snippies plus mannen, we kennen elkaar al een hele tijd en ik ben blij dat ik de afgelopen jaren 

(waarin er veel is gebeurd) ook met jullie mee mocht maken. Cobie, je bent de perfecte paranimf 

omdat je een supervriendin bent én omdat ceremoniële functies je op het lijf geschreven zijn. 

Liesbeth, dank voor je spontaniteit en de gesprekken over het wel en wee in het leven van een 

promovenda. Nicole, matties vanaf ons eerste coschap. Sinds onze tijd in Suriname ben je heel 

belangrijk voor me, en dat blijft zo, ook nu je in Groningen woont. Lieve San en Sim, de drie 

chickies werden er vier! Dank voor jullie support de afgelopen jaren. Ezra, Thirza, Lizette, Peter, 

Kim, Wilmar, Hans, Josien, Wibbina, Marinus, Judith en Machteld, dank voor jullie vriendschap.

Ik wil mijn huiskring bedanken voor de fijne avonden, en mijn orkest in Zeist voor de mooie 

muziek die we maken. Na een dag hard werken is dit een goede afleiding, waarvan ik geniet.

Lieve familie, bedankt! Het is fijn om zo’n grote en betrokken familie te hebben, al blijft het 

verjaardagen regenen. Ineke, Arnoud en Vera, heel gezellig dat jullie om de hoek wonen. 
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Dank voor alle praktische hulp. Lise heeft bij jullie een tweede thuis, en we kunnen regelmatig 

aanschuiven aan tafel.

Lieve oma, u blijft altijd jong volgens mij. Dank voor uw steun en het vertrouwen dat u in me 

hebt. Papa en mama, dank voor alle liefde die jullie me nog steeds geven, en jullie goede 

voorbeeld. Ik word schandelijk verwend als ik bij jullie kom, héérlijk. Lieve Leanne, Koen en 

Wouter, er zijn teveel mooie momenten om op te noemen. Super dankbaar ben ik dat ik jullie 

als zus en broers heb! 

Lieve Pieter, jouw onvoorwaardelijke liefde en steun zijn goud waard. Ik houd van je om je 

assertiviteit en oprechtheid, en ik geniet van onze tijd samen. Heerlijk was het om naar Londen 

te gaan na het inleveren van dit proefschrift. En ja, hier komt ’ie: dank voor het sparren over 

predictiemodellen, en dank dat je me VBA voor beginners hebt bijgebracht. Wat klinkt dat 

enorm romantisch. Lieve Lise, kleine, eigenwijze kletstante, je bent helemaal geweldig. Ik ben 

ontzettend dankbaar dat ik je moeder mag zijn. 

 

“Loof de Heer, want Hij is goed. Eeuwig duurt zijn trouw.”

1 Kronieken 16 vers 34

 
Manon
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