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Design Oğuz Kurt, www.kurtontwerp.nl
Cover photography & sculpture Ton Everaers
Print Ipskamp Drukkers BV

Copyright © 2013 B. S. Ferket, Amsterdam, the Netherlands
All rights reserved. No part of this publication may be reproduced or transmitted 
in any form by any means, without written permission of the author.

Financial support for the printing of this thesis was provided by:
The Departments of Radiology and Epidemiology of the Erasmus Medical Center, 
the Erasmus University Rotterdam, ChipSoft,  and the J.E. Jurriaanse Stichting.



Chapter

5

Personalized Medical Decision Making 
for Prevention of a First Cardiovascular Event

Geïndividualiseerde medische besluitvorming ter 
preventie van een primair cardiovasculair incident

PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de 
Erasmus Universiteit Rotterdam op gezag van de rector magnificus

 
Prof. dr. H.G. Schmidt

en volgens besluit van het College voor Promoties.

De openbare verdediging zal plaatsvinden op 
woensdag 2 oktober 2013 om 15:30 uur 

door 

Bart Stephan Ferket
geboren te Purmerend



Ch
ap

te
r

6

PROMOTIECOMMISSIE 

Promotoren:  Prof. dr. M.G.M. Hunink 
  Prof. dr E.W. Steyerberg

Overige leden:  Prof. dr. K.E. Fleischmann
  Dr. S.E. Petersen 
  Prof. dr. O.H. Franco



Chapter

7

CONTENTS

Chapter 1 General introduction and outline 9

 Part 1  Systematic reviews  17
Chapter 2 Systematic review of guidelines on cardiovascular risk assessment:  Which 
 recommendations should clinicians follow for a cardiovascular health check? 19
Chapter 3 Systematic review of guidelines on imaging of asymptomatic coronary artery disease 41
Chapter 4 Systematic review of guidelines on abdominal aortic aneurysm screening 59
Chapter 5 Systematic review of guidelines on peripheral artery disease screening 75

 Part 2  Modeling studies  91
Chapter 6 Validation of a model to investigate the effects of modifying cardiovascular 
 disease (CVD) risk factors on the burden of CVD: the Rotterdam Ischemic 
 heart disease and Stroke Computer simulation (RISC) model 93
Chapter 7 Do different methods of modeling statin treatment effectiveness influence 
 the optimal decision?  113
Chapter 8 Personalized prediction of lifetime benefits with statin therapy for asymptomatic 
 individuals: a modeling study  133
Chapter 9 Separate prediction of intracerebral hemorrhage and ischemic stroke: results 
 from the Atherosclerosis Risk in Communities Study, Rotterdam Study, 
 and Cardiovascular Health Study 155
Chapter 10 Performance of Framingham cardiovascular disease (CVD) predictions in the 
 Rotterdam Study taking into account competing risks and disentangling CVD 
 into coronary heart disease (CHD) and stroke 171
Chapter 11 Predictive value of updating Framingham risk scores with novel risk markers 
 in the U.S. general population  187
Chapter 12 Coronary computed tomography versus exercise testing in patients with stable
 chest pain: comparative effectiveness and costs 201

Chapter 13 Summary and discussion  221
 Samenvatting  235
Chapter 14 Appendices  241

 
 Dankwoord  I  Acknowledgements 269 
 List of publications  271
 PhD portfolio  273
 About the author   277





General introduction and outline

Chapter 1



C
ha

pt
er

 1

10



General introduction and outline

11BACKGROUND

Epidemiology and etiology
Atherosclerotic cardiovascular disease (CVD) remains the leading cause of mortality worldwide, 
accounting for approximately 30% of total mortality (1). In the Netherlands, the total number 
of coronary attacks a year is estimated to be 82,100: 6.13 per 1,000 men and 3.91 per 1,000 
women (2). Approximately 35,600 experience a stroke each year: 2.12 per 1,000 men vs. 2.23 per 
1,000 women (3). The majority of CVD events comprises first events. According to American 
Heart Association statistics, of all coronary attacks approximately 60% is a primary event, 
whereas 75% of all strokes are first strokes (4). 
CVD is a multi-factorial disease par excellence, with a number of modifiable physiological risk 
factors such as high blood pressure, high total cholesterol, high blood glucose, and high body-
mass index. Also modifiable behavioral factors play a causal role and include increased alcohol 
use, (second-hand) tobacco smoking, unhealthy diet and physical inactivity. The risk of disease 
can potentially be diminished through the modification of these risk factors in individuals 
without a history of CVD (5). 

Preventive strategies
Two different approaches for primary prevention exist: 1) the population strategy including 
one-size-fits-all type of interventions aimed at large groups of individuals selected on 
demographics only (6,7); and 2) the individualized or personalized strategy, which comprises 
interventions tailored to single individuals taking into account multiple risk factors and 
preferences. Examples of the population strategy are: smoking bans in public spaces, salt 
reduction in processed food, and the poly-pill concept, i.e. recommending the use of a pill that 
consists of different cardio-protective medications to all adults aged 55 years and older (8). 
The theoretical benefit of a perfect personalized approach should, however, always be equal or 
larger than the benefit of a population-based approach. For example, let us consider the choice 
between starting preventive aspirin treatment or no aspirin treatment for a group of elderly 
men. If the effect of aspirin on CVD is expected to be beneficial in the majority of men, but 
harmful in some, then making the optimal decision per individual will result in a better average 
outcome than either to treat all or to withhold aspirin.
Personalized primary CVD prevention is however limited by the need of gathering sufficient 
information about the individual’s expected outcomes. One should be able to individualize risk 
estimates, preventive treatment effects, and preferences. This requires medical screening and 
profound discussions between well-informed primary care physicians and clients. In order to 
have a large scale impact on CVD burden, the personalized approach should be offered to a 
large group of individuals, which may result in unwarranted harms by the screening tests and 
may require enormous healthcare resources. 

Current practice
The Framingham Study is regarded as the landmark study that moved the CVD research field 
from investigating causal associations between factors such age, gender, smoking, diabetes 
mellitus, blood pressure, lipid levels and CVD towards prediction modeling of future CVD events 
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with these factors (9). Within the first cohort, 5,209 men and women between the ages of 
30 and 62 were recruited in 1948 from a small town Framingham, Massachusetts. Later on, 
new cohorts were enrolled to reflect a more diverse and up to date population. The risk scores 
derived within these Framingham Study cohorts can be used to calculate an individual’s CVD 
risk (9-13). These Framingham risk scores have been an inspiration for the development of 
similar risk scores in other regions of the world, such as the European Systematic COronary Risk 
Evaluation (SCORE) charts (14), the German Prospective Cardiovascular Münster (PROCAM) risk 
scores (15), and the United Kingdom’s QRISK risk scores (16,17). Within the last two decades, these 
traditional risk scores are increasingly recommended for the allocation of effective preventive 
interventions such as statin therapy, blood pressure lowering therapy and lifestyle counseling. 

Challenges
With the increasing number of novel cardiovascular biomarkers, including imaging tests, 
becoming available, traditional risk scores can potentially be improved. In addition, the results 
of randomized clinical trials show that the indication for preventive interventions should 
probably be broadened to lower risk individuals and individuals with elevated novel risk marker 
levels (18,19). Furthermore, because health care has become less paternalistic, and patients are 
more and more involved in the medical decision-making process, there is a need for a more 
informative representation of health outcomes. The communication of competing CVD 
outcomes and other outcomes for different clinical scenarios is necessary to inform both the 
physician and the client such that they can “equally” participate in the decision-making. 
The extent of this shared decision-making process will vary per situation, but with regard to 
primary prevention it might be especially important, because the freedom of choice to initiate 
an intervention seems larger than when disease is already present. 

AIMS AND OUTLINE OF THIS THESIS

The main objective of this thesis was to develop and evaluate new tools to improve personalized 
primary prevention of CVD. In Part 1, we aimed to evaluate the currently recommended practice 
regarding personalized prevention of first CVD events. In Part 2, we aimed to improve the 
currently recommended practice by decision and prediction modeling.

Part 1
In Chapter 2, we describe the recommendations of guideline groups with respect to 
cardiovascular health checks for the general population.
Cohort studies have demonstrated that the performance of traditional risk scores can be 
improved by adding cardiovascular imaging. In Chapter 3 we have systematically reviewed and 
critically appraised guidelines that contained recommendations about these imaging tests.
Abdominal aortic aneurysms (AAAs) are usually not included as an outcome in most traditional 
risk scores. Ruptured AAAs account for 0.5% of the total mortality in Western countries. 
However, given its long screen-detectable preclinical phase and the availability of an accurate 
and safe screening test in the form of ultrasound, a window of opportunity for mass screening 
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13seems to be present. In Chapter 4, we have reviewed guidelines on AAA screening and discussed 
how these could be further personalized. 
Subjects with peripheral artery disease are at high risk for CVD regardless of the presence of 
symptoms such as intermittent claudication. Therefore screening for asymptomatic PAD 
may be useful. In Chapter 5, we have critically appraised PAD screening guidelines.

Part 2
Multi-state computer simulation models can be used to take into account multiple outcomes 
and the competing risks of these outcomes. An elegant solution to keep track of events for 
different individual risk profiles and preferences is the use of microsimulation. In Chapter 6, we 
have evaluated the validity of the predictions made by such a model: the Rotterdam Ischemic 
heart disease and Stroke Computer simulation (RISC) model. In many cardiovascular prevention 
modeling studies, preventive treatment effects are modeled through modification of risk factor 
levels. For example, statin therapy can be modeled to beneficially modify cholesterol levels in 
individuals adhering to the therapy. When cholesterol levels are modeled to affect CVD risk, the 
CVD event rates will automatically drop in these individuals. This approach can be criticized, 
because it does not necessarily have to be concordant with treatment effects as obtained from 
experimental research. In Chapter 7, we describe the implications of using different methods 
for modeling the effect of statin therapy for primary prevention of CVD on decision-making.  
Once statin therapy has been prescribed for primary preventive use, it is generally continued 
over the remainder of the course of the lifetime. Therefore, information for shared decision-
making should also reflect a lifetime horizon. In Chapter 8, we used the RISC model to predict 
lifetime benefits of statin therapy to the individual’s risk profile at baseline, and developed 
decision tools that can support the shared-decision making. Distinguishing intracerebral 
hemorrhage from ischemic stroke may be important for risk communication and decision-
making on interventions that act differently on both outcomes. In Chapter 9, we developed 
prediction models for a 10-year risk assessment of intracerebral hemorrhage and ischemic 
stroke, while taking into account competing risks.  In Chapter 10, we validated a long-term 
Framingham CVD risk function that takes into account competing non-CVD death risk (13) 
using Rotterdam Study data. This function was originally designed to predict a combined 
endpoint of coronary heart disease and stroke. However, because it is known that risk factors 
and preventive interventions may act differently on these CVD subtypes, we also developed 
separate prediction models. In Chapter 11, we selected four of the most promising novel risk 
markers, including two imaging markers, and evaluated whether they would have added 
predictive value beyond Framingham risk scores in the U.S. general population by using 
microsimulation. For individuals without a history of CVD, but with stable chest pain, more invasive 
testing is justified, because generally the risk of future CVD is much higher than if no symptoms 
are present. In Chapter 12, we compared the costs and effectiveness of a novel coronary computer 
tomography (CT) based test strategy vs. the traditional diagnostic strategy using a Markov model.

Finally, Chapter 13 summarizes the main findings of this thesis. We additionally discuss the 
methodological issues that have been raised in these research projects and provide future 
perspectives for clinical practice and further research. 
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ABSTRACT

Objective
To appraise guidelines on cardiovascular risk assessment to guide selection of screening 
interventions for a health check.

Data sources
Guidelines in the English language published between January 1, 2003, and May 2, 2009, were 
retrieved using MEDLINE and CINAHL. This was supplemented by searching the National 
Guideline Clearinghouse, National Library for Health, Canadian Medical Association Infobase, 
and G-I-N International Guideline Library.

Study selection
We included guidelines developed on behalf of professional organizations from Western 
countries, containing recommendations on cardiovascular risk assessment for the apparently 
healthy population. Titles and abstracts were assessed by 2 independent reviewers. Of 1984 
titles identified, 27 guidelines met our criteria.

Data extraction
Rigor of guideline development was assessed by 2 independent reviewers. One reviewer extracted 
information on conflicts of interest and recommendations.

Results
Sixteen of 27 guidelines reported conflicts of interest and 17 showed considerable rigor. 
These included recommendations on assessment of total cardiovascular risk (7 guidelines), 
dyslipidemia (2), hypertension (2), and dysglycemia (7). Recommendations on total cardiovascular 
risk and dyslipidemia included prediction models integrating multiple risk factors, whereas 
remaining recommendations were focused on single risk factors. No consensus was found on 
recommended target populations, treatment thresholds, and screening tests. 

Conclusions
Differences among the guidelines imply important variation in allocation of preventive 
interventions. To make informed decisions, physicians should use only the recommendations 
from rigorously developed guidelines.
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Cardiovascular disease (CVD) is the leading cause of mortality in Western society, accounting 
for approximately one-third of total mortality (1). Much of the burden of CVD can potentially be 
relieved by primary prevention, that is, reducing CVD incidence in the apparently healthy 
population. Detecting and treating those at highest CVD risk is regarded as an essential 
complement to a population-based approach (2). The primary care physician plays a pivotal role 
in providing prevention on the individual level and is thus essential for the success rate of this 
strategy. However, most physicians find implementing even rudimentary preventive services 
difficult, and the management of increased CVD risk remains suboptimal (3).
Although historically controversial (4,5), cardiovascular health checks have now been widely 
accepted as a means to efficiently detect high-risk individuals in primary care practice. As a 
result of the Diabetes, Heart Disease and Stroke pilot studies, UK citizens aged 40 to 74 years 
will be offered a cardiovascular health check every 5 years. This includes a questionnaire on risk 
factors and measurement of weight, hip to waist ratio, blood pressure, and total cholesterol 
level. People at high risk for developing diabetes undergo measurement of glucose levels (6). In 
the United States, cardiovascular health checks are already common practice as part of the 
periodic health examination (7). In the absence of a blueprint for the content of cardiovascular 
health checks, decisions on selection of appropriate individual screening interventions should 
be guided by the best available medical evidence. For translating research into clinical practice, 
clinical practice guidelines are commonly assumed to be the remedy. Clinical practice guidelines 
are defined by the Institute of Medicine as “systematically developed statements to assist 
practitioner and patient decisions about appropriate health care for specific clinical 
circumstances” (8). However, guidelines on the same topic can conflict with each other, and 
concern exists about the quality and independence of guidelines. Therefore, clinicians should 
be able to identify guidelines that are developed systematically and provide transparent 
estimates of the benefits and harms of interventions (9,10). Various notable organizations have 
developed guidelines containing recommendations for cardiovascular screening to prevent a 
first CVD event. Although guideline compendiums exist (11), it is not feasible for the busy 
physician to identify and critically appraise all possible relevant guidelines.
We therefore conducted a systematic review of guidelines containing recommendations for 
cardiovascular risk assessment in apparently healthy adults, that is, adults free of established 
CVD who are not already receiving treatment for high-risk conditions such as diabetes, 
hypertension, and hypercholesterolemia. We appraised guidelines using a validated instrument 
and assessed potential conflicts of interest. Finally, we examined recommendations from 
rigorously developed guidelines in detail to guide primary care physicians in deciding which 
screening interventions to use within a cardiovascular health check.

METHODS

Data sources and guideline selection
To identify appropriate guidelines, a literature search was performed by using MEDLINE and 
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CINAHL between January 1, 2003, and May 2, 2009. We supplemented this by searching the 
following 4 guideline-specific databases: the National Guideline Clearinghouse (United States), 
National Library for Health on Guidelines Finder(United Kingdom), Canadian Medical 
Association Infobase (Canada), and G-I-N International Guideline Library (http://www.g-i-n.
net). We restricted our search to national guidelines from the United States, Canada, the United 
Kingdom, Australia, and New Zealand and to international guidelines written in English.
The MEDLINE search syntax served as a basis for all search strategies. The syntax consisted of 
the following 3 elements intersected by the Boolean term “AND”:  1) subject headings and free 
text terms for interventions regarding the health check content (ie; risk assessment, screening, 
early detection, early diagnosis, early intervention, periodic evaluation, periodic examination, 
periodic check-up, prevention, and risk management); 2) subject headings and free text terms 
for conditions that could define high risk for CVD and CVD outcomes that should be prevented 
(ie, arteriosclerosis, atherosclerosis, hypertension, hyperlipidemia, diabetes, cardiovascular 
disease, coronary heart disease, cerebrovascular disease, peripheral vascular disease, heart 
failure, and aortic aneurysm); and 3) publication types and title words that cover clinical practice 
guidelines (ie, practice guideline, guideline, guidance, standards, statement, position paper, 
position stand, recommendation, and consensus). A search on a number of Websites of 
guideline development organizations was performed for additional relevant guidelines.  Details 
on the search syntax are provided in Appendix 1. Retrieved references were considered 
guidelines if they met the Institute of Medicine definition. We only considered guidelines 
recommending cardiovascular risk assessment specifically aimed to prevent a first CVD event. 
We excluded guidelines if they 1) did not contain recommendations involving the apparently 
healthy adult population, 2) were entirely focused on early detection of CVD, 3) were not 
produced on behalf of a professional organization, or 4) were not applicable to Western 
countries. In addition, only guidelines produced or updated from 2003 onward were eligible for 
inclusion to be more certain about the currency of guidelines (12).
Review of titles and abstracts was assessed independently by two of us (B.S.F. and E.B.C.). For an 
article to be excluded, both reviewers had to agree that the article was ineligible. For abstracts, 
discrepancies between the reviewers were discussed and resolved by consensus. The final 
selection for full data extraction was made by the first reviewer (B.S.F.) because of the broad 
array of potentially eligible guidelines.

Guideline quality assessment
We used the 7-item Rigor of Development domain of the Appraisal of Guidelines Research 
and Evaluation (AGREE) instrument (13) to determine the quality of development for each 
included guideline. This domain considers the reporting of 1) methods to search for evidence; 
2) criteria for selecting the evidence; 3) methods for formulating the recommendations; 4) 
health benefits, adverse effects, and risks; 5) supporting evidence; 6) procedures for external 
expert review; and 7) the update process. Each item is rated on a 4-point Likert scale. In 
conformity with the instructions (14), two of us (B.S.F. and J.J.V.) independently rated the 7 
items. Websites of guideline developers were examined by both reviewers for background 
information on the development processes followed. Average rigor scores were obtained by 
expressing the sum of individual item scores as a percentage of the maximum possible 
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23score. Reproducibility of the 2 reviewers’ average rigor scores was good, with an intraclass 
correlation coefficient of 0.78. We ranked included guidelines according to their average 
scores. Moreover, editorial independence from the funding body and external funding and 
disclosure of relationships with industry by individual guideline group members were 
assessed by one reviewer (B.S.F.).

Recommendation extraction
One reviewer (B.S.F.) extracted all relevant recommendations from each included guideline. 
General lifestyle advice was not considered. Subsequently, a recommendation matrix grouped 
by screen-detectable conditions was constructed. Each matrix was divided into 1) a methods 
section, 2) target group and delivery of screening, 3) recommended screening tests, and 4) 
thresholds for follow-up. Strength of recommendation was classified as “for,” “consider,” “not 
for not against,” “insufficient evidence,” and “against.” If possible, cardiovascular risk factors 
were classified into major, underlying, and emerging risk factors according to the World Heart 
and Stroke Forum 2004 scientific statement (42). In this report, we present only the 
recommendations of guidelines wwith an average rigor score of 50% or higher (indicating 
considerable rigor).

RESULTS

The search retrieved 1984 titles, of which 323 were identified as potentially eligible. Many were 
excluded on the basis of the abstract (n=209) and on review of the full report (n=87). Finally, 
27 guidelines relevant to cardiovascular risk assessment were included (Figure 1). Table 1 
summarizes the selected guidelines, together with the rigor score and conflict of interest 
results, categorized by the following screen-detectable conditions: total cardiovascular risk, 
dyslipidemia, hypertension, and dysglycemia (diabetes mellitus, impaired glucose tolerance, 
and/or impaired fasting glucose). Eleven guidelines did not report that they were developed 
independently from funding organizations or have a statement about conflicts of interest of 
group members. The development of 2 guidelines (from the New Zealand Guidelines Group 
[NZGG] and the National Health and Medical Research Council [NHMRC]) was funded by 
external governmental sources. Guidelines from the Canadian Diabetes Association (CDA) 
and the International Diabetes Federation (IDF1 and IDF2) were financially supported by 
industry partners. Although sponsors did not take part in the development of these guidelines, 
commercial organizations were allowed to comment on draft versions of the IDF1. Only 2 
guidelines (from the American Heart Association [AHA1] and the CDA) reported that recusal 
of group members with conflicts of interest was accomplished when relevant areas were 
under discussion.
Seventeen of the 27 guidelines had an average rigor score equal to or greater than 50%. 
Recommendations for total cardiovascular risk assessment extracted from these guidelines 
are demonstrated in Table 2, excluding the recommendation of the AHA2 guidelines that did 
not explicitly describe treatment thresholds. Advice concerning screening primarily for single 
risk factors (dyslipidemia, hypertension, and dysglycemia) are tabulated in Tables 3, 4, and 5.
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Areas of agreement
Recommendations of 16 of 17 guidelines supported risk assessment. In general, there was 
consensus on how screening tests should be administered to the target population. A selective 
screening approach based on prior knowledge of patient characteristics (record-based 
screening) or during non-preventive patient visits (case finding or opportunistic screening) 
was advocated in 10 of 17 guidelines. A mass screening approach was suggested as an 
alternative by only 1 guideline (from the National Heart, Lung, and Blood Institute [NHLBI]). 
Many guidelines recommended integrating age, sex, smoking, blood pressure, and lipid levels 
into total cardiovascular risk assessment by using prediction models (Tables 2 and 3). In only 2 
hypertension guidelines (from the US Preventive Services Task Force [USPSTF2] and the AHA2 
guidelines) were treatment decisions merely guided by elevated blood pressure levels (Table 4). 
The recommended prediction models were all based on the concept that CVD is best predicted 
by multiple risk factors and that these risk factors interact. If a risk score was not recommended 
as a primary screening test, it was frequently used to guide treatment in a second stage for 
individuals with elevated single risk factors (USPST1 and NHLBI guidelines).
Thresholds for initiation of treatment were based on short-term (5- or 10-year) risk for CVD, 
with exceptions often made for those with extreme levels of single risk factors. In general, the 
same thresholds across guidelines were used for the initiation of treatment with aspirin, 
statins, and antihypertensives. The guideline from the European Society of Cardiology for total 
cardiovascular risk assessment (ESC1) used a higher threshold for the use of aspirin because of 
the risk for major gastrointestinal tract bleeding. The ESC1 guideline may represent a common, 
cautious European viewpoint. However, we did not observe a more conservative attitude with 
respect to preventive treatments among the European guidelines compared with the others.
Guidelines that specifically covered dysglycemia screening were mainly focused on selecting 
individuals for interventions to lower glucose levels and did not report or were short on 
initiation of statin and aspirin therapy (Table 5). Guidance for these treatments was based on 
single risk factors, and none of the recommendations contained models predicting CVD. Fasting 
glucose level was usually the test of first choice, except for 1 guideline (ESC3) in which an 
antecedent risk score for developing type 2 diabetes mellitus was recommended. Although 
guidelines did not make firm statements about screening intervals, frequently reported periods 
of screening for individuals at low risk were 5 years for total cardiovascular risk and dyslipidemia 
screening, 2 years for hypertension screening, and 3 years for dysglycemia screening. Only 2 
guidelines based these intervals on modelling studies (NZGG and USPSTF3).

Areas of disagreement
We found no consensus on target populations for screening among the recommendations 
(Tables 2, 3, 4, and 5). Target groups varied from middle-aged and younger adults with and 
without risk factors to unspecified patients asking for screening themselves. From these 
recommendations, health checks that included assessment of lipid levels, blood pressure, and 
dysglycemia could be designed that would start at 20 years of age (using the NLHBI, USPSTF2, 
and ESC3 guidelines) or that would start at middle age (eg, using the guidelines from the 
Scottish Intercollegiate Guidelines Network [SIGN] and the NHMRC guidelines).
Guidelines on total cardiovascular risk, dyslipidemia, and hypertension screening (Tables 2, 3, 
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most frequently recommended risk modifiers not included in formal risk assessment were a 
family history of premature CVD, obesity, and socioeconomic deprivation. In the total 
cardiovascular risk recommendations, only 1 prediction model (the ASSIGN score) was used 
that incorporated some of these risk factors, namely, family history and socioeconomic status 
in addition to the major risk factors. Other total cardiovascular risk guidelines provided 
instructions for simple multiplication of the predicted risk by the relative risk of the additional 
risk factor (guidelines from the National Institute for Health and Clinical Excellence [NICE] and 
Canadian Cardiovascular Society [CCS]) or only made general statements about the relative 
contribution to the total cardiovascular risk estimation (SIGN, AHA1, NZGG, and ESC1 and 
guidelines from the World Health Organization [WHO]).
Recommendations for dysglycemia screening (Table 5) varied in strength. For example, for 
a 60-year-old patient without risk factors, screening could both be not supported and 
recommended at the same time, depending on which guideline the physician follows. 
Discrepancies in decision making could also occur with regard to the initiation of treatment 
guided by total cardiovascular risk (Table 2). Apart from differences in thresholds indicating 
high risk, recommended risk models varied over the use of datasets, predictors, and endpoints, 
including fatal and non-fatal CVD outcomes. For example, the NICE, SIGN, CCS, and NHLBI 
guidelines all used a threshold of 20% to define high risk. The NICE guidelines recommended 
the 1991 Framingham model using coronary artery disease and stroke events as a composite 
endpoint, whereas the CCS and NHLBI guidelines used Framingham models for predicting 
coronary artery disease alone (ie, without stroke). The SIGN guideline endorsed the ASSIGN 
score, which includes coronary artery disease, heart failure, aortic aneurysm, peripheral arterial 
disease, and stroke. Because of this lack of consistency, making comparisons of recommended 
indications for aspirin, statin, and antihypertensive therapy and intensive lifestyle changes is 
not straightforward.

COMMENT

We identified 27 guidelines involving cardiovascular risk assessment that could be performed 
within a cardiovascular health check. A great variation in rigor of development and 
transparency about conflicts of interest was found among the guidelines. Guidelines on 
screening for total cardiovascular risk and dyslipidemia embraced, to a different extent, 
decision making based on multiple risk factors. This approach contrasted with the 
recommendations for hypertension and dysglycemia screening, which focused on single risk 
factors. Most of the guidelines supported a selective screening strategy. We found differences 
between guidelines with respect to the selection of target groups, screening tests in addition 
to those for major CVD risk factors, and treatment thresholds. Different statements about 
strength were given to recommendations that considered comparable patient populations 
with respect to dysglycemia screening. No firm recommendations could be made for screening 
intervals in people at low risk for developing a first cardiovascular event.
Previously published reviews of CVD prevention guidelines were not systematically performed 
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or did not use a validated instrument to assess the quality of identified guidelines (43,44). We 
used a sensitive search strategy to identify guidelines and the AGREE instrument to select 
guidelines of considerable quality. This article can therefore be of additional value to already 
available guideline compendiums and libraries such as the US National Guideline 
Clearinghouse and the UK National Library for Health because these libraries depend on 
submissions by guideline organizations. Although a guideline synthesis tool can be found on 
the National Guideline Clearinghouse Web site (45), this tool is only available for a sample of 
US guidelines.
Despite a number of strengths, there are several limitations that could have biased our 
findings. First, the AGREE instrument considers the whole guideline and is not intended for 
individual recommendations. However, a global appraisal will probably reflect the quality of 
the individual recommendations to some extent. Second, AGREE evaluates a guideline’s 
construction process and not the quality of its content. It is beyond the scope of this review to 
appraise the quality of the evidence underpinning the recommendations. However, an 
analysis of underlying evidence should be considered when evaluating guidelines. One would 
expect that the quality of the development methods correlates with the quality of the content, 
but it may be possible to create a solid guideline with a poor process. Third, only 2 reviewers 
rated the AGREE rigor items, and a more precise estimate would be obtained if we could have 
used more resources. Finally, our search strategy’s sensitivity could be improved. We did not 
use a search engine for an Internet search, and therefore we might have missed some eligible 
guidelines.
The finding that many guidelines recommended multivariable risk assessment conforms 
with historical developments. The rationale of its use is explained by studies showing that 
arbitrary elevations of single risk factors are of little clinical relevance when they are 
interpreted separately from other risk factors (46). The performance of multivariable risk 
assessment mainly depends on the selection of appropriate risk predictors. Prediction models 
using the traditional major risk factors may be updated through inclusion of emerging risk 
factors (47). However, the additional prognostic value is often questionable (48,49). Few of the 
reviewed guidelines used a prediction model incorporating 1 or more of the emerging risk 
factors. The value of general statements about their contribution to risk seems ambiguous if 
consistency of health care is intended.
Implementation of cardiovascular risk assessment into practice has been shown to be difficult 
(50). It is questionable whether the generally recommended opportunistic screening strategy 
could overcome this problem. Arguments in favour of opportunistic screening originate from 
disappointing results of population based periodic health examinations and nurse-led 
cardiovascular health checks (5,51,52). Although health information technology may in part 
solve difficulties (53), the sheer volume of preventive care tasks per patient visit would put an 
overwhelming pressure on the workload of primary care physicians (54). Periodically inviting 
individuals for a preventive visit using already recorded determinants could be a valuable 
alternative. The workload and cost-effectiveness of this strategy will depend on risk factor 
distributions in the selected target populations and applied thresholds that indicate elevated 
risk. Given the controversy about target populations, treatment thresholds, and screening 
intervals, we advocate a decision-analytic approach to resolve these issues (55).
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added value with screening, those on screening for dysglycemia sometimes disagreed. The 
case for dysglycemia screening has been uncertain in the absence of randomized trials but 
becomes stronger with the rising prevalence of overweight (56). Because CVD is by far the 
leading cause of mortality in persons with diabetes mellitus, preventing CVD seems more 
crucial than reducing microvascular complications. Although intensive lowering of glucose 
levels in longstanding diabetes has not been shown to reduce CVD, in patients with newly 
diagnosed diabetes it may be beneficial (57,58). The efficacy of statins has been shown in a 
meta-analysis of 14 randomized controlled trials (59). The use of aspirin therapy in diabetes, 
however, is still controversial (60,61). Included guidelines were predominantly focused on 
selection of individuals for therapy to lower glucose levels but were not unanimous with 
regard to statins. Some guidelines advised that all patients with diabetes should receive a 
statin, whereas most allocated statins only to those with raised cholesterol levels in addition 
to diabetes. However, sustained benefits of statins are seen even in diabetic patients with low 
cholesterol levels (59), and thus it is argued that the decision for statin therapy in diabetes 
should also be based on total cardiovascular risk irrespective of initial cholesterol levels (62). 
Recommended risk models do not incorporate dysglycemia as a covariate or perform poorly in 
estimating CVD risk in diabetes (62,63). Prediction models specifically developed for people 
with dysglycemia (64,65) exist but have to be validated. Integration of dysglycemia screening 
within a cardiovascular health check thus remains complex.
Some guidelines provided recommendations to select high-risk individuals for aspirin use. 
Recommended treatment thresholds for aspirin were predominantly the same as those for 
statins and fixed according to sex and age. These recommendations contrast with the recent 
conclusions of the USPSTF (66), which established its guidance on an assessment of the net 
benefit of aspirin, determined by the potential preventable number of CVD events and the 
potential harm due to gastrointestinal tract hemorrhages. The USPSTF’s thresholds for aspirin 
use depend on age and sex because the risk for serious bleeding increases with age and 
among men. The approach for aspirin use as demonstrated in the USPSTF guideline could lead 
to more individualized decision making. However, this approach can be made more 
sophisticated through expression of the benefit and harm in utility measures and might then 
also be applicable to the provision of other preventive treatments. 

CONCLUSIONS

We identified guidelines providing recommendations for various screening interventions that 
can be performed within cardiovascular health checks. By using different recommendations, 
there are several ways to integrate multiple screening interventions into a single program. 
Although methods for guideline adaptation are available (10), our purpose was not to create 
one international set of recommendations. Nevertheless, physicians can easily adopt the 
presented recommendations applicable to their own health context. However, they should be 
wary of the differences, which can have important consequences for selection of individuals 
for preventive interventions (67). In addition, physicians should be able to balance the utility 
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and disutility of potential lifelong preventive treatment. Complete and unbiased information 
on benefits and harms is thus desirable. Transparency about how judgments have been made 
within guidelines allows physicians to make informed decisions on adopting recommendations 
(68). Disclosure of conflicts of interest allows the industry influence on guideline development 
and the professional integrity of guideline group members to be assessed (69). The AGREE 
rigor scores of many guidelines demonstrated poor quality, and several guidelines lacked 
statements about conflicts of interest. We therefore encourage physicians to use the tabulated 
guidelines with higher AGREE rigor scores and unambiguous declarations about conflict of 
interest from this review for organizing their cardiovascular health checks. 
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Figure 1. Summary of guideline search and review process. 
Numbers of guidelines at each step of the process are indicated. Group totals may exceed the reported numbers for the 
excluded articles at abstract and full text level because several reasons for exclusion were allowed. CMA indicates 
Canadian Medical Association; CVD, cardiovascular disease; and NGC, National Guideline Clearinghouse.

  209  Excluded
 17 No useful information
 76 Not part of guideline
 2 Not English language
 16 Not most recent version
 5 Target population <18 y
 2 Not produced by speciality organization
 7 Not applicable to selected countries
 17 Not pannational or national
 21 Not focused on screening
 31 Not asymptomatic population
 18 Background piece

      87  Excluded
 1 Irretrievable
 13 Not part of guideline
 4 Developed before 2003
 3 Not produced by specialty organization
 10 Not pannational or national
 6 Background piece
 8 Not most recent version
 9 Not focused on CVD screening
 12 Not asymptomatic population
 17 Early detection of CVD
 4 Adapted from existing guideline
 4 Other reasons

 27 Included guidelines

 114 Full text reviewed

1416  Excluded

245  Duplicates

1984 Citations identified
 277 NGC
 180 National Library for Health
 58 CMA Infobase
 1295 MEDLINE
 114 CINAHL
 19 Web sites

 323 Abstracts reviewed

 1739 Titles reviewed
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ABSTRACT

Objectives
The purpose of this study was to critically appraise guidelines on imaging of asymptomatic 
coronary artery disease (CAD).

Background
Various imaging tests exist to detect CAD in asymptomatic persons. Because randomized 
controlled trials are lacking, guidelines that address the use of CAD imaging tests may disagree.  

Methods
Guidelines in English published between January 1, 2003, and February 26, 2010, were retrieved 
using MEDLINE, Cumulative Index to Nursing and Allied Health Literature, the National 
Guideline Clearinghouse, the National Library for Health, the Canadian Medication Association 
Infobase, and the Guidelines International Network International Guideline Library. Guidelines 
developed by national and international medical societies from Western countries, containing 
recommendations on imaging of asymptomatic CAD were included. Rigor of development was 
scored by 2 independent reviewers using the Appraisal of Guidelines Research and Evaluation 
(AGREE) instrument. One reviewer performed full extraction of recommendations, which was 
checked by a second reviewer.

Results
Of 2,415 titles identified, 14 guidelines met our inclusion criteria. Eleven of 14 guidelines reported 
relationship with industry. The AGREE scores varied across guidelines from 21% to 93%. Two 
guidelines considered cost effectiveness. Eight guidelines recommended against or found 
insufficient evidence for testing of asymptomatic CAD. The other 6 guidelines recommended 
imaging patients at intermediate or high CAD risk based on the Framingham risk score, and 5 
considered computed tomography calcium scoring useful for this purpose.

Conclusions
Guidelines on risk assessment by imaging of asymptomatic CAD contain conflicting 
recommendations. More research, including randomized controlled trials, evaluating the 
impact of imaging on clinical outcomes and costs is needed.
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43INTRODUCTION

As many as 50% of myocardial infarctions occur in persons without a known history of 
symptomatic coronary artery disease (CAD) (1). To diminish disease burden, primary prevention 
on the individual level is currently rendered by targeting high-risk subjects, who are identified 
by office-based risk assessment using multiple traditional cardiovascular risk predictors: age, 
sex, smoking, lipid levels, and blood pressure. Screening using these traditional predictors, 
however, misses a considerable proportion of persons who will suffer from coronary events (2). 
Because symptomatic CAD has a pre-clinical detectable phase (i.e., coronary atherosclerosis), 
early detection of CAD in apparently healthy persons may be an important substitute for or 
supplement to risk assessment based on the traditional risk factors.
Because technical developments have created various imaging techniques to assess a patient’s 
coronary condition, clinicians are faced with multiple options to choose from. Before a doctor 
decides to test for asymptomatic disease, the intervention should meet a set of specific 
screening criteria ([3], [4] and [5]). Hence, clinicians and decision makers usually rely on clinical 
practice guidelines in which recommendations are made on the basis of these criteria. As 
opposed to cancer screening, few large randomized controlled trials (RCTs) studying the effect 
of early detection of CAD on event rates within an asymptomatic population have been 
performed. In absence of RCTs demonstrating a net health benefit of imaging, the weighing of 
harms and benefits is more likely to result in different judgments, and therefore, conflicting 
recommendations. Therefore, a critical appraisal of guidelines and review of the agreements 
and the differences among recommendations can serve as a guide for deciding which imaging 
tests to use in clinical practice.
For this purpose, we systematically reviewed guidelines containing recommendations on 
imaging of asymptomatic CAD within the general population.

METHODS

Data sources and searches
To identify appropriate guidelines, the literature search used for a previous article on 
cardiovascular risk assessment (6) was updated and covered a period from January 1, 2003, to 
February 26, 2010. Briefly, MEDLINE, Cumulative Index to Nursing and Allied Health Literature 
(CINAHL), and 4 guideline databases - the National Guideline Clearinghouse (United States), 
the National Library for Health (United Kingdom) on Guideline Finder, Canadian Medical 
Association Infobase (Canada), and the Guidelines International Network (G-I-N) International 
Guideline Library - were searched. Searches were limited to guidelines from the United States, 
Canada, United Kingdom, Australia, and New Zealand, and international guidelines in the 
English language. A search on websites of guideline development organizations was performed 
for additional guidelines. Details on the search syntax are provided in Appendix 1.

Study selection
Articles were considered if they met the Institute of Medicine definition for clinical practice 
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guidelines. The Institute of Medicine defines clinical practice guidelines as “systematically 
developed statements to assist practitioner and patient decisions about appropriate health 
care for specific clinical circumstances.” If doubt existed whether a report met this definition or 
not, we verified eligibility by checking the inclusion of similar reports in the National Guideline 
Clearinghouse. This database also uses the Institute of Medicine definition. For this reason, we 
also considered American Heart Association (AHA) expert consensus documents and scientific 
statements, and American College of Cardiology Foundation (ACCF) appropriateness criteria reports. 
We included guidelines if they: 1) contained recommendations on imaging of asymptomatic 
CAD specifically aimed to prevent a first coronary event; 2) involved apparently healthy persons, 
that is adults without, for example, diabetes mellitus; and 3) were produced on behalf of a 
national or international medical specialty society. For completeness, we also included guidelines 
on electrocardiography and exercise tolerance tests, because these tests are traditionally used 
in the diagnosis of CAD.
The SRS 4.0 (Mobius Analytics, Ottowa, Ontario, Canada), a web-based software package 
developed for systematic review data management, was used. Review of titles and abstracts 
was performed independently by 2 reviewers (B.S.F. and E.B.C.). For a paper to be excluded, both 
reviewers had to agree that the article was ineligible. For abstracts, disagreements between 
the reviewers were discussed and resolved by consensus. The final selection based on the full 
text was performed by the first author.

Data extraction and quality assessment
One reviewer (B.S.F.) extracted all relevant recommendations from each included guideline. A 
second reviewer (T.S.S.G.) checked the results obtained for accuracy and completeness. 
Discrepancies were resolved by consensus. Each guideline could provide 1 or more relevant 
recommendations. Data extracted on a guideline level included the reported methodology for 
evidence synthesis, and formulating of recommendations. On the recommendation level, we 
extracted data on consideration of cost effectiveness, the target population, the strategy for 
delivery of the test, coronary atherosclerosis tests, intervention, and follow-up. In addition, the 
strength of the recommendation was classified as “for,” “consider,” “not for, not against,” 
“insufficient evidence,” or “against.” We assessed the quality of development for each included 
guideline using the 7-item Rigor of Development domain of the Appraisal of Guidelines 
Research and Evaluation (AGREE) instrument (7). This domain considers the reporting of: 1) 
methods to search for evidence; 2) criteria for selecting the evidence; 3) methods for formulating 
the recommendations; 4) consideration of health benefits, side effects, and risks; 5) supporting 
evidence; 6) procedures for external peer review; and 7) the update process. Each item was 
independently rated on a 4-point Likert scale by 2 reviewers (B.S.F. and T.S.S.G.). Websites of 
guideline developers were examined by both reviewers for additional information on the 
development processes. For each reviewer, AGREE scores were calculated as a percentage using 
the sum of the 7 items and the maximum possible score. If the total AGREE scores of the 2 
reviewers differed >20%, a third independent reviewer (J.J.V.) also assessed the guideline. Final 
rigor scores were calculated by averaging the AGREE scores from all reviewers. Three guidelines 
([8], [9] and [10]) were rated by 3 reviewers. We ranked included guidelines according to their 
score. Editorial independence from funding body, external funding, proportion of guideline 
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industry of peer reviewers were assessed by 1 reviewer (B.S.F.) and checked by a second reviewer 
(T.S.S.G.). Discrepancies were resolved by consensus.

Data synthesis and analysis
A table for comparison of the recommendations from the selected guidelines was constructed. 
The table was divided into 1) methodology of guideline development; 2) consideration of cost 
effectiveness regarding the recommendation; 3) target group and delivery of early detection; 4) tests 
considered; and 5) thresholds for intervention and follow-up. Agreement between reviewers on 
AGREE scores was assessed using the intraclass correlation coefficient. Given the limited 
number of guidelines, only explorative quantitative analyses were possible. We examined the 
correlation between the proportion of guideline panel members who reported relationships 
with industry and the AGREE score with guidelines as units of analysis. Furthermore, we examined 
whether the proportion of panel members with industry relationships and the AGREE score 
were associated with a positive recommendation (“consider” or “for”) by logistic regression. 
Two guidelines that had no explicit statement on conflicts of interest of panel members were 
excluded from the analyses. An alpha level of 0.05 was used to indicate statistical significance. 
All analyses were performed using SPSS, version 15.0 (SPSS Inc., Chicago, Illinois).

RESULTS

Selected guidelines
Fourteen guidelines ([8-22]) relevant to testing of asymptomatic CAD were eligible for full data 
extraction (Figure 1). Table 1 summarizes the selected guidelines, together with AGREE score 
and conflict of interest results. Most guidelines (10 of 14) were developed in the United States. 
The AGREE scores varied from 21% to 93%, with a median AGREE score of 57%. Reproducibility of 
the 2 reviewers’ average AGREE scores was good, with an intraclass correlation coefficient of 0.76. 
Examples of low scoring guidelines are the ACCF appropriateness criteria reports (ACCF2-4) 
([20], [21] and [22]). These guidelines provided excellent information on the methods followed 
for achieving consensus and formulating recommendations, but did not contain detailed 
information on the search strategy used to identify the evidence. Although “a standardized 
literature review” was performed for these reports, key words used in the search strategy, and 
inclusion and exclusion criteria for selecting articles were not reported. In addition, these 
guidelines did not explicitly discuss benefits and harms of recommendations and methodology 
for guideline updating.
Twelve of the 14 guidelines contained disclosure of relationships with industry, and in 11, at 
least 1 panel member declared having a relevant financial relationship. In this limited set of 
12 guidelines, no relationship between the AGREE score and the proportion of panel members 
with an industry relationship was observed (Pearson’s correlation r = -0.205; p = 0.523).

General findings among the recommendations
The 14 included guidelines contained 26 recommendations on testing of asymptomatic CAD 
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(Table 2). The following tests were considered: computed tomography (CT) calcium scoring, CT 
angiography, magnetic resonance (MR) angiography, single-photon emission computed tomography 
(SPECT), positron emission tomography (PET), stress echography, resting electrocardiography, and 
exercise tolerance testing. The majority of guidelines, except for the Canadian Cardiovascular 
Society (CCS) 2 guideline (19), were based on a comprehensive review including study quality 
assessment. Apart from the Canadian Association of Radiologists (CAR) (18) and CCS2 (19) 
guidelines, a grading system for assigning the level of evidence was used. Evaluation of cost 
effectiveness of recommended tests was explicitly done in only 2 guidelines, the U.S. Preventive 
Services Task Force (USPSTF) 1 (11) and ACCF1 (15) guidelines, by reviewing decision modeling 
studies on exercise tolerance testing ( [23], [24] and [25]) and CT calcium scoring ( [26] and [27]), 
respectively. However, both guideline groups were unable to find a sufficient number of high-
quality cost-effectiveness analyses on which to base their recommendations. In other guidelines 
(ACCF2 [20] and ACCF4 [22]), group members were requested to consider costs in their decision 
making as well, but this was not based on a review of cost-effectiveness studies or decision 
analyses.
Eight of the 14 guidelines recommended against or concluded that there is insufficient 
evidence for testing of asymptomatic CAD. In the remaining 6 guidelines (ACCF1 [15], AHA2 [8], 
National Cholesterol Education Program [NCEP] [[16] and [17]], CAR [18], CCS2 [19], and ACCF2 
[20]), testing was only advocated for patients with an a priori elevated risk level based on 
absolute CAD risk or multiple risk factors. Generally, risk was determined by Framingham risk 
equations for estimation of a 10-year risk for coronary events (fatal and nonfatal) using the 
categories <10%, 10% to 20%, and >20% for, respectively, low, intermediate, and high risk. 
However, 2 guidelines (CAR [18] and CCS2 [19]) did not specify any criteria for low, intermediate, 
and high risk. None advocated a universal screening approach or screening based on an age 
criterion alone. Whether a guideline contained a recommendation that supports testing or not 
did not statistically significantly depend on AGREE score or proportion of panel members with 
industry relationships. Adjusted odds ratios per 10% increase were 0.73 (95% confidence 
interval: 0.41 to 1.33) and 0.68 (95% confidence interval: 0.35 to 1.32), respectively.
The indications for further testing and primary preventive measures were not described in 
much detail. Overall, in guidelines that recommended for consideration of testing of 
asymptomatic CAD within an intermediate-risk population (ACCF1 [15], AHA2 [8], NCEP [ [16] 
and [17]], CAR [18], and CCS2 [19]), all (previous intermediate risk) subjects were marked as high 
risk after a positive test. None of these guidelines contained recommendations in which 
traditional prediction models were updated by including test results as covariate. In addition, 
none of the guidelines reported whether the tests should be performed once or periodically in 
case of a negative test result.

CT calcium scoring
Most guidelines (10 of 14) considered the CT calcium score as a test for improvement of total 
coronary risk assessment based on traditional risk factors. Among these 10 guidelines (USPSTF1 
[11], USPSTF2 [12], New Zealand Guidelines Group [NZGG] [13], ACCF1 [15], CCS1 [10], AHA2 [8], 
NCEP [[16] and [17]], CAR [18], CCS2 [19], and ACCF4 [22]), 4 guidelines (ACCF1 [15], AHA2 [8], NCEP 
[[16] and [17]], and CCS2 [19]) concluded that there was sufficient evidence for consideration of 
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47its use, and 1 guideline (CAR) (18) recommended for its use. These guidelines recommended CT 
calcium scoring solely in an intermediate CAD risk population. In contrast, the USPSTF2 (12), 
NZGG (13), and ACCF4 (22) guidelines concluded that there is insufficient evidence for the 
intermediate-risk population. For low CAD risk persons and persons already known to be at 
high CAD risk, guidelines were unanimous in not advocating CT calcium scoring.

Electrocardiography and exercise tolerance testing
The USPSTF1 guideline (11) recommended against performing electrocardiography testing in a 
low-risk population and found insufficient evidence for subjects at elevated risk. No other 
guidelines provided recommendations for this test. Exercise tolerance testing was considered in 
4 guidelines (USPSTF1 [11], NCEP [ [16] and [17]], CCS1 [10], and AHA3 [9]): 1 (NCEP [ [16] and [17]]) 
recommended considering testing, and 3 (CCS1 [10], USPSTF1 [11], and AHA3 [9]) were inconclusive.

Myocardial perfusion imaging
Single-photon emission computed tomography was considered in 3 guidelines (AHA2 [8], NCEP 
[[16] and [17]], and ACCF2 [20]), of which 2 (AHA2 [8] and NCEP [[16] and [17]]) also considered 
PET. The AHA2 guideline (8) recommended against any use of myocardial perfusion imaging in 
asymptomatic subjects, whereas the NCEP ([16] and [17]) and ACCF2 (20) guidelines 
recommended its use for different target populations: either for intermediate-risk subjects 
(NCEP [ [16] and [17]]) or solely for those at high risk (ACCF2 [20]).

CT angiography and MR angiography
The AHA1 (14), CAR (18), CCS2 (19), and ACCF4 (22) guidelines considered these tests for the 
asymptomatic population. None of these guidelines advocated their use. For subjects at high 
risk, insufficient evidence was found by the ACCF4 guideline (22).

Stress echocardiography
Only 1 guideline (ACCF3 [21]) provided recommendations for stress echocardiography. For adults at 
high risk, insufficient evidence was found for its use; for the remaining asymptomatic population, 
stress echocardiography is not justified according to the ACCF3 guidelines (21).

DISCUSSION

In summary, we identified 14 guidelines on testing of asymptomatic CAD. In the development 
of most guidelines, relationships with the industry were present. A considerable number of 
guidelines achieved a low AGREE score. Various inconsistencies were observed among the 
guidelines regarding interpretation of the value of early detection of CAD. Many guideline 
groups recommended against testing of asymptomatic CAD or concluded that there is 
insufficient evidence. The guidelines that contained recommendations to consider testing of 
asymptomatic CAD only reported benefit for those at elevated risk, that is, those who were 
either at intermediate or high absolute risk for having a CAD event. The majority of these 
guidelines supported consideration of CT calcium scoring in case of intermediate CAD risk.
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Some possible limitations of this review deserve attention. First, only guidelines developed by 
national or international medical specialty organizations were reviewed. Hence, guidelines 
developed by local organizations, private organizations, and individual experts were not 
considered. An example of an often-cited guideline, therefore, not included is the Society for 
Heart Attack Prevention and Eradication (SHAPE) guideline (28). The SHAPE guideline 
recommends periodic measurement of coronary calcium or carotid intima-media thickness in 
all asymptomatic men ages 45 to 75 years and women ages 55 to 75 years except those defined 
at very low risk. Such a universal screening approach is, however, not advocated by any of the 
guidelines included in this systematic review. Second, we used the AGREE instrument, which 
provides an overall score of the construction process of guidelines, not components. Although 
we expect that the quality of development across the whole guideline influences the quality of 
individual recommendations, in theory, a solid recommendation could be created within a 
poorly developed guideline and vice versa. Third, the AGREE instrument only considers the 
reported information related to the development of the guideline. The actual quality of the 
guideline development can, therefore, not be fully captured. For example, guideline groups that 
performed a full search for evidence and that did not report detailed information on the search 
strategy followed, received a low AGREE score for this item. In reality, the search followed may 
be adequate for identifying solid evidence. Fourth, it was difficult to quantify the true degree 
of influence by industry relationships, also because guidelines did not report payment amounts. 
Fifth, the ability to detect statistically significant relationships in the quantitative analyses, 
such as an association between industry relationships and the likelihood of a positive 
recommendation, was limited owing to the small set of included guidelines.
The disagreements on the value of early detection of CAD across the guidelines could partly be 
explained by the paucity of experimental research. A search on ClinicalTrials.gov (29) up to 
March 22, 2010, using search terms “coronary artery disease” and “prevention” or “screening,” 
provided 97 interventional studies. We found 5 RCTs on the effect of early detection of CAD 
versus current practice of risk assessment using traditional risk factors. Only 1 RCT (ClinicalTrials.
gov identifier: NCT00927693) was conducted in an apparently healthy population, with CT 
calcium scoring as the intervention. The study’s results on hard endpoints are, however, not yet 
published (30). One RCT (ClinicalTrials.gov identifier: NCT00769275) was performed in a 
population with diabetes and revealed no effect of screening by myocardial perfusion scans on 
cardiac event rates, although event rates in the screened and not-screened groups were low, 
and no standardized preventive treatment strategy was used (31). Other RCTs (ClinicalTrials.gov 
identifiers: NCT00431977, NCT00488033, and NCT00547872), on CT angiography and exercise 
tolerance testing, were also conducted in diabetic patients, and are still ongoing.
Patients with subclinical atherosclerosis identified by accurate imaging tests can be expected 
to benefit from preventive treatment because they are at elevated risk for an event. Ideally, 
decision making as to whether imaging individual patients is beneficial should be based on 
RCTs comparing preventive measures guided by imaging versus not imaging and evaluating 
CAD event rates as outcome. Such RCTs are, however, expensive and time-consuming and not 
always feasible. In the absence of these RCTs, one would want to combine data from trials 
evaluating the effect of preventive measures with data from cohort studies reporting the 
association between imaging test results and CAD event rates. Qualitatively weighing 
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49and combining the relevant harms and benefits, as was done in the development of the 
reviewed guidelines, is difficult and may lead to different judgments about net health gains. 
Disagreements across guidelines can occur for other reasons, including different judgments 
about which research is relevant; risk of biases in selected research; the applicability of the 
research findings to the key questions; the relative importance of the anticipated costs; and 
also poor guideline development processes and conflicts of interests (32). We explored whether 
the latter 2 influenced the variation in recommendations, but found no evidence for this in the 
limited set of guidelines reviewed. Quantitatively, as opposed to qualitatively, weighing harms 
and benefits can be done using decision models that integrate the best-available evidence 
from multiple sources. Beneficial effects, adverse effects, and incurred costs of preventive 
treatment and follow-up can be summarized in an incremental cost-effectiveness ratio. In a 
few of the included guidelines, decision modeling studies were discussed; however, their 
quality was considered too low for policy making.
The recommended methods of refining CAD risk stratification using imaging test results can 
be improved by updating existing prediction models (33). None of the guidelines contained 
recommendations for the use of prediction models combining traditional risk factors and test 
results to calculate a new risk estimate. Instead, the Framingham-based intermediate risk (10% 
to 20% 10-year CAD risk) is reclassified to high risk (a 10-year CAD risk >20%), if the test result 
is positive, rather than updating the risk estimate. This approach has limitations. First, it 
requires consensus on these risk categories, which is not the case. Second, validity of the 
reclassified risk might become an issue. A positive test result may not elevate the predicted 
absolute CAD risk to the level of high risk if the subject was at the lower end of the intermediate 
risk distribution, for example, if the 10-year CAD risk was between 10% and 15% (34). Reported 
risk ratios of asymptomatic CAD adjusted for traditional risk factors, which might reclassify 
individuals, are usually derived from a comparison with a reference group without or with low 
indication for asymptomatic CAD ([34], [35], [36] and [37]). However, converting a risk ratio to 
absolute risk also depends on the distribution of the risk marker within the general population, 
which consists of subjects with and without this risk marker (38). Finally, a communication of a 
refined numerical risk theoretically offers a benefit in informing patients. Thus, we believe that 
future research should also focus on the value of updating traditional prediction models.

CONCLUSIONS

Guidelines on risk assessment by imaging of asymptomatic CAD contain conflicting recommendations. 
More research, including RCTs, evaluating the impact of imaging on clinical outcomes and 
costs is needed.
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Figure 1. Literature search and selection
Numbers of guidelines for each step of the process are indicated. Group totals may exceed the reported numbers for the 
excluded articles at abstract and full text level because several reasons for exclusion were allowed. CAD = coronary artery 
disease; CINAHL = Cumulative Index to Nursing and Allied Health Literature; CMA = Canadian Medical Association; G-I-N = 
Guidelines International Network; NGC = National Guideline Clearinghouse.

Excluded (n = 268 )
No useful information: 25
Not part of guideline: 103
Not English language: 2
Not most recent version: 16 
Target population <18 y: 6
Not produced by specialty organization: 2 
Not applicable to selected countries: 9
Not national or international: 18 
Not focused on screening: 28
Not asymptomatic population: 49 
Background piece: 21

Excluded (n = 134 )
Irretrievable: 1
Not part of guideline: 21 
Developed before 2003: 4 
Not most recent version: 9
Not produced by specialty organization: 4 
Not national or international: 13  
Not focused on screening: 14
Not asymptomatic population: 16
Background piece: 6
Adapted from existing guideline: 6 
Not focused on detection of asymptomatic 
CAD: 43
Other reasons: 4

Included guidelines (n = 14)

Full text reviewed (n = 148 ) 

Excluded (n = 1999)

Duplicates (n = 274)

Citations identified (n = 2689) 
    NGC: 312 
    National Library for Health: 222 
    G-I-N: 241 
    CMA infobase: 116 
    MEDLINE: 1602
    CINAHL: 171
    Web sites: 25

Abstracts reviewed (n = 416 )

Titles reviewed  (n = 2415)
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ABSTRACT

Objectives 
Usually, physicians base their practice on guidelines, but recommendations on the same topic 
may vary across guidelines. Given the uncertainties regarding abdominal aortic aneurysm 
(AAA) screening, physicians should be able to identify systematically and transparently 
developed recommendations. We performed a systematic review of AAA screening guidelines 
to assist physicians in their choice of recommendations.

Methods 
Guidelines in English published between January 1, 2003 and February 26, 2010 were retrieved 
using MEDLINE, CINAHL, the National Guideline Clearinghouse, the National Library for Health, 
the Canadian Medication Association Infobase, and the G-I-N International Guideline Library. 
Guidelines developed by national and international medical societies from Western countries, 
containing recommendations on AAA screening were included. Three reviewers independently 
assessed rigor of guideline development using the Appraisal of Guidelines Research and 
Evaluation (AGREE) instrument. Two independent reviewers performed extraction of 
recommendations.

Results
Of 2415 titles identified, seven guidelines were included in this review. Three guidelines were 
less rigorously developed based on AGREE scores below 40%. All seven guidelines contained a 
recommendation for one-time screening of elderly men by ultrasonography to select AAAs 
≥ 5.5 cm for elective surgical repair. Four guidelines, of which three were less rigorously 
developed, contained disparate recommendations on screening of women and middle-aged 
men at elevated risk. There was no agreement on the management of smaller AAAs.

Conclusions
Consensus exists across guidelines on one-time screening of elderly men to detect and treat 
AAAs ≥ 5.5 cm. For other target groups and management of small AAAs, prediction models and 
cost-effectiveness analyses are needed to provide guidance.
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Abdominal aortic aneurysm (AAA) contributes significantly to disease burden in developed 
countries, accounting for approximately 0.5% of total mortality in the United States (1). Because 
rupture of AAA is preceded by a preclinical detectable phase and because accurate tests and 
effective treatment are available, screening is likely to be beneficial. A recent Cochrane 
systematic review including four screening trials, showed a significant decrease in AAA-related 
mortality in asymptomatic men aged 65 to 79 years who underwent ultrasound screening (2). 
A beneficial effect on total mortality was not demonstrated and uncertainties remain regarding 
other target groups, the optimal screening strategy, policy towards small AAAs, cost-
effectiveness, and psychological effects of screening. 
In the United Kingdom, the National Health Service Abdominal Aortic Aneurysm Screening 
Program is being introduced gradually with a full coverage across England expected by March 
2013. In this program, men aged 65 are invited for a one-time ultrasound examination. In the 
United States, an abdominal ultrasound study for AAA detection is offered as part of the one-
time “Welcome to Medicare” preventive health examination. Medicare covers AAA screening 
for all men who turned 65 years of age and smoked at least 100 cigarettes and individuals with 
a family history of AAA (3). In many Western countries, however, systematic, nation-wide 
screening programs are not implemented and decisions on screening are made on the 
individual level by primary care physicians. For example, in the Netherlands, systematic 
screening programs are only allowed in a research setting (4). Instead, opportunistic screening 
of siblings of patients with an AAA is recommended.  
The purpose of guidelines is to close the gap between the best available evidence and what 
physicians do in their practice. The usual method of disseminating and implementing 
guidelines is rather passive, by publication in medical journals or mailing to targeted 
professionals. This method does not seem to achieve the guidelines’ aim: changing physicians’ 
behaviour (5). Variations in recommendations across guidelines on the same topic, may cause 
physicians to lose confidence in the construction process and validity of guidelines and lead to 
a further derivation from this aim. In addition, relationships with the industry can potentially 
influence choices made within guideline development, making the validity of recommendations 
even more questionable (6). Given the potential uncertainties regarding AAA screening, 
physicians require recommendations that have been developed systematically and 
transparently (7). Our purpose was to assist physicians in their choice of recommendations on 
AAA screening by a systematic review and critical appraisal of current guidelines.

METHODS

Data sources and searches 
The literature search, used for a previous article on cardiovascular risk assessment (8), was 
updated to identify guidelines of interest. Briefly, MEDLINE, CINAHL, and four guideline specific 
databases: the National Guideline Clearinghouse (US), the National Library for Health (UK) on 
Guideline Finder, Canadian Medical Association Infobase (Canada), and the G-I-N International 
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Guideline Library on (http://www.g-i-n.net) were searched. Guidelines published from January 
1st 2003 to February 26th 2010, and in the English language were considered. Additional 
guidelines were sought by searching websites of guideline development organizations. Details 
on the search syntax are provided in Appendix 1.

Study selection
We considered guidelines on AAA screening. A guideline was only considered if it met the Institute 
of Medicine (IOM) definition for clinical practice guidelines. In order to meet this definition a 
guideline has to contain “systematically developed statements to assist practitioner and patient 
decisions about appropriate health care for specific clinical circumstances”. In order to meet 
inclusion criteria, guidelines had to: (1) be developed on behalf of a national or international 
medical specialty society (2) contain recommendations for an asymptomatic population with no 
previous diagnosis of AAA; (3) originate from or apply to Western countries (e.g. the US, Canada, 
Australia, New Zealand or the UK).  Titles and abstracts were reviewed independently by two reviewers 
(B.S.F. and E.B.C.). Articles were only excluded if both reviewers agreed on the decision. Discrepancies 
were resolved by consensus. The first author made the final selection of articles based on full text.

Data extraction and quality assessment 
Relevant recommendations from the included guidelines were independently extracted by 
two reviewers (B.S.F. and N.G). Discrepancies were resolved by consensus. Each guideline 
provided one or more relevant recommendations. Data extracted included the reported 
methodology for evidence synthesis, formulating of recommendations, consideration of cost-
effectiveness, the target population, the strategy for delivery of the test, recommended tests, 
and test thresholds for intervention and follow-up. In addition, the recommendation was 
classified as “for”, “consider”, “not for not against”, “insufficient evidence” or “against”. 
The quality of development of each included guideline was determined using the “Rigor of 
Development” domain of the Appraisal of Guidelines Research and Evaluation (AGREE) 
instrument, a 7 item score (9). This score looks at: (1) methods to search for evidence; (2) criteria 
for selecting the evidence; (3) methods for formulating the recommendations; (4) consideration 
of health benefits, side effects, and risks; (5) supporting evidence; (6) procedures for external 
peer review; and (7) the update process. Each item is rated on a 4-point Likert scale. Three 
reviewers (B.S.F., N.G., and J.J.V.) independently scored each guideline. Additional information on 
development was also examined by these three reviewers by perusing websites of guideline 
developers. For each reviewer, AGREE scores were calculated as a percentage using the sum of 
the 7 items and the maximum possible score. Final rigor scores were calculated by averaging 
the AGREE scores from all reviewers. Reproducibility of the three reviewers’ average rigor scores 
was measured with an intraclass correlation coefficient. We ranked included guidelines 
according to their average score. Editorial independence from funding body, external funding, 
and disclosure of relationships with industry by individual guideline group members were 
assessed (B.S.F.) and checked (N.G.). Discrepancies were resolved by consensus. SRS® 4.0 
(Mobius Analytics, Ottowa, Ontario, Canada), a web-based software package developed for 
systematic review data management was used to remove duplicates, store citations and track 
results at title, abstract, quality assessment and data extraction levels.
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We constructed a table to compare the recommendations from the included guidelines. The 
table was divided into the following sections: (1) methodology of guideline development; (2) 
consideration of cost-effectiveness regarding the recommendation; (3) target group and 
delivery of AAA screening; (4) tests considered; and (5) thresholds for intervention and follow-up.
 

RESULTS

Selection and assessment of guidelines
We screened 2415 guidelines for eligibility at title level, of which 416 were included for review at 
abstract level (Figure 1). Of these, 7 guidelines relevant to AAA screening were eligible for full 
data extraction. Table 1 summarizes the selected guidelines, together with rigor scores and 
conflict of interest results. Most guidelines (6 of 7) were developed in North America. AGREE 
scores varied from 17% to 79% with 3 guidelines (CCS, SVS1, and SVS2) having an AGREE score 
below the median, 40%. Reproducibility of the AGREE scores by the three reviewers was good, 
with an intraclass correlation coefficient of 0.86. In 2 of the 7 guidelines (ACC, SVS2) at least one 
panel member declared having a relevant financial relationship with the industry. None of 
these guidelines reported exclusion of group members from voting or discussions. Only one 
guideline (USPSTF) contained a statement of being developed independently from the funding 
organization. One guideline (NSC) neither reported that it was developed independently from 
funding organization(s), nor did it report a statement about conflicts of interest of group 
members. 
The 7 included guidelines contained 11 recommendations on AAA screening (Table 2). Two 
(USPSTF and ACC) of the 7 guidelines were developed on the basis of a systematic review of the 
medical literature. The remaining 5 guidelines were developed using a non-systematic selection 
of previously developed systematic reviews or primary research. Evaluation of cost effectiveness 
of screening strategies was done in 6 of 7 guidelines, by reviewing existing decision modeling 
studies. 

Areas of agreement and disagreement among recommendations
All guidelines contained at least one recommendation that supported AAA screening in elderly 
men  Although guideline groups (6 of 7) generally agreed on the age at which screening should 
be started in elderly men (that is 65 years of age), they disagreed on whether a smoking history 
should be present or not. In recommendations from two (USPSTF and ACC) of the 7 guidelines, 
ever smoking (current or past smoking) was required. In the other 5 guidelines screening was 
recommended for elderly men regardless of smoking habits. 
Three guidelines (USPSTF, ACC, and NSC) only contained recommendations for AAA screening 
in elderly men or recommended explicitly against screening women. These three guidelines had 
the highest AGREE scores. Guidelines with lower AGREE scores also contained recommendations 
for other target groups. Four guideline groups (CSVS, CCS, SVS1, and SVS2) recommended 
screening in women if risk factors for development of AAA are present. Although in two 
of these guidelines (CSVS and CCS) multiple risk factors were required, in two guidelines 
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(SVS1 and SVS2) the presence of one risk factor was considered sufficient reason to screen. 
Three guidelines (CCS, SVS1, and SVS2) recommended screening of middle-aged men (that is 50 
or 55 years) if a family history of AAA is present. Although not all guideline groups reported an 
age criterion when screening should no longer be offered, in most guidelines (4 of 7) 75 years of 
age was considered as the upper age limit. Abdominal ultrasonography was unanimously 
advocated as the primary screening test and only one guideline group (ACC) recommended 
physical examination as a useful screening tool in addition to ultrasonography. All guideline 
groups recommended elective surgical repair at an abdominal aortic diameter of 5.5 cm in 
elderly men. Some guideline groups advocated using a lower threshold (i.e., 5.0 cm) for women 
(CCS and SVS2) or young healthy patients (SVS2) as an indication for surgical repair. 
Except for the USPSTF guideline, all guidelines contained recommendations for surveillance of 
those with aneurysms smaller than 5.5 cm in diameter. These recommendations, however, 
varied across the guidelines with respect to the intensity of follow-up and aorta diameter cut-
off values for the monitoring intervals. The two Canadian guideline groups (CSVS and CCS) 
were unique in recommending periodic re-screening for individuals with abdominal aortic 
diameters below 3 cm; the remaining guideline groups recommended one-time screening. 

DISCUSSION

In summary, we identified 7 guidelines on AAA screening. A majority of guidelines lacked a 
systematic method for the evaluation of the evidence or achieved a low AGREE score for rigor 
of development. Most guidelines contained recommendations that were in favor of one-time 
AAA screening for men 65 years and older using ultrasonography. Four guidelines, of which 
three had low AGREE scores, also contained disparate recommendations on screening women 
and middle-aged men at elevated risk, whereas guidelines with higher AGREE scores did not. 
Although an abdominal aortic diameter of 5.5 cm was unanimously used as criterion for 
elective surgical repair in elderly men, no consensus existed on management of smaller AAAs.
A previously published review already summarized and discussed a selection of 3 guidelines on 
AAA screening, but the review was neither systematic nor were the selected guidelines 
appraised on quality (10). We used a sensitive search strategy to identify guidelines and we 
assessed the included guidelines by a validated tool, the AGREE instrument. Our article can 
also have additive value to guideline summaries provided by the National Guideline 
Clearinghouse, as this database has only summarized some of the guidelines that we reviewed, 
and does not appraise guidelines on quality of development (11). We tried to create awareness 
of differences across guidelines from Western countries, which generally have a comparable 
population health status and access to medical resources (12). The differences, which we 
identified, can have major implications for clinical practice. Because most guidelines were 
produced by North American organizations, this report is most valuable to guide physicians 
from this region in choosing which recommendations to follow. Physicians may decide on the basis 
of AGREE scores and their specific clinical context which recommendations to adopt or to avert. 
Despite these strengths, we have to face certain limitations of our review. First, we neither 
evaluated the source nor the quality of the underlying evidence that supported the 
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disparate evidence cited by guideline developers could provide possible causes for variation in 
recommendations. Transparent development methods and complete information on how 
judgments were made increase the reliability of recommendations and allow physicians to 
make more informed decisions on adopting them. Which recommendations would result in 
better outcomes can be determined in comparative effectiveness research (13), but this was 
beyond the scope of our review. Second, the AGREE instrument only considers the details of 
reporting information related to the development of the guideline. The true quality of the 
guideline can, therefore, not be fully captured. For example, a guideline group which performs 
a systematic search for evidence and which does not report detailed information on the search 
strategy followed, will receive a low AGREE score for this item. In reality, the search followed 
may be adequate for identifying solid evidence. Although we did search the organization’s web 
site for additional background information, we did not contact guideline developers for 
additional information that was lacking in the guideline document or on the website. Third, 
the AGREE instrument provides a quality score on a linear scale. This means that each item is 
weighed equally. We believe that all items of the AGREE Rigor of Development domain are 
relevant, supporting equal weighting across items. The contribution of each individual item to 
the total quality of a guideline is however difficult to assess. Fourth, it was difficult to quantify 
the true degree of influence by industry relationships. We had to rely on the disclosures that 
were believed to be relevant for decision-making by group members themselves. We also could 
not assess the size of entanglements with industry, because guidelines did not report the 
payment amounts received.
Although all guidelines agreed upon screening elderly men, some guidelines advocated a more 
selective screening regime based on smoking history. Selective screening instead of whole 
population screening could result in too many missed AAAs (14). Nevertheless, a modeling 
study showed that selective screening of men aged 65 to 75 years who have ever smoked, as 
recommended by the USPSTF and ACC, did not severely affect the detection rate (15). Using 
ever-smoking as pre-selection tool, however, potentially has the disadvantage that ever-
smoking not only acts on prevalence of AAA, but also on co-morbidities (16). The expected gain 
in life years by AAA screening  could then be nullified by the raised competing risk due to other 
death causes. This was not taken into account for calculation of the effectiveness of screening 
in the previously mentioned modeling study (15). Other guideline groups recommended 
screening also in populations other than men aged 65 to 75 years if risk factors are present, e.g. 
men aged 50 to 65 years, men older than 75 years, and women. For these populations, no clear 
evidence exists from experimental research for such a recommendation (2). The reasoning is that 
the risk of having an AAA is markedly increased if risk factors are present. The odds ratio, 
however, generally needs to be high before a risk factor can be used for risk classification (17). 
The odds ratios of single risk factors other than smoking are low for clinically relevant large 
AAAs (14,18). Therefore, combining risk factors may be warranted to avoid unnessary 
ultrasonographies and overdiagnosis of small AAAs for which the optimal treatment strategy 
is unclear (19, 20). On the other hand, when screening is recommended both at a younger age 
if risk factors are present and at an older age regardless of risk factors, such in ACC, CCS, SVS1, 
and SVS2 guidelines, then a bias similar to lead time bias could occur. Only the AAAs, which are 
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vulnerable to rupture in the short term contribute to benefit of screening at an earlier age. 
Slowly growing AAAs would most likely be identified at the older screening age. The additional 
benefit of screening in middle-aged men and women at elevated risk can be explored by 
comparing the different screening strategies in a decision analysis. 
The variation in recommendations for policy towards small asymptomatic AAAs is relevant, 
because with screening approximately 90% of the detected AAAs will be smaller than 5.5 cm 
in diameter (18, 21). Two guideline groups (CCS and SVS2) suggested using smaller diameters for 
women and healthy young patients as threshold for elective surgical repair. Two meta-analyses 
did not show an improvement of overall survival in the immediate surgical repair group as 
compared to those allocated to surveillance (19,20). There was insufficient power to identify 
subgroups, that might benefit from immediate repair. A recent published trial not included in 
the two meta-anayses also did not demonstrate a benefit on overall mortality after immediate 
endovascular repair, although this trial was stopped earlier because the event rate of the 
primary outcome measure of rupture or aneurysm related death was too low to achieve 
sufficient statistical power (22). According to the Cochrane review (20), an individual patient-
level data meta-analysis is underway to conduct subgroup analyses, which are expected to 
elucidate risks and benefits of each treatment option for aneurysm size subgroups, and age 
subgroups (for example ≤ 69 years, and > 69 years). Multivariable prediction models of rupture 
and operative risk could also be used to identify those expected to benefit from immediate 
surgical repair. Multiple predictors determine rupture (23, 24) and operative risk (25) and 
therefore variation in treatment effect is difficult to be captured by single patient characteristics. 
The use of prediction models for rupture risk and operative risks has the advantage that 
predictors that influence both, for example female sex (26) can be taken into account. A 
combination of a high predicted rupture risk and a low predicted operative risk is then likely to 
result in a survival benefit from immediate surgical repair. In the absence of experimental 
evidence for a survival benefit, the trade-off between immediate surgical repair and surveillance 
can be based on costs and quality of life by using decision modeling and cost-effectiveness 
analyses. Also the optimal screening and monitoring intervals can then be evaluated. 
Although methods are available for integrating various recommendations into a single 
guideline, our purpose was not to create a new “universal” AAA screening guideline. However, 
a summarizing screening algorithm comprising the recommendations which the guidelines 
had in common and our suggestions for future research is depicted in Figure 2. The actual 
implementation of these recommendations in primary care is critical in optimizing patient 
outcomes. Methods to measure and improve the delivery and adherence of AAA screening 
interventions are for example performance measures and decision support systems, but these 
are still topics for further research (27, 28).  

 CONCLUSION

Consensus exists across guidelines on one-time screening of elderly men to detect and treat 
AAAs ≥ 5.5 cm. For strategies towards other target groups, and management of small AAAs, 
prediction models and cost-effectiveness analyses are needed to provide guidance.
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Figure 1. Literature search and selection. Numbers of guidelines of each step of the process are indicated. Group totals 
may exceed the reported numbers for the excluded articles at abstract and full text level because several reasons for 
exclusion were allowed. AAA, Abdominal aortic aneurysm; CMA, Canadian Medical Association; NGC, National Guideline 
Clearinghouse. 

Excluded (n = 268 )
No useful information: 25
Not part of guideline: 103
Not English language: 2
Not most recent version: 16 
Target population <18 y: 6
Not produced by specialty organization: 2 
Not applicable to selected countries: 9
Not national or international: 18 
Not focused on screening: 28
Not asymptomatic population: 49 
Background piece: 21

Excluded (n = 141 )
Irretrievable: 1
Not part of guideline: 21 
Developed before 2003: 4 
Not most recent version: 9
Not produced by specialty organization: 4 
Not national or international: 13  
Not focused on screening: 14
Not asymptomatic population: 16
Background piece: 6
Adapted from existing guideline: 6 
Not focused on AAA screening: 50
Other reasons: 4

Included guidelines (n = 7)

Full text reviewed (n = 148 ) 
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    National Library for Health: 222 
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    CINAHL: 171
    Web sites: 25

Abstracts reviewed (n = 416 )

Titles reviewed  (n = 2415)
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Figure 2. Summarizing screening algorithm and suggestions for future research. a Restricting this target group by adding 
a history of smoking requires the reduced life expectancy caused by smoking to be taken into consideration in decision 
analysis. b Multivariable modeling to predict abdominal aortic aneurysm (AAA) risk can be used to identify groups at high 
risk within men 50 to 65 years, men 75 years, and women 60 years. Variables to consider are age, gender, family history of 
AAA, history of smoking, history of cardiovascular disease, other cardiovascular risk factors (14,18). The expected benefit of 
screening these groups can be calculated by decision analysis. c Prediction models considering variables such as age, 
gender, aortic diameter size, smoking status, blood pressure, history of cardiovascular disease, pulmonary and renal 
impairment can estimate these risks (23-25). d The optimal intervals for periodic ultrasound scan surveillance can be 
calculated with cost-effectiveness analysis. 

Men aged 65 – 75 yearsa

Other high risk groupsb

Low rupture risk 
and/or high 

operative riskc

High rupture risk 
and low 

operative riskc

Aortic diameter 
< 3.0 cm

No re-screening Surveillanced Surgical repair

Aortic diameter 
3.0 - 5.5 cm

Aortic diameter 
>- 5.5 cm

Topics for future 
research:

a. Restriction to history of  
     smoking   

b. Identification of other 
     high risk individuals

c. Identification of those with 
    a small AAA who will benefit 
    from surgical repair

d. Calculation of optimal   
    periodicities of surveillance
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ABSTRACT

Background
Peripheral artery disease (PAD) screening may be performed to prevent progression of PAD or future 
cardiovascular disease in general. Recommendations for PAD screening have to be derived indirectly 
because no randomized trials comparing screening versus no screening have been performed. We 
performed a systematic review of guidelines to evaluate the value of PAD screening in asymptomatic 
adults.

Methods 
Guidelines in English published between January 1, 2003 and January 20, 2011 were retrieved using 
MEDLINE, CINAHL, the National Guideline Clearinghouse, the National Library for Health, the 
Canadian Medication Association Infobase, and the G-I-N International Guideline Library. Guidelines 
developed by national and international medical societies from Western countries, containing 
recommendations on PAD screening, were included. Two reviewers independently assessed rigor of 
guideline development using the Appraisal of Guidelines Research and Evaluation (AGREE) 
instrument. One reviewer performed full extraction of recommendations, which was validated by a 
second reviewer.

Results
Of 2779 titles identified, 8 guidelines were included. AGREE scores varied from 33% to 81%. Five 
guidelines advocated PAD screening, others found insufficient evidence for PAD screening or were 
against it. Measurement of the ankle-brachial index (ABI) was generally recommended for middle-
aged populations with elevated cardiovascular risk levels. Those identified as having PAD are 
reclassified as high risk, warranting intensive preventive interventions to reduce their risk of a 
cardiovascular event. The underlying evidence mainly consisted of studies performed in patients 
with established PAD. A meta-analysis that evaluated ABI testing in the context of traditional 
cardiovascular risk assessment was interpreted differently.

Conclusions
Recommendations on PAD screening vary across current guidelines, making the value of PAD 
screening uncertain. The variation seems to reflect lack of studies that show added value of 
detection of early PAD beyond expectant management and traditional risk assessment.
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Peripheral artery disease (PAD) is a common manifestation of generalized atherosclerosis in 
the middle-aged and elderly. The prevalence in the general population aged ≥ 40 years is 
approximately 4%, but it strongly increases with age up to 15% (1). In both asymptomatic and 
established PAD, the risk of cardiovascular mortality is elevated, and this relation is independent 
of traditional cardiovascular risk factors, such as age, sex, blood pressure, smoking, cholesterol, 
and diabetes (2, 3). Early detection of PAD can theoretically lead to health benefits through two 
pathways. First, identifying and treating early diagnosis of PAD could avoid progression of PAD 
itself, averting development of claudication, impaired walking and amputation. Second, 
identifying PAD could improve risk management of future cardiovascular disease (CVD), i.e. 
coronary artery disease and stroke. The latter would result from a more accurate selection of 
high-risk individuals for intensive preventive interventions by reclassifying individuals based 
on the absence or presence of PAD (4). 
To date, no randomized controlled trials (RCTs) of PAD screening vs. no screening have been 
performed. In the absence of clear evidence from screening RCTs showing a beneficial effect on 
the progression of PAD or occurrence of CVD events, decisions on PAD screening can be based 
on a combination of 1) non-experimental research on accuracy of the screening test and 2) 
treatment RCTs performed in patients with PAD, preferably identified through screening (5). 
Guideline developers systematically summarize and appraise such studies and provide 
recommendations for clinical decision-making based on the best-available evidence. Instead of 
performing an extensive review of studies on the potential benefit and harm of PAD screening, 
decision-making can also be based on a review of guidelines relevant to this topic. However, 
guidelines may suffer from non-systematic development methods and conflicts of interest (6, 
7), and these issues should thus be taken into account.
The aim of this study was to evaluate the value of PAD screening in asymptomatic adults, by 
performing a systematic review and critical appraisal of current guidelines. 

METHODS

Data sources and searches
The literature search, used for a previous article on cardiovascular risk assessment (8), was updated 
to identify guidelines of interest. Briefly, MEDLINE, CINAHL, and four guideline specific databases: 
the National Guideline Clearinghouse (US), the National Library for Health (UK) on Guideline Finder, 
Canadian Medical Association Infobase (Canada), and the G-I-N International Guideline Library on 
(http://www.g.i-n.net) were searched. Guidelines published from January 1st 2003 to January 20th 2011, 
and in the English language were considered. Additional guidelines were sought by searching websites 
of guideline development organizations. Details on the search syntax are provided in Appendix 1. 

Guideline selection
This review is part of a larger project that comprised systematic reviewing of guidelines on 
cardiovascular disease prevention. The project was guided by a written protocol based on a manual 
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for guideline adaptation (9). For this report, we only considered guidelines containing 
recommendations on PAD screening. Articles were included for further review if they met the 
Institute of Medicine (IOM) definition for clinical practice guidelines (10). To meet this definition, 
articles were required to contain “systematically developed statements to assist physicians 
and patient decisions about appropriate health care for specific clinical circumstances”. The 
following inclusion criteria were used: (1) guideline development was performed on behalf of a 
national or international medical specialty society (2) recommendations were applicable to an 
asymptomatic population with no previous diagnosis of PAD; (3) recommendations were 
applicable to at least one of the following countries: the US, Canada, Australia, New Zealand or the UK.
Two reviewers (B.S.F. and B.E.C.) independently scanned titles and abstracts for eligibility. 
Exclusions were accomplished if both reviewers agreed on the decision. Discrepancies were 
resolved by consensus. Final selection based on the full text was performed by the first author. 

Data extraction and quality assessment
Two authors (B.S.F., and S.S.) rated each included guideline for quality of development using the 
7-item “Rigor of Development” domain of the first version of the Appraisal of Guidelines 
Research and Evaluation (AGREE) instrument (11). This domain considers the reporting of: 1) 
methods to search for evidence; 2) criteria for selecting the evidence; 3) methods for formulating 
the recommendations; 4) consideration of health benefits, side effects, and risks; 5) supporting 
evidence; 6) procedures for external peer review; and 7) the update process. We also checked 
websites of guideline developers for additional information on development methods followed. 
Each item was independently scored on a 4-point Likert scale by the two authors conform 
instructions of the AGREE instrument manual (12). If the two authors rated items with a 
difference of more than 2 points, a consensus meeting was performed. Overall AGREE rigor 
scores were calculated by averaging the AGREE scores of the two reviewers. Reproducibility of 
the two reviewers’ average rigor scores was measured with an intraclass correlation coefficient. 
SRS® 4.0 (Mobius Analytics, Ottowa, Ontario, Canada), a web-based software package developed 
for systematic review data management was used to remove duplicates, store citations and 
track results at title, abstract, quality assessment and data extraction levels.
Recommendations on PAD screening from the included guidelines were extracted by one 
reviewer (B.S.F.) and validated for completeness and accuracy by another (S.S.). Discrepancies 
were resolved by consensus. We extracted information on: 1) methodology of guideline 
development; 2) consideration of cost-effectiveness regarding the recommendation; 3) target 
group and delivery of PAD screening; 4) tests considered; 5) strength of the recommendation; 
6) the objective (prevention of general cardiovascular disease and/or complications by PAD 
itself); and 7) interventions (aspirin, statin, blood pressure lowering, glucose lowering, and 
lifestyle therapy) and 8) follow-up. The strength of the recommendation was classified as “for”, 
“consider”, “neither for nor against”, “insufficient evidence” or “against”. In addition, we 
extracted data about possible conflicts of interest. This comprised statements about editorial 
independence from funders, presence of external funding, and relationships with industry.

Data synthesis and analysis
We ranked included guidelines according to their average AGREE Rigor scores. Subsequently, 



System
atic review

 of guidelines on peripheral artery disease screening

79we constructed a recommendation matrix for comparison of the recommendations from the 
selected guidelines. The table was divided into 1) methodology of guideline development; 2) 
consideration of cost effectiveness regarding the recommendation; 3) target group and delivery
of screening; 4) strength of the recommendation; 5) tests considered and method of assessment; 
and 6) thresholds for further testing, intervention and follow-up. For each recommendation, 
the evidence base was summarized descriptively as reported in the guideline document. 

RESULTS

Selected guidelines
We screened 2779 guidelines for eligibility at title level, of which 148 were included for review 
at full-text level (Figure 1). Eight guidelines relevant to PAD screening were eligible for full data 
extraction (13-21). Table 1 summarizes the selected guidelines in descending order of AGREE 
rigor scores. Seven guidelines were developed in North America, whereas one (Inter-Society 
Consensus for the Management of Peripheral Arterial Disease [TASC]) (20) was developed by 
an international collaboration (Europe, North America, Australia, South Africa, and Japan). 
AGREE rigor scores varied from 33% to 81%, with 3 guidelines (Canadian Cardiovascular Society 
[CCS2] (19), TASC (20) and CCS1 (21) having an AGREE rigor score below the median, 63%. For 2 
guidelines (American College of Cardiology [ACC2] (15) and National Cholesterol Education 
Program [NCEP] (17,18)), large differences between authors’ scores of one item were resolved by 
a consensus meeting. Reproducibility of the AGREE scores by the 2 reviewers was good, with an 
intraclass correlation coefficient of 0.89.
In 4 of the 8 guidelines (ACC1 (16) ACC2 (15), NCEP (17, 18), and CCS2 (19)), at least one panel member 
declared having a relevant financial relationship with industry. The TASC guideline (20) was 
developed with funding from 2 biopharmaceutical companies, both being producers of 
cardiovascular preventive agents. Group members of the ACC1 (16), ACC2 (15), NCEP (17, 18), and CCS2 
(19) guidelines also had relationships with biopharmaceutical companies producing cardiovascular 
preventive medication. One of these guidelines (ACC2 (15)) reported exclusions of panel members 
from voting on topics other than PAD screening for which potential conflicts of interest existed. 
Three guidelines (U.S. Preventive Services Task Force [USPSTF1] (14), USPSTF2 (13), and TASC (20)) 
contained a statement about being developed independently from the funding organization. One 
guideline (CCS1 (21)) neither reported that it was developed independently from funding 
organization(s) nor included a statement about conflicts of interest of group members.
In 3 (USPSTF1 (14), USPSTF2 (13), and CCS2 (19)) of the 8 guidelines, full search strategies and 
methods for inclusion and exclusion of articles were reported. Evaluation of cost-effectiveness 
of preventive strategies was done in 3 guidelines (ACC1 (16), NCEP (17,18), and TASC (20)) by 
reviewing existing decision-modeling studies for, respectively, treatment of PAD, LDL-cholesterol 
lowering therapy, and risk factor management, but not specifically for PAD screening.

Guidelines’ recommendations
The 8 included guidelines contained 9 recommendations on PAD screening (Table 2). Most 
advocated PAD screening (ACC1 (16), ACC2 (15), NCEP (17,18), TASC (20) and CCS1 (21)); the USPSTF1 
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guideline (14) contained a recommendation against PAD screening, whereas the others 
(USPSTF2 (13) and CCS2 (19)) concluded that insufficient evidence existed. AGREE scores did not 
differ extremely between guidelines advocating PAD screening and guidelines that did not: 
54% versus 68% on average. The ankle-brachial index (ABI) was unanimously considered as the 
primary screening tool. The method of calculating the ABI was not reported in much detail in 
the USPSTF1 (14), NCEP (17,18), and CCS2 (19) guidelines. Target groups generally comprised 
middle-aged subjects with one or more cardiovascular risk factors, and the elderly.

Evidence base for PAD screening to prevent progression of PAD 
USPSTF1 (14), TASC (20) and CCS1 (21) guidelines considered PAD screening from the perspective 
of preventing PAD progression (including claudication, amputation, and impaired ambulation). 
In the TASC (20) and CCS1 (21) guidelines, recommendations for smoking cessation were based 
on non-experimental research showing protective effects from non-smoking on PAD (22-25) 
and evidence that effective interventions exist to modify smoking behaviour (26-28). The CCS1 
(21) guideline’s recommendations on exercise were based on trials of walking programs 
showing improvements on the maximum walking distance in symptomatic PAD patients 
(29,30). The USPSTF1 guideline (14) identified a randomized trial on a combination of these 
interventions specifically conducted in patients with screen-detected PAD, which showed 
beneficial effects only on the maximum walking distance, not on smoking cessation rates (31) 
The USPSTF (13, 14) however, concluded that the evidence base to justify PAD screening is too 
thin because these interventions also are recommended regardless of PAD presence. The 
USPSTF (13, 14) also found insufficient evidence for a clear benefit of early treatment as 
advantageous over waiting until PAD is detected clinically. This was based on a cross-sectional 
study that showed an association between statin use and lower-extremity function, which 
was independent of presence of established PAD (32).

Evidence base for PAD screening to prevent future CVD events
USPSTF2 (13), ACC2 (15), ACC1 (16), NCEP (17,18), CCS2 (19), TASC (20), and CCS1 (21) guidelines also 
mainly considered PAD screening as a strategy to prevent cardiovascular disease events other 
than PAD. The ACC1 (16), NCEP (17,18), TASC (20) and CCS1 (21) guidelines based their conclusions 
that there is sufficient evidence for use of ABI testing to prevent CVD on: 1) several cohort 
studies demonstrating that the presence of PAD carries an increased risk for future CVD equal 
to that of established CHD4 and 2) randomized trials showing that aggressive risk factor 
modification (angiotensin-converting enzyme inhibitors, antiplatelet, and statin therapy) is 
effective in preventing CVD in PAD patients (33-36). The USPSTF2 (13) and ACC2 (15) guidelines 
specifically considered ABI testing as a method to reclassify individuals at intermediate risk 
(10%-20%) for coronary artery disease events based on traditional Framingham risk factors to 
either low (< 10%) or high risk (≥ 20%). Intensive risk modification is generally recommended 
only for the high-risk category, while many events also occur in the intermediate-risk category. 
The USPSTF2 guideline (13) found insufficient evidence to recommend ABI testing for individuals 
at intermediate risk, because it is uncertain whether reclassification would occur in men. The 
linked evidence consisted of a meta-analysis incorporating combined data on 48,294 individuals 
from 16 studies. In this report, a table demonstrates 10-year coronary event rates in men and 
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of women with an intermediate 10-year coronary event risk (10%-19%) to high risk (≥ 20%) 
if the ABI ≤ 0.90. Reclassification to low risk did not occur in women. In men at intermediate 
risk, reclassification to low risk occurred if the ABI > 1.40, but no reclassification to high risk 
occurred. Using the same data (4), the ACC2 guideline (15) concluded that the ABI is a 
reasonable method to improve traditional risk classification in both men and women. The 
CCS2 (19) guideline stated that ABI testing may detect high-risk individuals missed by 
traditional risk factors, but reported that there is no evidence from clinical trials that ABI 
testing also would improve outcomes. None of the guidelines contained recommendations 
in which both ABI results and traditional cardiovascular risk factors were incorporated in a 
multivariable risk model.

DISCUSSION

In summary, we identified 8 guidelines on PAD screening. The majority of these guidelines 
lacked a systematic method for evaluation of the evidence or achieved a low AGREE score for 
rigor of development. Five of the 8 guidelines recommended PAD screening, others found 
insufficient evidence for PAD screening or were against it. Guidelines that advocated PAD 
screening generally recommended measurement of the ABI, sometimes in combination with a 
screening questionnaire or physical examination. Target groups were middle-aged populations 
with elevated cardiovascular risk levels, and the elderly. Intensive CVD risk modifying therapy 
was recommended for all individuals diagnosed with PAD.
As far as we know, this is the first review of multiple guidelines on PAD screening. We used a 
thorough search strategy to identify all relevant guidelines. One of the limitations of our study 
might be that we mainly found North American guidelines. Hence, our results may be not that 
generalizable to readers from other than North America. However, many guidelines from other 
Western countries exist on cardiovascular risk assessment and prevention in asymptomatic 
individuals and therefore, this review is relevant to these countries as well. Another limitation 
could be that we used the AGREE instrument for rating the quality of development of included 
recommendations. Originally, the AGREE instrument was meant to be used for complete 
guideline documents. As we only considered recommendations on PAD screening that were 
derived from guidelines comprising various recommendations, AGREE score results may not 
always correspond to the PAD screening recommendations. Still, one can expect that a certain 
correlation exists between the complete guideline and its single recommendations. A third 
limitation may be that we did not appraise the evidence that was considered by the guideline 
groups for developing their recommendations.
We observed conflicting recommendations, which did not seem to depend on the variation in 
rigor of development. A reason could be that the perspective from which judgments about the 
value of screening was made varied across guidelines. However, only one guideline (USPSTF1 
(14)) was solely focused on prevention of progression of PAD; all other guidelines also considered 
prevention of CVD in general. The USPSTF1 guideline has been criticized by focusing on 
progression of PAD only (37). Some of the discrepancies seem to originate from uncertainty 
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about the value of the ABI in the context of CVD risk assessment using traditional risk factors. 
Whether individuals formerly not at high CVD risk can be treated as high-risk individuals after 
an abnormal ABI result, as argued by guideline groups advocating PAD screening, was put in 
doubt by other guidelines. This doubt was mainly based on a meta-analysis performed by the 
ABI collaboration, which did not show any reclassification of men from intermediate to high 
cardiovascular risk (4). It remains questionable, however, whether a recommendation for 
screening women at intermediate risk is still justified. Guidelines that did recommend PAD 
screening advocated interventions after detection of PAD, which generally consisted of 3 
components: lifestyle intervention, statin therapy, and antiplatelet therapy. Cited RCTs 
demonstrate a similar effect of these interventions in reducing CVD events in patients with 
established PAD and in high-CVD-risk patients without PAD (35, 38-40). However, PAD patients 
included in these RCTs were presumably diagnosed by various diagnostic pathways. Thus, 
answering the question of whether these interventions also would be effective in an exclusively 
screen-detected PAD population is difficult. Recently, an antiplatelet therapy RCT was 
performed in such a population and a statistically significant effect on CVD events could not be 
demonstrated. Probably, the event rates were too low to achieve sufficient power (41). Due to 
its recent publication date, this RCT was not considered in the guideline reports.
Another reason for the observed disagreements could be that some recommendations were 
biased toward a more aggressive screening policy as a result of the financial relationships 
between guideline developers and the pharmaceutical industry. These are relevant because 
recommendations for aggressive screening would lead to increased allocation to cardiovascular 
preventive medication. Because of the lack of clear-cut evidence as described above, weighing 
of harms and benefits may be more sensitive to subjectivity and conflicts of interest (42). 
Nevertheless, we can only speculate about the influence of industry on the decisionmaking.
As many guidelines did not report complete information on potential conflicts of interest, a 
way to deal with this problem is to rely on the guidelines that have undergone a transparent 
and rigorous development process, reflected by high AGREE rigor scores.

CONCLUSIONS

Recommendations on PAD screening vary across current guidelines, making the value of PAD 
screening uncertain. The variation seems to reflect lack of studies that show added value of 
detection of early PAD beyond expectant management and traditional risk assessment.  
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Figure 1. Summary of guideline search and review process (number of guidelines). 
The number of reasons for exclusion may exceed the number of citations excluded, because several reasons for exclusion 
at the abstract and full-text level were allowed.

Excluded (n = 293 )
No useful information: 50
Not part of guideline: 103
Not English language: 2
Not most recent version: 16 
Target population <18 y: 6
Not produced by specialty organization: 2 
Not applicable to selected countries: 9
Not national or international: 18 
Not focused on screening: 28
Not asymptomatic population: 49 
Background piece: 21

Excluded (n = 140 )
Irretrievable: 1
Not part of guideline: 21 
Developed before 2003: 4 
Not most recent version: 9
Not produced by specialty organization: 4 
Not national or international: 13  
Not focused on screening: 14
Not asymptomatic population: 16
Background piece: 6
Adapted from existing guideline: 6 
Not focused on AAA screening: 51
Other reasons: 4

Included guidelines (n = 8)

Full text reviewed (n = 148 ) 

Excluded (n = 2338)

Duplicates (n = 282)

Citations identified (n = 3061) 
    NGC: 402 
    National Library for Health: 236 
    G-I-N: 269 
    CMA infobase: 132 
    MEDLINE: 1798
    CINAHL: 198
    Web sites: 26

Abstracts reviewed (n = 441 )

Titles reviewed  (n = 2779)
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ABSTRACT

Background
We developed a Monte Carlo Markov model designed to investigate the effects of modifying 
cardiovascular disease (CVD) risk factors on the burden of CVD. Internal, predictive, and external 
validity of the model have not yet been established.

Methods
The Rotterdam Ischemic Heart Disease and Stroke Computer Simulation (RISC) model was 
developed using data covering 5 years of follow-up from the Rotterdam Study. To prove 1) 
internal and 2) predictive validity, the incidences of coronary heart disease (CHD), stroke, CVD 
death, and non-CVD death simulated by the model over a 13-year period were compared with 
those recorded for 3,478 participants in the Rotterdam Study with at least 13 years of follow-up. 
3) External validity was verified using 10 years of follow-up data from the European Prospective 
Investigation of Cancer (EPIC)-Norfolk study of 25,492 participants, for whom CVD and non-
CVD mortality was compared. 

Results 
At year 5, the observed incidences (with simulated incidences in brackets) of CHD, stroke, and 
CVD and non-CVD mortality for the 3,478 Rotterdam Study participants were 5.30% (4.68%), 
3.60% (3.23%), 4.70% (4.80%), and 7.50% (7.96%), respectively. At year 13, these percentages 
were 10.60% (10.91%), 9.90% (9.13%), 14.20% (15.12%), and 24.30% (23.42%). After recalibrating 
the model for the EPIC-Norfolk population, the 10-year observed (simulated) incidences of CVD 
and non-CVD mortality were 3.70% (4.95%) and 6.50% (6.29%). All observed incidences fell well 
within the 95% credibility intervals of the simulated incidences. 

Conclusions 
We have confirmed the internal, predictive, and external validity of the RISC model. These 
findings provide a basis for analyzing the effects of modifying cardiovascular disease risk 
factors on the burden of CVD with the RISC model.
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Decision models are being increasingly used to guide decisions on medical interventions in 
healthcare (1-3). Both for healthcare policy-makers who have to make decisions for specific 
populations and weigh both benefits and costs, and for a general practitioner facing a medical 
decision for a particular patient, decision models can provide valuable information to aid the decision 
at hand. Empirical and trial-based studies on (cost-)effectiveness of medical interventions often 
evaluate a limited number of strategies, and typically cover a limited period of follow-up. 
Decision modeling can overcome these limitations by synthesizing the available information 
and extrapolating short-term study results, providing policy-makers with information on 
expected long-term outcomes and accompanying uncertainties (4). However, because decision 
models are based on a necessarily simplified representation of the underlying disease and the 
intervention being studied, the validity of the model is not automatically guaranteed. Earlier 
research has shown that importance of model validation before the results of a simulation 
study can be used for medical decisions (5-8).
Three types of validity have been described. With internal validation, the output of the model is 
compared with the data that was used to build the model (9, 10). Although model output and 
data are inherently dependent on each other with this type of validation, internal validity is a 
necessary condition, and provides an indication of how well the model output represents the 
data. Whereas the follow-up period in observational studies and clinical trials is necessarily 
limited, medical decisions often require long-term outcomes. A common approach is to 
extrapolate the results of a simulation model beyond the period on which it was originally 
based. The validity of a model with regard to its accuracy to simulate results beyond the original 
timeframe is called ‘predictive’ or ‘prospective’ validity (11, 12), and constitutes the second form 
of validity. In evaluating predictive validity, the model output is compared with data from the 
new follow-up period, which has become available after the model was developed. The extent 
to which the results of a model can be applied to other populations different from the original 
one is the third form of validity, external validity (9, 10). Because potential differences between 
populations affect many of the parameters used in a model, external validity is a more rigorous 
test of model validity than the other two validity measurements. 
The objective of this study was to assess the internal, predictive, and external validity of the 
Rotterdam Ischemic Heart Disease and Stroke Computer Simulation (RISC) model (13). The RISC 
model was designed to investigate the effects of modifying cardiovascular disease (CVD) risk 
factors on the CVD burden in a general population. The model is based on data from the 
Rotterdam Study, a cohort follow-up study of 7,983 adults aged 55 years and older. Validation of the 
RISC model is required before the results produced by the model can be used for decision-making.

METHODS

The model
The RISC model is a Monte Carlo state-transition model (schematically presented in Figure 1) 
with six states: 1) the CVD death state, 2) the non-CVD death state, 3) the coronary heart disease 
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(CHD) state, 4) the stroke state, 5) the CHD and stroke state, and 6) the well state (being alive 
without CHD or stroke). The model simulates incident CVD events in individuals with and 
without previous CVD based on risk factor-dependent transition probabilities, using Cox 
regression equations. 
Individual risk factor profiles are modeled and tracked over time. Incident CVD events are 
counted using tracker variables during the period of simulation. CHD is defined as: acute 
myocardial infarction (International Classification of Diseases, 10th edition (ICD-10) code I21), 
percutaneous transluminal coronary angioplasty (PTCA) and coronary artery bypass graft 
(CABG). Stroke is limited to non-hemorrhagic and unspecified strokes (ICD-10 codes I63, I64). 
Cardiovascular death is defined as mortality due to hypertensive diseases (ICD-10 codes I10 to 15), 
ischemic heart disease (ICD-10 codes I20 to I25), sudden cardiac death (ICD-10 codes I46, I49), 
congestive heart failure (ICD-10 code I50), cerebrovascular disease (ICD-10 codes 160 to 167), other 
arterial disease (ICD-10 codes I70 to I79), or sudden death (ICD-10 code R96). Non-cardiovascular 
death is defined as mortality due to all other causes (all other ICD-10 codes). The model was 
built using TreeAge software (version Data Professional release 2009; TreeAge Software, Inc., 
Williamstown, USA). Detailed information about the model has been given in an earlier 
publication (13) (see also Appendix 2). 

Ethics approval 
In the RISC model, the risk factor profiles and transition probability functions were based on 
data from the Rotterdam Study population. The Rotterdam Study was originally approved by 
the institutional review board of the Erasmus Medical Center and by the review board of The 
Netherlands Ministry of Health, Welfare and Sports (14). 

Data sources 
This population consisted of 7,983 respondents from a random sample of adults aged 55 years 
and older, who were recruited between 1990 and 1993 and were residing in Ommoord, the 
Netherlands. Of these 7,983 respondents, 6,871 both visited the research center and signed an 
informed consent document. These individuals were followed up from 1990 to 2000; the 
follow-up consisted of three physical examinations with interviews, and the surveillance of 
hospital admissions, death registries, and other available medical sources ensured accurate 
follow-up of death and clinical manifestations of CVD. 
In 3,501 of the participants, all important characteristics for prediction of CVD were known, and 
the RISC model is based on 5-year follow-up data from these 3,501 individuals. The risk factors 
considered for the transition probability functions were age, sex, smoking status, systolic and 
diastolic blood pressure, body mass index, waist-to-hip ratio, ankle-brachial index; levels of 
plasma glucose, plasma total cholesterol, high-density lipoprotein (HDL) cholesterol, and 
plasma creatinine; family history of CVD, presence of hypertension (blood pressure over 160/90 
or use of anti-hypertensive medication) or diabetes mellitus; manifestations of intermittent 
claudication, angina pectoris, atrial fibrillation or transient ischemic attacks; and prevalent 
CVD. Details about the assessment of these risk indicators have been described in earlier 
publications (15). The Cox regression equations that described the state-transition probabilities 
were centered around the mean of the risk factors of these 3,501 participants. 
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The RISC model allows for the evaluation of parameter uncertainty (16). The majority of the 
parameter uncertainty in the model stems from the ß-coefficients underlying the transition 
probability functions, and these ß-coefficients are potentially dependent on each other. To 
model the uncertainty of the coefficients, 100 bootstrap samples of the study population were 
drawn. All the transition probability functions were fitted for every bootstrap sample, resulting 
in 100 sets of linked transition probability functions, which allowed for the dependency 
between them. The transition probabilities were based on Cox regression equations, and 
parameter uncertainty around the baseline hazards of the CVD events, CVD death, and non-
CVD death was also included.

Simulation of heterogeneity
The RISC model was designed to simulate individuals who each had a unique risk factor profile 
for CVD (17). Model outcomes are expected to be different for individuals with high-risk profiles 
(older age, male, high blood pressure, high lipid levels, diabetes mellitus) than for those with 
more favorable profiles. To allow for differences in outcomes resulting from individual 
differences in risk factor profiles (that is, heterogeneity), we used the RISC model to simulate 
different individuals one at a time. 

Simulation of the history for each individual
The risk factors used in the RISC model reveal trends over time. As an example, total cholesterol 
levels were found decline with age in the Rotterdam Study. To take these trends in risk factors 
over time into account, each risk factor profile for a particular individual was updated every 5 
years during their simulated life in the model, based on the trends seen during the first 5 years 
in the Rotterdam Study. Therefore, the development of the risk factors needed to be tracked 
over time. 
Events occurring during an individual’s simulated life could influence the occurrence of other 
events. As an example, a CHD event increases the risk of dying in subsequent years. All 
cardiovascular events in the RISC model were therefore tracked and linked to the transition 
probabilities. The inclusion of variables used to track CVD events and changes in risk factors 
over time for each individual required the simulation of each individual multiple times to 
account for stochastic uncertainty (17).

Internal and predictive validation
From our cohort of 3,501 individuals from the Rotterdam Study on which the RISC model was 
based, we selected 3,478 who had at least 13 years of follow-up as of 1 January 2007. The 
remaining subjects were lost to follow-up because they had moved out of the area or had 
discontinued their participation. We calculated the cumulative incidences for total mortality, 
CVD mortality, non-CVD mortality, CHD, and stroke as defined previously for the 13-year period 
of follow-up (beginning of year 1 until end of year 13). We then compared this with the simulated 
cumulative incidences of the same events during the 1st year until the end of the 13th year by 
the RISC model. We furthermore stratified the analyses for the internal and predictive validity 
for CVD mortality by tertiles of age for the 3,501 participants, and for men and women 
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separately. We choose CVD mortality because it is one of the most important clinical outcomes, 
and there would be enough events for it in each stratum to obtain stable results. 

External validation
For the external validation, we used data from the EPIC-Norfolk study (18), which is a prospective 
population study of 25,663 men and women aged 45 to 79 years old residing in Norfolk, UK. 
This study had been approved by the Norwich District Health Authority ethics committee, and 
all participants gave signed informed consent (18). Participants were originally recruited from 
age and gender registers of general practices in Norfolk as part of the 10-country collaborative 
EPIC study designed to investigate dietary and other determinants of cancer. Additionally, 
characteristics including anthropometry, blood pressure, and lipid levels were obtained for the 
assessment of determinants of other diseases. For the baseline survey from 1993 to 1997, 
participants completed a detailed health and lifestyle questionnaire and attended a clinic visit. 
All participants were followed up and mortality, linked to the UK Office of National Statistics, 
was recorded. Participants admitted to hospital were identified by their unique National 
Health Service number by data linkage with the East Norfolk Health Authority (ENCORE) 
database, which identifies all hospital contacts throughout England and Wales for Norfolk 
residents. 
The EPIC data did not contain all variables used in the RISC model. In particular, the following 
information was not readily available: ankle-brachial index, serum glucose levels, and a history 
at baseline of angina pectoris, atrial fibrillation, intermittent claudication, or transient ischemic 
attack. Consequently, we imputed the missing data in the EPIC dataset based on the multiple 
variables that were available (19). All major risk factors such as age, sex, cholesterol levels, and 
blood pressure were available and did not need to be imputed.
We used EPIC-Norfolk mortality data from 1993 until 31 March 2008. From the 25,663 
participants, we selected 25,492 who had a follow-up of at least 10 years. For the external 
validation, we calculated the cumulative incidence of CVD and non-CVD mortality in the EPIC 
dataset. We compared this with the simulated cumulative incidences of the same events after 
year 1 until year 10 by the RISC model, using the 25,492 EPIC profiles as input. 
We did not calculate or simulate CHD and stroke events in the external validation, because the 
EPIC study did not document CABG and PCI events and furthermore, non-fatal events were only 
recorded if the patient was hospitalized. In the Rotterdam Study, both CABG and PCI were 
counted as CHD events, and all CHD and stroke events were recorded whether or not the 
patient was hospitalized, making the definition of CHD and stroke inherently different between 
the two cohorts (20, 21).

Statistical analysis
Important baseline characteristics for the baseline 3,478 Rotterdam Study participants and 
25,492 EPIC participants were calculated and tabulated to evaluate their differences.
To take into account parameter uncertainty, the heterogeneity of the participants, and the 
stochastic uncertainty, we performed a three-level simulation (16, 17). We calculated the mean 
and distribution around the mean of the cumulative incidences by drawing from 100 second-
order sets of linked ß-coefficients from the state-transition probabilities and values for the 
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of linked ß-coefficients and baseline hazards, we consecutively simulated 2,000 randomly 
drawn risk factor profiles from the 3,478 Rotterdam profiles for the internal and predictive 
validation. and 2,000 from the 25,492 EPIC profiles for the external validation (middle 
simulation loop for heterogeneity). For each profile, 200 random walks were simulated, needed 
for the tracking of the individual cardiovascular histories (microsimulation, inner simulation 
loop for stochastic uncertainty). This implies 100 x 2,000 x 200 runs per analysis. We did not 
model any particular intervention or treatment in this study; only the observed history (current 
practice) was simulated for purposes of validation. For the stratified analyses we aggregated 
on the individual level (n = 3,501 x 100 x 200 runs per analysis). 
For the internal and predictive validation, we determined the average simulated cumulative 
incidences of CVD death, non-CVD death, CHD, and stroke for the 13-year period. For the external 
validation, we determined the average simulated cumulative incidences of CVD death and 
non-CVD death for year 1 until year 13. Because the Rotterdam Study and EPIC-Norfolk 
population are potentially different with respect to the distribution of risk factors and incidence 
of CVD, we subsequently recalibrated the RISC model by substituting the centered cumulative 
baseline hazards and mean values of the risk factors from the original model based on the 
Rotterdam data with the corresponding ones from the EPIC-Norfolk cohort (22). We then ran 
again 2,000 randomly drawn participants from the 25,492 EPIC participants. 
For all cumulative incidences, we calculated the 2.5% and 97.5% percentiles of the variation around 
the average incidences (credibility intervals) from the RISC simulations, to quantify the influence of 
parameter uncertainty. We compared the observed with the simulated incidences for all events.

RESULTS

Compared with the Rotterdam Study, the the EPIC-Norfolk study participants were 10 years 
younger on average, and there were more men in the EPIC-Norfolk study (Table 1). On average, 
EPIC participants had lower total cholesterol levels and higher HDL levels (Table 1). The number of 
Rotterdam Study participants with a history of CVD at baseline exceeded that of the EPIC 
participants. 

Internal and predictive validation
During the 13 years of follow-up, 367 CHD events, 343 stroke events, 494 CVD deaths, and 846 non-
CVD deaths occurred in the 3,478 Rotterdam Study participants, The cumulative incidences of CVD 
and non-CVD mortality during the 13 years of follow-up for the Rotterdam Study participants were 
compared with the incidences generated by the RISC model (Figure 2, Figure 3). The observed 
values, both during the first 5 years (internal validation) and for the extrapolated period (predictive 
validation), were consistent with the simulated ones. The cumulative incidences of CHD and stroke 
events during the 13-year follow-up were compared with the incidences generated by the RISC 
model (Figure 4, Figure 5). The observed values were again consistent with the simulated events.  
For the cumulative incidences of CVD mortality, stratified by tertiles of age, for men and women 
respectively, the observed values were also consistent with the simulated values.
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External validation and recalibration
During the 10-year follow-up of the 25,492 EPIC-Norfolk participants, 943 CVD deaths and 1,661 
non-CVD deaths occurred. The cumulative incidence of CVD and non-CVD mortality during the 
10-year follow-up of the 25,492 EPIC participants were compared with the incidences generated 
by the RISC model, using the EPIC-Norfolk profiles as input (Figure 6, Figure 7). The observed 
values were within the 95% credibility intervals of the simulated values, but the RISC model 
overestimated the incidences for all years, for both CVD and non-CVD mortality.  We then 
estimated the cumulative incidences of CVD and non-CVD mortality, after substituting the 
centered cumulative baseline hazards and average values of the risk factors with those based on 
the EPIC data, which recalibrated the model (Figure 8, Figure 9). After this recalibration, the observed 
CVD and non-CVD mortality incidences matched the simulated incidences from the RISC model.

DISCUSSION

In this study, we evaluated the internal, predictive, and external validity of the RISC model. The 
simulated cumulative incidence of CVD and non-CVD deaths, CHD events, and strokes 
adequately represented the data during the original follow-up period of 5 years on which the 
RISC model was based. Extrapolation of the simulated results beyond this period proved to be 
valid for 13 years of follow-up, the maximum length that we analyzed in this paper. Although 
the results of the RISC model overestimated the CVD and non-CVD mortality compared with 
the observed 10-year incidences in the EPIC-Norfolk population, recalibrating the model with 
the cumulative baseline hazards and mean values of the risk factors substantially improved 
performance.
Other decision models used to evaluate preventive and treatment strategies for CVD have been 
well established. A recent review by Unal et al. identified forty-two such models, of which six 
major ones have been described in detail (23). Although some of the forty-two models reported 
assessment of validity, most did not. Of the six major models, three have not been validated 
(24-26), two models had information on internal validity reported (27, 28), and an external 
validation had been performed for two models (29, 30). 
In the present study, the predictive validity of the RISC model was tested against follow-up 
data for more than twice the length of the period on which the model was originally based. The 
fact that the observed and simulated incidences matched closely even when extrapolated 
beyond the original data makes it plausible to expect projections beyond 13 years to be valid as 
well. The trends in risk factors over time and their effects on the incidence of events, which are 
jointly modeled in the RISC model, seem to provide a valid basis to extrapolate results, without 
the need to recalibrate the model for the Rotterdam Study population. We furthermore showed 
the robustness of the internal and predictive validity by providing results for the stratified 
analyses by tertiles of age and sex. As for the external validation, the EPIC-Norfolk population 
was on average younger and healthier than the Rotterdam Study population. It was to be 
expected that an unadjusted model, using the baseline hazards and mean of the risk factors 
from the Rotterdam Study, would overestimate the observed incidences in the EPIC-Norfolk 
study. In the recalibrated model, we updated only the baseline cumulative hazards of the 
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models to other populations than that for which the model was originally developed in (22, 31). 
This result suggests that the relative strengths of the associations of the risk factors with the 
incidence of the events in the RISC model are the same for both the EPIC-Norfolk population 
and Rotterdam Study. The resulting external validity of the RISC model after this adjustment 
strongly supports this assumption.
Our analysis does have some limitations. The RISC model was designed to investigate the 
effects of modifying cardiovascular risk factors on the burden of CVD in the middle-aged and 
older general population. We validated the model in the EPIC-Norfolk data, which included 
people aged from 45 years upwards. Although most current guidelines on the primary 
prevention of CVD mostly start at the age of 45 years and older, some do (or in the future 
potentially will), suggest that CVD prevention should begin at an earlier age. Whether the RISC 
model also performs well in a younger population remains to be determined. The RISC model 
is intended to be used for projections during the remaining lifetime of an individual. The model 
proved to be valid for projections during 13 years of follow-up, and for most older people this is 
sufficiently long to cover their remaining lifespan. For younger people, this is less likely, and 
model extrapolation beyond this period therefore has to be made, which currently has not 
been validated. Because the Rotterdam Study is ongoing, and longer follow-up data are being 
collected, we will be able to test whether this additional extrapolation is valid as well. 
A number of risk factors used for the RISC model were not documented in the EPIC-Norfolk 
study. To make the EPIC-Norfolk dataset suitable for the RISC model, we imputed missing data 
based on the correlations between the missing risk factors and the documented variables. 
These correlations stemmed from the Rotterdam Study data, thereby introducing dependency 
between the (imputed) EPIC-Norfolk data and the RISC model. However, the major traditional 
risk factors such as age, sex, cholesterol level, and blood pressure were available in EPIC. The 
prevalence of a number of missing risk factors such as atrial fibrillation and intermittent 
claudication were low in the Rotterdam Study data on which the RISC model was developed, 
and the incremental value beyond the traditional risk factors of the other variables, such as the 
ankle-brachial index, has been found to be limited (32). It is therefore less likely that the 
imputation influenced the external validity in favor of concordance. Although the EPIC-Norfolk 
dataset contains information on (hospitalized) patients with MI, the RISC model simulates 
CHD as a combined endpoint, including CABG and PCI. This is consistent with most clinical 
trials using similar combined endpoints. The design of the RISC model therefore did not allow 
for direct comparison of simulated MIs as a sole endpoint. Although acute MI is the major 
component of CHD, both CABG and PCI interventions are inherently different from acute MIs, 
and we therefore did not externally validate CHD events in the EPIC dataset. 
At the time of this paper, we did not have datasets other than EPIC-Norfolk at our disposal to 
perform additional external validation. The fact that the RISC model, after updating the model 
with the baseline hazards and mean values for the risk factors from EPIC, proved to be valid for 
the EPIC-Norfolk cohort, does not automatically imply that it will be valid in other populations 
as well. The EPIC-Norfolk cohort was younger on average, and included more men than the 
RISC cohort. However, the fact that the cohort was different with regard to these important 
risk factors, and yet RISC still provided valid results, does make a strong case that the model will 
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be valid for other cohorts as well. We do intend to validate the model with other data as they 
become available. Both the Rotterdam Study and the EPIC-Norfolk study were population-
based studies and included individuals regardless of pre-existing risk factor profiles or disease 
status. Although risk factor distributions of the study participants might in principle be 
different from the populations they intend to represent, it is very likely that the RISC model is 
valid for most western European populations in general after adjusting for baseline hazards. A 
simpler model with a reduced set of parameters, excluding the less common ones such as 
atrial fibrillation and ankle-brachial index, would possibly allow for a more rapid validation 
process in other populations. In an ongoing effort to optimize our model, we also intend to 
make efforts to simplify our current model.
We modeled and validated the cardiovascular histories of the participants of the Rotterdam 
Study and EPIC-Norfolk cohort as they were observed; that is, without any interventions. 
Although the results with regard to this validity seem promising, the RISC model will be used to 
evaluate interventions for the primary prevention of CVD. In that case, the validity of the model 
to evaluate an intervention depends not only on the observed CVD history, but also on the 
extent to which other structural assumptions are made, such as modeling the treatment effect 
of an intervention (33). A more extensive framework of model validation proposed by Kopec et al. (34) 
also includes between-model comparisons, and comparisons of evidence from examining the 
consequences of model-based decisions. Between-model comparisons are specifically useful 
when analyzing certain interventions compared with the natural history of the disease, as we 
did in the current analysis. Being a simplifying abstraction of reality, a model will be valid with 
regard to some (but not necessarily all) mechanisms or relationships seen in real life. 
Assumptions made to assure that particular mechanisms are characterized can cause the model to 
be less valid with regard to other possible mechanisms. This makes the modeling of complex 
interrelationships more of an art than an exact science. For each particular decision problem, it 
is important to determine the assumptions to which each approach is sensitive, determine the 
appropriateness of these assumptions, and judge the relevance of the model sensitivity to them in 
the context of the decision problem and the forthcoming decisions that will result from it.

CONCLUSIONS

This study shows that the RISC model accurately predicts mortality and CVD events during the 
period of 5 years on which it is based (internal validity) and during an extended follow-up 
period up for 13 years (predictive validity). In addition, after recalibration, it accurately predicts 
mortality in the EPIC-Norfolk cohort as well (external validity). These findings provide a basis to 
generalize results from the RISC model. 
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Figure 1. Schematic presentation of the RISC model. CHD: coronary heart disease ; CVD: cardiovascular disease. Arrows 
indicate transitions between the health states
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Figure 2. CVD mortality during 13 years of follow up.  The first 5 years refer to the internal validation, the remaining years 
to the predictive validation. Simulated vs observed values for the Rotterdam Study data
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Figure 3. Non-CVD mortality during 13 years of follow up. The first 5 years refer to the internal validation, the remaining 
years to the predictive validation.Simulated vs observed values for the Rotterdam Study data
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Figure 4. CHD events during 13 years of follow up. The first 5 years refer to the internal validation, the remaining years to 
the predictive validation. Simulated vs observed values for the Rotterdam Study data
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Figure 5. Stroke events during 13 years of follow up. The first 5 years refer to the internal validation, the remaining years 
to the predictive validation. Simulated vs observed values for the Rotterdam Study data
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Figure 6. CVD mortality during 10 years of follow up. Simulated vs observed values for the EPIC data
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Figure 7. Non-CVD mortality during 10 years of follow up. Simulated vs observed values for the EPIC data
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Figure 8. CVD mortality during 10 years of follow up in recalibrated model. Simulated vs observed values for the EPIC data
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Figure 9. Non-CVD mortality during 10 years of follow up in recalibrated model. Simulated vs observed values for the EPIC data
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ABSTRACT

Purpose
Modeling studies which evaluate statin treatment for the prevention of cardiovascular disease 
(CVD) use different methods to model the effect of statins. The aim of this study was to evaluate 
the impact of using different modeling methods on the optimal decision found in such studies.

Method 
We used a previously developed and validated Monte Carlo-Markov model based on the 
Rotterdam Study (RISC model). The RISC model simulates coronary heart disease (CHD), stroke, 
cardiovascular death and death due to other causes. Transition probabilities were based on 
5-year risks predicted by Cox regression equations, including (amongst others) total and HDL 
cholesterol as covariates. In a cost-effectiveness analysis of implementing the ATP-III guidelines 
we evaluated the impact of using three different modeling methods of statin effectiveness: (I) 
Through lipid level modification: statins lower total cholesterol and increase HDL, which 
through the covariates in the Cox regression equations leads to a lower incidence of CHD and 
stroke events; (II) Fixed risk reduction of CVD events: statins decrease the odds of CHD and 
stroke with an associated odds ratio which is assumed to be the same for each individual; (III) 
Risk reduction of CVD events proportional to individual change in LDL Cholesterol: the relative 
risk reduction with statin therapy on the incidence of CHD and stroke was assumed to be 
proportional to the absolute reduction in LDL-cholesterol levels, for each individual. The 
probability that the ATP-III strategy was cost-effective, compared to usual care as observed in 
the Rotterdam study, was calculated for each of the three modeling methods for varying 
willingness-to-pay thresholds.

Result 
Incremental cost-effectiveness ratios for the ATP-III strategy compared with the reference 
strategy were 56,642 euro/QALY, 21,369 euro/QALY and 22,131 euro/QALY for modeling method I, 
II and III respectively. At a willingness-to-pay of 50,000 euro/QALY, the probability that the ATP-
III strategy was cost effective was about 40% for modelling method I, and more than 90% for 
both method II and III. Differences in results between the modeling methods were sensitive to 
both the time horizon modeled and age distribution of the target population.

Conclusion
Modeling the effect of statins on CVD through the modification of lipid levels produced 
different results and associated uncertainty than modeling it directly through a risk reduction 
of events. Different modeling methods of statin treatment effectiveness in simulation studies 
influence the results and the associated uncertainty in decision- and cost-effectiveness 
analyses of strategies for primary prevention of CVD.s whereas methods II and III. This was 
partly attributable to the modeled effect of cholesterol on the incidence of stroke.
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115INTRODUCTION

As the burden of cardiovascular disease (CVD) is still increasing globally, the primary prevention 
of CVD is more important than ever. Most Western populations are ageing, and given limited 
health care resources, research in CVD prevention should evaluate not only effectiveness but also 
cost-effectiveness. Randomized clinical trials in this area are scarce and a number of recent 
papers have used simulation models to analyze the cost-effectiveness of preventive interventions 
for CVD (1-11). Frequently, the intervention in these studies consisted of statin treatment for 
asymptomatic individuals, often based on the third report of the expert panel on detection, 
evaluation, and treatment of high blood cholesterol in adults (ATP-III) (12). As in all modeling 
studies, assumptions have to be made for the relationship between the disease of interest and 
the intervention proposed. (1-2,5-6,8,10,13). The assumptions made differed between the 
reviewed simulation models. Some authors modeled the effect of statin therapy through the 
modification of lipid levels (2,8,14-18), others used observed risk reductions from trials (9,19-21), 
or used a combination of lipid level changes and observed risk reductions (1). A natural question 
arises when optimizing effectiveness and cost-effectiveness of statin therapy: does making 
different structural model assumptions about the treatment effect of a statin change the 
decision about statin initiation? If so, a decision maker, faced with the results from a modeling 
study, should interpret the conclusion in light of these assumptions.
As the ATP-III guidelines are frequently studied with decision models, it provides a suitable 
decision analytic example to illustrate the use of different modeling methods of statin 
effectiveness (12). The purpose of this study was to evaluate the impact of using different 
methods of modeling statin treatment effectiveness on the lifetime effectiveness and cost-
effectiveness of implementing the ATP-III guidelines.

METHODS

To evaluate the impact of using different methods of modeling treatment effectiveness of a 
statin, we used the previously developed Rotterdam Ischemic Heart Disease & Stroke Computer 
Simulation Model (RISC model). The model will be briefly outlined, after which three different 
modeling methods of statin effectiveness will be described, applied to the RISC model. Finally 
the decision problem used to evaluate the different modeling methods will be outlined.

The model
The RISC model is a Monte Carlo state-transition model with six states: (1) the CVD death state, 
(2) the non-CVD death state, (3) the coronary heart disease (CHD) state, (4) the Stroke state, (5) 
the CHD and Stroke state and (6) the Well state (being alive without coronary heart disease or 
stroke). The model simulates incident CVD events in individuals based on risk factor dependent 
transition probabilities, using Cox regression equations. Individual risk factor profiles were 
modeled and tracked over time. The model was built in TreeAge (version 2009, TreeAge 
Software, Inc., Williamstown, USA). Detailed information about the model is given in an earlier 
publication (22) and Appendix 2.
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The Rotterdam Study
In the RISC model the risk factor profiles and transition probability functions were based on 
data from the Rotterdam study population (23). This population consisted of 7983 respondents 
from a random sample of adults aged 55 and older that were recruited between 1990 and 1993 
and residing in Ommoord, the Netherlands. Of these 7983 respondents, 6871 individuals both 
visited the research center and signed an informed consent. Individuals were followed from 
1990 to 2000 and follow-up consisted of three physical examinations with lifestyle interviews 
and surveillance of hospital admissions, death registries and other available medical sources, 
ensuring accurate follow-up of death and clinical manifestations of CVD.
In 3501 individuals all important characteristics to predict CVD were completely known. The 
RISC model was based on data from these 3501 individuals. The risk factors considered for the 
transition probability functions were age, sex, smoking status, systolic and diastolic blood 
pressure, diabetes mellitus, plasma glucose level, body mass index, waist to hip ratio, plasma 
cholesterol and HDL-cholesterol level, plasma creatinine level, family history of CVD, ankle-
brachial index, manifestations of intermittent claudication, angina pectoris, atrial fibrillation 
or transient ischemic attacks and prevalent CVD. Details about the assessment of these risk 
indicators are described in earlier publications (23). We define a CVD event as any of the following 
events: a fatal or non-fatal myocardial infarction, coronary artery bypass grafting (CABG), 
percutaneous coronary intervention (PCI), fatal or non fatal ischemic or unspecified stroke, or death 
due to heart disease, cerebrovascular disease or other arterial disease.

Modeling statin effectiveness
In this study, three methods of modeling statin effectiveness applied to the RISC model were 
evaluated:

(I)  Through lipid level modification: clinical trials have shown that statins increase HDL 
cholesterol, and decrease both total cholesterol, triglycerides and LDL-cholesterol (24). In the 
RISC model, both total cholesterol and HDL-cholesterol are included in the Cox regression 
equations describing the hazards of a (fatal or non-fatal) CHD event (myocardial infarction, 
percutaneous transluminal angioplasty, or coronary artery bypass graft intervention), the 
6-month case-fatality rate after a stroke event, and other cardiovascular mortality (CVD 
related mortality, not due to a fatal CHD or stroke event within 6 months). Table 1 provides an 
overview of the hazard rate ratios for both total and HDL cholesterol underlying the 
transition probabilities for these 3 events. In accordance with earlier research (25), the total 
incidence of stroke is unchanged by total and HDL cholesterol – only the fraction of fatal 
events is reduced. This method of modeling statin effectivenss assumes that the statin-
induced reduction in total cholesterol and increase in HDL cholesterol, causes a decrease in 
the hazard rates for cardiovascular related events via the Cox regression equations, and 
lowers the annual probabilities of having such events in the model, compared with not 
taking statins. Based on the most recent meta-analysis by Brugts et al (24), we assumed an 
average 15.7% reduction in total cholesterol from baseline when using statins and a 3.1% 
increase in HDL.

(II)  Fixed risk reduction of CVD events: based on the same meta-analysis, clinical trials have 
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117shown an average reduction in the incidence of a first fatal or non-fatal myocardial 
infarction (OR 0.7 95% CI [0.61 0.81]) and first fatal or non-fatal stroke event (OR 0.81 95% 
CI [0.71 0.93]) (24). Directly applying these odds ratio’s to the annual odds of a first fatal or 
non-fatal myocardial infarction and fatal or non-fatal stroke, lowers the incidence of having 
such events in the model, compared with not taking statins. We assumed that the case-
fatality rate following a CHD or stroke event remained unchanged.

(III)  Risk reduction of CVD events proportional to individual change in LDL cholesterol: the third 
modeling method assumes that the statin induced reduction in LDL cholesterol is an 
indicator of the risk reduction that can be expected from statin therapy. Given an individual’s 
baseline LDL cholesterol, the expected absolute reduction in LDL cholesterol in mmol/L was 
calculated, based on the same meta-analysis as used in methods 1 and 2 which demonstrated 
an average relative reduction in LDL of 23.7% (24). Based on another source, the risk reduction 
in the incidence of first fatal or non-fatal myocardial infarction was estimated to be 0.23 per 
mmol/L LDL reduction, and 0.17 for first fatal or non-fatal stroke (26). Multiplying each 
individual’s baseline LDL level (mmol/L) with the relative reduction in LDL and with the risk 
reduction per mmol/L LDL reduction, we obtained each individual’s estimated risk reduction 
under statin therapy. Applying these individual risk reductions to the annual probabilities of 
a first non-fatal myocardial infarction and first fatal or non-fatal stroke, lowers the incidence 
of having such an event in the model, compared with not taking statins. This method differs 
from method I, because it does not affect the beta-coefficients in the state-transition 
probabilities but affects the probabilities of incident myocardial infarction and stroke 
similarly as method II. It does differ from method II, as the risk reduction is not fixed for each 
individual, but depends on the individual’s baseline LDL level.

Decision problem
To illustrate the impact of using the three different methods, the cost-effectiveness of applying 
the ATP-III guidelines (12) to the Rotterdam study population, compared to current practice 
without implementing the ATP-III guidelines (reference strategy). For simplicity we assumed 
that the individuals in the Rotterdam study did not use statins at baseline. For the ATP-III 
guidelines strategy, we assumed that an individual would be assigned a statin if one of the 
following were true:

a)  The predicted 10-year risk for a hard CHD event, based on the Framingham risk score (27) 
would be lower than 10%, and baseline LDL cholesterol would exceed 160 mg/dL

b)  The predicted 10-year Risk based on the Framingham risk score would be between 10 and 
20%, and baseline LDL cholesterol would exceed 130 mg/dL 

c)  The predicted 10-year Risk based on the Framingham risk score would be 20% or higher, and 
baseline LDL cholesterol would exceed 100 mg/dL

d)  An individual had experienced a previous CVD event at baseline
e)  An individual had been diagnosed with diabetes at baseline

We did not explicitly model the exact dosage and type of statin given to an individual, but 
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assumed that the statin type and dose would match those covered in the meta-analyses 
(24,26) used. We used tracker variables to model myopathy and hepatitis, two of the most 
important side effects of statins, and used hazard rate ratios to model the increased risk of 
these events due to statin use based on a meta-analysis of side effects (28). We modeled the 
associated decrease in quality of life and costs of both events (2). For the purpose of this study, 
adherence to statin treatment was assumed to be equivalent to that obtained in the studies 
included in the meta-analysis. Table 2 provides an overview of the most important parameter 
values with regard to probabilities, costs and utilities. Parameter distributions were determined 
directly from its source, or additional assumptions were made.

Analysis
For each of the 3501 individuals, the 10-year Framingham risk score, based on the original paper 
from 1998, was calculated (27). Important baseline variables were calculated, stratified by three 
risk categories: low (10 year Framingham risk <10%), intermediate (10-20%) and high (>20%). 
Individuals with a history of CVD or diabetes at baseline were considered to be at high risk. 
Qualityadjusted life years (QALYs), life time costs, incremental cost-effectiveness ratios (i.e., 
additional costs divided by QALYs gained) were calculated for the ATP-III strategy and reference 
strategy, for all three modeling methods separately. To take time preference into account, 
future costs and effectiveness were discounted at the currently recommended U.S. discount 
rate of 3% for both costs and effectiveness (29). Strategies were first ordered according to 
increasing cost. A strategy was considered dominated if another strategy was both more 
effective and less costly. A strategy was considered extended dominated if another strategy 
achieved more effectiveness at a lower incremental cost-effectiveness ratio. After eliminating 
dominated and extended dominated strategies, the incremental cost-effectiveness ratios were 
calculated as the difference in mean lifetime costs divided by the difference in mean QALYs for 
each strategy compared to the next best non-dominated strategy.
A three-level simulation was performed. The first loop consisted of 1000 parameter drawings, 
including the joint distributions of the beta coefficients from the Cox proportional hazards 
equations, representing parameter (second order) uncertainty. The second loop consisted of a 
fixed subset of 200 randomly drawn individuals from the 3501 individuals, each with their own 
risk profile, representing heterogeneity. Average values of the baseline characteristics for these 
200 individuals were not significantly different from those of the 3501 individuals. The third 
and final loop consisted of 100 random walks (stochastic uncertainty) which was necessary 
because multiple tracker variables were used in the model (30). For each of the three modeling 
methods, we calculated the probability that the ATP -III strategy was cost-effective, for a range 
of willingness-to-pay thresholds, generating acceptability curves.
In order to get more insight into possible differences between the modeling methods with 
regard to the ICERs, we determined intermediate outcomes such as the age of death, the 
percentage of all deaths due to CVD and non-CVD causes, and the percentage of individuals 
with incident CHD, stroke and total incident CVD.

Sensitivity analysis
As the first method directly affects both the hazards of CVD events and other CVD mortality, 
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119and includes an interaction with age and HDL cholesterol in one of the transition 
probabilties, the potential differences in outcomes between the three methods are 
anticipated to be sentitive to the time horizon modeled, as well as the age range of the 
population simulated. In a sensitivity analysis, we checked whether the results would be 
different when using a follow up of 5, 10, 15 and 20 years. In another sensitivity analysis, we 
stratified the analysis by age groups. We ran the (lifetime) simulation with individuals who 
belonged to the first, second, third and fourth age quartile, respectively. We calculated the 
ICER of implementing ATP-III vs the reference strategy, and the probability that the ATP-III 
stratey was cost-effective, for each of the modeling methods in each subgroup and a 
willingness-to-pay of 50,000 euro.

RESULTS

Base case analysis
Important baseline characteristics of the 3501 individuals from the Rotterdam Study, stratified 
by the Framingham risk score categories can be found in Table 3. As expected, on average risk 
factor profiles were less favourable for individuals in higher risk categories. The incremental 
cost-effectiveness ratio’s of the ATP-III strategy compared with the reference strategy for the 
three different modeling methods were 56,642 euro/QALY, 21,369 euro/QALY and 22,131 euro/
QALY, respectively (Table 4). Acceptability curves (Figure 1) show that for a willingness-to -pay 
between 30,000 and 60,000 euro/QALY, the ATP-III guidelines strategy had a less than 50% 
probability of being costeffective using modeling method I, but more than 85% probability of 
being cost-effective using modeling method II or III.

Intermediate outcomes
The age at death increased with the ATP-III strategy compared to the reference strategy and 
was the highest for method II and III (Table 5). Of all deaths, the percentage from CVD decreased 
with ATP-III and as a consequence, the non-CVD causes of death increased slightly, which was 
the most prominent with methods II and III. Incident CHD and CVD decreased with ATP-III, but 
the decrease was larger with modeling method II and III compared to method I. The incidence 
of stroke decreased with method II and III, but increased slightly with method I.

Sensitivity analysis
The four selected groups based on age-quartiles were on average 59, 65, 71 and 81 years of age. 
Figure 2 shows that the incremental cost-effectivess of the ATP-III guidelines declined when 
older populations were simulated compared with younger ones, for method II and III, but 
increased for method I. Figure 3 shows that an increase in follow-up duration decreased the 
ICER of the ATP-III strategy in general, but the decline was larger with method I compared to II 
and III. The probability that the ATP-III strategy is cost-effective declines when older populations 
are simulated with method I, while it increases slightly with method II and III (Figure 4). Longer 
follow-up was associated with a higher probability that the ATP-III strategy is cost effective for 
all three methods (Figure 5).
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DISCUSSION

In this study, we evaluated the consequences of using different modeling methods of statin 
treatment effectiveness on the cost-effectiveness of implementing the ATP-III guidelines for the 
primary prevention of cardiovascular disease. We found that different modeling assumptions 
about the effect of statin therapy affected the results such that the optimal decision would 
change. For willingness-to-pay thresholds of 30,000 – 60,000 euro/QALY, modeling methods II 
and III would lead to the conclusion that the ATP-III guidelines are cost-effective, whereas using 
method I would lead to the conclusion that the ATP-III guidelines are not cost-effective.
These results were not obvious a priori as the three methods influence different events 
compared to another. Modeling method I leads to a lower probability of CHD, the 6-month 
case-fatality rate after a stroke (a conditional probability) and other cardiovascular mortality. 
Methods II and III lower the incidence of CHD and stroke as well, but do not affect the latter 
two probabilities. An indirect effect was present on the incidence of stroke with model I: since 
the hazard rate ratio of incident stroke is unchanged with statins with method I and as a result 
of competing risks in the model, an increase in the incidence of stroke was observed compared 
with this method compared to the reference strategy. As strokes are an important determinant 
of cardiovascular disease, these differences between the modeling methods partly explain the 
QALY and cost disadvantage for method I compared to II and III.
Two important sensitivity analyses showed how age and the decision time-frame influenced our 
findings. For individuals aged 77 and over, a statin-induced increase in HDL cholesterol would lead to 
an increase in the hazard of stroke mortality due to the interaction with age (Table 1). This can partly 
explain the steep increase in the ICER of the ATP-III with this method, observed in Figure 2. The steeper 
decline in ICER of the ATP-III with method I when follow-up is extended from 5 to 10 years can be 
explained by the fact that a substantial part of the effect of statin treatment with this method is 
obtained through the reduction in other CVD mortality. The probability of CVD mortality is higher 
after a non-fatal CVD event and non-fatal CVD events accumulate with a longer follow-up.
Are these findings generalizable to other models than the RISC model and would a similar difference 
between method I vs II/III have been found? Several investigators have modeled the treatment 
effect of a statin similar to method I (2,8,14-18). These models are, just like the RISC model, based on 
risk factor dependent transition probabilities with total and HDL-cholesterol as lipid-based risk 
factors (15-18). The treatment effect of statins was, similar to method I, modeled through these risk 
factors and accompanying regression coefficients. While the magnitude of the beta coefficients of 
total and HDL-cholesterol may differ from those in the RISC model, it is highly likely that similar 
associations between cholesterol risk factors and CHD and stroke events would have been found. 
More specifically, other data supports the lack of an association between total cholesterol, HDL 
cholesterol and incident stroke (25), but did find a trend for HDL cholesterol on fatal stroke. Thus, any 
simulation model based on risk factor dependent transition probabilities based on observational 
data, that would incorporate stroke events, would likely be subject to the same phenomenon as 
observed with modeling method I in the RISC model. It would be interesting to see if models using 
a method similar to method I would report worse cost-effectiveness ratios of statin interventions 
than models using a method similar to method II or III. However, the papers we looked into were too 
heterogeneous with regard to the exact statin-based intervention to make a meaningful comparison.
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have suggested that statins have a cardioprotective effect beyond the improved lipid levels (31-32). 
This would suggest a preference for methods II and III, which directly model the relation between 
statin therapy and outcomes and capture the (potential) effects on events beyond lipid lowering. 
However, the validity of a model only partly depends on the structural modeling of the treatment 
effect. Being a simplifying abstraction of reality, a model will be valid with regard to some (but not 
necessarily all) mechanisms or relationships as observed in real life. Assumptions made to assure 
that particular mechanisms are characterized can cause the model to be less valid with regard to 
other possible mechanisms. For example, if the decision problem requires that the modeled 
reduction in incident CHD and stroke corresponds to the same reduction as observed in trials, the 
resulting reduction in fatal total CVD events produced by this model is unlikely to match the 
observed reduction in fatal total CVD events in the same trials if no further adjustments or 
assumptions are introduced. This makes the modeling of complex interrelationships more of an art 
than an exact science. For each particular decision problem it is important to determine which 
assumptions each approach is sensitive to, determine the appropriateness of these assumptions, 
and judge the relevance of the model sensitivity to them in the context of the decision problem 
studied. Rather than determining the validity of the three methods against some arbitrary chosen 
‘’gold standard’’, we demonstrated how the different methods currently used in practice can affect 
the results and alter the conclusions of a decision analysis.
Our study bears some limitations. The state transition probabilities in the RISC model did not 
include LDL cholesterol as a covariate. Similarly, the original Framingham risk score and the 
European SCORE function, do not include LDL cholesterol as well. Instead, they include HDL and 
total cholesterol, as does the RISC model. Although we demonstrate large differences in results, 
our study does not provide information on which modeling method is optimal. The complex 
interplay between various aspects of Markov decision models, including competing risks and 
extrapolation to lifetime events, make it practically impossible to say beforehand which 
method would be preferable in terms of model validity. The only proper way to find out is to 
perform a thorough validation analysis, both internal and external, before a simulation model 
is used to evaluate a decision problem.
In our analysis, we evaluated the ATP-III treatment scenario. Although our results could be different 
for other statin treatment scenario’s – such as pure risk-based treatment interventions, it is likely that 
such scenarios are subject to the same effects of modeling treatment effectiveness. Though we 
explicitly looked into the effect of statins, other interventions targeting risk factors or intermediate 
outcomes in primary prevention of cardiovascular disease such as smoking cessation, weight loss 
and blood pressure are likely to be subject to the same phenomenon. Smoking status, systolic and 
diastolic blood pressure, and weight-related risk factors such as BMI or waist-to-hip ratio are included 
as covariates in the RISC model. An intervention on these risk factors can be assumed to work through 
the modification of these covariates, similar to method I, or directly on event incidence rates as in 
method II and III. With this in mind, our results further stress the importance of thorough consideration 
of the assumptions underlying a simulation model and performing extensive model validation.
In conclusion, this study points out that the choice of modeling method of the effectiveness of 
statin treatment in simulation studies can influence the optimal decision and the uncertainty 
associated with it.
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Figure 1. Acceptability curves showing the probability that the ATP-III strategy is cost effective for each of the three 
modeling methods, for a range of willingness-to-pay values. 
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Figure 3. Incremental Cost-Effectiveness Ratio’s for the four different follow-up durations, for modeling method I, II and III.
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four age-quartiles, for each of the three modeling methods.
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Figure 5. Probabilities that the ATP-III strategy is cost-effective given a willingness-to-pay of 50,000 Euro/QALY, for the 
four different follow-up durations, for each of the three modeling methods.
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ABSTRACT

Background
Physicians need to inform asymptomatic individuals about personalized outcomes of statin 
therapy for primary prevention of cardiovascular disease (CVD). However, current prediction 
models focus on short-term outcomes and ignore the competing risk of death due to other 
causes. We aimed to predict the potential lifetime benefits with statin therapy taking into 
account competing risks.

Methods and findings
A microsimulation model based on 5-year follow-up data from the Rotterdam Study, a 
population-based cohort of individuals aged 55 years and older, was used to estimate lifetime 
outcomes with and without statin therapy. The model was validated in-sample using 10-year 
follow-up data. We used baseline variables and model output to construct: 1) a web-based 
calculator for gains in total and CVD-free life expectancy and 2) colour charts for comparing 
these gains to the SCORE (Systematic COronary Risk Evaluation) charts. In 2,428 subjects (mean 
age 67.7, 35.5% men), statin therapy increased total life expectancy by 0.3 years (SD 0.2) and 
CVD-free life expectancy by 0.7 years (SD 0.4). Age, sex, smoking, blood pressure, hypertension, 
lipids, diabetes, glucose, body mass index, waist-to-hip ratio, and creatinine were included in 
the calculator. Gains in total and CVD-free life expectancy increased with blood pressure, 
unfavourable lipid levels and body mass index after multivariable adjustment. Gains decreased 
considerably with advancing age, while SCORE 10-year CVD mortality risk increased with age. 
Twenty-five percent of subjects with a low SCORE risk achieved equal or larger gains in CVD-free 
life expectancy than the median gain in subjects with a high SCORE risk.

Conclusions
We developed tools to predict personalized increases in total and CVD-free life expectancy 
with statin therapy. The predicted gains we found are small. If the underlying model is validated 
in an independent cohort, the tools may be useful in discussing with patients their individual 
outcomes with statin therapy.
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Current guidelines recommend that asymptomatic individuals at high cardiovascular disease 
(CVD) risk should be identified for statin therapy. For this purpose, risk assessment is performed 
using prediction models estimating short-term, i.e. 5 to 10-year CVD risk (1,2). The higher the 
predicted CVD risk, the stronger is the recommendation to initiate statin therapy. This reasoning 
is based on solid evidence demonstrating a CVD risk reducing effect (3,4) with an expected 
larger absolute benefit as CVD risk increases (5). For shared decision making, physicians need to 
communicate to the patient personalized information about the outcomes of statin therapy 
(6). Whether the magnitude of the expected benefit would outweigh the disadvantages of 
statin therapy (e.g. side effects, the disutility of taking a pill every day), can be discussed with 
the individual in order to reach agreement on initiation of the drug therapy.
Using the currently available short-term CVD prediction models for estimating treatment 
benefits has limitations. First, statin therapy is generally continued over the remainder of the 
course of a lifetime, and information for decision-making should reflect the expected long-
term benefit (7). Second, short-term risk reductions are generally small and difficult to interpret 
by lay people (8). Third, competing risk of death due to other causes than CVD is generally not 
taken into account. Especially in frail individuals, who are also at high risk of dying due to other 
causes, ignoring the competing risk of non-CVD death leads to overestimation of CVD risk and 
thus overestimation of the treatment benefit (9). Decision models have the ability of 
extrapolating short-term follow-up data to a lifetime horizon while taking into account 
competing risks of death. Results can be expressed on a time scale, as gains or losses in (CVD-
free) life expectancy. Life expectancy measures have the advantage that the aggregated 
treatment benefits over the full life span can be represented by a single value. This could 
provide information complementary to the conventional communication of risk reduction, 
which is limited to the use of fixed time points (10). Presenting data in various different ways 
can be helpful to assess the certainty about therapy choices and could improve the quality of 
decision-making (11).
Our aim was to predict personalized lifetime benefits with statin therapy for prevention of CVD 
in asymptomatic individuals without a history of CVD.

METHODS

The decision model
We used a previously developed microsimulation state-transition model, the Rotterdam 
Ischemic Heart Disease & Stroke Computer Simulation Model (RISC model), which was built in 
TreeAge (version Data Professional release 10, TreeAge Software, Inc., Williamstown, USA) (12). 
The RISC model was developed using 7-year follow-up data from 3,501 participants of the 
Rotterdam Study, a population-based cohort study of individuals aged 55 years and older 
followed from 1990 and onwards. Only participants were used with complete data on the 
baseline risk factors in the development of the RISC model (13). Instead of using the 7-year 
hazard rates, more stable 5-year hazard rates were used for extrapolation to a lifetime horizon 
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in order to evaluate the lifetime effects of CVD preventive strategies. In the model, life courses 
of subjects are simulated using six health states: well, post non-fatal coronary heart disease 
(CHD), post non-fatal stroke, post non-fatal CHD and nonfatal stroke, cardiovascular death, and 
non-cardiovascular death (see Figure 1). CHD was defined as: acute myocardial infarction 
(International Classification of Diseases, 10th version (ICD-10) code I21), PTCA and CABG. Stroke 
was limited to non-hemorrhagic and unspecified strokes (ICD-10 codes I63, I64) in order to be 
able to model the adverse bleeding risk of preventive interventions such as aspirin therapy 
separately. Cardiovascular death was defined as mortality due to hypertensive diseases (ICD-10 
codes I10-15), ischemic heart disease (ICD-10 codes I20-I25), sudden cardiac death (ICD-10 codes 
I46, I49), congestive heart failure (ICD-10 code I50), cerebrovascular disease (ICD-10 codes 
160-167), other arterial disease (ICD-10 codes I70-I79), or sudden death (ICD-10 code R96). 
Non-cardiovascular death was defined as mortality due to all other causes (all other ICD-10 
codes). Within 5 years of follow-up, 176 CHD events, 127 stroke events, 165 CVD deaths, and 264 
non-CVD deaths occurred in the development population of 3,501 subjects. Transitions between 
health states were individualized using multivariable Cox regression models, while adjusting 
for competing risk. Consequently, the “one-cycle cumulative incidence” for each event was 
calculated by the ratio of the cumulative hazard of the event of interest censored for all other 
events to the cumulative hazard of any event, multiplied by the probability of any event. 
If constant hazards are assumed within each cycle, the overall cumulative incidences will be 
estimated correctly (14). The Cox regression models were fitted in 100 bootstrapped datasets to 
take into account the parameter uncertainty of hazard ratios. Each simulated individual 
entered the model starting in the Well state, with his or her baseline risk profile. Secular trends 
in risk factor levels were modeled across the age span using crosssectional analyses of baseline 
data. The individual’s risk profile at baseline and (if alive) the updated risk profile at the 
beginning of each simulated subsequent fifth year was used as input for the Cox regression 
equations. In addition, the Cox regression equations included age-risk factor interactions. Two 
life course scenarios were modeled: “with statin therapy” vs. “without statin therapy”. A cycle 
length of 1 year without discounting to provide an “actual” life expectancy was applied (for 
more information about the RISC model, see Appendix 2).

Model validity
The RISC model was constructed with extrapolation of 5-year predictions based on 7-year 
follow-up data of 3,501 subjects. However, at the moment of this analysis, we had access to 
data with a mean follow-up duration of 11.8 years including 367 CHD events, 343 stroke events, 
494 CVD deaths and 846 non-CVD deaths. Therefore, we were able to evaluate the validity of 
extrapolation to the longer term by comparing simulated and observed cumulative incidences 
at 5 and 10 years follow-up. We modelled the life courses of the 3,501 Rotterdam Study 
participants. To assess parameter uncertainty, we calculated 95% confidence intervals (95% 
CIs) by consecutively sampling beta coefficient estimates from the Cox regression analyses 
performed in the 100 bootstrapped datasets. Observed cumulative incidences and 95% CIs 
were calculated with taking into account the competing death risks and loss-to-follow-up by 
using the R cuminc function available from the mstate package. To assess model discrimination, 
we calculated the Harrell’s C-statistic (15) for 10-year CHD events, stroke events, CVD mortality 
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137and non-CVD mortality. We adjusted the C-statistic for competing risk by setting the censoring 
time to “infinity” (i.e. the maximum follow-up time of 10-years +1) for those who died of causes 
other than the event of interest (9). In addition, we compared the 10-year CVD mortality risk 
from the RISC model with the European Society of Cardiology (ESC) SCORE (Systematic 
COronary Risk Evaluation) charts. Because uncertainty exists about which SCORE charts to use 
for Dutch individuals (16), we compared 10-year CVD mortality risk to the three available 
versions: high-risk region, low-risk region and Dutch recalibrated SCORE charts. SCORE 10-year 
CVD mortality risks were calculated using the equations provided by Conroy et al. (17) and Van 
Dis et al (16). For calculation of the RISC model’s 10-year CVD mortality risk, we included death 
by CVD other than stroke and CHD. The RISC model’s average 10-year CVD mortality risk 
estimations and the predictions by each SCORE equation were plotted by tenths of predicted 
10-year CVD mortality by the RISC model. This was only done for a subset of 1,047 
asymptomatic subjects younger than 65 years, meeting the population criteria for which the 
SCORE equations are applicable (17). The 95% CIs of estimates by the RISC model were 
calculated by sampling from the 100 beta coefficient bootstrap replicates as previously 
described; 95% CIs of SCORE predictions were estimated using non-parametric bootstrapping 
of the data in each tenth.

Statin therapy efficacy
The effect of statin therapy was modeled on the occurrence of first CHD and stroke events in 
2,428 subjects who did not use statin therapy at baseline and were free of CVD (defined as: 
myocardial infarction, transient ischaemic attack, stroke diagnosed by a physician and/or a 
self-reported history of CABG, PTCA, or carotid surgery); angina pectoris; intermittent 
claudication; and atrial fibrillation. We conservatively assumed that there was no statin effect 
on direct transitions from the Well state to the Cardiovascular Death state, but that this was 
solely effectuated through its effect on CHD and stroke events. We did not model additional 
therapy effects after occurrence of CVD and did not consider the negligible fatal adverse effects 
of statin therapy (18). The odds ratios (ORs) for first CHD and stroke events were derived from a 
recent meta-analysis (see Table 1, Appendix 2) (3). This meta-analysis provides effect estimates 
for statins with doses that are generally recommended for primary prevention. We assumed 
that adherence to statin therapy was adequately captured in the statin effect, as observed in 
trials with an intention-to-treat analysis. Because benefits are known to be significant within 
the first year of treatment (19), we assumed that the full extent of the statin effect was 
achieved within one year. In addition, we kept odds ratios (ORs) constant over all ages and risk 
factor levels (3,20).

Personalized prediction of lifetime benefits
We ran the RISC model for the 2,428 subjects under the scenarios with and without statin 
therapy. To take into account parameter uncertainty of the Cox-regression beta coefficients 
underlying the state transition probabilities, 100 linked sets of coefficients were derived using 
bootstrapping. ORs with statin therapy for first CHD and stroke events were randomly sampled 
using log-normal distributions based on the reported 95% confidence limits. To limit the 
stochastic error in event occurrences, we used 200 random walks per parameter set. Thus, the 
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RISC model output consisted of the average lifetime outcomes from 20,000 runs per subject 
(100 parameter sets x 200 random walks) under the two scenarios (“with statin therapy” vs. 
“without statin therapy”). The uncertainty in the predictions was addressed by running the 
RISC model while aggregating at the parameter level. To show this parameter uncertainty, we 
presented average outcomes with 95% CIs. Heterogeneity was addressed by running the RISC 
model while aggregating at the individual level (Rotterdam Study subjects); the standard 
deviations presented represent the variation in outcomes across individuals.
Because it is infeasible to run the complicated RISC model for use in clinical practice, we 
developed easily programmable equations that predict the RISC model’s output using the 
baseline risk profile of the individual. We used the data generated by the RISC model while 
aggregating at the individual level as described above. Depending on the outcome chosen, 
linear and generalized linear models with repeated measure statements were used for 
constructing these equations. Our primary outcomes were total life expectancy and CHD/
stroke-free life expectancy. In addition, we predicted the lifetime risk of developing a first CHD 
or stroke event (either fatal or non-fatal), lifetime CHD/stroke mortality risk, and lifetime total 
CVD mortality risk. We selected the following candidate predictors: age; sex; current smoking; 
systolic and diastolic blood pressure; hypertension (defined as either reporting use of 
antihypertensive medication and/or a systolic blood pressure ≥ 160 mmHg or a diastolic blood 
pressure ≥ 95 mmHg at baseline); total cholesterol; high-density lipoprotein (HDL) cholesterol; 
diabetes mellitus (defined as either reporting use of antidiabetic medication and/or a random 
or postload serum glucose level ≥ 11.0 mmol/L at baseline); serum glucose; body mass index; 
waist-to-hip ratio; and serum creatinine. We chose these variables, because they are reliably 
and easy to obtain during an office-based health check. Interactions with statin therapy, age 
and sex were tested. Continuous variables were entered as linear and quadratic terms. Final 
models were selected based on the Akaike’s Information Criterion (AIC), which calculates the 
log-likelihood penalized for the number of parameters used. All analyses were performed 
using R version 2.12.2 (R Foundation for Statistical Computing, www.R-project.org). For details 
on statistical analyses see the Appendix 2. 
The predictions by the RISC model have not been independently validated and are thus not 
ready for clinical use. However, to facilitate validation, we developed a web-based calculator 
using the Cleveland Clinic risk calculator constructor (http://rcc.simpal.com/) provided by the 
Cleveland Clinic Foundation (Cleveland, OH, USA), a non-profit corporation. The calculator is 
available at http://www.erasmusmc.nl/clinical-epidemiology/patientcare/. As the calculator is 
constructed using software hosted by the Cleveland Clinic Foundation, users are asked to agree 
to the software license of this organization upon first use. To illustrate the output of the web-
based calculator, we contrasted the expected lifetime benefits (expressed in total life 
expectancy and CHD/stroke-free life expectancy) with statin therapy to 10-year total CVD 
mortality risks for four different risk profiles.
In order to compare gains in total and CHD/stroke-free life expectancy with office-based 
assessment of 10-year total CVD mortality risk as recommended in the ESC 2007 guidelines, we 
constructed colour charts similar to SCORE risk charts. To show the distribution of the simulated 
gains in total and CHD/stroke-free life expectancy according to SCORE risk estimations we 
drew scatter plots for the asymptomatic population younger than 65 years.
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139Ethics statement and data access
The Rotterdam Study has been approved by the institutional review board (Medical Ethics 
Committee) of the Erasmus Medical Center and by the review board of The Netherlands 
Ministry of Health, Welfare, and Sports. The approval has been renewed every 5 years. The 
steering committee of the Rotterdam Study does not allow free sharing of data. Currently, 
Rotterdam Study data are only shared within collaborative research projects. Therefore, the 
data needed for constructing the web-based calculator unfortunately cannot be made 
available for altering to different scenarios.

RESULTS

Model validity
At year 5, the observed (95% CI) vs. simulated (95% CI) incidences of CHD, stroke, CVD and non-
CVD mortality were 5.0 (4.3-5.8)% vs. 4.7 (4.2-5.4)%, 3.6 (3.0-4.3)% vs. 3.2 (2.7-3.8)%, 4.7 (4.0-
5.4)% vs. 4.8 (3.6-6.1)%, and 7.6 (6.7-8.5)% vs. 8.1% (7.1-9.2)%, respectively. At year 10, these 
percentages were 8.5 (7.6-9.5)% vs. 8.9 (7.9-10.0)%, 7.6 (6.7-8.5)% vs. 6.9 (5.9-8.1)%, 10.9 (9.9-
12.0)% vs. 10.9 (8.6-13.6)% and 17.7 (16.5-19.0)% vs. 17.9 (16.1-20.0)%. The C-statistic (95% CI) for 
CHD was 0.73 (0.70-0.76), for stroke 0.67 (0.64-0.70), for CVD mortality 0.80 (0.78-0.82) and for 
non-CVD mortality 0.74 (0.72-0.76).
In the 1,047 subjects younger than 65 years, the low-risk region SCORE equation provided 10-year 
total CVD mortality estimations that were most similar to the RISC model output. The other two 
SCORE equations overestimated 10-year total CVD mortality risk as compared to the RISC model, 
particularly in the upper two deciles of SCORE risk estimations.

Population results
The baseline characteristics of the study population are summarized in Table 1. In the 2,428 
subjects (mean age 67.7, SD 8.1, 35.5% men), the average total life expectancy without statin 
therapy was 18.3 years (SD 6.5). The average remaining life expectancy for females (males) at 
the age of 60 years was 25.5 (20.4) years, at 65 it was 21.4 (16.7) years and at 80 it was 10.5 (7.0) 
years. These figures were less favourable in the original Rotterdam Study cohort including 
symptomatic individuals (N=3501): 25.3 (19.8) years, 21.1 (16.1) years and 10.2 (6.6) years 
respectively. Average CHD/strokefree life expectancy in the asymptomatic study population 
was 16.0 years (SD 5.8). For females (males) this was 21.8 (16.4) years at the age of 60, 18.4 (13.5) 
years at 65 and 9.6 (5.6) years at the age of 80.
Statin therapy resulted in an average gain in life expectancy of 0.3 (95% CI 0.2 - 0.3) years, and 
ranged from 0.0 to 2.0 years. The gain in CHD/stroke-free life expectancy with statin therapy 
was 0.7 (95%CI 0.5-1.0) years and ranged from 0.1 to 2.8 years. The absolute risk reduction in 
CVD incidence by statin therapy was larger than the decrease of CVD mortality: 6.6 (95% CI 4.5 
- 8.5)% vs. 3.0 (95%CI 2.0 - 3.9)%. The competing other CVD and non-CVD lifetime mortality risks 
increased with 0.9 (95% CI 0.3 - 1.7)% and 2.1 (95% CI 1.3 - 3.0)%, respectively. The effects of statin 
therapy on the various outcomes are summarized in Table 2. Both the heterogeneity (SDs and 
ranges) and the parameter uncertainty (95% CIs) of gains with statin therapy are shown.
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Personalized prediction of lifetime benefits
For the use of the web-based calculator (http://www.erasmusmc.nl/clinical-epidemiology/
patientcare/), information on 13 predictors is required: age, sex, smoking, sytolic blood pressure 
(mm Hg), diastolic blood pressure (mm Hg), hypertension, total cholesterol (mmol/L), HDL 
cholesterol (mmol/L), diabetes mellitus, serum glucose (mmol/L), body mass index (kg/m2), 
waist-to-hip ratio, and serum creatinine (μmol/L). Ranges for possible values of continuous 
predictors were based on the 2.5th and 97.5th centiles of these variables in the 2,428 subjects 
(see Table 1). Higher systolic blood pressure, higher total cholesterol, lower HDL cholesterol, and 
larger body mass index considerably increased gains in total and CHD/stroke-free life 
expectancy with statin therapy, adjusted for the other co-variables. Increasing age however 
most importantly decreased these gains. Diabetes mellitus also slightly decreased these gains. 
Effects of the other predictors on changes in total and CHD/stroke-free life expectancy were 
generally small. Table 3 presents the 10-year total CVD mortality risks and lifetime outcomes 
with and without statin therapy for selected risk profiles. Subjects with a low 10-year CVD risk 
can achieve a similar or larger gain in (CHD/stroke-free) life years with statin therapy as 
subjects with a high 10-year risk. For example, a 55-year-old non-smoking female at a 10-year 
risk of 2% could achieve a similar gain in (CHD/stroke-free) life expectancy with statin therapy 
as a 65-year-old smoking male at a 10-year risk of 15% (see risk profiles 1 and 2 from Table 3). A 55-year 
old non-smoking male with hypercholesterolemia and hypertension at a 3% 10-year risk can 
achieve a larger gain in (CHD/strokefree) life years with statin therapy than a 75-year old smoking 
male with hypertension and diabetes at a 21% 10-year risk (see profiles 3 and 4 from Table 3).
We compared the low-risk region SCORE charts with the predicted gain in life expectancy by 
statin therapy (Figure 2). These charts demonstrate that the 10-year total CVD mortality risk is 
highest for elderly smoking individuals with otherwise high risk factor levels, suggesting that 
these individuals would benefit most from statin therapy. Figures 3 and 4 however, demonstrate 
that the lifetime benefits with statin therapy are highest for young non-smoking individuals 
with otherwise high systolic blood pressure and cholesterol levels. For example, a 55-year-old 
non-smoking female at a 10-year CVD mortality risk of 1% could achieve a similar gain in total 
life expectancy with statin therapy as a 65-year-old smoking male at a risk of 26%. Figures 5 and 
6 plot SCORE risk estimations vs. gains in total and CHD/stroke-free life expectancy. These plots 
demonstrate that many individuals with low SCORE values achieved similar or larger gains 
than those with high SCORE values. In Figure 5, 19% and in Figure 6, 25% of the subjects with a 
SCORE below 0.05 had benefits greater than or equal to the gains observed in 50% of the 
population with a SCORE of 0.05 or more.

DISCUSSION

In this modeling study, we found that in 2,428 asymptomatic subjects, statin therapy resulted 
in robust, small gains in total life expectancy and somewhat larger gains in CHD/stroke-free 
life expectancy. The expected benefit of statin therapy was determined by a number of baseline 
variables. From these variables, we constructed a web-based calculator and colour charts. 
Once the underlying model has been independently validated, these tools can be used for 
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141communication of the expected lifetime benefits with statin therapy in persons aged 55 years 
and older. Inconsistencies occurred between the predicted benefits and what can be expected 
from the currently recommended 10-year CVD risk assessment. These inconsistencies were 
predominantly caused by age, which acts on lifetime benefits in the opposite direction to its 
effect on 10-year CVD risk. Individuals at low 10-year CVD risk may achieve a similar or even 
larger gain in total and CHD/stroke-free life expectancy as those at high 10-year risk.
For CVD prevention in asymptomatic individuals, most decision tools are used for predicting 
the individual’s risk over a time period ranging from 5 to 10 years without calculating potential 
treatment benefits (1). If treatment benefits are presented, they are usually calculated as 
absolute risk reductions without taking into account competing risks (21,22,23,24,25). Two 
decision tools for making choices on statin therapy were based on Markov models predicting 
lifetime outcomes with and without statin therapy (26,27). The underlying decision models 
used data from multiple sources for estimating CVD events and age- and sex-specific life tables 
for competing death probabilities, which are not necessarily compatible (28). In contrast, we 
used event probability estimations from one data source. Furthermore, we modeled the 
occurrence of stroke events separately from CHD events. Statin therapy has a different effect 
on strokes (3) and ignoring this effect would lead to incomplete estimation and communication 
of treatment benefits.
Despite these strengths, our results must be interpreted in the light of some limitations. First, 
the RISC model was used to extrapolate 5-year predictions to a lifetime horizon, which may be 
very sensitive to the method chosen (29). The RISC model extends cumulative incidence 
functions by updating age and risk factor levels using 5-year time intervals. Secular trends in 
risk factor levels were modeled across the age span using cross-sectional data and thus 
potential chronological and cohort effects were not taken into account. We evaluated the 
validity of these extrapolations with subsequently available Rotterdam Study data not used in 
developing the RISC model and found that the deviations were generally limited. Developing 
predictions on longer follow-up data, e.g. 30 years, would allow for a more comprehensive 
evaluation of long-term validity (30). However, this approach is also questioned given the 
chronological changes in CVD event rates and associated risk factors (31,32), which are less 
likely to affect validity if more recent and thus shorter follow-up data is used (33). We did 
not evaluate the model’s performance on predicting outcomes at the individual level 
(discrimination) and group level (calibration) using external data. This would be necessary to 
investigate to what extent the personalized predictions are transportable to other settings 
and geographical sites, but is beyond the scope of this study. Second, the relative risk reducing 
effect of statin therapy was kept constant over age and various risk factor levels. Although, a 
number of observational studies (34) found that the protective effect of cholesterol lowering 
on CVD events decreases in individuals aged 70 to 89, this was not confirmed by experimental 
research (20,21). Meta-analyses of statin trials demonstrate that effects on cardiovascular 
events are fairly independent of various risk factor levels (3,35). These trials however 
predominantly included subjects with elevated risk factor levels. In the Rotterdam Study, 
individuals with normal risk factor levels were also included and it is therefore not known 
whether the relative risk reduction will be different for these individuals. Thus, we can not 
exclude a small overestimation of the statin therapy effect in those with normal risk levels. 
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Third, although we did account for baseline statin use, we did not take into account initiation 
of statin therapy during followup.Omitting this information would lead to an underestimation 
of the effect of statin therapy. However, in the 90s, mass screening for dyslipidemia was not 
advocated and statins were only prescribed to patients with a history of CVD or with persistent 
severe dyslipidemia after dietary intervention (36). Follow-up examinations of the Rotterdam 
Study population in 1997 revealed that the statin use was quite limited (37). Thus, the 
underestimation of the statin effect by treatment drop-ins will be small. Fourth, the RISC 
model’s outcomes did not perfectly match with all the outcomes as evaluated within statin 
trials. Therefore, we were not able to model a statin effect on total stroke events and solely 
modeled an effect on first ischemic and unspecified stroke. However, these stroke subtypes 
contribute to 92% of all first stroke events in the Rotterdam Study (38). In addition, we did not 
model a direct statin effect on CVD mortality by causes other than MI and stroke. Although a 
reduction in a major component of CVD mortality, sudden cardiac death, is observed in 
symptomatic patients treated with statins, the effect for subjects without manifest CVD seems 
negligible (39). Nevertheless, we cannot exclude a small underestimation of benefits due to 
these choices. Finally, the RISC model’s output on cardiovascular mortality was most compatible 
with a population resembling inhabitants of a low CVD risk region. This finding confirms 
results from another cohort study (16), suggesting that cardiovascular mortality in Dutch 
individuals is most similar to predictions by the low-risk region SCORE equation. In addition, 
the generalizability of our results also depends on the competing mortality rate due to other 
diseases. Our estimations of remaining life expectancy for females and males at the age of 60, 
65 and 80 years, however reasonably match with those of low CVD risk countries projected by 
the Organisation for Economic Co-operation and Development (40). Thus, the web-based 
calculator and colour charts should be used with caution in individuals from higher CVD risk 
regions.
The competing mortality risks from other CVD and non-CVD death causes, which were not 
affected by statin therapy, sometimes resulted in counterintuitive lifetime outcomes. For 
example, age is the most important factor for increasing both the yearly probabilities for 
occurrence of CHD and stroke events, and the fatality of these events. Thus, age is expected to 
increase the health benefit by statin therapy. However, in the Rotterdam Study age is even 
stronger associated with an increase in yearly mortality by other death causes (9). Subsequently, 
changes with statin therapy in lifetime outcomes were smaller with increasing age, because 
prevented CHD and stroke events were also increasingly substituted by fatal other events. 
Although the average gain in total life expectancy with statin therapy may seem small, it is 
larger than calculated for some other preventive interventions targeted at the general 
population (29). One should recognize that gains were much larger in particular subjects, and 
were averaged out by subjects who never experienced CVD. It should also be acknowledged 
that with the benefits of statin therapy, the costs, side effects and disutility of daily pill use are 
likely to be acceptable across various age groups and risk levels, especially in a “low statin cost 
era” (41,42). 
In addition, we observed that gains in CHD/stroke-free life expectancy were generally larger than 
those in total life expectancy. Two phenomena can explain this observation. First, a large 
proportion of the CHD and stroke events were not fatal. Gains in CHD/stroke-free life 
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143expectancy are mainly driven by statin effects on non-fatal CHD and stroke event rates, while 
gains in total life expectancy are driven by effects on CHD and stroke death rates. Second, 
individuals in whom fatal CHD and stroke events are avoided are also likely to be at elevated 
risk for death by other causes. Our finding of a smaller effect of statin therapy on life expectancy 
is in agreement with the results from statin trials, in which generally only modest effects are 
demonstrated for crude total mortality risks, while effects on crude CHD and stroke incidence 
risks are more pronounced (3).
Currently, statin therapy choices are based on short-term CVD risk assessment without statin 
therapy and an expected risk reduction with statin therapy over the same time period. We 
converted survival benefits with statin therapy into total life expectancy and CHD/stroke-free 
life expectancy. We believe that the prediction of statin therapy effects on (disease-free) life 
expectancy can be complementary to the 10-year CVD risk assessment in two ways. First, 
instead of regarding a fixed time point i.e. 10 years, the benefit of statin therapy considering 
the entire survival curve can be communicated by primary care physicians. Second, the benefit 
of statin therapy is calculated taking into account competing mortality risks. The potential 
value of personalizing the gain in total and CHD/stroke-free life expectancy with statin therapy 
is best illustrated by Figures 5 and 6. A substantial number of individuals with 10-year total 
CVD mortality risk lower than 5%, for whom statin therapy is generally not recommended 
according to current ESC guidelines, may benefit to the same extent as individuals with a high 
risk. A similar pattern will apply to predictions based on other CVD risk models, such as risk 
scores based on the Framingham Study (43,44), because these use the same risk factors with 
effects pointing in equal directions.
While making decisions on statin therapy, the benefit in life expectancy that diminishes with 
advancing age may be considered by physicians, especially in the elderly. If independently 
validated, physicians may use the web-based calculator and colour charts to frame survival 
outcomes in different ways and to discuss them with the patient in light of the expected 
duration of statin use. The longer the life expectancy, and therefore the expected duration of 
statin use, the higher the costs and possibility of adverse effects. Besides the costs averted by 
CVD prevention, these important outcomes would influence the decision, but were not taken 
into account in our analysis. In addition, it should be acknowledged that the calculated 
differences in the personalized lifetime outcomes may vary across different clinical settings 
and are subject to the parameter uncertainty in the underlying decision model. These caveats 
would need to be discussed with patients when they are informed on the benefits of statin 
therapy.
In conclusion, we demonstrated that life expectancy benefits with statin therapy can be 
predicted using an individual’s risk factor profile. The predicted gains in life expectancy we 
found are generally small. If the underlying model is validated in an independent cohort, the 
developed tools may be useful in discussing with patients their individual outcomes with 
statin therapy. Ideally, communication of personalized outcomes will ultimately result in better 
clinical outcomes. Improved understanding of potential gains, will however not necessarily go 
hand-in-hand with an improvement of clinical outcomes, because patients could make more 
conservative choices about statin therapy when more information on benefits is provided (45). 
In addition to an external validation of our predictions, personalized estimates for costs and 
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side effects of statin therapy should be included in future research. Finally, the impact of 
communicating life expectancy benefits on satisfaction, behavioural and clinical outcome 
measures should be studied.
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Figure 1. Schematic representation of the RISC model.
CHD = coronary heart disease. CVD = cardiovascular disease.

Other death

CVD death

StrokeWell CHD CHD & Stroke



148

Pa
rt

 2
  M

od
el

in
g 

st
ud

ie
s 

 I 
 C

ha
pt

er
 8

 

W
om

en
Ag

e
M

en
N

on
-s

m
ok

er
Sm

ok
er

N
on

-s
m

ok
er

Sm
ok

er

18
0

4
5

6
6

7
9

9
11

12
14

18
0

8
9

10
12

14
15

17
20

23
26

16
0

3
3

4
4

5
6

6
7

8
10

16
0

5
6

7
8

10
10

12
14

16
19

14
0

2
2

2
3

3
4

4
5

6
7

65
14

0
4

4
5

6
7

7
8

9
11

13

12
0

1
1

2
2

2
3

3
3

4
4

12
0

2
3

3
4

5
5

5
6

8
9

18
0

3
3

3
4

4
5

5
6

7
8

18
0

5
6

7
8

9
10

11
13

15
18

16
0

2
2

2
2

3
3

4
4

5
5

16
0

3
4

5
5

6
7

8
9

11
13

Sc
or

e 
(%

)

14
0

1
1

1
2

2
2

2
3

3
4

60
14

0
2

3
3

4
4

5
5

6
7

9
15

 a
nd

 o
ve

r

12
0

1
1

1
1

1
1

2
2

2
3

12
0

2
2

2
3

3
3

4
4

5
6

10
-14

5-
9

18
0

1
1

2
2

2
3

3
3

4
4

18
0

3
4

4
5

6
6

7
8

10
12

3-
4

16
0

1
1

1
1

1
2

2
2

3
3

16
0

2
2

3
3

4
4

5
6

7
8

2

14
0

1
1

1
1

1
1

1
1

2
2

55
14

0
1

2
2

2
3

3
3

4
5

6
1

12
0

0
0

1
1

1
1

1
1

1
1

12
0

1
1

1
2

2
2

2
3

3
4

<1

4
5

6
7

8
4

5
6

7
8

Ch
ol

es
te

ro
l (

m
m

ol
/L

)
4

5
6

7
8

4
5

6
7

8

15
5

19
5

23
0

27
0

31
0

15
5

19
5

23
0

27
0

31
0

Ch
ol

es
te

ro
l (

m
g/

dL
)

15
5

19
5

23
0

27
0

31
0

15
5

19
5

23
0

27
0

31
0

Systolic blood pressure (mm Hg)

F
ig

ur
e 

2.
 Te

n 
ye

ar
 to

ta
l c

ar
di

ov
as

cu
la

r d
ise

as
e 

(C
VD

) m
or

ta
lit

y r
isk

 (%
) p

re
di

ct
ed

 b
y S

CO
RE

- E
ur

op
ea

n 
Lo

w
-R

isk
 C

ha
rt

s.
Ad

ap
te

d 
w

ith
 p

er
m

iss
io

n 
by

 th
e 

Eu
ro

pe
an

 S
oc

ie
ty

 o
f C

ar
di

ol
og

y. 
Co

py
rig

ht
 ©

 20
07

, t
he

 O
xf

or
d 

U
ni

ve
rs

ity
 P

re
ss

. N
ot

e 
th

at
 th

es
e 

ch
ar

ts
 d

em
on

st
ra

te
 th

at
 th

e 
10

-y
ea

r t
ot

al
 C

VD
 m

or
ta

lit
y 

ris
k i

s h
ig

he
st

 fo
r e

ld
er

ly
 sm

ok
in

g 
in

di
vi

du
al

s w
ith

 o
th

er
w

ise
 h

ig
h 

ris
k f

ac
to

r l
ev

el
s s

ug
ge

st
in

g 
th

at
 th

es
e 

in
di

vi
du

al
s w

ou
ld

 b
en

ef
it 

m
os

t f
ro

m
 st

at
in

 th
er

ap
y. 

SC
O

RE
 =

 S
ys

te
m

at
ic

 C
O

ro
na

ry
 R

isk
 E

va
lu

at
io

n.



Personalized prediction of lifetim
e benefi ts w

ith statin therapy for asym
ptom

atic individuals: a m
odeling study

149

 

W
om

en
Ag

e
M

en
N

on
-s

m
ok

er
Sm

ok
er

N
on

-s
m

ok
er

Sm
ok

er

18
0

2
3

4
4

5
2

3
4

4
5

18
0

3
3

4
5

5
3

3
4

5
5

16
0

2
2

3
4

4
2

2
3

4
4

16
0

2
3

3
4

5
2

3
3

4
5

14
0

1
2

2
3

4
1

2
2

3
4

65
14

0
2

2
3

3
4

1
2

3
3

4

12
0

1
1

2
3

3
0

1
2

2
3

12
0

1
2

2
3

3
1

1
2

3
3

18
0

3
3

4
5

6
3

3
4

5
5

18
0

3
4

4
5

6
3

4
4

5
6

16
0

2
3

4
4

5
2

3
3

4
5

16
0

3
3

4
5

5
2

3
4

4
5

Ga
in

 in
 LE

 (m
on

th
s)

14
0

2
2

3
4

4
1

2
3

3
4

60
14

0
2

3
3

4
5

2
2

3
4

4
6 

an
d 

ov
er

12
0

1
2

2
3

4
1

1
2

3
3

12
0

1
2

3
3

4
1

2
2

3
4

5 4

18
0

3
4

5
5

6
3

4
4

5
6

18
0

4
4

5
6

6
3

4
5

5
6

3

16
0

3
3

4
5

5
2

3
4

4
5

16
0

3
4

4
5

6
3

3
4

5
5

2

14
0

2
3

3
4

5
2

3
3

4
4

55
14

0
2

3
4

4
5

2
3

3
4

5
1

12
0

1
2

3
3

4
1

2
3

3
4

12
0

2
2

3
4

4
2

2
3

4
4

<1

4
5

6
7

8
4

5
6

7
8

Ch
ol

es
te

ro
l (

m
m

ol
/L

)
4

5
6

7
8

4
5

6
7

8

15
5

19
5

23
0

27
0

31
0

15
5

19
5

23
0

27
0

31
0

Ch
ol

es
te

ro
l (

m
g/

dL
)

15
5

19
5

23
0

27
0

31
0

15
5

19
5

23
0

27
0

31
0

Systolic blood pressure (mm Hg)

F
ig

ur
e 

3.
 T

he
 g

ai
n 

in
 li

fe
 e

xp
ec

ta
nc

y (
LE

) i
n 

m
on

th
s w

ith
 st

at
in

 th
er

ap
y c

al
cu

la
te

d 
w

ith
 th

e 
RI

SC
 m

od
el

. 
N

ot
e 

th
at

 th
es

e 
ch

ar
ts

 d
em

on
st

ra
te

 th
at

 li
fe

 e
xp

ec
ta

nc
y g

ai
ne

d 
w

ith
 st

at
in

 th
er

ap
y i

s h
ig

he
st

 fo
r y

ou
ng

 n
on

-s
m

ok
in

g 
in

di
vi

du
al

s w
ith

 o
th

er
w

ise
 h

ig
h 

ris
k f

ac
to

r l
ev

el
s.   



150

Pa
rt

 2
  M

od
el

in
g 

st
ud

ie
s 

 I 
 C

ha
pt

er
 8

W
om

en
Ag

e
M

en
N

on
-s

m
ok

er
Sm

ok
er

N
on

-s
m

ok
er

Sm
ok

er

18
0

7
9

10
11

13
7

9
10

11
13

18
0

9
10

11
13

14
9

10
11

13
14

16
0

6
8

9
10

12
6

8
9

10
12

16
0

8
9

10
12

13
8

9
10

12
13

14
0

5
7

8
9

11
5

7
8

9
11

65
14

0
7

8
9

11
12

7
8

9
11

12

12
0

4
6

7
8

10
4

6
7

8
10

12
0

6
7

8
10

11
6

7
8

10
11

Ga
in

 in
 C

H
D/

18
0

9
11

12
13

15
9

11
12

13
15

18
0

11
12

13
15

16
11

12
13

15
16

st
ro

ke
-fr

ee
 LE

16
0

8
10

11
12

14
8

10
11

12
14

16
0

10
11

12
14

15
10

11
12

14
15

(m
on

th
s)

14
0

7
9

10
11

13
7

9
10

11
13

60
14

0
9

10
11

13
14

9
10

11
13

14
16

 a
nd

 o
ve

r

12
0

6
8

9
10

12
6

8
9

10
12

12
0

8
9

10
12

13
8

9
10

12
13

14
-15

12
-13

18
0

11
12

14
15

16
11

12
14

15
16

18
0

12
14

15
16

18
12

14
15

16
18

10
-11

16
0

10
11

13
14

16
10

11
13

14
16

16
0

11
13

14
15

17
11

13
14

15
17

8-
9

14
0

9
11

12
13

15
9

11
12

13
15

55
14

0
10

12
13

14
16

10
12

13
14

16
6-

7

12
0

8
10

11
12

14
8

10
11

12
14

12
0

9
11

12
14

15
9

11
12

14
15

<6

4
5

6
7

8
4

5
6

7
8

Ch
ol

es
te

ro
l (

m
m

ol
/L

)
4

5
6

7
8

4
5

6
7

8

15
5

19
5

23
0

27
0

31
0

15
5

19
5

23
0

27
0

31
0

Ch
ol

es
te

ro
l (

m
g/

dL
)

15
5

19
5

23
0

27
0

31
0

15
5

19
5

23
0

27
0

31
0

Systolic blood pressure (mm Hg)

F
ig

ur
e 

4.
 T

he
 g

ai
n 

in
 C

H
D/

st
ro

ke
-fr

ee
 li

fe
 e

xp
ec

ta
nc

y (
LE

) i
n 

m
on

th
s w

ith
 st

at
in

 th
er

ap
y c

al
cu

la
te

d 
w

ith
 th

e 
RI

SC
 m

od
el

. 
N

ot
e 

th
at

 th
es

e 
ch

ar
ts

 d
em

on
st

ra
te

 th
at

 C
H

D/
st

ro
ke

-fr
ee

 li
fe

 e
xp

ec
ta

nc
y g

ai
ne

d 
w

ith
 st

at
in

 th
er

ap
y i

s h
ig

he
st

 fo
r y

ou
ng

 in
di

vi
du

al
s w

ith
 o

th
er

w
ise

 h
ig

h 
ris

k f
ac

to
r l

ev
el

s. 



Personalized prediction of lifetim
e benefi ts w

ith statin therapy for asym
ptom

atic individuals: a m
odeling study

151

Note that many individuals with a low SCORE 10-year CVD mortality achieved similar and higher gains as those with high 
SCORE 10-year CVD mortality. Ten year CVD mortality risks were calculated using the SCORE- European Low-Risk equation 
in 1047 subjects younger than 65 years without cardiovascular disease and/or symptoms at baseline. 
SCORE = Systematic COronary Risk Evaluation.
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Figure 5. Distribution of gains in total life expectancy according to SCORE 10-year total cardiovascular disease (CVD) 
mortality risk (%). 

Note that many individuals with a low SCORE 10-year CVD mortality achieved similar and higher gains as those with high 
SCORE 10-year CVD mortality. Ten year CVD mortality risks were calculated using the SCORE- European Low-Risk equation 
in 1047 subjects younger than 65 years without cardiovascular disease and/or symptoms at baseline. 
SCORE = Systematic COronary Risk Evaluation.
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ABSTRACT

Importance
Distinguishing intracerebral hemorrhage (ICH) and ischemic stroke (IS) risks may improve clinical 
decision-making. 

Objective
To develop and validate 10-year cumulative incidence functions of ICH and IS. 

Design, setting, and participants 
We used data on 27,493 participants from three population-based cohort studies: the 
Atherosclerosis Risk in Communities (ARIC) Study, median age 54, 45% male, median follow-up 
20.7 years; the Rotterdam Study, median age 68, 38% male, median follow-up 14.3 years; and the 
Cardiovascular Health Study (CHS), median age 71, 41% male, median follow-up 12.8 years. 
Among these participants 325 ICH events, 2,559 IS events, and 9,909 non-stroke deaths occurred. 
We developed 10-year cumulative incidence functions for ICH and IS using stratified Cox 
regression and competing risks analysis. Basic models including only established, non-laboratory 
risk factors were extended with diastolic blood pressure, the total cholesterol/HDL-cholesterol 
ratio, body-mass index, waist-to-hip ratio, and glomerular filtration rate. The cumulative 
incidence functions’ performances were assessed in each cohort separately by the Harrell’s 
C-statistic, cross-validation, and calibration plots.

Main outcome and measures 
Intracerebral hemorrhage and ischemic stroke events during 10-year follow-up.

Results 
The total cholesterol/HDL-cholesterol ratio was associated inversely with ICH, but positively 
with IS (p for difference across stroke subtypes <0.001). For the basic ICH model, C-statistics 
(95% CI) of 0.805 (0.739 - 0.871), 0.625 (0.555 - 0.695) and 0.676 (0.603 - 0.750) in the ARIC, 
Rotterdam, and CHS cohort increased to 0.811 (0.743 - 0.879), 0.626 (0.556 - 0.696) and 0.696 
(0.624 - 0.767) by model extension. For IS, C-statistics of 0.789 (0.768 - 0.811), 0.696 (0.677 - 0.716) and 
0.658 (0.637 - 0.679) increased to 0.798 (0.777 - 0.819), 0.697 (0.677 - 0.717) and 0.663 (0.642 - 0.684) by 
model extension. Improvements in C-statistics were in general reproduced by cross-validation. 
Models were well calibrated in all cohorts. Correlations between 10-year ICH and IS risk were 
moderate in each cohort (r=0.57, 0.59, 0.37, respectively).

Conclusions and relevance
We developed and cross-validated cumulative incidence functions for separate prediction of 
absolute10-year ICH and IS risk. These functions can be useful to further specify an individual’s 
stroke risk.    
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Stroke is the second leading cause of death and one of the major causes of disability in most 
Western countries (1). The incidence of stroke steadily increases from middle-age onwards. 
Although most strokes are ischemic strokes (IS), approximately 10% are intracerebral 
hemorrhages (ICH) which has a higher case-fatality than IS: 41% vs. 14% (2). 
Multiple risk factors that influence stroke risk are well established and can be used to estimate 
an individual’s stroke incidence over a 10-year time period (3-6). These established 10-year 
stroke risk models generally apply to IS only or to any stroke. Distinguishing the cumulative 
incidences of stroke subtypes, i.e. ICH vs. IS, could be valuable for various reasons. First, risk 
factors may vary for the different stroke subtypes or may have different or even opposing 
effects (7). Consequently, the likely effects of modifying these risk factors may vary per stroke 
subtype. Second, although prevention with aspirin therapy has a net preventive effect on 
stroke, it decreases the occurrence of IS, whereas it increases the risk of ICH (8). Therefore, 
decision-making for aspirin therapy can be improved on the individual level by predicting ICH 
and IS risk separately. Third, the consequences (e.g. the case-fatality) of both subtypes differ 
and a more refined risk communication to the individual and the public can be facilitated.
Also, currently used stroke risk scores were developed using standard Cox regression modeling. 
Standard survival analysis will generally overestimate the cumulative incidence, because it 
fails to treat those who die of non-stroke causes as ineligible for development of stroke events. 
Methods to adjust for competing risks are now increasingly being used for cardiovascular risk 
prediction (9). 
In this study, we aimed to develop and validate separate prediction models for estimation of 
the 10-year cumulative incidences of ICH and IS. We therefore performed a combined analysis of 
individual data from three population-based cohort studies: Atherosclerosis Risk in Communities 
(ARIC) Study, the Cardiovascular Health Study (CHS), and the Rotterdam Study. 

METHODS

Study design and population
We constructed a dataset with data from: 1) the ARIC Study; 2) the CHS; and 3) the Rotterdam 
Study. The ARIC study cohort (10) comprises 15,792 individuals aged 45 to 64 years old at 
baseline, who were recruited from 4 different regions in the U.S. from 1987 to 1989. In the CHS 
(11), individuals over the age of 65 living in 4 U.S. communities were recruited from the Health 
Care Financing Administration (HCFA or Medicare) eligibility lists in two phases. First, 5,201 
participants were recruited from 1989 to 1990. In a second wave, 687 African-Americans were 
recruited from 1992 to 1993 leading to a cohort of 5,888 participants. The Rotterdam Study (12) 
consists of 7,983 inhabitants of Ommoord, a district in the city of Rotterdam, the Netherlands, 
aged 55 years and older. Baseline examinations were conducted from 1990 to 1993. For details 
on baseline measurements of the three studies see Appendix 3. All studies received approval 
from medical ethical committees. 
The subjects eligible for the current analysis were those without prior stroke (N = 15,297 in the 
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ARIC cohort, N = 5,639 in CHS, N = 7,546 in the Rotterdam Study), did not use anticoagulation (N 
= 15,222 ARIC study, N = 5,572 CHS, N = 7,177 Rotterdam Study), and did not have atrial fibrillation 
(N = 15,217 ARIC cohort, N = 5,446 CHS, N = 6,910 Rotterdam Study) at baseline. The latter two 
exclusion criterions were used because specific guidelines and prediction models already exist 
for these patients (13). In addition, we excluded participants who were not African-American or 
white/European, leaving N = 27,493 subjects (N = 15,170 ARIC study, N = 5,413 CHS, N = 6,910 
Rotterdam Study) for the analysis. Based on results from the Framingham Study (3,14) 
and previous work conducted in the ARIC, CHS and Rotterdam cohorts (4,5,15,16), we considered 
age, gender, African-American ethnicity, current smoking, systolic blood pressure, 
antihypertensive medication use, diabetes mellitus, and history of coronary heart disease as 
established predictors in a basic non-laboratory model for each stroke type. Subsequently, we 
evaluated whether predictions could be improved by extending the models with the following 
risk factors: diastolic blood pressure; total cholesterol; high-density lipoprotein cholesterol; 
body mass index; waist-to-hip ratio; and estimated glomerular filtration rate (eGFR). 

Outcome definitions
Details of outcome ascertainment are described elsewhere (17-19) and in Appendix 3 Table 1. In 
brief, ARIC outcomes were ascertained through yearly telephone interviews, follow-up 
examinations, community hospital surveillance, and reported deaths. CHS outcomes were 
ascertained through 6 monthly telephone interviews, surveillance of HCFA Medicare Utilization 
files and reported deaths. In the Rotterdam Study, participants were continuously monitored 
for events through automated linkage of the study database with files from general 
practitioners and the municipality. The medical records of nursing homes were also evaluated. 
We excluded ascertained subarachnoid and traumatic hemorrhages. Furthermore, we assumed 
that most unspecified stroke events would be ischemic of nature. Therefore, we estimated the 
cumulative incidence of IS using a combined endpoint of classified ischemic and unspecified 
stroke events as a proxy for the true IS incidence in order to avoid underestimation. Any stroke 
was defined as the sum of ICH and IS. The censoring date was December 31st 2009 for the ARIC 
study, January 1st 2009 for the Rotterdam Study, and June 30th, 2008 for the CHS dataset.

Statistical analysis
Two separate prediction models for the 10-year cumulative incidence of ICH and IS were 
developed using competing cause-specific hazards methodology (see Appendix 3 for more 
details). In addition, we developed an ‘any stroke’ model, which can be subdivided into an ICH 
and IS component. Cause-specific Cox regression models stratified by study cohort were 
developed with time since study entry as time scale. All continuous predictors were truncated 
at their 1st and 99th percentile to limit the influence of extreme values (20). In the basic models, 
effect modification by gender was evaluated for age, systolic blood pressure, diabetes mellitus 
and history of coronary heart disease. An interaction term for systolic blood pressure and 
antihypertensive medication use was included (3,14). In the extended models, we evaluated 
replacement of total and HDL cholesterol variables by the total cholesterol/HDL ratio and 
systolic by diastolic blood pressure (21). We verified the assumption of linearity for continuous 
predictors included in the extended models using restricted cubic spline functions with four 
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transformations. Finally, we tested heterogeneity of effects across studies by study-predictor 
interaction terms. 
Discriminative ability was assessed by Harrell’s concordance statistic (C-statistic) adjusted for 
competing risks by setting the follow-up time to the maximum follow-up time if competing 
death occurred (22). Model calibration was assessed by calibration plots and Chi square 
statistics, comparing predicted with observed cumulative incidences using the R ‘CumInc’ 
function of the R ‘mstate’ library. Equally sized groups per study were made according to age 
tertiles for ICH and quintiles for IS. Cross-validation of the predictions was performed in each 
study dataset separately. For this purpose, models were fit in two cohorts and evaluated in the 
other. Reclassification by extending the basic models was assessed by the continuous net 
reclassification improvement (23). Ninety-five % CIs were estimated by bootstrapping datasets 
with recalculation of the observed cumulative incidences within each bootstrap sample. 
Scatter plots showing the relationship between the ICH and IS components within any stroke 
risk were made for each dataset using extended models. 
Missing covariables were imputed for each study separately using single imputation with the 
R ‘aregImpute’ function of the R ‘Hmisc’ library. Imputation models included all potential 
predictors and the log cumulative hazard for each outcome. Hypothesis tests were two-sided 
and decisions on selection of predictor main effects were made upon an improvement of the 
Akaike Information Criterion (AIC). Interactions and non-linear effects were included using a P 
value < 0.05. The effect of excluding predictors with highly significant heterogeneous hazard ratios 
(P < 0.01 for ICH, P<0.001 for IS and competing death) on cross-validated model performance 
was evaluated in a sensitivity analysis. We used R version 2.14.2 for all statistical analyses.

RESULTS

Study population
The baseline characteristics of the included ARIC (median age 54, 45% male), Rotterdam Study 
(median age 68, 38% male), and CHS (median age 71, 41% male) participants are given in Table 1. 
Systolic blood pressure levels were lower in the ARIC study than in the Rotterdam and CHS 
cohorts. Rotterdam Study participants had an average total cholesterol level that was higher 
than observed in the two U.S. cohorts. The CHS included more subjects treated by 
antihypertensive drugs and subjects with a history of coronary heart disease, but fewer current 
smokers. In total, 325 participants experienced an ICH, 2,559 experienced an IS event, and 9,909 
died from a competing death cause. The 10-year cumulative incidence for ICH was approximately 
one-ninth of the 10-year cumulative incidence of IS in all studies (Table 2). 

Hazard ratios
Gender, diabetes, prior coronary heart disease, waist-to-hip ratio and eGFR were not found to 
be statistically significant and were excluded from ICH models, whereas these were included in 
IS models. Table 3 shows the multivariable-adjusted HRs and 95% CIs for incident ICH and IS 
events. Both for ICH and IS, replacement of total and HDL cholesterol by total cholesterol/
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HDL-C ratio and the simultaneous inclusion of systolic and diastolic blood pressure (despite 
correlations of 0.69, 0.59, and 0.51 in ARIC, Rotterdam, and CHS cohorts) improved AIC. The 
extended ICH model is reported without BMI, although BMI had a statistically significant 
inverse relation with the ICH hazard: 0.97 (95% CI 0.94 – 0.99) per unit increase. However, the 
BMI association varied significantly across the three studies and exclusion improved the cross-
validated model performance as compared to the basic model. 
Although for both stroke subtypes, risk increased if diastolic blood pressure was high, low and 
mid-range values were less positively associated with ICH than with IS. Mid-range total 
cholesterol/HDL-C ratio values as compared to low and high values were inversely associated 
with ICH, whereas total cholesterol/HDL-C ratio were monotonically positively associated with 
IS risk. The association of the total cholesterol/HDL-C ratio statistically differed across stroke 
subtypes (p <0.001). 

Model performance
Extending the basic models generally led to small improvements in the C-statistic, ranging 
from 0.001 to 0.020 for ICH, and 0.001 to 0.009 for IS. The continuous total NRIs were positive, 
with more pronounced changes in the ARIC cohort. Improvements in C-statistics were 
reproduced by cross-validation except for IS predictions in Rotterdam Study data (Table 4). 
Model calibration in each cohort was good and did not differ to a relevant extent between 
basic and extended models both for ICH and IS prediction; also see the Chi square statistics in 
Table 4. C-statistics (95% CI) for any stroke predictions were similar to IS predictions, and did 
not improve with model extension: 0.788 (0.767 - 0.809), 0.690 (0.671 - 0.709), 0.659 (0.638 - 
0.679). Results on calibration by the any stroke prediction models were similar to those on IS 
prediction. Predicted ICH risk tended to increase with IS risk for each study, but the correlation 
between both predicted risks was moderate in ARIC, Rotterdam, and CHS cohorts (r=0.57, 0.59, 
0.37, Figure 1). 

DISCUSSION

In this study, we developed and cross-validated cumulative incidence functions for estimating 
10-year risks of ICH and IS using three population-based cohorts consisting of middle-aged and 
elderly individuals. In addition to estimating the incidences of the two stroke subtypes 
separately, any stroke incidence was estimated by taking into account the mutually competing 
risk of both stroke subtypes and death by other causes. Extending basic non-laboratory ICH and 
IS models with more risk factors only led to limited improvement of discriminative ability, with 
more pronounced improvement in the ARIC cohort. By using our prediction models, individuals 
can be identified with low 10-year IS risk, but high ICH risk, and vice versa.
Studies on hemorrhagic stroke prediction are scarce. By performing a systematic literature 
search (see Appendix 3), we found only two studies, both conducted in Chinese populations. In 
one study (25), a prediction model for hemorrhagic stroke was developed and validated in a 
cohort of 4,400 steelworkers free of stroke at baseline with an average age of 45 years. The 
number of hemorrhagic strokes was low: 33 events in the development set and 15 in the 
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(1.22 per 10 mmHg) were similar to ours. For diastolic blood pressure (1.49 per 10 mmHg) and 
total cholesterol (1.00 per mmol/L), non-linearity was not explored, and therefore these 
associations are not comparable with ours. In addition, the model was not validated in the 
general population or in older adults. In the other study (26), major bleeding risk scoring 
schemes designed for atrial fibrillation patients treated with anticoagulation were validated in 
3,602 individuals without atrial fibrillation at baseline, who experienced  54 ICH events during 
approximately 18 years of follow-up. C-statistics of the various risk scores ranged from 0.59 to 
0.72. Individuals with previous stroke were however not excluded and ICH event ascertainment 
was registry-based. Other prognostic studies focused on either assessment of any stroke risk (3, 
4, 14, 16, 27-33) or IS risk (5, 6, 20, 34, 35) usually within a time horizon of 5 to 10 years. 
In contrast to these previous studies, we developed models for the separate 10-year risk 
assessment of ICH and IS while taking into account competing risks. By combining data from 
three large population-based cohorts, we were able to acquire a sufficient number of ICH 
events for multivariable prediction modeling. Furthermore, we also included elderly individuals 
with an age above 75, which increases the generalizability of our prediction models. Especially 
in those at older age, competing risks become relevant, mainly because the competing death 
rate rapidly increases. We demonstrated that also in the older age categories predictions were 
well calibrated. A final strength of our study is that the measurement of risk factors was 
reasonably similar across the three studies. 
Despite these strengths, our results must be interpreted in the light of some limitations. First, 
we did not consider novel risk markers such as biomarkers, genetic risk factors, and imaging 
tests that are also known to be associated with stroke risk. For example, studies have 
demonstrated an independent association of C-reactive protein with IS but not ICH risk (36), 
and carotid intima-media thickness measurement (cIMT), and apolipoprotein E genotype with 
both ICH and IS risk (37-39). However, cIMT and apolipoprotein E genotype are generally difficult 
to assess during an office-based risk assessment, which would limit the translation to clinical 
practice, and C-reactive protein was not available as baseline variable in the ARIC study. A 
second study limitation is that neuroimaging was not performed in all participants with stroke 
symptoms. The Rotterdam Study in particular included participants living in nursing homes, 
who could not be referred to a neurologist or admitted to a hospital. As a consequence, a 
proportion of strokes were not further specified. We included these as IS events, which could 
have led to some small bias in prediction, a small overestimation of the average IS risk and 
underestimation of ICH risk. Third, the baseline age ranges of the ARIC, Rotterdam and CHS 
cohorts did not entirely overlap. As a consequence the age association was not fully determined 
by the three datasets combined. Therefore, our predictions should additionally be validated in 
other independent populations with varying age ranges.
Specifying whether a first stroke is either ICH or IS, is potentially clinically valuable. Specifically, 
a more refined estimate of the expected benefits and harms can be made about preventive 
interventions with different effects on ICH and IS risk. For example, according to U.S. Preventive 
Services Task Force guidelines, middle-aged and elderly women are encouraged to use aspirin 
when the potential benefit of reduction in ischemic strokes outweighs the bleeding risks (40). 
Our cumulative incidence functions may be used to refine communication of the expected 
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benefit (by number of IS events avoided) and harm (by number of induced ICH events in 
addition to gastrointestinal bleedings) to support shared decision making. However, differences 
in consequences of ICH and IS events, e.g. the varying case-fatality rates, should be considered 
as well. In addition, to estimate expected   absolute risk differences and numbers needed to 
treat, stratified analyses of randomized clinical trials that disentangle the effects of various 
preventive interventions on stroke subtype and competing death rates are required.

CONCLUSIONS

We developed and cross-validated cumulative incidence functions for separate prediction of 
absolute10-year ICH and IS risk. These functions can be useful to further specify an individual’s 
stroke risk.    
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Figure 1. Contribution of intracerebral hemorrhage and ischemic stroke to 10-year any stroke incidence.
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ABSTRACT

Background
To evaluate the performance of Framingham predictions of cardiovascular disease (CVD) risk 
corrected for the competing risk of non-CVD death, in an independent European cohort of 
older individuals and subsequently extend the predictions by disentangling CVD into coronary 
heart disease (CHD) and stroke separately.

Methods 
We used the Rotterdam Study data, a prospective cohort study of individuals aged 55 years and 
older (N=6,004), to validate the Framingham predictions of CVD, defined as first occurrence of 
myocardial infarction, coronary death or stroke during 15 years of follow-up, corrected for the 
competing risk of non-CVD death. We subsequently estimated the risks of CHD and stroke 
separately, and used the sum as a predictor for the total CVD-risk. Calibration plots and 
c-statistics were used to evaluate the performance of the models.

Results
Performance of the Framingham predictions was good in the low- to intermediate risk (≤30%, 
15-yr CVD-risk) (17.5% observed vs 16.6% expected) but poorer in the higher risk (>30%) 
categories (36.3% observed vs 44.1% expected). The c-statistic increased from 0.66 to 0.69 after 
refitting. Separately estimating CHD and stroke revealed considerable heterogeneity with 
regard to the contribution of CHD and stroke to total CVD-risk.

Conclusions
Framingham CVD-risk predictions perform well in the low- to intermediate risk categories in 
the Rotterdam Study. Disentangling CVD into CHD and stroke separately provides additional 
information about the individual contribution of CHD and stroke to total individual CVD-risk.
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173INTRODUCTION

The use of risk scores as tools to predict cardiovascular disease (CVD) has been widely advocated 
in primary prevention (1-5). Guidelines on the prevention of CVD incorporate risk scores in order 
to make treatment recommendations (6, 7). However, older individuals are at high risk of death 
due to other causes than CVD. Currently recommended Framingham risk scores tend to 
overestimate CVD risk in an older population, as non-CVD mortality competes with CVD events 
(8), and the competing risk is not taken into account in these models. 
Although traditional Framingham risk scores have been successfully externally validated in 
some other populations, recalibration was often necessary to obtain valid estimates (9). The 
30-year CVD risk function developed by Pencina et al (3), based on the Framingham Offspring 
cohort was developed to address the need for both long-term CVD prediction and taking into 
account the competing risk of non-CVD death. The function estimates total CVD as the 
combination of coronary heart disease (CHD) and stroke. In contrast with more traditional risk 
scores, this Framingham risk function has not been externally validated. 
Both CHD and stroke contribute to the risk of total CVD, but can be regarded as different clinical 
events, for which different risk factors have been identified (5, 10). As the prevention of both 
events sometimes are associated with different recommendations (11), disentangling the risk 
of total CVD into both components could provide clinicians with useful additional information 
for treatment management. 
Therefore, using 15-year follow-up data from the participants of the Rotterdam Study Cohort -a 
population based cohort study of elderly individuals (12), we aimed to 1) evaluate the 
performance of Framingham predictions of cardiovascular disease (CVD) risk corrected for the 
competing risk of non-CVD death, in an independent European cohort and 2) update the 
predictions by disentangling CVD into coronary heart disease (CHD) and stroke separately.

METHODS

Study population
Of the 7,983 respondents originally included in the Rotterdam Study, 6,871 individuals both 
visited the research center and signed an informed consent. Of those, 6,004 individuals had no 
history of CHD and stroke. Individuals have been followed in an ongoing effort from 1990 
onwards and consisted of regular examinations with interviews and direct digital linkage to 
medical files from the general practitioners working in the research area, death registries and 
other available medical sources, ensuring accurate follow-up of fatal and non-fatal CVD events 
and cause-specific mortality (12). The medical records of nursing home were also evaluated. At 
baseline, participants were interviewed at home by trained research assistants using a 
computerized questionnaire. Baseline data included information on the current health status, 
history of cardiovascular disease, current medication use, and cardiovascular risk factors. 
Subsequently, the participants were invited to the research center in order to obtain 
measurements on cardiovascular risk factors, including body mass index, blood pressure, total 
cholesterol, high-density lipoprotein (HDL) cholesterol, and non-fasting glucose level. All 
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subjects gave written informed consent, and the study was approved by the medical ethics 
committee of Erasmus MC.

Assessment of risk factors
Details of the assessment of CVD risk factors and medical history in the Rotterdam Study are 
described into more detail elsewhere (13). In short, participants were categorized with regard to 
current smoking status (nonsmoker defined as never smoked or abstinence for at least 2 years). 
Systolic blood pressure was calculated as the mean of two measurements (14). Serum total and 
HDL cholesterol levels were determined by an automated enzymatic procedure. Diabetes 
mellitus was defined as current use of anti-diabetic medication and/or a random or post-load 
serum glucose ≥ 200 mg/dL (11.1 mmol/L). 

Clinical end points
Events were classified using ICD-10 codes. We focused on ‘hard’ CVD as the outcome of interest, 
defined as the composite of hard CHD (consisting of myocardial infarction and coronary death 
and stroke, both fatal and non-fatal –in correspondence with the outcome used in the 
Framingham CVD risk function. In order to adjust for the competing risk of non-CVD death -as 
was done in the Framingham model, we defined non-CVD mortality as any death due to causes 
other than from CVD events. All events were independently adjudicated by two research 
physicians. Consensus was met in a separate session and if necessary medical specialists were 
consulted. We used follow-up information available until January 1, 2007 leading to a maximum 
follow-up duration of 17 years for an individual. 
 
Statistical analysis
Complete risk profiles were available in 5,436 of the 6,004 individuals used in the analysis. We 
imputed missing values of systolic blood pressure, total and HDL cholesterol, diabetes status, 
antihypertensive medication use and current smoking status of the Rotterdam Study 
participants with imputation models that included all risk factors - age, sex, systolic blood 
pressure, use of anti-hypertensives, smoking, diabetes, total and HDL cholesterol, and the log 
cumulative hazard for hard CVD (15). All continuous variables were log-transformed by taking 
the natural logarithm in correspondence with the Framingham model, and truncated at their 
1st and 99th percentile. Fifteen-year risks of hard CVD and competing non-CVD death for the 
6,004 Rotterdam Study Participants were calculated using the baseline survival at 15 years of 
both events as reported by Pencina (3), and the linear predictors of CVD and non-CVD death 
calculated using the published hazard rate ratios (model 1). 
A standard Cox model may provide biased estimates of absolute long-term risk because it 
treats those who die of a non-CVD cause as eligible for the development of a CVD event. We 
therefore used the model proposed by Andersen et al (16,17), as incorporated by Pencina in the 
Framingham model. This model calculates the cumulative incidence of CVD per individual, by 
summation of the cause-specific hazard multiplied by the survival of the CVD event and the 
competing non-CVD death event at each failure time. 
We compared the average predicted 15-year risk of CVD, with the average observed outcome in 
the Rotterdam Study participants (18). We then recalibrated the Framingham CVD model by 
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175updating the 15-year baseline survival of CVD -and non-CVD death as well, with the survival as 
observed in the Rotterdam Study (model 2). To check whether the overall effect of the risk 
factors based on the Framingham data is valid for the Rotterdam Population, we recalibrated 
model 2, by allowing for a different effect for the slope of the linear predictors of CVD and non-CVD 
death (model 3). Subsequently, we refitted the Framingham CVD model for CVD and non-CVD death, 
and compared the coefficients of the risk factors found by fitting the model in the Rotterdam 
Population data, with the original ones published by Pencina (model 4). Finally, we refined the 
original model by estimating the hazards of hard CHD and stroke separately. This was done as 
the weights assigned to different risk factors and the shape of the lifetime hazard function 
may be different for CHD and stroke (2). Accounting for this difference could potentially further 
improve CVD risk classification. We therefore fitted three cause-specific Cox-models, one for 
hard CHD, one for stroke and on for the competing event defined as death from any cause 
other than MI, coronary disease or stroke (model 5). We subsequently calculated the cumulative 
incidences for hard CHD and stroke, and added the cumulative incidences of hard CHD and 
stroke to obtain the estimate for (total) CVD. 
Discrimination for each model was assessed by the concordance index (c-statistic) adjusted for 
the competing risks by setting the failure time of an individual who experienced the competing 
event to infinity. In practice, this was done by adding 1 to the maximum follow up time i.e. 15 years 
(8). Subsequently, calibration of CVD was assessed by calibration plots, comparing predicted 
risks of CVD with observed incidences, per decile of predicted CVD risk, for each of the five 
models. We used deciles of predicted CVD risk to make the categories consistent across the 
plots. The observed incidences were adjusted for competing risks, using the R ‘CumInc’ function, 
which is included in the R ‘mstate’ library (17).  
An Excel risk score calculator was constructed to provide clinicians with a tool to estimate the 
cumulative incidences of CHD, stroke and CVD conditional on an individuals’ risk profile. All analyses 
were performed using SPSS version 19 (SPSS for Windows) and R version 2.14 (R Foundation for 
Statistical Computing, Vienna, Austria).

 
RESULTS

Baseline characteristics of the 6,004 Rotterdam Study participants used in this analysis are 
presented in Table 1. During 15 years of follow up, 539 (first) hard CHD, 630 (first) stroke and 1,719 
competing non-CVD deaths occurred in these individuals.

Calibration
Calibration of the Framingham CVD model was found to be good in the low- to intermediate 
risk (≤30%, 15-yr risk) categories (17.5% observed vs 16.6% expected) but relatively poor in the 
higher risk (>30%, 15-yr risk) categories (36.3% observed vs 44.1% expected) (Figure 1). Updating 
the baseline hazards and slope of the linear predictors of CVD and non-CVD death improved 
calibration in the higher risk categories slightly (36.2% observed, vs 42.3% expected) but 
overestimation remained. After refitting the CVD risk function in the Rotterdam data, calibration 
improved substantially (low to intermediate categories: 16.6% observed vs 16.6% expected; 
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higher risk categories: 39.3% observed vs 38.9% expected). Separately estimating CHD and 
stroke improved calibration even somewhat further (low to intermediate categories: 16.7% 
observed vs 16.6% expected ; higher risk categories: 38.8% observed vs 38.8% expected) (Figure 2). 
Calibration of the competing non-CVD death event, evaluated by plotting the observed risk of 
non-CVD death vs predicted per decile of CVD risk, revealed that the risk of non-CVD is 
underestimated for the original Framingham CVD function for all categories of individuals, and 
increased with CVD risk. After refitting, calibration of non-CVD mortality improved as well (Figure 3).

Discrimination
C-statistics for the Framingham CVD risk function applied to the Rotterdam Study population 
for the prediction of 15-year CVD risk was 0.66 and 0.68 after refitting the Framingham CVD 
risk function in the Rotterdam Study population. Estimating the hazard of CVD separately for 
CHD and stroke and using the sum as an estimate for total CVD, did not further increase the 
c-statistic for 15-year CVD risk rounded at two decimal points. 

Beta coefficients
Refitting the Framingham CVD risk function in the Rotterdam data led to differences in beta 
coefficients compared to the original ones published by Pencina (Table 2a). For CVD, the log of 
age was found to have a stronger effect on CVD whereas sex, the log of systolic blood pressure, 
log of total and HDL cholesterol, current smoking status and diabetes were significantly less 
strong. For the competing risk of non-CVD death, the log of age was also found to have a 
significantly stronger effect, whereas the log of systolic blood pressure, current smoking and 
diabetes mellitus had a less strong effect (Table 2b). Separately estimating the hazards CHD 
and stroke, resulted in different beta coefficients for both events compared to estimating the 
hazard of CVD as a combined endpoint (Table 2c).
 
15-year risk of CHD, stroke and CVD
To illustrate the effect of different individual risk profiles on CVD risk and on the mixture of 
CHD and stroke, the cumulative incidences of CHD, stroke and CVD were plotted for a 15-year 
period for 4 individuals (Figure 4 A-D). For individual A and B, stroke was the major component 
of CVD. The opposite was true for individuals C and D.
 

DISCUSSION

Our analyses show that the Framingham CVD risk predictions perform reasonably well in 
predicting in the relatively older Rotterdam population for individuals at low to intermediate 
risk. For the higher risk categories, recalibration by refitting the function in the Rotterdam 
Study population was required to obtain valid estimates. Disentangling CVD into CHD and 
stroke separately revealed considerable heterogeneity with regard to the contribution of CHD 
and stroke to the total risk of CVD.
To our knowledge, this is the first attempt to validate this Framingham CVD risk function 
corrected for competing death in another population. Previous studies on the validity of 
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separately (14, 19) and found predictive performance to be reasonable in the lower risk 
categories for both events -but recalibration was necessary for the apparent overestimation in 
the higher risk categories. In the current analysis we extended the previous work by 
incorporating a longer period of follow-up and made adjustments for competing risks. In 
accordance with the earlier findings for 10-year CHD and stroke, we found that recalibration 
was especially important in the higher CVD risk categories. 
Our study bears some limitations. First, the weights of the risk factors in the original 
Framingham CVD risk function were estimated over a 30-year period, whereas we validated 
the risk function for a 15-year period. If the hazard ratios of the risk factors included in the 
Framingham function would change over time, this could contribute to part of the 
miscalibration we observed of the original function. For the original Framingham function, 
Pencina did not find evidence for the hazard rate ratios to be time-dependent, which makes 
different hazard rate ratios for different time-horizons less likely (3). From a clinical point of 
view, a 15-year risk is probably of greater interest in older individuals due to the shorter life 
expectancy and the potential effect of co-morbidities and competing causes of death. Second, 
when separately analyzing CHD and stroke, we used the same set of risk factors. A further 
improvement in predictive performance could be expected if we would allow for a different set 
of risk factors for both events and competing event respectively. Third, we did not evaluate the 
inclusion of novel risk factors, which might further contribute to improvement in risk 
classification.
As the Framingham population was younger on average than the Rotterdam Study participants, 
we expected the baseline hazard of CVD to be higher in the Rotterdam Data. However, we 
observed that the Framingham function overestimated CVD risk, especially in the higher risk 
strata. Part of this overestimation could be explained by the fact that the Framingham function 
at the same time underestimated the risk of the competing non-CVD death which is of 
particular importance in older individuals. Underestimation of the competing event results in 
a higher predicted risk of the CVD event (8). After adjusting the baseline hazards for both the 
CVD event and the competing risk of non-CVD death, the overestimation of CVD risk diminished. 
The hazard rate ratios of the risk factors were sometimes different in magnitudes and 
significance of the effects from the ones reported by Pencina et al (3). Our observation that 
total cholesterol (in the presence of other factors) did not appear a significant predictor for 
CVD in the Rotterdam data was supported by earlier analyses from Bos et al in the Rotterdam 
Study (20, 21). They found that serum cholesterol has a protective effect on stroke, whereas 
HDL-cholesterol has no significant effect. This is similar to what we found when we analyzed 
the hazard of stroke separately from CHD. This could explain the non-significant effect for 
serum total cholesterol on total CVD in our analysis, as the coefficient for total CVD is a 
weighted average of the coefficients for stroke and CHD separately. The difference in coefficients 
for age can be partly explained by the log-transformation (log), together with the older age of 
the Rotterdam Study cohort compared to Framingham. The increase from log 70 years to log 71 
years -a one unit increase on the age scale, is smaller than the log increase from 40 to 41. This 
implies that the coefficient for age in the Rotterdam data should compensate for these smaller 
increments in the log-transformed risk factor.
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We demonstrated that estimating the hazards for CHD and stroke separately allows for the 
simultaneous prediction of the risks of these events and found that the weights assigned to 
the risk factors included in the Framingham risk function are different for both. By separately 
estimating the hazards of these events, discrimination increased only very little, whereas 
calibration improved substantially compared to predicting CVD as a combined endpoint. The 
major contributor to CVD, being either CHD or stroke, differed between individual risk profiles, 
as illustrated by the four examples. This can have important clinical implications for the 
allocation of preventive interventions. For example, aspirin is currently recommended in men 
with a high risk of CHD, while in women the recommendation is only made for those with a 
high risk of stroke (11). 
As we treated CHD, stroke and non-CVD as competing events, our risk function provides 
information on the separate events and also allows for adding the separate risks of CHD and 
stroke to obtain an estimate of total CVD risk. This provides clinicians with additional 
information beyond a risk function which estimates CVD as a single endpoint or separate 
models for CHD and stroke which do not account for competing risks. Secondly, treatment 
benefits of preventive interventions such as cholesterol-lowering drugs can be more precisely 
estimated by applying the different risk reductions for CHD and stroke separately instead of 
applying the overall reduction on CVD. Further improvement in the prediction of CVD could be 
obtained by subcategorizing CHD and stroke in fatal and non-fatal events, ischemic and non-
ischemic events in the case of stroke, and myocardial infarction and heart failure in the case of 
CHD.
In conclusion, Framingham CVD-risk predictions perform well in the low- to intermediate risk 
categories in the Rotterdam Study. Recalibration is necessary as the Framingham function 
overestimates CVD risk in the higher risk strata of the Rotterdam Study population. 
Disentangling CVD into CHD and stroke separately provides additional information about the 
individual contribution of CHD and stroke to total individual CVD-risk and provides clinicians 
with additional information about the relative contribution of CHD and stroke.
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181Figure 1. Calibration plot, showing predicted and observed 15-year risk of CVD for each decile of predicted 15-year CVD risk 
-based on the original Framingham CVD function (3) (model 1, left) and the recalibrated score by adjusting baseline 
hazards of CVD and non-CVD death (model 2, right)
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Figure 2. Calibration plot, showing predicted and observed 15-year risk of CVD for each decile of predicted 15-year CVD risk -based 
on the refitted function (model 4, left) and refitting the CVD and non-CVD death function, by separately analyzing CHD 
and stroke (model 5, right)
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Figure 3. Calibration plot, showing predicted and observed 15-year risk of competing non-CVD death for each decile of 
predicted 15-year CVD risk -based on the original Framingham CVD function (3) (model 1, left) and after refitting the CVD 
and non-CVD death function in the Rotterdam Study data (model 4, right).  
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183Figure 4. Individual predictions for 4 individuals. (A) 70-year old woman, smoker, systolic blood pressure of 103, total (HDL) 
cholesterol 4.1 mmol/L 1.5, treated for Hypertension (B) 70 year old man, systolic blood pressure of 132, Total (HDL) 
cholesterol 5.0 mmol/L 1.80, Diabetic (C) 56-year old man, Systolic blood pressure of 124, Total (HDL) cholesterol 6.4 mmol/L 
0.9, and (D)  65-year old woman, Systolic blood pressure of 129, Total (HDL) cholesterol 6.7 mmol/L 0.9, Treated for 
Hypertension.
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ABSTRACT

Objectives
To estimate the predictive value of four novel cardiovascular risk markers, for the U.S. general 
population. 

Background
CT coronary calcium score (CTCS), carotid intima-media thickness (cIMT), high-sensitivity C- reactive 
protein (CRP), and ankle-brachial index (ABI) are promising novel risk markers for improving  
cardiovascular risk assessment. Their impact in the U.S. general population is unknown. 

Methods
Risk profiles, CRP and ABI data of 3,736 asymptomatic subjects aged 40 or older  from the National 
Health and Nutrition Examination Survey (NHANES) 2003-2004 exam were used  along with 
imputed CTCS and cIMT values. For each subject, we calculated 10-year cardiovascular risks 
with and without each risk marker. Event rates adjusted for competing risks were obtained by 
microsimulation. We assessed the impact of updated 10-year risk scores by reclassification and 
C-statistics.  

Results
In the study population (mean age 56 ± 11 years, 48% male), 70% (80%) were at low (<10%), 19% 
(14%) at intermediate (≥10 - <20%), and 11% (6%) at high (≥20%) 10-year CVD (CHD) risk. Net 
reclassification improvement was highest after updating 10-year CVD risk with CTCS: 0.10 
(95%CI 0.02 – 0.19). The C-statistic for 10-year CVD risk increased from 0.82 by 0.02 (95%CI 0.01 
– 0.03) with CTCS. Reclassification occurred most often in those at intermediate risk: with CTCS, 
36% (38%) moved to low and 22% (30%) to high CVD (CHD) risk. Improvements with other 
novel risk markers were limited.

Conclusions 
Only CTCS appeared to have significant incremental predictive value in the U.S. general 
population, especially in those at intermediate risk.
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Cardiovascular disease (CVD) remains the leading cause of death in the U.S. population (1). 
Current guidelines recommend aggressive risk modifying treatment regimens in apparently 
healthy individuals deemed to be at high cardiovascular risk (2). These individuals can be 
identified using risk scores based on traditional risk factors as defined by the Framingham 
Heart Study (3,4). However, the accuracy of Framingham risk scores (FRS) for selecting those at 
high risk can be improved by adding novel risk markers, including imaging techniques and 
biomarkers. 
Recently, the U.S. Preventive Services Task Force and the American College of Cardiology 
Foundation/American Heart Association Task Force published recommendations on which 
novel risk markers to use for cardiovascular risk assessment (5,6). Four novel risk markers that 
are expected to have added predictive value beyond the FRS are: the CT coronary artery calcium 
score (CTCS), high-sensitivity C-reactive protein (CRP), the ankle-brachial index (ABI) and 
measurement of carotid intima-media thickness (cIMT). Most importantly, studies should have 
demonstrated that risk assessment including these novel markers should correctly reclassify 
individuals into clinically relevant risk categories. These risk categories are defined by 10-year 
risk: e.g. <10% (low risk), 10-19% (intermediate risk) and ≥20% (high risk). 
Due to heterogeneous results (7-9) and selection of study populations it remains difficult to 
generalize from published cohort studies that adding these novel markers to the FRS would 
indeed lead to improved classification in the U.S. population as a whole. In order to synthesize 
the existing evidence quantitatively, computer simulation modeling with data input from 
meta-analyses combined with study data representative of the entire population overcomes a 
number of these limitations (10).  
In this study, we aimed to combine meta-analyses of published predictive effects of CTCS, cIMT, 
CRP, and ABI, with traditional 10-year FRS. Our purpose was to assess to what extent the 
predictive value of traditional risk assessment would be improved by these four novel markers 
in asymptomatic participants of the National Health and Nutrition Examination Survey 
(NHANES), a cross-sectional study designed to be a representative sample of the U.S. general 
population. 

METHODS

Systematic review of the novel risk markers’ predictive effects 
We adopted two recent individual-level meta-analyses for the association of a one unit SD (1.11) 
log mg/L increase of CRP, and the association of a 0.1 mm increase in mean cIMT with coronary 
heart disease (CHD) and stroke event rates (11,12). For CTCS and ABI, we updated the 2009 
systematic review by the USPSTF (13) through September 5, 2012 (for detailed search syntaxes 
and study inclusion criteria see the eMethods). Two reviewers independently included 
potentially eligible articles based on title and abstract. Only studies that recruited subjects 
from the general population, and which excluded or adjusted for prior CHD and stroke were 
included. Articles were included if both reviewers agreed that the study design was a cohort, 
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nested case-control, or case-cohort study. Also, systematic reviews that included these study 
types were considered. Relative risk estimates had to be calculated for CHD and/or stroke, with 
CHD defined as myocardial infarction or coronary death,. We excluded studies that analyzed 
the novel risk marker with adjustment for less than 5 of the 8 Framingham risk factors: age, sex, 
smoking, systolic blood pressure, antihypertensive drug therapy, total cholesterol, high density 
(HDL) cholesterol and diabetes mellitus. One reviewer extracted the reported relative risks and 
95% CI limits of an increase in 1 unit log (CTCS + 1) for CTCS, and of an ABI ≤ 0.90 vs. > 0.90. If 
relative risks were reported using other units, these were converted in order to match the 
aforementioned units (see Appendix 4 for details). Data extraction was checked by a second 
reviewer. We used the R ‘meta.summaries’ function of the ‘rmeta’ package to compute summary 
estimates and 95% CIs by random-effects modeling. Heterogeneity was assessed statistically 
with the Woolf’s test where values < 0.05 indicate significant heterogeneity.

Study population
We selected data on 3,736 individuals aged 40 or older without a history of myocardial 
infarction or stroke at baseline from the 2003 – 2004 NHANES exam, taking into account the 
sampling weights. We included the following variables: age at the exam visit, sex, current 
smoking, systolic blood pressure, total cholesterol, HDL cholesterol, fasting plasma glucose 
level, anti-diabetic treatment, antihypertensive treatment, ankle-brachial index, and high-
sensitivity C-reactive protein. Because values for CTCS and cIMT were not measured in the 
NHANES study, we merged the NHANES dataset with a subset of the Rotterdam Study cohort 
(14) in which all novel markers were measured and imputed these values. For the imputation, 
we used a flexible additive imputation model including all other variables. After the imputation, 
only NHANES individuals were selected for the analysis (see Table 1 for baseline characteristics). 
For details on the dataset preparation see Appendix 4. 

Updating Framingham risk scores
For both the 10-year cardiovascular risk assessment and simulation of event rates, we used the 
30-year FRS as basis for our models (15). It uses the 8 aforementioned traditional risk factors to 
calculate 30-year cumulative incidences for both CVD and non-CVD deaths, while taking into 
account competing risks. CVD is defined as myocardial infarction, coronary death and stroke, 
non-CVD death is defined as mortality due to all causes other than CVD. In order to calculate 
CHD and stroke risks separately, we applied a sex-specific ratio of the reported CHD to stroke 
events to the baseline CVD survival function. For men, the CHD: stroke event ratio was 348/104 
and for women it was 133/86. We assumed that predictor effects of the traditional risk factors 
were similar for CHD and stroke. To resemble currently recommended risk assessment, we 
calculated 10-year CVD and CHD risks without adjustment for competing risk. We used the 
baseline CHD and CVD survival probability at year 10 and subsequently updated the traditional 
FRS with one novel risk marker at a time. We recalibrated the baseline survival probability by 
assuming no change in the average survival probability. For both 10-year CVD and CHD, the 
different models (FRS only, FRS + CTCS, FRS + IMT, FRS + CRP, and FRS + ABI) were used to classify 
the 3,673 NHANES subjects into to the following risk categories: < 10%, ≥10-<20%, ≥20%. In 
addition, we also classified into <6%, ≥6 – < 20%, ≥20%: categories (16).
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To simulate cardiovascular event rates, we constructed a state-transition model using TreeAge 
software (2009 version, TreeAge Software, Inc., Williamstown, MA, USA), consisting of three 
health states: ‘Well’, ‘Post-CVD’ and ‘Dead’. A one-year cycle length was used. One-year transition-
probabilities were based on the 30-year FRS updated with all four novel risk markers together, 
assuming independency of predictive effects. We recalibrated the baseline survival function 
through 30 years of follow-up, while ascertaining that the average 30-year cumulative 
incidences for CVD and non-CVD death calculated by the state-transition model were equal to 
the average risks calculated by the original 30-year FRS for the NHANES study sample (see 
Appendix 4 for details).

Predictive value of the four updated risk scores
Reclassification tables were created by cross-tabulating NHANES individuals using the three 
risk categories of the traditional and each updated FRS. Occurrences of events within these 
individuals were modeled through a state-transition model using Monte Carlo microsimulation. 
We calculated risks in subjects reclassified upwards and downwards for both cases and non-
cases and calculated the net reclassification improvement (NRI) applicable to survival and 
competing risk data (17). For the intermediate risk category, we calculated a bias-corrected NRI 
(18). In addition, long-term 30-year risks were reported in the reclassification tables to evaluate 
whether those who are reclassified have a long-term risk that is in agreement with the 
reclassification. To further assess the models’ discriminative performance, we calculated the 
Harrell’s C-statistic (19) using simulated 10-year time-to-event data. To take into account the 
uncertainty of the hazard ratios of the novel risk markers, 95% CIs were calculated by randomly 
sampling from lognormal distributions defined by the summary estimates and standard errors 
taken from the meta-analyses.
 

RESULTS

Systematic review of the novel risk markers’ predictive effects 
From the USPSTF report (13), eight studies on CTCS and ten studies on ABI were included in our 
review. For ABI, we did not use the reported estimates on CHD and stroke, because these were 
based on a comparison between an ABI ≤ 0.9 and 1.11-1.40 instead of ≤ 0.9 vs. > 0.9 (20). 
Combined with the citations found through our additional search, in total 947 citations were 
included in our systematic review. Seventeen articles were used for the data extraction; for 
reasons of exclusions see Figure 1. In 11 of the articles the effect of the novel risk marker was 
adjusted for seven or more Framingham risk factors (for the study details see Table in Appendix 4).  
For the association between CTCS and CHD, we performed a meta-analysis on a total of 30,945 
individuals and 548 events. Only two studies were found on the predictive effect of CTCS on 
stroke, comprising 7,118 subjects and 117 stroke events. For the ABI meta-analyses, 21,122 subjects 
with 1,206 CHD events and 36,941 subjects with 987 stroke events were used. One study on the 
association between ABI and CHD also counted angina as a CHD event (21). As the authors 
explicitly stated that the analysis limited to hard CHD events (i.e., excluding angina) showed 
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similar results, we included this study in the analysis. Summary estimates from the meta-
analyses are given in Table 2. We found no statistical evidence for heterogeneity between 
studies. 

Predictive value of the four updated risk scores
Most NHANES subjects were at low (<10%) 10-year CVD and CHD risk: respectively 2,641 (71%) 
and 2,999 (80%). The number of NHANES subjects with intermediate (≥10 – < 20%) risk was 
limited: 697 (19%) for CVD and 525 (14%) for CHD as the outcome. These numbers approximately 
doubled with using the alternative threshold values ≥6 – < 20% to 1385 (37%) for CVD and 1075 
(29%) for CHD.
Amongst the updated models, the FRS + CTCS had the highest NRI (Table 4). For the FRS updated 
with the other novel risk markers, the reclassification was limited and the NRI was close to zero 
for both CVD and CHD as end point (see Table 4 for CVD). Net reclassification improvement 
results were similar when using the <6, ≥6 – < 20%, ≥20% risk categorization. The number of 
high risk (≥20%) individuals reclassified to lower risk was limited –even for CTCS. Those who 
were reclassified upwards had a much higher 30-year CVD and CHD risk than the risk for those 
remaining in their risk category or who were reclassified downwards (Table 3 for CVD).
Subjects who were traditionally classified as intermediate (≥10 – < 20%) 10-year CVD risk, were 
most frequently reclassified by CTCS. In this intermediate risk category, 0.39 (95%CI 0.23 – 0.55) 
of those with a CVD event within 10 years were reclassified upwards, whereas only 0.17 (95%CI 
0.09 – 0.27) were reclassified downwards. For the subjects who did not experience an event, 
0.37 (95%CI 0.35 – 0.39) were reclassified downwards and 0.18 (95%CI 0.11 - 0.25) upwards. The 
resulting bias-corrected NRI from updating FRS by CTCS in the intermediate risk category was 
0.15 (95%CI 0.05 - 0.27). Defining ≥6 - < 20% as the intermediate risk category, the bias-corrected 
NRI was 0.13 (95%CI 0.06 - 0.21). The C-statistic of the FRS increased most by adding CTCS (Table 
4). It increased from 0.82 (95%CI 0.79 – 0.85) to 0.84 (95%CI 0.81 – 0.86) for predicting CVD and 
from 0.84 (95%CI 0.82 - 0.86) to 0.87 (95%CI 0.84 - 0.89) for predicting CHD. 

 
DISCUSSION

In this study, we modeled the predictive value of adding four novel cardiovascular risk markers 
to traditional Framingham risk scores (FRSs) in individuals representative of the U.S. general 
population. Whereas previous studies have focused on the predictive value of risk markers in 
specific longitudinal cohorts, we aimed to study the potential value of using risk markers in the 
US population as a whole. We used the two most commonly used endpoints 10-year CVD and 
CHD risk, together with two recommended risk categorization methods: <10%, 10-19%, ≥20% 
and <6%, 6-19%, ≥20% for low, intermediate, and high risk respectively. Among the four updated 
risk scores, the FRS updated with CTCS showed the most impact on reclassification for both 
CVD and CHD as endpoint, regardless of the risk thresholds used. Most reclassification occurred 
in those traditionally at intermediate risk; in other risk categories reclassification was less 
evident. FRS updated by cIMT, CRP and ABI had limited value with regard to appropriate 
reclassification and improvement of the C-statistic.
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calcium score (CTCS), carotid intima-media thickness (cIMT), high-sensitivity C-reactive protein 
(hsCRP), and the ankle-brachial index (ABI) beyond FRS. The latter three risk markers were 
recently evaluated in large individual-level meta-analyses combining data from several cohort 
studies (11,12,20,22). Although the meta-analyses showed that these markers are associated 
with CVD independently from Framingham risk factors, the impact on improving risk prediction 
and classification was generally limited. The meta-analysis evaluating cIMT for 10-year CVD 
prediction showed similar C-statistics for the FRS: 0.757, and FRS with addition of common 
cIMT: 0.759. Only a small NRI: 0.008 was observed in the total population, which increased to 
0.036 in individuals at intermediate risk (12). This meta-analysis did not include recently 
published Framingham Study data that showed similar results: a small change in the C-statistic: 
0.748 to 0.751 and 0.0 NRI. The meta-analysis on CRP showed a change in the C-statistic of 
0.0039, and the NRI was 0.0152 for CVD prediction. The Framingham Offspring data included 
within the analysis showed that the C-statistic of 0.7779 increased by 0.0040. In the other 
included cohort studies, changes in the C-statistic varied from -0.0027 to 0.0157 (22). In the 
meta-analysis on ABI, CHD risks were calculated after cross-tabulating a FRS for predicting 10-
yr CHD risk categories by four different ABI categories. Meaningful reclassification by ABI was 
limited to women only: 7% of women at low risk and 10% of the women at intermediate risk 
were reclassified as high risk based on an ABI ≤ 0.90 (20). Changes in the C-statistic and NRI 
with ABI ≤ 0.90 have not been established. A recent study in the Atherosclerosis Risk in 
Communities Study (ARIC Study) showed only modest improvement in the C-statistic: 0.756 to 
0.758 and a NRI of 0.008 (23). For CTCS, individual-level meta-analyses have not yet been 
conducted, although a systematic review of cohort studies shows that the impact on the 
C-statistic and NRI is generally larger: changes in the C-statistic varied from 0.04 to 0.13 and 
NRIs varied from 0.14 to 0.25 (9). The four risk markers were evaluated in a direct comparison by 
only two cohort studies: the Multi-Ethnic Study of Atherosclerosis (MESA) and the Rotterdam 
Study (24,25). Both studies concluded that among the four markers, CTCS has the most added 
value in those at intermediate risk. In MESA, addition of CTCS, cIMT, CRP or ABI to a FRS plus 
race/ethnicity led to NRIs of 0.659, 0.102, 0.079, and 0.036 respectively. In the Rotterdam Study, 
these were 0.393, 0.046, 0.092, and 0.073. These NRIs were, however, not bias-corrected (18).
Generalizing results on reclassification from cohort studies to the general population is not 
straightforward. The impact of a novel risk marker on improving risk classification is determined 
by the strength of the association with the outcome, but also depends on the joined distribution 
of the marker and traditional risk factors in the population. Because the distribution of risk 
factors in cohort studies is not comparable to the general population, we reproduced 
cardiovascular risk predictions by Framingham risk factors and novel risk markers within a 
recent NHANES sample while hypothesizing that these are generalizable. Although we were 
able to apply the summarized predictive effects of novel risk markers to the NHANES sample, 
our study bears some important limitations. First, the NHANES did not include measurements 
of CTCS and cIMT. We therefore had to impute these measurements. We used correlations 
between Framingham risk factors and the other two novel risk markers as observed in the 
Rotterdam Study for the imputation process. Thus, the CTCS and cIMT values were distributed 
in the NHANES subjects conditionally on the assumption that the correlations in the Rotterdam 
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Study are applicable to the NHANES population. Second, the NHANES data do not include CVD 
event rates and we therefore had to assume that the FRS (15) would be valid for the NHANES 
population in predicting event rates. However, it has been shown that Framingham-based 
predictions perform fairly well in most U.S. subpopulations (26). Third, for the simulation of 
CVD event rates, we assumed that the predictive effects of the four novel risk markers were 
independent of each other. Few studies published the change in hazard ratios of these novel 
risk markers after subsequently adding them to the FRS. Generally, the amount of confounding 
is limited (27). Fourth, because our purpose was to evaluate the additional value of novel risk 
markers in the light of competing risk by non-CVD death, we chose a FRS that took into account 
the competing risk of non-CVD death for our simulation model. This FRS however does not 
allow predictive effects of traditional risk factors to be different for CHD and stroke events (3). 
We therefore hypothesized that these effects would be similar. Although this seems to be a 
reasonable assumption for the most important cardiovascular risk factors -age and sex, this 
may be less true for other risk factors such as lipid levels.(28) However, CHD comprises the 
major part of total CVD. This implies that the predictive effects of the traditional risk factors on 
CVD are closer to that of CHD than of stroke, and the results for reclassification of CHD will be 
relatively unaffected by this assumption. 
Instead of a priori focusing on individuals at intermediate risk (13,24), we also included low and 
high-risk individuals. In theory, reclassifying high-risk individuals without events downwards 
could be beneficial as well. However, we demonstrated that CTCS has the largest value in 
refining decision-making in the intermediate risk category. Reclassification of subjects 
originally at low or high risk was much more limited. The size of the U.S. general population 
considered to be at intermediate risk largely depends on the chosen outcome and risk 
thresholds. Thus, the potential impact of additional testing with novel risk markers to decrease 
the total number of events will vary with this definition. Its impact will also depend on the 
indirect association of the novel risk marker with competing non-CVD death, e.g. through a 
strong correlation with age. There is, however, no indication that those reclassified to high risk 
suffer from a larger risk of competing death as demonstrated by a concordant increase  in long-
term, 30-year risk. Ultimately, costs and effects of recommended preventive treatment on 
quality-adjusted life expectancy should be considered for evaluating the impact of novel 
cardiovascular risk assessment strategies (29). 
In conclusion, among four promising novel risk markers, only CTCS is expected to have 
significant incremental predictive value in the U.S. general population, and especially in those 
at intermediate risk. Future research should be performed to evaluate the clinical impact and 
cost-effectiveness of various novel cardiovascular risk assessment strategies.
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Figure 1. Literature search and selection.
Numbers of articles of each step of the review process are indicated. 
*Group total exceed the reported number for the excluded articles because several reasons for exclusion were allowed. 
†Group total exceed the number for the included articles, because one article may include estimates for both CHD and 
stroke.
Abbreviations: ABI, ankle-brachial index; CHD, coronary heart disease; CTCS, computed tomography calcium scoring; HR, 
hazard ratio; OR, odds ratio; RR, risk ratio; USPSTF, United States Preventive Services Task Force

Excluded (n=896)
Duplicates: 29
Not eligible: 867

Title/abstract review (n= 948)
MEDLINE:
CTCS: 776
ABI: 150

Previous USPSTF report:
CTCS: 8
ABI: 10

After reading reference lists:
CTCS: 4

Included articles (n=17) †
Hard CHD:
CTCS: 7
ABI: 5

Stroke:
CTCS: 2
ABI: 6

Full text review (n=52)
ABI: 18
CTCS: 34

Excluded (n=35)*
Not general population: 14
No hard CHD and stroke as outcome: 10
No relative effects (HR/OR/RR) reported: 8
Not adjusted for ≥ 5 traditional RFs: 2
Overlap with other study: 9
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ABSTRACT

Background
To determine the comparative effectiveness and costs of a CT-strategy and a stresselectrocardiography- 
based strategy (standard-of-care; SOC-strategy) for diagnosing coronary artery disease (CAD).

Methods
A decision analysis was performed based on a well-documented prospective cohort of 471 
outpatients with stable chest pain with follow-up combined with best-available evidence from 
the literature. Outcomes were correct classification of patients as CAD–(no obstructive CAD), 
CAD+(obstructive CAD without revascularization) and indication for Revascularization(using a 
combination reference standard), diagnostic costs, lifetime health care costs, and quality-
adjusted life years (QALY). Parameter uncertainty was analyzed using probabilistic sensitivity 
analysis.

Results
For men (and women), diagnostic cost savings were €245 (€252) for the CT-strategy as 
compared to the SOC-strategy. The CT-strategy classified 82% (88%) of simulated men (women) in 
the appropriate disease category, whereas 83% (85%) were correctly classified by the SOC-strategy. 
The long-term cost-effectiveness analysis showed that the SOC-strategy was dominated by 
the CT-strategy, which was less expensive (-€229 in men,-€444 in women) and more effective 
(+0.002 QALY in men,+0.005 in women). The CT-strategy was cost-saving (-€231) but also less 
effective compared to SOC (-0.003 QALY) in men with a pre-test probability of ≥70%. The CT-
strategy was cost-effective in 100% of simulations, except for men with a pre-test probability 
≥70% in which case it was 59%.

Conclusions
The results suggest that a CT-based strategy is less expensive and equally effective compared 
to SOC in all women and in men with a pre-test probability <70%.
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The current guideline still recommends stress electrocardiography(X-ECG) as first line diagnostic 
test for patients with stable chest pain (1). However, the diagnostic accuracy of X-ECG is limited (2).
Coronary CT angiography (CCTA) is an alternative modality for diagnosing coronary artery 
disease (CAD). Its diagnostic accuracy compared to catheter-based coronary angiography (CAG) 
in highly selected patients has been studied extensively (3-7), demonstrating that CCTA is 
reliable in ruling out CAD (sensitivity 95-100%). Furthermore, previously published decision 
analyses indicate that CCTA as triage test in patients referred for CAG is cost-effective in 
patients with a low-intermediate probability of disease (8-10).
Recently, results from a Dutch outpatient chest pain clinic were published (11-12). Patients with 
stable chest pain were evaluated by X-ECG, CT calcium scoring, and CCTA. Results suggested 
that CT calcium scoring, selectively followed by CCTA could replace X-ECG as first line diagnostic 
test. However, long-term effectiveness and costs of CCTA compared to standard-of-care (SOC) 
in outpatients presenting with chest pain remain unclear. 
Ideally, a large randomized controlled trial (RCT) comparing a CT-based strategy to SOC should 
be performed to evaluate comparative effectiveness and costs. Exploration of diagnostic 
strategies and preliminary estimates of outcomes can help design such a trial and can justify 
the investment of research resources. Furthermore, trial results will only be available after 
several years and in the meantime diagnostic testing decisions have to be made. A decision-
analytic approach summarizing the evidence can be helpful in such situations.
Aim of this study was to determine the comparative effectiveness and costs of a hypothetical 
CT-strategy compared with SOC using a decision-analytic approach combining data from a 
well-documented prospective patient cohort with the best-available evidence from the 
literature.

MATERIALS AND METHODS

Patient population
The model was based on a prospective clinical cohort (11) of 471 patients who presented with 
stable chest pain and no history of CAD. All patients were scheduled for X-ECG and CCTA (Table 1). 
During a mean follow-up (complete in 90%) of 2.6 years, 44 major adverse cardiovascular 
events (MACE: cardiac death, myocardial infarction, unstable angina requiring hospitalization, 
and revascularization) occurred in 30 patients (13). The study complied with the Declaration of 
Helsinki and the ethical committee at our institution approved the study. Informed consent 
was obtained from all patients.

Decision model
We developed a decision model (in DATA Pro 2009 Suite, TreeAge Software Inc, Williamstown, 
MA, USA) to evaluate the comparative effectiveness and costs of a hypothetical CT-based 
strategy compared to an X-ECG-based strategy (reflecting standard-of-care; SOC-strategy). 
Short-term diagnostic outcomes were modeled with a decision tree (Figure 1, 2). Long-term 
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prognosis (lifetime) was modeled using a Markov-Model. Model parameters were based on the 
clinical cohort with follow-up combined with best-available evidence from the literature. 
Model probabilities for diagnostic test results were based on the clinical cohort and conditional 
on the “underlying truth”, sex, and the pre-test probability. To model the “underlying truth”, a 
disease category was assigned to all patients in the cohort: No obstructive CAD(CAD–), 
Obstructive CAD(CAD+) or Revascularization(Revasc) (Figure 3), which represents the true 
disease status at baseline. This was based on CAG(if performed), the treatment initiated and 
CCTA otherwise and included 6-month follow-up information. For example, if a patient was 
initially treated with medication only, but electively revascularized within 6 months, the patient 
was labeled as Revascularization. The modified reference standard was used in all analyses.
The diagnostic model classifies patients in one of the disease categories. Classification is 
correct if the classified category matches the underlying truth, and incorrect when the 
classified category does not match the underlying truth. Underlined categories refer to the 
underlying ‘true’ disease category, whereas italic categories refer to the disease category as 
classified by the diagnostic work-up. Individuals classified as CAD– by the diagnostic strategy, 
who are CAD+ or Revascularization according to their underlying truth are “under-classified”. 
Patients classified as CAD+ who are Revascularization according to the underlying truth are 
“under-classified”. Individuals classified as CAD+, who are CAD– according to the underlying 
truth, are “over-classified”. The next paragraph explains how patients are classified by the 
diagnostic work-up. 

Short-term decision tree
The SOC-strategy consists of initial evaluation with X-ECG according to the guideline (1) (Figure 
1). Non-diagnostic X-ECGs are common (~25% (33))– which warrants further testing with 
pharmacological stress myocardial perfusion imaging (MPI) using single photon emission CT 
(SPECT). Patients unable to exercise are evaluated by MPI. We assume that a CAG classifies 
patients in the correct category. 
The CT-strategy starts with a coronary artery calcification (CAC) scan in every patient and a 
CCTA in patients with a CAC>0 and <400 (Figure 2). Patients with CAC=0 and a pre-test 
probability <70% do not undergo CCTA, because obstructive CAD is unlikely to be present (34). 
This cutoff was chosen to capture the high-risk patients with typical presentation (14), which is 
consistent with clinical practice at our institution. Thus, a patient with zero calcium and a pre-
test probability ≥70% will undergo CCTA (Figure 2). Based on evidence that revascularization 
does not always improve survival beyond optimal medical treatment in patients with moderate 
disease (35), the CT-strategy consists of medical treatment for patients with moderate disease 
on CCTA and referral to CAG only if the CCTA shows severe CAD (left main-, three vessel-, or 
proximal left anterior descending artery disease).

Long-term Markov model
We used a Cox proportional hazards model to estimate the sex-specific rates of MACE for CAD–, 
CAD+, and Revascularization patients in the clinical cohort. Prognosis after the diagnostic 
work-up in the model depended on the correct vs. incorrect classification. Correctly classified 
individuals in the model were assigned the adjusted event rate as observed in the cohort. 
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the forgone benefit of treatment (hazard rate ratio (HRR) based on the combined effectiveness 
of statins (29) and aspirin (27)). Over-classification only occurs when a CAD- patient is classified as 
CAD+ and we assumed that medical treatment does not alter the event rate in these patients. 
To mimic clinical follow-up of patients with chest pain, we assumed that every under-classified 
patient will be diagnosed with the correct disease category within the first year. We assumed 
that those patients remain symptomatic prior to the correct diagnosis because they are under-
treated for a short period. As in clinical practice, patients with persistent angina are re-evaluated 
by the cardiologist. This implies that our model assumes that the benefit in terms of better 
outcomes of a diagnostic strategy can only be obtained in the first year after the initial 
assessment. In contrast, individuals who are over-classified are assumed not to reclassify to the 
CAD– category, but to remain in CAD+. The negative implications of overestimating the severity 
of disease in a CAD– patient consists of extra costs for medication and a (slightly) lower quality-
of-life. We modeled the risk of dying from non-cardiac causes based on age- and sex-specific 
mortality rates from the Dutch Central Bureau for Statistics (25). 

Costs
Costs were based on a previous cost analysis (8) and expert opinion (Table 1), expressed in 
2009 euros. We used the health care perspective according to recommendations for cost-
effectiveness analyses (36), and a willingness-to-pay threshold (WTP) of €80,000/QALY (37). 
Medication costs were obtained via a registry provided by the Dutch Health Care Insurance 
board (16). Medication use was based on self-reported cardiovascular disease-related 
medication at the time of the last patient contact during follow-up and assumed to be 
constant over time. 

Quality-of-life
Age and sex-specific utilities of the general population (30) were used to model the quality of 
life for CAD–  patients. For CAD+ and Revascularization patients, the mean reduction in quality-
of-life as compared to the general population was assumed to be 5% and 10%, respectively. 
Furthermore, under-classification (and under-treatment) was assumed to result in symptoms 
of angina due to the forgone benefit of anti-ischemic therapy. Based on reported relative 
reductions in utility due to anginal symptoms, the reduction in quality-of-life was estimated to 
be 10% (30) and 15% (32) if under classification occurred by 1 or 2 categories, respectively. The 
quality-of-life of CAD– patients who are classified as having CAD+ was adjusted to reflect the 
disutility of taking medication.  

Data analysis
All variables were entered in the model as distributions. Outcomes were calculated as the 
mean results from probabilistic sensitivity analysis, drawing random values from the parameter 
distributions(10000 samples).
Short-term outcomes included diagnostic costs, radiation exposure, and correct classification. 
Long-term outcomes included health care costs and quality-adjusted life years (QALYs). Both 
future costs and effectiveness were discounted at 3.5% (36). 
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Sensitivity analysis
The probability that a strategy was cost-effective was determined by the proportion of 
simulations in the probabilistic sensitivity analysis that demonstrated cost-effectiveness for 
that strategy (38). Value of information analysis was performed to determine the value of 
future research (39).
For the patients in the clinical cohort who did not undergo CAG, disease severity may have been 
overestimated by CCTA, which in turn could have caused a bias in favor of CCTA (since these 
data were used to determine the probability of correct classification, which would turn out 
high for the CT-strategy). To explore this limitation, we re-analyzed the model assuming that 
40% of CAD+ men and women (randomly selected) who did not undergo CAG would actually 
be CAD– patients. Furthermore, we re-analyzed the model assuming that a proportion of 
patients with abnormal X-ECG would not be referred for CAG.

RESULTS

Short-term analysis
Analysis of the short-term model revealed that the average diagnostic costs for the SOC-
strategy were €739 (95CI:547-978) and €526 (95CI:€395-684) for men and women, respectively. 
The CT-strategy cost €494 (95CI:€375-641) and €274 (95CI:€205-356) for men and women, 
respectively (Table 2,3). The SOC-strategy classified 83% (95%CI:80-87%) of men correctly, 
whereas the CT-strategy classified 82% (95%CI:77-85%) correctly. The SOC-strategy classified 
85% (95%CI:82 -88%) of women correctly, whereas the CT-strategy classified 88% (95%CI:85-
92%) correctly. The SOC-strategy classified 85% (95%CI:82 -88%) of women correctly, whereas 
the CT-strategy classified 88% (95%CI:85-92%) correctly. 

Subgroup analysis
For men with a pre-test probability of <70% and ≥70%, diagnostic cost-savings for the CT-
strategy as compared to SOC were -€211 and -€312, respectively. In men with a pre-test 
probability ≥70%, the percentage correctly classified by CT was 11% lower compared to SOC 
(Table 2). 
When re-analyzing women with a pre-test probability of <70% and ≥70%, diagnostic cost-
savings for the CT-strategy as compared to SOC were -€234 and -€317, respectively (Table 3). 

Long-term analysis
Analysis of the long-term model demonstrated a small gain in average quality-adjusted life years 
(QALYs)(+0.002,+0.004) and a decrease in health care costs (-€229,-€444) for the CT-strategy as 
compared with SOC, for men and women respectively (Table 4,5). Therefore, the CT-strategy is 
superior to the SOC-strategy (more effective and less expensive, SOC is dominated).

Subgroup analysis
For men with a pre-test probability of <70%, the difference in health care costs and effectiveness 
for the CT-strategy compared with SOC was -€227 and +0.004 QALY, respectively. For men with 
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Figure 4).  
For women with a pre-test probability of <70%, the difference in health care costs and 
effectiveness for the CT-strategy compared with SOC was -€444 and +0.004 QALY, respectively. 
For women with a pre-test probability of ≥70%, this difference was -€782 and +0.006 QALY, 
respectively (Table 5, Figure 5).

Sensitivity analysis
In probabilistic sensitivity analysis the probability that the CT-strategy was cost-effective was 
100% in all subgroups, except for men with a pre-test probability ≥70% in which case it was 
59%  Value of information analysis suggested no value for future research, except for men with 
a pre-test probability ≥70%.
The short-term diagnostic costs were insensitive to changes in underlying disease status based 
on CT (not shown). In men, the long-term cost-savings were reduced from -€229 (reference 
case) to -€135, and there was no longer a difference in QALYs. For men with a pre-test probability 
<70%, long-term cost-savings were reduced from -€227 to -€95, and for men with a pre-test 
probability ≥70% from -€231 to -€217. In women, the long-term cost-savings were reduced 
from -€444 (base case) to -€296 and the net gain in QALYs was reduced from +0.004 (reference 
case) to +0.003. 
Short-term diagnostic costs for SOC were lowered when a proportion of patients with abnormal 
X-ECG would not undergo CAG, which reduced cost savings for CT. However, long-term costs 
were increased for SOC (due to over treatment in patients with false-positive X-ECG and follow-
up testing), which was in favor of CT.

DISCUSSION

Summary
We explored a hypothetical CT-strategy for its potential effectiveness and costs compared to 
SOC based on current guidelines for patients with stable chest pain. Short-term results suggest 
that the CT-strategy is less expensive compared to SOC. This is explained by the fact that fewer 
patients undergo subsequent MPI or CAG, which are costly. Simultaneously, our results suggest 
that CT is more effective in correctly classifying patients, except for men with a pre-test 
probability ≥70%. Men with a pre-test probability ≥70% are more often correctly classified 
using SOC, because patients in the SOC-strategy are more often referred for CAG immediately 
after an abnormal test (which results in correct classification).
Long-term analyses demonstrated that the CT-strategy was slightly more effective and less 
costly compared to the SOC-strategy. Results were altered when the (potential) degree of 
disease severity overestimation by CCTA was taken into account. Because cost savings were 
robust, the CT-strategy remained favorable even when the CT-strategy resulted in fewer QALYs, 
for example in men with a pre-test probability ≥70%. Results for CT were more favorable in 
women, which is explained by the lower prevalence of disease in women and the higher 
prevalence of zero calcium.
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As expected, the gain in QALYs for the CT-strategy is small, since patients with persistent 
complaints will return to their physician until symptoms are treated adequately. The model 
assumes that within one year, all patients who are under–treated become appropriately 
treated. A benefit was gained from avoiding lifelong medication (over-treatment) in a 
substantial proportion of cases but this mainly affects costs. Nevertheless, even if the gain in 
QALYs is very small or close to zero, the CT-strategy remains optimal because it is less costly. 
Furthermore, several expected additional benefits of the CT-strategy were not incorporated in 
the model, such as a reduced total time to final diagnosis and a reduction in additional 
downstream health care costs through a more expedient work-up. In addition, since the 
negative predictive value of CCTA is higher compared to X-ECG, physicians can be more 
confident in reassuring a patient after a negative CCTA. 

Previous publications
Previous reports based on patient-level data from the US indicated that CCTA compared with 
SPECT reduces 1-year CAD-related health care expenditures (based on administrative databases 
and Medicare reimbursements) by 26% in a low risk population (41-42). No differences in 
clinical outcomes were observed. These reports analyzed 1-year outcomes of patients who 
underwent CCTA and who were matched to a cohort that underwent SPECT, whereas the 
current study analyzed the long-term outcomes of a pre-specified diagnostic protocol for 
patients presenting with chest pain. Furthermore, the current analysis is based on a cohort of 
patients who underwent both CCTA and X-ECG. In spite of these differences, the main 
conclusion is the same, namely that CT is cost-saving and equally effective as compared to SOC. 
However, other reports suggest that using CCTA increases costs as compared with MPI (43-44).
Lastly, a recent cost-effectiveness analysis which compared several CCTA-based strategies with 
myocardial perfusion SPECT and direct CAG found that the CCTA-based strategies were optimal 
up to a prevalence of CAD of 80% (45).

Limitations
Firstly, not all patients in the cohort underwent CAG. CCTA may have caused an overestimation 
of disease in these patients. To overcome this limitation, we included 6-months follow-up data 
in our reference standard in determining the disease category. Furthermore, we performed a 
sensitivity analysis to explore the magnitude of possible bias due to overestimation of disease 
by CCTA.
Secondly, we only observed the prognosis of patients who underwent both CCTA and X-ECG. 
Treatment decisions were based on the findings of both CCTA and X-ECG. We assumed that 
correctly classified patients would have a similar prognosis to that observed within follow-up 
of the clinical cohort. For patients incorrectly classified, however, prognosis was not observed. 
Therefore, several assumptions regarding unnecessary treatment and benefit of treatment 
forgone were made to estimate the prognosis of incorrectly classified patients. 
Thirdly, model parameters were based on the patient cohort where possible, whereas best-
available evidence from the literature was used otherwise. For example, we modeled the effect 
of SPECT using sensitivity and specificity as reported in a meta-analysis (3). 
Fourthly, CCTA involves the possibility of incidental findings, which can occur in up to 28% of 
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incidental findings. Moreover, the associated ethical and legal issues are difficult (if not 
impossible) to incorporate in a decision model. Also, although we estimated the radiation 
exposure, we did not model the harmful effects. Since the difference in radiation exposure 
between the two strategies was small, this is unlikely to have an effect on the optimal decision. 

Generalizability
Our analysis was based on a real-world Dutch population and Dutch cost estimates, which 
limits the generalizability. Nevertheless, in probabilistic sensitivity analysis we explored the 
effect of the uncertainty around our parameter inputs and found that our results were robust 
for all women and for men with a prior probability <70%. Furthermore, we compared only two 
strategies that reflect current practice at our institution. Other hospitals may have a different 
standard-of-care, which could alter the conclusion about the comparative effectiveness and costs. 

Future research
Our analysis suggests that the CT-strategy is superior to SOC. However, the data in the model 
was based on a non-randomized observational study in which patients were prospectively 
recruited to undergo both tests. We did not directly observe the prognosis of patients who 
underwent X-ECG or CCTA only but instead estimated their prognosis with a decision model. A 
RCT would give valuable insight regarding outcomes and costs for both diagnostic strategies 
separately. In lieu of such a trial, this study provides preliminary estimates of the outcomes for 
a CT-strategy as compared with SOC. Our results can be used to make decisions regarding CT 
for patients presenting with stable chest pain, as long as RCTs with long-term follow-up are 
on-going. Furthermore, our results suggest that future research would mainly be beneficial for 
the decision regarding men with a pre-test probability ≥70%. 

Conclusion
Analysis of our model suggests that a diagnostic strategy using initial evaluation with CT is 
less expensive and equally effective as compared to SOC, which was most pronounced for men 
with atypical symptoms and all women irrespective of their presenting symptoms. Although 
the results were robust, randomized controlled trials with long-term follow-up are needed to 
confirm our results.
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*Low risk DTS = DTS ≥5, intermediate risk DTS = DTS -10 to 5, high risk DTS = DTS ≤-11. DTS: Duke Treadmill Score.

Figure 1. Further testing algorithm after X-ECG.

Pre-test
≥70%

Pre-test
<70%

Pre-test
≥70%

Pre-test
<70%

Low risk DTS* Intermediate 
risk DTS*

X-ECG:
Not performed

X-ECG:
Abnormal

MPI MPI CAG
No 

testing
CAD-

No 
testing
CAD-

MPI
No 

testing
CAD-

MPI

Low risk DTS*Intermediate 
risk DTS*

X-ECG:
Normal

X-ECG:
Non-diagnostic

Normal

Low 
risk

High 
risk

CAD -

CAD +

CAG

CAD -

CAD +

Revascularization

MPI: Normal

MPI: Low risk

MPI: Not performed/inconclusive
MPI: High risk



Coronary com
puted tom

ography versus exercise testing in patients w
ith stable chest pain: com

parative effectiveness and costs

215

Figure 2. Further testing algorithm after CAC.

CAC = 0 0> CAC <400 CAC ≥ 400 CAC-scan not performed

CCTA:
Normal

CCTA:
High 
risk

CCTA:
Low 
risk

CAD- CAGCAD+

Pre-test
<70%

Pre-test
≥70%

CCTA: not 
performed or 
inconclusive

CCTA SOC
strategy

No 
testing
CAD-

CAD- (no obstructive CAD) No obstructive CAD on CCTA or CAG within the fi rst 6 months.

CAD+ (obstructive CAD) Obstructive CAD (≥50% diameter stenosis) determined in 78% by CCTA and 22% by CAG, without revascularization within 
the fi rst 6 months. Patients are assumed to managed with medical therapy only.

Revascularization Obstructive CAS treated with revascularization, either as initial treatment strategy, or performed within the fi rst 6 months.

Figure 3. Definition of the disease category, as determined for each patient in the clinical cohort.
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Figure 4. Incremental costs and effectiveness of the CT-strategy as compared with SOC, results from a probabilistic 
sensitivity analysis (10 000 samples) in men.

Blue squares indicate results for men with a pre-test probability <70% and pink squares indicate men with a pre-test 
probability ≥70%. The dotted line represents the willingness-to-pay threshold of €80.000/QALY.
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Figure 5. Incremental costs and effectiveness of the CT-strategy as compared with standard-of-care, results from a 
probabilistic sensitivity analysis (10 000 samples) in women.

Blue squares indicate results for women with a pre-test probability <70%, pink squares indicate women with a pre-test 
probability ≥70%. The dotted line represents the willingness-to-pay threshold of €80.000/QALY.
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223The overall objective of this thesis was to develop and evaluate tools that may improve 
personalized primary prevention of CVD. In Part 1 of this thesis, we assessed the current 
recommended practice with regard to personalized primary prevention of CVD by performing 
systematic reviews of recently published clinical practice guidelines. Recommendations from 
these guidelines are used by physicians in order to select high-risk individuals for preventive 
interventions.
In Part 2 of the thesis, we aimed to develop and evaluate methods that may improve the 
current recommended practice. We performed decision-analytic and prediction modeling 
studies that took into account competing risks between multiple relevant outcomes and we 
evaluated the heterogeneity in these outcomes. In addition, we used systematic reviews 
combined with meta-analyses to evaluate novel cardiovascular risk markers that may have 
added clinical value beyond the traditional CVD risk scores. 
In this chapter, the main findings of our studies are summarized and subsequently put into 
context of current knowledge. Also some important methodological issues of our studies are 
discussed. Finally, possible benefits and disadvantages of personalized primary prevention of 
CVD for clinical practice are outlined, uncertainties about these issues are discussed and 
suggestions are made for further research. 

MAIN FINDINGS 

Primary care physicians play a pivotal role in the delivery of preventive interventions that are 
aimed at decreasing CVD incidence in the general population. They can select individuals for a 
simple office-based risk assessment or cardiovascular health check and, using the results from 
this health check, either decide about preventive interventions or opt for more advanced 
testing with novel cardiovascular biomarkers and cardiovascular imaging. In some cases, 
individuals may be directly selected for advanced testing without a preceding health check. These 
decisions usually will depend on the individual’s estimated “pre-test risk” and discriminative 
performance of the test.
To guide decisions about what individuals to select for which cardiovascular screening methods 
and when to initiate preventive treatment, primary care physicians use clinical practice 
guidelines. Guidelines are designed to increase the level of evidence-based practice, and also 
serve as an educational source for both physicians and their clients. Clinical practice guidelines 
are defined by the Institute of Medicine as “systematically developed statements to assist 
practitioner and patient decisions about appropriate health care for specific clinical 
circumstances” (1). However, multiple guidelines on the same topic can be identified, and 
concerns exist about the quality and transparency of recommendations made (2,3). 
In Part 1 of this thesis, we aimed to select and present recommendations of current guidelines 
on primary CVD prevention, ranked according to the quality of their development process. We 
therefore critically appraised guidelines using the 7-item Rigor of Development domain of the 
Appraisal of Guidelines Research and Evaluation (AGREE) instrument (4). In addition, we 
assessed the level of potential conflicts of interest. 
In Chapter 2, we systematically reviewed 27 guidelines involving office-based cardiovascular 
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risk assessment of individuals without a history of CVD and presented the recommendations 
from 17 guidelines with higher AGREE rigor scores in more detail. The majority of the reviewed 
guidelines embraced the use of multiple risk factors with prediction of absolute CVD risk 
within a period of 10 years to make decisions about preventive interventions. We found, 
however, a large variation across these guidelines with regard to rigor of development and 
transparency about conflicts of interest. We furthermore found differences between guidelines 
with respect to the selection of target groups, and use of novel risk markers in addition to 
traditional risk factors, outcomes used for prediction and treatment thresholds. No firm 
recommendations could be made for follow-up or periodicity of screening of people at low 
CVD risk.
With office-based cardiovascular health checks, high-risk individuals are identified for whom 
the benefits of aggressive modification of cardiovascular risk factors are considered to 
outweigh treatment costs and adverse effects. The benefits of intensive lifestyle counseling, 
aspirin, blood pressure and cholesterol lowering drugs on decreasing coronary heart disease 
and stroke event rates have been demonstrated by large randomized controlled trials (RCTs) 
(5-8). In low risk individuals, the benefit from aggressive risk factor modification is expected to 
be low (9); therefore only lifestyle advice is given, since this is generally safe and inexpensive. 
For individuals with an intermediate risk, gathering more information about the actual 
underlying risk might be worthwhile, with imaging of the coronary arteries as one of the most 
important options (10,11). 
We assessed 14 guidelines about coronary artery imaging (Chapter 3). Eight guidelines 
recommended against testing of asymptomatic coronary artery disease or concluded that 
there is insufficient evidence for imaging, whereas six concluded that imaging can be valuable 
for those at intermediate and/or high risk. The CT calcium score was considered to be the most 
useful imaging marker. The nature of the recommendation did not seem to depend on 
relationships with the industry and AGREE rigor score. 
Besides the two major CVD subtypes, coronary heart disease and stroke, two other CVD 
outcomes could be prevented by screening strategies: rupture of abdominal aortic aneurysms 
(AAAs) and peripheral artery disease (PAD). However, clear-cut evidence on prevention of AAA 
rupture by screening is restricted to elderly men (12), whereas the case for PAD screening is 
much more controversial in general (13). We found conflicting recommendations concerning 
AAA screening in other populations than elderly men and concerning PAD screening in general 
(Chapters 4 and 5). According to the reviewed PAD prevention guidelines, screening for PAD 
using the ankle-brachial index may only be useful to improve CVD risk assessment for 
prevention of coronary and stroke events in individuals at intermediate CVD risk.  
To improve personalized decision making on one of the most important preventive measures, 
cholesterol lowering with statin therapy, we used a microsimulation model: the Rotterdam 
Ischemic heart disease and Stroke Computer simulation (RISC) model (14). This decision-model 
was based on 5-year follow-up data of the Rotterdam Study, a population-based cohort study 
conducted in Ommoord, a district of Rotterdam, the Netherlands (15). 
First, we demonstrated that the 5-year predictions extrapolated by the RISC model to a longer 
period of 13 years were comparable to observed outcomes in the Rotterdam Study. After 
updating the baseline survival functions, we showed that the RISC model’s forecast of 10-year 
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225CVD and non-CVD mortality was also generalizable to a population-based cohort study from 
the United Kingdom, the EPIC-Norfolk study (16) (Chapter 6).
Second, we evaluated in Chapter 7 how different modeling methods of statin therapy would 
influence the results of a cost-effectiveness analysis on U.S. guidelines for cholesterol screening 
(17) in Rotterdam Study participants. Modeling the treatment effect according to relative risk 
estimates as observed in statin trials led to the conclusion that U.S. guidelines are cost-effective, 
whereas if the effect was modeled through the associations of cholesterol levels with CVD 
event rates as observed in the Rotterdam Study, the conclusion would be that these guidelines 
are not cost-effective.
Finally, we used the RISC model to calculate the lifetime benefits of statin therapy in 
asymptomatic Rotterdam Study subjects (Chapter 8). The model estimated that statin therapy 
increases average life expectancy by 0.3 years and CVD-free life expectancy by 0.7 years, both 
explained by drops in CVD incidence and CVD mortality. These gains increased with blood 
pressure, unfavorable cholesterol levels, and body mass index but decreased with age. The 
gains were not concordant with 10-year CVD risk predicted by the currently recommended 
European risk score (18). A web-based calculator was developed for prediction of lifetime 
outcomes with and without statin therapy to support personalized decision-making see 
http://www.erasmusmc.nl/clinical-epidemiology/patientcare/. 
Our review showed that current guidelines recommend the use of risk scores that are developed 
using standard survival modeling. However, these will frequently overestimate risk when the 
aim is to estimate the cumulative CVD incidence, especially in the elderly (19). 
In Chapter 9, we developed and cross-validated prediction models for estimating 10-year 
intracerebral hemorrhage and ischemic stroke risks while taking into account competing risks. 
We used three population-based cohorts consisting of middle-aged and elderly individuals: the 
Atherosclerosis Risk in Communities (ARIC) Study (20), the Cardiovascular Health Study (CHS) 
(21), and the Rotterdam Study (15). In addition, we evaluated whether simple non-laboratory risk 
models could be improved by extension with more risk factors. Model extension only led to 
limited improvement.  
Subsequently, we validated a Framingham-based risk function for long-term CVD risk (22) 
using the Rotterdam Study cohort in Chapter 10. Predictions were only well-calibrated in 
Rotterdam Study subjects at low risk. We subsequently refitted the Framingham risk function, 
but now subdivided CVD risk into coronary heart disease and stroke risk using cause-specific 
hazards modeling, with additionally taking into account the mutual competing risks of these 
two CVD outcomes. We observed considerable heterogeneity with regard to the contribution 
of CHD and stroke risk to the total risk of CVD within Rotterdam Study participants.
Many reviewed guidelines advocated the use of novel cardiovascular risk markers for those 
assessed to be at intermediate 10-year CVD risk. We selected four promising novel risk markers: 
CT calcium score (CTCS), carotid intima-media thickness measurement (cIMT), serum C-reactive 
protein (CRP), and the ankle-brachial index (ABI) and estimated their independent associations 
with CVD using meta-analyses. We subsequently modeled the added predictive value of each 
novel risk marker beyond traditional Framingham risk scores using cross-sectional data on 
individual risk profiles representative of the U.S. general population. Event rates were modeled 
with Monte Carlo microsimulation. Among the four novel risk markers, CTCS improved the 
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predictive performance of Framingham risk scores, whereas the other three novel markers did 
not (Chapter 11).
In individuals with chest pain and presence of coronary artery disease, the risk for myocardial 
infarction and other CVD events is regarded to be extremely high (23). Effective treatment by 
coronary revascularization(24) or high-dose cardio-protective agents(23,25,26) is recommended 
according to the extent of affected coronary arteries. The ability to detect and correctly 
categorize coronary artery disease will determine the health outcome and number of 
(unnecessary) medical procedures and costs. Within a decision-modeling study, an innovative 
coronary CT angiography strategy was compared to the Dutch standard-of-care, which comprises 
of triage based on exercise testing (Chapter 12). The cost-effectiveness analysis showed that 
the standard-of-care strategy was outperformed by the CT angiography strategy, which was 
particularly less expensive.

INTERPRETATION AND METHODOLOGICAL CONSIDERATIONS

Current recommendations
Given the various cardiovascular guidelines that contained conflicting recommendations on 
the same topic, as shown in Part 1 of this thesis, guidance is needed about which of the 
recommendations should be used (3). First, we have to understand why these guidelines varied. 
One important explanation is that for many issues concerning CVD prevention, the evidence 
remains to be incomplete (27). This implies that inferences and extrapolations using the 
available data are made by the guideline committees to fill gaps in the evidence. These 
inferences are generally based on the judgments of experts. Experts however vary per guideline 
committee and therefore the judgments, opinions, and inferences also vary (2). For example, in 
contrast to cancer screening (28-30), little is known about the effectiveness of cardiovascular 
screening itself (31). Recommendations for aggressive risk factor modification by intensive 
lifestyle counseling, aspirin and blood pressure and cholesterol lowering drug agents are based 
on RCTs performed in already selected populations (5-8). In other words, the randomization in 
these trials has been performed after the cardiovascular screening. Guideline committees thus 
have to judge whether treatment effects from these trials are generalizable to individuals 
selected by the recommended cardiovascular screening method. With the expanding number 
of novel cardiovascular screening tests including imaging tests (32), inference-making becomes 
complicated. Consequently other, possibly inappropriate, target populations are sometimes 
selected,  interactions between the treatment and the novel screening test could be present (33), 
and the additional harms and costs of the testing should be considered (34). 
Grading the recommendations of guidelines without making judgments about the evidence 
itself has limitations. In Chapters 2-5, we appraised guidelines according to the transparency 
and rigor of their development processes and we assessed the amount of reported relationships 
with the industry by guideline group members. We assumed that the recommendations within 
well-developed and transparent guidelines would be less biased and more informative (3). 
Theoretically it may, however, be possible that suboptimal recommendations have been produced 
within a sound guideline development process, and that (cost-)effective recommendations are 
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227found within poorly developed guidelines. Ideally large RCTs are performed to compare the 
clinical impact of various recommendations, but conducting these trials is generally not 
feasible. As an alternative, decision-modeling studies can be performed. For example, Manuel 
et al. modeled six national and international cholesterol guidelines for prevention of coronary 
mortality in a Canadian population (35). They concluded that the New Zealand, British, and 
Australian guidelines outperformed European, U.S., and Canadian guidelines according to 
efficiency (number needed to treat) and total number of coronary deaths avoided over 5 years.

Limitations of the current recommendations
The majority of the reviewed guidelines, apart from the AAA screening guidelines, used an 
individualized, risk-based approach for making treatment decisions, which implies that the 
individuals’ absolute CVD risks are estimated using multiple risk factors. However, it has been 
suggested that the current recommended cardiovascular risk scores can be improved. 
First, they were based on standard survival analytic methods to calculate the risk of the CVD 
event. The pitfall of standard survival analytic methods, such as Kaplan-Meier estimates, is that 
the survival estimate applies to a situation in which the competing death by other causes is 
removed (due to right censoring). This is a controversial topic within prediction modeling (36). 
It might be argued that by removing competing death, the estimates become more 
generalizable. However, it will result in an overestimation of risk if the aim is to estimate the 
cumulative CVD incidence and the competing death rate is high, for example in the elderly (19). 
Therefore, many researchers now would opt for an analysis that takes into account the 
competing death risk. With techniques such as Fine and Gray regression and modeling the 
cumulative incidence function by cause-specific Cox regression (37), the resulting risk estimates 
would be lower, more closely reflecting reality, and resemble the cumulative incidence. 
A second limitation of the current decision tools is the use of combined end points, ignoring a 
possible variation in outcomes. In some cases, it can then be difficult to evaluate and 
communicate the effect of preventive interventions. For example, it is known that statin 
therapy has a different effect with respect to coronary heart disease and stroke (38). For aspirin, 
the effect on coronary heart disease and ischemic stroke is beneficial, whereas the risk for 
intracerebral and gastrointestinal bleeding increases with its use (6). Decision-making and risk 
communication can be further personalized if relevant outcomes are analyzed separately (39).
Third, some argue that instead of the commonly used 10-year time horizon, risks should be 
calculated over a long-term or lifetime period (40,41). Predicting 10-year risks, young adults 
with elevated risk factor levels are deemed to be at low risk, while taken over a  long period, a 
high risk would be predicted (42). Therefore, these young individuals would be falsely reassured 
regarding their lifestyle behavior. Also, some preventive interventions are generally prescribed 
for lifelong use. Long-term predictions are then required to completely estimate the potential 
costs and savings with these interventions (43).

Decision and prediction modeling to improve personalized and shared decision making
In Part 2, we developed and evaluated tools in order to deal with the above mentioned 
limitations. We first validated the extrapolations made by the RISC model using extended 
Rotterdam Study follow-up data and demonstrated that the RISC model was able to correctly 
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extrapolate recent 5-year follow-up data to a longer time period (Chapter 6). However, a 
controversy exists on how to predict outcomes over a longer time period (41). An alternative 
method to the method we used would be to use long-term follow-up data that fully comprise 
the long-term horizon needed for the prediction (22). The latter approach has the disadvantage 
that recent decreases in CVD event rates (44,45) cannot be (fully) captured, which could affect 
the external validity of predictions. 
It has been demonstrated that the associations of lipid levels with CVD outcomes obtained 
from a cohort study can be used to model the effectiveness of modifying these lipid levels. 
Resulting drops in CVD event rates corresponded well with those observed in statin trials (46). 
Due to heterogeneity in the size of associations across cohorts (47), we however found a much 
smaller benefit with lipid modification for Rotterdam Study participants in Chapter 7, than the 
benefits resulting from direct modeling of statin trial effects. Our study indicated that 
outcomes expected from RCTs cannot always be predicted on the basis of actual changes in 
risk factor levels. The validity of the chosen modeling method of the treatment effect can be 
explored by simulating individual-level trial data (48).
In Chapter 8, we demonstrated the influence of personalizing risks with adjustment for 
competing risks and the use of a lifetime horizon on survival gains by statin therapy. Three 
important assumptions were made for the modeling of statin therapy. First, we assumed that 
the relative effect of statin therapy in preventing coronary and stroke events as observed in 
RCTs would be generalizable to the Rotterdam Study population. Second, we assumed the 
relative effect would stay constant with increasing follow-up time and age. Third, we assumed 
that the relative effect would not depend on risk factor levels. These assumptions were partly 
supported by subgroup analyses of the statin trials (38,49-51). 
The most important determinant for the extent of survival gains with statin therapy was age. 
With increasing age, gains in CVD-free survival and life expectancy decreased. This was 
explained by the strong effect of increasing age on death due to other causes than coronary 
heart disease and stroke. In our model, with increasing age, prevented coronary and stroke 
events were increasingly substituted by death due to other causes. This phenomenon is 
overlooked when traditional risk scores that consider a 10-year horizon are used, as 
demonstrated by Figures 5 and 6 in Chapter 8. One should however realize that with age, the 
duration of statin therapy will also decrease. The disadvantage of therapy duration was not 
explicitly taken into account in our analysis, since we did not consider the costs, side effects and 
disutility of taking pills. However, cost-effectiveness analyses show that with increasing age, 
the incremental cost-effectiveness ratio of statin therapy vs. no statin therapy also becomes 
less favorable (43).
In Chapters 9 and 10, we aimed to predict various CVD outcomes that are relevant for clinical 
decision-making and risk communication. To adjust for the mutual competing risks of CVD 
outcomes and mortality by other causes, we modeled the cumulative incidence function using 
cause-specific Cox regression (37). The advantage of this method is that the estimated hazard 
ratios are comparable or equal to those obtained by standard Cox survival analysis. The 
disadvantage is that it is difficult to present the complete equation needed to calculate cause-
specific cumulative incidences. In addition to the linear predictor equation, the survival or 
hazard function at each failure time is needed for each cause. Therefore, we also developed risk 
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cause-specific cumulative incidences by Fine and Gray regression on the subdistribution 
hazard (37). The advantage of the Fine and Gray technique is that equations can be written out. 
However, subdistribution hazard ratios are generally different from those obtained from 
standard Cox regression. Although subdistribution hazard ratios provide a direct interpretation 
of changes in the cumulative incidence, they can generally not be used for making causal 
inferences. 
We hypothesized that prediction models used to predict a combined CVD endpoint would not 
be necessarily useful in estimating the risk of single CVD outcomes. For ischemic stroke and 
intracerebral hemorrhage, male gender, a history of coronary heart disease, diastolic blood 
pressure, glomerular filtration rate, waist-to-hip ratio and cholesterol levels had different 
effects. These differences led to moderate associations between intracerebral hemorrhage and 
ischemic stroke risk within ARIC, CHS, and Rotterdam Study participants (r for correlation =0.57, 
0.37, 0.59).
For coronary heart disease and stroke, we found substantially different associations for male 
gender, systolic blood pressure, and cholesterol levels. Similar differences were observed in the 
Framingham Heart Study: female gender was less inversely associated with stroke than 
coronary events, systolic blood pressure was more positively associated with stroke, whereas 
cholesterol levels were only associated with coronary events. The correlation between coronary 
and stroke predictions was moderate: r for correlation = 0.64 (52). These findings confirm our 
hypothesis that a separate prediction of multiple CVD outcomes instead of a combined CVD 
endpoint could refine risk assessment. Consequently, the expected benefits and harms of 
preventive interventions with different effects on these outcomes can be further personalized 
in order to support shared decision making (53).

Novel cardiovascular biomarkers and cardiovascular imaging
Our final purpose was to evaluate whether decision-making based on traditional prognostic 
and diagnostic models can be improved using novel cardiovascular biomarkers and 
cardiovascular imaging tests (Chapters 11 and 12). According to most guidelines, these novel 
risk markers are useful in reclassifying individuals found to be at intermediate CVD risk. Several 
methods have been suggested to evaluate the added value of a new predictor or diagnostic 
test as compared to traditional ones (54). Advocated methods are: 1) assessing improvement in 
the receiver operating characteristic (ROC) curve or the survival C-statistic for time to event 
data and 2) assessing improvement in risk classification with risk thresholds based on 
guidelines. If improvements of these measures are demonstrated, then the next step would be 3) 
to show improvement of clinical outcomes and monetary costs by implementing the updated 
model in clinical practice (34,55).
These concepts are in essence the same for individuals from the general population and 
patients with stable chest pain suspected for coronary artery disease. For the general 
population, correct classification of future cardiovascular disease risk is desired, with guideline-
based 10-year CVD risk categories of < 10%, ≥10-<20%, and ≥20%. For patients with stable chest 
pain, the aim is to exclude disease or to correctly classify the severity of the disease if present. 
Improved classification has impact on outcomes, because this will determine whether the 
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correct treatment is given. If misclassified, individuals will be either under or overtreated, 
which affects the effectiveness and efficiency of the chosen intervention.  
To determine whether CTCS, cIMT, CRP, and ABI could improve risk classification of the U.S. 
general population (Chapter 11), observed event rates are needed. For example, U.S. citizens 
traditionally assessed to be at intermediate risk (≥10-<20%) who experience events, should be 
reclassified to high risk (≥ 20%), whereas those who stay event-free to low risk (< 10%). 
Unfortunately, our study dataset did not include outcome data. We therefore used a decision 
model with transitions based on the most parsimonious risk equations possible to model 
underlying event rates. These equations were defined by a traditional risk score (22) that was 
updated with all four novel markers. To yearly assign individual disease status over a total 
follow-up duration of 30 years, Monte Carlo microsimulations were performed. Risk 
classification by four nested risk scores, each updated with one of the four novel markers could 
then be compared to traditional risk scores (not updated). Our conclusion that in contrast to 
cIMT, CRP, and ABI, solely CTCS is expected to improve risk classification for the U.S. general 
population was in agreement with the observations in the Multi-Ethnic Study of Atherosclerosis 
(MESA) and the Rotterdam Study. Both studies also concluded that among these four novel 
markers, CTCS has the most added value for correctly reclassifying those at intermediate risk 
(56,57).
For our study on patients with stable chest pain (Chapter 12), we also did not have sufficient 
information about the underlying true outcome status. To model the underlying disease status, 
disease categories were assigned based on combined data from coronary angiography if 
performed, clinical follow-up and coronary CT angiography otherwise. Similar as described 
above, “nested diagnostic models”, i.e. the standard-of-care and coronary CT angiography 
diagnostic strategy were then compared with the reference standard regarding classification. 
Predicting the underlying event rate using a parsimonious model as compared to using 
observed data will however increase the precision of predictions to some extent (58), whereas 
model specification can become an issue.

CONCLUSIONS AND FUTURE DIRECTIONS 

Part 1 of this thesis shows that the current recommended personalized practice to prevent 
first CVD events consists of risk-based decision-making using fixed risk thresholds for initiation 
of preventive interventions. Our modeling studies in Part 2 subsequently demonstrate how 
personalized decision-making can be refined by taking into account treatment effects, 
competing risks and by including cardiovascular imaging. 
It was however beyond the scope of this thesis to evaluate our findings within experimental 
research. Also, some other aspects that have not been addressed in this thesis would open 
opportunities for further improvement. Finally, there are some ethical issues that should be 
addressed in order to concretize possible implementation into clinical practice. In this section, 
these topics are briefly outlined and recommendations are made for further research. 
An important focus for personalized CVD prevention is the individualization of expected 
absolute treatment effects (treatment benefits minus harms). These are determined by outcome 
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absolute treatment benefits should be used for preventive treatment allocation rather than a 
dichotomous cut-point above which treatment is recommended (59,60). In Chapter 8, we 
developed decision tools, which can be used to predict survival gains with lifetime use of statin 
therapy based on an individual’s risk profile. Indeed, we demonstrated that absolute statin 
benefits were only weakly associated with any chosen guidelines’ 10-year risk threshold. 
However, a comparative (cost) effectiveness analysis of statin allocation based on predicted lifetime 
survival gains versus strategies based on 10-year risk thresholds would ideally be performed 
with a RCT or with another decision-modeling study using an external independent dataset. 
For statin therapy, it is presumed that other risk factors do not or minimally affect its relative 
effectiveness on decreasing CVD event rates (38,51). However, for other preventive treatments, 
such as aspirin, this is probably not true (61). Subgroup and multivariable regression analyses 
of RCTs may be helpful to personalize other relative treatment effects (33,51,62), which then can 
be used in decision-modeling. For further personalization of treatment responsiveness, genetic 
testing may play a role (63). For example, a genome-wide association study (GWAS) identified a 
single-nucleotide polymorphism (SNP) located within SLCO1B1, a gene that regulates the 
metabolism of statins in the liver, which was associated with an increased risk of statin-induced 
myopathy (64). The predictive performance of screening with SNPs remains, however, 
questionable (65-67).
To support shared decision making on statin therapy, we chose to primarily present gains as 
absolute changes in total life expectancy and CVD-free life expectancy instead of using e.g. 
absolute risk reductions and lifetime numbers needed to treat (68). It is however known that 
the presentation or framing of health outcomes will influence the decisions made by physicians 
and patients (68-71). To evaluate the consequences of these framing effects, different 
perspectives can be chosen. From a utilitarian point of view, improved decisions should 
maximize utility by reducing disease and mortality (72). On the other hand, the quality of 
cognitive processes can be used as criterion (73). For the latter, improved decisions, defined as 
those that for example result in increased satisfaction, less distress or remorse after a decision, 
do not necessarily result in better health outcomes on the long term. For primary prevention of 
CVD, it can be debated whether health policy makers and physicians should override the 
decision-making of apparently healthy individuals by more paternalistic care entirely aimed at 
improving health outcomes (72). 
A possible pitfall of paternalistic medical decisions is that health conditions are generally 
valued using the average values (e.g. weights for quality of life) observed in the general 
population or patient groups, whereas these values may vary according to preferences of 
individuals. Then, also from a utilitarian point of view, suboptimal decisions will be made (74). 
It is therefore advocated that patient-centered decision aids also help to clarify how patients 
value the various possible outcomes themselves (73). How these outcomes should be 
personalized and framed could be a topic for future research. 
To conclude, this thesis presents various examples of methods that can be used to further 
personalize medical decision-making on the prevention of first CVD events. Further research is needed 
to improve and evaluate prediction modeling of outcomes with and without preventive treatment 
and to identify how these outcomes should be communicated to physicians and their clients.
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De algemene doelstelling van deze thesis was om hulpmiddelen te ontwikkelen en te evalueren 
die geïndividualiseerde preventie van hart- en vaatziekten zouden kunnen verbeteren. In 
Deel 1 van deze thesis, hebben we de huidige klinische adviezen met betrekking tot 
geïndividualiseerde preventie van hart- en vaatziekten uiteengezet. Dit hebben we gedaan door 
middel van een systematisch literatuuronderzoek van recent gepubliceerde klinische praktijkrichtlijnen. 
Aanbevelingen uit deze richtlijnen worden door artsen gebruikt om hoog- risico individuen te 
selecteren voor preventieve interventies. 
In Deel 2 van de thesis, beoogden wij hulpmiddelen die deze aanbevelingen zouden kunnen 
verbeteren te ontwikkelen en te evalueren. We voerden besliskundige en voorspellende 
modelleerstudies uit, rekening houdend met belangrijke, met elkaar concurrerende aandoeningen 
en we evalueerden de variatie in deze uitkomsten in de studiepopulaties. Tevens, gebruikten we 
systematisch literatuuronderzoek gecombineerd met meta-analyses om nieuwe cardiovasculaire 
risicomarkers te evalueren, die mogelijk toegevoegde klinische waarde hebben ten opzichte 
van de traditionele hart- en vaatzieken risicofuncties. 
In dit hoofdstuk, worden de belangrijkste bevindingen van onze studies samengevat en 
vervolgens in de context van de huidige kennis geplaatst. 

BELANGRIJKSTE BEVINDINGEN

Eerstelijnsartsen spelen een centrale rol in het aanbieden van preventieve zorg die gericht is op 
verlaging van de incidentie van hart- en vaatziekten in de algemene populatie.  Zij kunnen 
bijvoorbeeld individuen voor een simpele gezondheidscheck uitnodigen en op basis van de 
resultaten hiervan vervolgens beslissen om preventieve interventie of meer geavanceerde 
diagnostiek met cardiovasculaire biomarkers of beeldvorming voor te schrijven. In sommige 
gevallen kunnen individuen direct door hen worden uitgenodigd voor geavanceerde 
diagnostiek. Deze beslissingen worden in het algemeen gemaakt op basis van de a priori kans 
op ziekte en de eigenschappen van de cardiovasculaire screeningstesten die gebruikt worden.
Voor het maken van deze soms moeilijke beslissingen, gebruiken artsen in de eerstelijn 
zogenaamde klinische praktijkrichtlijnen en standaarden. Richtlijnen worden door het 
Amerikaanse Institute of Medicine gedefinieerd als “systematisch ontwikkelde aanbevelingen 
die de zorgverlener en patiënt assisteren in het maken van de juiste medische keuzes in 
specifieke klinische situaties”. Er kunnen echter verschillende richtlijnen over dezelfde casuïstiek 
worden gevonden en er bestaan zorgen over de kwaliteit en transparantie van de aanbevelingen 
die worden gemaakt.
In Deel 1 van de thesis, beoogden wij de aanbevelingen van verschillende richtlijnen voor 
cardiovasculaire preventie te selecteren en te rangschikken naar kwaliteit van de gevolgde 
procedures van ontwikkeling. Voor de kwaliteitsbeoordeling gebruikten wij een gevalideerd 
meetinstrument bestaande uit 7 items: het zogenaamde “Rigor of Development” domein van het 
“Appraisal of Guidelines Research and Evaluation” (AGREE) instrument. Bovendien beoordeelden we 
ook de mate van mogelijke belangenverstrengeling met de medische en farmaceutische industrie.
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In Hoofdstuk 2 hebben we 27 richtlijnen met betrekking tot cardiovasculaire gezondheidschecks 
van gezonde individuen zonder een voorgeschiedenis van hart- en vaatziekten systematisch 
beoordeeld. We presenteerden de richtlijnen van 17 richtlijnen met hogere AGREE rigor scores 
in detail. De meerderheid van deze richtlijnen omarmde het gebruik van meerdere risicofactoren 
en voorspelling van een 10-jaars absoluut risico op hart- en vaatziekten voor beslissingen 
omtrent preventieve interventie. We vonden echter grote verschillen tussen deze richtlijnen 
wat betreft de degelijkheid van de ontwikkeling van aanbevelingen en mate van mogelijke 
belangenverstrengeling. Verder vonden we verschillen met betrekking tot selectie van 
doelgroepen voor cardiovasculaire screening, gebruik van nieuwe risicomarkers aanvullend op 
traditionele risicofactoren, uitkomsten voor het voorspellen van de risico’s, alsmede te hanteren 
afkapwaarden voor hoog risico. Er konden geen duidelijke aanbevelingen gemaakt worden 
over het vervolgen van mensen met een normaal cardiovasculair risico en de eventuele 
periodiciteit van de gezondheidschecks.
Met dergelijke cardiovasculaire gezondheidschecks worden hoog- risico individuen opgespoord 
voor wie de voordelen van intensieve modificatie van cardiovasculaire risicofactoren zouden 
opwegen tegen de kosten en bijwerkingen van behandeling.  De voordelen van intensieve 
leefstijlprogramma’s, aspirine, bloeddruk- en cholesterolverlagende medicijnen ten aanzien 
van verlaging van hartinfarcten en beroertes zijn inmiddels aangetoond in grote 
gerandomiseerde klinische studies. In mensen met een laag risico, verwacht men weinig 
absoluut voordeel, daarom wordt aan hen meestal slechts algemene leefstijladviezen gegeven, 
omdat deze over het algemeen goedkoop en veilig zijn. Voor individuen met een intermediair 
risico, zou het verkrijgen van meer informatie over het daadwerkelijk onderliggende risico 
waardevol kunnen zijn. Een van de belangrijkste opties hiervoor is beeldvorming van de 
coronaire arteriën.
We hebben 14 richtlijnen over coronaire beeldvorming beoordeeld in Hoofdstuk 3. Acht 
richtlijnen raadden het gebruik van coronaire beeldvorming bij mensen zonder symptomen af 
of concludeerden dat er onvoldoende bewijs voor enig voordeel bestaat. Daarentegen 
concludeerden zes richtlijnen dat beeldvorming waardevol kan zijn in individuen met een 
intermediair en/of hoog risico. In deze laatste richtlijnen werd de CT calcium score als meest 
waardevolle test beschouwd. Het soort aanbeveling leek niet af te hangen van gerapporteerde 
relaties met de industrie, noch van de AGREE rigor score.
Naast de twee belangrijkste hart- en vaatziekten, coronair vaatlijden en beroerte, zijn er nog 
twee belangrijke hart- en vaatziekten die mogelijk voorkomen kunnen worden door screening: 
ruptuur van aneurysma’s van de abdominale aorta (AAAs) en perifeer arterieel vaatlijden (PAV). 
Duidelijk bewijs voor een voordeel van screening op AAAs beperkt zich tot oudere mannen, 
terwijl voor screening op PAV er een grotere controverse bestaat.
We vonden tegenstrijdige aanbevelingen over screening op AAA in populaties anders dan 
oudere mannen en over screening op PAV in het algemeen (Hoofdstuk 4 en 5). Volgens de 
richtlijnen ter preventie van PAV, is screening op PAV met de enkel-arm index alleen zinvol om 
toekomstig coronair vaatlijden en beroerte te voorkomen in individuen met een intermediair 
cardiovasculair risico. 
Om geïndividualiseerde besluitvorming omtrent een van de belangrijkste preventieve 
maatregelen, cholesterolverlaging middels statinetherapie, te verbeteren, gebruikten wij een 
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237computer- microsimulatiemodel: het Rotterdam Ischemic heart disease and Stroke Computer 
simulation (RISC) model. Dit besliskundig model is gebaseerd op data van de Rotterdam studie 
met een follow-up duur van 5 jaar. De Rotterdam studie is een bevolkingsonderzoek uitgevoerd 
in Ommoord, een wijk in Rotterdam. 
We hebben eerst aangetoond dat extrapolatie van uitkomsten door het RISC model, van 5-jaar 
naar een langere periode van 13 jaar, overeenkomen met de daadwerkelijk geobserveerde 
uitkomsten in de Rotterdam studie. Na het aanpassen van de uitgangswaarden voor de 
overlevingsfuncties die zijn opgenomen in het RISC model, konden we ook aantonen dat de 
voorspellingen voor 10-jaars sterfte aan hart -en vaatziekten en andere oorzaken ook 
generaliseerbaar zijn naar een bevolkingsonderzoek dat werd georganiseerd in het Verenigd 
Koninkrijk:  de EPIC-Norfolk studie (Hoofdstuk 6).
Vervolgens, hebben we in Hoofdstuk 7, verschillende methoden voor het modelleren van 
statinetherapie in de Rotterdam studiepopulatie geëvalueerd met de uitslag van een 
kosteneffectiviteitanalyse van een van de Amerikaanse cholesterolscreeningsrichtlijnen als 
criterium. Het modelleren van therapie-effecten middels de relatieve effectiviteit zoals 
geobserveerd in gerandomiseerd onderzoek leidde tot de conclusie dat deze Amerikaanse 
richtlijnen kosteneffectief zijn. Als het effect echter gemodelleerd werd via de associaties van 
cholesterolwaarden met hart- en vaatziekten zoals geobserveerd in de Rotterdam studie, was 
de conclusie dat deze niet kosteneffectief zouden zijn. 
Tenslotte gebruikten wij het RISC model om de levenslange voordelen van statinetherapie te 
voorspellen voor deelnemers aan de Rotterdam studie zonder een voorgeschiedenis van hart- 
en vaatziekten (Hoofdstuk 8). Het model schatte dat levenslang statinegebruik de gemiddelde 
levensverwachting met 0.3 jaar en de hart- en vaatziektevrije levensverwachting met 0.7 jaar 
zou doen toenemen. Deze toenames werden verklaard door een afname van de incidentie van 
en sterfte aan hart- en vaatziekten. Overlevingsvoordelen door statinegebruik namen verder 
toe met bloeddruk, ongunstige cholesterolwaarden, BMI, maar verminderden met stijgende 
leeftijd. De voordelen kwamen niet overeen met de 10-jaarsrisico’s op sterfte aan hart- en 
vaatziekten zoals voorspeld door de in Europa aanbevolen risicotabellen. Een internet rekenhulp werd 
ontwikkeld voor voorspelling van uitkomsten bij levenslang statinegebruik ter ondersteuning 
van geïndividualiseerde besluitvorming, zie http://www.erasmusmc.nl/clinical-epidemiology/
patientcare/.
Ons literatuuronderzoek liet zien dat huidige richtlijnen risicofuncties die ontwikkeld zijn met 
standaard overlevingsmodellen aanbevelen. Deze zullen echter vaak het risico overschatten als 
men het doel heeft om de cumulatieve incidentie van hart- en vaatziekten te voorspellen, 
vooral bij ouderen. 
In Hoofdstuk 9, ontwikkelden we en kruis- valideerden wij predictiemodellen die 10-jaarsrisico’s 
op een hersenbloeding en ischemische beroerte schatten, rekening houdend met de onderling 
concurrerende risico’s. We maakten gebruik van drie bevolkingsonderzoeken met deelnemers 
van middelbare en oudere leeftijd: de Atherosclerosis Risk in Communities (ARIC) studie, de 
Cardiovascular Health Study (CHS), and de Rotterdam studie. Bovendien evalueerden we of 
simpele risicofuncties zonder laboratoriumtesten konden worden verbeterd door uitbreiding 
met meer risicofactoren. Dit leidde tot slechts geringe verbetering.
Vervolgens valideerden wij in Hoofdstuk 10 een op de Framingham studie gebaseerde 
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risicofunctie voor het schatten langetermijnrisico’s op hart- en vaatziekten in de Rotterdam 
studiepopulatie. Voorspellingen waren alleen goed gekalibreerd voor de laag- risico individuen. 
Vervolgens werd de Framingham risicofunctie opnieuw geschat in de Rotterdam studiedata, 
maar nu met een onderverdeling naar risico op coronair vaatlijden en beroerte rekeninghoudend 
met de onderling concurrerende risico’s. We vonden een substantiële variatie in de verhouding 
van de risico’s op coronair vaatlijden en beroerte in de Rotterdam studiepopulatie. 
In onze richtlijnoverzichten werden veel aanbevelingen gevonden voor het gebruik van nieuwe 
cardiovasculaire risicomarkers om individuen met een intermediair cardiovasculair risico 
aanvullend te screenen. We selecteerden vier veelbelovende nieuwe risicomarkers: de  CT 
calcium score (CTCS), intima-media diktemeting van de carotis arterie (cIMT), serum C- reactive 
protein (CRP), en de enkel-arm index (EAI). We schatten hun onafhankelijke associaties met 
hart- en vaatziekten door middel van meta-analyses. Vervolgens bestudeerden wij of de 
nauwkeurigheid van risicovoorspellingen door traditionele Framingham risicofuncties zou 
verbeteren met deze nieuwe markers. Hiertoe gebruikten wij cross-sectionele data over 
risicoprofielen die representatief waren voor de Amerikaanse algemene bevolking. Uitkomsten 
werden gesimuleerd met Monte Carlo microsimulaties. Van de vier nieuwe markers verbeterde 
alleen CTCS de nauwkeurigheid van de voorspellingen door Framingham risicofuncties 
(Hoofdstuk 11).
Bij patiënten met pijn op de borst en vernauwde coronair arteriën wordt het risico op een 
hartinfarct en andere hart- en vaatziekten als extreem hoog beoordeeld. Beslissingen over 
effectieve ingrepen zoals dotterbehandeling, bypassoperatie en risicoverlagende medicatie 
met een hoge dosering, worden gemaakt op basis van de mate van het coronair arteriële 
vaatlijden. De nauwkeurigheid waarmee deze mate kan worden geschat, zal uiteindelijk de 
overleving, maar ook het aantal (onnodige) medische ingrepen en kosten bepalen. Door middel 
van een besliskundige modelleerstudie werd een innovatieve diagnostische strategie 
gebaseerd op CT- angiografie vergeleken met de huidige Nederlandse standaarddiagnostiek 
die gebaseerd is op inspanningsonderzoek (Hoofdstuk 12). De kosteneffectiviteitanalyse liet 
zien dat de op CT- angiografie gebaseerde strategie goedkoper dan en even effectief als de 
standaarddiagnostiek was.
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Websites searched:
•  American Academy of Family Physicians (AAFP), USA  (http://www.aafp.org/online/en/home.html)
•  American Association of Clinical Endocrinologists, USA (http://www.aace.com/pub/guidelines/)
•  American College of Cardiology, USA (http://www.acc.org/)
•  American College of Physicians, USA (http://www.acponline.org/) 
•  American College for Preventive Medicine, USA (http://www.acpm.org/) 
•  American Diabetes Association (ADA), (http://www.diabetes.org/home.jsp) 
•  American Geriatrics Society, AGS (USA) (http://www.americangeriatrics.org/) 
•  American Heart Association (AHA), USA (http://www.americanheart.org/)
•  American Medical Association (AMA), USA (http://www.ama-assn.org/) 
•  American Stroke Association, USA (http://www.strokeassociation.org/)
•  Australian Diabetes Society (ADS), AUS (http://www.racp.edu.au/ads/research_case.htm) 
•  Australian Medical Association (AMA), AUS (http://www.ama.com.au/web.nsf/) 
•  British Cardiac Society (BCS), UK (http://www.bcs.com/pages/default.asp) 
•  British Hypertension Society (BHS), UK (http://www.bhsoc.org/default.stm)  
•  Canadian Hypertension Society (CHS), CAN (http://www.hypertension.ca/)
•  Canadian Task Force on Preventive Health Care (CTFPHC), CAN (http://www.ctfphc.org/)
•  Cardiac Society of Australia and New Zealand (CSANZ), AUS (http://www.csanz.edu.au/) 
•  Centers for Disease Control and Prevention (CDC),USA (http://www.cdc.gov/) 
•  Department of Health (DOH), UK (http://www.dh.gov.uk/en/index.htm) 
•  European Society of Cardiology (http://www.escardio.org/)
•  European Society of Hypertension (http://www.eshonline.org/) 
•  International Diabetes Federation (IDF) (http://www.idf.org/) 
•  International Society of Hypertension (http://www.ish-world.com/)
•  National Health and Medical Research Council (NHMRC), AUS (http://www.nhmrc.gov.au/

index.htm)
•  National Heart Foundation, AUS (http://www.heartfoundation.org.au/index.htm)
•  National Heart Lung and Blood Institute, USA (http://www.nhlbi.nih.gov/guidelines/index.htm)
•  National Institute for Health and Clinical Excellence (NICE), UK (http://www.nice.org.uk/)
•  New Zealand Guidelines Group, NZ (http://www.nzgg.org.nz/index.cfm?)
•  Royal College of General Practitioners (RCGP), UK (http://www.rcgp.org.uk/default.aspx) 
•  Scottish Intercollegiate Guidelines Network (SIGN), UK (http://www.sign.ac.uk/)
•  U.S. Preventive Services Task Force (USPSTF), USA (http://www.ahrq.gov/clinic/uspstfix.htm)
•  World Heart Federation, (http://www.world-heart-federation.org/)
•  World Health Organisation (WHO), (http://www.who.int/en/) 
•  World Hypertension League, (http://www.worldhypertensionleague.org/Pages/Home.aspx) 
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National Guideline Clearinghouse:
Disease/Condition:
cardiovasc* OR coronary OR heart OR cerebrovasc* OR arteri* OR peripher* OR vascular OR stro-
ke* OR cva* OR aneurysm OR atherosclerosis OR arteriosclerosis OR hypertension OR hyperli-
pid* OR dyslipid* OR cholesterol OR diabetes OR (metabolic syndrome)
Guideline Categories: 
Prevention, Risk Assessment, Screening
Age Range: 
Adult (19 to 44 years), Aged (65 to 79 years), Aged, 80 and over, Middle Age (45 to 64 years)
Publication Date(s): 
2011, 2010, 2009, 2008, 2007, 2006, 2005, 2004, 2003
Sort Order:  
by publication date

National Library for Health:
Search:
((cardiovasc* OR coronary OR heart OR cerebrovasc* OR arteri* OR peripher* OR vascular OR 
stroke* OR cva* OR aneurysm OR atherosclerosis OR arteriosclerosis OR hypertension OR hyper-
lipid* OR dyslipid* OR cholesterol OR diabetes OR metabolic syndrome) AND (prevent* OR risk 
OR screen* OR early OR periodic exam* OR periodic evaluat* OR periodic check*))
Sort by: Publication date

Canadian Medical Association Infobase:
1. vascular OR coronary OR myocardial 
2. arterial OR peripheral OR aneurysm  
3. heart OR stroke OR cva 
4. arteriosclerosis OR atherosclerosis  
5. hypertension OR lipid OR cholesterol 
6. diabetes OR metabolic syndrome
Target Population: Adult, Elderly, General
Domain: Diagnosis, Preventive
Language: English 
Published: From: 2003/01/01 To: 2011/01/10
Display: 50 results
Sort By: Date 

G-I-N International Guideline Library (g-i-n.net): 
Disease/Condition:
Cardiovascular Disorders (MeSH C14), Diabetes Mellitus (MeSH C19.246), Glucose Metabolism 
Disorders (MeSH C18.452.394), Hyperlipidemia (MeSH C18.452.494)
Date of Publication: (range)
From: 1 January 2003 To: 10 January 2011
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245Languages:
English
Publication Scope:
Screening, Prevention
Publication Status:
Published
Publication Type:
Guideline
Country(s) that the publication applies to:
Australia, Canada, International, New Zealand, United Kingdom, United States

MEDLINE (Ovid):
1   cardiovascular diseases/
2   exp coronary disease/
3   exp cerebrovascular disorders/
4 exp aortic aneurysm/
5 peripheral vascular diseases/
6 heart failure/
7  exp arteriosclerosis/  
8 (cardiovascular adj3 disease$).tw.
9 (coronary adj3 disease$).tw.
10 heart disease$.tw.
11 (stroke$ or cerebrovasc$ or cva$).tw.
12 (aort$ adj5 aneurysm).tw.
13 (abdominal adj5 aneurysm).tw.
14 (thoracoabdominal adj5 aneurysm).tw.
15 (arteri$ adj3 (occlusi$ or stenosis)).tw. 
16 (peripher$ adj5 (occlusi$ or arteri$ or vascular)).tw.
17 heart failure.tw.
18  atherosclerosis.tw.
19  arteriosclerosis.tw.
20  hypertension/
21  exp hyperlipidemias/
22  exp diabetes mellitus/ 
23  hypertension.tw.
24  hyperlipid?emia.tw.
25  dyslipid?emia.tw.
26  cholesterol.tw.
27  diabetes.tw.
28  metabolic syndrome.tw.
29  or/1-28
30  exp cardiovascular diseases/pc
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31  exp primary prevention/
32 preventive medicine/
33  exp risk assessment/
34  exp mass screening/
35  early diagnosis/
36  prevent$.tw.
37  (risk adj3 (reduc$ or manage$ or managing or intervent$ or assess$)).tw.
38  early adj3 interven$.tw.
39  early adj3 detect$.tw.
40  early adj3 diagnos$.tw.
41  periodic adj3 (exam$ or evaluat$ or check$).tw.
42  screen$.tw.
43  or/ 30-42
44  guideline.pt.
45  practice guideline.pt.
46  guideline$.ti.
47  guidance$.ti.
48  (position paper or position stand).ti.
49  statement$.ti.
50  recommendation$.ti.
51 consensus development conference.pt. 
52  consensus.ti.
53  practice parameter$.ti.
54  standards.ti.
55  or/ 44-54
56  29 and 43 and 55
57  animals/
58  human/
59  57 not (57 and 58)
60  comment.pt.  
61  letter.pt.  
62  editorial.pt.  
63  or/59-62
64  56 not 63 
65  limit 64 to (english language and yr=”2003 - 2011”)

CINAHL (EBSCOhost):
((MH “Cardiovascular Diseases”) OR (MH “Aortic Aneurysm+”) OR (MH “Myocardial Ischemia+”)  
OR (MH “Arteriosclerosis+”) OR (MH “Cerebrovascular Disorders+”) OR (MH ”Peripheral Vascular 
Diseases”) OR (MH “Heart Failure, Congestive+”) OR (TX (cardiovascular N3 disease*)) OR (TX 
(coronary N3 disease*)) OR (TX heart disease*) OR (TX (stroke* or cerebrovasc* or cva*)) OR (TX 
(aort* N5 aneurysm)) OR (TX (abdominal N5 aneurysm)) OR (TX (thoracoabdominal N5 aneu-
rysm)) OR (TX (arteri* N3 occlusi*)) OR (TX (arteri* N3 stenosis)) OR (TX (peripher* N5 occlusi*)) 
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247OR (TX (peripher* N5 arteri*)) OR (TX (peripher* N5 vascular)) OR (TX heart failure) OR (TX athe-
rosclerosis) OR (TX arteriosclerosis) OR (MH “Hypertension”) OR (MH “Hyperlipidemia”) OR (MH 
“Diabetes Mellitus“) OR (TX hypertension) OR (TX hyperlipid?emia) OR (TX dyslipid?emia) OR 
(TX cholesterol) OR (TX diabetes) OR (TX metabolic syndrome)) 
AND 
((MH “Cardiovascular Diseases/PC”) OR (MH “Preventive Health Care”) OR (MH “Health 
Screening”)  OR (MH “Risk Assessment”) OR (MH “Cardiovascular Risk Factors”) OR (MH “Early 
Intervention”) OR (TX prevent*) OR (TX (risk N3 reduc*)) OR (TX (risk N3 manage*)) OR (TX (risk 
N3 managing)) OR (TX (risk N3 intervent*)) OR (TX (risk N3 assess*)) OR (TX early N3 interven*) 
OR (TX early N3 detect*) OR (TX early N3 diagnos*) OR (TX screen*) OR (TX (periodic N3 exam*)) 
OR (TX (periodic N3 evaluat*)) OR (TX (periodic N3 check*))) 
AND 
((PT Practice Guidelines) OR (TI guideline*) OR (TI guidance*) OR (TI (position paper or position 
stand)) OR (TI statement*) OR (TI recommendation*) OR (TI consensus) OR (TI practice parame-
ter*) OR (TI standards)) 
NOT 
((PT commentary) OR (PT letter) OR (PT editorial)) 
Limit results to English language and publication year 2003 – 2011
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Description of the Rotterdam Study
The Rotterdam Study is a population-based cohort study of subjects aged 55 years or older li-
ving in the well-defined Ommoord district in the city of Rotterdam, the Netherlands. The study 
targets cardiovascular, endocrine, hepatic, neurological, ophthalmic, psychiatric and respiratory 
diseases in the elderly. The Rotterdam Study has been approved by the Medical Ethics Com-
mittee of the Erasmus Medical Center and by the review board of The Netherlands Ministry of 
Health, Welfare and Sports (1).
The cohort used for this study had baseline examinations between July 1989 and September 
1993. These examinations comprised extensive clinical examinations at the research center and 
an interview at home including questions on current health status, history of cardiovascular 
diseases, medication use and cardiovascular risk factors. Smoking behaviour was categorized 
into current, former or never smoking. Former smoking was defined as abstinence of at least 
two years of smoking.  Participants were asked to fast for 12 hours before the clinical examina-
tions. For systolic and diastolic blood pressure, the average of two consecutive measurements 
was used. Blood pressure was measured with a random-zero sphygmomanometer at the right 
brachial artery in sitting position after a 5 minutes rest. Hypertension was defined as either 
reported use of antihypertensive medication, or having a systolic blood pressure ≥ 160 mmHg 
or diastolic blood pressure ≥ 95 mmHg. Serum total cholesterol was determined by an auto-
mated enzymatic procedure using the Roche CHOD-PAP reagent agent and serum high den-
sity lipoprotein (HDL)-cholesterol was measured with the Roche HDL cholesterol assay using 
PEG-modified enzymes and dextran sulphate. Diabetes mellitus was defined as either repor-
ted use of antidiabetic medication or a serum glucose level ≥ 11.0 mmol/L. Twelve-lead resting 
electrocardiograms were computer-analyzed by the MEANS program (2). Angina pectoris was 
assessed using the Rose questionnaire (3). The ankle-brachial index was calculated as the ratio 
of the systolic blood pressure of the posterior tibial artery, measured by an 8 MHz continuous 
wave Doppler probe and a random-zero sphygmomanometer, to the systolic blood pressure at 
the arm. The lowest ABI in either side was used and the left and right sided readings combined 
for analysis. 
Outcome data were continuously collected from general practitioners and hospital discharge 
reports. All events were classified independently by two research physicians. If disagreements 
occurred, a consensus was reached by a meeting. Finally, all events were verified by a cardiolo-
gist or neurologist affiliated with the study. In cases of unresolved discrepancy, the judgment 
by the expert was considered definite. 

RISC model 
The RISC model consists of six health states: Well, Coronary Heart Disease (CHD), Stroke, CHD 
& Stroke, Cardiovascular Death and Non-cardiovascular Death (see Figure 1). Probabilities for 
the transitions between the six health states were based on six multivariable Cox regression 
equations. The development of these equations was described in a previous article on the RISC 
model (4). The first equation estimated the cumulative hazard from the Well state to the CHD 



250

C
ha

pt
er

 1
4

state and from the Stroke state to the CHD & Stroke state. The second equation estimated the 
cumulative hazard from the Well state to the Stroke state and from the CHD state to the CHD 
& Stroke state. In developing these models, censoring was performed for an incident stroke and 
CHD respectively. In both equations, previous CHD and/or stroke were included as a co-variable. 
The third and fourth equations estimated the 6-months case-fatality after a CHD and stroke 
event respectively. Six-month cardiovascular mortality as defined above was used as outcome 
for the case-fatality rates of these events. The probability of dying from a fourth CHD event 
and third stroke event was assumed to be 100%. The fifth and sixth Cox regression equations 
estimated the cumulative hazards of the remaining CVD mortality (other than CHD or stroke 
within 6 months) and non-CVD mortality (see Table 1 for equations). For extrapolation to a 
lifelong follow-up, follow-up time was divided into 5-year intervals and a cycle length of one 
year was used. The first 5 years, baseline values of co-variables were used together with the 
one-year cumulative hazards from the Cox models for each cycle. For the remaining follow-up, 
the same baseline one-year cumulative hazards were used, but values of the co-variables were 
updated every 5 years by using multiple linear regression for the continuous variables systo-
lic blood pressure, diastolic blood pressure, total cholesterol, HDL-cholesterol, plasma glucose, 
ankle-brachial index, body mass index, waist-to-hip ratio, and serum creatinine, and logistic 
regression for the dichotomized variables atrial fibrillation, angina pectoris, and diabetes. Age 
and sex were used as independent variables in these regression equations to take into account 
the secular changes in risk factor levels due to aging for males and females separately. From 
the outcomes of the logistic regression equations regarding dichotomized variables, binomial 
distributions were created. Every 5 year period presence (1 or 0) of the dichotomized variables 
was derived from these distributions. The updating of the co-variables each 5-year period re-
quired the use of tracker variables. One-year cumulative hazards of CHD, stroke, other CVD 
mortality, and non-CVD mortality were weighted for their total cumulative hazards to take 
into account the competing risks for occurrence of a first event within each cycle. For each 
transition, the weighted one-year cumulative hazard was converted to a one-year cumulative 
incidence by exponentiation. If constant cause-specific hazards are assumed for the events, 
the cumulative incidence for each event will be estimated correctly (5). This is a reasonable 
assumption given the cycle length of one year. The effect of statin therapy on the transitions 
from the Well state to the CHD state or the Stroke state was modelled by multiplying the odds 
ratio of statin therapy after converting probabilities to the odds scale. Occurrences of events 
and duration in each health state were monitored using Monte Carlo tracker variables. 

Modeling myopathy and hepatitis
An individual could experience an episode of myopathy each cycle, tracked by t_myopathy. If an 
episode of myopathy occurred, we assumed a 1.6% probability of hospital admittance, for an 
average stay of 7.5 days, and a reduction of 0.5 in quality of life. In case of hospital admittance, a 
10% mortality rate was assumed and an average remaining life expectancy of 15 years for indi-
viduals who would have survived (6). After admittance, a 30 day recovery period with a reduc-
tion of 0.2 in quality of life was modelled. In case of hospitalisation we assumed a one time cost 
of $13,000. Standard lab follow up was expected to cost $30.  An individual could experience 
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251an episode of hepatitis each cycle, tracked by t_hepatitis. If an episode of hepatitis occurred, 
we assumed a 0.45 % probability of hospital admittance, for an average stay of 7.1 days, and a 
reduction of 0.5 in quality of life (6). After admittance, a 30 day recovery period with a reduction 
of 0.2 in quality of life was modelled. In case of hospitalisation we assumed a one time cost of 
$17,000. Standard lab follow up was expected to cost 40$. Based on the probabilities of hospital 
admittance, we calculated the expected costs in case of myopathy and hepatitis to be 180 euro 
and 90 euro respectively (costs were converted to 2010 euros).

Statistical analyses personalized lifetime benefi ts with statin therapy
For the two main outcomes, life expectancy and CHD/stroke free life expectancy, extended 
linear models with main effects of all variables, quadratic terms of all continuous variables, 
and interaction terms with statin therapy, age and sex were constructed. An unstructured co-
variance matrix was selected for both outcomes. Parameters were removed on the basis of 
improvement in the Akaike’s Information Criterion (AIC), using the R function stepAIC, which 
calculates the log-likelihood penalized for the number of parameters and subjects used. The 
best candidate model is the one with the minimum AIC value. Final models were fitted with 
the restricted maximum likelihood method. A web-based calculator was constructed in using 
the equations derived from the models. For modelling CVD event and mortality risks, genera-
lized linear models were fitted with the number of tracked events and non-events per 20,000 
runs as dependent variable using a logit link function and binomial distribution type. To ensure 
face validity, all predictors selected for the main outcome measures were used as independent 
variables in the generalized linear models predicting CVD event and mortality risks.
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Baseline measurements and predictor defi nitions 
In the three studies, participants were asked to fast for 12 hours before undergoing a clinical 
examination. Height, weight, waist circumference, and hip circumference were measured at 
the study center. Current smoking status was assessed by home-interview in the Rotterdam 
Study and telephone interview in ARIC and CHS. In the Rotterdam Study, previous coronary 
heart disease history was defined as self-reported prior myocardial infarction, PTCA or CABG 
verified by medical records. In ARIC and CHS, history of coronary heart disease was based on 
questions about physician-diagnosed myocardial infarction, coronary bypass, and coronary an-
gioplasty, or based on ECG evidence of myocardial infarction. In the Rotterdam Study, atrial fi-
brilliation was defined by ECG at baseline and information from general practitioners. In ARIC 
and CHS, atrial fibrilliation was determined by ECG. In all 3 studies, systolic and diastolic blood 
pressure was calculated as the average of two consecutive measurements, with in ARIC and 
CHS the average of the 2nd and 3rd of three measurements. In ARIC and CHS, current use of 
antihypertensive medication use was self-reported, in the Rotterdam Study it was additionally 
based on information from the general practitioner. All 3 studies enzymatically measured 12-hour 
fasting total and high density lipoprotein (HDL) cholesterol. In all studies, diabetes mellitus 
was defined as fasting plasma glucose ≥ 126 mg/dL (≥ 7 mmol/L) or non-fasting plasma glucose 
≥ 200 mg/dL (≥ 11.1 mmol/L) or self-reported use of diabetes medications or diagnosed diabetes. 
Serum creatinine was assessed by Jaffé methods and standardized to Modification of Diet in 
Renal Disease (MDRD) values. Because serum creatinine assessment methods were not calibrated 
to be traceable to isotope dilution mass spectrometry (IMDS), we used the original abbreviated 
MDRD equation for glomerular filtration rate eGFR: 186.3*(serum creatinine) -1.154*(age) 
-0.203*(0.742 if female)*(1.212 if African American) see abstract: Levey et al, J Am Soc Nephrol 
11:A0828, 2000.

Outcome defi nitions and ascertainment
In ARIC, stroke was defined as a rapid onset neurological deficit lasting > 24 hours or until 
death, without an apparent cause such as trauma, tumor, infection or anticoagulation therapy.  
In CHS and the Rotterdam Study the same definition was used, but anticoagulation therapy 
used at the time of the event did not preclude events as being classified as a stroke. However, 
we did not exclude these events, because a previous study showed that exclusion did not alter 
results. If ascertained, subarachnoid hemorrhage was excluded as an outcome. We adopted 
the classification of stroke subtypes as made by each study (see Table 1). If a stroke did not 
match any of these criteria, it was classified as an unspecified stroke event. We assumed that 
most unspecified stroke events would be ischemic of nature. 
In the ARIC study, stroke criteria were implemented as a computer algorithm and reviewed 
by a physician blinded to the automated results. A second physician resolved disagreements 
between the computer and initial physician. In the CHS, potential stroke events were refer-
red to a Cerebrovascular Adjudication Committee, consisting of a neurologist from each site, 
a neuroradiologist, and a neurologist or internist representing the coordinating center. In the 
Rotterdam Study, an experienced stroke neurologist (P.J.K.) verified all diagnoses. 
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Analyses
We calculated cumulative incidence functions for each individual using the predictor effects 
derived from the Cox regression analyses and cause-specific baseline hazard functions estima-
ted in the pooled dataset. For each stroke subtype, the cumulative incidence was obtained by 
summation of the individualized cause-specific hazard multiplied by the individualized survi-
val of the stroke subtype and the competing event (i.e. death by other causes) at each failure 
time using the following equation: 

We therefore estimated predictor effects of cardiovascular risk factors on time to first 1) fatal 
or non-fatal intracerebral hemorrhage, and 2) ischemic stroke, by using Cox regression with 
censoring for end-of-study, loss-to-follow-up or death by other causes for each subtype. Ha-
zard ratios were estimated using the complete available follow-up. The end-of-study censoring 
date was December 31st 2009 for the ARIC study, June 30th, 2008 for the CHS and January 1st 
2009 for the Rotterdam Study dataset. While modeling ischemic stroke, subjects were allowed 
to experience intracerebral hemorrhage(s) earlier on and vice versa. Therefore, the cumulative 
incidences of the stroke subtypes derived from this analysis will exceed the cumulative inci-
dence of any stroke if added. Time to death by other causes was modeled with censoring for 
the stroke subtype of interest and including the same predictors as used in each final stroke 
subtype model.

For prediction of any stroke (either intracerebral hemorrhage or ischemic stroke), we modeled 
the cumulative incidences of intracerebral hemorrhage and ischemic stroke events in absence 
of having one of the other stroke events. Cumulative incidences of both stroke subtypes de-
rived from this analysis can be added to obtain the cumulative incidence of any stroke. Subjects 
who experienced ischemic stroke were in addition censored for estimating the intracerebral 
hemorrhage hazard and vice versa. The competing events for intracerebral hemorrhage were 
defined as ischemic stroke and death by other causes than intracerebral hemorrhage; and for 
ischemic stroke as intracerebral hemorrhage and death by other causes than ischemic stroke. 
For the competing death Cox models, we included all candidate predictors considered for the 
basic stroke models. For the extended competing death models, additional predictors were se-
lected if also included in the extended stroke model. Predictor effects for the any stroke model 
were selected from those included in the intracerebral hemorrhage, ischemic and non-ische-
mic stroke mortality cause-specific models. 

Systematic review
We searched MEDLINE by PubMed for studies on stroke prediction to May 14, 2013 with search 
terms for “stroke”, “prediction”, “risk scores”, “validation”, and “cohort studies”. We limited our 
search to articles in the English language. We identified 1469 citations and scanned titles and 
abstracts on relevancy. We included eligible articles for review of full text if the study purpose 
was to develop or validate prediction models for individualizing the absolute risk of non-fatal 
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Full Pubmed search syntax
stroke* [tiab] AND (prediction [tiab] OR risk scor* [tiab] OR risk function* [tiab] OR validation[tiab] 
OR validate[tiab]) AND (communit* [Text Word] OR cohort studies[MeSH Terms] OR cohort*[Text 
Word] OR population-based [Text Word]) AND English[lang]

Results May 14, 2013: 
1469 titles

Inclusion after reading titles/abstracts:
22 studies (1-22)

Inclusion for data extraction:
18 studies (1-15, 20-22)

4 studies (16-19) were excluded, because no prediction model for calculation of individual risks 
was presented.
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Meta-analyses
To standardize the reported units and categories into the desired units for CTCS: natural loga-
rithm of (CTCS + 1) and the categorization of ABI: ≤0.9 vs >0.9, we assumed a log-linear relation 
between the hazard of coronary heart disease (CHD) and stroke with the natural logarithm of 
(CTCS + 1) and continuous ABI up to a value of 1.4. If categories were reported, we performed 
linear regression on the log hazard ratios with the reported median values of each category 
as co-variables to derive relative risks on a continuous scale. If medians were not reported for 
each category we estimated them using the group mean and standard deviation assuming a 
normal distribution. Medians on the untransformed CTCS scale were taken assuming that the 
natural logarithm of the median would approximate the median of the natural logarithm of 
(CTCS + 1). Two studies 1,2 reported the HR of log2 (CTCS+1) instead of the natural logarithm, 
these were converted to the natural logarithm scale using a factor 1.4427.

Imputation of CTCS and cIMT values
The Rotterdam Study is a population-based cohort study of individuals aged 55 years and ol-
der living in Rotterdam, the Netherlands.3 Demographics, traditional risk factors, CTCS, cIMT, 
hs-CRP, ABI, and information on cardioprotective drugs were measured during re-examination 
visits in a subset (n=1,915) of this cohort. Details on how these novel risk markers and the other 
variables were measured are published elsewhere (4,5). 
First we imputed missing values of the traditional risk factors in the NHANES individuals 
(N=16,602), taking into account the according sample weights published by NHANES.  Then 
we merged the imputed NHANES set with 1,915 individuals of the Rotterdam Study, including 
the novel risk markers. This extended set was bootstrapped with covariates age, sex, traditional 
risk factors, CVD history, cardioprotective drug information, and novel risk markers as input for 
the imputation algorithm. For imputation we have used the R ‘aregImpute’ function from the 
‘Hmisc’ package. After the imputation procedure, we excluded NHANES subjects with prior 
CVD, NHANES subjects younger than 40 years of age and the Rotterdam study participants, 
leaving a study population of 3,736.

Recalibration of updated Framingham risk scores (FRS)
We developed a state-transition model with three health states: Alive and CVD-free (Well), 
Post-CVD, and Dead. One-year transition probabilities of Well -> CVD and Well -> Dead were 
based on the 30-year FRS, which calculates the cumulative incidence of CVD and competing 
non-CVD death. 30-year cumulative CVD incidence ICVD is calculated by summing the product 
of CVD hazard hCVD at failure time ti and the survival of competing events S(ti-1) for all failure 
times up to 30 year follow-up:
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We divided the baseline CVD-survival function into 2 survival functions: 1) coronary heart 
disease (CHD) and 2) stroke using the reported number of coronary heart disease and stroke 
events for men and women. The linear predictor of the 30-year FRS was extended with ad-
justed HRs of 4 novel risk markers based on systematic reviews of literature. Individual risk 
profiles including data on traditional and 4 novel risk factors were taken from 3,736 asympto-
matic subjects of the National Health and Nutrition Examination Survey (NHANES) 2003-2004 
examination round. To mimic survival selection of NHANES subjects at each time interval, we 
simulated cloned copies of NHANES subjects using Monte Carlo microsimulation within the 
state-transition model.

We followed a 4-step iterative calibration process:
1.   The microsimulation model was run for cycle t, starting at the first year t=1, using the exten-

ded linear predictor values of NHANES subjects (uncalibrated simulated outcomes for cycle t) 
2.   The baseline CVD survival function was then recalibrated by a fixed term assuming that 

the average of the simulated outcomes during cycle t would equal the average calculated 
cumulative incidence based on the original FRS prediction (without the novel risk factors 
included) for cycle t.

3.   The microsimulation model was then updated using the recalibrated CVD function for the 
next cycle t +1.

4.   NHANES individuals who remained alive and CVD-free after the cycle t were selected for the 
recalibration step for the next period (transition from t=t to t=t+1). 

For validation, we compared the cumulative CVD incidences of the microsimulation state-tran-
sition model at each year t with the cumulative CVD incidence calculated by the original FRS.

SYSTEMATIC REVIEW SEARCH STRATEGY

Inclusion criteria:

Population: General (non-hospital) adult population free of hard coronary heart disease/ cardiovascular disease at baseline, not selected 
based by cardiovascular risk factors (e.g. renal disease, diabetes mellitus)

Intervention: Novel risk factor/biomarker + traditional "Framingham" risk factors: age, sex, total cholesterol, HDL cholesterol, systolic blood 
pressure, treatment for hypertension, smoking status, and diabetes mellitus

Comparison: Odds/risk/rate/hazard with and without biomarker adjusted for traditional 

Outcomes: 1) Hard coronary heart disease events: non-fatal myocardial infarction and fatal coronary heart disease 

2) Non-fatal/fatal stroke

Published: 1 September 2008 (ABI) / 1 July 2008 (CAC) – now

Study type: Cohort study or nested case-control study or case-cohort study or systematic review or meta-analysis of these study types

Language: English
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263Pubmed search syntaxes Pubmed search syntaxes
Coronary artery calcium
1  cohort studies [MeSH Terms] OR cohort*[Text Word] OR controlled clinical trial [Publication 

Type]  
2  case-control studies [MeSH Terms] OR (case*[Text Word]) AND control*[Text Word])
3  systematic [sb]
4  #1 OR #2 OR # 3 
5  cardiovascular diseases [MeSH Terms] 
6  coronary disease [MeSH Terms]
7  cardiovascular disease* [Title/Abstract]
8  coronary artery disease* [Title/Abstract]
9  coronary heart disease*[Title/Abstract]
10  #5 OR #6 OR #7 OR #8 OR #9
11  risk assessment [MeSH Terms]
12  risk factors [MeSH Terms]
13  prognosis [MeSH Terms]
14  risk factor* [Title/Abstract]
15  predict* [Title/Abstract]
16  Framingham [Title/Abstract] OR traditional [Title/Abstract] OR established [Title/Abstract] 

OR independent [Title/Abstract] OR conventional [Title/Abstract]  
17  (#11 OR #12 OR #13 OR # 14 OR #15) AND #16
18  tomography, X-ray computed  [MeSH Terms]
19  electron beam computed tomograph* [Text Word]  
20  electron beam* [Text Word]
21  ebct [Text Word] 
22  calcium scor* [Text Word]
23  coronary calcium [Text Word]
24  coronary artery calcium [Text Word]
25  cacs [Text Word]
26  #18 OR #19 OR #20 OR #21 OR #22 OR #23 OR #24 OR #25
27  #4 AND #10 AND #17 AND #26
28  #27 AND English[lang] AND (“2008/07/01”[PDAT] : “2015/01/01”[PDAT])

Ankle-brachial index
1  cohort studies [MeSH Terms] OR cohort*[Text Word] OR controlled clinical trial [Publication 

Type]  
2  case-control studies [MeSH Terms] OR (case*[Text Word]) AND control*[Text Word])
3  systematic [sb]
4  #1 OR #2 OR # 3 
5  cardiovascular diseases [MeSH Terms] 
6  coronary disease [MeSH Terms]
7  cardiovascular disease* [Title/Abstract]



264

C
ha

pt
er

 1
4

8  coronary artery disease* [Title/Abstract]
9  coronary heart disease*[Title/Abstract]
10  #5 OR #6 OR #7 OR #8 OR #9
11  risk assessment [MeSH Terms]
12  risk factors [MeSH Terms]
13  prognosis [MeSH Terms]
14  risk factor* [Title/Abstract]
15  predict* [Title/Abstract]
16  Framingham [Title/Abstract] OR traditional [Title/Abstract] OR established [Title/Abstract] 

OR independent [Title/Abstract] OR conventional [Title/Abstract]  
17  (#11 OR #12 OR #13 OR # 14 OR #15) AND #16
18  blood pressure [MeSH Terms] AND (ankle [Text Word] OR ankle [MeSH Terms])
19  ankle brachial blood pressure [Text Word] 
20  ankle brachial pressure [Text Word] 
21  ankle brachial index [Text Word]
22  abi [Text Word]
23  #18 OR #19 OR #20 OR #21 OR #22
24  #4 AND #10 AND #17 AND #23
25  #24 AND English[lang] AND (“2008/09/01”[PDAT] : “2015/01/01”[PDAT])
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