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Chapter 1 Introduction and Outline

Introduction

Coronary artery disease
The coronary arteries are the vessels responsible for supplying the heart muscle (myocardi-
um) with blood and nutrients. The contraction of  the myocardium depends on an adequate 
blood supply through the coronary circulation. Coronary artery disease (CAD) refers to 
coronary arteries affected by atherosclerosis, a slow but progressive pathological process 
that involves thickening of  arterial walls. Arterial wall thickening (and subsequently lumen 
stenosis) is caused by formation of  atherosclerotic plaque that consists of  fatty materials 
with or without calcium depositions. Obstruction of  the blood flow can impede a required 
increase in coronary blood flow during increased oxygen demands (e.g. during exercise), 
resulting in myocardial ischemia, dysfunction, and ultimately chest pain (i.e. “angina”) (Fig-
ure 1). Advanced atherosclerotic lesions carry the risk of  rupture and thrombus formation, 
resulting in an abrupt obstruction of  a coronary artery – a life-threatening situation of  an 
acute myocardial infarction (1). 

Coronary artery disease is a 
common condition, its preva-
lence (and incidence) increases 
with age. The lifetime risk at 
age 40 of  developing CAD is 
estimated to be 49% in men, 
and 32% in women (2). Major 
risk factors for cardiovascular 
disease include hypertension, 
diabetes, dyslipidaemia, smok-
ing, and obesity (3). CAD may 
start to develop early in life 

and usually remains subclinical (asymptomatic) until the 5th
 decade of  life or longer. This 

relates to the fact that up to 50% of  acute myocardial infarctions occur in patients without 
a history of  symptomatic CAD (4). See Chapter 2 on the epidemiology of  CAD. 

Severity of  CAD is often classified by the degree (percentage) of  lumen diameter stenosis 
as measured by catheter-based coronary angiography (CAG). Commonly, ≥50% lumen di-
ameter stenosis is considered ‘significant’ or ‘obstructive’, whereas a stenosis <50% is con-
sidered non-obstructive. However, an obstructive lesion does not always limit the coronary 
blood flow, and subsequently does not always result in myocardial ischemia. Therefore, not 
merely the degree of  stenosis on angiography, but also the ‘hemodynamic relevance’ of  a 
stenosis is a determinant of  CAD severity.

Clinical presentation
Patients with stable CAD usually present to their physicians with chest pain on exertion, 
which is commonly referred to as “angina pectoris”. Traditionally, angina pectoris is clas-
sified as typical, atypical, or non-anginal (or non-specific) chest pain. Typical chest pain is 

defined as having (1) substernal chest pain or discomfort, that is (2) provoked by exertion 
or emotional stress and (3) relieved by rest and/or nitroglycerine (usually within minutes). 
Atypical chest pain is defined as having two of  the before-mentioned criteria. If  one or 
none of  the criteria is present, a patient is classified as having non-specific chest pain. 
Patients often characterize their pain as a pressure, heaviness, tightness, or squeezing, and 
radiation may occur to the left jaw, shoulder, arm, and back. Patients with unstable CAD 
(acute coronary syndrome) presenting to the emergency department often present with 
persistent chest pain at rest. 

Treatment for CAD
Treatment for CAD aims at relieving symptoms, preventing progression of  atherosclerosis, 
and preventing plaque rupture (i.e. myocardial infarction) (5). Established treatments for the 
prevention of  adverse events in patients with stable CAD include aspirin, statins, and ACE-
inhibitors. Additionally, anti-ischemic therapies including long-acting nitrates, β-blockers, 
and calcium antagonists can be considered for symptomatic relief  (5). In patients with 
severe coronary disease (left main-, proximal left anterior descending-, or multi-vessel-dis-
ease) and documented myocardial ischemia, percutaneous coronary intervention (PCI) or 
coronary artery bypass graft (CABG) surgery are well-established treatments that improve 
quality-of-life and prevent future adverse events (6). 

Pre-test probability of  CAD
Since CAD is a serious condition, patients presenting with chest pain suggestive of  CAD 
should be investigated. However, a definitive diagnosis cannot be made based on clinical 
presentation alone. A substantial proportion of  patients presenting with chest pain does not 
suffer from CAD. The pre-test probability of  CAD reflects the likelihood of  the presence 
of  obstructive CAD based on clinical presentation before a diagnostic test is performed. 
The pre-test probability is important when choosing which diagnostic test is optimal (see 
below) and interpreting diagnostic test results. Traditionally, the probability of  CAD is 
based on age, sex, and type of  chest pain according to the prediction model by Diamond 
& Forrester (7). Other models are available that also incorporate cardiovascular risk factors 
and electrocardiography findings for estimation of  the pre-test probability (8-9). 

Figure 1. Schematic representation 
of  the ischemic cascade. ECG = 
electrocardiography.

Test Detection of Sensitivity (%) Specificity (%) Source

Exercise ECG Ischemic ECG-changes (in women) 61 70 (11)

Ischemic ECG-changes (without work-up bias) 50 90 (12)

Stress MRI Perfusion defects 89 80 (13)

Wall motion abnormalities 83 86 (14)

Stress SPECT Perfusion defects / wall motion abnormalities 88 73 (15)

Stress ECHO Wall motion abnormalities 79 87 (15)

Stress PET Perfusion defects 92 85 (16)

CT coronary calcium Presence of coronary calcium 98 40 (17)

Coronary CT angiography ≥50% lumen diameter stenosis 98 90 (18-21)

ECG = stress electrocardiography, MRI = magnetic resonance imaging, SPECT = single-photon emission computed tomography, PET = 
positron-emission computed tomography, CT = computed tomography.

Table 1. Diagnostic tests for the detection of  coronary artery disease in patients with stable chest pain
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Diagnosing CAD
For diagnosing obstructive CAD (commonly defined as ≥50% stenosis in ≥1 vessel), CAG 
is considered to be the reference standard. Because CAG is expensive and carries a small 
risk of  complications and death, non-invasive testing is recommended to select patients 
who are most likely to benefit from CAG. The diagnostic performance of  a non-invasive 
test can be expressed in terms of  sensitivity and specificity as compared with the reference 
standard. Sensitivity is defined as the proportion of  patients with the disease that will have 
a positive test, and specificity is defined as the proportion of  patients without the disease 
that will have a negative test. Numerous non-invasive (imaging) tests are available for the 
diagnostic work-up of  patients with stable chest pain (Table 1). 

It is important to note that the different diagnostic modalities assess different manifesta-
tions of  myocardial ischemia (Figure 1). For example, calcium can be deposited in athero-
sclerotic plaques, which may already be detectable in early (non-obstructive) stages of  CAD. 
This explains that the presence of  coronary calcium is very sensitive. Almost all patients 
with obstructive CAD have at lease some coronary calcium depositions. However, the pres-
ence of  calcium does not necessarily imply that atherosclerotic plaque is obstructing ≥50% 
of  the coronary lumen, hence its low specificity. Stress echocardiography on the other hand, 
images wall motion abnormalities, which occurs later in the cascade, and is therefore more 
specific. Lastly, exercise ECG investigates the events at the far end of  the ischemic cascade, 
namely ischemic ECG-changes and angina during exercise. Consequently, the sensitivity of  
exercise ECG is low, whereas its specificity is high. 

Although test characteristics (sensitivity and specificity) indicate whether a test is accurate, 
the optimal diagnostic test for a particular patient also depends on the pre-test probability 
of  disease in that patient, the potential benefit by making a correct diagnosis, and the po-
tential harm caused by false positive test results (Figure 2) (10). The net benefit of  a treat-
ment is defined as the difference in outcome between a patient with CAD who receives the 
treatment, compared with the outcome of  a patient with CAD without that treatment. The 
net harm, likewise, is defined as the difference in outcome between a patient without CAD 
without the treatment, compared with the outcome of  a patient without CAD who receives 
the treatment (10). 

If  the pre-test probability is low, watchful waiting without any testing would be preferable, 
whereas if  the pre-test probability is high, a direct invasive strategy with CAG would be 
optimal. The main benefit of  non-invasive testing is in patients with an intermediate pre-
test probability, in whom a negative test rules out the presence of  coronary artery disease, 
whereas a positive test justifies treatment or further testing (10, 22), see Figure 2.

Outline of this thesis

This thesis aims to determine the optimal diagnostic strategy for patients suspected of  
having CAD. By performing systematic reviews and meta-analyses, we summarized the evi-
dence concerning the diagnostic accuracy of  diagnostic tests. Prediction models were validated, 
updated, and extended to improve the estimate of  the pre-test probability of  CAD. Finally, to 
estimate the long-term cost-effectiveness of  various diagnostic strategies, we performed 
decision analyses that integrate the best-available evidence regarding the benefits and harms 
of  treatment for CAD.

Chapter 2 describes the epidemiology of  CAD, and its manifestations; angina pectoris and 
myocardial infarction.

In Chapter 3, we systematically review the literature for published guidelines, summarizing 
available recommendations regarding diagnostic strategies (e.g. CT calcium screening) for 
asymptomatic individuals. 

Chapter 4 summarizes the available evidence on the diagnostic accuracy of  stress myocar-
dial perfusion imaging as compared with CAG. A systematic search strategy was used to 
identify studies that assessed magnetic resonance imaging, echocardiography, single-photon 
emission CT, or positron-emission tomography. 

Management of  patients presenting to the emergency department with acute chest pain – 
without diagnostic ECG-changes and without elevated cardiac biomarkers – is challenging, 
because the diagnosis of  acute myocardial infarction cannot be excluded based on clinical 
findings alone. In Chapter 5 we summarize the evidence on different imaging modalities for 
patients with acute chest pain presenting to the emergency department. 

CT coronary calcium has been demonstrated to predict the occurrence of  future cardiovascular 
events. In Chapter 6 we explore the incremental diagnostic value of  the CT coronary calcium 
score in the prediction of  the presence of  obstructive CAD for patients with stable chest pain. 

Figure 2. No treat – test – treat thresholds. The benefit of  testing is in patients with an intermediate probability 
of  coronary artery disease. The thresholds for diagnostic testing depend on the probability of  CAD, test 
sensitivity, test specificity, and the benefits and harms of  treating CAD. FP = false positive, TN = true negative, 
FN = false negative, TP = true positive.
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Although multiple risk factors for CAD have been identified, the estimation of  the pre-test 
probability in patients with stable chest pain is often based on age, sex, and symptoms only, 
according to the prediction model described by Diamond & Forrester in 1979. We assess 
the validity of  the Diamond & Forrester model in Chapter 7, and update the model using 
modern statistical methods and individual patient data from 14 hospitals. 

In Chapter 8, we extend the existing prediction model based on age, sex, and symptoms 
with established cardiovascular risk factors such as diabetes, hypertension, dyslipidemia and 
smoking. Furthermore, we assess the incremental value of  the CT coronary calcium score 
in the prediction of  the presence of  CAD.

In Chapter 9 we study the cost-effectiveness of  coronary CT angiography as a non-invasive 
triage test prior to performing CAG using a decision tree and Markov-model, and determine 
the threshold probability below which coronary CT angiography would be cost-effective. 

The cost-effectiveness of  CT coronary calcium scoring with or without subsequent coro-
nary CT angiography as compared with standard-of-care (i.e. stress electrocardiography) as 
a first-line diagnostic approach is studied in Chapter 10. We developed a decision tree and 
Markov-model based on a clinical cohort (with follow-up) combined with the best-available 
evidence.

Next, we evaluated the comparative costs and effectiveness of  diagnostic strategies involv-
ing coronary CT angiography and myocardial perfusion imaging by stress cardiac magnetic 
resonance imaging, in Chapter 11.

In Chapter 12, we describe the follow-up results of  a cohort of  patients with stable chest 
pain who underwent both coronary CT angiography and stress electrocardiography. We 
compared their respective prognostic values regarding the occurrence of  major adverse 
cardiac events.

Calculations of  sensitivity and specificity of  diagnostic tests commonly involve multiple 
observations per patient, which implies that the data are clustered. Chapter 13 represents a 
tutorial article that describes the most commonly used methods for the analysis of  clustered 
data and provides statistical code. 

In Chapter 14, results are summarized and discussed.
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Chapter 2 The Epidemiology of  Coronary Artery Disease

Coronary artery disease is defined as a pathologic process affecting the coronary arteries, 
although it is most often used to indicate atherosclerotic changes in the coronary arter-
ies. This is also referred to as coronary heart disease (CHD). According to the American 
Heart Association (1), coronary heart disease includes the diagnoses of  acute myocardial 
infarction, angina pectoris and all other forms of  acute and chronic ischemic heart disease 
(ICD/10 I20-I25). 

This chapter will discuss the epidemiology of  CHD, including estimates on incidence, prev-
alence, mortality, and risk factors. Patients who suffer from CHD often present with either 
angina pectoris or an acute myocardial infarction (MI). Since cardiac computed tomography 
can play an important role in evaluating such patients, we will discuss the epidemiology of  
angina pectoris and acute MI separately as well. 

Coronary Heart Disease

Incidence 
Based on observations in the Framingham Heart Study, the lifetime risk at age 40 of  de-
veloping CHD is estimated to be 49% in men, and 32% in women (2). For both men and 
women, the risk of  CHD increases with age (3-4) (Table 1.1) The incidence in men is sub-
stantially higher compared to premenopausal women. However, the morbidity incidence 
in women increases dramatically beyond menopause (5), thereby reducing the differences 
between men and women. In support of  this, a large Finnish cohort study of  over 14 000 
individuals found that the CHD incidence was 3 times higher in men compared to women. 
It was demonstrated that risk factor levels were more favorable in women, although the 
differences in the risk factors between men and women decreased with advancing age (6). 

The National Health and Nutrition Examination Survey (NHANES) Epidemiologic Fol-
low-up study in the United States (US) compared the CHD incidence in two historical 
cohorts. They found that the age-standardized incidence of  CHD decreased from 133.3 
per 10 000 person years for the 1971-1982 cohort to 113.5 per 10 000 person years for the 
1982-1992 cohort (7). 

Prevalence
According to the NHANES 2003-2006, the prevalence of  CHD is 7.9% in US adults aged 
20 and older. For men and women separately, the prevalence is 9.1% and 7.0% (1). 

Mortality
Although total mortality from cardiovascular diseases (which includes stroke) has declined 
over the past years, it remains the most common cause of  death both in Europe (8) and the 
US (1). CHD accounts for approximately 50% of  all deaths due to cardiovascular diseases 
(1, 8). In Europe, 1.92 million CHD related deaths occur every year. The age-standardized 
mortality rate for men varies considerably across Europe (9), with lower mortality rates in 
Central, Southern, and Western Europe. The highest mortality rates are observed in Eastern 
Europe. A similar pattern was observed for women. On average, it is estimated that over 
one in six women and over one in five men will die from CHD (8).

Table 1. Incidence (cases / 1000 person years) of  coronary heart disease* by age and sex based on the 
Framingham Heart Study, 1980-2003 (7)

Age Men Women

45-54 8.0 1.8

55-64 16.4 6.4

65-74 21.8 11.0

75-84 32.8 17.1

85-94 38.0 22.8

* MI, angina pectoris, coronary insufficiency, or fatal CHD

 
In the US from 1980 through 2000, the age-adjusted death rate for CHD decreased from 
543 to 267 deaths per 100 000 population among men. Among women, the rate decreased 
from 263 to 134 deaths per 100 000. It is estimated that approximately half  of  the decrease 
is attributable to improvements in diagnosis and treatment and the other half  to changes in 
risk factors (10, 11). 

Risk Factors 
The Framingham Heart Study (12) has provided valuable insight into the epidemiology 
and risk factors of  cardiovascular diseases. The most important modifiable risk factors as-
sociated with an increased cardiovascular disease risk include: smoking, dyslipidaemia, high 
blood pressure, diabetes, and obesity (13). Other factors proven to increase the risk of  car-
diovascular disease include: psychosocial factors (14), a low physical activity (15), a lack of  
daily consumption of  fruit and vegetables (16) and a lack of  regular alcohol intake (17). A 
recent case-control study across 52 countries demonstrated that over 90% of  all acute MIs 
as initial coronary event can be attributed to currently established risk factors (17).

Angina Pectoris

Incidence 
Based on data from the NHLBI ARIC (National Heart, Lung, and Blood Institute - Ath-
erosclerosis Risk in Communities) cohort (1987-2001), the age-adjusted incidence of  angina 
pectoris as determined by the Rose Questionnaire was 10.8 cases per 1000 person years in 
men, and 13.4 in women. The highest incidence (17.9 per 1000 person years) was observed 
in black women. A large Finnish prospective cohort study focused on the incidence of  
angina defined as a nitrate prescription or angina with positive diagnostic findings. The 
age-standardized annual incidence was 2.03 per 100 in men and 1.89 per 100 in women. In 
this study, no sex difference in prognosis (i.e. absolute coronary event rate at 4 years) was 
observed. The Euro Heart Survey studied over 3000 patients with a new clinical diagnosis 
by a cardiologist of  stable angina and found that the rate of  death and non-fatal MI at 1 
year was 2.3 per 100 patient years (18). They also demonstrated that of  those patients with 
a new clinical diagnosis of  stable angina, women with confirmed coronary artery disease 
have a 2-fold increased rate of  death and nonfatal MI within the first year as compared to 
men (19). 
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Prevalence
According to a systematic review of  existing healthy population based studies, the preva-
lence of  angina as assessed by the Rose Angina Questionnaire, is estimated to be 5.7% in 
men and 6.7% in women, which varied widely (0.7-15%) across countries (20). 

Acute Myocardial Infarction

More than 50% of  all acute coronary events occur in patients without any history of  CHD 
(21) and only 18% is preceded by longstanding angina symptoms (1). 

Incidence
An analysis of  US patients hospitalized between 1999 and 2008 revealed an age- and sex-
adjusted incidence rate of  acute MI of  208 cases per 100 000 person years (22). Reports 
indicate that the incidence rate of  ST elevation MI declined over the past decades (22, 23). 
However, results also suggest that the true (larger) decline in incidence rate may be masked 
by an increased detection by using increasingly sensitive biomarkers in the diagnosis of  
acute MI (23). 

Few data are available on CHD incidence rates for the European region (8). Results from 
the WHO MONICA (World Health Organization - monitoring trends and determinants in 
cardiovascular disease) Project studied the trends over 10 years in CHD across 21 European 
countries, starting in the early 1980s. A coronary event included non-fatal events satisfying 
the criteria for definite MI, and fatal events classified as definite, possible, and unclassifiable 
coronary deaths. Observed annual event rates were 434 per 100 000 in men, and 103 per 100 
000 in women. In this study, an annual decline in coronary events of  approximately 2.1% for 
men and 1.4% for women was observed (24). 

The Rotterdam study, a population-based cohort of  5148 men and women aged 55 and 
older in the Netherlands, revealed a documented MI incidence rate of  8.4 and 3.1 per 1000 
person years for men and women, respectively. Furthermore, the rate of  additional unrecog-
nized infarctions was estimated to be 4.2 for men and 3.6 per 1000 person years for women, 
which implies that a substantial proportion (approximately 50%) of  myocardial infarctions 
remain clinically unrecognized (25). 

Prevalence 
According to NHANES data, the prevalence of  MI between 1988 and 1994 among US 
adults aged 35-54 was 2.5% for men and 0.7% for women (26). The prevalence among men 
decreased over time (2.5% to 2.1%) but the prevalence among women increased (0.7% to 
1.0%), as observed in the period between 1999 and 2004.

Prognosis 
It is well recognized that patients who experienced a coronary event are at increased risk 
for future cardiovascular events. The absolute risk however, depends largely on the clinical 
presentation and the presence of  other cardiovascular risk factors. 

In 2002, the Euro Heart Survey of  acute coronary syndromes found a 30-day mortali-
ty rate of  8.4%, 3.5% and 13.3% for patients with ST elevation MI (STEMI), non ST  

elevation MI (NSTEMI) and undetermined electrocardiogram acute coronary syndrome, 
respectively (27). The OPERA-registry demonstrated a similar 30-day mortality rate for 
STEMI and NSTEMI, but an increased 1-year mortality rate for NSTEMI as compared to 
STEMI (11.6% vs. 9.0%) (28). The GUSTO-IIB trial investigated the prognosis of  over 12 
000 patients after an acute coronary syndrome. Results indicated that the 30-day mortal-
ity was higher for STEMI compared to NSTEMI patients (6.1% vs. 3.8%), whereas the 
cumulative mortality rate after one year was not significantly different (9.6% vs. 8.8%) (29). 
Furthermore, a US population- based study of  nearly 3000 acute MI patients found that 
the rate of  sudden cardiac death after MI was constant at 1.2% per year, and that the 5-year 
cumulative incidence was 6.9% (30). 

The National Registry of  Myocardial Infarction in the US evaluated nearly 2 million pa-
tients that were hospitalized for acute MI from 1994 to 2006 and showed that the overall 
in-hospital mortality decreased from 10.4% in 1994 to 6.3% in 2006 (31). 

Since a large part of  the myocardial infarctions remain clinically unrecognized, it is impor-
tant to investigate the clinical significance of  such an event. A US based Cardiovascular 
Health Study database of  patients 65 years and older allowed for the comparison of  the 
prognosis between patients with unrecognized and recognized MIs. It was revealed that the 
six-year mortality rate was not significantly different between the two groups (32). 

Conclusions

The CHD incidence and mortality decreased over the past decades due to improved medi-
cal treatments and changes in risk factors. CHD accounts for approximately 50% of  all 
deaths due to cardiovascular diseases. In spite of  the declining incidence and mortality, 
CHD manifestations such as angina pectoris and acute myocardial infarction are common. 
A substantial proportion of  acute myocardial infarctions remain clinically unrecognized, but 
carry a similar prognosis as compared to recognized acute myocardial infarctions. More than 
50% of  all acute myocardial infarctions occur in patients without any history of  coronary 
heart disease. 
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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 dis-
agree. 

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 Medica-
tion Association Infobase, and the Guidelines International Network International Guide-
line 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 guide-
lines 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 guide-
lines recommended imaging patients at intermediate or high CAD risk based on the Fram-
ingham 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 recom-
mendations. More research, including randomized controlled trials, evaluating the impact of  
imaging on clinical outcomes and costs is needed.

Introduction

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 pre-
vention 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 tra-
ditional 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 atherosclero-
sis), 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. See page 1601 
Because technical developments have created various imaging techniques to assess a pa-
tient’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 (3–5). Hence, clinicians and decision makers usually rely on clini-
cal 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 there-
fore, 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 car-
diovascular 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 Net-
work (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 de-
velopment organizations was performed for additional guidelines.

Study selection
Articles were considered if  they met the Institute of  Medicine definition for clinical practice 
guidelines. The Institute of  Medicine defines clinical practice guidelines as “systematically 
developed statements to assist practitioner and patient decisions about appropriate health 
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care for specific clinical circumstances.” If  doubt existed whether a report met this defini-
tion 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 docu-
ments and scientific statements, and American College of  Cardiology Foundation (ACCF) 
appropriateness criteria reports. We included guidelines if  they: 1) contained recommenda-
tions 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, Ottawa, 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 be-
tween 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 methodol-
ogy 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) proce-
dures 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 develop-
ment 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 (8–10) were rated by 3 reviewers. We ranked included guidelines according to 
their score. Editorial independence from funding body, external funding, proportion of  
guideline panel member-industry relationships, and disclosure of  identities and relation-
ships with 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 con-
structed. The table was divided into 1) methodology of  guideline development; 2) consid-
eration 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. 

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. 
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Agreement between reviewers on AGREE scores was assessed using the intraclass correla-
tion coefficient. Given the limited number of  guidelines, only explorative quantitative analy-
ses 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 recom-
mendation (“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 (11–22) 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) (20–22). These guidelines provided excellent 
information on the methods followed for achieving consensus and formulating recommen-
dations, 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 (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, ex-
cept for the Canadian Cardiovascular Society (CCS) 2 guideline (19), were based on a com-
prehensive 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 toler-
ance testing (23–25) and CT calcium scoring (26,27), 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 evi-
dence for testing of  asymptomatic CAD. In the remaining 6 guidelines (ACCF1 [15], AHA2 
[8], National Cholesterol Education Program [NCEP] [16,17], 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 non-fatal) 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, in-
termediate, 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  pan-
el members with industry relationships. Adjusted odds ratios per 10% increase were 0.73 (95% 
confidence interval: 0.41-1.33) and 0.68 (95% confidence interval: 0.35-1.32), 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  as-
ymptomatic CAD within an intermediate-risk population (ACCF1 [15], AHA2 [8], NCEP 
[16,17], 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 [16,17], CAR [18], CCS2 [19], and ACCF4 [22]), 4 guidelines 
(ACCF1 [15], AHA2 [8], NCEP [16,17], and CCS2 [19]) concluded that there was sufficient 
evidence for consideration of  its 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 con-
cluded 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 [16,17], CCS1 [10], and AHA3 [9]): 1 
(NCEP [16,17]) recommended considering testing, and 3 (CCS1 [10], USPSTF1 [11], and 
AHA3 [9]) were inconclusive.
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Myocardial perfusion imaging
Single-photon emission computed tomography was considered in 3 guidelines (AHA2 [8], 
NCEP [16,17], and ACCF2 [20]), of  which 2 (AHA2 [8] and NCEP [16,17]) also consid-
ered PET. The AHA2 guideline (8) recommended against any use of  myocardial perfusion 
imaging in asymptomatic subjects, whereas the NCEP (16,17) and ACCF2 (20) guidelines 
recommended its use for different target populations: either for intermediate-risk subjects 
(NCEP [16,17]) 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 asymptom-
atic population, stress echocardiography is not justified according to the ACCF3 guidelines 
(21).

Table 1. Characteristics of  14 Guidelines on Imaging of  Asymptomatic Coronary Artery Disease

Guideline Identifier, 
Year (Ref. #)

Organization(s) Responsible for Guideline 
Development

Country 
Applied

AGREE 
Rigor 

Score, %

Conflicts of 
Interest

Reported 
Relations 

with  
Industry†

USPSTF1, 2004 (27) U.S. Preventive Services Task Force United States 93 EI, DIRp -

USPSTF2, 2009 (28) U.S. Preventive Services Task Force United States 90 EI, SCI 0/23

NZGG, 2003 (29) New Zealand Guidelines Group New Zealand 79 EI, FPO, SCI*, DIRp 9/35

AHA1, 2008 (30) American Heart Association United States 76 SCI*, DIR, SCIR 8/11

ACCF1, 2007 (31) American College of Cardiology Foundation,
American Heart Association

United States 74 SCI*,DIR, SCIR* 4/14

CCS1, 2009 (10) Canadian Cardiovascular Society Canada 59 SCI* 20/23

AHA2, 2006 (8) American Heart Association United States 57 SCI*, DIR,SCIR* 1/4

AHA3, 2005 (9) American Heart Association United States 57 SCI*, DIR, SCIR* 6/12

NCEP, 2002, 
2004 update (32,33)

National Heart, Lung, and Blood Institute, American 
College of Cardiology Foundation, and American
Heart Association

United States 52 SCI*, DIR 6/28

CAR, 2009 (34) Canadian Association of Radiologists Canada 36 - -

CCS2, 2009 (35) Canadian Cardiovascular Society Canada 31 SCI* 1/13

ACCF2, 2009 (36) American College of Cardiology Foundation et al. United States 24 SCI*, DIRp, SCIR* 13/29

ACCF3, 2008 (37) American College of Cardiology Foundation et al. United States 21 SCI*, DIRp, SCIR* 15/23

ACCF4, 2006 (38) American College of Cardiology Foundation et al. United States 21 SCI*, DIRp, SCIR* 11/25

ACCF = American College of Cardiology Foundation, AHA = American Heart Association, CAR = Canadian Association of Radiologists, 
CCS = Canadian Cardiovascular Society, DIR = disclosure of the identities of peer reviewers, DIRp = disclosure of the identities of peer 
reviewers for some parts of the guidelines, EI = editorial independence from funding organization declared, FPO = funding by external 
public organization reported, NCEP = National Cholesterol Education Program, NZGG = New Zealand Guidelines Group, SCI = statement 
about conflicts of interest of panel members present, SCIR = statement about conflicts of interest of external peer reviewers present.
*	 Relationship with industry reported by at least one person.
†	Proportion of panel members with reported industry relationships.

Discussion

In summary, we identified 14 guidelines on testing of  asymptomatic CAD. In the devel-
opment 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.

Some possible limitations of  this review deserve attention. First, only guidelines devel-
oped 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 ex-
cept 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 rec-
ommendation could be created within a poorly developed guideline and vice versa. Third, 
the AGREE instrument only considers the reported information related to the develop-
ment 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 associa-
tion 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 “preven-
tion” 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 
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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 
and 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 con-
tained recommendations for the use of  prediction models combining traditional risk factors 
and test results to calculate a new risk estimate. Instead, the Framingham-based interme-
diate 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 tradi-
tional risk factors, which might reclassify individuals, are usually derived from a comparison 
with a reference group without or with low indication for asymptomatic CAD (34–37). 
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 recom-
mendations. More research, including RCTs, evaluating the impact of  imaging on clinical 
outcomes and costs is needed. 
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In a classic scene from the iconic movie Ghostbusters (1984, directed by Ivan Reitman), Dr. 
Peter Venkman (played by Bill Murray) confesses to Dana Barrett (played by Sigourney 
Weaver), “I make it a rule never to get involved with possessed people.” However, after 
Dana starts to seduce him, Dr. Venkman replies, “Actually, it is more of  a guideline than a 
rule!”

Although 90% to 95% of  the global population attributable risk for myocardial infarction 
has been ascribed to 9 modifiable risk factors (1), clinical risk prediction models for hard 
events (myocardial infarction, cardiac death) remain suboptimal. In the United States, 40% 
to 60% of  myocardial infarctions and sudden death occur as unheralded first manifestations 
of  atherosclerotic cardiovascular disease (ASCVD) (2). 

Current U.S. guidelines for identifying and treating people at increased risk for ASCVD 
events with proven therapies, such as aggressive lipid lowering and aspirin, are based on the 
Framingham Risk Score (FRS), which is derived from several generations of  long-suffering 
Caucasian Red Sox fans in Massachusetts—clearly, a unique group. While useful and widely 
accepted as an office-based risk assessment tool, the Adult Treatment Panel (ATP) III ver-
sion of  the FRS has demonstrated limitations in predicting the risk of  a major atheroscle-
rotic disease event, particularly among patients with a family history of  premature ASCVD 
and metabolic syndrome phenotype. Misclassification of  risk results in both under- and 
overtreatment of  many persons on the basis of  the current ATP III guidelines (3–5).

A number of  noninvasive imaging modalities for assessing the degree of  subclinical athero-
sclerosis have been proposed to improve cardiac risk prediction. Professional organizations 
have sought to evaluate the literature and distill the available data into a summary form that 
is succinct and conveniently accessible to the busy clinician: hence, the guideline.

In this issue of  the Journal, Ferket et al. (6) present a systematic review of  the guidelines on 
imaging of  asymptomatic coronary artery disease (CAD) published by major professional 
organizations between 2003 and early 2010. The authors based their search on the Institute 
of  Medicine definition for clinical practice guidelines, and they limited their selections to 
guidelines that included recommendations for imaging for primary prevention of  CAD in 
presumably healthy non-diabetic populations. They also performed an assessment of  the 
guideline generation process for each of  the included guidelines using the 7-item Rigor of  
Development domain of  the Appraisal of  Guidelines Research and Evaluation (AGREE) 
instrument.

Fourteen guidelines published by the U.S. Preventive Services Task Force (USPSTF), the 
New Zealand Guidelines Group (NZGG), the American Heart Association (AHA), the 
American College of  Cardiology Foundation (ACCF), the National Cholesterol Education 
Program (NCEP), the Canadian Cardiovascular Society (CCS), and the Canadian Society 
of  Radiologists (CSR) were included in the review, with AGREE rigor scores ranging from 
93% (most rigorous) to 21% (least rigorous). Imaging modalities considered among these 
guidelines included resting and exercise electrocardiography, stress echocardiography, myo-
cardial perfusion imaging (single-positron emission computed tomography and positron 
emission tomography), computed tomography (CT) and magnetic resonance angiography, 
and CT coronary artery calcium scoring (CAC). 

The authors found wide variability with regard to consideration of  these testing modali-
ties, with most guidelines recommending against or noting insufficient evidence for the 
majority of  noninvasive imaging modalities, with the only positive recommendations made 
in reference to intermediate-risk or selected higher-risk populations. Logistic regression 
analysis suggested no relationships between the likelihood of  a guideline recommending for 
or against testing and the AGREE rigor score or the proportion of  guideline panelists with 
reported industry relationships. Hence, industry relationships did not appear to have any 
bearing on the directionality of  guideline content in this exploratory analysis. 

The only imaging modality that was addressed by a majority of  the included guidelines was 
CAC, with 10 of  the 14 guidelines making specific recommendations about this modality 
as an adjunct to current risk prediction. Among the intermediate-risk population, 1 guide-
line (CSR) made a favorable recommendation for use of  CAC, 4 guidelines (ACCF, AHA, 
NCEP, CCS) recommended consideration of  CAC, and 3 guidelines (USPSTF, NZGG, 
ACCF) found insufficient evidence to make a recommendation. The 10 guidelines were 
unanimous in recommending against CAC among very low- and high-risk subjects. 

The authors note that while there were widespread inconsistencies and several low AGREE 
rigor scores among the included guidelines, there was general support for consideration of  
CAC among intermediate-risk subjects. After a cogent discussion of  the limitations of  the 
present review, Ferket et al. (6) explore the paucity of  randomized controlled trial (RCT) 
data for early detection of  CAD, and touch on the challenges in generating such data. 

While we agree with the authors that RCT data on this topic is lacking, the challenges and 
potential pitfalls in pursuing such studies are substantial. These challenges include a large 
sample size and expense as well as a complicated study design. Most would advocate ran-
domizing the study population to receive the screening test or not and then utilizing vari-
ous intensities of  lipid-lowering therapy based on how the screening test might influence 
perceived risk. 

Should the basis for trial inclusion be the presence of  multiple ASCVD risk factors or by 
FRS criteria? Should lipid-lowering therapy be mandated by the study protocol, and if  so, 
what lipid-lowering algorithm should be used? Should such a study be placebo controlled 
as opposed to comparing various intensities of  lipid-lowering therapy? Given that statin 
therapy is now generally used aggressively by many clinicians for intermediate-risk patients 
even without imaging tests, the power to show an incremental gain when adding an imaging 
test may prove to be limited. 

It is likely that most men over the age of  55 years and women over the age of  65 years will 
have some degree of  coronary calcification. Are we then obligated to treat them with at least 
a low-dose statin and aspirin if  they have below average CAC for their age, and use a high 
dose of  a potent statin only for those with Agatston scores >100 or for those with scores 
>75th percentile for their age? 

How will costs and adverse effects of  additional testing on quality of  life be measured? 
How does one track the cost and emotional anguish surrounding incidental findings such as 
non-calcified lung nodules that must be followed up by 2 or more chest CT scans over the 
next 18 to 24 months to document stability or make a diagnosis of  possible malignancy? 
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Conversely, how does one measure the potential increased motivation for lifestyle change 
and increased compliance with medication when patients can directly visualize advanced 
atherosclerosis in their coronary arteries? Appropriate design, interventions, and duration 
will prove critical and costly for such a trial, but necessary. Efforts by the National Heart, 
Lung, and Blood Institute to address this need are ongoing. 

One note of  caution is that a suboptimally designed or executed RCT could be very con-
fusing to clinicians and to the public. Recently, the DIAD (Diagnostic Imaging in Asymp-
tomatic Diabetics) trial assessed whether screening of  diabetic patients with single-positron 
emission computed tomography myocardial perfusion imaging could enhance detection of  
those with high ASCVD risk and whether the detection of  this risk was associated with an 
improvement in clinical outcomes (7). 

Although 22% of  subjects in this study had an abnormal myocardial perfusion imaging, 
only 6% of  the defects were moderate or large, and there was no ability to detect persons 
with advanced subclinical atherosclerosis without overt ischemia. As a result, there was only 
a slightly higher rate of  coronary angiography in the group that was screened, but there 
was no difference in the intensification of  secondary prevention measures in the screen-
ing group. Ultimately, there was no difference in clinical events between the screened and 
unscreened arms. One wonders if  CAC testing had been employed and identified persons 
with advanced subclinical atherosclerosis for their age, it would likely have resulted in more 
appropriate use of  aggressive secondary prevention measures, as recently demonstrated by 
Nasir et al. (8) in a multiethnic population with elevated CAC scores. 

In addition to its ability to identify persons with advanced subclinical atherosclerosis for 
their age, the absence of  CAC has been associated with a very low risk of  cardiac events 
over the next 5 years (9). That provides a rationale to emphasize lifestyle changes and scale 
back on expensive high-potency statins and focus on generic statin therapy if  the low-
density lipoprotein cholesterol is >130 mg/dl despite improved dietary and exercise habits. 
Clinicians may also decide to refrain from ordering stress imaging tests in the setting of  
atypical chest discomfort. 

Some have suggested that one should restrict aggressive pharmacotherapy to patients with 
at least moderate subclinical atherosclerosis to lower the number-needed-to-treat for expen-
sive pharmacotherapy. For example, in the ASCOT (Anglo-Scandinavian Cardiac Outcomes 
Trial), 93 adults would have needed to be treated for a mean of  3.3 years to prevent a single 
cardiac event (10). Could the use of  atherosclerosis imaging have targeted those patients 
likely to benefit from aggressive pharmacotherapy and reduced the number-needed-to-treat? 

No randomized, controlled, interventional outcome trial evaluating aggressive lipid and 
blood pressure lowering as well as aspirin therapy guided by the FRS exists. The FRS has 
become widely accepted as a reasonable approach to CAD risk prediction and stratification 
in guiding primary prevention on the basis of  prospective, observational cohort data. This 
is certainly not the first instance in which a medical intervention or strategy is widely used 
or accepted in the absence of  RCT evidence of  mortality benefit: consider the examples of  
nitrates for myocardial ischemia, furosemide for decompensated heart failure, oxygen for 
hypoxemia, or parachutes for free fall (11). 

Conservative guidelines often withhold support for a therapeutic or diagnostic interven-
tion in the absence of  robust RCT evidence. However, the absence of  such evidence is 
not equivalent to evidence against selective use of  a diagnostic test. In the case of  imaging 
asymptomatic CAD, ample prospective cohort and observational data support the consid-
eration of  the use of  CAC in improving risk prediction in appropriate groups of  patients 
(12,13), as currently reflected by several of  the guidelines reviewed by Ferket et al. (6). 

In a recently published study of  5,878 participants in the MESA (Multi-Ethnic Study of  
Atherosclerosis) with 209 CAD events over 6 years of  follow-up, CAC correctly reclassi-
fied one-half  of  the subjects deemed at intermediate risk into both higher- and lower-risk 
categories (14). The statistical methods in this study demonstrated that CAC had an additive 
effect on risk prediction, with accurate reclassification and improved estimation of  risk, 
with the caveats that this study used the FRS modified to account for ethnicity for initial risk 
prediction and truncated 10-year risk categories for the 5-year follow-up. 

Hence, selective use of  CAC in intermediate-risk populations may prove beneficial in avoid-
ing over-treatment of  some persons while identifying others who previously would not have 
qualified for intensive pharmacologic and lifestyle prevention efforts based on FRS alone. 
There is generally a low risk with and low cost for aspirin and generic statin therapy, and 
there is a very low radiation risk of  a single CT scan for CAC screening (~1 to 1.5 mSv). 
Withholding the potential benefits of  selective screening of  persons at indeterminate risk, 
such as those with family history of  premature cardiovascular disease and at least a 6% 
risk of  a myocardial infarction over the next decade in the absence of  RCT evidence of  
improved mortality, seems overly dogmatic. 

Guidelines are intended to help clinicians navigate issues and challenges in patient care by 
application of  the best available evidence. However, they are not dicta to which all care 
decisions should perfunctorily adhere. In the case of  screening for asymptomatic CAD, a 
double standard exists for what is the currently accepted standard—the FRS—and for novel 
strategies for risk prediction, as there are no clamors for an outcome-based RCT of  FRS-
guided interventions. 

Given the difficulties inherent in generating robust RCT evidence, judicious application 
of  the available evidence from well-executed prospective, observational cohort studies is 
needed to continue to improve risk prediction and primary prevention of  CAD events. We 
must avoid the “cognitive dissonance” that often impedes forward progress and confines 
guidelines to the necessity of  the RCT to optimize the care of  our patients in light of  the 
available evidence. 

In summary, when there’s something wrong in the neighborhood of  cardiovascular risk 
prediction, who should we collectively call (upon)? The data in the preceding text argue 
for thoughtful interpretation of  the available evidence as summarized in current guidelines 
rather than narrow adherence to rules. We think that Dr. Venkman would agree.
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Abstract

Objectives 
To determine and compare the diagnostic performance of  stress myocardial perfusion im-
aging (MPI) for the diagnosis of  obstructive coronary artery disease (CAD), using conven-
tional coronary angiography (CCA) as the reference standard.

Methods 
We searched Medline and Embase for literature that evaluated stress MPI for the diagnosis 
of  obstructive CAD using magnetic resonance imaging (MRI), contrast-enhanced echocar-
diography (ECHO), single-photon emission computed tomography (SPECT) and positron 
emission tomography (PET). 

Results 
All pooled analyses were based on random-effects models. Articles on MRI yielded a total 
of  2970 patients from 28 studies, articles on ECHO yielded a sample size of  795 from 10 
studies, articles on SPECT yielded 1323 from 13 studies. For CAD defined as either ≥50%, 
≥70% or ≥75% lumen diameter reduction on CCA, the natural logarithms of  the diagnostic 
odds ratio (lnDOR) for MRI (3.63, 95%CI: 3.26–4.00) was significantly higher compared 
to that of  SPECT (2.76, 95%CI: 2.28–3.25, P=0.006) and that of  ECHO (2.83, 95%CI: 
2.29–3.37, P=0.02). There was no significant difference between the lnDOR of  SPECT and 
ECHO (P=0.52)

Conclusion 
Our results suggest that MRI is superior for the diagnosis of  obstructive CAD compared 
to ECHO and SPECT. ECHO and SPECT demonstrated similar diagnostic performance. 

Introduction

Coronary artery disease (CAD) is one of  the major causes of  mortality and morbidity 
throughout the world (1). The initial assessment of  a patient with chest pain usually consists 
of  a stress ECG (electrocardiogram). However, its diagnostic accuracy is low (2) compared 
to conventional coronary angiography (CCA), which is the reference standard for diag-
nosing CAD. CCA on the other hand, is an invasive technique and carries a small risk of  
complications (3, 4). Myocardial perfusion imaging (MPI) is a non-invasive technique that is 
used clinically as a gatekeeper test before CCA. 

MPI can be conducted using stress magnetic resonance imaging (MRI), contrast-enhanced 
echocardiography (ECHO), single-photon emission computed tomography (SPECT), posi-
tron emission tomography (PET) and, under development, computed tomography (CT). 
The only available extensive study directly comparing two techniques is the MR-IMPACT 
study (5), a multicentre randomised trial which found that MRI is superior to SPECT. Sys-
tematic reviews and meta-analyses have been published for most of  the techniques but 
none of  these reviews compare MPI techniques (6-10). The comparability between these 
different meta-analyses is questionable mainly because of  differences in publication period, 
searching the literature, selection of  the evidence, and analysis of  the data. Furthermore, 
studies with verification bias are often included in these reports which may have overesti-
mated the sensitivity and underestimated the specificity of  the tests considered. To over-
come these problems a systematic review of  different MPI techniques is required using the 
same selection criteria and methods of  analysis for all techniques and excluding studies with 
(potential) verification bias, to make a fair comparison between these imaging tests. 

The aim of  this study was to determine and compare the diagnostic performance of  stress 
MPI tests for the diagnosis of  obstructive CAD, with conventional CCA as the reference 
standard. We performed the review according to the PRISMA statement for such reviews 
(11, 12).

Methods

Search strategy 
We searched Medline and Embase for English language literature published between Janu-
ary 2000 and May 2011 evaluating the presence of  obstructive CAD by stress perfusion im-
aging tests, namely MRI, contrast-enhanced ECHO, SPECT and PET. In this meta-analysis 
we focus on functional imaging tests evaluating perfusion as measure of  haemodynamically 
significant myocardial ischemia as opposed to anatomical imaging tests, such as coronary 
CT angiography, which evaluates structural abnormalities of  the coronary arteries. We lim-
ited the search to publications from 2000 onwards to include only studies that evaluated 
state-of-the art MPI techniques. This may have introduced a selection bias with respect 
to SPECT, because many SPECT studies were published before 2000. To deal with this 
problem we compare our results with a review of  meta-analyses of  SPECT studies by 
Heijenbrok-Kal et al. (13). CT was excluded because it is still being developed technically. 
Review articles were checked for potential additional studies. The search included keywords 
corresponding to the four index tests (MRI, ECHO, SPECT and PET), the reference test 
(CCA), the target condition (CAD) and diagnostic performance. We used numerous syn-
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onyms including both ‘text words’ and MeSH (Medical Subject Headings) terms to maxi-
mise the sensitivity of  our search. See Appendix A in the Electronic Supplementary Material 
for a detailed description of  the search strategy.

Study selection 
Two authors reviewed article titles and abstracts for eligibility. Discrepancies were resolved 
by consensus. 

We included studies if  they met all of  the following criteria: 1) the study assessed diagnostic 
performance of  stress perfusion MRI, stress perfusion contrast-enhanced ECHO, stress 
perfusion SPECT, or stress perfusion PET as diagnostic test for CAD, 2) a prospective 
study design was used, 3) the study population consisted of  known 

Studies were excluded if  they met one of  the following criteria: 1) the article was a review 
or meta-analysis, 2) patients had (suspected) acute coronary syndrome (ACS), 3) normal 
healthy volunteers or asymptomatic patients were included, 4) less than 30 patients were 

included (criterion to avoid TPs, FPs, TNs or FNs of  zero), 5) (potentially) overlapping 
study populations were reported, 6) a very specific patient population (e.g. only patients 
with a heart transplant, left bundle branch block or aortic stenosis) was studied, 7) the study 
focused on in-stent or graft stenosis after percutaneous coronary intervention (PCI) or 
coronary artery bypass grafting (CABG). 

Data extraction 
Two authors independently extracted data on: author, journal, year of  publication, tech-
nique used, country, hospital type, number of  patients, mean age, percentage male, patient 
selection, brand of  imaging device, magnetic field strength, radiotracer, contrast agent used, 
type of  assessment (qualitative or quantitative), stressor used, CAD definition and the num-
bers of  TP, FP, TN and FN. Discrepancies were resolved by consensus.

If  a study reported pairs of  sensitivities and specificities at different cut-off  points, we ex-
tracted the pair with the highest sensitivity. When studies reported data for multiple CAD 
definitions (e.g. ≥50% and ≥70% stenosis), the highest sensitivity was used to calculate the 
overall estimates. This also applied when studies reported sensitivities and specificities for 
different observers. 

Quality assessment
We used a modified QUADAS checklist (quality assessment of  studies of  diagnostic per-
formance included in systematic reviews) (14) to assess the quality of  included studies. Two 
authors independently assessed the study quality of  the included articles. Discrepancies 
were resolved by consensus. 

Statistical analysis and data synthesis
We analysed the data at the patient level using a bivariate random effects regression model 
(15). The model assumes a binomial distribution of  the within-study variability (variability 
between sensitivity and specificity within a study). The model furthermore assumes cor-
related normally distributed random effects between studies. The degree of  correlation 
between the logit sensitivity and logit specificity corresponds to the inverse relation be-
tween sensitivity and specificity when the positivity criterion is varied. Additionally, meta-
regression was performed to explore the effect of  differences in patient selection and CAD 
disease definition, taking into account the possible interaction between differences in CAD 
disease definition and the techniques considered.

The data of  each study was summarised in forest plots and summary estimates with a 95% 
confidence interval of  sensitivity and specificity for each imaging technique. Additionally, 
we summarised these numbers in receiver operator characteristic (ROC) spaces showing 
the summary estimates with a 95% confidence region and a summary curve. To distinguish 
SPECT studies that used different protocols, we highlighted the studies that combined 
gated-SPECT with the use of  99mTechnetium as radiotracer (Figure 4). Similarly, MRI stud-
ies that included the assessment of  delayed contrast enhancement were highlighted. Figures 
were created using Cochrane’s Review Manager (version 5, Copenhagen, Denmark).

To estimate the clinical utility of  each technique we calculated the positive and negative like-
lihood ratios (LR+ and LR-). The likelihood ratio is equivalent to the ratio of  the likelihood 
of  a certain test result in patients with the disease and the likelihood of  the same test result 

Figure 1. Flowchart of  systematic literature search

MRI = Magnetic resonance imaging, ECHO = Echocardiography, SPECT = Single photon emission computed 
tomography, PET = Positron emission tomography, CAD = Coronary artery disease, CCA = conventional 
coronary angiography, TP = True positive, FN = False negative, FP = False positive, TN = True negative 
(previously diagnosed) or suspected adult CAD patients, 4) CCA was used as the reference standard test in all 
patients irrespective of  the non-invasive test result, that is, selective verification was not present, 5) obstructive 
CAD was defined as ≥1 vessel with ≥50%, ≥70% or ≥75% lumen diameter reduction and, 6) absolute numbers 
of  true positives (TP), false positives (FP), true negatives (TN) and false negatives (FN) were available at the 
patient level or could be derived adequately.
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in those without the disease. LR+ (= sensitivity / (1 - specificity)) describes the likelihood 
when the test is positive and LR- (= (1 - sensitivity) / specificity) describes the likelihood 
when the test is negative. To illustrate the clinical utility, we used the LRs to calculate post-
test probabilities across the range of  possible pre-test probabilities (Figure 5). 

Finally, we calculated the natural logarithm of  the diagnostic odds ratio (lnDOR). The ln-
DOR represents an overall summary estimate of  diagnostic performance. The diagnostic 
odds ratio (DOR) is the odds of  positive test results in patients with disease compared to 
the odds of  positive test results in those without disease which equals the ratio of  the posi-
tive and negative likelihood ratios. 

We also created funnel plots to assess the presence of  publication bias. The funnel plot 
shows the DOR horizontally and the standard error of  the log transformed DOR vertically. 
Publication bias usually occurs when negative publications (in our case studies with a low 
DOR) with a small sample size are not published. An asymmetric funnel plot, for example 
one with fewer studies in the lower left part of  the graph, suggests the presence of  publica-
tion bias.

The statistical software package SAS (Proc NLMIXED, SAS v9.2, Raleigh, NC, USA) was 
used for the analyses. 

Results

Medline (PubMed) and Embase searches yielded 1649 unique studies (Figure 1). Based on 
title and abstract we excluded 1405 articles. Based on the full text, we excluded 202 for 
various reasons detailed in Figure1. Review of  the study characteristics shows considerable 
differences between the included studies (Table 1). 

Forty-four studies met the inclusion criteria. Articles on MRI yielded a total of  2970 pa-
tients from 28 studies, articles on ECHO yielded a sample size of  795 from 10 studies, 
articles on SPECT yielded 1323 from 13 studies. We could not include any PET studies, 
which is why PET was excluded from the analysis. The overview of  the QUADAS checklist 
for all studies demonstrates some differences in terms of  study quality (see Appendix B in 
the Electronic Supplementary Material). The funnel plots of  MRI and SPECT suggest evi-
dence for publication bias, whereas the funnel plot of  ECHO shows no obvious evidence 
for publication bias (Figure 2). The sensitivities and specificities of  each study vary across 
studies with sample sizes ranging from 30 to 823 (Tables 2 and 3). The forest plots show 
the sensitivities and specificities of  each study with their 95% confidence intervals depicted 
as horizontal lines (Figure 3), grouped by CAD definition and study population and then 
sorted by sensitivity.

Summary estimates 
Compared with coronary angiography the meta-analysis of  the sensitivities and specifici-
ties of  the different techniques (Table 3, Figure 3) resulted for MRI in a sensitivity of  0.91 
(95%CI: 0.88–0.93) and a specificity of  0.80 (95%CI: 0.76–0.83). Perfusion ECHO showed 
a sensitivity of  0.87 (95%CI: 0.81–0.91) and a specificity of  0.72 (95%CI: 0.56–0.83). 
SPECT demonstrated a sensitivity of  0.83 (95%CI: 0.73–0.89) and a specificity of  0.77 
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(95%CI: 0.64–0.86). The receiver operating characteristic (ROC) spaces show the summary 
estimates for sensitivity and specificity of  each technique two-dimensionally surrounded by 
its 95% confidence area (Figure 4). The sensitivity of  MRI and SPECT differed significantly 
(P=0.03). In terms of  specificity, no significant differences were found. 

We found no effect of  CAD definition on the sensitivities (Table 3, P=0.55). The dis-
ease definition >/≥70% stenosis compared to >/≥50% stenosis resulted in significantly 
lower specificities for SPECT (Table 3, P=0.045), but no significant differences for ECHO 
(P=0.39) and MRI (P=0.51). Furthermore, we found no effect of  CAD definition on the 
lnDORs of  MRI (P=0.24), ECHO (P=0.96) and SPECT (P=0.34) (Table 3). 

Furthermore, MRI, ECHO and SPECT showed no significant differences in terms of  sensi-
tivity, specificity and lnDOR when comparing patients with suspected CAD without a prior 
history of  CAD to patients with known or suspected CAD (all P-values >0.05, Table 3).

We did not observe an association between the use of  gated-SPECT in combination with 
99mTechnetium as radiotracer, and the diagnostic performance of  SPECT (Figure 4). MRI 
studies that assessed delayed contrast enhancement were associated with high sensitivities 
albeit with a wide range of  specificities (Figure 4).

The positive likelihood ratios (LR+) of  MRI, ECHO and SPECT were 4.43 (95%CI: 3.64–
5.23), 3.08 (95%CI: 1.65–4.50) and 3.56 (95%CI: 2.07–5.04) respectively (Table 3). The 
negative likelihood ratios (LR-) for MRI, ECHO, and SPECT were 0.12 (95%CI: 0.08–0.15), 
0.18 (95%CI: 0.13–0.24) and 0.22 (95%CI: 0.14–0.31), respectively. Figure 5 illustrates the 
revised probability of  CAD after a positive and negative test. The lnDORs of  MRI, ECHO 
and SPECT were 3.63 (95%CI: 3.26–4.00), 2.83 (95%CI: 2.29–3.37) and 2.76 (95%CI: 2.28–
3.25), respectively (Table 3). We found significantly higher lnDORs for MRI in comparison 
with SPECT (P=0.006) and ECHO (P=0.02). There was no significant difference between 
the lnDOR of  SPECT and ECHO (P=0.52).

Discussion

In this systematic review and meta-analysis we compared the diagnostic performance of  
different stress myocardial perfusion imaging techniques. MRI showed the best diagnostic 
performance with the narrowest confidence intervals; the latter is explained by the large 
number of  patients studied with MRI. We found a significantly higher sensitivity for MRI 
compared to SPECT and a significantly higher lnDOR for MRI compared to both ECHO 
and SPECT. In contrast to previous meta-analyses (9), we compared the different imaging 
techniques using the same search strategy and methods of  analysing the data. Furthermore, 
we only included studies without verification bias. 

In our review we paid special attention to the issue of  verification bias. Sensitivity may be 
overestimated and specificity underestimated if  patients with a positive test result are more 
likely to be verified with the reference standard test. Diagnostic odds ratios are generally 
not, or only minimally, affected by verification bias (16). Underwood et al. (9) reviewed 
the diagnostic performance of  SPECT and explained the overall low specificity (0.70–0.75 
for high quality studies) of  SPECT studies by verification bias. In their review of  SPECT 

Author Year Technique TP FN TN FP Sens. Spec. CAD definition

Arnold, et al. (21) 2010 MRI 37 4 17 4 90.2% 81.0% ≥50%
Bernhardt, et al. (22) 2009 MRI 274 39 421 89 87.5% 82.5% ≥70%
Cheng, et al. (23) 2007 MRI 39 1 16 5 97.5% 76.2% ≥50%
Cury, et al. (24) 2006 MRI 29 1 12 4 96.7% 75.0% ≥70%
Donati, et al. (25) 2010 MRI 30 3 14 0 90.9% 100% >50%
Doyle, et al. (26) 2003 MRI 15 11 123 35 57.7% 77.8% ≥70%
Gebker, et al. (27) 2007 MRI 19 3 14 4 86.4% 77.8% ≥50%
Gebker, et al. (28) 2008 MRI 63 7 22 9 90.0% 71.0% ≥50%
Gebker, et al. (29) 2011 MRI 48 4 19 4 92.3% 82.6% ≥70%
Giang, et al. (30) 2004 MRI 26 2 12 4 92.9% 75.0% ≥50%
Kawase, et al. (31) 2004 MRI 31 2 16 1 93.9% 94.1% ≥70%
Kitagawa, et. al. (32) 2008 MRI 33 3 8 6 91.7% 57.1% ≥50%
Klein, et al. (33) 2008 MRI 22 3 23 3 88.0% 88.5% >50%
Klein, et al. (34) 2009 MRI 36 18 21 3 66.7% 87.5% >50%
Klem, et al. (35) 2006 MRI 34 10 42 6 77.3% 87.5% ≥50%

33 4 48 7 89.2% 87.3% ≥70% (≥50 LM)
Klumpp, et al. (36) 2010 MRI 40 1 14 2 97.6% 87.5% >70%
Krittayaphong et. al. (37) 2009 MRI 34 4 22 6 89.5% 78.6% ≥50%
Merkle, et al. (38) 2007 MRI 160 12 48 8 93.0% 85.7% >50%

147 6 54 21 96.1% 72.0% >70%
Meyer, et al. (39) 2008 MRI 32 4 19 5 88.9% 79.2% ≥70%
Nagel, et al. (40) 2003 MRI 38 5 37 4 88.4% 90.2% ≥75%
Paetsch, et al. (41) 2004 MRI 48 5 16 10 90.6% 61.5% >50%
Pilz, et al. (42) 2006 MRI 109 4 48 10 96.5% 82.8% >70%
Pingitore, et al. (43) 2008 MRI 61 5 18 9 92.4% 66.7% >50%
Plein, et al. (44) 2005 MRI 52 7 17 6 88.1% 73.9% >70%
Plein, et al. (45) 2008 MRI 31 4 7 9 88.6% 43.8% >50%
Plein, et al. (46) 2008 MRI 12 1 16 4 92.3% 80.0% >50%
Stolzmann, et al. (47) 2010 MRI 28 8 21 3 77.8% 87.5% >50%
Takase, et al. (48) 2004 MRI 71 5 22 4 93.4% 84.6% >50%
Aggeli, et al. (49) 2007 ECHO 28 4 16 2 87.5% 88.9% ≥50%
Arnold. et al. (21) 2010 ECHO 35 6 16 5 85.4% 76.2% ≥50%
Chiou, et al. (50) 2004 ECHO 69 16 36 11 81.2% 76.6% ≥50% (≥40% LM)
Jeetley, et al. (51) 2006 ECHO 74 11 19 19 87.1% 50.0% ≥70%
Kowatsch, et al. (52) 2007 ECHO 22 3 21 8 88.0% 72.4% >50%
Lipiec, et al. (53) 2008 ECHO 69 10 18 6 87.3% 75.0% ≥70%
Miszalski-Jamka, et al. (54) 2008 ECHO 65 9 25 4 87.8% 86.2% ≥50%
Moir, et al. (55) 2005 ECHO 35 5 20 19 87.5% 51.3% ≥50%
Peltier et al. (56) 2004 ECHO 22 0 10 3 100.0% 76.9% >70%
Senior, et al. (57) 2004 ECHO 35 7 7 5 83.3% 58.3% >50%
Aggeli, et al. (49) 2007 SPECT 24 6 17 1 80.0% 94.4% ≥50%
Astarita, et al. (58) 2001 SPECT 23 0 14 16 100.0% 46.7% ≥50%
Budoff, et al. (59) 2007 SPECT 17 4 7 2 81.0% 77.8% >70% (>50% LM)
Doyle, et al. (26) 2003 SPECT 16 10 130 28 61.5% 82.3% ≥70%
Gonzalez, et al. (60) 2005 SPECT 102 15 16 12 87.2% 57.1% ≥50%

91 7 24 23 92.9% 51.1% ≥75%
Jeetley, et al. (51) 2006 SPECT 73 12 19 19 85.9% 50.0% ≥70%
Johansen, et al. (61) 2005 SPECT 94 32 183 48 74.6% 79.2% ≥50%
Lipiec, et al. (53) 2008 SPECT 73 6 13 11 92.4% 54.2% ≥70%
Peltier et al. (56) 2004 SPECT 18 4 11 2 81.8% 84.6% >70%
Schepis, et al. (62) 2007 SPECT 32 10 32 3 76.2% 91.4% ≥50%
Senior, et. al. (57) 2004 SPECT 20 21 11 1 48.8% 91.7% >50%
Yao, et al. (63) 2000 SPECT 42 3 18 1 93.3% 94.7% ≥50%
Yeih, et al. (64) 2007 SPECT 20 8 20 3 71.4% 87.0% ≥50%

Table 2. Source data for MRI, ECHO and SPECT
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studies, Heijenbrok-Kal et al. (13) did not exclude studies with verification bias and demon-
strated a sensitivity of  0.88 (95%CI: 0.87–0.90) and a specificity of  0.73 (95%CI: 0.69–0.74). 
By excluding studies with verification bias, we found a lower sensitivity of  0.83 (95%CI: 
0.73–0.89), but a higher specificity of  0.77 (95%CI: 0.64–0.86). As pointed out above, the 
diagnostic odds ratios are less affected by verification bias and were the same for the previ-
ous and current review.

Nandalur et al. (7) and Hamon et al. (10) previously studied the diagnostic performance of  
myocardial perfusion MRI and found sensitivities of  91% and 89% respectively and speci-
ficities of  81% and 80% respectively, which is very similar to what we found. Unfortunately 
we could not include PET in the analysis, because no PET studies met our in- and exclusion 
criteria. Nandalur et al. (6) performed a meta-analysis of  PET perfusion studies and they 
found a sensitivity of  0.92 and a specificity of  0.85. However, their analysis included studies 
with potential verification bias. Stress perfusion CT is an upcoming MPI technique, but we 
did not include this technique because of  the low number of  available studies and because 
perfusion CT is still in the technical development phase. 

Other promising alternatives to CCA are non-invasive CT and MR coronary angiography. 
Schuetz et al. (17) compared CT and MR coronary angiography to CCA in a meta-analysis 
resulting in a sensitivity and specificity of  respectively 0.97 and 0.87 for CT, and 0.87 and 
0.70 for MR, suggesting that CT angiography has a better diagnostic performance compared 
to the MPI techniques analysed in this article. However, drawbacks of  CT angiography are 
the use of  iodinated contrast material which poses a small risk of  idiosynchratic reactions 
and nephrotoxicity and the lack of  functional information (18).

Limitations
We focused on the diagnostic performance of  myocardial perfusion imaging. However, an 
MPI examination can yield functional information as well (e.g. left ventricular function, 
presence of  wall motion abnormalities, presence of  scar tissue), rather than perfusion im-
ages alone. Our analysis does not take into account the possible impact of  these parameters 
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Figure 2. Funnel plots

The diagnostic odds ratio (DOR) on the x-axis is plotted against the standard error (SE) of  the log(DOR) on 
the y-axis. A symmetrical distribution of  studies indicates the absence of  publication bias. An asymmetrical 
distribution with, for example, relatively more smaller studies with a positive result (in the lower right part of  
the plot) would suggest the presence of  publication bias. In the ECHO funnel plot Peltier et al. (56), in the 
SPECT funnel plot Astarita et al. (58) and in the MRI funnel plot Donati et al. (25) are not included, because their 
respective DORs could not be calculated (0 false negatives or false positives). A: MRI, B: ECHO, C: SPECT
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on the interpretation of  the myocardial perfusion imaging test and the results of  MRI are 
therefore likely to be even better than we estimated. 

Also, it is important to note that in clinical practice a small proportion of  patients will be 
unsuitable for MRI, either due to contra-indications or claustrophobia. Likewise, an echo-
cardiography procedure relies on an adequate acoustic window. Often, unsuitable patients 
were excluded from the original studies, which in turn could have resulted in an overestima-
tion of  the diagnostic performance in our analysis. Unfortunately, the included studies did 
not report sufficient information to explore these issues. 

In the current review we included only studies that used the most advanced technology by 
searching for studies published from 2000 until 2011, which implies that some large land-
mark SPECT studies performed in the 1980s and 1990s were excluded from our analysis. 
A previously published comprehensive systematic review sheds light on the effect of  this 
exclusion criterion (13). In the previous review 103 SPECT studies with a total of  11977 
patients published between 1984 and 2002 were analysed. There is no overlap with the 
SPECT studies that we included. The diagnostic odds ratios for SPECT found in the previ-
ous review and in the current review are the same: they found an lnDOR of  2.8 (95%CI: 
2.6–3.0) compared to our lnDOR of  2.8 (95%CI: 2.3–3.3).

The funnel plot for MRI and SPECT suggests that there is evidence of  publication bias, 
which implies that our summary measures may be overestimated. Nevertheless, the over-
estimation applies to both MRI and SPECT. The funnel plot for ECHO does not suggest 
evidence of  publication bias.

Heterogeneity across studies is a limitation of  meta-analyses of  diagnostic performance. 
Across studies differences exist with respect to imaging techniques, assessment methods, 
stressors, radiotracers, contrast media, CAD definition (lumen diameter reduction of  ≥50%, 
≥70% or ≥75%), CAD prevalence, percentage male patients, patient inclusion criteria, set-
ting and country. Although we were able to analyse the effect of  using different CAD defi-
nitions and patient inclusion criteria, sample size limitations did not allow us to do subset 
analyses for the other cross-study variations. Due to chance there will always be variability 
between studies, but there may also be different types of  biases influencing the results. We 
used a random effects model which adjusts the estimates and confidence intervals to ac-
count for between-study variations. Nevertheless, heterogeneity across studies remains an 
important limitation. For calculation and precision purposes, we excluded studies with less 
than 30 patients. In this way, we minimized the number of  studies with for example zero FPs 
or FNs. This exclusion criterion may have introduced a selection bias. Another limitation of  
meta-analyses is the dependence on the level of  detail reported in the original papers. For 
example, data on the individual territories was generally not available. Furthermore, most 
studies included a mix of  known and suspected CAD patients or did not report the test 
characteristics for the subgroup of  patients with suspected CAD without a prior history of  
MI, PCI or CABG. Therefore, our subgroup analysis of  suspected CAD was limited due to 
a small sample size. Nevertheless, our analysis did suggest that the diagnostic performance 
of  MPI tests is not substantially affected by including patients with known CAD. 

Although our results show all tests are reasonably accurate, the likelihood ratios suggest that 
neither one of  them is suitable to rule out or rule in the presence of  disease (19). This can 

Figure 3. Forest plots 

The data is sorted by suspected and known CAD versus suspected CAD and CAD definition of  ≥50% versus 
≥70% stenosis from lowest to highest sensitivity and data are reported at the patient level. A: MRI, B: ECHO, 
C: SPECT *When data was available for both CAD definitions (≥50% and ≥70%) the summary estimates only 
include data from CAD ≥70% stenosis
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also be seen in Figure 5, where the post-test probability after a positive test rarely exceeds 
90%, and the post-test probability of  disease after a negative test may still be substantial. 
Since MPI is intended as a gatekeeper test, ruling out disease is more important than ruling 
in disease. MRI performs quite well in this respect with an LR- of  0.12 (0.08 – 0.15). SPECT 
and ECHO demonstrate less favourable LRs (Table 3).

The reference standard test for diagnosing coronary artery disease is CCA. Innovative tech-
nological developments in diagnosing CAD are most often compared with CCA. The limita-
tion of  CCA is that it evaluates the lumen diameter reduction of  the coronary arteries, but 
for instance a 50% vessel diameter reduction does not always result in the same reduction 
in blood fl ow and does not necessarily lead to myocardial ischemia. There are alternative 

techniques such as fractional fl ow reserve (FFR) that measure the pressure difference across 
a coronary stenosis. It is even possible that the imaging techniques we evaluated are better 
diagnostic tools than CCA to begin with, since they measure myocardial perfusion which 
is the physiological basis of  myocardial function. Thus, the less than perfect sensitivity and 
specifi city could in part be attributed to imperfections of  CCA instead of  the limitations 
of  perfusion imaging.

Clinical implications
The results of  our systematic review and meta-analysis suggest that MRI is superior to 
ECHO and SPECT in diagnosing CAD. This statement is strengthened fi rstly by the fi nd-
ings of  the MR-IMPACT study (5) – a multicentre randomised trial – which suggested 
that MRI is superior to SPECT and secondly by the fi ndings of  the EuroCMR registry 
(20), which demonstrated that in patients who underwent stress MRI for the diagnostic 
workup of  suspected CAD, invasive angiography could be avoided in nearly one-half  of  
the patients. All-in-all, the results suggest that stress perfusion MRI is potentially useful as a 
gatekeeper test before CCA in patients with low to intermediate prior probability of  CAD 
but this needs to be confi rmed with a comparative cost-effectiveness analysis. Furthermore, 
more research of  the diagnostic performance of  stress perfusion ECHO, PET and CT are 
required to evaluate their clinical usefulness.

In conclusion, our results suggest that stress perfusion MRI is superior for the diagnosis of  
obstructive coronary artery disease compared to stress perfusion contrast-enhanced echo-
cardiography and SPECT, and that echocardiography and SPECT are similar in terms of  
diagnostic performance.

This fi gure shows the diagnostic performance of  studies relative to each other with specifi city (plotted in reverse) 
on the x-axis and sensitivity on the y-axis. Perfect diagnostic accuracy is in the upper left corner, where sensitivity 
and specifi city are both 1. A: MRI, B: ECHO, C: SPECT, D: All three techniques. The grey rectangles in (A) 
refer to the studies using delayed contrast enhancement and in (C) they refer to the studies using gated SPECT 
with radiotracer 99mTc. The size of  the rectangles corresponds with the inverse standard error of  sensitivity and 
specifi city, which correlates with the size of  the study.

Figure 4. ROC space with summary estimates for each technique with 95% confi dence areas
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Figure 5. Revised probability of  
CAD

This fi gure shows the revised 
(post-test) probability of  CAD 
(y-axis) as a function of  prior 
(pre-test) probability (x-axis) of  
CAD for positive and negative MPI 
results, based on the likelihood 
ratios presented in Table 3 (overall 
analysis). MRI+, ECHO+ and 
SPECT+ represent the lines for 
a positive test result and MRI-, 
ECHO- and SPECT- represent the 
lines for a negative test result.
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Appendix A. Medline and Embase search

Index test MRI (1)
“Magnetic Resonance Imaging”[Mesh] OR (“magnetic” AND “resonance”[tw]) OR NMR 
OR MRI[tw] OR MR[tw]

Index test PET (2)
“Positron-Emission Tomography”[Mesh] OR PET[tw] OR (((positron[tw] AND 
emission[tw]) OR positron-emitt*[tw]) AND tomograph*[tw]) OR rubidium[tw] OR 
nitrogen[tw] OR deoxyglucose[tw] OR FDG[tw] OR N-13[tw] OR N13[tw] OR 82rb[tw]

Index test SPECT (3)
(“Tomography, Emission-Computed, Single-Photon”[Mesh] OR “Myocardial Perfusion 
Imaging”[Mesh] OR ((CT[tw] OR CAT[tw] OR (comput*[tw] AND tomograph*[tw])) 
AND single[tw] AND photon[tw]) OR SPECT[tw] OR SPET[tw] OR (myocard*[tw] AND 
perfusion[tw] AND imag*[tw]) OR (myocard*[tw] AND scintigraph*[tw]))

Index test ECHO (4)
(“Ultrasonography”[Mesh] OR ultrasound[tw] OR ultrason*[tw] OR echocardio*[tw]) 
AND (perfusion[tw] OR “Perfusion Imaging”[Mesh])

Stressor – index tests (5)
dipyridamole[tw] OR dobutamine[tw] OR adenosine[tw] OR nicorandil[tw] OR stress*[tw] 
OR perfusion[tw] OR (blood[tw] AND flow[tw]) OR pharmacolog*[tw]

Target condition (6)
“Coronary Disease”[Mesh] OR (coronary[tw] AND (disease[tw] OR stenos*[tw])) OR 
“Angina Pectoris”[Mesh] OR angina[tw] OR (chest[tw] AND pain[tw]) OR “Myocardial 
Infarction”[Mesh] OR MI[tw] OR (myocardial[tw] AND infarction*[tw])

Reference test (7)
“Coronary Angiography”[Mesh] OR (coronary[tw] AND cathether*[tw]) OR 
angiograph*[tw] OR angiogram[tw] OR “Fractional Flow Reserve, Myocardial”[Mesh] OR 
FFR[tw] OR (fractional[tw] AND flow[tw] AND reserve[tw])

Diagnostic keywords (8)
“sensitivity and specificity”[Mesh] OR sensitivity[tw] OR specificity[tw] OR “predic-
tive value of  tests”[Mesh] OR “ROC Curve”[Mesh] OR roc*[tw] OR sroc[tw] OR “re-
ceiver operating characteristic”[tw] OR “receiver operator characteristic”[tw] OR “pre-test 
odds”[tw] OR “pretest odds”[tw] OR (pre-test[tw] AND probabilit*[tw]) OR (pretest[tw] 
AND probabilit*[tw]) OR “post-test odds”[tw] OR “posttest odds”[tw] OR (“post test”[tw] 
AND probabilit*[tw]) OR (posttest[tw] AND probabilit*[tw]) OR (likelihood[tw] AND 
ratio*[tw]) OR (“positive predictive”[tw] AND value*[tw]) OR (“negative predictive”[tw] 
AND value*[tw]) OR (false[tw] AND negative*[tw]) OR (false[tw] AND positive*[tw]) OR 
(true[tw] AND negative*[tw]) OR (true[tw] AND positive*[tw]) OR misdiagnosis[tw] OR 
misdiagnoses OR “Diagnostic Errors”[Mesh] OR (diagnost*[tw] AND (accuracy[tw] OR 
error*[tw] OR efficacy[tw]))

Limits (9)
(English[lang] NOT ((Animals[Mesh] NOT Humans[Mesh]) OR Editorial[Publication type] 
OR Comment[Publication type] OR Letter[Publication type] OR Case Reports[Publication 
type]) 

Final Medline search
 (1 OR 2 OR 3 OR 4) AND 5 AND 6 AND 7 AND 8 AND 9

The Embase search was the same as the Medline search, but with only ‘text words’ and 
excluding Medline studies.

Author Year 1 2 3 4* 5 6 7 8 9 10 11 12 13 14 15 16

Aggeli, et al. (49) 2007 N Y Y <1 month Y Y Y Y Y Y U N Y N Y N

Arnold, et al. (21) 2010 Y Y Y <2 weeks Y Y Y Y Y Y U N Y Y Y N

Astarita, et al. (58) 2001 N Y Y <15 days Y Y Y Y Y Y Y N N N Y N

Bernhardt, et al. (22) 2009 Y Y Y <2 weeks (8±5 days) Y Y Y Y Y Y Y N Y Y Y N

Budoff, et al. (59) 2007 Y Y Y < 1 month Y Y Y Y Y Y Y U N N U N

Cheng, et al. (23) 2007 Y Y Y <2 weeks Y Y Y Y Y Y U N Y Y Y N

Chiou, et al. (50) 2004 Y Y Y <7 days Y Y Y Y Y Y Y U Y Y U N

Cury, et al. (24) 2006 Y Y Y <2 weeks Y Y Y Y Y Y Y N Y N Y Y

Donati, et al. (25) 2010 Y Y Y < median of 8 days Y Y Y Y Y Y Y N U Y Y N

Doyle, et al. (26) 2003 N N Y NS Y Y Y Y Y U U U Y Y U N

Gebker, et al. (27) 2007 Y Y Y <24 hours Y Y Y Y Y Y U N Y Y Y Y

Gebker, et al. (28) 2008 Y Y Y  <48 hours Y Y Y Y Y Y Y N Y Y Y Y

Gebker, et al. (29) 2011 Y Y Y <90 days Y Y Y Y Y Y U N Y Y U N

Giang, et al. (30) 2004 Y Y Y <30 days Y Y Y Y Y Y Y N Y Y Y N

Gonzalez, et al. (60) 2005 Y N Y mean 27 days (range: 1-180) Y Y Y Y Y Y U N N N Y N

Jeetley, et al. (51) 2006 Y N Y 4 weeks Y Y Y U Y Y Y N N N Y N

Johansen, et al. (61) 2005 Y Y Y <3 month Y Y Y Y Y Y Y N N Y Y N

Kawase, et al. (31) 2004 Y Y Y <1 weeks Y Y Y Y Y Y U N N N Y N

Kitagawa, et. Al. (32) 2008 Y Y Y <14 days Y Y Y Y Y Y Y N N N Y Y

Klein, et al. (33) 2008 Y Y Y <24 hours Y Y Y Y N Y Y N Y N Y Y

Klein, et al. (34) 2009 N Y Y <24 hours Y Y Y Y Y Y Y U Y Y U N

Klem, et al. (35) 2006 Y Y Y <24 hours Y Y Y Y Y Y Y N Y Y Y N

Klumpp, et al. (36) 2010 Y Y Y NS Y Y Y Y Y U U N Y N Y N

Kowatsch, et al. (52) 2007 Y Y Y <1 month Y Y Y Y Y Y Y N Y N Y N

Krittayaphong et. Al. (37) 2009 Y Y Y <1 weeks Y Y Y Y Y Y Y U N Y U Y

Lipiec, et al. (53) 2008 Y Y Y <14 days Y Y Y Y Y Y Y N Y N Y N

Merkle, et al. (38) 2007 Y Y Y <4 weeks Y Y Y Y Y Y Y N Y Y Y N

Meyer, et al. (39) 2008 Y Y Y <28 days Y Y Y Y Y Y U U Y N U N

Miszalski-Jamka, et al. (54) 2008 Y N Y <15 days Y Y Y Y Y Y Y N N N Y N

Moir, et al. (55) 2005 Y Y Y NS Y Y Y Y Y Y Y N Y N Y N

Nagel, et al. (40) 2003 Y Y Y NS Y Y Y Y Y Y Y U Y Y U N

Paetsch, et al. (41) 2004 Y Y Y NS Y Y Y Y Y Y Y U Y N U N

Peltier et al. (56) 2004 Y Y Y NS Y Y Y Y Y Y U N Y N Y N

Pilz, et al. (42) 2006 Y Y Y NS Y Y Y Y Y Y U U Y Y U N

Appendix B. The quality checklist
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1:	 Was the spectrum of  patients representative of  the patients who will receive the test in 
practice? 

2: 	 Were selection criteria clearly described? 
3: 	 Is the reference standard likely to correctly classify the target condition? 
4: 	 Is the time period between reference standard and index test short enough to be reason-

ably sure that the target condition did not change between the two tests?* 
5: 	 Did the whole sample or a random selection of  the sample, receive verification using a 

reference standard of  diagnosis? 
6: 	 Did patients receive the same reference standard regardless of  the index test result? 
7: 	 Was the reference standard independent of  the index test (i.e. the index test did not 

form part of  the reference standard)? 
8: 	 Was the execution of  the index test described in sufficient detail to permit replication 

of  the test? 
9: 	 Was the execution of  the reference standard described in sufficient detail to permit its 

replication? 
10: 	Were the index test results interpreted without knowledge of  the results of  the refer-

ence standard? 
11:	 Were the reference standard results interpreted without knowledge of  the results of  the 

index test? 
12: 	Were the same clinical data available when test results were interpreted as would be 

available when the test is used in practice? 
13: 	Were uninterpretable/intermediate test results reported? 
14: 	Were withdrawals from the study explained? 
15: 	Were the scans read blind to clinical data? 
16: 	Was the expertise of  the clinician assessing the results of  the diagnostic tests reported?
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The imaging question

The entity acute coronary syndrome (ACS) encompasses the conditions unstable angina 
pectoris, and myocardial infarction with or without ST-segment elevation. Myocardial in-
farction is a diagnosis based on patient symptoms, electrocardiographic (ECG) changes, 
and markers of  myocardial necrosis in the blood (1). Unstable angina pectoris, on the other 
hand, indicates myocardial ischemia without biochemical evidence of  cardiac myocyte death 
(2).

Patients with ACS frequently present with atypical chest pain complaints, unremarkable 
physical examination and an ECG that is either poorly interpretable or has normalized at 
presentation (3). Cardiac biomarkers are often normal during the initial phase and patients 
with unstable angina may not show a rise of  these markers at all. In these patients, ACS 
cannot be ruled out based on the initial assessment alone, which generally requires clinical 
observation and sequential testing. Optimal triage requires a quick noninvasive test that is 
cost-effective and readily available to identify all patients with ACS. Moreover, a triage test 
should also be able to accurately identify patients in whom significant coronary artery dis-
ease (CAD) can be excluded and who can thus safely be sent home. This article quantitative-
ly examines existing evidence on the diagnostic performance of  imaging tests in this setting. 

Background and importance

Acute chest pain represents a common diagnostic dilemma in the emergency department 
(ED) and its impact on the health care system is substantial, with an estimated annual cost 
of  several billions of  dollars in the US (4). ED physicians and cardiologists are commonly 
required to make a decision whether or not to admit a patient with chest pain, based on little 
more than clinical judgment and a rough estimation of  risk, but without conclusive evidence 
whether or not an ACS is developing. Most patients presenting to the ER with sudden chest 
pain do not suffer from an ACS, and many are in fact free of  any coronary artery disease 
(CAD) (5). The vast majority of  chest pain complaints can be explained by other causes, like 
gastro-esophageal diseases and chest-wall syndromes (6). 

Nevertheless, the risk of  overlooking an underlying ACS has major consequences, which 
is why most patients are hospitalized to undergo additional stress testing and even invasive 
catheter coronary angiography (CAG) to rule out ischemic heart disease. A large multicenter 
study demonstrated that while the majority of  patients with suspected ACS were hospital-
ized for further evaluation, only 17% was ultimately diagnosed with ACS (7). 

Despite this defensive approach, the literature suggests that an estimated 2-6% of  the pa-
tients sent home were found to have an ACS (8-12). Patients mistakenly discharged from 
the emergency department generally have a worse prognosis than appropriately managed 
patients, partly because of  their risk for sudden cardiac death but also because of  the delay 
in implementing treatments that are known to be beneficial for ACS (8, 11). In the USA, an 
estimated 25% of  the law suits concerning emergency care involves errors in the diagnosis 
of  myocardial infarction (13).

Synopsis and Synthesis of Evidence

Echocardiography, radionuclide myocardial perfusion imaging (MPI) and coronary CT an-
giography (CTA) are the three main imaging techniques employed in clinical practice for 
the diagnosis of  ACS. Echocardiography and MPI are functional imaging modalities used to 
assess wall motion abnormalities (WMA) and myocardial perfusion. Performed in rest, they 
are used to identify ACS. They can also be performed during or after stress to detect induc-
ible ischemia. Coronary CTA is an anatomical technique that can visualize atherosclerotic 
plaque in the coronary tree, and provide information on its composition and degree of  ste-
nosis. A discussion of  each technique follows, with a summary of  these imaging techniques 
shown in Table 1.

Echocardiography
Echocardiography is a non-invasive, portable and relatively inexpensive bedside imaging 
technique that is available in most hospitals. It can assess both left ventricular systolic func-
tion and regional WMA and therefore provides valuable diagnostic as well as prognostic 
information. Because of  the close relationship between wall motion and myocardial blood 
flow (MBF) echocardiography is a very useful tool in patients suspected of  ACS. Develop-
ment of  WMA is preceded by considerable reductions in MBF or myocardial infarction.

Echocardiography is also useful in the assessment of  many non-ischemic causes of  acute 
chest pain such as perimyocarditis, valvular heart disease, cardiomyopathy, pulmonary em-
bolism, or aortic dissection. It is the preferred imaging method for detecting complications 
of  acute infarction including myocardial free wall rupture, acute ventricular septal defect, 
and mitral regurgitation secondary to papillary muscle rupture or ischemia. 

Rest echocardiography
When echocardiography is performed shortly after a patient’s arrival to the ED or during 
a chest pain episode, WMAs are detected in up to 90% of  the cases (14). However, chest 
pain has subsided in the majority of  patients at the time of  evaluation and they may have a 
completely normal resting echocardiogram. A large study reported rest echocardiography 
findings of  901 patients with acute chest pain, but no clinical manifestations of  acute MI, 
as part of  protocol-driven care along with serial creatine kinase (CK-MB) measurement and 
continuous ECG-monitoring. Rest echocardiography was associated with high specificity 
(99%, 873/882) but unsatisfactory sensitivity (47%, 9/19) for adverse events within 30 days, 
including MI, revascularization or (un)stable angina (15). Smaller studies have shown similar 
results (16-17).

Di Pasquale et al. performed rest echocardiography in 280 patients, presenting with chest 
pain of  suspected cardiac origin, but normal initial CK-MB levels and no evidence of  ST-
elevation or new left bundle branch block on their ECG (18). The presence of  WMAs was 
used to predict significant stenosis (>50% left main coronary stenosis or >70% stenosis 
in other branches) on CAG. In this high risk population, significant CAD being present in 
50%, the authors found once again high specificity of  91% (84/92), but also a sensitivity 
of  93% (170/182). 
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Contrast enhanced echocardiography
Microbubble contrast agents enhance delineation of  endocardial borders, which facilitates 
wall motion assessment (Figure 1). It also provides important information on myocardial 
perfusion and viability (19). A prospective analysis by Kang et al. of  114 patients with 
cardiac chest pain and no clinical manifestations of  acute MI, demonstrated that the addi-
tion of  contrast improved the sensitivity of  echocardiography from 49% (43/87) to 77% 
(67/87) while specificity was similar, 78% (74/95) vs. 73% (69/95), for the detection of  
ACS at the index visit (16). In a large observational study 1017 patients underwent contrast 
echocardiography in addition to routine clinical evaluation. For the detection of  a compos-
ite endpoint of  CAD within 48 hours, the authors demonstrated a high sensitivity of  89% 
(148/166) and a modest specificity of  57% (485/851) (20).

Stress echocardiography
Generally, excluding only myocardial infarction will not be sufficient to safely discharge pa-
tients. Patients may have myocardial ischemia with unstable angina pectoris, putting them at 
risk of  adverse events. As soon as serial cardiac markers and rest imaging has excluded the 
presence of  AMI, stress echocardiography, during pharmacological stress or exercise, may 
be used to visualize inducible ischemia.

Trippi and colleagues investigated the diagnostic performance of  stress echocardiography 
in 163 patients with normal initial markers and normal resting echocardiogram. The authors 
demonstrated a sensitivity of  90% (17/19) and specificity of  89% (128/144) for the detec-
tion of  AMI or significant (>50%) CAD on invasive angiography (21). Another study com-
pared stress echocardiography to stress MPI in 503 patients without evidence of  acute MI 
after 6 hours of  observation and initial work-up (22). The authors used a composite end-
point consisting of  ≥50% coronary stenosis on CAG or cardiac events during a follow-up 
of  6 months. Echocardiography had a sensitivity and specificity of  85% (65/77) and 95% 
(405/426), while MPI had a sensitivity and specificity of  86% (66/77) and 90% (383/426).

Limitations
There are some key concerns regarding the use of  echocardiography in the ED. Evaluation 
of  WMA remains a subjective and difficult skill to master. Interpreters should therefore be 
experienced readers. Secondly, a considerable number of  patients have a poor thoracic im-
aging window resulting in indeterminate results in at least 10% (23). Discriminating between 
existing and newly developed WMA is difficult, and both conditions may even co-exist in 
the same patient. Acute MI should be excluded before performing stress echocardiography, 
by measuring serial cardiac markers or rest imaging. This results in a longer diagnostic work-
up. 

Myocardial perfusion imaging
Radionuclide myocardial perfusion imaging (MPI) provides a direct assessment of  myocar-
dial blood flow (MBF) and is used for identification of  ischemia or infarction. The injected 
radionuclide agents are transported through the coronary vasculature and eventually ac-
cumulate in the myocardium. At the moment of  MBF impairment, MPI shows perfusion 
defects which provide early detection of  obstructive CAD. Pioneer work from three de-
cades ago demonstrated that impaired myocardial uptake of  thallium-201 (TI-201) could be 
visualized on planar images in patients with myocardial infarction (24). By now, TI-201 has 
largely been replaced by technetium-99m based agents, which are associated with less scat-
ter and blurring. Images could be acquired over a longer time because of  slow myocardial 
clearance, overcoming some logistic barriers (25). Replacements of  planar imaging by single 
photon emission computed tomography resulted in improved visualization of  the location 
as well as extent of  disease (26). Lastly, introduction of  gated reconstructions permitted 
regional and global ventricular function assessment (27). 

Rest MPI
The value of  rest MPI in the patient with acute chest pain has been studied extensively. 
Numerous studies have reported sensitivities of  >90% for the detection of  myocardial 
infarction, accompanied with specificities of  50-80% (28-30). One study conducted at the 
Medical College of  Virginia in 620 patients with suspected ACS reported a sensitivity of  
92% (54/59) and a specificity of  67% (376/561) for the detection of  AMI. Among the 59 
patients with AMI, 5 patients with an enzymatic small infarction had a normal rest MPI. 
The diagnostic performance to predict the need for revascularization was somewhat lower, 
sensitivity 81% (47/58) and specificity 74% (416/562).

In a randomized trial Udelson et al. demonstrated that the addition of  rest MPI to standard 
care decreased the number of  unnecessary admissions without increase in inadvertent dis-
charge of  patients with acute cardiac ischemia (31).

Stress MPI
Conti and colleagues evaluated the implementation of  exercise MPI in the early triage of  
306 patients suspected of  ACS and normal initial work-up (Figure 2). The sensitivity and 
specificity to predict significant CAD or adverse events within 6 months were 94% (45/48) 
and 77% (198/258) (32). A large observational study of  805 patients with low to intermedi-
ate risk compared the diagnostic performance of  rest MPI with stress MPI. The sensitivity 
and specificity for diagnosing events within 30 days (acute MI, revascularization, >70% ste-
nosis on CAG not amenable for revascularization, life-threatening complication or cardiac 
death) of  rest MPI, 71% (109/153) and 73% (476/652) was significantly lower than that 

Figure 1. A 67 year-old male suspected of  myocardial ischemia. Microbubble contrast agents are used to 
enhance delineation of  endocardial borders (white arrowheads indicate endocardial borders on the non-enhanced 
echo, black arrowheads indicate improved delineation of  endocardial borders by using contrast agents).



92 93

Chapter 5 Imaging Strategies for Acute Chest Pain

of  stress MPI, 97% (148/153) 
and 88% (574/652) (33). In 
2007 stress MPI was compared 
with CTA in a randomized trial 
in low risk patients without 
evidence of  acute MI (34). The 
diagnostic performance of  
MPI and CTA was compara-
ble, but there was a reduction 
in time-to-diagnosis and costs 
in the CTA group. 

Limitations
Limited availability of  nuclear 
facilities in some hospitals and 
transportation of  patients to 

the nuclear medicine department may form a barrier to the use of  MPI. Physicians should 
be aware of  possible false negative results of  rest images in patients with subsided chest 
pain or balanced ischemia caused by three-vessel disease (35). Acute MI should be excluded 
before performing stress MPI, by measuring serial cardiac markers or rest imaging. This 
results in a longer diagnostic work-up. 

Finally, there is concern about the increasing radiation exposure from diagnostic imaging 
procedures and the potential risk of  cancer (36). 

Coronary CT angiography 
Coronary CT angiography can provide high quality images of  the heart and coronary vas-
culature, requiring minimal patient cooperation (Figure 3). Coronary CTA provides accu-
rate information on the degree of  stenosis as well as certain plaque characteristics, such as 
spotty calcification and low attenuation, which are associated with a higher risk of  future 
ACS (37-38). 

Image acquisition can be performed in a matter of  minutes. Widely available dedicated 
software for automated post-processing makes interpretation quick and undemanding. In 
the past years, numerous papers on the diagnostic performance of  coronary CTA have been 
published. Recent reviews demonstrated sensitivities of  >95% and specificities of  ≥90% 
(39-40). A large observational study by Hoffmann et al. in the ED setting, demonstrated 
high sensitivity of  CTA for the detection of  ACS, while absence of  atherosclerosis was 
associated with an excellent 6-month outcome (41). This study confirmed the results of  

some earlier, smaller studies (42-
44). Recently, a large multicenter 
randomized trial (CT-STAT) fo-
cused on the cost effectiveness of  
CTA vs. nuclear imaging. Low risk 

patients were randomly allocated to undergo CTA (n = 361) vs. rest/stress MPI (n = 338) 
(45). The CTA strategy reduced time-to-diagnosis by 54% and costs of  care by 38%. The 
occurrence of  major adverse cardiac events (MACE) was similar for CTA and nuclear imag-
ing. It should be noted, however, that this study was powered to detect a difference in the 
primary endpoint, i.e. time-to-diagnosis. Subsequently, the study may be underpowered to 
detect a difference in MACE. 

Additionally, coronary CTA allows for the evaluation of  important non-coronary cardiac 
findings. Depending on the scan protocol, conditions such as acute aortic syndromes, pul-
monary embolism, or oesophageal abnormalities may be detected. Incidental findings may 
increase downstream testing (e.g., CT for the work-up and follow-up of  pulmonary nod-
ules). Future studies that account for this additional testing are needed to evaluate the im-
plications for cost effectiveness of  coronary CTA.

Limitations
High-attenuation structures such as calcified plaques or stents appear enlarged (or bloomed) 
as a result of  partial volume and beam hardening effects. They obscure the adjacent lumen 

Figure 2. A 51-year-old female 
presented with acute chest pain in the 
emergency department. Short- and 
long-axis stress/rest nuclear perfusion 
scan with ischemia of  the inferior left 
ventricular wall (arrowheads indicate 
diminished perfusion of  the inferior 
wall during stress acquisition). 

Figure 3. A 59 year-old male presented 
with acute chest pain. Coronary CTA was 
performed in the emergency department, 
which showed obstructive disease of  the 
left anterior descending artery (arrow) 
and an occlusion of  the left circumflex 
artery (arrowhead). On the catheter 
angiogram, the lesions in the left anterior 
descending and left circumflex artery 
is portrayed. The occlusion of  the left 
circumflex is denoted by the abrupt filling 
of  the contrast after the bifurcation of  
the first marginal branch (asterisk).

Figure 4. Estimated effective doses for CAG, 
PCI, coronary CTA and MPI. CAG = invasive 
angiography, PCI = percutaneous coronary 
intervention, CTA = computed tomography 
angiography; spiral and axial image acquisition 
both with tube current modulation, MPI 
= myocardial perfusion imaging with 
Technetium-99m using a rest/stress or a stress 
only protocol (49, 60).
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and may result in false positive results. In response to the concern about the potential risk 
related to radiation exposure, several radiation dose reduction protocols have recently been 
developed and validated, including ECG-dependent tube modulation, prospective ECG gat-
ing, adaptive iterative reconstruction and high-pitch spiral acquisition (46-48). When these 
techniques are applied, bearing in mind that prospective ECG gating may not be applicable 
to patients with high heart rates, the radiation dose of  coronary CTA compares favorably to 
current rest/stress MPI protocols (40, 49) (Figure 4).

Systematic review 

To summarize the available literature on this topic we formulated the following question: 
In patients with acute chest pain suggestive of  ACS, what is the diagnostic performance of  
echocardiography, radionuclide myocardial perfusion imaging, and coronary CT angiogra-
phy? A systematic search of  the English language literature in PubMed was performed to 
identify studies that addressed this clinical question leading to 219 citations (search details 
are provided in the Appendix). Subsequently, all systematic reviews and meta-analyses that 
were found with the original search were reviewed to identify additional articles (Figure 5). 
One reviewer (A.D.) extracted all relevant data from each included study. A second reviewer 
(T.S.S.G.) checked the results obtained for accuracy and completeness. Discrepancies were 
resolved by consensus. A summary of  the relevant articles categorized by imaging modality 
is included in Figure 6 and 7.

Statistical analysis
To obtain summary estimates of  sensitivity and specificity and account for a possible cor-
relation between sensitivities and specificities, a bivariate random-effects model was used 
to perform the meta-analysis (50). In the bivariate random-effects model, it is assumed that 
the logit-transformed true sensitivity and specificity in each study follow a bivariate normal 
distribution across studies, allowing a possible correlation between sensitivities and specific-
ities. The random-effects model produces estimates of  the mean logit-transformed sensitiv-
ity, logit-transformed specificity, log-transformed PPV, and log-transformed NPV with their 
standard errors. Sensitivity, specificity, PPV, and NPV estimates with their 95% confidence 
intervals were reported. All analyses were performed using SAS (version 9.2, SAS Institute 
Inc., North Carolina, USA). All studies were divided over two diagnosis groups according 
to the endpoint used as reference standard for calculating diagnostic performance. Studies 
appointed to diagnosis group 1 used MI or ACS during the index visit (based on clinical 
presentation, serial cardiac markers and ECGs) as the reference standard. Studies appointed 
to diagnosis group 2 used the composite endpoint “CAD” (a combination of  proven ACS, 
angiographic evidence of  obstructive CAD, obstructive CAD proven by non-invasive tests 
and information from follow-up) as the reference standard. For diagnosis group 1, we com-
pared coronary CTA, rest echocardiography, and rest MPI. For diagnosis group 2, we com-
pared coronary CTA, rest and stress echocardiography, and rest and stress MPI (Figure 5). 

Results (diagnostic performance)
For the detection of  MI or ACS during the index visit (diagnosis group 1) the pooled 
sensitivities of  coronary CTA, rest echocardiography and rest MPI were: 0.94 (95% CI: 
0.74–0.99), 0.86 (0.72–0.93) and 0.91 (0.85–0.95), respectively. The pooled specificity was  

Figure 5. Flow diagram of  the review process.

Figure 6. Relevant articles evaluating the diagnostic performance of  rest echocardiography, rest MPI and 
coronary CTA for the detection of  ACS or MI during index visit (diagnosis group 1). MI = Myocardial 
infarction, MACE = Major Adverse Cardiac Event (death, myocardial infarction, coronary revascularization), 
ACS = Acute coronary syndrome. * = Data not reported. Sensitivity and specificity reported with their 95% 
confidence intervals in brackets. 
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0.73 (0.46–0.90), 0.82 (0.65–0.91) and 0.76 (0.64-0.85), respectively. Summary receiver oper-
ating characterises (SROC)-curve for group 1 is displayed in Figure 8.

For the detection of  CAD (diagnosis group 2), rest echocardiography and rest MPI dem-
onstrated a pooled sensitivity of  0.76 (0.58–0.89) and 0.80 (0.64–0.90), respectively. The 
pooled specificity was 0.89 (0.78–0.95) and 0.83 (0.70–0.91), respectively. Stress echocar-
diography and stress MPI demonstrated a pooled sensitivity of  0.78 (0.57—0.90) and 0.92 
(0.84–0.97). Their corresponding pooled specificity was 0.92 (0.83-0.96) and 0.88 (0.78–
0.94), respectively. Coronary CTA demonstrated a pooled sensitivity of  0.93 (0.84-0.97), 

and a pooled specificity of  0.90 (0.83-0.95), which was comparable to its diagnostic per-
formance for the detection of  MI or ACS (diagnosis group 1). SROC-curve for group 2 is 
displayed in Figure 9.

Evidence-Based Guidelines
Current guidelines from the 2011 American College of  Radiology Appropriateness Criteria 
consider combined rest/stress MPI as the preferred test in intermediate to high risk pa-
tients. A reasonable alternative is rest/stress echocardiography, especially because it does 
not require radiation exposure. Combined rest/stress protocols are considered more appro-
priate than single protocols. Coronary CTA is regarded as an appropriate alternative in low 
to intermediate risk patients (51). Those with high likelihood of  CAD would benefit most 
from invasive angiography. The current analysis incorporated several recent publications 
with coronary CTA, reporting excellent diagnostic performance. Compared to the guide-
lines, our findings are more in favor of  using coronary CTA. 

Outstanding issues that warrant Research

Heterogeneity 
The diagnostic performance of  the three modalities showed large variation across studies. 
This is in part due to differences in patient populations, but mainly because different clini-
cal endpoints were used as reference standard to calculate diagnostic performance. These 
endpoints ranged from cardiac markers, to angiographic results or adverse events during 
follow-up. Some studies used combined endpoints, which may be misleading, because they 
may not truly reflect the ability to correctly risk-stratify patients with suspected ACS. 

Figure 7. Relevant articles evaluating the diagnostic performance of  rest and stress echocardiography, rest and 
stress MPI and coronary CTA for the detection of  CAD with or without follow-up (diagnosis group 2). LM 
= Left main coronary artery, MACE = Death, myocardial infarction, coronary revascularization, ACS = Acute 
coronary syndrome, Revasc = coronary revascularization, MI = Myocardial infarction, UAP = unstable angina 
pectoris. * = Data not reported. Sensitivity and specificity reported with their 95% confidence intervals in 
brackets. 

Figure 8. Summary 
receiver operating 
curves for diagnosis 
group 1. Rest echo 
(square), rest MPI 
(diamond) and CTA 
(circle) encircled by 
their 95% confidence 
intervals. No 95% 
confidence interval 
could be calculated for 
CTA because of  the 
small number of  studies. 
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Technical advancements 
Three-dimensional volumetric imaging is a promising application of  echocardiography, 
which shortens acquisition time, reduces operator dependency and provides more accurate 
assessment of  ventricular volumes. However, for assessment of  WMA this technique seems 
less applicable and its use is further held back because of  lower spatial and temporal reso-
lutions compared to conventional two-dimensional echocardiography, as well as multiple 
beat acquisition artefacts (52-53). Three-dimensional echocardiography does not preclude 
conventional two-dimensional imaging and these techniques can be used side by side to 
reinforce each other. 

In nuclear perfusion imaging, reduced imaging time and better diagnostic information will 
be possible because of  improved camera designs, iterative reconstruction methods and new 
acquisition protocols (stress-only acquisitions, dynamic imaging etc.) (54). Also, radionu-
clide agents with “ischemic memory” could help identify patients with acute chest pain and 
subsided ischemia in the future (55).

In search of  the functional significance of  plaques seen on coronary CTA, new techniques 
like CT myocardial perfusion and computational fluid dynamics are being investigated and 
show very promising results (56-57). 

Summary

Recommendations for best practice
Our systematic search of  the medical literature demonstrated no significant difference be-
tween the three modalities for the detection of  both 1) ACS and 2) CAD with or without 
follow-up. There was a slight, non-significant positive trend favouring coronary CTA in 
both analyses. It is important to keep in mind that the optimal imaging strategy is not only 
determined by the diagnostic performance of  a modality, but also by local practice, exper-
tise with imaging techniques, medical facilities and individual patient characteristics. Given 
the absence of  large differences in diagnostic performance, these practical aspects may be 
even more important. 

Since the diagnostic performance of  CTA is excellent and the test can be performed quickly, 
we advocate performing coronary CTA in low to intermediate risk patients provided the 
test and expertise to interpret the results are readily available in emergency situations. For 
institutions with nuclear imaging expertise and rapid access to nuclear facilities, MPI will 
generally be the first choice for low to intermediate risk patients, despite the fact that recent 
trials suggest it is more costly and time-consuming. Rapid screening with echocardiography 
for the presence of  many non-ischemic conditions as well as assessment of  hemodynamic 
status remains a vital part of  the standard work-up of  all patients with acute chest pain. 
However, extensive imaging seems less suitable for diagnosing ACS or CAD. In concor-
dance with the current guidelines, we believe high risk patients would benefit most from an 
invasive strategy (58-59).

Recommendations for future research
The lack of  robust evidence to identify the optimal test is partially caused by substantial 
heterogeneity across studies. The studies identified by our systematic search used various 
clinical endpoints to calculate diagnostic performance. At this moment, there seems to be 
no general agreement which clinical endpoint (cardiac markers, angiographic results or com-
bined with follow-up data) should be used for validation. In addition, there is still a limited 
number of  comparative studies between imaging strategies. For better understanding of  the 
optimal imaging strategy for patients with acute chest pain, there is a need for large random-
ized trials with general accepted clinical endpoints. 

 

Figure 9. Summary 
receiver operating 
curves for diagnosis 
group 2. Rest echo 
(square), stress echo 
(blue filled square), 
rest MPI (diamond), 
stress MPI (green filled 
diamond) and CTA 
(circle) encircled by 
their 95% confidence 
intervals.
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Appendix

Studies were included if  they met all of  the following criteria: 1) Study population were 
patients with acute chest pain suggestive of  acute coronary syndrome (ACS), 2) Study re-
ported operating characteristics of  echocardiography, nuclear myocardial perfusion imaging 
or coronary CTA, 3) The reference standard was the presence of  ACS based on cardiac 
markers or ECG; clinical consensus based on invasive angiography or proven obstructive 
coronary artery disease on additional tests (not consisting of  the index test); cardiac events 
during follow-up.

Studies were excluded if  they met one of  the following criteria: 1) Article was a review, 
guideline, or cost-effectiveness analysis, or 2) Study population consisted of  patients with 
stable angina, asymptomatic patients, or patients with proven myocardial infarction at base-
line, 3) Study population consisted of  patients with ST-elevation myocardial infarction, 4) 
Study population overlapped with previous publications.

Articles not accessible or not written in English were excluded from the analysis. 

Search strategy
(“Myocardial Infarction”(MeSH Terms) OR “Myocardial Ischemia”(MeSH Terms) OR  
“Angina, Unstable”(MeSH Terms) OR “Acute Coronary Syndrome”(MeSH Terms) OR 
“Coronary Disease”(MeSH Terms) OR “Coronary Artery Disease”(MeSH Terms) or 
“Chest Pain”(Mesh)) 

AND 

(“acute disease”(Mesh) OR “Emergency Service, Hospital”(Mesh) OR “Emergency Medi-
cal Services”(Mesh) OR “Emergency Treatment”(Mesh) OR “Emergencies”(Mesh) OR 
“Emergency Medicine”(Mesh)) 

AND 

(“Echocardiography”(Mesh) OR “Radionuclide Imaging”(Mesh) OR “Technetium Tc 99m 
Sestamibi”(Mesh) OR “Tomography, X-ray Computed”(MeSH Terms))

AND 

(“Coronary Angiography”(Mesh) OR “consensus”(MeSH Terms) OR “Acute Coronary 
Syndrome”(Mesh) OR “Angina, Unstable”(MeSH Terms) OR “Myocardial Infarction”(MeSH 
Terms) OR “Myocardial Ischemia”(MeSH Terms)) 

AND 

(“sensitivity and specificity”(Mesh) OR sensitivity(tw) OR specificity(tw) OR “predictive val-
ue of  tests”(Mesh) OR “ROC Curve”(Mesh) OR (“positive predictive”(tw) AND value*(tw)) 
OR (“negative predictive”(tw) AND value*(tw)) OR (false(tw) AND negative*(tw)) OR 
(false(tw) AND positive*(tw)) OR (true(tw) AND negative*(tw)) OR (true(tw) AND 
positive*(tw)) OR misdiagnosis(tw) OR misdiagnoses OR “Diagnostic Errors”(Mesh) OR 
(diagnost*(tw) AND (accuracy(tw) OR error*(tw) OR efficacy(tw))))

AND

(English(lang) NOT ((Animals(Mesh) NOT Humans(Mesh)) OR Editorial(Publication type) 
OR Comment(Publication type) OR Letter(Publication type) OR Case Reports(Publication 
type)))
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Abstract

Objectives
To validate published prediction models for the presence of  obstructive coronary artery 
disease (CAD) in patients with new onset stable typical or atypical angina pectoris and to 
assess the incremental value of  the CT coronary calcium score (CCS). 

Methods
We searched the literature for clinical prediction rules for the diagnosis of  obstructive CAD, 
defined as ≥50% stenosis in at least one vessel on conventional coronary angiography. Sig-
nificant variables were re-analyzed in our dataset of  254 patients with logistic regression. 
CCS was subsequently included in the models. The area under the receiver operating char-
acteristic curve (AUC) was calculated to assess diagnostic performance. 

Results
Re-analyzing the variables used by Diamond & Forrester yielded an AUC of  0.798, which 
increased to 0.890 by adding CCS. For Pryor, Morise 1994, Morise 1997 and Shaw the AUC 
increased from 0.838 to 0.901, 0.831 to 0.899, 0.840 to 0.898 and 0.833 to 0.899. CCS sig-
nificantly improved model performance in each model. 

Conclusions
Validation demonstrated good diagnostic performance across all models. CCS improves 
the prediction of  the presence of  obstructive CAD, independent of  clinical predictors, and 
should be considered in its diagnostic work-up. 

Introduction

The CT coronary calcium score (CCS) is used in both the diagnosis of  coronary artery dis-
ease (CAD) (1-6) and the prediction of  cardiovascular events (7-13). Although substantial 
evidence is available on the incremental value of  CCS in predicting future cardiovascular 
events and mortality in asymptomatic individuals (10-13), the diagnostic value in symptom-
atic patients is less clear. A meta-analysis revealed that the presence of  coronary calcium had 
a sensitivity and specificity of  98% and 40%, respectively, in detecting significant stenoses 
(8). Furthermore, numerous studies have reported on the value of  CCS in the prediction of  
the probability of  obstructive CAD (1–4). However, the incremental value (i.e. in addition 
to all known clinical predictors of  CAD) of  the CCS as a continuous predictor of  prevalent 
obstructive CAD is less well studied. The purpose of  this study was to validate previously 
published clinical prediction models and to determine the incremental value of  CCS for the 
prediction of  prevalent obstructive CAD in patients with new onset stable typical or atypi-
cal angina pectoris. 

Materials and methods 

Study population 
The study population was derived from an existing database, which consisted of  402 patients 
with chest pain suggestive of  stable angina pectoris and suspected of  having CAD. All patients 
were prospectively included in a large study evaluating 64-slice coronary CT angiography 
(CCTA) at our institution. All patients were referred for catheter-based coronary angiography 
(CAG) based on their presentation or functional testing that suggested the presence of  isch-
emia and all patients underwent multi-detector CT angiography within a week before CAG. 
Inclusion criteria for this study were: informed consent, sinus heart rhythm and the ability to 
hold their breath for 15 s. Patients with a history of  percutaneous coronary intervention or 
coronary artery bypass surgery, impaired renal function (serum creatinine >120 μmol/L) or 
a known intolerance to iodinated contrast medium were excluded. The Institutional Review 
Board approved the study and all patients signed informed consent. As this paper focuses on 
patients with new onset stable chest pain, we also excluded patients with acute coronary syn-
dromes and patients with a previous myocardial infarction (Figure 1). 

CT coronary calcium images 
Metoprolol (100 mg, Selokeen, AstraZeneca, London, UK) was administered orally 1 h 
before CT in patients with heart rates >65 beats per minute. A 64-slice single source CT 
system (Sensation 64; Siemens, Forchheim, Germany) with a gantry rotation time of  330 
ms, acquisition time of  165 ms and voxel size of  0.4 mm3 was used to acquire standard spi-
ral low-dose and ECG-gated coronary calcium CT images. CT parameters were 32×2 slices 
per rotation, individual detector width of  0.6 mm, 3.8-mm/rotation table feed, 120-kV tube 
voltage, 150-mAs tube current, with activated prospective x-ray tube modulation. Overlap-
ping slices were reconstructed at 65% of  the R–R interval using the B35f  convolution ker-
nel. Reconstructed slice thickness was 3.0 mm with an increment of  1.5 mm. The radiation 
exposure, estimated using dedicated software (ImPACT, version 0.99x, St. George’s Hospi-
tal, Tooting, London, UK), was 1.4 mSv in men and 1.8 mSv in women. One observer (with 
more than 3 years’ experience), who was blinded to the CAG and clinical data, measured 
the coronary calcium. 
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Conventional coronary angiography 
The CCS and CAG were carried out within 1 week. Coronary segments were assessed on 
CAG following a 17-segment modified American Heart Association (AHA) classification 
model (14) by a single observer (with more than 10 years’ experience), who was blinded 
to the CT and clinical data. A mean luminal narrowing of  ≥50% was considered to be a 
significant stenosis. Validated quantitative coronary angiography software (CAAS II®, Pie 
Medical, Maastricht, the Netherlands) was used. 

Clinical variables and outcome 
All patients were interviewed at enrollment in the prospective cohort study. Clinical param-
eters recorded were: age (years), sex (male/female), type of  chest pain (atypical vs. typi-
cal), body mass index (BMI) (defined as weight/height2 in kg/m2), smoking status (past or 
current smoker, yes/no), hypertension (present/absent), dyslipidaemia (serum cholesterol 
>200 mg/dL or 5.18 mmol/L, present/absent), diabetes (plasma glucose ≥126 mg/dL or 
7.0 mmol/L, present/absent) and family history of  CAD (present/absent). The CCS was 
measured by the Agatston method (15) using dedicated software (syngo Calcium Scoring 
VE31H, Siemens, Germany). The outcome of  interest was the presence of  obstructive 
CAD defined as ≥50% stenosis in at least one vessel (present/absent) on CAG. 

Sample size 
As a general rule, 10 patients with the condition of  interest per analyzed variable are re-
quired for regression analysis. In our dataset (n=254), 123 patients were identified as having 
obstructive CAD on CAG. This allowed for the analysis of  12 variables. Our sample meets 
the required number of  cases and non-cases that has been suggested for external validation 
of  prediction models (16). 

Figure 1. Flow chart of  patients in the study. CCTA = coronary computed tomography angiography. *Data from 
an existing database were used. All patients were referred for conventional coronary angiography based on their 
presentation or functional testing that suggested the presence of  cardiac ischemia. See Materials and methods. 

Systematic literature search 
We searched the English-language medical literature in PubMed up to October 14, 2009 
for diagnostic prediction models. See the Appendix for a detailed description of  the search 
strategy. From the included articles, clinical variables that were identified as significant pre-
dictors of  CAD were extracted. 

Data analysis 
Age was analyzed as a continuous variable. To account for the skewed distribution of  the 
coronary calcium scoring, CCS was transformed by taking the natural logarithm of  CCS+1. 
All other variables were dichotomous. Estrogen status was not available in our dataset. 
Therefore, we assumed women below the age of  50 to be estrogen positive, women of  50 
years and above to be estrogen negative and all men to be estrogen neutral. Obesity was 
considered in the model by Morise (1997) only. We defined obesity as a BMI > 27 kg/m2, 
corresponding to their definition (17).

The extracted sets of  clinical variables were analyzed with multivariate logistic regression analy-
sis, fitting new regression coefficients. No attempt was made to validate original regression coef-
ficients, as such coefficients were often not reported. CCS was subsequently included in each 
of  the models. Models without CCS were compared with corresponding models including CCS 
using the likelihood ratio test. The level of  significance was defined at a P-value less than 0.05. 

Diagnostic performance was assessed by calculating the area under the receiver operating 
characteristic (ROC) curve, the c-index. The c-index is a measure of  discrimination and is 
interpreted as being the probability that a randomly chosen patient with CAD will have a 
higher predicted probability of  disease than a randomly chosen patient without CAD (18). 
An area under the ROC curve (AUC) of  0.5 corresponds to a model that provides no di-
agnostic information, whereas an AUC of  1.0 corresponds to a perfect diagnostic model. 

STATA statistical analysis software v10.0 (StataCorp, Texas, USA) was used for logistic 
regression analysis. 

Next, we quantified the effect of  adding CCS to the model on the classification of  pa-
tients into probability categories of  CAD. Four probability categories were defined: < 30%, 
≥30–50%, ≥50–70% and ≥70%. Reclassification tables were constructed for the Diamond 
& Forrester model and the Pryor model (see Tables 4 and 5) (19). We computed the reclas-
sification calibration statistic (RCS) (20) which is equivalent to the Hosmer– Lemeshow 
statistic, applied to the cross-classified cells of  the reclassification table with at least 20 
observations. A significant result indicates a lack of  fit. 

Furthermore, the following reclassification measures were calculated for each model: the 
overall (correct) percentage of  reclassification, the net reclassification improvement (NRI) 
(21) and the integrated discrimination improvement (IDI) (20). The NRI is the difference 
in proportions reclassifying to higher and lower probability categories among cases and 
non-cases. It is interpreted as the percentage reclassified, adjusted for the reclassification di-
rection. A significant NRI indicates that classification improves when CCS is included. The 
IDI compares the difference in the average regression slope of  cases and non-cases among 
the models with and without CCS. A significant IDI indicates that the new model performs 
better in discriminating cases and non-cases.
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Reclassification computations were executed by using syntax made available by Cook and 
Ridker (20) in SAS Enterprise Guide v3 (SAS Inc, North Carolina, USA). 

Results 

Study population 
During a 24-month period, 402 patients were enrolled. Patients with acute coronary syn-
drome or a history of  myocardial infarction were excluded and 254 patients were left for 
data analysis (Table 1). Of  these, 123 (48%) patients had obstructive CAD on CAG. CCS 
ranged from 0 to 3,839 with a median of  4 for patients without obstructive CAD and a me-
dian of  337 for patients with obstructive CAD. Of  131 patients without obstructive CAD, 
44 (33.6%) patients had no coronary calcification; whereas of  123 patients diagnosed with 
obstructive CAD, 3 (2.4%) patients did not have any coronary calcification. 

Systematic literature search 
We obtained 649 articles in our literature search of  which 632 articles were excluded based 
on title or abstract. After excluding 11 articles based on the full text, 6 studies were left for 
analysis. 

Multivariate logistic regression analysis 
Five published prediction rules were validated (Tables 2 and 3): Diamond & Forrester (22), 
Pryor et al. (23), Morise et al. 1994 (24), Morise et al. 1997 (17) and Shaw et al. (25). The Dia-
mond & Forrester prediction rule includes age, sex and type of  chest pain, all of  which were 

Variable Total (n=254) no. Patients without CAD 
(n=131) no.

Patients with CAD 
(n=123) no.

P-value

Mean Age (SD) 59 (11) 56 (12) 62 (10) <0.001

Male sex 171 (67) 78 (60) 93 (76) 0.01

Typical chest pain 118 (46) 33 (25) 85 (69) < 0.001

Mean BMI * (SD) 27 (4) 27 (4) 28 (5) 0.11

Smoking † 63 (25) 30 (23) 33 (27) 0.47

Hypertension 140 (55) 59 (45) 80 (66) <0.001

Dyslipidaemia ‡ 136 (54) 47 (36) 89 (72) <0.001

Diabetes § 32 (13) 10 (8) 22 (18) 0.01

Family history 126 (50) 57 (44) 69 (56) 0.05

Mean calcium score || (SD) 346 (572) 132 (320) 574 (685) <0.001

Median calcium score || 138 4 337 -

CAD ¶ on CAG 123 (49) 0 (0) 123 (100)

Unless otherwise specified, data are numbers of patients, with percentages in parentheses. CAD = obstructive coronary artery disease, 
CAG = catheter-based coronary angiography, SD = standard deviation.
*	 Body Mass Index, defined as weight/height2 (in kg/m2). 
†	Past or current. 
‡	Serum cholesterol >200 mg/dL or 5.18 mmol/L. 
§	Plasma glucose ≥126 mg/dL or 7.0 mmol. 
||	Measured according to Agatston (15). 
¶	Defined as ≥50% stenosis in at least one vessel.

Table 1. Patient characteristics

significant predictors of  obstructive CAD in our dataset and with an area under the ROC 
curve (AUC) of  0.798. Including CCS increased the AUC to 0.890, which was a statistically 
significant improvement (P < 0.001). In the expanded model age and sex were no longer 
significant predictors (Table 2). 

Pryor et al. analyzed age, sex, type of  chest pain, smoking, dyslipidaemia, diabetes and the 
interaction between age and smoking, age and dyslipidaemia, sex and smoking, and age and 
sex, of  which type of  chest pain and the presence of  diabetes were significant predictors. 
This model resulted in an AUC of  0.838. After including CCS, the AUC increased to 0.901 
which was a statistically significant improvement (P < 0.001). In the expanded model diabe-
tes was no longer a significant predictor (Table 2). 

Morise et al. (1994) included diabetes and dyslipidaemia in addition to the variables used 
by Diamond & Forrester and resulted in an AUC of  0.831. All variables were significant 
predictors of  the presence of  obstructive CAD. After including CCS, chest pain was the 
only variable that remained significant. After inclusion of  CCS the AUC increased to 0.899, 
which was a statistically significant improvement (P < 0.001) (Table 2). 

Morise et al. (1997) assessed age, sex, type of  chest pain, smoking, dyslipidaemia, diabe-
tes, estrogen status, hypertension, family history, obesity, BMI and the interaction between 
dyslipidaemia and family history. This model resulted in an AUC of  0.840. Age, sex, type 
of  chest pain and dyslipidaemia were significant predictors. After including CCS, the AUC 
increased to 0.898, which was a significant model improvement (P < 0.001). Age, sex and 
dyslipidaemia were no longer significant predictors after the addition of  CCS (Table 3). 

Shaw et al. considered age, sex, typical chest pain, smoking, dyslipidaemia and diabetes 
and resulted in an AUC of  0.833. After including CCS, only type of  chest pain remained 
a significant predictor and the AUC increased to 0.899 which was a statistically significant 
improvement (P < 0.001) (Table 3). 

Reclassification tables for the Diamond & Forrester model and the Pryor model are pre-
sented in Tables 4 and 5. The addition of  CCS to Diamond & Forrester resulted in reclas-
sification of  47.2% of  patients of  whom 73.3% were correctly reclassified. The reclassifica-
tion calibration statistic (RCS) indicated a strong lack of  fit for the Diamond & Forrester 
model (P < 0.00001) which decreased substantially when CCS was added to the model (P 
< 0.01). The NRI (net reclassification improvement) was 33.6% (P < 0.0001) and the IDI 
(integrated discrimination improvement) was also statistically significant (18.8%, P < 0.001) 
indicating improvement in the classification of  cases and non-cases in probability categories 
and improvement in discrimination between cases and non-cases. 

For the model by Pryor et al., 36.2% of  the patients were reclassified, of  whom 54.3% were 
correctly classified. The RCS indicated a lack of  fit (P = 0.01), which decreased when CCS 
was added to the model (P = 0.03). The NRI was 24.0% (P < 0.0001) and the IDI was 14.8% 
(P < 0.001). 

The reclassification measures for all models are presented in Table 6. 
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Discussion 

We analyzed the incremental value of  CCS in the prediction of  prevalent obstructive CAD. 
We showed CCS to be a significant predictor, independent of  other variables included in 
the model. Furthermore, we confirm that the prediction of  prevalent obstructive CAD is 
mainly determined by age, sex and type of  chest pain. In four of  the five models age and 
sex were significant predictors before the addition of  CCS. However, after including CCS, 
both age and sex were no longer significant predictors in each of  those models. Type of  
chest pain was a significant predictor of  obstructive CAD, independent of  other variables 
included in the model and independent of  whether CCS was included or not. CCS proved to 
be an excellent and significant predictor of  CAD with adjusted odds ratios close to 2. Apart 
from age and sex, most risk factors did not result in significant odds ratios which suggests 
that these risk factors are of  minor importance in the prediction of  prevalent obstructive 
CAD. Furthermore, the risk factors that were significant in the models without CCS lost 
their significance after including CCS.

Analysis of  reclassification showed that adding CCS yields reclassification of  34–47% of  pa-
tients, most of  which was correct. The reclassification calibration statistic demonstrated a lack 
of  fit for all models, which decreased when CCS was added in all models except for Shaw’s. 

Numerous studies have previously reported on the incremental value of  CCS in the pre-
diction of  cardiovascular events and mortality in asymptomatic individuals (10–13). Some 
studies have reported on the incremental value of  CCS in the prediction of  prevalent ob-
structive CAD. Both Guerci et al. (1) and Kennedy et al. (2) studied the relationship between 
obstructive CAD and CCS, adjusting for various risk factors. Both studies found highly 
significant odds ratios for the CCS in predicting the presence of  obstructive CAD, but the 
odds ratios were lower compared to what we found. Budoff  et al. (4) evaluated the value 
of  CCS in diagnosing CAD and showed that the addition of  CCS increased the AUC from 
0.672 to 0.842. However, the models included only age and sex as clinical variables. Con-
sidering the fact that the type of  chest pain was not taken into account, an increase in AUC 
with CCS can be expected. However, the resulting area under the ROC curve for the model 
including CCS was similar to what we found. Schmermund et al. (3) previously studied the 
value of  CCS in predicting the extent of  CAD. They showed an independent and incremen-
tal value for CCS in multiple linear regression in predicting the total number of  segments 
per patient with ≥50% stenosis. 

Study limitations 
Our study assessed the prediction of  ≥50% stenosis in at least one vessel. One could argue 
that physicians are primarily interested in diagnosing severe CAD, as these patients would be 
eligible for revascularization whereas others can be adequately treated medically. Likewise, 
physicians might be primarily interested in predicting future cardiovascular adverse events. 
However, we did not consider prognosis in this analysis. 

All patients in our study were referred for CAG based on their presentation or functional 
testing that suggested the presence of  cardiac ischemia. In this way a high-risk population 
was selected, which could have biased our results. Unfortunately this limitation is inherent 
to the study design. Further research is necessary to determine the value of  CCS in other 
(e.g. lower risk) populations. 

Table 4. Probability of  CAD: reclassification table after addition of  CCS to Diamond and Forrester (model 1)

Probability category based on model 1 + CCS

Total, n 

(%)

Probability category based on 

model 1 <30% ≥30 – 50% ≥50 – 70% ≥70 – 100%

<30%

	 N (%) 51 (67.1) 19 (25.0%) 4 (5.2) 2 (2.6) 76 (29.9)

	 Observed probability, % 11.8 36.8 50.0 100.0 22.4

≥30 – 50%

	 N (%) 25 (39.7) 13 (20.6) 19 (30.2) 6 (9.5) 63 (28.4)

	 Observed probability, % 0.0 23.1 68.4 50.0 30.2

≥50 – 70%

	 N (%) 4 (11.1) 5 (13.9) 6 (16.7) 21 (58.3) 36 (14.2)

	 Observed probability, % 25 80.0 50.0 66.7 61.1

≥70 – 100%

	 N (%) 5 (6.3) 2 (2.5) 8 (10.1) 64 (81.0) 79 (31.1)

	 Observed probability, % 0.0 50.0 37.5 95.3 82.3

Total
	 N (%) 85 (33.5) 39 (15.4) 37 (14.6) 93 (36.6) 254 (100)

	 Observed probability, % 8.2 38.5 56.8 86.0 48.4

CCS = CT coronary calcium score 

Table 5. Probability of  CAD: reclassification table after addition of  CCS to the model by Pryor et al. (model 2)

Probability category based on model 1 + CCS

Total, n 

(%)

Probability category based on 

model 1 <30% ≥30 – 50% ≥50 – 70% ≥70 – 100%

<30%

	 N (%) 76 (85.4) 10 (11.2) 2 (2.3) 1 (1.1) 89 (35.0)

	 Observed probability, % 9.2 40.0 100.0 100.0 15.7

≥30 – 50%

	 N (%) 10 (27.0) 10 (27.0) 12 (32.4) 5 (13.5) 37 (14.6)

	 Observed probability, % 10.0 20.0 50.0 100.0 37.8

≥50 – 70%

	 N (%) 7 (13.5) 6 (11.5) 15 (28.9) 24 (46.2) 52 (20.5)

	 Observed probability, % 0.0 50.0 73.3 66.7 57.7

≥70 – 100%

	 N (%) 3 (4.0) 3 (4.0) 9 (11.8) 61 (80.3) 76 (29.9)

	 Observed probability, % 33.3 0.0 66.7 95.0 85.5

Total
	 N (%) 96 (37.8) 29 (11.4) 38 (15.0) 91 (35.8) 254 (100)

	 Observed probability, % 9.4 31.0 65.8 87.9 48.4

CCS = CT coronary calcium score
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Also, risk factors such as type of  chest pain, smoking status and family history of  CAD were 
obtained by interviewing the patient. Potentially, this method underestimates their predic-
tive effects as compared to the predictive effect of  the CCS, which was directly measured. 

Tables 4 and 5 illustrate how CCS influences the classification of  patients in probability 
categories. However, the limitations of  reclassification measures in the context of  this re-
search should be taken into account. Our sample size was too small to reliably assess reclas-
sification. For example, the RCS only uses the cross-classified cells containing at least 20 
observations. In Table 4 only four cells contain 20 or more observations, implying that a 
substantial amount of  (correctly) reclassified patients are ignored. Thus, in our study the 
reclassification percentages, NRI and IDI indices are more reliable than the RCS. 

Ideally, the probability categories should be based on clinically relevant cutoffs. However, 
no well-established clinically relevant probability threshold exists. The probability of  CAD 
is commonly defined as low (<30%), intermediate (≥30–70%) and high (≥70%) (26). In our 
view the intermediate category is rather wide, which is why we divided this category into 
low–intermediate (≥30–50%) and intermediate–high (≥50–70%). It should be noted that 
the overall percentage of  reclassification is highly dependent on the choice and number of  
probability categories. 

Clinical implications 
Our results demonstrate that the estimation of  the probability of  obstructive CAD can 
be improved by including CCS. This implies that clinicians can make better decisions as 
to whether a particular patient would benefit from further testing, for example CCTA or 
CAG. In low-risk patients, a CCS of  zero could exclude CAD and avoid further testing us-
ing CCTA. Hereby, one also avoids the intravenous administration of  contrast agent, the 
extra radiation exposure, and extra scan time and costs associated with CCTA. In patients 
with a low CCS, CAG can be avoided and further non-invasive testing would be preferred. 
In patients with an intermediate CCS, a CCTA might be the optimal next step. In patients 
with a high CCS, direct CAG might be justified because of  the high probability of  CAD. All 
in all, CCS could be useful as a triage test for patients who are suspected of  having CAD.

We confirmed that the prediction of  significant CAD is primarily driven by the patient’s 
symptoms. A detailed history of  the patient’s symptoms remains most important in the di-
agnostic work-up of  patients with suspected CAD. However, history taking is difficult and 
subjective, therefore limiting our ability to accurately predict the presence of  CAD. Hence, 
further diagnostic testing will be important, even in patients with a low to intermediate 
probability of  CAD. 

On the other hand, the harms and costs of  obtaining CCS should be considered. Kim (27) 
studied the radiation dose and cancer risk of  CT calcium screening (every 5 years) in as-
ymptomatic individuals. They concluded that the excess lifetime cancer risk was 42 (62) per 
100 000 men (women). It is important to note that our study assessed the value of  a single 
CCS in symptomatic patients, for whom the excess lifetime cancer risk will be lower and 
small compared with the risk of  missing a CAD diagnosis. Moreover, CCS could reduce the 
use of  additional testing in patients with a low CCS and a low probability of  CAD, thereby 
reducing the total radiation exposure. 

Although performing a CCS measurement is a fast, low dose and relatively inexpensive pro-
cedure, the harms and benefits should be considered in a cost-effectiveness analysis. 

Conclusion

Our results suggest that CCS significantly improves the prediction of  prevalent obstructive 
CAD, independent of  other clinical variables. Therefore, CCS should be considered in the 
diagnostic work-up of  CAD.
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Appendix 

Studies were included if  they met all of  the following criteria: (1) Study population were 
patients with chest pain suggestive of  stable angina pectoris, (2) study reported a new multi-
variate prediction rule that included clinical variables, (3) outcome was the presence of  sig-
nificant CAD defined as ≥50% stenosis in at least one vessel. Studies were excluded if  they 
met one of  the following criteria: (1) Article was a review, guideline, or cost-effectiveness 
analysis, or (2) study did not report a prediction model, or (3) the outcome of  interest was 
prognostic (e.g. event rate after treatment) or the authors did not use ≥50% stenosis in at 
least one vessel as their outcome, or (4) study population consisted of  unstable patients, 
asymptomatic patients, patients with known CAD or patients with a specific co-morbidity, 
or (5) main topic was a diagnostic (imaging) test, or (6) a reference standard other than con-
ventional coronary angiography was used, or (7) authors did not use the traditional classifi-
cation of  typical and atypical chest pain, or (8) the study focused on the association between 
one particular risk factor and CAD. Articles not accessible were excluded from the analysis. 

Search strategy 
1.	 Coronary artery disease [MeSH] 
2.	 Coronary heart disease [MeSH] 
3.	 Coronary stenosis [MeSH] 
4.	 Coronary disease 
5.	 #1 OR #2 OR 3# OR 4 
6.	 Chest pain [MeSH] 
7.	 Angina pectoris [MeSH] 
8.	 Suspected [title/abstract] 
9.	 #6 OR #7 OR #8 
10.	 Logistic models [MeSH] 
11.	 Probability [MeSH] 
12.	 Risk [MeSH] 
13.	 Models, statistical [MeSH] 
14.	 ROC curve [MeSH] 
15.	 #10 OR #11 OR #12 OR #13 OR #14 
16.	 Medical history taking [MeSH] 
17.	 Physical examination [MeSH] 
18.	 Clinical [title/abstract] 
19.	 #16 OR #17 OR #18 
20.	 #5 AND #9 AND #15 AND #19 
21.	 Animals [MeSH] NOT humans [MeSH] 
22.	 Editorial [publication type] 
23.	 Comment [publication type] 
24.	 Letter [publication type] 
25.	 Meta-analysis [publication type] 
26.	 Case reports [publication type]) 
27.	 #22 OR #23 OR #24 OR #25 OR #26 
28.	 Acute [title/abstract] 
29.	 #20 NOT #21 NOT #27 NOT #28 
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Abstract

Aims
The aim was to validate, update, and extend the Diamond–Forrester model for estimating 
the probability of  obstructive coronary artery disease (CAD) in a contemporary cohort. 

Methods and results
Prospectively collected data from 14 hospitals on patients with chest pain without a history 
of  CAD and referred for catheter-based coronary angiography (CAG) were used. Primary 
outcome was obstructive CAD, defined as ≥50% stenosis in one or more vessels on CAG. 
The validity of  the Diamond–Forrester model was assessed using calibration plots, cali-
bration-in-the-large, and recalibration in logistic regression. The model was subsequently 
updated and extended by revising the predictive value of  age, sex, and type of  chest pain. 
Diagnostic performance was assessed by calculating the area under the receiver operat-
ing characteristic curve (c-statistic) and reclassification was determined. We included 2260 
patients, of  whom 1319 had obstructive CAD on CAG. Validation demonstrated an over-
estimation of  the CAD probability, especially in women. The updated and extended mod-
els demonstrated a c-statistic of  0.79 (95% CI: 0.77–0.81) and 0.82 (95% CI: 0.80–0.84), 
respectively. Sixteen per cent of  men and 64% of  women were correctly reclassified. The 
predicted probability of  obstructive CAD ranged from 10% for 50-year-old females with 
non-specific chest pain to 91% for 80-year-old males with typical chest pain. Predictions 
varied across hospitals due to differences in disease prevalence. 

Conclusion
Our results suggest that the Diamond–Forrester model overestimates the probability of  
CAD especially in women. We updated the predictive effects of  age, sex, type of  chest pain, 
and hospital setting which improved model performance and we extended it to include pa-
tients of  70 years and older.

Introduction 

In patients presenting with chest pain suggestive of  stable angina pectoris, numerous diag-
nostic strategies can be used. The reference standard for diagnosing coronary artery disease 
(CAD) is catheter-based coronary angiography (CAG). However, CAG is expensive and 
involves a small risk of  complications and death (1). Therefore, non-invasive testing is rec-
ommended to select patients who will benefit from CAG (2-4). The clinical value of  non-
invasive diagnostic tests depends on the test sensitivity, the specificity, the potential gain 
from making the correct diagnosis, the potential harm caused by false-positive test results, 
and the pre-test (prior) probability of  the suspected disease (5-7). In choosing the appropri-
ate test for a particular patient with chest pain suggestive of  CAD, the pre-test probability 
of  CAD is crucial (7). 

Diamond and Forrester (8) demonstrated the importance of  the pre-test probability on 
interpreting test results in their classic paper in 1979. Using estimates from autopsy and 
cross-sectional studies, they developed a simple but elegant model that considers age, sex, 
and type of  chest pain to estimate the probability of  obstructive CAD in patients between 
30 and 70 years old. In spite of  its limitations, the Diamond–Forrester model is still used in 
current guidelines (2-4). Although other cardiovascular risk factors such as diabetes, smok-
ing and dyslipidaemia have been included in, e.g. the Duke Clinical Score (9,10) the predic-
tive effects of  other risk factors in diagnostic models are often small compared with the 
predictive effects of  age, sex, and type of  chest pain. Furthermore, complicated models 
are less likely to be used by physicians in clinical practice especially since non-invasive di-
agnostic tests are commonly ordered immediately at the first visit. The Diamond–Forrester 
model allows the immediate calculation of  an estimate of  the patients’ pre-test risk of  CAD, 
without the need to wait for laboratory findings or exercise test results. 

Since the Diamond–Forrester model was developed >30 years ago and based on data from 
the USA only, our aims were to study the validity of  the Diamond–Forrester predictions 
in estimating the probability of  obstructive CAD, to update the predictions using recently 
collected data, and to extend the model for patients beyond the age of  70, using data from 
contemporary cohorts. 

Methods 

The CAD Consortium 
The CAD Consortium is part of  the European network for the Assessment of  Imaging in 
Medicine (EuroAIM), which is an initiative of  the European Institute of  Biomedical Imag-
ing Research (EIBIR) (11). The main goal of  EuroAIM is to perform pooled analyses of  
existing prospectively collected data, which will improve power of  the studies and increase 
generalizability of  the results obtained. 

Data collection 
A consortium of  researchers from various countries in Europe and the USA was formed. 
An existing database with prospectively collected data on 80 or more eligible patients was 
required for participation in this consortium. All patients included in this consortium had to 
be enrolled in single-centre studies, for which local approval from the Institutional Review 
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Board and signed informed consent had been obtained. Participation in the consortium did 
not involve any financial incentives. 

Patient population 
Our patient population consists of  patients with chest pain, suggestive of  stable angina pec-
toris. Patients were eligible for the analysis if  they presented with stable chest pain (typical, 
atypical, or non-specific chest pain) and if  CAG was performed. Patients were excluded if  
they met one of  the following criteria: (i) acute coronary syndrome or unstable chest pain, 
(ii) history of  myocardial infarction or previous revascularization (percutaneous coronary 
intervention or coronary artery bypass graft surgery), and (iii) no informed consent.

Only patients who underwent CAG were eligible for this analysis, implying that our popu-
lation was highly selected. To explore the effect of  selection bias (i.e. verification bias) in 
this study population, we performed a separate analysis using inverse probability weighting 
on each patient in the data set. Based on an independent registry data set (not included in 
our consortium) consisting of  unselected outpatients presenting to the cardiologist who 
were intended to undergo both stress-ECG and coronary CT angiography (CCTA) for the 
evaluation of  chest pain (12,13) a logistic regression analysis was performed to calculate 
the probability of  undergoing CAG (i.e. the probability of  verifying the presence of  CAD 
with CAG) depending on age, sex, and type of  chest pain. Each patient was subsequently 
weighted with the inverse of  the probability of  verification which corrects for verification 
bias (Appendix, Correction for verification bias) (14,15). 

Clinical definitions 
Data on age, sex, type of  chest pain, and the presence of  CAD were collected. Type of  
chest pain was classified as being typical, atypical, or non-specific. Typical chest pain was 
defined as having (i) substernal chest pain or discomfort, that is (ii) provoked by exertion 
or emotional stress and (iii) relieved by rest and/or nitroglycerine. Atypical chest pain was 
defined as having two of  the before-mentioned criteria. If  one or none of  the criteria was 
present, the patient was classified as having non-specific chest pain (4,16). The presence of  
obstructive CAD was defined as one or more vessels with ≥50% lumen diameter reduction 
on CAG. As we used existing databases, CAG was performed at each institution according 
to local protocols; both visual assessment and quantitative assessment were allowed for 
interpretation of  the CAG. Indicator variables for hospital were used to allow adjustment 
for hospital. 

Data analysis
Validation and updating of  the Diamond–Forrester model was performed using state-of-
the-art methods (17-19) by one of  the authors (T.S.S.G.). See Appendix for a more detailed 
description of  the methods. 

Validation

The Diamond–Forrester model takes into account age, sex, and type of  chest pain and was 
developed for patients between 30 and 70 years. For validation, we therefore excluded both 
patients below the age of  30 and patients above the age of  69. 

The observed frequency of  CAD in our data set was calculated stratifying for 10-year age 
category, sex, and type of  chest pain (i.e. equivalent to the Diamond–Forrester categories). H
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Observed frequencies of  CAD were compared with the estimates according to Diamond 
and Forrester and subsequently tabulated and presented by means of  calibration plots. 

Calibration-in-the-large – When assessing the validity of  a prediction model, the first step is 
to check whether the average prediction is equal or close to the average observed outcome. 
This concept is referred to as ‘calibration-in-the-large’. Hereto, we compared the mean ob-
served frequency of  CAD with the mean prediction according to Diamond and Forrester. 

Recalibration – The second step is to test whether the overall effect of  the predictors in the 
Diamond–Forrester model is valid for the consortium data. 

Re-estimation – The third step is to re-estimate the predictor effects in the consortium data 
and to compare the effects with the original effects according to Diamond and Forrester. 
Subsequently, we calculated the difference between the re-estimated and the original effects 
(Appendix, Table A1). 

Updating and extension

For updating the Diamond–Forrester model, we used all data including patients <30 and 
>69 years. Age, sex, and type of  chest pain were entered simultaneously in a logistic regres-
sion model. All analyses were performed both unadjusted and adjusted for hospital.

Separately, we extended the model with a random intercept to allow for heterogeneity in 
CAD prevalence across different hospitals (Appendix, Table A3). Because of  potential dif-
ferences in symptom classification across hospitals, we also tested random effects for type 
of  chest pain between different hospitals. 

Diagnostic performance was quantified by calculating the area under the receiver operating 
curve (c-statistic). Calibration was assessed using the Hosmer–Lemeshow goodness-of-fit 
test and a calibration plot (Appendix, Figure A2). 

Reclassification was assessed by cross-tabulating the probability classification of  patients 
according to the Diamond–Forrester model vs. the updated model. We analyzed reclassifi-
cation with the commonly used cutoffs of  30 and 70% (Appendix, Table A4, A6) (20). In 
a second reclassification analysis, we analyzed the cutoff  40% (Appendix, Table A5, A7), 
which is the threshold below which CCTA is cost-effective (7). Furthermore, we determined 
the reclassification calibration statistic and the net reclassification improvement (Appendix, 
Table A8) (21,22). 

Validation of  the updated model

As mentioned, the CAD Consortium population is highly selected based on referral to 
CAG. To assess the performance of  the updated model in a low-risk population, we vali-
dated the updated model in an independent data set (not included in our consortium) con-
sisting of  outpatients presenting to the cardiologist who were intended to undergo both 
stress-ECG and CCTA for the evaluation of  chest pain (12,13). These data were also used 
to perform the ‘correction for verification bias’. We followed the step-wise approach as 
described above. Since not all patients in this population underwent CAG, the CCTA results 
were used as a proxy for the reference standard in patients who did not undergo CAG. 

A P-value < 0.05 was considered statistically significant. Statistical analyses were performed 
using Stata/SE 10.1 (StataCorp, TX, USA). Reclassification was assessed by using syntax 
made available by Cook et al. (22) in SAS Enterprise Guide v3 (SAS, Inc., NC, USA). 

Results 

Data collection and study population 
Existing databases with prospectively collected data were retrieved from 14 hospitals (Table 
1). After excluding 12 cases because of  missing values, the total study population consisted 
of  2260 patients (1521 men, 739 women, mean age 62 [range 21–93, IQR 55–70]), of  whom 
1319 (58.4%) were found to have obstructive CAD on CAG. 

For validation, we excluded patients below the age of  30 (n = 7) and above the age of  69 
(n = 570). Therefore, 1683 patients (1159 [68.9%] men, 524 women) and 937 (55.7%) with 
obstructive CAD were left for validation. 

Data analysis 
Validation

Table 2 and Figures 1 and 2 show the average observed frequency of  CAD in men and 
women, respectively, as observed in our data set, compared with the prediction according 
to Diamond and Forrester. In men, we observed a slight overestimation of  the probability 
of  CAD by Diamond and Forrester for patients with atypical and typical chest pain. In 
women, the overestimation was more pronounced. The validation of  predictions for men 
<40 and women <50 years old was less reliable, due to the limited number of  patients in 
these subgroups.

Calibration-in-the-large – We found that the average predicted probability according to Dia-
mond and Forrester was higher compared with the CAD frequency in the consortium data 
(P < 0.001). 

Recalibration – Recalibration demonstrated that the overall effect of  the predictors in the 
Diamond–Forrester model was higher compared with the overall effect of  the predictors in 
the consortium data (P < 0.001). 

Re-estimation – The effects of  age (P < 0.001) and type of  chest pain (P < 0.001) were signifi-
cantly larger in the Diamond–Forrester model compared with the effects in the consortium 
data. We conclude that these predictors require updating. 

Updating and extension

The updated model (Table 3) showed highly significant effects for age, sex, and type of  
chest pain, with similar effect sizes after adjustment for hospital (not shown). The area un-
der the receiver operating characteristic curve demonstrated good performance (c-statistic, 
0.79 [95% CI: 0.77–0.81]). After correction for verification bias, the regression coefficients 
were similar (Appendix, Table A3).

Interactions between the main effects did not show statistical significance (not shown). 
We found significant interactions between ‘typical chest pain’ and hospital (not shown), 
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implying that the effect of  having typical chest pain on the predicted probability is different 
across hospitals. 

Finally, a random effects logistic regression model showed that there was substantial het-
erogeneity in disease prevalence across hospitals. The model could not be improved by add-
ing a random effect for atypical chest pain, whereas a random effect for typical chest pain 
showed statistical significance (Appendix, Table A3). The random effects model is available 
for online use (Figure 3). The test for a non-linear age effect was not statistically significant, 
which is why we assumed a linear effect for age in all models. 

Analysis of  reclassification in 30–69-year-old patients demonstrated that 16% of  men and 
64% of  women reclassified correctly, when using the probability categories ,30, ≥30–70, 
and ≥70% (Figures 4 and 5). The net reclassification index was negative for both men and 
women, which is explained by the fact that the updated model predicts less high prob-
abilities compared with Diamond and Forrester, resulting in down classification of  patients 
among both cases and non-cases (Appendix, Table A8).

  Men Women

  Diamond and 
Forrester

Observed frequency 
of CAD

Updated 
model *

Diamond and 
Forrester

Observed frequency 
of CAD

Updated 
model *

Typical chest pain

30-39 69.7 90.0 59.1 25.8 † 27.5

40-49 87.3 73.2 68.9 55.2 41.4 36.7

50-59 92.0 82.0 77.3 79.4 38.5 47.1

60-69 94.3 86.1 83.9 90.6 56.9 57.7

70-79 – 88.6 88.9 – 70.8 67.7

>80 – 86.2 92.5 – 92.3 76.3

Atypical chest pain

30-39 21.8 16.7 28.9 4.2 † 9.6

40-49 46.1 28.9 38.4 13.3 19.2 14.0

50-59 58.9 45.9 48.9 32.4 24.2 20.0

60-69 67.1 53.9 59.4 54.4 30.1 27.7

70-79 – 63.6 69.2 – 35.6 37.0

>80 – 83.3 77.5 – † 47.4

Non-anginal chest pain

30-39 5.2 14.3 17.7 0.8 † 5.3

40-49 14.1 20.9 24.8 2.8 0.0 8.0

50-59 21.5 28.6 33.6 8.4 22.2 11.7

60-69 28.1 50.5 43.7 18.6 18.0 16.9

70-79 – 62.1 54.4 – 22.0 23.8

>80 – 45.0 64.6 – 20.0 32.3

Subgroup estimates that are overestimated by the Diamond– Forrester model are printed in boldface.
*	 Probabilities shown reflect the estimates for patients aged 35, 45, 55, 65, 75, and 85 years. 
†	Data on subgroups with less than five observations are not shown. 

Table 2. Head-to-head comparison of  the pre-test probability according to Diamond and Forrester, the 
observed frequency of  CAD, and the prediction according to the updated model. 

Validation of  the updated model

Calibration-in-the-large – The average predicted probability according to our updated model 
was significantly higher compared with the CAD frequency in the independent data set  
(P < 0.001). 

Recalibration – Recalibration demonstrated that the overall effect of  the predictors in the 
updated model is similar to the overall effect of  the predictors in the independent registry 
of  outpatients (P = 0.79). From this, we conclude that the predictor effects are valid and do 
not require updating (Appendix, Table A9). 

The model, adjusted for the lower disease prevalence, is available for online use (Figure 3).

Table 3. Updating and extension of  the Diamond– Forrester model (random effects model) 

Coefficient Odds ratio 95% CI  
lower limit

95% CI 
upper limit

Age 0.04 1.04 1.03 1.05

Male sex 1.34 3.82 3.08 4.74

Typical chest pain 1.91 6.72 3.97 11.37

Atypical chest pain 0.64 1.89 1.38 2.59

Non-specific chest pain * – –

Intercept -4.37 –

c-Statistic (95% CI †) 0.82 0.80 0.84

*	 Reference category.
†	Estimated by bootstrapping with 1000 repetitions. 

Figure 1. Predicted probability of  obstructive coronary artery disease in men (triangles) for the Diamond–
Forrester age categories a: 30–39, b: 40–49, c: 50–59, and d: 60–69, vs. the observed frequency of  obstructive 
coronary artery disease in our data. The legend provides the number of  patients per age category for each type 
of  chest pain. The bars indicate the 95% confidence interval of  the observed frequency. 
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Discussion 

Using recently collected data and modern statistical methods, we assessed whether the Dia-
mond–Forrester model is valid in a contemporary mainly European cohort (Box 1). Fur-
thermore, we updated and extended the model by re-estimating the predictive effects of  
age, sex, and type of  chest pain. We observed that the prevalence of  CAD was different 
across hospitals and adjusted for this difference. 

In short, we validated the Diamond–Forrester predictions in patients between 30 and 70 
years old. By comparing the Diamond–Forrester predicted probabilities with the average 
observed frequencies of  obstructive CAD in our data using calibration plots, we demon-
strated that there is a tendency for the Diamond–Forrester model to overestimate the preva-
lence of  CAD in a contemporary cohort. We showed that the Diamond–Forrester model 
needs to be updated according to the overall disease prevalence for the current European 
situation. Furthermore, we demonstrated that the predictor effects in the consortium data 
are not as extreme as the model by Diamond and Forrester suggests. 

It is important to note that the Diamond–Forrester model is based on 30–40-year-old data 
from the USA. To some extent, the differences we demonstrated are explained by changes 
in the risk factor distributions over the past decades, as well as by the differences between 
populations from the USA and Europe. 

All-in-all, we demonstrated that the validity of  the Diamond– Forrester model for current 
practice is limited, which justifies updating. Furthermore, Diamond and Forrester did not 

Figure 2. Predicted probability of  obstructive coronary artery disease in women (circles) for the Diamond–
Forrester age categories a: 30– 39, b: 40–49, c: 50–59, and d: 60–69, vs. the observed frequency of  obstructive 
coronary artery disease in our data. The legend provides the number of  patients per age category for each type 
of  chest pain. Data on subgroups with less than five observations are not shown. The bars indicate the 95% 
confidence interval of  the observed frequency. 

provide any estimates for patients above the age of  69. Nowadays, a substantial proportion 
of  patients with chest pain will be at least 70 years old, which motivated the extension of  
the Diamond–Forrester model. Therefore, we re-estimated the predictive effect of  age, sex, 
and type of  chest pain in all patients and confirmed the importance of  these in the predic-
tion of  obstructive CAD. We also demonstrated that predictions may vary across different 
hospitals. The performance of  the updated model improved discrimination and calibration, 
as indicated by the c-statistic and the non-significant Hosmer–Lemeshow test. Measures 
of  reclassification indicated correct reclassification by the updated model of  a substantial 
proportion of  patients, especially in women.

Updated predicted probabilities of  obstructive CAD ranged from 10% for a 50-year-old 
female with non-specific chest pain to 91% for an 80-year-old man with typical chest pain. 
Prior studies assessed the performance of  the Diamond–Forrester model (23) or developed 
new models to estimate the pre-test probability of  CAD (9,10,24). However, in spite of  ef-
forts to develop new prediction models, the Diamond–Forrester model remains a common 
method for estimating the probability of  obstructive CAD (2,4). 

Limitations 
The study population was derived from existing databases, some of  which were designed 
for other research objectives (e.g. to investigate the diagnostic accuracy of  non-invasive 
imaging tests for CAD). In some studies, all patients underwent the reference standard test, 
whereas in other studies, patients were selected for CAG based on the results of  an index 
non-invasive test. When evaluating the diagnostic performance of  the index non-invasive 
test, selection based on the test results may lead to ‘verification bias’ or ‘referral bias’ which 

Strengths 
•	 A large contemporary cohort was studied. 
•	 Multicentre collaboration of  14 hospitals. 
•	 Modern statistical methods were used for validation, updating, and extension of  

the Diamond–Forrester model. 
•	 In contrast to the Diamond–Forrester model, the updated model uses age as a 

continuous predictor and also predicts probabilities for patients 70 years and 
older.

•	 An easy-to-use online probability calculator was developed. 

Weaknesses 
•	 Only age, sex, and type of  chest pain were considered predictors. 
•	 The primary outcome was limited to obstructive CAD vs. no obstructive CAD. 
•	 Existing databases designed for other research objectives were combined. 
•	 A high-risk population was selected by including only patients referred for 

coronary angiography. 
•	 Heterogeneity across hospitals with respect to the assessment of  chest pain, 

adherence to guidelines, and interpretation of  the coronary angiographies. 

Box 1. Study strengths and weaknesses
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may bias estimates of  sensitivity and specificity of  such a test. In the current study, however, 
we did not assess the diagnostic performance of  a non-invasive test, making bias less likely. 
To explore the potential effect of  verification bias, we used inverse probability weighting 
on each individual with the probability of  verification based on age, sex, and type of  chest 
pain. The analyses with or without correction for verification bias yielded similar results, 
indicating that our results are unlikely to be biased by selected verification. 

The fact that we only included patients who underwent CAG indicates the selection process 
that occurred in this study. Some of  the patients will have had prior positive stress testing 
or another non-invasive imaging test. However, the association between age, sex, type of  
chest pain, and the presence of  obstructive CAD on CAG does not depend on whether 
another diagnostic imaging test was performed and whether it was positive or not. The 
elderly, males, and patients with typical chest pain are more likely to undergo stress test-
ing. Such patients are therefore overrepresented in our population. Incorporating the test 
results from the non-invasive test in the prediction model would influence the prediction 
of  the probability of  obstructive CAD. However, our aim was to predict the presence of  
obstructive CAD on initial presentation prior to diagnostic testing to provide decision sup-
port for the decision to test. The presence of  obstructive CAD was determined by CAG. As 
existing databases were used, CAGs were carried out at each individual hospital according 
to local protocols. Some institutions used quantitative coronary angiography to determine 
the degree of  stenosis, whereas others used visual assessment. All in all, heterogeneity due 
to differences between protocols and guidelines across hospitals could have influenced our 
results. 

Figure 3. Online calculator example. Here, the probability of  obstructive coronary artery disease is calculated 
for a 60-year-old male with typical chest pain. The calculator is based on the random effects model (Table 3) and 
is available for online use via http://rcc.simpal.com/tgenders_CAD consortium/. The recalibrated model for the 
low-risk populations is available via http://rcc. simpal.com/7TO293. 

One could argue that our study population does not represent the target population of  
the Diamond–Forrester model because of  the high prevalence of  CAD. It might be more 
reasonable to apply the model in patients without a clinical indication for CAG and a lower 
probability of  disease. However, despite the overall high prevalence of  disease in our study 
population, we showed that the Diamond–Forrester model tends to overestimate the prob-
ability of  CAD. The overestimation will be even larger, if  the model would be applied to 
lower risk populations. As expected, validation of  the updated model in the independent 
data consisting of  outpatients presenting with chest pain demonstrated an overestimation 
of  the probability of  CAD, although to a lesser extent than the overestimation by Diamond 
and Forrester would be. Recalibration results did not justify updating of  the predictor ef-
fects, suggesting that after adjusting the intercept, our updated model would be valid for the 
estimation of  the pre-test probability of  CAD in this low-risk population. 

Furthermore, the Diamond–Forrester model predicts the probability of  the presence vs. the 
absence of  obstructive CAD. In validation and updating, we focused on this dichotomous 
outcome. This is a limitation of  our study design, since detecting severe CAD (e.g. ≥70% 
stenosis, multi-vessel disease, left main disease) would have different clinical implications, 
as those patients would be eligible for revascularization. 

Although our total sample size was large, some analyses involved stratification for several 
variables. This resulted in small numbers of  patients in the lower age categories, especially 
for women because women represented only 30% of  the total population. 

Clinical implications 
According to our analysis, the Diamond–Forrester model overestimates the probability of  
obstructive CAD in a contemporary cohort. Thus, the pre-test probability for today’s pa-
tients can be estimated with more precision if  the updated model is used. 

The clinical value of  a diagnostic test depends largely on the pre-test probability. A better 
estimate of  the pre-test probability will therefore help clinicians make better decisions as to 
whether and which diagnostic test is indicated in a particular patient and to decide on further 
management based on the results of  such tests. In patients with a (very) low pre-test prob-
ability of  disease, a wait-and-see strategy without any testing is preferable. In patients with a 
high pre-test probability of  disease, a direct invasive strategy is optimal. The main benefit of  
testing is in patients with an intermediate pre-test probability, in which a negative test rules out 
the presence of  obstructive CAD, whereas a positive test justifies further testing.

Since the updated model predicts less high probabilities compared with the Diamond–For-
rester model, using the updated model could lead to decreased referral to CAG, a higher 
yield of  angiography, and increased use of  non-invasive testing for risk stratification. This 
would be a welcome response to the issue brought to light by Patel et al. (25) who reported 
that the diagnostic yield of  elective coronary angiography in the USA was only 41% (i.e. 
only 41% was found to have obstructive CAD) and concluded that better risk-stratification 
tools are needed. 

Finally, the revised model is user-friendly and requires only three inputs from the physician. 
The model can be used via the website, or it could be implemented in electronic patient 
records or electronic order entry systems. 
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Future research 
Our study focused on the predic-
tion of  obstructive CAD accord-
ing to age, sex, type of  chest pain, 
and hospital only. Other risk fac-
tors such as smoking, diabetes, 
hypertension and dyslipidaemia 
have previously been demon-

strated to be associated with the presence of  CAD (26). Therefore, other known cardiovas-
cular risk factors should be considered in future prediction models. On the other hand, the 
predictive effects of  cardiovascular risk factors (in diagnostic models) are probably small in 
comparison with the predictive effects of  age, sex, and type of  chest pain, and care should 
be taken to minimize the number of  variables, because simple prediction tools are more 
likely to be used by physicians in clinical practice.

Prospective data should be collected for the development and validation of  prediction mod-
els, including a more heterogeneous study population. For example, including populations 
with a lower overall probability of  obstructive CAD would improve the generalizability of  
the results. 

Conclusion 

All-in-all, we updated and extended the predictive effects of  age, sex, and type of  chest 
pain, based on a contemporary cohort and using modern statistical methods. We demon-
strated that the Diamond–Forrester model can be improved for the current European situ-
ation. The updated model is available online. 
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Appendix 

Validation and updating of  the Diamond–Forrester model was performed by T.S.S.G., using 
state-of-the-art methods (17-19). 

Validation 
The Diamond–Forrester model takes into account age, sex, and type of  chest pain and was de-
signed for patients between 30 and 70 years only. For the validation of  the Diamond–Forrester 
model, we therefore excluded both patients below the age of  30 and patients above the age of  69. 

‘Original’ Diamond–Forrester coefficients 

The Diamond–Forrester model8 is based on a Bayesian analysis. Therefore, it does not pro-
vide regression coefficients for the effects of  age, sex, and type of  chest pain on the prob-
ability of  CAD. To unravel the implicit coefficients of  the predictors in this model, we per-
formed a weighted linear regression on the log odds of  the Diamond–Forrester predictions 
per subgroup. The weights were proportional to the inverse of  the standard errors reported 
by Diamond and Forrester. The coefficients obtained by the weighted linear regression are 
further referred to as the ‘original coefficients’ of  Diamond and Forrester.
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statistics. 
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The observed frequency of  CAD in our data set was calculated stratifying for 10-year age 
category, sex, and type of  chest pain (i.e. equivalent to the Diamond–Forrester categories). 
Observed frequencies of  CAD were compared with the predicted probabilities of  CAD ac-
cording to Diamond and Forrester and were subsequently tabulated (Table 2) and presented 
by means of  calibration plots (Figures 1 and 2). 

Calibration-in-the-large

In the consortium data, patients aged 30–69 (Diamond–Forrester age range) were assigned 
the log odds of  obstructive CAD as estimated by the weighted linear regression model, 
i.e. the linear predictor. A model (Equation 1 in Figure A1) was fitted to calculate the log 
odds of  obstructive CAD as observed in our data set. The linear predictor of  Diamond 
and Forrester (lpD&F) was included in the model and its coefficient was fixed at unity. In this 
way, the original absolute and relative effects of  the original Diamond–Forrester model are 
maintained. The intercept (αnew) is the only free parameter in the model, which allows us to 
quantify the ‘calibration-in-the-large’ and adjust for difference in disease prevalence.

The intercept (αnew) can be interpreted as the difference in log odds between the mean ob-
served outcome and the mean predicted probability of  CAD according to Diamond and 
Forrester (19). In other words, we assessed calibration-in-the-large by comparing the mean 
observed frequency of  CAD with the mean of  the predicted probabilities according to Dia-
mond and Forrester in a logistic regression model. We tested whether the difference (i.e. the 
intercept) was significantly different from zero. 

Model Diamond and Forrester (weighted linear 
regression *) ‘original’ regression coefficients

δ coefficients † (Equation 3 in Figure A1) (in 
patients aged 30-69, n=1683)

Coefficient P-value Coefficient P-value

Baseline analysis α -7.52 – δ α  2.97 <0.001

Age 0.09 – δ Age -0.04 <0.001

Sex 1.35 – δ Male sex  0.05  	0.67

Typical CP 3.77 – δ Typical CP -1.78 <0.001

Atypical CP 1.70 – δ Atypical CP -1.20 <0.001

C-statistic (95% CI ‡) 0.78 (0.76-0.79) 0.78 (0.76-0.81)

HL P-value <0.001 0.36

Analyses adjusted for 

hospital§

δ α 2.05 <0.001

δ Age -0.04 <0.001

δ Male sex -0.02  	0.88

δ Typical CP -1.21 <0.001

δ Atypical CP -0.96 <0.001

C-statistic (95% CI ‡) 0.81 (0.79-0.83 )

HL P-value 0.06

CP = chest pain, HL = Hosmer–Lemeshow goodness-of-fit test (significant result indicates lack of model fit, poor calibration), α = intercept.
*	 Regression coefficients were approximated by weighted linear regression (see Appendix, Original Diamond-Forrester coefficients). 
†	Difference between Diamond–Forrester coefficients and refitted coefficients. 
‡	Estimated by bootstrapping with 1000 repetitions. 
§	Reference category is Erasmus University Medical Center.

Table A1. Validation of  the Diamond–Forrester model

Recalibration

Next, we recalibrated the model by comparing the average regression slope of  Diamond 
and Forrester with the average regression slope in the consortium data. A second linear pre-
dictor variable was added to the model (while maintaining both the previous linear predictor 
as offset variable and the new intercept), and its coefficient βmiscalibration (Equation 2 in Figure 
A1) was estimated. This coefficient reflects the miscalibration of  the Diamond–Forrester 
predictor effects when compared with the predictor effects in the consortium data (19). 
We tested whether βmiscalibration = 0, corresponding to the hypothesis that the Diamond–For-
rester prediction (adjusted for calibration-in-the-large) fits the data well. If  significant, we 
conclude that the overall effects of  age, sex, and type of  chest pain together are different in 
our data and that model revision is justified. 

Re-estimation

Finally, we re-estimated the predictor effects in a model including the linear predictor as 
offset and the new intercept (Equation 3 in Figure A1). The coefficients from this analysis 
refer to the difference between the re-estimated and the original coefficients (i.e. ∂-coef-
ficients). We tested whether these differences were significantly different from zero. From 
these analyses, we can judge which predictor effects are different in our data compared with 
the model according to Diamond and Forrester. 

All analyses were performed both unadjusted and adjusted for hospital. 

Updating and extension 

To update the Diamond–Forrester model, we performed a logistic regression analysis 
(Equation 4 in Figure A1), using all data, including patients below the age of  30 and above 
the age of  69. All variables (age, sex, and type of  chest pain) were entered simultaneously 
in the model (‘baseline analysis’) (Table A3). To judge whether interaction terms should be 
considered, we performed an overall test for interaction using second-order interactions of  
the main effects (i.e. age, sex, and type of  chest pain). Significant interaction terms were 
tested one-by-one and omitted if  non-significant. Similarly, interactions between main ef-
fects and hospital were tested. 

Separately, we extended the model with a random intercept to allow for heterogeneity in 
CAD prevalence across different hospitals (Equation 5 in Figure A1). Because of  potential 

Figure A1. Equations. Logit = natural log odds of  the probability, pCAD = probability of  obstructive coronary 
artery disease, α = intercept of  logistic regression model, offset = regression coefficient fixed at unity, β = 
regression coefficient, ∂ = difference between βnew and βoriginal (see Table A1 for ‘original’ coefficients), lpD&F = 
linear predictor of  Diamond and Forrester, * = random effect.
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differences in symptom classification across hospitals, we also tested random effects for 
type of  chest pain across different hospitals (Equation 6 in Figure A1). The linearity as-
sumption for the continuous variable age was checked graphically and tested statistically by 
including a restricted cubic spline function with three knots (2 d.f.). 

Diagnostic performance was quantified by calculating the area under the receiver operat-
ing curve (c-statistic), and confidence intervals were obtained by bootstrapping with 1000 
repetitions. Calibration was estimated by the Hosmer–Lemeshow goodness-of-fit test and 
by constructing a calibration plot (Figure A2). 

A P-value < 0.05 was considered statistically significant. Statistical analyses were performed 
using Stata/SE 10.1, StataCorp, TX, USA. 

Figure A2. Calibration plot of  the 
updated model (See Table A3, Model 1)

Variable Odds ratio 95% CI  
lower limit

95% CI upper  
limit

P-value

Age 1.04 1.02 1.07 <0.01

Male sex 2.18 1.34 3.55 <0.01

Typical chest pain 3.09 1.47 6.50 <0.01

Atypical chest pain 1.23 0.58 2.61 0.58

Non-specific chest pain reference

Table A2. Logistic regression predicting the probability of  verification with conventional coronary angiography
Correction for verification bias

To correct for verification bias in our study population, we performed inverse probability 
weighting on each individual in our data set, using the probability of  verification. For this 
purpose, we used registry data (12,13) of  471 outpatients who presented to the cardiologist 
for the evaluation of  chest pain. All patients in this registry were intended to undergo both 
stress-ECG and coronary CT angiography. Of  the 471 patients, 98 were referred for CAG 
based on clinical parameters and the non-invasive test results. 

A logistic regression analysis was performed, predicting the probability of  undergoing CAG 
based on age, sex and type of  chest pain (Table A2). Subsequently, the probability of  verifi-
cation was calculated for each individual in the CAD Consortium. The inverse of  the prob-
ability of  verification was used to weigh each individual, which corrects for verification bias.

Reclassification 

To assess the clinical utility of  the updated Diamond–Forrester model, we assessed reclas-
sification of  patients between the ages of  30 and 69 for men (Table A4, A5) and women 
(Table A6, A7) separately, comparing the original Diamond– Forrester probability predic-

  Coefficient Odds ratio 95% CI lower limit 95% CI upper limit

Model 1: Baseline analysis

Age 0.04 1.04 1.03 1.05

Sex 1.34 3.82 3.11 4.70

Typical chest pain 1.99 7.33 5.69 9.43

Atypical chest pain 0.50 1.65 1.26 2.16

Non-specific chest pain * – –

Intercept -4.32 –

c-Statistic (95% CI †) 0.79 0.77 0.81

HL P-value 0.52

Model 2: Corrected for verification bias

Age 0.04 1.04 1.02 1.06

Sex 1.16 3.20 2.47 4.15

Typical chest pain 1.99 7.31 5.62 9.52

Atypical chest pain 0.63 1.87 1.40 2.51

Non-specific chest pain * – –

Intercept -4.09 –

c-Statistic (95% CI †) 0.78 0.76 0.80

Model 3: Random intercept + random slope ‘typical chest pain’ ‡

Age 0.04 1.04 1.03 1.05

Sex 1.34 3.82 3.08 4.74

Typical chest pain 1.91 6.72 3.97 11.37

Atypical chest pain 0.64 1.89 1.38 2.59

Non-specific chest pain * – –

Intercept -4.37 –

c-Statistic (95% CI †) 0.82 0.80 0.84

*	 Reference category. 
†	Estimated by bootstrapping with 1000 repetitions. 
‡	Group variable is ‘hospital’.

Table A3. Updating and extension of  the Diamond– Forrester model
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tion (i.e. according to age category, sex, and type of  chest pain) with the updated model in 
the online calculator (i.e. according to age [continuous], sex and type of  chest pain; Table 
A3, Model 3).

Validation of  the updated model 

The CAD Consortium population is highly selected based on referral to CAG. To assess the 
performance of  the updated model in a lower risk population, we attempted to validate the 
model in an independent registry data set (not included in our consortium) consisting of  
unselected outpatients presenting to the cardiologist who were intended to undergo both 
stress-ECG and CCTA for the evaluation of  chest pain (12,13). (This data set was also used 
to perform the correction for verification bias.) 

Table A4. Reclassification table using probability categories <30, ≥30–70, and ≥70% (men)

Probability category based on 
Diamond and Forrester Probability category based on updated model

0 – 30% 30 – 50% 70 – 100% Total

0 – 30%

	 n (%) 62 (27.7) 162 (72.3) – 224 (19.3)

	 Observed probability, % 17.7 42.0 – 35.3

30 – 70%

	 n (%) – 294 (100.0) – 294 (25.4)

	 Observed probability, % – 48.3 – 48.3

70 – 100%

	 n (%) – 25 (3.9) 616 (96.1) 641 (55.3)

	 Observed probability, % – 64.0 84.3 83.5

Total

	 n (%) 62 (5.4) 481 (41.5) 616 (53.2) 1159 (100)

	 Observed probability, % 17.7 47.0 84.3 65.2

Table A5. Reclassification table using probability categories <40 and ≥40% (men) 

Probability category based on 
Diamond and Forrester Probability category based on updated model

0 – 40% 40 – 100% Total

0 – 40%

	 n (%) 150 (67.0) 74 (33.0) 224 (19.3)

	 Observed probability, % 26.0 54.1 35.5

40 – 100%

	 n (%) 22 (2.4) 913 (97.6) 935 (80.7)

	 Observed probability, % 27.3 73.5 72.4

Total

	 n (%) 172 (14.8) 987 (85.2) 1159 (100)

	 Observed probability, % 26.2 72.0 65.2

For this purpose, we followed the step-wise approach as described above (Table A9). Since 
not all patients in this population underwent CAG, the CCTA results were used as proxy for 
the reference standard in patients who did not undergo CAG. Out of  471 patients, 17 did 
not undergo either CCTA or CAG and were therefore excluded from the analysis. 

Table A6. Reclassification table using probability categories <30, ≥30–70, and ≥70% (women) 

Probability category based on 
Diamond and Forrester Probability category based on updated model

0 – 30% 30 – 50% 70 – 100% Total

0 – 30%

	 n (%) 136 (100.0) – – 136 (25.9)

	 Observed probability, % 17.6 – – 17.6

30 – 70%

	 n (%) 122 (70.1) 52 (29.9) – 174 (33.2)

	 Observed probability, % 27.0 36.5 – 29.9

70 – 100%

	 n (%) – 214 (100) – 214 (40.8)

	 Observed probability, % – 49.1 – 49.1

Total

	 n (%) 258 (49.2) 266 (50.8) – 524 (100)

	 Observed probability, % 22.1 46.6 – 34.5

Table A7. Reclassification table using probability categories <40 and ≥40% (women) 

Probability category based on 
Diamond and Forrester Probability category based on updated model

0 – 40% 40 – 100% Total

0 – 40%

	 n (%) 198 (100.0) – 198 (37.8)

	 Observed probability, % 19.7 – 19.7

40 – 100%

	 n (%) 105 (32.2) 221 (67.8) 326 (62.2)

	 Observed probability, % 32.4 48.9 43.6

Total

	 n (%) 303 (57.8) 221 (42.2) 524 (100.0)

	 Observed probability, % 24.1 48.9 34.5
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Table A8. Reclassification statistics

Overall 
Reclassification 
Percentage

% 
Correct *

Χ2 
model 
1 †

P-value Χ2 
model 
2 ‡

P-value NRI §,
%

P-value for 
NRI

Cutoffs

<30%, ≥30-70%, ≥70% Men 16.1 100.0 125.5 0 10.9 0.01 -14 <0.001

Women 64.1 100.0 261.7 0 4.25 0.12 -19 0.02

<40%, ≥40% Men 8.3 100.0 99.1 0 6.98 0.03 0 0.99

Women 20.0 100.0 244 0 4.1 0.04 2 0.64

NRI =net reclassification improvement. 
*	 If the predicted probability of obstructive CAD of the updated model was closer to the observed probability of CAD compared with the 

prediction of the original model, the reclassification was considered to be correct.
†	 Reclassification calibration (Hosmer–Lemeshow) statistic for the original model, using cells from the reclassification table with at least 20 

observations. The significant P-value indicates poor calibration of the original model. 
‡	 Reclassification calibration statistic for the updated model, using cells from the reclassification table with at least 20 observations. The 

higher P-value indicates better fit of the updated model compared with the original model. 
§	 The net reclassification improvement is defined as the difference in proportions of patients moving up and down for cases and non-cases 

separately and it is interpreted as the percentage reclassified, adjusted for the reclassification direction. Here, the net reclassification 
index is negative because, on average, most individuals are being down classified by the updated model (i.e. less overestimation by the 
updated model compared with the Diamond–Forrester model), irrespective or their disease status

Table A9. Validation of  the updated model 

Calibration-in-the-large Recalibration

Coefficient P-value Coefficient P-value

α -0.92 < 0.001 -0.92 < 0.001

lpconsortium 1 – -0.03 0.79

lpconsortium 1 –

c-Statistic (95% CI *) 0.76 (0.71-0.81) 0.76 (0.71-0.81)

α = intercept, lpconsortium = linear predictor of the updated model (random effects model, see Table 3). 
* 	Estimated by bootstrapping with 1000 repetitions. 
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‘Stop annoying me with this probability stuff. Does my patient have coronary artery disease or not?’

What does a doctor do? Well, we teach our students to take a meticulous history, perform 
a, hopefully, skilled examination, make a provisional diagnosis, arrange appropriate tests, 
establish a diagnosis, and initiate a management plan. David Sackett, however, taught us 
that, in practice, we shortcut this process by making an immediate diagnosis based on prob-
abilities and then adjust this probability as more information comes in (1). Thus, intuitively, 
we adopt a Bayesian (2) approach to diagnosis—our first diagnosis is the ‘prior’ or ‘pre-test’ 
one, followed by a ‘post-test’ probability that is refined by additional information. Even if  
you hate probabilities, such an approach gives a figure to aid logical decision making. 

What does a cardiologist do? Most clinical cardiologists who have not been seduced into 
the comforting womb of  the cardiac catheterization laboratory spend their days applying 
the above principles to people with chest pain, breathlessness, palpitation, dizzy spells, or 
syncope. 

Thirty years ago, Diamond and Forrester (3) applied Bayesian principles in a classical paper 
that is a model of  clarity. Using data from 4952 subjects undergoing coronary arteriography, 
they treated chest pain as a diagnostic test. They tabulated:

I	 the prevalence of  coronary artery disease (CAD) in subjects with non-anginal chest 
pain, atypical angina, and typical angina, then 

II	 the pre-test likelihood of  CAD by age, sex, and type of  chest pain, and 

III	 the post-exercise test likelihood of  CAD based on the degree of  ST-segment depres-
sion on exercise testing—with probabilities varying from 0.1% (asymptomatic female 
aged 30–39 with no or minimal ST changes) to 99.8% (typical angina in a man aged 
60–69 with .2.5 mm ST depression). 

They also noted that additional tests such as stress scintigraphy or coronary artery calcifica-
tion can refine probability estimates until the point of  diminishing returns is reached, pav-
ing the way for evidence-based management algorithms. 

Implicit in all of  this research is the observation that the maximum yield from an additional 
test occurs when the pre-test probability is ~50% – just where you need help. If  the pre-test 
probability is very high, a normal test result is likely to be wrong (false negative) and if  the 
pre-test probability is very low, an abnormal test result is likely to be wrong (false positive). 

Diamond and Forrester were well aware of  the limitations of  their heterogeneous database 
‘. . . the data presented in the tables should not be considered as absolute standards but, 
rather, as preliminary estimates that will require some modification as more precise data 
become available’ (3). 

So this, after a modest delay of  30 years, is where the paper of  Genders and colleagues (4) 
comes in. Authorship has grown a little to 35, representing epidemiology, public health, 
clinical cardiology, and imaging. While the principles of  Bayesian theory remain solid, con-
siderable methodological advances have occurred. The data were corrected for selection or 

verification bias, additional measures of  diagnostic performance were used, and the per-
centage of  patients whose probabilities of  CAD were derived from Diamond and Forrest-
er’s estimates that would be correctly re-classified using the current data set was calculated. 

Two primary questions were addressed. First, can the likelihood of  obstructive coronary 
artery disease (OCD) be quantified based on age, sex, and type of  chest pain (typical, atypi-
cal, and non-anginal), and, secondly, can the Diamond and Forrester estimates be updated 
using a more modern data set? The answer to both appears to be yes. 

Probability estimates were based on 2260 subjects undergoing coronary arteriography in 14 
hospitals in six countries. Of  these, 58.45% had obstructive coronary disease, with marked 
regional variations, from 39.4% (the USA) to 75.5% (Russia). In contrast to Diamond and 
Forrester’s study, which presented data on subjects up to age 69, subjects aged up to and 
exceeding 80 years were included. 

For the clinician, the relevant results are contained in Table 2 of  the paper by Genders et 
al., which shows the probability of  OCD in subjects with typical, atypical, and non-anginal 
chest pain. Figure 1 summarizes the results from their present study. Diamond and For-
rester’s estimates overpredicted the observed prevalences of  OCD, particularly in women 
with typical and atypical pain, although not in those with non-anginal pain. The range of  
predicted prevalences was narrower than in Diamond and Forrester, and some of  the ob-
served disease prevalences are unexpected, being apparently U-shaped in men with typical 
angina and not increasing above age 60. Overall, the updated model performed reasonably 
well, with a c-statistic of  0.79 in men and 0.82 in women. More women than men were 
re-classified and the overall net re-classification index was negative because of  the higher 
probability estimates given by the Diamond and Forrester model. The limitations of  the 
study are well discussed, including selection effects, variability in disease prevalences in dif-
ferent institutions, and the lack of  standardization of  methods of  coronary arteriography 
and reporting. In addition, it is not known whether American physicians of  30 years ago 
interpreted the categories of  chest pain used in the same way as the physicians of  today. 

In some ways, Diamond and Forrester went further than the study of  Genders et al. One 
of  the beauties of  the earlier paper was the presentation of  pre- and post-test probabilities 
of  OCD before and after stress testing, stratified by the degree of  ST depression. They 
also gave some indication of  the effect of  additional testing in further refining probability 
estimates and when further tests will add little or nothing. 

The paper by Genders et al. is timely and relevant to everyday clinical practice, updating our 
ability to treat chest pain as a diagnostic test and documenting the likelihood of  OCD based 
on age, sex, and the type of  chest pain. This powerful group could, one hopes, extend this 
work to study larger and more heterogeneous groups of  patients prospectively and with 
standardized methods. The addition of  stress test data would widen the range of  prob-
abilities and facilitate the decision to proceed, or not, to coronary arteriography. Ideally the 
effects of  additional investigations on serial post-test probabilities could also be refined as a 
further compliment and complement to the work of  Diamond and Forrester. 

Conflict of  interest: none declared. 
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Abstract

Objective 
To develop prediction models for the presence of  coronary artery disease (CAD) and to 
improve the estimate of  the pre-test probability of  CAD.

Design, Setting and Participants 
We analyzed individual patient data from 18 hospitals. Patients with stable chest pain with-
out evidence for prior CAD were eligible if  they were referred for coronary CT angiogra-
phy (CCTA) (low-prevalence setting) or catheter-based coronary angiography (CCA) (high-
prevalence setting).

Main outcome measures 
Outcome was obstructive CAD defined as ≥50% diameter stenosis in ≥1 vessel on CCA. 
Multiple imputation was performed to account for missing predictors and outcomes, ex-
ploiting the strong correlation between CCTA and CCA. A basic model included age, sex, 
symptoms, and setting. A clinical model also included diabetes, hypertension, dyslipidaemia, 
and smoking, while an extended model added the coronary calcium score (CCS). Cross-
validation (discrimination [c-statistic], calibration, and continuous net reclassification im-
provement [NRI]) was assessed for the four largest low-prevalence datasets separately and 
the smaller low-prevalence datasets combined.

Results 
We included 5677 patients (3283 men, 2394 women), of  whom 1654 had obstructive CAD 
on CCA. All potential predictors were significantly associated with the presence of  CAD 
in univariable and multivariable analyses. The clinical model improved the prediction com-
pared to the basic model (cross-validated c-statistic from 0.77 to 0.79, cross-validated  
NRI = 35%). The CCS was a major predictor, increasing the cross-validated c-statistic to 
0.88 (cross-validated NRI = 102%). Calibration for low-prevalence datasets was satisfactory.

Conclusions 
Updated prediction models including age, sex, symptoms, and cardiovascular risk factors 
allow for accurate estimation of  the likelihood of  CAD in low-prevalence populations. 
Adding CCS improves the prediction.

Introduction

In the United States approximately 10.2 million individuals suffer from chest pain com-
plaints (1) and over 1.1 million inpatient diagnostic catheter-based coronary angiographies 
(CCA) are performed each year (2). A recent report based on the American College of  
Cardiology (ACC) National Cardiovascular Data Registry (3) demonstrated that only 41% 
of  patients undergoing elective CCA are diagnosed with obstructive coronary artery disease 
(CAD). The authors concluded that better risk-stratification is needed, which is underlined 
by decision analyses demonstrating that the choice of  further diagnostic work-up in patients 
with chest pain depends primarily on the pre-test probability of  CAD (4-6). 

Current guidelines from the American College of  Cardiology/American Heart Association 
(ACC/AHA) (7-8) European Society of  Cardiology (ESC) (9), and the United Kingdom 
(UK)(10) recommend the Diamond & Forrester model (11) or the Duke Clinical Score 
(DCS) (12-13) to estimate the pre-test probability of  CAD in patients with chest pain. The 
Diamond & Forrester model tends to overestimate the probability of  CAD (defined as 
≥50% stenosis) and a revised version has recently been published (14). The Duke Clinical 
Score (12-13) estimates the probability of  CAD (≥75% stenosis) which, to our knowledge, 
has not been validated in populations outside the United States. Whereas the ACC/AHA 
and ESC recommend exercise electrocardiography to select patients for further diagnostic 
work-up, the UK guidelines recommend the CT coronary calcium score (CCS) in patients 
with a low to intermediate pre-test probability (10-29%).

We perceived a need for an updated and stepwise approach to estimating the probability of  
CAD in patients who present with new-onset chest pain in a low-prevalence population as 
clinical information and test results become available, in particular because implementation 
of  the guidelines requires the calculation of  the pre-test probability. Purpose of  this study 
was therefore to estimate the probability of  obstructive CAD based on clinical presentation 
and cardiovascular risk factors and to determine the incremental diagnostic value of  exer-
cise electrocardiography and the coronary calcium score. 

Methods

Design overview
A consortium of  researchers from Europe and the United States of  America was formed. 
An existing database with data on ≥80 eligible patients was required for participation. Par-
ticipation did not involve any financial incentives. All patients had to be enrolled in single-
centre studies, and local approval from the Institutional Review Board for the original re-
search objectives was required. 

The CAD consortium is part of  the European network for the Assessment of  Imaging in 
Medicine (EuroAIM) which is an initiative of  the European Institute of  Biomedical Imag-
ing Research (EIBIR) (15). One of  the goals of  EuroAIM is to perform pooled analyses 
of  existing prospectively collected data, improving power and increasing generalizability of  
results. 
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Participants
Patients were eligible for the analysis if  they presented with stable chest pain and if  they 
were referred for CCA or coronary CT angiography (CCTA) (≥64-slice). Patients were not 
eligible if  they met one of  the following criteria: i) acute coronary syndrome or unstable 
chest pain, ii) history of  myocardial infarction (MI) or previous revascularisation (percu-
taneous coronary intervention or coronary artery bypass graft surgery), iii) no informed 
consent. For diagnosing CAD, CCA is considered to be the reference standard, which is an 
expensive and invasive procedure with a risk of  complications. Non-invasive testing is gen-
erally recommended to select patients who may benefit from CCA. CCTA is a less invasive 
and less expensive test for CAD with a high sensitivity and specificity as compared to CCA 
(16-18). A negative CCTA virtually excludes the presence of  obstructive CAD, whereas a 
positive CCTA may need confirmation by CCA. 

Fourteen datasets consisted of  consecutive patients who were enrolled in a prospective 
study for other research objectives. Four datasets consisted of  patients who were retrospec-
tively identified as eligible through electronic radiology reporting systems. In- and exclusion 
criteria were evaluated by experienced physicians and missing information was obtained via 
patient records. See Appendix Table 1 for more details.

Definitions
Data on age, sex, symptoms, cardiovascular risk factors, test results, and the presence of  
CAD were collected. Symptoms were classified as typical, atypical, or non-specific chest 
pain. Typical chest pain was defined as i) substernal chest pain or discomfort, that is ii) 
provoked by exertion or emotional stress and iii) relieved by rest and/or nitro-glycerine. 
Atypical chest pain was defined as two of  the before mentioned criteria. If  one or none of  
the criteria was present, symptoms were classified as non-specific (19).

Definitions for hypertension, diabetes, dyslipidaemia, and smoking were slightly different 
across hospitals (Appendix Table 1). The most common definitions are listed below Table 
1. CCS was determined using the Agatston method (20) and log-transformed (natural loga-
rithm of  CCS+1) to account for its skewed distribution. 

Outcomes
Primary outcome was obstructive CAD defined as ≥1 vessel with ≥50% diameter stenosis 
on CCA. As existing databases from different hospitals were combined, CCTA and CCA 
were performed at each institution according to local protocols; both visual assessment and 
quantitative assessment were allowed for interpretation of  CCTA and CCA. 

Statistical Analysis
We assumed missing data occurred at random conditional on the clinical variables and the 
CCTA result and performed multiple imputations using chained equations (MICE) (21). 
Missing values were predicted based on all other predictors considered, the CCTA result, as 
well as the outcome (22-23). Twenty datasets were created with identical known informa-
tion, but differences in imputed values reflecting the uncertainty associated with imputa-
tions. In total, 667 (2%) clinical data items were imputed. 

Only a minority of  patients (n=2062, 36%) underwent CCA. An analysis restricted to pa-
tients who underwent CCA could be influenced by verification bias (24). We therefore im-

puted CCA using CCTA as an auxiliary variable in addition to all other predictors (25). 
CCTA results correlate well with CCA results especially for negative CCTA results (16-18), 
and therefore CCTA is a good proxy for CCA. This strong correlation was confirmed in the 
patients (n = 1609) who underwent both CCTA and CCA (Pearson r = 0.72). Since CCTA 
was used for imputing CCA, CCTA was not included as a predictor in the prediction mod-
els. Our approach was similar to using the CCTA result as outcome variable when CCA was 
not performed (which was explored in a sensitivity analysis) but is more sophisticated in 
that it takes into account other predictors and the uncertainty around the imputed values. In 
total, 3615 CCA outcome values (64%) were imputed. Multiple imputations were performed 
using Stata/SE 11 (StataCorp, Texas, USA).

External Validation of  the Duke Clinical Score (DCS)

To evaluate the performance of  the DCS, we calculated the predicted probability based on 
published coefficients (13) for predicting ≥75% stenosis. Since patients with evidence of  
prior CAD were excluded we assumed all had a normal resting electrocardiogram. Predic-
tions were compared with the observed proportion of  severe CAD (≥70% stenosis or 
≥50% left main stenosis) in a calibration plot.

Development of  new prediction models

Three models were defined: i) a basic model with age, sex, symptoms, and setting; ii) a clini-
cal model with age, sex, symptoms, setting, diabetes, hypertension, dyslipidaemia, smoking, 
and body mass index (BMI); and iii) an extended model with clinical variables + CCS. Since 
all clinical parameters are known to be associated with CAD (26), all predictors were entered 
simultaneously in a multivariable random-effects logistic regression model. Hospital was in-
cluded as a random effect to account for clustering of  patients within hospitals. Because of  
the limited availability of  exercise electrocardiography data, its incremental predictive value 
was explored but presented only in the Appendix. Statistically non-significant predictors 
with small effects (odds ratio <1.01) were omitted.

Setting variable

To account for differences in patient selection across datasets (based on referral to CCA, 
high-prevalence vs. referral to CCTA, low-prevalence), a dummy variable for setting was cre-
ated. This variable was coded “0” (low-prevalence setting) if  a patient originated from a da-
tabase that was created by selecting patients who underwent CCTA (of  whom only a propor-
tion underwent CCA in addition to CCTA), and coded as “1” (high-prevalence setting), if  a 
patient originated from a database that was created by selecting patients who underwent CCA 
(of  whom a proportion also underwent CCTA). The intended clinical application of  our 
prediction model is for low-prevalence populations, because for those patients the optimal 
diagnostic work-up should be determined based on the estimated pre-test probability (10). 
In contrast, all patients in the high-prevalence setting had a clinical indication for CCA, and 
estimating the pre-test probability is not relevant for them. Because it is inefficient to derive a 
prediction model only in a low-prevalence population (since the majority of  patients will not 
undergo the reference standard), we also included databases with patients referred for CCA. 
These data provided valuable information on the correlations between clinical presentation, 
risk factors, CCTA, and CCA, which was essential for reliable imputation of  co-variables 
and outcomes in the low-prevalence populations. By including the setting variable we could 
derive the model using all available data, and adjust for differences in patient selection. When 
applying the model for new patients with chest pain, the setting variable is set to zero. 
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Predictor effects may be different across the low- and high-prevalence setting, which was 
tested by interaction terms between setting and all other variables. Furthermore, interac-
tions between symptoms and sex, symptoms and age, and symptoms and diabetes were 
tested. Linear effects of  age and the log-transformed CCS were tested by including a re-
stricted cubic spline function with 3 knots (2 df) (27-28). 

Diagnostic performance was quantified by calculating the area under the receiver–operat-
ing-characteristic-curve (c-statistic). Reclassification was assessed using the continuous Net 
Reclassification Improvement (NRI) (Table 2, see Appendix) (29). A P-value <0.05 was 
considered statistically significant. Analyses were performed using Stata/SE 11 (StataCorp, 
Texas, USA). 

Validation

The validity of  the clinical model was assessed in a cross-validation procedure. The five larg-
est datasets with sufficient numbers for reliable validation (30) and the remaining databases 
combined were each in turn removed from the model development sample. Subsequently, 
we validated each model using the database that was omitted during model development. 
We calculated the c-statistic and validated the model according to the following steps (23, 
27-28) (see Appendix for more details on the validation steps): 

1. Calibration-in-the-large 

	 When assessing the validity of  a prediction model, the first step is to check whether 
the average prediction approximates the average observed outcome. This concept is 
referred to as “calibration-in-the-large”. Hereto, we compared the mean observed fre-
quency of  CAD in the validation data to the mean prediction. 

2. Logistic recalibration

	 The second step is to test whether the overall effect of  the predictors in the model is 
valid for the validation data. 

3. Re-estimation

	 The third step is to re-estimate the predictor effects in the validation data and to calcu-
late the difference (∂-coefficients) with the estimated predictor effects of  the prediction 
model (23). Insignificant differences (high P-values) indicate no difference in predictor 
effects, supporting the validity of  the model.

Results

Data collection and study population 
Databases were retrieved from 18 hospitals (Table 1 and Appendix Table 2). The study 
population consisted of  5677 patients (3283 men, 2394 women, mean age 58, 60). Nearly 
all patients (5190, 91%) underwent CCTA, of  which 1634 (31%) had obstructive CAD on 
CCTA. Among the 1634 patients with obstructive CAD on CCTA, 1083 (66%) underwent 
CCA which was positive in 886 (82%). Among the 3556 patients without obstructive CAD 
on CCTA, 526 (15%) underwent CCA which was negative in 498 (95%). Overall, 2062 pa-
tients (36%) underwent CCA, with 1176 (57%) patients diagnosed with obstructive CAD. 

Missing values occurred in; age (0.1%), symptoms (0.1%), hypertension (2.2%), diabetes 
(3.4%), dyslipidaemia (3.3%), smoking (2.7%), BMI (6.2%), and CCS (14%). 

Among the 3556 patients without obstructive CAD on CCTA, 3030 (85%) patients did not 
undergo CCA. CCAs imputed for these patients were mostly negative (range of  97-98.4% 
across the multiple imputations), which is in accordance with the high negative predictive 
value of  CCTA. Among the 1634 patients with obstructive CAD on CCTA, 551 (34%) pa-
tients did not undergo subsequent CCA. For these patients, a positive CCA was imputed in 
65-77% (range across imputations), which is in accordance with a somewhat lower positive 
predictive value of  CCTA.

External validation of  the DCS

External validation of  the DCS demonstrated an overestimation of  the probability of  se-
vere CAD as observed in our dataset (Figure 1 and Appendix Table 3).

Development of  new prediction models

Table 2 summarizes the results of  the random-effects logistic regression analysis and the 
continuous NRI. See Appendix Table 4 for more details. The models are available as online 
calculator (Figure 2). In the clinical model, all predictors except BMI were significantly asso-
ciated with obstructive CAD. The clinical model improved the prediction compared to the 
basic model (cross-validated c-statistic improved from 0.77 to 0.79, see Table 2). Whereas 
an abnormal exercise electrocardiography had limited predictive value in the multivariable 
prediction model (see Appendix Table 5), the CCS was a major predictor (Table 2) which 
increased the cross-validated c-statistic from 0.79 to 0.88. 

Most predictor effects decreased after addition of  CCS; dyslipidaemia and smoking were 
no longer significant. We obtained similar results when using CCTA as outcome in patients 
who did not undergo CCA.

Validation

Figure 3 and Appendix Table 6 show the cross-validation results for the clinical model. 
The c-statistic ranged from 0.78 to 0.81. The continuous NRI is a measure of  the relative 
increase (and decrease) in the observed proportion when the predicted probability goes up 
(and down) (see Appendix), which was most favourable (102%) for the Clinical+CCS model 
compared to the Clinical model (Table 2).

1. Calibration-in-the-large

	 Assessment of  calibration-in-the-large demonstrated a significant difference between 
the average observed outcome and the predicted probability (clinical model), for Azien-
da Ospedaliero Universitaria Parma, Rotterdam, and the combined low-prevalence hos-
pitals (Figure 3).

2. Logistic recalibration

	 Recalibration showed no significant differences between the overall hospital-specific ef-
fects of  the predictors compared to the overall effects of  the predictors in the clinical 
model (Figure 3). 



166 167

Chapter 8 Prediction Model for Coronary Artery Disease

3. Re-estimation

The differences between the predictor effects when re-estimated in specific datasets as 
compared to the predictor effects (clinical model) were small and insignificant, except for 
the effect of  typical chest pain for Azienda Ospedaliero Universitaria Parma. The results 
indicate that predictor effects are similar across datasets (Appendix Table 6). 

Discussion

Summary of  key findings
Using recently collected data and modern statistical methods, we developed a well-perform-
ing prediction model for estimating the probability of  CAD. The need for an updated model 
was demonstrated by showing that the Duke Clinical Score significantly overestimated the 
probability of  CAD. Age, sex, symptoms, and CCS were strong predictors. The clinical 
model predicts probabilities between 2% for a 50-year-old female with non-specific chest 
pain without any risk factors, and 91% for an 80-year-old male with typical chest pain and 
multiple risk factors. 

Previous publications
In 1979, Diamond & Forrester (11) demonstrated the importance of  age, sex, and symp-
toms in the prediction of  CAD. In spite of  its limitations, its use is still recommended in 
current guidelines (7-8). As we previously demonstrated, the Diamond & Forrester model 

Low-prevalence setting
N=4426 (10 hospitals)

High-prevalence setting
N=1251 (8 hospitals)

Characteristic Available Measure / 
category

Value Available Measure / 
category

Value

n per hospital Range/ mean 80-1241 / 
443

Range/ mean 85-549 / 
156 

Age, years 4422 (99.9%) Mean (SD)  
IQR
Range 

57.2 (12)
49-66
18-92

1251 (100%) Mean (SD)  
IQR
Range 

63.6 (10)
57-70
18-93

Male sex 4426 (100%) 2406 (54%) 1251 (100%) 877 (46%)

Chest pain * 4424 (99.9%) Typical
Atypical
Non specific

759 (17%)
2699 (61%)
966 (22%)

1247 (99.7%) Typical
Atypical
Non specific

656 (53%)
278 (22%)
313 (25%)

Diabetes † 4238 (96%) 622 (15%) 1250 (99.9%) 229 (18%)

Hypertension ‡ 4300 (97%) 2475 (58%) 1251 (100%) 840 (67%)

Dyslipidaemia § 4255 (96%) 2194 (52%) 1235 (99%) 801 (65%)

Smoking || 4273 (97%) 1231 (29%) 1249 (99.8%) 454 (36%)

Body mass index ¶ 4117 (93%) Mean (median) 28 (27) 1206 (96%) Mean (median) 28 (27)

Family history of CAD 3938 (89%) 1720 (44%) 265 (21%) 136 (51%)

History of 
cerebrovascular 
disease††

2531 (57%) 78 (3%) 269 (22%)  25 (9%)

History of renal artery 
disease

3351 (76%) 43 (1%) 316 (25%) 2 (1%)

History of peripheral 
arterial disease

3356 (76%) 79 (2%) 369 (29%) 10 (3%)

Exercise 
electrocardiography

1612 (36%) Normal
Abnormal
Non diagnostic

671 (42%)
443 (27%)
498 (31%)

547 (44%) Normal
Abnormal
Non diagnostic

166 (30%)
336 (61%)
45 (8%)

Coronary calcium score ‡‡ 4009 (91%) mean (SD) / 
median

160 (399) / 4 858 (69%) mean (SD) / 
median

442 (643) 
/ 182

0
0-<10
≥10-<100
≥100-<400
≥400

1777 (44%)
402 (10%)
749 (19%)
606 (15%)
475 (12%)

0
0-<10
≥10-<100
≥100-<400
≥400

155 (18%)
44 (5%)
154 (18%)
208 (24%)
297 (35%)

Coronary computed 
tomography angiography 
§§ 

4287 (97%) No obstructive 
CAD
Moderate CAD
Severe CAD

3232 (75%)
505 (12%)
550 (13%)

903 (72%) No obstructive 
CAD
Moderate CAD
Severe CAD

324 (36%)
501 (55%)
78 (9%)

Catheter-based coronary 
angiography |||| 

848 (19%) No obstructive 
CAD
Moderate CAD
Severe CAD

406 (48%)
177 (21%)
265 (31%)

1214 (97%) No obstructive 
CAD
Moderate CAD
Severe CAD

480 (40%)
541 (45%)
193 (26%)

Coronary computed 
tomography angiography 
§§ 
&
Catheter-based coronary 
angiography ||||

742 (17%)

742 (17%)

No obstructive 
CAD 
Moderate CAD
Severe CAD

No obstructive 
CAD 
Moderate CAD
Severe CAD

230 (31%)
277 (37%)
235 (32%)

356 (48%)
172 (23%)
214 (29%)

867 (69%)

867 (69%)

No obstructive 
CAD 
Moderate CAD
Severe CAD

No obstructive 
CAD 
Moderate CAD
Severe CAD

296 (34%)
495 (57%)
76 (9%)

339 (39%)
436 (50%)
92 (11%)

IQR = interquartile range, SD = standard deviation, CAD = coronary artery disease, moderate CAD = ≥50-70% stenosis, severe CAD = 
≥70% stenosis or ≥50% left main stenosis. All values are given as number (percentage of listed total) unless indicated otherwise
*	 According to the traditional chest pain classification (19), see Methods.
†	 Defined as fasting glucose levels of ≥126 mg/dL (≥7 mmol/L) or treatment with either diet intervention, oral glucose lowering agent or 

insulin. 
‡	 Defined as a blood pressure ≥140/90 mmHg or the use of antihypertensive medication.
§	 Defined as a total cholesterol ≥200 mg/dL (≥5.2 mmol/L) or treatment with lipid-lowering drugs. 
||	 Current or past smoking.
¶	 Defined as weight in kilograms divided by the squared height in meters (kg/m2).
**	 Presence of CAD in a first-degree female (<65 years) or male (<55 years) relative.
††	History of carotid artery disease, stroke or transient ischemic attack.
‡‡	Agatston score (20) as measured by computed tomography. 
§§	Some hospitals (no. 2, 3, and 18 [see Appendix Table 1]) only considered obstructive CAD (≥50% stenosis) vs. no obstructive CAD, 

e.g. did not consider the severe CAD category for coronary computed tomography angiography. One hospital (no. 6 [see Appendix 
Table 1]) did not categorize patients with ≥50% left main stenosis in the severe CAD category.

||||	 Two hospitals (no. 2 & 18 [see Appendix Table 1]) only considered obstructive CAD (≥50% stenosis) vs. no obstructive CAD, e.g. did 
not consider the severe CAD category for catheter-based coronary angiography.

Table 1. Patient characteristics. Most commonly used risk factor definitions are given. See appendix for patient 
characteristics and risk factor definitions by hospital.

Figure 1. Calibration plot of  the Duke 
Clinical Score (DCS). The distribution 
of  predicted probabilities is shown at 
the bottom of  the graphs, separately for 
those with and without severe coronary 
artery disease (CAD) (≥70% stenosis or 
≥50% left main stenosis). The triangles 
indicate the observed proportion of  
severe CAD by deciles of  the predicted 
probability according to the DCS. The DCS 
overestimates the probability of  severe 
CAD. We assumed normal resting ECG 
findings for all patients since patients with 
prior CAD were excluded. If  resting ECG 
findings were available and taken into 
account, the overestimation would increase 
further. See Appendix Table 3 for more 
details on the external validation of  the 
DCS.

Calibration-in-the-large: A negative value 
implies that the average observed 
proportion in the validation data is lower 
than the average predicted probability. 
Conversely, a positive value implies that 
the average observed proportion in 

the validation data is higher than the average predicted probability. A significant result indicates significant 
miscalibration, whereas a non-significant result supports validity of  the model.

Recalibration slope: The overall predictor effects in the validation data were re-estimated and compared with the 
reference overall predictor effects in the prediction model (reference is set to zero). A negative value implies that 
the overall effects of  the predictors in the validation data are lower than in the prediction model. Conversely, a 
positive value implies that the overall effects of  the predictors in the validation data are stronger. A significant 
result indicates significant miscalibration of  the predictor effects, whereas a non-significant result supports 
validity of  the model.



168 169

Chapter 8 Prediction Model for Coronary Artery Disease

tends to overestimate the probability of  CAD, mainly in women (14), and does not take into 
account cardiovascular risk factors associated with the presence of  CAD. 

In 1993, Pryor et al. (12-13) developed the Duke Clinical Score (DCS) in a large cohort that 
underwent CCA. The model predicts the presence of  ≥75% stenosis based on age, sex, 
symptoms, history of  MI, smoking, dyslipidaemia, diabetes, and resting electrocardiography 
(ECG) findings. We demonstrated that the DCS also overestimates the probability of  CAD.

Limitations 
The study population was derived from existing databases, some of  which were designed for 
other research objectives (e.g., to investigate the diagnostic accuracy of  CCTA for CAD). 
In some studies, all patients underwent the reference standard test whereas in other studies, 
patients were selected for CCA based on the results of  the CCTA. When evaluating the di-
agnostic performance of  CCTA, selection based on the test results may lead to ‘verification 
bias’ or ‘selective referral bias’ which may bias estimates of  sensitivity and specificity of  
such a test. In the current study, however, we did not assess the diagnostic value of  CCTA, 
making bias less likely. Moreover, we also considered patients who did not undergo CCA, 
but only CCTA. We selected patients who underwent either CCTA, CCA, or both. It should 

Table 2. Random-effects logistic regression results*, cross-validated c-statistic, and cross-validated continuous 
net reclassification improvement. A random intercept for hospital was used to account for clustering of  
individuals within hospital. The analysis was adjusted for setting. Odds ratios presented here apply to the low-
prevalence setting.

Figure 2. Online probability 
calculator, available through http://
rcc.simpal.com/NpfpV5

Basic Clinical Clinical +CCS

OR 95% CI OR 95% CI OR 95% CI

Age (per 10 years) 1.89 1.74-2.04 1.85 1.70-2.02 1.11 0.99-1.25

Male sex 3.89 3.24-4.66 3.79 3.13-4.58 2.19 1.75-2.75

Atypical chest pain† 1.93 1.48-2.52 1.88 1.44-2.46 2.05 1.50-2.80

Typical chest pain† (if diabetes is absent) 7.21‡ 5.64-9.22 7.36 5.64-9.61 7.57 5.56-10.3

Typical chest pain† (if diabetes is present) 4.91 3.16-7.63 3.46 2.12-5.63

Diabetes 2.29 1.72-3.04 1.93 1.41-2.65

Hypertension 1.40 1.18-1.67 1.26 1.04-1.54

Dyslipidaemia 1.53 1.25-1.86 1.20 0.95-1.53

Smoking 1.59 1.30-1.93 1.23 0.97-1.55

Log transformed CCS § (per SD) 4.69 3.76-5.84

CCS >0-<10 || 2.23 1.34-3.74

CCS ≥10-<100 || 5.04 3.38-7.52

CCS ≥100-<400 || 15.3 9.96-23.5

CCS ≥400 || 35.9 22.6-56.9

Cross-validated c-statistic (mean ¶) 0.77 0.79 0.88

Cross-validated NRI ** (mean ¶) - 35% 102%

Bold odds ratios indicate significant association (p-value < 0.05). CAD = coronary artery disease; Coef. = beta-
coefficient; OR = odds ratio; CCS = coronary calcium score; NRI = Net Reclassification Improvement 

*	 A random effect for hospital was included to account for clustering of  patients within hospitals. Body 
mass index was omitted from all analyses because the odds ratio was <1.01 and non-significant. Setting and 
the interaction between diabetes and typical chest pain, and between setting and CCS were predictive and 
were included in all models. All other interactions were not significant. The test for a non-linear effect of  
age was not significant. There was evidence for an additinonal non-linear effect of  CCS beyond the log-
transformation, which was considered not clinically important, and omitted for simplicity.

†	 Reference category is ‘Non specific chest pain’ 

‡	 Effect of  typical chest pain regardless of  diabetic status, since the basic model does not include diabetes

§	 Natural logarithm of  CCS+1.

||	 Separate analysis using CCS as a categorical variable, adjusted for all other predictors in the model, reference 
category is CCS=0

¶	 Mean of  the cross-validation procedures using the four largest low-prevalence datasets and the remaining 
low-prevalence datasets combined.

**	 The continuous net reclassification improvement29 was calculated compared to the previous model on the 
left and is defined as the weighted sum of  the observed proportion increase among the individuals for whom 
the predicted probability goes up and observed proportion decrease among those for whom the predicted 
probability goes down (see Appendix). 
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be noted, however, that not all patients presenting with chest pain will be referred for CCTA 
or CCA, which limits the generalizability of  our results.

To also consider patients who did not undergo CCA, we multiply imputed CCA results 
based on CCTA results and all other covariables. Although CCA was imputed for a large 
proportion of  patients, we believe that the high sensitivity and specificity of  CCTA justifies 
the imputation of  CCA, also because we did not consider CCTA as an explanatory variable 
in the prediction models. The limitation of  this approach is that CCTA may overestimate 
the severity of  disease, which in turn could have caused an overestimation of  imputed se-
verity of  disease on CCA. If  present, the bias in our models would tend to advocate further 
diagnostic workup rather than missing the diagnosis. 

 We combined existing data from a number of  different hospitals. Since the current analy-
sis was not the main purpose of  the data collection, selection of  patients, availability of  
data, and predictor definitions differed across hospitals (Appendix Table 1). Furthermore, 
some hospitals used quantitative coronary angiography to determine the degree of  stenosis, 
whereas others used visual assessment. All-in-all, heterogeneity due to differences between 
protocols, level of  physician experience, and guideline adherence across hospitals could 
have influenced our results. Despite these limitations, the models presented had generally 
good discrimination (c-statistic) and calibration. 

Because the intended application of  our model is in low-prevalence populations, cross-vali-
dation was performed using only the low-prevalence datasets. The cross-validation results in 
the data from Parma, Rotterdam, and the smaller hospitals combined was less favourable in 
terms of  calibration-in-the-large, possibly explained by heterogeneity. In general, however, 
calibration assessed graphically (Figure 3) could be considered satisfactory, suggesting that 
the model is generalizable to other settings. However, further external validation of  our 
model in other populations is needed. 

Our study focused on the prediction of  obstructive CAD according to age, sex, type of  
chest pain, cardiovascular risk factors, setting, and CCS. Unfortunately, no data were avail-
able to assess the predictive value of  findings based on other imaging tests (e.g. nuclear 
perfusion imaging, perfusion MRI, echocardiography). Furthermore, we were unable to 
demonstrate incremental predictive value of  exercise electrocardiography, which may be 
explained by the limited availability of  data. 

Finally, our analysis focused on the diagnostic prediction of  the presence of  CAD defined 
as ≥50% diameter stenosis in at least one vessel on CCA. Predicting severe CAD (e.g. ≥70% 
stenosis in the left anterior descending coronary artery, three vessel disease, or left main 
coronary artery disease) would be of  interest as a tool to help select patients for revascu-
larization. However, the main purpose of  the current analysis is the development of  a set 
of  prediction models which can help physicians to select patients who would benefit from 
further testing.

Future directions
Other non-invasive imaging tests (e.g. nuclear perfusion imaging, perfusion MRI, echo-
cardiography) for the evaluation of  patients with chest pain, should also be considered as 
predictors for the presence of  CAD. Furthermore, cost-effectiveness analyses should be 

Figure 3. Validity of  the clinical model using the four 
largest low-prevalence datasets and the smaller low-
prevalence databases combined. The distribution of  
predicted probabilities is shown at the bottom of  the 
graphs, separately for those with and without obstructive 
coronary artery disease (CAD). The triangles indicate the 
observed proportion of  CAD by deciles of  the predicted 
probability. 

Calibration-in-the-large: A negative value implies that the 
average observed proportion in the validation data is 
lower than the average predicted probability. Conversely, a 
positive value implies that the average observed proportion 
in the validation data is higher than the average predicted 
probability. A significant result indicates significant 
miscalibration, whereas a non-significant result supports 
validity of  the model.

Recalibration slope: The overall predictor effects in the 
validation data were re-estimated and compared with the 

reference overall predictor effects in the prediction model (reference is set to zero). A negative value implies that 
the overall effects of  the predictors in the validation data are lower than in the prediction model. Conversely, a 
positive value implies that the overall effects of  the predictors in the validation data are stronger. A significant 
result indicates significant miscalibration of  the predictor effects, whereas a non-significant result supports 
validity of  the model.
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performed to establish appropriate thresholds for diagnostic testing taking into account the 
long term benefits and harms (4, 31).

Clinical implications
We demonstrated that the Duke Clinical Score (DCS) overestimates the likelihood of  CAD, 
and we believe that our model improves the estimate of  the pre-test probability. In contrast 
to the DCS, our model was developed and validated using data from different hospitals, 
settings, countries, and included hypertension as a predictor. Finally, our model does not 
require that resting ECG findings are available, which may be convenient when the model 
is used in primary practice.

A refined estimate of  the probability allows clinicians to make better decisions as to whether 
and which diagnostic test is indicated in a particular patient according to the NICE guide-
lines and decide on further management based on the results of  such tests. Our stepwise 
models can be used to evaluate the added value of  performing CCS either prior to perform-
ing the test or after obtaining the calcium score. The results of  our analysis demonstrate that 
CCS significantly improves the estimate of  the probability of  CAD, suggesting that CCS 
should be considered for patients with chest pain. CCS is not routinely recommended by 
the ACC/AHA (32) or ESC (9) guidelines, whereas the UK guidelines recommend CCS if  
the pre-test probability is 10-29% (10). However, triage strategies using CCS have been pro-
posed (32) and are used in several centres. In this context, our calculator can be used both 
to determine whether performing CCS is clinically useful by checking whether CCS alters 
the probability such that clinical management would change and to determine the revised 
probability of  CAD based on the CCS result. 

Our findings also suggest that the diagnostic value of  exercise electrocardiography is limited 
(see Appendix), consistent with its low sensitivity and specificity for detecting CAD (33), 
and explicit recommendations in the UK not to use exercise electrocardiography to diag-
nose or exclude CAD in patients with chest pain (10). However, many physicians argue that 
the prognostic information obtained by exercise electrocardiography remains important for 
clinical practice. On the other hand, CCS provides both diagnostic (34-36) and prognostic 
information (37-40). 

Prediction tools are only useful when they are easily accessible at the point-of-care, which is 
why we designed an online calculator (Figure 2). The calculator could be implemented in elec-
tronic patient records, electronic order entry systems, or smartphone/smarttablet applications.

All-in-all, prediction models including age, sex, symptoms, and risk factors allow for ac-
curate estimation of  the likelihood of  CAD in low-prevalence populations. Adding CCS 
improves the prediction of  CAD. Implementation of  the prediction models may improve 
clinical outcomes, however, this needs further evaluation.
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Appendix

Validation methods
Validation was performed using state-of-the-art methods (23, 27-28).

1. Calibration-in-the-large

For each patient in the validation dataset, the predicted probability according to the clinical 
model was calculated. A logit transformation (natural logarithm of  the odds) was performed 
to obtain the “linear prediction”. A validation model (Equation 1 in Figure A1) was fitted 
to calculate the log odds of  obstructive CAD as observed in the validation data. The lin-
ear predictor of  the clinical model was included in the validation model and its coefficient 
was fixed at unity. In this way, the absolute and relative effects of  the clinical model are 
maintained. The intercept (αnew ) is the only free parameter in the model, which allows us to 
quantify the “calibration-in-the-large” and adjust for a difference in disease prevalence. The 
intercept (αnew) can be interpreted as the difference in log odds between the mean observed 
outcome in the validation data and the mean predicted probability according to the clinical 
model (28). In other words, we assessed calibration-in-the-large by comparing the mean ob-
served frequency of  CAD in the validation data with the mean of  the predicted probabilities 
according the clinical model in a logistic regression model (validation model). We tested 
whether the difference (i.e. the intercept) was significantly different from zero. 

2. Recalibration

Next, we recalibrated the model by comparing the average regression slope of  the clinical 
model with the average regression slope in the validation data. A second linear predictor 
variable was added to the model (while maintaining both the previous linear predictor as 
offset variable and the new intercept) and its coefficient, the βmiscalibration (Equation 2 in Figure 
A1) was estimated. This coefficient reflects the miscalibration of  the predictor effects in the 
clinical model when compared to the predictor effects in the validation data (28). We tested 
whether βmiscalibration = 0, corresponding to the hypothesis that the prediction of  the clinical 
model (adjusted for calibration-in-the-large) fits the data well. If  significant, we conclude 
that the overall effects of  all predictors together are different in the validation data and that 
the model should be revised. 

3. Re-estimation

Finally, we re-estimated the predictor effects in a validation model including the linear pre-
dictor of  the clinical model as offset and the new intercept (Equation 3 in Figure A1). The 
coefficients from this analysis refer to the difference between the re-estimated (validation 
coefficients) and the coefficients from the clinical model (i.e. δ-coefficients). We tested 
whether these differences were significantly different from zero. From these analyses we can 
judge which predictor effects are different in the validation data as compared to the clinical 
model which was based on the total cohort. 

Reclassification
To quantify the clinical impact of  adding risk factors and CCS to the model, we calculated 
the Net Reclassification Improvement (NRI), which is a measure of  correctly reclassified 
subjects penalized for those incorrectly classified. Clinically relevant cut-off  values for the 
probability of  CAD (i.e. the thresholds of  probability where reclassification to another cate-
gory would influence clinical management) are absent. Thus we used an extension to the tra-

ditional NRI which was recently introduced by Pencina et al. (29) The so-called ‘continuous 
NRI’ (or category-free NRI) does not depend on the existence of  probability categories. 
The continuous NRI is the weighted sum of  the observed proportion increase among the 
individuals for whom the predicted probability goes up and observed proportion decrease 
among those for whom the predicted probability goes down. The weights are proportional 
to the probability of  an increase, respectively decrease, in predicted probability. 

Predictive value of  exercise electrocardiography (exercise tolerance testing, ETT)
ETT results were classified in four categories: 1) not performed or missing, 2) normal, 3) 
abnormal, and 4) non-diagnostic. Unfortunately, ETT was not performed or missing in 62% 
of  patients. To assess its incremental diagnostic value, ETT was added to the clinical model 
using three approaches: i) using data from patients with ETT results available (n=2159), ii) 
assuming all missing ETT results were equivalent to a non-diagnostic ETT, and iii) using 
the imputed values for ETT (See Appendix Table 5). The three methods yielded similar 
results. Although in univariable analysis the ETT result was significantly associated with the 
presence of  CAD, in the multivariable prediction model ETT did not significantly improve 
the cross-validated c-statistic, and the cross-validated NRI was relatively small. Moreover, 
details on the type of  exercise test, test protocols, and criteria for abnormality are likely to 
be different across hospitals (data which is not available), which further limits the generaliz-
ability. We therefore omitted ETT as a predictor from our main analysis.
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Appendix Table 3. External validation of  the Duke Clinical Score (DCS)* (12-13)

Hospitals (n=10) with data on severe CAD† n=4426

c-statistic (95%CI) 0.78 (0.76-0.81)

Validation step:‡ Coefficient p-value

1. Calibration-in-the-large
 ∂ Intercept

 
-2.361

 
<0.001

2. Logistic recalibration
βmiscalibration

 
-0.323

 
<0.001

3. Re-estimation

∂ Intercept -1.341 0.006

∂ Age (per year) -0.013 0.06

∂ Female sex 0.822 <0.001

∂ Atypical chest pain† -0.655 0.001

∂ Typical chest pain† -1.103 <0.001

∂ Diabetes 0.344 0.03

∂ Hypertension Not considered by the DCS

∂ Dyslipidaemia 0.298 0.02

∂ Smoking 0.045 0.73

*	 Assuming normal resting ECG findings for all patients since patients with prior CAD were excluded. Including potential resting ECG 
abnormalities would increase the predicted probability according to the DCS and increase the observed overestimation. 

†	Severe CAD was defined as ≥70% stenosis or ≥50% left main stenosis. One hospital (no. 6 [see Appendix Table 1]) did not 
categorize patients with ≥50% left main stenosis in the severe CAD category.

‡	See Appendix 

Appendix Table 4. Random-effects logistic regression analysis reporting coefficients

Basic Clinical Clinical + CCS 

Coef. OR 95% CI Coef. OR 95% CI Coef. OR 95% CI

Intercept -6.917 - - -7.539 - - -5.975 - -

Age 0.063 1.07 1.06-1.07 0.062 1.06 1.06-1.07 0.011 1.01 1.00-1.02

Male sex 1.358 3.89 3.24-4.66 1.332 3.79 3.13-4.58 0.786 2.19 1.75-2.75

Atypical chest pain* 0.658 1.93 1.48-2.52 0.633 1.88 1.44-2.46 0.718 2.05 1.50-2.80

Typical chest pain* 1.975 7.21 5.64-9.22 1.998 7.37 5.64-9.63 2.024 7.57 5.56-10.3

Diabetes 0.828 2.29 1.73-3.04 0.658 1.93 1.41-2.64

Hypertension 0.338 1.40 1.18-1.67 0.235 1.26 1.04-1.54

Dyslipidaemia 0.422 1.53 1.25-1.86 0.185 1.20 0.95-1.53

Smoking 0.461 1.59 1.30-1.94 0.207 1.23 0.97-1.55

Log transformed CCS † 0.577 1.78 1.64-1.93

Setting ‡ 1.065 2.90 1.69-4.99 1.049 2.85 1.60-5.10 1.566 4.79 2.19-10.5

Setting x log transformed CCS -0.157 0.86 0.77-0.95

Diabetes x typical chest pain -0.402 0.67 0.42-1.06 -0.780 0.46 0.27-0.77

Bold odds ratios indicate significant association (p-value < 0.05).
Coef. = beta-coefficient, OR = odds ratio, SE = standard error, CCS = coronary calcium score
*	 Reference category is ‘Non specific chest pain’ 
†	Natural logarithm of CCS+1. 
‡	High-prevalence vs. low-prevalence (reference)



184 185

Chapter 8 Prediction Model for Coronary Artery Disease

Figure A1. Equations

Logit = natural log odds of  the probability, pCAD = probability of  obstructive coronary artery disease, α = 
intercept of  logistic regression model, offset = regression coefficient fixed at unity, β = regression coefficient, δ 
= difference between βvalidation and βdevelopment, lp = linear predictor of  the clinical model

Method i  
(complete cases) 

n=2159

Method ii  
(missing = non-diagnostic)

n=5677

Method iii  
(imputed ETT values)

n=5677

Coef. OR 95% CI Coef. OR 95% CI Coef. OR 95% CI

Intercept -8.511 - - -8.021 - - -8.031 - -

Age 0.065 1.07 1.05-1.08 0.062 1.06 1.06-1.07 0.064 1.07 1.06-1.08

Male sex 1.511 4.53 3.40-6.04 1.349 3.85 3.18-4.67 1.391 4.02 3.28-4.92

Atypical chest pain* 0.700 2.01 1.29-3.14 0.612 1.84 1.41-2.42 0.588 1.80 1.36-2.39

Typical chest pain* 1.800 6.05 3.88-9.44 1.953 7.05 5.37-9.24 1.895 6.66 5.02-8.82

Diabetes 0.984 2.68 1.76-4.07 0.823 2.28 1.72-3.03 0.796 2.22 1.67-2.94

Hypertension 0.555 1.74 1.31-2.32 0.339 1.40 1.18-1.67 0.332 1.39 1.17-1.66

Dyslipidaemia 0.372 1.45 1.06-1.98 0.423 1.53 1.25-1.86 0.410 1.51 1.22-1.86

Smoking 0.552 1.74 1.30-2.33 0.457 1.58 1.29-1.93 0.437 1.55 1.25-1.92

ETT non-diagnostic ‡ 0.485 1.62 1.08-2.44 0.473 1.61 1.21-2.13 0.389 1.48 0.98-2.23

ETT abnormal ‡ 0.979 2.66 1.88-3.77 0.946 2.58 1.84-3.61 0.965 2.63 1.76-3.91

Setting § 1.221 3.39 1.93-5.97 0.971 2.64 1.47-4.75 0.859 2.36 1.30-4.28

Diabetes x typical chest pain -0.479 0.62 0.30-1.26 -0.397 0.67 0.42-1.07 -0.401 0.67 0.42-1.07

Cross-validated c-statistic (mean ||) N/A 0.79 0.80

Cross-validated NRI ¶ (mean ||) N/A 18% 33%

Bold odds ratios indicate significant association (p-value < 0.05). Coef. = beta-coefficient, OR = odds ratio, SE = standard error,  
ETT = exercise electrocardiography, N/A = not available
* Reference category is ‘Non specific chest pain’ 
† Natural logarithm of CCS+1. 
‡ Reference category is ‘ETT normal’ 
§ High-prevalence vs. low-prevalence (reference)
|| Mean of the cross-validation procedures using the five largest datasets and the remaining hospitals combined.
¶ The continuous net reclassification improvement(29) was calculated compared to the ‘Clinical Model’ and is defined as the weighted 
sum of the observed probability increase among the individuals for whom the predicted probability goes up and observed probability 
decrease among those for whom the predicted probability goes down (Appendix).
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Appendix Table 5. Predictive value of  exercise electrocardiography.
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Abstract

Purpose 
To determine the cost-effectiveness of  computed tomography (CT) coronary angiography 
as a triage test, performed prior to conventional coronary angiography, by using a Markov 
model.

Materials and Methods 
A Markov model was used to analyze the cost-effectiveness of  coronary CT angiography 
performed as a triage test prior to conventional coronary angiography from the perspective 
of  the patient, physician, hospital, health care system, and society by using recommenda-
tions from the United Kingdom, the United States, and the Netherlands for cost-effective-
ness analyses. For coronary CT angiography, a range of  sensitivities (79%–100%) and speci-
ficities (63%–94%) were used to help diagnose significant coronary artery disease (CAD). 
Optimization criteria (i.e., outcomes considered) were: revised posttest probability of  CAD, 
life-years, quality-adjusted life-years (QALYs), costs, and incremental cost-effectiveness ra-
tios (ICERs). Extensive sensitivity analysis was performed. 

Results 
For a prior probability of  CAD of  less than 40%, the probability of  CAD after coronary 
CT angiography with negative results was less than 1%. The Markov model calculations 
from the patient/physician perspective suggest that coronary CT angiography maximizes 
life-years respectively in 60-year-old men and women at a prior probability of  less than 38% 
and 24% and maximizes QALYs at a prior probability of  less than 17% and 11%. From the 
hospital/health care perspective, coronary CT angiography helps reduce health care and 
direct non-health care–related costs (according to UK/US recommendations), regardless of  
prior probability, and lowers all costs, including production losses (Netherlands recommen-
dations) at a prior probability of  less than 87%–92%. Analysis performed from a societal 
perspective by using a willingness-to-pay threshold level of  €80 000/QALY suggests that 
coronary CT angiography is cost-effective when the prior probability is lower than 44% 
and 37% in men and women, respectively. Sensitivity analyses showed that results changed 
across the reported range of  sensitivity of  coronary CT angiography. 

Conclusion 
The optimal diagnostic work-up depends on the optimization criterion, prior probability of  
CAD, and the diagnostic performance of  coronary CT angiography. 

Introduction

Patients with chest pain who are suspected of  having coronary artery disease (CAD) usually 
undergo conventional coronary angiography to help diagnose CAD. These patients may be 
imaged non-invasively with computed tomography (CT) coronary angiography and avoid 
invasive conventional coronary angiography. Systematic reviews and meta-analyses have 
shown that coronary CT angiography is accurate in helping diagnose CAD with a patient-
level sensitivity of  96%–99% and a specificity of  74%–94% (1–3). Although coronary CT 
angiography is rapidly being introduced in clinical practice as a triage test performed prior 
to conventional coronary angiography, its effect on patient outcome and cost-effectiveness 
has not yet been determined. Every year, approximately 4.5 people per 1000 visit a doctor 
with chest pain (4); more than 2 million conventional coronary angiograms are performed in 
Europe (5) and approximately 1.7 million are performed in the United States (6). The use of  
coronary CT angiography as an initial triage test could reduce costs and minimize discom-
fort for patients. However, a tradeoff  must be made between the benefits and disadvantages 
of  coronary CT angiography. Current guidelines recommend the use of  coronary CT an-
giography in patients with a low to intermediate prior probability of  CAD who are unable 
to exercise or who have inconclusive functional test results (7). However, what constitutes 
a low to intermediate prior probability remains to be elucidated. The purpose of  this study 
was to determine the cost-effectiveness of  coronary CT angiography performed as a triage 
test prior to conventional coronary angiography in patients with suspected CAD. 

Materials and Methods

One author (J.J.B.) is the recipient of  research grants from Edwards Lifesciences (Nyon, 
Switzerland), Biotronik (Tilburg, the Netherlands), GE Healthcare (Brussels, Belgium), 
BMS Medical Imaging (North Billerica, Mass), St Jude (St Paul, Minn), and Medtronic 
(Maastricht, the Netherlands). All other authors had full control over the inclusion of  any 
data and information that might have represented a conflict of  interest. 

Decision Model 
We developed a decision model (in DATA Pro, 2009 Suite; TreeAge Software, William-
stown, Mass) to evaluate the use of  64-section coronary CT angiography (new strategy) 
as an initial imaging test, followed by conventional coronary angiography if  coronary CT 
angiographic results were positive when compared with conventional coronary angiography 
only (current practice) (Figure 1). Short-term outcomes related to the diagnostic imaging 
tests were modeled with a decision tree and a Markov model (cycle length, 1 year) was used 
to model long-term outcomes. We modeled whether a patient was alive or dead and whether 
a cardiovascular event occurred. Quality of  life was modeled on the chance of  successful re-
lief  from angina by means of  treatment. Costs were estimated for diagnostic tests, treatment 
(percutaneous coronary intervention [PCI], coronary artery bypass graft [CABG], medica-
tion), and events during follow-up. The decision was analyzed from the perspectives of  the 
physician, patient, hospital, health care system, and society by using various optimization 
criteria (8) and by taking into account the uncertainty involved. Data Sources and Assump-
tions We searched the literature for input data and for data to be used in sensitivity analyses 
(Appendix E1, [http://radiology.rsna.org/content/253/3/734/suppl/ DC1]). All variables 
were entered in the model as distributions. Recent studies and meta-analyses were used to 
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derive a range of  per-patient specificities for coronary CT angiography (64%–93%) (1,3,10). 
To account for the inverse relationship between sensitivity and specificity, we modeled the 
sensitivity (79%–100%) as a function of  specificity and the diagnostic odds ratio and its re-
ported range (1). Specificity and the diagnostic odds ratio were assumed to be independent 
of  age, sex, risk factors, and presentation. Significant CAD was defined as a reduction of  
lumen diameter of  50% or more, which is appropriate in the setting of  selecting patients for 
some form of  treatment or further diagnostic testing. The mortality rate for coronary CT 
angiography was assumed to be equivalent to that for intravenous contrast materials (11). 
Conventional coronary angiography was used as the reference standard, assuming 100% 
sensitivity and specificity. Sex-specific probabilities of  60-year-old patients for having CAD 
were determined by using the method of  Diamond and Forrester (9), which, although pub-
lished in 1979, is still commonly used to estimate the prior probability of  CAD on the basis 
of  age, sex, and type of  chest pain. A wide range was used to account for the uncertainty 
in the prior probability of  CAD (mean, 79% for men and 65% for women). Cardiovascular 
event rates in patients without CAD (patients with true-negative or false-positive test re-
sults) were assumed to be equivalent to first cardiovascular event rates in the general popu-
lation and were calculated with a recently published prediction model by D’Agostino et al. 
(15) on the basis of  the Framingham Heart Study, which was the most representative study 
population available. To account for the higher risk in our target population, event rates 
were modeled for the average risk factor profiles of  patients as observed in a cohort of  pa-
tients presenting to our institution with chest pain. Cardiovascular events included coronary 
death, myocardial infarction, coronary insufficiency, angina, stroke, cardiac arrest, peripher-
al arterial disease, and heart failure. We estimated that symptomatic patients diagnosed with 
CAD who are subsequently treated (those with true-positive test results) will have a 1.5-fold 
(95% confidence interval: 1.3-1.7) cardiovascular event rate compared with patients without 
symptomatic CAD on the basis of  a multivariable Cox model reported from the EUROPA 
study (16). Following a first cardiovascular event, the cardiovascular recurrence rate will 
be 1.44-fold (95% confidence interval: 1.25-1.66) higher than that for a patient with CAD 
and no previous cardiovascular event (16). We assumed that the cardiovascular event rate is 

Figure 1. Decision tree for treatment shows decision node (□), chance nodes (○), and Markov nodes (M). 
Catheter-based coronary angiography (CAG) performed after coronary CT angiography (CCTA) reveals positive 
results. Clone indicates structure identical to another sub tree, which is marked with black line and corresponding 
number. CVD = cardiovascular disease, FN = false negative, FP = false positive, TN = true negative, TP = true 
positive. 

reduced by means of  treatment (hazard rate ratio, 0.63; range 0.44– 0.88) (17,18), modeled 
with a combined weighted average effectiveness of  CABG, PCI, and treatment with medi-
cation (28,29). Missed CAD patients (those with false negative results) forego the benefit 
of  treatment, implying reduced quality of  life and a 2.4-fold (range, 1.5–3.2) cardiovascular 
event rate compared with a patient without CAD (17,18). After a cardiovascular event dur-
ing the follow-up in patients with an initial negative test result, CAD is diagnosed and treat-
ed and the patient will be subject to a higher recurrence rate from then on. Cardiovascular 
disease-related 1-year mortality (including in-hospital mortality) following a cardiovascular 
event was assumed to be 17% (range, 10%–25%) (18,19,20). Age- and sex-specific risks of  
radiation-induced fatal cancer associated with performing CT or conventional coronary 
angiography were based on reported estimates of  lifetime-attributable cancer incidence (21) 
and adjusted to reflect mortality given the BEIR VII report (22). Age- and sex-specific non-
cardiovascular mortality rates were obtained from the Dutch Central Bureau for Statistics 
(11). Technical details and assumptions are clarified in the Appendix.

Quality of  Life 
Quality of  life estimates following treatment were a pooled weighted average taking into ac-
count that 51% of  patients diagnosed with symptomatic CAD undergo PCI, 25% undergo 
CABG, and 24% will be on medication only (36). Five years after treatment, 15% of  CABG 
treated patients and 16% of  PCI-treated patients still have angina (23); the quality of  life 
weight for angina is 0.74 (range, 0.71–0.77) and without angina is 0.87 (range, 0.86–0.88) (23). 
Patients in whom the diagnosis was missed (those with false-negative test results) were all as-
sumed to have angina during follow-up until a cardiovascular event occurred, after which they 
would be diagnosed and treated (23). A disutility of  0.04 (range, 0.02–0.07) QALYs was mod-
eled for a cardiovascular event (such as myocardial infarction) during follow-up (24). 

Costs 
Costs for both CCTA and CAG were determined with a cost analysis and included di-
rect health care costs (personnel, materials, equipment), indirect health care costs (housing, 
overhead), direct non-health care– related costs (patient travel and time costs), and indirect 
non-health care– related costs (production losses). Costs for CABG and PCI were deter-
mined on the basis of  estimates from the National Health Care Authority (27). Annual 
costs for medical therapy for diagnosed CAD patients were determined on the basis of  
treatment with aspirin, nitrates, statins, and angiotensin-converting enzyme inhibitors and 
included one follow-up visit per year (25). Costs for cardiovascular events were estimated to 
range from €8000– €18 000 (mean, €13 000), which is consistent with previously published 
data (38). Costs for reinterventions were taken into account by using weighted averages of  
reintervention rates for the treatment options. Non-cardiovascular disease–related health 
care costs arising from increased longevity (inducing costs associated with increased life 
expectancy) were not taken into account to avoid a financial advantage of  reduced longevity 
(33–35). All costs were converted to year 2007 rates, given Dutch consumer price indices, 
and reported in euro’s (14). In 2007, €1.00 was equivalent to US $1.37. All costs were rep-
resented by gamma distributions. 

Data Analysis 
To analyze the decision from various perspectives, we used several optimization criteria 
(i.e., the revised posttest probability of  CAD, life-years, quality-adjusted life-years (QALYs), 
costs, and incremental cost-effectiveness ratios (ICERs). 
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Patient and physician perspectives

To reflect the physician and patient perspectives, we determined the revised (posttest) prob-
ability for positive and negative coronary CT angiographic results depending on the prior 
(pretest) probability. The probability of  having CAD after a coronary CT angiogram with 
positive results is equivalent to the positive predictive value. The probability of  CAD after 
a coronary CT angiogram with negative results is equivalent to 1 minus the negative predic-
tive value. Posttest probabilities were calculated by using the per-patient sensitivities and 
specificities as reported in the literature (1,3,10). Next, we determined the strategy that 
maximized life-years and QALYs and calculated the prior probability threshold level below 
which coronary CT angiography would be preferred.

Hospital and health care perspectives

In an analysis from the hospital perspective, we calculated the diagnostic costs and deter-
mined the prior probability threshold level below which coronary CT angiography would 
reduce cost. The analysis from the health care perspective considered QALYs and health 
care costs and was performed according to UK recommendations, discounting both future 
costs and effectiveness at 3.5% (31,32). 

Societal perspective

A cost-effectiveness analysis from the societal perspective was performed according to US 
recommendations, which considered QALYs, health care costs, and direct non-health care–
related costs (patient time and travel costs), and discounted both future costs and effective-
ness at 3% (33– 35). Subsequently, an analysis from the societal perspective was performed 
according to Dutch recommendations, which, in addition to the above, also took productiv-
ity losses (friction costs) into account and discounted future costs and effectiveness at 4% 
and 1.5%, respectively (26). A willingness-to-pay (WTP) threshold level of  €80 000/QALY, 
as recommended by the Dutch Council for Public Health (39), was used to assess cost-
effectiveness. If  the ICER (difference in costs divided by the difference in effectiveness, 
of  strategy A compared with strategy B) is lower than the societal WTP threshold level, we 
conclude that strategy A is a cost-effective alternative to strategy B. 

By using one- and two-way sensitivity analyses, we assessed the effect of  varying each pa-
rameter across its distribution. Probabilistic sensitivity analysis was performed by drawing 
from all variable distributions (Table E1 [http://radiology.rsna.org/content/253/3/734/
suppl/DC1]) by using a cohort Monte Carlo simulation of  100 000 samples (one-level). We 
calculated the probability that performing coronary CT angiography as the initial test was 
cost-effective compared with conventional coronary angiography for varying WTP thresh-
old levels and present acceptability curves. Expected value of  perfect information (EVPI; 
simulation with 100 000 samples) was calculated to assess the value of  performing further 
research and partial EVPI calculations (two-level simulation performed with 1000 x 1000 
samples) identified the parameters that were the major sources of  uncertainty (40–42). 

Specific Scenario: Cohort Study 

To determine the cost-effectiveness of  coronary CT angiography at our own institution, 
we modeled a specific scenario in which we reanalyzed the model on the basis of  a study 
that evaluated 64-section coronary CT angiography (10) in our institution by using the per-
patient sensitivity and specificity and the observed sex-specific prior probabilities of  disease 
from this study. The study population in this cohort comprised 233 stable patients sus-

pected of  having CAD who presented with chest pain suggestive of  angina. In this study, all 
patients were referred for conventional coronary angiography on the basis of  their history 
or functional test results that suggested the presence of  cardiac ischemia and all patients un-
derwent coronary CT angiography prior to conventional coronary angiography. This study 
was approved by the institutional review board and all patients signed informed consent. All 
cost-effectiveness analyses were recalculated for the specific scenario. 

Results 

Cohort Study 
Data from 156 men and 77 women with stable angina in the cohort were analyzed. Of  these, 
113 (72.4%) men and 33 (42.9%) women had significant CAD seen at conventional coro-
nary angiography. Mean patient age was 60 years (range, 49-74 years), 151 (64.8%) presented 
with typical chest pain, 75 (32.2%) smoked, 149 (63.9%) had hypertension, 47 (20.2%) had 
diabetes mellitus, and 36 (15.5%) had experienced prior myocardial infarction. Given these 
risk factors, the average annual hazard rate for a cardiovascular event was calculated by using 
the Framingham Heart Study, resulting in a rate of  0.024 (range, 0.014 – 0.077) for men and 
0.014 (0.008–0.053) for women (15). Details are provided in the Appendix (http://radiol-
ogy.rsna.org/content/253/3/734/suppl/DC1). 

Reference Case Analysis 
Patient and physician perspectives

In the setting of  a prior probability of  disease of  less than 40%, the revised probability of  
CAD after coronary CT angiography with negative results is less than 1% (Figure 2), regard-
less of  whether the test characteristics were based on the meta-analysis or the cohort study. 
In contrast, the probability of  CAD after coronary CT angiography with positive results 
varies over a wide range, depending on the prior probability (Figure 2). 

The analysis of  life-years demonstrated that below a prior probability threshold level of  
38% in men and 24% in women, patients would, on average, benefit from coronary CT 
angiography performed as the initial imaging test (Figure 3). Coronary CT angiography 
maximizes QALYs at a prior probability of  less than 17% in men and less than 11% in 
women (Figure 3). 
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Figure 2. Revised (posttest) probability 
of  CAD, plotted as function of  prior 
(pretest) probability of  CAD for 
positive and negative coronary CT 
angiography (CCTA) results by using 
test characteristics found in cohort 
study and meta-analyses (1,3,10). 
Note that for low to moderate prior 
probability of  disease (prior probability 
< 40%), Coronary CT angiography with 
negative results virtually excludes CAD 
(revised probability < 1%), regardless of  
whether cohort study or meta-analysis 
results are used. 
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Hospital and health care perspectives

Coronary CT angiography lowered diagnostic costs below a prior probability of  disease 
of  84% in men and women when compared with conventional coronary angiography. By 
using the UK recommendations for cost-effectiveness analysis, Coronary CT angiography 
lowered health care costs across all prior probabilities (Figure 3). For men, there was a small 
gain in QALYs of  0.037 with conventional coronary angiography, a small increment in cost 
of  €589, and an ICER of  €15 915/QALY gained when compared with coronary CT angiog-
raphy. For women, there was a QALY gain of  0.036, a cost increment of  €714, and an ICER 
of  €19 913/QALY (Table). In both men and women, performing conventional coronary 
angiography alone increased the net health benefit compared with performing CT followed 
by conventional coronary angiography by 0.03 QALY equivalents (Table). 

Societal perspective

By using the US recommendations for cost-effectiveness analysis, coronary CT angiography 
increases savings for health care and direct non-health care–related costs regardless of  the 
prior probability (Figure 3). For men, there was a small gain in QALYs of  0.039, with a 
small increment in cost of  €643, and an ICER of  €16 509/QALY gained for conventional 
compared with coronary CT angiography. For women, there was a gain in QALYs of  0.038, 
a cost increment of  €775, and a €20 360/QALY gained (Table). Performing conventional 

Threshold analysis: The effect of varying 
the prior probability of CAD in men 
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Figure 3. Sensitivity analysis for prior probability of  CAD in 60-year-old men (upper) and women (lower). 
Threshold level for prior probability of  CAD below which coronary CT angiography (CCTA, followed by 
catheter-based coronary angiography [CAG] in case of  positive results) is preferred to CAG only, from 
perspectives of  patient, physician, hospital, health care system, and society. Above this threshold level, CAG 
optimizes criterion used. 
(a) For 60-year-old men, cost-effectiveness analysis was performed by using recommendations from UK (health 
care perspective), US (societal perspective), and Dutch (societal perspective) recommendations by using WTP 
threshold level of  €80 000/QALY. 

A

coronary angiography without prior coronary CT angiography increased net health benefit 
compared with initial coronary CT angiography by 0.03 QALY equivalents (Table). 

By using the Dutch recommendations for cost-effectiveness analysis, health care costs and 
direct non-health care–related costs, including production losses, were reduced to a prior 
disease probability of  less than 87% in men and less than 92% in women for coronary CT an-
giography when compared with conventional coronary angiography (Figure 3). For men, there 
was a small gain in QALYs of  0.046, with a small increment in cost of  €182, and an ICER of  
€4095/QALY gained for conventional compared with coronary CT angiography. For women, 
there was a QALY gain of  0.047, a cost increment of  €485, and an ICER of  €10 383/QALY 
(Table). Performing conventional coronary angiography increased net health benefit by 0.04 
QALY equivalents when compared with initial coronary CT angiography (Table). 

Sensitivity Analyses 
The prior probability threshold levels were not sensitive to changes across plausible ranges 
of  all parameter inputs, with one exception. Varying the sensitivity of  coronary CT angiog-
raphy (independently from specificity) from 80% to 100%, the prior probability threshold 
level below which coronary CT angiography maximizes QALYs for women ranged from 
2% to 44% and cost-effectiveness (UK recommendations) was optimized at 8% to 72%. 
Varying specificity (independently of  sensitivity) of  coronary CT angiography and test costs 
had little effect (Figure 4). Varying the disutility incurred by a cardiovascular event and the 
fatality rate associated with a cardiovascular event did not alter the results. 

Threshold analysis: The effect of varying 
the prior probability of CAD in women 
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(b) For 60-year-old women, cost-effectiveness analysis was performed by using recommendations from UK 
(health care perspective), US (societal perspective), and Dutch (societal perspective) recommendations by using 
WTP threshold level of  €80 000/QALY.  
* Based on recommendations used, threshold level below which CCTA is optimal strategy (when optimizing 
costs) varies from 92% to 100%.  
† Depending on recommendations used, threshold level below which CCTA is cost-effective varies from 33% to 
37%.

B

* Based on recommendations used, threshold level below which CCTA is optimal strategy (for costs) varies from 
87% to 100%. 
† Given recommendations used (US, UK, NL), threshold level below which CCTA is cost-effective varies from 
42% to 44%. 
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For probabilistic sensitivity analyses, the probability that coronary CT angiography is cost-
effective when compared with conventional coronary angiography was 2% in men and 13% 
in women for a threshold level WTP of  €80 000/QALY (Figure 5). Value of  information 
analysis showed an EVPI for further research of  €3 per man and €46 per woman, which, 
for the European Union population (500 million, annual incidence 4.5 per 1000) over a 
period of  5 years (discounted at 3.5%) amounts to approximately €0.38 billion, and for the 
US population (300 million) over a period of  5 years (discounted at 3%) amounts to €0.23 
billion. Partial EVPI calculations demonstrated that the expected value of  information for 
women was mainly a result of  uncertainty in the prior probability of  CAD, radiation risk, 
and test characteristics (combined EVPI, €44). For both men and women, the uncertainty 
in the parameters related to long-term outcome, quality of  life, and costs had a negligible 
partial EVPI. 

Specific Scenario 
The Table shows the results from the cost-effectiveness analyses for the specific scenar-
io. Conventional coronary angiography was the preferred strategy in all cases, except for 
women analyzed according to the UK and US recommendations. The prior probabilities 
observed in our cohort study were consistent with the estimates derived from Diamond and 
Forrester (9) for all patients, except for women with typical angina. The prior probability of  
CAD for women in the cohort study with typical angina was 43%, whereas this probability 
would be estimated as 85%, according to Diamond and Forrester. However, this discrep-
ancy does not alter the decision given our threshold levels for cost-effectiveness. 

Discussion 

In this study, we evaluated the comparative effectiveness, costs, and cost-effectiveness of  
coronary CT angiography performed as an initial test (followed by conventional coronary 
angiography if  positive results were obtained) compared with conventional coronary angi-
ography alone in patients with stable angina and functional test results suggestive of  isch-
emia. Our results demonstrate that in the setting of  a low to moderate prior probability of  
disease, coronary CT angiography with negative results virtually excludes CAD. In contrast, 
the revised probability of  CAD after coronary CT angiography with positive results prob-
ability varies over a wide range, implying that a positive coronary CT angiogram needs to 
be confirmed with conventional coronary angiography. Although coronary CT angiogra-
phy is less costly and less invasive compared with conventional coronary angiography, the 
radiation risk is higher by using both studies, and false-negative coronary CT angiography 
results can occur, in which case patients forego the benefit of  treatment. We showed that 
coronary CT angiography can be a cost saving technique in that it helps avoid unnecessary 
angiograms but comes with the disadvantage of  a slight decrement in patient outcomes. 
Optimization criteria developed on the basis of  QALYs favors the use of  conventional cor-
onary angiography because it will identify all patients with CAD and the potential long-term 
benefit of  treating CAD outweighs the small risk involved. When considering costs only, 
coronary CT angiography is preferred because it is less expensive and can help avoid per-
forming unnecessary angiograms in a substantial proportion of  patients. When considering 
disadvantages, benefits, and costs together, our results suggest that the use of  coronary CT 
angiography as an initial test is cost-effective below an average prior probability threshold 
level of  40%. Above this threshold level, conventional coronary angiography remains the 

preferred strategy. The use of  UK, US, and Dutch recommendations for cost-effectiveness 
analyses did not substantially influence the results. 

It is important to note that a lower threshold level exists, one that is not addressed in our 
study. Below this threshold level, the net gain of  performing coronary CT angiography 
is too small and it would therefore not be cost-effective when compared with either not 
testing or performing another less-invasive, less costly test. However, including additional 
strategies was beyond the scope of  this paper. 

In our cohort study, coronary CT angiography was a cost-effective strategy for women in 
the UK and US analyses. The difference in cost-effectiveness between the reference case 
analysis and ours is driven by the difference in prior probability (women had a lower prior 
probability in the study) and test characteristics. 

In our cost-effectiveness analysis, we used a WTP threshold level of  €80 000/QALY (39). 
Had we used a WTP threshold level of  €50 000/ QALY, our conclusions would be the 
same because all ICERs for conventional coronary angiography were less than €50 000 in 
the reference case analysis. For our cohort study, the results only changed for women who 
were analyzed according to the Dutch recommendations for whom coronary CT angiogra-
phy would be cost-effective at the €50 000 threshold level, whereas conventional coronary 
angiography would be cost-effective at the €80 000 threshold level. 

Two-way sensitivity analysis on test characteristics and 
prior probability of CAD
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Figure 4. Two-way sensitivity analyses for test characteristics and prior probability of  CAD in women. Graph 
shows influence of  varying test characteristics (independently from each other) on prior probability threshold 
level above which catheter-based coronary angiography (CAG) would be more cost-effective. Upper and lower 
bars are range in sensitivity and specificity, respectively, as observed in the Mowatt et al. (3) and Vanhoenacker 
et al. (1). Other bars are sensitivity and specificity as observed in cohort study (Appendix [http://radiology.rsna.
org/ content/253/3/734/suppl/DC1]). Note that effect of  varying sensitivity on prior probability threshold 
level is substantial. Varying specificity does not alter prior probability threshold level as much as does varying 
sensitivity. Analysis performed by using UK recommendations for cost-effectiveness analysis (health care 
perspective). Changes in probability threshold level were similar in men: by varying sensitivity from 97%–99.3%, 
threshold level for cost-effectiveness ranged from 39%–66%. Varying specificity resulted in threshold levels 
ranging from 40%–52%. CCTA = coronary CT angiography. 
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In our study, a stenosis of  50% or more in at least one vessel was considered as significant, 
whereas a stenosis of  70% or more is commonly considered as hemodynamically significant. 
Only hemodynamically significant stenoses are eligible for revascularization, which makes 
a threshold level of  70% or more relevant. However, our aim was to select patients that re-
quire some form of  treatment. We modeled medication-based therapy, PCI, and CABG as 
treatment strategies, which is why we used a threshold level of  a stenosis of  50% or more 
for significant CAD. One could argue that physicians are primarily interested in diagnosing 
severe CAD, as these patients would be eligible for revascularization, whereas others can be 
adequately treated by using medication alone. 

Although the model uses a dichotomized definition of  CAD, the model does allow for dif-
ferences in treatment effects incurred by differences in disease location and severity. This 
was carried out by including weighted averages of  treatment effects, quality-adjusted life 
estimates, and costs. Additionally, the uncertainty in such parameters was taken into account 
by using distributions. 

Table. Cost-effectiveness Analysis of  Conventional Coronary Angiography Only Compared with CT

Followed by Conventional Coronary Angiography

Strategy Cost (€) Effectiveness 
(QALY)

ICER 
(€/QALY)

Incremental NHB of 
CAG vs. CCTA

Reference case analysis
Men (prior probability of CAD: 72%)

UK 
CCTA 31 506 11.578
CAG 32 095 11.615 15 915 0.0296

US 
CCTA 34 154 12.180
CAG 34 797 12.219 16 509 0.0309

NL 
CCTA 386 640 14.360

CAG 386 822 14.406 4 095 0.0435
Women (prior probability of CAD: 65%)

UK 
CCTA 26 020 13.263
CAG 26 734 13.299 19 913 0.0269

US 
CCTA 28 307 14.050
CAG 29 082 14.088 20 360 0.0284

NL 
CCTA 252 455 16.941
CAG 252 940 16.988 10 383 0.0407

Cohort Study
Men (prior probability of CAD: 72%)

UK
CCTA 30 377 11.620
CAG 30 531 11.626 25 014 0.0042

US 
CCTA 32 843 12.228
CAG 32 998 12.234 23 681 0.0046

NL 
CCTA 383 971 14.415

CAG 384 063 14.423 11 413 0.0069

Women (prior probability of CAD: 43%)

UK
CCTA 21 007 13.409
CAG 21 384 13.413 95 602 -0.0008

US 
CCTA 22 788 14.206
CAG 23 183 14.210 87 804 -0.0004

NL 
CCTA 245 313 17.132
CAG 245 691 17.139 56 117 0.0020

This analysis was performed according to recommendations in the UK, the United States, and the Netherlands for 60-year-old men and 
women. The results indicate that at a willingness-to-pay threshold level of €80 000/QALY, conventional coronary angiography is optimal 
in men and women. In our cohort study, coronary CT angiography is optimal in women only if UK or US recommendations are used. A 
strategy is dominated if another strategy is equally as effective or more effective and less costly. The incremental net health benefit (NHB) 
is calculated as NHBCAG – NHBCCTA with NHB = QALY – (cost/€80 000) and expressed in units of QALY equivalents. CAG = catheter-based 
coronary angiography, CCTA = 64-detector coronary CT angiography. 

The additional information that is provided by coronary CT angiography (e.g., assessment of  plaque burden) 
could potentially improve the management of  CAD patients. Currently however, too little evidence is available. 
Future studies should investigate the added value of  assessing plaque burden and the effectiveness of  decision-
making on the basis of  such findings. 

Our analysis focused on a 64-section CT scanner, which implies that our results are only applicable to patients 
undergoing 64-section CT. However, with the rapid rate of  advancement in technology, newer generations of  
CT scanners are expected to be more accurate in helping diagnose significant CAD, owing to a higher temporal 
and spatial resolution. In addition, new techniques are being developed to minimize radiation dose. Such 
improvements will increase the cost-effective application of  coronary CT angiography. 

Our methods were different from a previously published cost-effectiveness analysis by 
Dewey and Hamm (43), who used costs per correctly identified CAD patient as a measure 
of  cost-effectiveness, did not consider costs of  subsequent treatment and ignored the ben-
efit of  correct exclusion of  CAD. They found a threshold level of  60% prior probability 
of  CAD below which coronary CT angiography is indicated. Kuntz et al. (44) examined 
the cost-effectiveness of  several non-invasive functional (imaging and non-imaging) tests. 
When compared with exercise single photon emission CT and exercise echocardiography, 
conventional coronary angiography had an ICER of  $32 600 and $35 200 respectively, for 
50–59-year-old men with mild chest pain. This is slightly higher compared with what we 
found for conventional coronary angiography compared with coronary CT angiography for 
men by using the US recommendations. 

More recently, Khare et al. (45) and Ladapo et al. (46) studied the cost-effectiveness of  coro-
nary CT angiography in low-risk patients with acute chest pain. Our analysis focused on 
patients with stable chest pain and much higher disease prevalence. Therefore, our analysis 
adds new information to the current knowledge about cost-effective applications of  coro-
nary CT angiography. 

One limitation of  our study was the use of  meta-analyses for the diagnostic performance 
of  coronary CT angiography that were published in 2007 and 2008. Alternative data sources 
for diagnostic performance, such as Miller et al. (47), recently studied the diagnostic accu-
racy of  coronary CT angiography. Miller et al. reported a per-patient sensitivity and speci-
ficity for diagnosing significant (≥50% stenosis) CAD of  85% and 90%, respectively. They 
excluded patients with Agatston coronary calcium scores of  600 or higher, which makes 
their results relevant to a diagnostic strategy by using coronary CT calcium scoring as a tri-
age test prior to performing coronary CT angiography. However, such a diagnostic strategy 
was not considered in our study. Although their study population was different from our 
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target population, the ranges of  sensitivity and specificity we used also included the results 
reported by Miller et al. 

Our aim was to design a lucid decision model that would be easy to interpret and that can 
help guide decision making. Consequently, we had to make several assumptions. First, pa-
rameter estimates were obtained from the literature by using the best available published 
evidence. Second, for the purpose of  estimating costs and disutility of  a cardiovascular 
event, we assumed that cardiovascular events were mainly myocardial infarctions and that 
costs and disutility of  other cardiovascular events were similar to that of  myocardial infarc-
tions. Third, the quality- of-life estimates were derived from Hlatky et al. (23), which was a 
study on multi-vessel CAD. This may be an underestimate of  the quality of  life of  patients 
with single-vessel disease, which therefore may have overestimated the gain in effectiveness 
with treatment, which, in turn, would have created bias in favor of  conventional coronary 
angiography. Fourth, work-up for chest pain following a coronary CT angiogram with nega-
tive results was not modeled and may have created bias in favor of  coronary CT angiogra-
phy. Fifth, we assumed the sensitivity and diagnostic odds ratio to be independent of  age, 
sex, risk factors, and presentation. Sixth, we did not consider other non-invasive tests but 
rather considered only patients referred for conventional coronary angiography for whom 
either the history or functional test results have suggested the presence of  cardiac ischemia.
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Figure 5. Acceptability curves for coronary CT angiography (CCTA) strategy plots probability that strategy 
is cost-effective given particular WTP threshold level. We ran 100 000 Monte Carlo probabilistic simulations 
that used random draws from distributions that represent uncertainty around parameter estimates. For men 
and women, UK recommendations were used for cost-effectiveness analysis (health care perspective) and WTP 
threshold level of  €80 000/QALY. In 2% and 13% of  simulations for men and women, respectively, CCTA was 
cost-effective compared with conventional coronary angiography, which corresponds to 2% and 13% probability 
of  cost-effectiveness. 

Furthermore, it is important to realize that all costs were based on European estimates. In 
the cost-effectiveness analysis, we were interested in evaluating how the different perspec-
tives (health care system vs. societal) and the different (UK vs. US vs. Dutch) recommenda-
tions would affect the results and therefore chose to use the same cost estimates for these 
comparisons. Reported costs for CT and conventional coronary angiography in the United 
States range from $630–$3000 and $1750–$5176, respectively (45,46). In addition, a US 
health care cost database provides an estimate of  $10 000 for performing conventional 
coronary angiography (48). Because the costs for conventional coronary angiography in 
the United States are relatively high compared with the costs for coronary CT angiography, 
coronary CT angiography might be a more cost-effective approach in the US. However, all 
costs in the US are generally higher, as is the WTP threshold level, which could lead to dif-
ferent results and merits further study. 

Finally, it is important to note that the differences between the two strategies in terms of  
costs, QALYs, and net health benefits were rather small, which is why we performed exten-
sive (probabilistic) sensitivity analysis and value-of-information analysis. We used modern 
techniques to evaluate whether further research is necessary and to inform the choice of  a 
future study. Value-of-information analysis showed a rather high expected value of  further 
research for both Europe and the United States and indicated that future research should 
focus on test characteristics, the risk of  radiation, and prediction rules for the diagnosis of  
CAD. 

In conclusion, the optimal diagnostic strategy depends on the optimization criterion, prior 
probability of  CAD, and test characteristics. Analysis of  our cost-effectiveness model sug-
gests that coronary CT angiography performed as a triage test prior to conventional coro-
nary angiography is cost-effective in men with a prior probability of  CAD of  less than 44% 
and in women with a prior probability of  CAD of  less than 37%. Above this threshold level, 
conventional coronary angiography remains the most cost-effective strategy. To maximize 
patient outcomes, a lower threshold level applies and to lower costs, a higher threshold level 
should be used. 
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Technical appendix

I. Model
We developed a decision model (in DATA Pro, 2008 Suite; TreeAge Software, William-
stown, Mass) to evaluate the use of  coronary CT angiography as initial imaging test, if  
positive followed by conventional coronary angiography (new strategy) compared with di-
rect conventional coronary angiography (current practice) (Figure 1). Short-term outcomes 
related to the diagnostic imaging tests were modeled with a decision tree and a Markov 
model (cycle length of  1 year) was used to model long-term outcomes. We modeled whether 
a patient was alive or dead and whether a cardiovascular event occurred.

In our model, the variable “Male” coded the sex of  the patients. Male = 1 refers to males, 
Male = 0 refers to females.

age = 60
ageMKV = age + _stage

II. Input data
See Table E1.

III. Data Sources
The input data were based on the best available evidence in the literature. Event rates were 
based on average risk factor profiles as observed in our cohort study (Table E3) (10). In 
this study, 233 patients were included who had new-onset chest pain and were referred for 
conventional coronary angiography. All patients underwent coronary CT angiography prior 
to conventional coronary angiography. A specific scenario was analyzed to reflect the deci-
sion on the basis of  prior probabilities and test characteristics, as observed in this cohort 
study (Table E2).

Table E2. Prior Probabilities of  CAD according to Age, Sex, and Chest Pain Type

Chest pain in men (n=156) Chest pain in women (n=77)

Parameter Typical (n=104) Atypical (n=52) Typical (n=47) Atypical (n=30)

Mean age (years) 59 60 61 61

Prior probability of CAD (%) 82 54 43 43

Prior probabilities determined given the cohort study (10).

IV. Assumptions
Prior probability of  CAD

The prior probability was entered in the model for men and women separately by using beta 
distributions. The α and β parameters of  the beta distributions were estimated in such a way 
that the 95% confidence interval covered the range of  probabilities as reported by Diamond 
and Forrester (9). The alternate scenario used the prior probabilities for men and women to 
have CAD, as observed in the cohort study (10).
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Table E1. Parameter Estimates, Distributions and Reported Ranges, and Data Sources

Parameter Point estimate Distribution 95% CI / Range Source

Prevalence of CAD 
Men 
Women

 
0.79 
0.65

 
Beta 
Beta

 
0.59 – 0.94  
0.32 – 0.91

 
(9) 
(9)

CCTA 
Sensitivity * (patient-level) 
Specificity (patient-level) 
Natural log of the diagnostic odds ratio 
Mortality 
Costs in Euro’s 
Time cost for patients (min)

 
0.98 
0.81 
5.00 

0.000006 
198 
90

 
-  

Beta 
Log normal 

Beta 
Gamma 
Gamma

 
- 

0.64 – 0.93  
3.89 – 6.11  

0 – 0.000016 
128 – 283  
58 – 129

 
- 

(1, 3, 10) 
(1) 
(11) 

Cost-analysis  
Cost-analysis

CAG 
Sensitivity  
Specificity 
Risk of MI 
Mortality 
Costs in Euro’s 
Time cost for patients (min)

 
1 
1 

0.0005 
0.0011 
1360 
362

 
- 
- 

Beta 
Beta 

Gamma 
Gamma

 
- 
- 

0.0003 – 0.0007 
0.0009 – 0.0014 

880 – 1942  
243 – 516

 
Assumption 
Assumption 

(12) 
(13) 

Cost-analysis 
Cost-analysis

Event rates and hazard rate ratios

Annual non-CVD  
mortality † ‡ 

- - - Dutch Life tables (14)

CVD event rate (no CAD) 
Men 
Women

0.024 
0.014

Uniform 
Uniform

0.014 – 0.077 
0.008 – 0.053

(15) 
(15)

HRR CVD events, CAD vs. no CAD

HRR CVD events, Meds vs. no Meds

HRR CVD events, prior MI vs. no prior MI

Proportion Fatal Event

1.50

0.64

1.44

0.17

Log-normal

Log-normal

Log-normal

Beta

1.32 – 1.70

0.45 – 0.88

1.25 – 1.66 
0.10 – 0.25

(16)

(17, 18)

(16)

(18-20)

Risk of cancer due to radiation exposure

LAR in men 
Proportion fatal 
LAR in women 
Proportion fatal

0.0008 
0.65 

0.0021 
0.70

Beta 
- 

Beta 
-

0.0005 – 0.0011 
- 

0.0014 – 0.0029 
-

(21) 
(22) 
(21) 
(22)

Quality of life weights 
no CAD 
Treated CAD (TP) § 
Untreated CAD (FN) 
Disutility CVD event

 
0.87 
0.85 
0.74 
0.04

 
Beta 
Beta 
Beta  
Beta

 
0.85 – 0.89 
0.82 – 0.87 
0.71 – 0.77 
0.02 – 0.07

 
(23) 
(23) 
(23) 
(24)

Mean costs || 
Treatment  
Medication (per year) 
Myocardial infarction 
Travelling to hospital (per visit) 
Time cost (per hour) 
Reintervention || 

 
7512 
364 

13000 
5 
18 
754

 
Gamma 
Gamma 
Gamma 
Gamma 
Gamma 
Gamma

 
4858 – 10730

236 – 520  
8407 – 18582  

3 – 6  
11 – 25  

488-1076

 
Standard Rates 

(25) 
Estimation 

(26) 
(26) 

(27-29)

Friction period (weeks) 
Friction cost (per hour)

Men 
Women

22 

51 
39

- 

Gamma 
Gamma

- 

33 - 72 
25 – 55

(26) 

(26) 
(26)

CVD = cardiovascular disease, LAR = lifetime attributable risk, MI = myocardial infarction.
*	 Sensitivity modeled as a function of specificity and the diagnostic odds ratio to account for the inverse relationship of sensitivity and 

specificity.
†	Age- and sex-specific.
‡	Treatment breakdown for patient population: 51% PCI, 25% CABG, 24% medication.
§	All costs converted to 2007-rate euro’s (€1.00 equivalent to US $1.37); gamma distributions were approximated by assuming a standard 

deviation of 20% of the mean costs.
||	Treatment breakdown for patient population: 70% PCI, 30% CABG; average yearly costs.

Modeling the Joint Distribution of  Sensitivity and Specificity

The sensitivity and specificity of  a diagnostic test are inversely related. To take into account 
the correlation between sensitivity and specificity, sensitivity was defined as a function of  
the specificity and the diagnostic odds ratio (DOR).

where TP = true positive, FN = false negative, TN = true negative, and FP = false positive.

The range of  specificities reported in recently published literature (1,3,10) was used to es-
timate a β distribution for specificity. The diagnostic odds ratio was obtained from a meta-
analysis (1) and modeled by using a lognormal distribution. In the alternate scenario, the 
specificity and diagnostic odds ratio from the cohort study were used.

Annual Probability of  Dying

Non-cardiovascular disease–related mortality was calculated by using data from the Dutch 
Bureau of  Statistics (14). By using the absolute numbers of  deaths from all causes and from 
cardiovascular causes in 2006, we calculated the proportion of  non-cardiovascular deaths 
for 10-year age categories for men and women separately. We obtained age- and sex-specific 
mortality rates of  the general population from Dutch life table data and multiplied those 
numbers by the corresponding proportion of  non-cardiovascular deaths.

Table E3. Risk Factor Profiles Used to Estimate Cardiovascular Event Rates

Risk factors in men Risk factors in women

Parameter Low Mean High Low Mean High

Age (y) 59 60 61 60 61 63

Cholesterol (mg/dL) * 180 191 201 183 200 220

High-density lipoproteins (mg/dL) * 56 52 47 63.8 57 50

Systolic blood pressure (mmHg) 144 148 151 143 149 155

Smoking (%) 0 0.32 1 0 0.21 1

Diabetes (%) 0 0.20 1 0 0.19 1

Profiles determined given the cohort study (10).
*	 For Systéme International units (millimoles per liter), multiply data by 0.02586.

DORspec
spec

sens
sens

⋅−
=

−
)1(

1

FP
TN

FN
TPDOR ⋅=

spec
spec

sens
sensDOR

−
⋅

−
=

11

DORspecspec
specsens

⋅−+
−=

)1(
1

DORspecspec
specsens

⋅−+
=−

)1(
1
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Cardiovascular event rates (coronary death, myocardial infarction, coronary insufficiency, 
angina, stroke, cardiac arrest, peripheral arterial disease, heart failure) in patients without 
known CAD (true negatives and false positives) were assumed to be equivalent to first CAD 
event rates in the general population and were therefore calculated with the Framingham 
Heart Study (15) and modeled specific for the average risk factor profiles of  patients in the 
cohort study. Table E3 summarizes the average risk factor profiles as observed in the cohort 
study. Given the average values of  risk factors, we calculated 10-year cardiovascular event 
rates, which were transformed to annual cardiovascular event rates. Low- and high-risk fac-
tor profiles were used to create a range of  event rates. The Framingham Heart Study model 
was based on the Framingham Heart Study, with 3969 men and 4522 women who had a 
mean age of  49 years (15). We estimated that patients presenting with symptomatic CAD 
who are subsequently treated (true-positives) will have a 1.5-fold (95% confidence interval: 
1.3-1.7) cardiovascular event rate compared with patients without symptomatic CAD based 
on a multivariable Cox model reported from the EUROPA study (16). Following a first 
cardiovascular disease event, the cardiovascular disease reoccurrence rate will be a 1.44-fold 
(95% confidence interval: 1.25-1.66) higher risk compared with that in a patient with CAD 
and no previous cardiovascular disease event (16). We assumed that the cardiovascular event 
rate is reduced by treatment (hazard rate ratio, 0.63; range, 0.44–0.88) (17,18) modeled with 
a combined weighted average effectiveness of  CABG, PCI, and medical treatment (28,29). 
Missed CAD patients (false-negatives) forgo the benefit of  treatment, implying reduced 
quality of  life and a higher cardiovascular event rate (Table E1) (17,18). Following a cardio-
vascular event during follow-up in patients with an initial negative test result, CAD will be 
diagnosed and treated.

Radiation Risk (Tables E4, E5)

Radiation risk of  coronary CT angiography was modeled with age- and sex-specific lifetime 
attributable risks (21). We assumed that the first radiation-induced fatal cancer would only 
occur 12 years after exposure. Therefore, the lifetime attributable risk was divided by the 
probability of  surviving 12 years beyond exposure, which results in the lifetime probability 
of  having a radiation-induced cancer, conditional on the fact that the individual survived 
up to the moment that such a cancer could occur. Next, the lifetime attributable risks were 
converted to 1-year probabilities by dividing them by the remaining average life expectancy. 
To reflect mortality, the risk was multiplied by the fraction of  fatal cancers. This fraction 
was calculated by using the radiation-induced incidence and mortality data from de BEIR 
VII report (22). No adjustment for reduced quality of  life after the diagnosis of  a radiation-
induced cancer was made.

Table E4. Lifetime Attributable Risk of  Cancer in 60-year-old Patient Due to a CT Angiogram

Point estimate Range

Men 0.000797 0.00052 – 0.00107

Women 0.00215 0.00141 – 0.00288

Table E5. Proportions of  Radiation-induced Cancers Resulting in Death

Age at exposure Proportion of fatal cancers (men) Proportion of fatal cancers (women)

20 0.523029683 0.462940462

30 0.555393586 0.508920188

40 0.581790123 0.572234763

50 0.609137056 0.633783784

60 0.652351738 0.697952218

70 0.728862974 0.775061125

80 0.879310345 0.887850467

For missing values, linear interpolation was used by Data TreeAge Pro.

The risk of  cancer owing to conventional coronary angiography was assumed to be one-
half  of  the risk of  cancer owing to coronary CT angiography, considering the fact that the 
radiation dose is approximately one-half  the dose of  coronary CT angiography (30). The 
successive use of  conventional coronary angiography after coronary CT angiography was 
assumed to have an additive effect on the risk of  radiation-induced cancer.

pMortRadiation_CCTA 	 = Male*(Dist_LAR_Male/0.790/12.3)*Prop_CancerMortality[age;1]
+(1–Male)*(Dist_LAR_Female/0.858/14.6)*Prop_CancerMortality[age;2]
pMortRadiation_CAG 	 = 0.5*pMortRadiation_CCTA

V. Perspectives
The decision was analyzed from the perspective of  the physician, patient, hospital, health 
care system, and society by using three recommendations for cost-effectiveness analysis 
(Table E6).

Table E6. Cost-effectiveness Analyses

Recommendation Perspective (outcomes included) Discount rate for costs Discount rate for 
effectiveness

UK Health care (QALYs, health care costs) 0.035 0.035

US Society (QALYs, health care costs,  
patient time and travel costs) 0.030 0.030

NL (Dutch) Society (QALYs, health care costs,  
patient time, travel and friction costs) 0.040 0.015

Items in parentheses are outcomes for each perspective.

 
In an analysis from the hospital perspective, we calculated the diagnostic costs and deter-
mined the prior probability threshold level below which coronary CT angiography would 
be cost saving. The analysis from the health care perspective considered QALYs and health 
care costs and was performed according to U.K. recommendations, discounting both future 
costs and effectiveness at 3.5% (31,32). Subsequently, we performed the cost-effectiveness 
analysis from the societal perspective according to US recommendations, which considered 
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QALYs, health care costs, and direct non-health care–related costs (patient time and travel 
costs) and discounted both future costs and effectiveness at 3% (33–35). Finally, an analysis 
from the societal perspective was performed according to Dutch recommendations, which, 
in addition to the above, also took productivity losses (friction costs) into account and dis-
counted future costs and effectiveness at 4% and 1.5%, respectively (26).

Friction Costs

Friction costs are defined as costs of  productivity losses owing to death or absence from 
work. The friction period (e.g., the time for replacing an employee after death) has been es-
tablished at 22 weeks (26). The friction costs per hour (cFriction_hour) were entered in the 
model for 60-year-old men and women separately. The friction costs for surviving patients 
were calculated by multiplying the duration of  absence from work by sex-specific friction 
costs per hour for diagnosis and treatment separately (26). We assumed PCI and CABG 
would result in 3- and 8-day admissions, respectively. A myocardial infarction was assumed 
to cost 14 days of  productivity. The duration of  diagnostic procedures was estimated in our 
cost analysis. According to the standard 1540 workable hours per year, we calculated the 
loss of  workable hours.

TimePCI 	 = 3/365*1540
TimeCABG 	 = 8/365*1540 
TimeMI 	 = 14/365*1540
TimeCCTA 	 = Dist_cTime_CCTA
TimeCAG 	 = Dist_cTime_CAG	
ProportionCABG 	 = 0.25
ProportionPCI 	 = 0.51
ProportionMedTx 	 = 0.24
cFriction_hour 	 = Male*Dist_cFriction_Men+(1–Male)*Dist_cFriction_Women
cFriction_dead 	 = cFriction_hour*(22/52*1540)
cFrictionTreatment	 = proportionPCI*cFriction_hour*TimePCI+proportionCABG*
		  Friction_hour*TimeCABG+proportionMedTx*cFriction_hour*0
cFrictionDiagnosis 	 = cFrictionDiagnosis+cFriction_hour*Time_CAG
cFrictionDiagnosis 	 = cFrictionDiagnosis+cFriction_hour*Time_CCTA
cFrictionMI 	 = Male*Dist_cFriction_Men*TimeMI+(1–Male)*Dist_cFriction_
		  Women*TimeMI

Patient Time Costs

Patient time costs consisted of  transportation costs to the hospital and time costs of  being ab-
sent from work (cPatient_Treatment and cPatient_Diagnosis) multiplied by the average income. 
The average income (cTime_patient_hour) assuming 67% men and, on average, 60-year-old 
patients (10), was calculated according to data from the Central Bureau of  Statistics. Travel costs 
were based on standard costs of  a hospital visit by car from the Dutch costing manual:

cTravel_per_test	 = Dist_cTravel
cTime_patient_hour 	= Dist_cTime_patient_hour
cPatient_Diagnosis 	 = cPatient_Diagnosis+cTime_patient_hour*
		  Time_CAG+cTravel_per_test
cPatient_Treatment 	 = cPatient_Treatment+(0.51*cTime_patient_hour*3*24
		  +0.25*cTime_patient_hour*8*24+0.24*cFriction_hour*0)

VI. Cost Estimates
Costs were estimated for diagnostic tests, treatment (PCI, CABG, medication), and events 
during follow-up. Costs for CT and conventional coronary angiography were determined 
with a cost analysis and included direct health care costs (personnel, materials, equipment), 
indirect health care costs (housing, overhead), direct non-health care–related costs (patient 
travel and time costs), and indirect non-health care–related costs (production losses) (Table 
E1).

Because our decision model was developed to analyze cohorts of  patients, the cost estimates 
in our model represent mean costs. According to the central limit theorem, the distribution 
of  the means is normal. However, as normal distributions are inappropriate for modeling 
costs, we used gamma distributions, which are commonly used to reflect cost distributions. 
We assumed a relatively small standard error of  20%*mean cost for all gamma distributions, 
which results in gamma distributions that are similar to normal distributions.

Costs for CABG and PCI were based on estimates from the National Health Care Authority 
(Table E1) (27). Low and high values of  the distributions were based on the different costs 
of  different types of  CABG or PCI procedures; for example, a one-vessel procedure as a 
lower boundary and a two-vessel procedure as an upper boundary. Annual costs for medical 
therapy were based on treatment with aspirin, nitrates, statins, and angiotensin-converting 
enzyme inhibitors and included one follow-up visit per year (Table E1) (25). The mean value 
included aspirin, statins, and nitrates. The lower bound included aspirin only. The upper 
bound included aspirin, nitrates, statins, and ACE-inhibitors.

A weighted average for the cost of  treatment was calculated and entered in the model. 
Costs for reinterventions were taken into account using weighted averages of  reintervention 
rates for the different treatment options. Reintervention rates were derived using by 5-year 
freedom-of-intervention rates (28). Reinterventions were assumed to be 70% PCI and 30% 
CABG.

cReintervention = cPCI*0.70+cCABG*0.30
Probability of  reintervention per year = 
Proportion free of  reintervention at 5 years after PCI = propFOR_PCI
Proportion free of  reintervention at 5 years after CABG = propFOR_CABG
Proportion free of  reintervention at 5 years after MedTx = propFOR_MedTx
ReinterventionRatePCI = – (1/5)*LN (propFOR_PCI)
ReinterventionRateCABG = – (1/5)*LN (propFOR_CABG)
ReinterventionRateMedTx = – (1/5)*LN (propFOR_MedTx)
pReintervention = 1–exp (ReinterventionRatePCI*proportionCABG+
ReinterventionRateCABG*proportionCABG+ReinterventionRateMedTx*proportionMedTx)
cReinterventions = pReintervention*cReintervention

All costs were converted to year 2007 rates (€1.00 was equivalent to US $1.37) based on 
Dutch consumer price indices and reported in euro’s (14).
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VII. Quality of  Life Estimates
Quality of  life was modeled on the chance of  successful relief  of  angina through treatment. 
Quality of  life weights following treatment were a pooled weighted average taking into ac-
count that 51% of  patients with diagnosed symptomatic CAD undergo PCI, 25% undergo 
CABG, and 24% will receive medication only (36); 5 years after CABG 15% and after PCI 
16% of  patients still have angina, and the quality of  life weight for angina is 0.74 (range, 
0.71–0.77) and without angina 0.87 (range, 0.86–0.88) (23). Patients in whom the diagnosis 
was missed (false-negatives) were assumed to all have angina during follow-up until a car-
diovascular event occurred, after which they would be diagnosed and treated. A disutility 
of  0.04 (range, 0.02–0.07) was modeled for a cardiovascular event (myocardial infarction) 
during follow-up (24).

VIII. Outcome Measures
The net health benefit (NHB) was calculated by using the following formula: NHB = E – 
C/G, where E = effectiveness in terms of  QALYs, C = total cost of  the strategy concerned, 
and G = threshold WTP. Net health benefits are measures of  effectiveness, adjusted for the 
costs and taking into account the WTP per QALY (37). Given a particular WTP, the strategy 
with the highest net health benefit is the most cost-effective.

The WTP reflects the amount of  money that society is willing to pay for one quality-adjust-
ed life year. A threshold level WTP of  €80 000/QALY was used.

IX. Analyses
To assess uncertainty, probabilistic sensitivity analysis was performed drawing from all vari-
able distributions (Table E1) by using Monte Carlo simulation of  100 000 samples. Random 
draws from variable distributions were single draws, which means they were equal for both 
strategies.
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Abstract

Background
To determine the comparative effectiveness and costs of  a CT-strategy and a stresselec-
trocardiography- 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 evi-
dence 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 classi-
fied 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 com-
pared to SOC in all women and in men with a pre-test probability <70%.

Introduction

The current guideline still recommends stress electrocardiography(X-ECG) as first line di-
agnostic 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 pub-
lished 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  diag-
nostic 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 avail-
able 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 hypo-
thetical 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 & 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 requir-
ing hospitalization, and revascularization) occurred in 30 patients (13) (Table A1). The study 
complied with the Declaration of  Helsinki and the ethical committee at our institution ap-
proved the study. Informed consent was obtained from all patients.

Decision model
We developed a decision model (in DATA Pro 2009 Suite, TreeAge Software Inc, William-
stown, 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). 
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Long-term prognosis (lifetime) was modeled using a Markov-Model (Figure A1). Model 
parameters were based on the clinical cohort with follow-up combined with best-available 
evidence from the literature (Table A2, A3). See supplementary material for a detailed mod-
el description. 

Model probabilities for diagnostic test results were based on the clinical cohort and con-
ditional on the “underlying truth”, sex, and the pre-test probability. To model the “under-
lying 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 stan-
dard 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 strat-
egy, who are CAD+ or Revascularization according to their underlying truth are “under-
classified”. Patients classified as CAD+ who are Revascularization according to the underly-
ing 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 test-
ing 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 pres-
ent (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 

Figure 1. Further testing algorithm after X-ECG. Italic disease categories refers to classified category according 
to the diagnostic work-up.*Low risk DTS = DTS ≥5, intermediate risk DTS = DTS -10 to 5, high risk DTS = 
DTS ≤-11. DTS: Duke Treadmill Score.

Figure 2. Further testing algorithm after CAC. Italic disease categories reflect the classified category according 
to the diagnostic work-up.

Figure 3. Definition of  the disease 
category, as determined for each patient 
in the clinical cohort. Underlined refers 
to underlying “true” disease category, 
italic refers to classified category 
according to diagnostic test strategy.
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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. Cor-
rectly classified individuals in the model were assigned the adjusted event rate as observed in 
the cohort. Under-classified (and under-treated) individuals experienced a higher event rate 
because of  the forgone benefit of  treatment (hazard rate ratio (HRR) based on the com-
bined 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. See supplementary material for more details.

To mimic clinical follow-up of  patients with chest pain, we assumed that every under-clas-
sified 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 medica-
tion and a (slightly) lower quality-of-life.

We modeled the risk of  dying from non-cardiac causes based on age- and sex-specific mor-
tality 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%, re-
spectively. 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 (Table A2, A3). 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 classifica-
tion. Long-term outcomes included health care costs and quality-adjusted life years(QALYs). 
Both future costs and effectiveness were discounted at 3.5% (36). 

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 (95%CI:547-978) and €526 (95%CI:€395-684) for men and women, re-
spectively. The CT-strategy cost €494 (95%CI:€375-641) and €274 (95%CI:€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%) correct-
ly. 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). 



224 225

Chapter 10 Cost-Effectiveness of  Coronary CT vs. Exercise Testing

Baseline characteristics 	 Value

Age(years), mean(SD) 56 (10)

Female: male 227:224 (0.48:0.52)

Risk profile

Nicotine use 138 (0.29)

Hypertension 233 (0.49)

Diabetes 68 (0.14)

Dyslipidaemia 28 (0.59)

Family history of cardiovascular disease 214 (0.45)

Chest pain (40)

Typical 146 (0.31)

Atypical 251 (0.53)

Non-anginal chest pain 74 (0.16)

Catheter-based coronary angiography 98 (0.21)

≥50% stenosis, any vessel 57/98 (0.58)

≥70% stenosis, any vessel 29/98 (0.30)

Percutaneous coronary intervention 46 (0.10)

Coronary bypass graft surgery 13 (0.03)

X-ECG Not performed 48/471 (0.10)

	 Normal 190/423 (0.45)

	 Non diagnostic 140/423 (0.33)

	 Abnormal 93/423 (0.22)

CCS Not performed 8/471 (0.02)

	 Mean CCS (median) 206 (15)

	 Range 0-4817

	 Interquartile range 0-145

CCTA Not performed 16/471 (0.03)

	 Non-diagnostic 3/471 (0.01)

	 No obstructive CAD 311/471 (0.66)

	 Obstructive CAD (≥50%) 141/471 (0.34)

	 Severe CAD (3VD, LM, prox. LAD) 48/141

CAG performed 121/471 (0.26)

	 ≥50% stenosis, any vessel 71/121 (0.59)

	 ≥70% stenosis, any vessel 34/121 (0.28)

Percutaneous coronary intervention 53/471 (0.11)

Coronary artery bypass graft surgery 18/471 (0.04)

Cost estimates (euros) Radiation exposure (mSv)

Exercise tolerance test (Expert opinion) 106 -

Coronary calcium score (8) 64 0.8

CT coronary angiography (8) 206 4.7

Single photon emission CT (Expert opinion) 545 12

Catheter-based coronary angiography (8) 1394 7.0

Percutaneous coronary intervention (24) 5000 15

Coronary bypass graft surgery (24) 14000 -

Results are shown as numbers (proportion of total) unless stated otherwise. X-ECG = exercise electrocardiography, CCTA = coronary 
computed tomography angiography, CAG = catheter-based coronary angiography
*	 Modified with permission from (11).

SOC-strategy CT-strategy Difference(CT vs. 
SOC)

Disease category* CAD– CAD+ Revasc. CAD– CAD+ Revasc. Mean 95%CI†

CAD– 0.55 0.05 - 0.56 0.04 - +0.01 ‡ -0.01,+0.03

CAD+ 0.07 0.10 - 0.04 0.14 - +0.03 ‡ +0.01,+0.06

Revascularization 0.04 0.01 0.18 0.04 0.06 0.12 -0.06 ‡ -0.09,-0.03

Mean 95%CI† Mean 95%CI† Mean 95%CI†

Diagnostic costs(euros) 739 547,978 494 375,641 -245 -560,-117

Pre-test<70% 509 372,681 298 223,390 -211 -357,-87

Pre-test≥70% 1206 873,1617 894 654,1197 -312 -516,-146

% Correctly classified§ 0.83 0.80,0.87 0.82 0.78,0.85 -0.01 -0.06,+0.02

Pre-test<70% 0.82 0.77,0.87 0.85 0.80,0.89 +0.03 -0.02,+0.07

Pre-test≥70% 0.85 0.79,0.89 0.74 0.66,0.82 -0.11 -0.19,-0.03

Radiation exposure║(mSv) 6.2 4.5,8.3 5.7 4.4,7.1

Pre-test<70% 4.1 2.9,5.6 4.1 3.1,5.3

Pre-test≥70% 10.4 7.5,13.9 8.9 6.9,11.2

SOC = standard-of-care, CT = computed tomography, Revasc. = revascularization, CI = confidence interval
*	 See Figure 4
†	Based on a probabilistic sensitivity analysis (10000 samples)
‡	Difference applies to correct classified cell(grey shaded)
§	Correct classification by the diagnostic strategy
║	Radiation exposure related to diagnostic imaging

Table 2. Short-term results (men).

SOC-strategy CT-strategy Difference(CT vs. 
SOC)

Disease category* CAD– CAD+ Revasc. CAD– CAD+ Revasc. Mean 95%CI†

CAD– 0.77 0.07 - 0.80 0.04 - +0.03‡ +0.01,+0.05

CAD+ 0.05 0.03 - 0.02 0.05 - +0.02‡ +0.01,+0.04

Revascularization 0.03 0.00 0.05 0.02 0.04 0.03 -0.02‡ -0.04,-0.01

Mean 95%CI† Mean 95%CI† Mean 95%CI†

Diagnostic costs(euros) 526 395,684 274 205,356 -252 -398,-127

Pre-test<70% 447 329,596 213 157,280 -234 -368,-113

Pre-test≥70% 796 581,1057 480 340,652 -317 -542,-123

% Correctly classified§ 0.85 0.82,0.88 0.88 0.85,0.92 +0.03 -0.00,+0.06

Pre-test<70% 0.87 0.83,0.90 0.89 0.85,0.93 +0.02 -0.01,+0.06

Pre-test≥70% 0.81 0.75,0.85 0.86 0.78,0.92 +0.05 -0.03,+0.12

Radiation exposure║(mSv) 5.1 3.6,7.0 4.1 3.1,5.3

Pre-test<70% 3.9 2.7,5.4 3.3 2.4-4.3

Pre-test≥70% 9.3 6.4-12.8 6.7 5.1-8.6

SOC = standard-of-care, CT = computed tomography, Revasc. = revascularization, CI = confidence interval
*	 See Figure 4
†	Based on a probabilistic sensitivity analysis (10000 samples)
‡	Difference applies to correct classified cell (grey shaded)
§	Correct classification by the diagnostic strategy
║	Radiation exposure related to diagnostic imaging

Table 3. Short-term results (women).

Table 1.Baseline characteristics*, diagnostic test results*, cost estimates and radiation exposure
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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 effec-
tiveness for the CT-strategy compared with SOC was -€227 and +0.004 QALY, respectively. 
For men with a pre-test probability of  ≥70%, this difference was -€231 and -0.003 QALY, 
respectively (Table 4,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, respec-
tively. 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-posi-
tive 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 cor-
rect 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 

 Table 4. Long-term results (men)

SOC-strategy CT-strategy Difference
(CT vs. SOC)

Mean 95%CI* Mean 95%CI* Mean 95%CI*

Health care costs (euros) 12969 10170,17764 12740 9957,17486 -229 -554,-84

Pre-test<70% 9691 7670,12588 9464 7457,12368 -227 -399,-56

Pre-test≥70% 19740 14439,30323 19509 14242,29952 -231 -448,-41

Effectiveness(QALYs) 11.671 11.079,12.158 11.672 11.078,12.160 +0.002 -0.002,+0.004

Pre-test<70% 11.980 11.505,12.403 11.984 11.510,12.406 +0.004 0.001,+0.007

Pre-test≥70% 11.025 9.935,11.703 11.022 9.926,11.703 -0.003 -0.011,+0.002

Radiation(mSv) 9.5 7.1,12.3 8.4 6.6,10.4

Pre-test<70% 6.5 4.7,8.8 5.5 4.2,7.0

Pre-test≥70% 15.6 11.8,20.1 14.2 11.1,17.9

ICER(mean) Dominated Superior

Pre-test<70% Dominated Superior

Pre-test≥70% 30406 -

Probability 
cost-effective (%)† 1 99

Pre-test<70% 0 100

Pre-test≥70% 41 59

SOC = standard-of-care, CT = computed tomography, CI = confidence interval, ICER = incremental cost-effectiveness ratio
*	 Based on a probabilistic sensitivity analysis (10 000 samples)
†	Proportion of simulations that showed the CT-strategy to be cost-effective, using a willingness-to-pay threshold of €80.000/QALY

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 (right cloud) indicate results for men with 
a pre-test probability <70% and pink squares (left cloud) 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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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.

As expected, the gain in QALYs for the CT-strategy is small, since patients with persis-
tent 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 appropri-
ately 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 dif-
ferences 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 differ-
ences, 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 overes-
timation 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 over-
estimation 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, progno-
sis 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  CCTAs (46-47). As of  today, it is unclear whether it is useful or cost-effective to 
follow up on incidental findings. Moreover, the associated ethical and legal issues are dif-
ficult (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 radia-

SOC-strategy CT-strategy Difference(CT vs. SOC)

Mean 95%CI* Mean 95%CI* Mean 95%CI

Health care costs (euros) 8513 6977,10574 8068 6520,10134 -444 -696,-219

Pre-test<70% 7808 6303,9792 7464 5964,9457 -344 -582,-119

Pre-test≥70% 10896 8292,14736 10112 7474,13986 -782 -1319,-327

Effectiveness(QALYs) 12.684 12.269,13.097 12.689 12.273,13.101 +0.004 +0.002,+0.007

Pre-test<70% 12.727 12.306,13.139 12.731 12.310,13.144 +0.004 +0.002,+0.006

Pre-test≥70% 12.537 12.018,12.998 12.543 12.023,13.004 +0.006 +0.000,+0.012

Radiation(mSv) 6.8 4.9,9.1 5.2 4.0,6.7

Pre-test<70% 5.6 3.9,7.8 4.3 3.2,5.6

Pre-test≥70% 11.0 7.7,15.0 8.4 6.2,10.9

ICER(mean) Dominated Superior

Probability 
cost-effective (%)† 0 100

SOC = standard-of-care, CT = computed tomography, CI = confidence interval, ICER = incremental cost-effectiveness ratio
*	 Based on a probabilistic sensitivity analysis (10000 samples)
†	Proportion of simulations that showed CT-strategy to be cost-effective, using a willingness-to-pay threshold of €80.000/QALY

Table 5. Long-term results (women)

Figure 5. Incremental costs and effectiveness of  the CT-strategy as compared with SOC; results from a 
probabilistic sensitivity analysis (10,000 samples) in women. Blue squares (upper cloud) indicate results for 
women with a pre-test probability <70%, pink squares (lower cloud) 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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tion 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 ro-
bust 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 effec-
tiveness 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 prospec-
tively 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 diagnos-
tic 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.

Supplementary material

I	 Study population

Follow up was complete for 424 of  471 patients (90%). Cardiovascular events (cardiac 
death, myocardial infarction, unstable angina requiring hospitalization, and revasculariza-
tion procedures) and CAGs during follow up were recorded. Revascularizations performed 
beyond 6 months or targeting lesions other than the lesions documented at the initial visit 
were considered as cardiovascular events. During a mean follow up of  2.6 years, 44 cardio-
vascular events occurred in 30 patients (Table A1) (13). 

II	 Short term model (Decision tree)

Classification in disease categories
For the SOC-strategy, X-ECG result (normal vs. non-diagnostic vs. abnormal) probabilities 
were calculated in subgroups by ’true’ disease category (CAD– vs. CAD+ vs. Revascular-
ization), stratified for sex and pre-test probability (<70% vs. ≥70%) (14). Probabilities for 
a low vs. a high Duke Treadmill Score were calculated stratified by X-ECG result, disease 
category and pre-test probability. The CAG result (normal vs. low risk vs. high risk) was as-
sumed to always reflect the ‘true’ disease category (CAD-, CAD+, Revascularization).

For the CT-strategy, probabilities for CAC scores (zero vs. >0-400 vs. ≥400) were calculated 
in subgroups by ‘true’ CAD risk category (CAD– vs. CAD+ vs. Revascularization), strati-
fied for sex and the pre-test probability (<70% vs. ≥70%) (14). Subsequently, the CCTA test 
result probabilities were calculated for subgroups, stratified by the disease category, pre-test 
probability and CAC score. Again, the CAG result (normal vs. low risk vs. high risk) was 
assumed to always reflect the ‘true’ disease category (CAD, CAD+, Revascularization).

Myocardial perfusion imaging (MPI)
The effect of  SPECT was modeled through its sensitivity and specificity reported in a recent 
meta-analysis (3) (Table A2). We assumed that all ‘false positive’ SPECT studies would oc-
cur in CAD– patients, resulting in misclassification of  CAD– patients in the CAD+ group. 
The sensitivity for detecting stenosis was assumed to be equal for both the CAD+ and the 
Revascularization group. False negative perfusion scans occur both in patients with CAD+ 
(classified as having CAD–) because of  moderate disease and in Revascularization patients 
(classified as having CAD+) because of  balanced ischemia when three vessel disease is pres-
ent. We also assumed that MPI will never show severe ischemia in a CAD– patient. 

III	 Long term analysis (Markov model)

Long term prognosis was modeled using a Markov model. A simplified state transition dia-
gram is presented in Figure A1. Fatal and non fatal major adverse cardiac events (MACE) 
were based on the follow up data of  the clinical patients. Since the event rate is likely to be 
higher in the first year, we calculated a baseline hazard for the first year and a baseline haz-
ard for the subsequent years. A Cox proportional hazards model was used to determine the 
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sex-specific rates of  MACE for CAD–, CAD+, and Revascularization patients (see Table 
A3). Based on our observation that 4 out of  44 MACE were fatal events, we assumed a 
constant proportion of  fatal events of  9% (95%CI: 3-19%). 

IV	 Cost estimates

Medication cost
Self-reported medication use was recorded during follow up contacts by telephone or via 
mailed questionnaires. The medication was grouped according to the Anatomical Thera-
peutic Chemical (ATC) classification system, developed by the World Health Organization. 
Only cardiovascular disease related medication was taken into account. As recommended 
by the Dutch Manual for cost analysis (15), we used an online cost registry provided by the 
Dutch Health Care Insurance board (16). From this registry, we obtained the average cost 
per Defined Daily Dosage (DDD) for each ATC code. For each patient, the average daily 
cost of  medication was calculated by summing the cost per DDD for each self-reported 
medication. Subsequently, the sex-specific average daily cost across all patients within each 
disease category was calculated. Next, the average daily cost was multiplied by 365 to reflect 
annual costs (Table A3). 

Costs for diagnostic work-up and revascularization during follow-up
Our model assumes that patients who are under classified will have persistent symptoms 
and will reclassify into the appropriate disease category within the first year after the initial 
assessment. To account for differences in follow-up diagnostic testing we assumed the fol-
lowing costs:

Assumptions & limitations
•	 All revascularizations performed were appropriate, no unnecessary interventions were 

performed. This assumption was explored in a sensitivity analysis.
•	 We assumed that different diagnostic findings (on CAG) obtained beyond the first 6 

months are attributable to progress of  disease as opposed to misdiagnosis by the initial 
work-up.

•	 The probability of  a diagnostic test not being performed/ or being non-diagnostic, is 
independent of  other variables in the model.

•	 Based on the cohort, we assumed that 77% of  revascularizations are PCIs, and 23% are 
CABGs.

•	 All false positive SPECT studies occur in patients with ‘Normal risk’.
•	 Sensitivity of  SPECT for detecting CAD in CAD+ and Revascularization patients is as-

sumed to be equal because false negative scans can occur in Revascularization patients if  
three vessel disease is causing balanced ischemia.

•	 After 1 year, all patients (except CAD– patients classified as CAD+) will be reclassified 
to the correct category. Once correctly classified, a patient cannot reclassify anymore. 

•	 Two thirds of  elective PCI procedures are performed in the same session as the diagnos-
tic angiography. Costs, radiation exposure and mortality were adjusted accordingly.

•	 We did not model incidental findings.
•	 We did not model the harmful effects of  radiation exposure.

From To Costs

CAD+, classified as CAD– CAD+ MPI

Revascularization, classified as CAD– Revascularization MPI + CAG + Revascularization

Revascularization, classified as CAD+ Revascularization CAG + Revascularization

From To Costs

Low risk CAD, classified as CAD– CAD+ CAG

Revascularization, classified as CAD– Revascularization CAG + Revascularization

Revascularization, classified as CAD+ Revascularization CAG + Revascularization

X-ECG strategy

CT strategy

Table A1. Follow up data

Characteristics     Value

Follow up completed 424/471 (0.90)

Follow-up duration (years) Mean 2.6

Median 2.6

Interquartile range 2.1-3.2

All cause mortality 8/424 (0.02)

Cardiac death 4/8

Non-cardiac death 4/8

Stroke/ TIA 7/424

Cardiovascular events 30/424

Cardiac death 4/424

Non fatal MI 6/424

Unstable angina, requiring hospitalization 10/424

Percutaneous coronary intervention * 18/424

Coronary artery bypass graft surgery * 4/424

Catheter-based angiography * 25/424

Normal risk 13/25

Low risk CAD 6/25

  High risk CAD   6/25

Results are shown as numbers (proportion of total) unless stated otherwise
MI = myocardial infarction, TIA = transient ischemic attack
*	 Excludes the procedures that were performed both within 6 months and were based on findings obtained during the initial visit to the 

chest pain clinic
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Parameter(s)   Point 
Estimate*

Range Distribution 
type

Data source

Proportion of patients in disease category/ pre-test probability in men (women) †  

CAD– 0.59 (0.84) based on number of individuals 
in subgroup

Dirichlet Clinical cohort (11)

 <70% 0.84 (0.79)

≥70% 0.16 (0.21)

CAD+ 0.18 (0.08) based on number of individuals 
in subgroup

Dirichlet Clinical cohort (11)

 <70% 0.62 (0.65)

≥70% 0.38 (0.35)

Revascularization 0.23 (0.08) based on number of individuals 
in subgroup

Dirichlet Clinical cohort (11)

 <70% 0.27 (0.61)

≥70% 0.73 (0.39)

X-ECG          

Not performed 0.10 0.08-0.13 Beta Clinical cohort (11)

Mortality 0.00001 0-0.0001 Beta (17)

Cost ‡ (€) 106 69-151 Gamma Expert opinion

DTS § | X-ECG normal (18)

	 Low risk (high DTS) 0.69 based on number of individuals 
in subgroup

Dirichlet Clinical cohort (11)

	 Intermediate risk 0.31

	 High risk (low DTS) 0

DTS § | X-ECG non-diagnostic (18)

	 Low risk (high DTS) 0.54 based on number of individuals 
in subgroup

Dirichlet Clinical cohort (11)

	 Intermediate risk 0.46

	 High risk (low DTS) 0

CAC scan
         

Not performed 0.017 0.007-0.03 Beta Clinical cohort (11)

Inconclusive result 0 - - Clinical cohort (11)

Mortality 0 - - Assumption

Cost ‡ (€) 64 41-91 Gamma Cost analysis

Radiation exposure (mSv) 0.8 0.5-1.1 Gamma (12)

Coronary CT angiography          

Not performed 0.017 0.008-0.03 Beta Clinical cohort (11)

Inconclusive result 0.007 0.001-0.02 Beta Clinical cohort (11)

Mortality 0.000006 0-0.00002 Beta (19)

Cost ‡ (€) 206 110-322 Gamma (8)

Radiation exposure ‡ (mSv) 4.7 3.0-6.7 Gamma Random sample ¶

CAG          

Mortality 0.0011 0.0009-0.0014 Beta (20)

Cost ‡ (€) 1394 900-1993 Gamma (8)

Radiation exposure ‡ (mSv) 7 5-10 Gamma (21)

MPI (SPECT)          

Not performed 0.017 0.008-0.03 Beta As for CCTA

Inconclusive result 0.007 0.001-0.02 Beta As for CCTA

Mortality 0.000006 0-0.00002 Beta As for CCTA

Sensitivity 0.88 0.86-0.90 Beta (22)

Specificity 0.73 0.69-0.77 Beta (22)

Cost ‡ (€) 545 352-777 Gamma Expert opinion

Radiation exposure ‡ (mSv) 12 8-17 Gamma (21)

Percutaneous intervention          

Proportion of procedures 0.78 0.67-0.87 Dirichlet Clinical cohort (11)

Mortality || 0.011 0.008-0.015 Beta (23)

Cost ‡ (€) 5000 3241-7152 Gamma (24)

Radiation exposure ‡ (mSv) 15 10-21 Gamma (21)

Bypass graft surgery          

Proportion of procedures 0.22 0.13-0.33 Dirichlet Clinical cohort (11)

Mortality || 0.018 0.014-0.022 Beta (23)

Cost ‡ (€) 14000 9076-19991 Gamma (24)

           

CAD = coronary artery disease, X-ECG = stress electrocardiography, DTS = Duke Treadmill Score, CAC = coronary artery calcification, 
CAG = catheter-based coronary angiography, MPI = myocardial perfusion imaging, SPECT = single photon emission computed 
tomography
*	 Point estimates are probabilities, unless stated otherwise 
†	Diamond & Forrester (14)
‡	Gamma distributions were created by assuming a standard error of 20% of the mean
§	Low risk = DTS ≥ 5, Intermediate risk = DTS, -10 to <5, High risk = DTS ≤-11
||	30-day mortality was used
¶	Based on 100 scans using a 128 slice dual source CT scanner

Table A2. Model Parameter Estimates, Distributions, and Data Sources

Parameter(s) Point Estimate Range Distribution type Data source

Annual rate of MACE events*

Overall (1st year) 0.038 0.023-0.061 Beta Clinical cohort follow up

Overall (>1st year) 0.014 0.009-0.024 Beta Clinical cohort follow up

Hazard rate ratios

Male sex 1.40 0.60-3.22 Beta Clinical cohort follow up

CAD– - - -

CAD+ 7.81 2.7-22.5 Beta

Revascularization 10.54 3.97-28.0 Beta

Proportion fatal | MACE

0.09 0.03-0.19 Beta Clinical cohort follow up

Probability of non cardiac death

Dutch life tables (see Appendix) Age, sex-specific (25)

Hazard rate ratios (event rate)

Post MACE vs. no previous MACE 1.45 1.25-1.66 Log normal (26)

CAD– , classified as CAD+ 1.00 0.83-1.20 Log normal Assumption

CAD+, classified as CAD– 1.60 1.26-2.00 Log normal (27-29)

Revascularization, classified as CAD+ 1.60 1.26-2.00 ‡ (27-29)

Revascularization, classified as CAD– 1.70 1.36-2.10 ‡ Assumption

Table A3. Markov Model Parameter Estimates, Distributions, and Data Sources
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Figure A1. Markov Model: State 
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grey arrows indicate transitions that 
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CAD– patients classified as CAD+ 
do not reclassify which is reflected by 
the absence of  a bold arrow. Patients 
are at risk of  dying at any time and 
in every health state (Dead state not 
shown). Progression of  disease was 
modeled through the cardiovascular 
event rates. 
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Abstract

Objective
To determine the comparative effectiveness and costs of  coronary CT angiography (CCTA) 
and stress cardiac magnetic resonance imaging (CMR) for diagnosing coronary artery dis-
ease (CAD).

Design, setting, and patients
A Markov micro-simulation model for 60-year-old patients with stable chest pain, using the 
perspective of  the United States (US), United Kingdom (UK), and the Netherlands (NL). 

Interventions
CCTA, CMR, and CCTA+CMR (CCTA, if  positive followed by CMR) were considered and 
compared to direct catheter-based angiography (CAG) and no testing. The strategies were 
considered both as conservative strategy (patients with mildly-positive test results are not 
referred for CAG), and as invasive strategy (all patients with positive test results are referred 
for CAG).

Main outcome measures
Lifetime costs, quality-adjusted life years (QALY), and radiation exposure. 

Results
Differences in effectiveness (QALYs) across strategies were very small. For 60-year old 
men and women, the CCTA, CMR, and CAG strategies were dominated, because the 
CCTA+CMR-conservative strategy was slightly more effective, and less expensive. Com-
pared to the CCTA+CMR-conservative strategy, the CCTA+CMR-invasive strategy was 
slightly more costly and slightly more effective. The CCTA+CMR-invasive strategy was 
cost-effective for the US and NL, but not for the UK. When patients with false-negative 
test results were assumed to remain false-negative for 3 years, differences between strategies 
increased, and the CCTA-invasive strategy became cost-effective for UK and NL. 

Conclusions
Quality-adjusted life expectancy was similar across strategies. The CCTA+CMR strategy 
was cost-effective up to a pre-test probability of  70-90%, depending on the country. Above 
these thresholds, the CMR-strategy was cost-effective. 

Introduction

Although guidelines recommend stress electrocardiography as the first line diagnostic test 
for patients with stable chest pain (1-3), its diagnostic accuracy is limited (4), The 2010 
guidelines from the United Kingdom on recent onset chest pain have eliminated stress 
electrocardiography from the diagnostic algorithm (5), and recommended coronary CT cal-
cium scoring with or without coronary CT angiography (CCTA) for patients with a pre-test 
likelihood of  10-29% and non-invasive functional imaging tests for patients with a pre-test 
likelihood of  30-60%. 

Although CCTA is reliable in ruling out the presence of  coronary artery disease (CAD) 
(sensitivity 95-100%) (6-8), it is less useful for identifying patients who would benefit from 
revascularization, because of  the poor correlation between the anatomy and functional sig-
nificance of  a stenosis (9-10). Stress myocardial perfusion cardiac magnetic resonance imag-
ing (CMR) can visualize myocardial perfusion or inducible regional wall motion abnormali-
ties and thus stenoses with hemodynamic significance (11). With a sensitivity and specificity 
of  83-91% and 81-86%, respectively, for diagnosing obstructive CAD on catheter-based 
coronary angiography (CAG) (12-14). CMR could be used as an alternative or in addition 
to CCTA (9). Currently, single-photon emission computed tomography (SPECT) is more 
widely used for visualizing perfusion and wall motion. However, CMR has a higher spatial 
resolution, a superior diagnostic performance (12, 15), and has the additional advantage that 
it does not require radiation exposure. 

Our aim was to determine the comparative effectiveness and costs of  CCTA and CMR 
in the diagnostic work-up of  patients with stable chest pain, from the perspective of  the 
United States (US), United Kingdom (UK), and the Netherlands (NL).

Methods 

Decision model
A micro-simulation model was developed (in DATA Pro 2009 Suite, TreeAge Software Inc, 
Williamstown, MA, USA) to evaluate the comparative effectiveness and costs of  CCTA 
and CMR. Diagnostic outcomes were modeled with a decision tree, and lifetime prognosis 
was modeled using a Markov-model. Model parameters were based on the best-available 
evidence from the literature. The model was analyzed from the perspective of  the UK, US, 
and NL. The supplementary material provides model details and assumptions. Here we 
summarize the most pertinent points. 

Target population
Our target population (Figure 1) consisted of  60-year old patients with stable chest pain 
presenting to the cardiologist, without a history of  coronary artery disease (CAD), percuta-
neous coronary intervention (PCI), or coronary artery bypass graft surgery (CABG). 

Diagnostic pathways
The following diagnostic strategies were modeled: No testing, CCTA, CMR, CCTA if  posi-
tive followed by CMR, and direct CAG (Figure 2). The CCTA, CMR and CCTA+CMR 
strategy were analyzed both as a conservative and invasive strategy. The invasive approach 



244 245

Chapter 11 Cost-Effectiveness of  Coronary CT Angiography vs. Cardiac MRI

implied that patients with obstructive CAD on CCTA (≥50% stenosis in at least 1 vessel but 
otherwise regardless of  severity) and patients with perfusion defects on CMR (regardless of  
severity), are referred for CAG. In the conservative approach, patients with moderate CAD 
on CCTA or mild perfusion defects on CMR receive optimal medical treatment (OMT), 
without referral to CAG (Figure 2). 

Severity of  disease was categorized into either: 1) normal coronary arteries, 2) mild CAD 
(<50% obstruction), 3) moderate CAD (50-70% in proximal vessels or ≥70% in small ves-
sels) without perfusion defects, 4) moderate CAD (50-70% in proximal vessels or ≥70% in 
small vessels) with suspected/mild perfusion defect(s), 5) severe CAD (≥70% stenosis) in 1 
or 2 proximal vessels [except left main] with suspected/mild perfusion defect(s), 6) severe 
CAD (≥70% stenosis) in 1 or 2 proximal vessels [except left main] with severe perfusion 
defect(s), 7) moderate-severe three-vessel disease (3VD) or left main (LM) disease (≥50%) 
with suspected/mild perfusion defect(s), or 8) moderate-severe 3VD/LM disease with se-
vere perfusion defect(s). Severity of  disease was tracked using a Monte Carlo tracker vari-
able and was used to determine test results, costs, treatments, and prognosis.

Estimates of  sensitivity and specificity for CCTA (0.98 and 0.90, respectively) (6-8) and 
CMR (0.90 and 0.80 respectively) (13-14) for the detection of  obstructive CAD on CAG 
(<50% vs. ≥50%) were derived from published meta-analyses (Table 1). For CCTA and 
CMR, we assumed that false-positive results show mild CAD and mild perfusion defects, 
respectively. Incidental findings (i.e. mostly pulmonary nodules) associated with CCTA were 
modeled by taking into account the probability of  occurrence (16), an average cost (16), and 
a disutility (Table 1). Life-time radiation exposure was calculated based on the effective dose 
for diagnostic tests and procedures (Table 1). 

Treatment and prognosis
For simplicity, we assumed that the initial optimal therapy if  the true disease severity is 
known includes risk factor management (Rf  Tx) in individuals with normal coronary arter-
ies, mild CAD, and moderate CAD without ischemia; OMT for patients with mild ischemia 

and moderate to severe CAD; PCI for patients with severe CAD and severe ischemia, and 
CABG for patients with 3VD/LM disease. We assumed that PCI and CABG include OMT 
and that OMT includes Rf  Tx. Figure 2 shows the treatment decision based on test results. 
See Supplementary Material for details on medication use.

The Markov-model for long-term prognosis included the following health states: Alive, Post 
Myocardial Infarction (MI), and Dead. We modeled the risk of  major adverse cardiac events 
(MACE which consisted of  revascularization, non-fatal MI, and cardiac death), depending 
on disease severity. For patients with 3VD/LM disease, rates of  MACE were based on the 
CABG-arm of  the SYNTAX trial (17-18), which compared CABG with drug-eluting stenting 
for 3VD/LM disease (mean follow-up 3 years). For patients with suspected/mild perfusion 
defects and moderate to severe CAD (treated with OMT) and patients with severe CAD and 
severe perfusion defects (treated with PCI), prognosis was based on the OMT- and PCI-arm 
of  the COURAGE trial (19), respectively (mean follow-up 4.6 years). To allow for a higher 
event rate in the first year after treatment initiation (for OMT, PCI, and CABG), MACE rates 
were calculated separately for the first year vs. all subsequent years. For patients without CAD 
and mild CAD, prognosis was based on a recent meta-analysis of  the prognostic value of  
CCTA (20) (Supplementary Table 2). The prognosis of  patients with moderate CAD without 
perfusion defects was assumed to be equal to the prognosis of  individuals with mild CAD. 
The risk of  dying from non-cardiac causes was based on the most recent age- and sex-specific 
mortality rates available for the US (21), UK (22), and NL (23), separately.

Figure 1. Disease distribution for 
60-year old patients with a 30% 
prevalence of  obstructive coronary 
artery disease (CAD) used in the base 
case analysis. Mild CAD = <50% 
stenosis, moderate CAD = ≥50-70% 
stenosis or ≥70% in small vessels, 
severe CAD = ≥70% stenosis (see 
Methods). For patients with severe 
and moderate CAD, we assumed that 
33% had mild ischemia, and 67% had 
severe ischemia.

* Moderate CAD is defined as 1- or 2-vessel disease (≥50-70%) or ≥70% stenosis in small vessels (no or mild 
perfusion defects). 

† Severe CAD was defined as 1- or 2-vessel disease with ≥70% (mild or severe perfusion defects). 3VD/LM is 
defined as 3-vessel disease (≥50%) or left main coronary stenosis (≥50%) (severe 
perfusion defects) 

‡ CMR can show either: no perfusion defects (-), suspected/mild perfusion defect(s) (+/-), or severe perfusion 
defect(s) (+) 

§ The CCTA, CMR and CCTA+CMR strategies were analyzed according to a conservative and invasive approach 
(§, dashed lines). In the conservative approach, patients with moderate CAD on CCTA or mild perfusion 
defects on CMR (which includes the false-positives!) are treated medically, without performing CAG. In the 
invasive strategy (§, dashed lines), patients with moderate CAD on CCTA or mild perfusion defects are referred 
for CAG (CCTA and CMR false-positives are thus identified as free of  obstructive CAD or perfusion defects, 
respectively).

¶ FFR only if  CMR was not performed prior to CAG

CCTA = coronary computed tomography angiography, CMR = cardiac stress perfusion magnetic resonance 
imaging, CAG = catheter-based coronary angiography, CAD = coronary artery disease, Tx = treatment, Rf  = 
risk factor, OMT = optimal medical treatment, PCI = percutaneous coronary intervention, CABG = coronary 
artery bypass graft surgery, FFR = fractional flow reserve

Figure 2. Diagnostic strategies
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Patients with CAD and false-negative test results forgo the benefit of  treatment. We as-
sumed that the hazard rate ratio (HRR) of  treatment versus no treatment on the outcome 
MACE was 0.70 (range used in sensitivity analysis: 0.60-0.90). The inverse of  the treatment 
HRR was used in the model to adjust the (known) event rate among treated patients (i.e. 
those with true positive test results) in order to estimate the (unknown) event rate among 
untreated patients with CAD (i.e. those with false-negative test results). To reflect clinical 
practice, we assumed that patients with false-negative test results return to their physicians 
with persistent complaints, undergo additional testing, and start receiving the appropriate 
treatment within 1 year (except for patients with moderate CAD without ischemia, in which 
case we assumed that only 25% would return). After a non-fatal MI, we assumed the rate 
of  MACE increased with an HRR of  1.44 (95%CI: 1.25-1.66) (24)Individuals with false-
positive test results are referred for CAG (invasive approach) and subsequently identified 
as negative. However, in the conservative approach, patients with false-positive test results 
are not referred for CAG. We assumed such patients receive OMT for their remaining life 
expectancy, which was assumed to affect costs only (no effect on events).

Costs
Costs were based on best-available evidence and expert opinion (Table 1) and converted to 
2011 dollars (US), pounds (UK), and euros (NL) using the country-specific (medical care 
component for US) consumer price indices.

Quality-of-life
Age- and sex-specific quality-of-life estimates for those without CAD and without chest 
pain were based on EQ-5D reference values for the general population (25). Published 
domain-specific SF-36 and RAND-36 scores based on the OMT-arm of  the COURAGE 
trial (26) and the CABG-arm of  the SYNTAX trial (27), respectively, were used to calculate 
a mean EQ-5D utility using a validated algorithm (28) and subsequently used to calculate 
the quality-of-life decrement relative to the general population of  the same age and sex. For 
the first year, quality-of-life for patients receiving OMT/PCI/CABG was based on the aver-
age utility decrement as observed in the trials. For subsequent years, the last observed utility 
in the trial was carried forward. Baseline utility measurements from the trials were used to 
model the quality-of-life for patients who forgo the benefit of  treatment (false-negatives) 
(See Supplementary Table 2). The quality-of-life of  false-positive individuals was adjusted 
to reflect the disutility of  taking medication (29).

Data analysis
All variables were entered in the model as distributions (Appendix Table 3). Monte Carlo 
microsimulation (two-level) was used to calculate mean outcomes. Parameter values were 
randomly drawn from the distributions (10000 samples). For each parameter value set, 1000 
random walks (representing individual patients) were simulated and outcomes were aver-
aged across individuals. Parameter uncertainty is reflected in the 95% confidence intervals 
of  costs and QALYs (see Appendix Table 4 and 5). Outcomes included lifetime costs, quali-
ty-adjusted life-years, radiation exposure, and incremental cost-effectiveness ratios (ICERs). 
The ICER of  strategy A vs. B is defined as the difference in costs divided by difference in 
effectiveness (strategy A minus B). An ICER below the willingness-to-pay (WTP) threshold 
implies that strategy A is a cost-effective alternative to strategy B. Strategies were compared 
by calculating the ICER compared to the next more costly strategy, eliminating strategies 
that are dominated (more costly, less effective), and by extended dominance (when the 

CEA recommendations: 
Perspective: 

Costs: 
Discount rate costs: 

Discount rate effectiveness:
WTP threshold:

United States

(30-32)
Societal
2011 $
3%
3%
$50 000 / QALY

United Kingdom

(33)
Health care
2011 £ 
3.5%
3.5%
£25 000 / QALY

The Netherlands

(34-35)
Societal
2011 €
4%
1.5%
€ 80 000 / QALY

Mean Source Cost* Source Cost* Source Cost* Source

CCTA
Sensitivity 
Specificity
Radiation (mSv)
Mortality (%)
Disutility

 
0.98
0.90

5
0.0006
0.0005

(6-8)
(6-8)

(36)

372 CPT 
75574

291 Expert 
opinion

215 EMC fee

Incidental finding on CCTA †
Prevalence (%)
Radiation (mSv)
Disutility

7
9.4

0.001

(16) 
(16)

559 (16) 359 Estimation 
based on 

(16)

434 Estimation 
based on (16)

CMR
Sensitivity (%) 
Specificity (%)
Mortality (%)
Disutility

0.90
0.80

0.0006
0.00075

(13-14)
(13-14)

(36)

689 CPT 
75563

548 BSCI 319 EMC fee

CAG
Radiation (mSv)
Mortality (%)
Peri-procedural MI (%) 
Disutility

7
0.11
0.05

0.005

(37)
(38) 
(39)

2989 CPT 
93454 + 
APC 80

1052 NHS 
HRG tariff 

EA36A

1513 EMC fee

FFR 715 (40) 460 Estimation 
based on 

(40)

555 Estimation 
based on (40)

Outpatient PCI
Radiation (mSv)
Mortality (%)
Disutility
Clopidogrel (1 month)

15
1.1

0.005

(41)
(42)

6529 CPT 
92980 
+ APC 

104

3676 NHS 
HRG tariff 

EA32Z

4168 DBC 140437, 
140439, 
140990, 

140991 (43)

CABG
Mortality (%)
Disutility

1.8
0.02

(42)
38217 AHRQ 

CCS 44 
(44)

7318 NHS 
HRG tariff 

EA14Z

11887 DBC 140923, 
140924 (43)

Non-fatal MI
Disutility 0.04 (41)

10208 DRG 
280-282 

(44)

1519 
+ PCI

NHS 
HRG tariff 

EB10Z

3983 
+ PCI

DBC 141527, 
141528 (43)

Medication (annual)
Aspirin (80 mg)
Simvastatin (40 mg)
Atenolol (50 mg) 
Isosorbide mononitrate (60 mg)
Enalapril (20 mg)

24
1702
315
376
587

Redbook
‡

10
14
9

126
11

NHS (45)

63
52
82

145
34

CVZ (46) 
§

CCTA = coronary computed tomography angiography, CMR = cardiac stress perfusion magnetic resonance imaging, CAG = catheter-
based coronary angiography, PCI = percutaneous coronary intervention, CABG = coronary artery bypass graft surgery, FFR = fractional 
flow reserve, EMC = Erasmus University Medical Center, APC = Ambulatory Procedure Classifications, which reflects the Medicare 
national average facility fee, CPT = Current Procedural Terminology, which reflects the Medicare national average physician fee, BSCI 
= British Society for Cardiovascular Imaging, CCS = clinical classification software, DRG = diagnosis-related group, AHRQ = Agency for 
Healthcare Research & Quality (US), NHS = National Health Service (UK), HRG = health-related group, DBC = Dutch diagnosis-related 
group, CVZ = Dutch Health Care Insurance Board (NL)
*	 All costs were assumed to follow a gamma distribution, assuming a standard error of 20% of the mean
In 2011, $1.00 was equivalent to €0.72 or £0.62
†	Incidental findings of indeterminate clinical importance that require follow-up testing.
‡	Mid-range of the average wholesale price (AWP), Redbook accessed on January 9, 2012
§	Total cost per defined daily dosage

Table 1. Parameter estimates and country-specific costs/recommendations for cost-effectiveness analysis. See 
Appendix Table 3 for distributions.
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ICER exceeds the ICER of  another more costly and more effective strategy). See Table 2 
for country-specific recommendations for cost-effectiveness analysis. 

Using one-way sensitivity analysis, we assessed the effect of  varying key parameters across 
plausible values. 

Results

Base case analysis
Estimated quality-adjusted life years (QALYs) were similar across strategies, but varied 
across countries due to differences in recommended discount rate. The CCTA and combi-
nation strategies were less expensive compared to the CMR-strategies in the UK and NL. 
In the US, the conservative strategies were most expensive (Table 2 and 3, Figure 3A and 
Figure 4).

Calculations suggest that the invasive CCTA+CMR strategy is cost-effective for both men 
and women in the US and NL, mainly because it was less expensive compared to the other 
strategies. For men and women in the UK, the CCTA+CMR-conservative strategy was op-
timal, because the ICER for the invasive vs. conservative CCTA+CMR strategy exceeded 
the UK-WTP of  £25,000/QALY. The CCTA, CAG, and CMR strategies were dominated, 
which means that the other strategies were less expensive and more effective (Table 2 and 
3). 

Sensitivity analysis
Pre-test probability

For the UK, the CCTA+CMR-invasive was optimal below a pre-test probability of  30%, 
and CCTA+CMR-conservative was optimal for 30-70%. For and above a pre-test probabil-
ity of  70%, 80%, and 90%, the CMR-invasive strategy was cost-effective for UK, US, and 
NL women, respectively (Figure 3B, Table 4) 

Statin cost in the United States

Because there is a wide variability in pricing of  statins, depending on the source used, we 
reduced the annual statin costs in the US from $1702 to $100 (47), and found that total costs 
were significantly reduced for all strategies. Although the differences between the strategies 
decreased, the optimal strategy remained CCTA+CMR-invasive (Figure 4).

Test characteristics CMR

When the sensitivity of  CMR was increased to 95% and the specificity to 90%, the CMR-
strategies became less costly and more effective, however, the CCTA+CMR strategies re-
mained superior. 

Treatment benefit

The HRR of  0.70 reflects the reduction of  adverse events through treatment and was varied 
between 0.60 and 0.90. Although the absolute costs and QALYs changed, the incremental 
costs and QALYs remained virtually unchanged, and conclusions were unaltered.

False negatives

The base case analysis assumed that false-negatives are identified within the first year. Chang-
ing this assumption to 3 and 5 years exaggerated the differences between strategies. For the 
UK, the CCTA-conservative and invasive strategies were most favorable under this alterna-
tive assumption (Figure 5, Table 4). For the NL (not shown), the combination strategies 

Figure 3. Cost-effectiveness analysis 
results for 60-year old men (UK 
analysis) with a 30% (Panel A) 
and 70%* (Panel B) prevalence of  
obstructive CAD, respectively. Note 
the different x-axis and y-axis scale 
between Panel A and B. See Table 
2 for incremental cost-effectiveness 
ratios. I = invasive approach, C = 
conservative approach.

* When the pre-test probability was 
70%, the “Do Nothing” strategy 
yielded 10.79 QALYs at a cost of  
£2690

A

B

Figure 4. Cost-effectiveness analysis 
results for 60-year old men (US 
analysis) (upper dots, base case 
analysis with annual statin costs of  
$1702), and sensitivity analysis in 
which statin costs were reduced (lower 
dots, annual statin costs $100). I = 
invasive approach, C = conservative 
approach

Figure 5. Cost-effectiveness analysis 
results for 60-year old men (UK 
analysis). Sensitivity analysis, re-
analyzing cost-effectiveness assuming 
that patients with false-negative test 
results stay false-negative for 5 years 
(as opposed to 1 year in the base case 
analysis, see Figure 3A). I = invasive 
approach, C = conservative approach.
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were least expensive, however, the CCTA-invasive strategy was demonstrated to be cost-
effective compared to the CCTA+CMR-invasive strategy (ICER €24514/QALY). For the 
US (not shown), the ICER for the CCTA-invasive strategy versus the CCTA+CMR-invasive 
strategy was $64119/QALY, which exceeded the US WTP-threshold of  $50000/QALY. 
Consequently, the CCTA+CMR-invasive strategy remained optimal for the US. However, 
when statin costs were reduced at the same time, the ICER dropped to $46174/QALY.

Disutility of  taking medication

If  we assume that the disutility for taking medication is zero, the CCTA+CMR-conser-
vative strategy became more effective compared to the CCTA+CMR-invasive strategy. 
Because the CCTA+CMR-conservative strategy was already less expensive, it dominated 
the CCTA+CMR-invasive strategy in the UK and NL analyses. For the US, CCTA+CMR-
invasive remained optimal.

Discussion

Summary of  key findings
Analysis of  our decision model suggests that CCTA, if  positive followed by CMR, is op-
timal for 60-year-old men and women presenting with chest pain and a prevalence of  ob-
structive CAD below 70%. The CMR-invasive strategy was cost-effective for patients with a 
prevalence of  obstructive CAD >70%-90%. As expected, the differences in terms of  qual-
ity-adjusted life expectancy between the strategies were marginal. This is in part explained 
by our assumption that patients with false-negative test results have persisting symptoms 
and return to the hospital for additional work-up. Thus, the optimal strategy is mainly de-
termined by costs. We performed a sensitivity analysis assuming that false-negatives remain 
false-negative for 3 and 5 years and found that the optimal strategy changed to CCTA-
invasive, which is because CCTA has the lowest number of  false-negative test results (high-
est sensitivity). 

The CMR-strategies were most expensive, which is explained by the higher cost for CMR 
and the lower sensitivity and specificity which results in more false-positive and false-nega-
tive test results. False-positives (~14% of  the population if  pre-test probability = 30%) ei-
ther receive unnecessary medical treatment, or undergo unnecessary CAG, which increases 
costs. Similarly, patients with false-negative test results temporarily forego the benefit of  
treatment (quality-of-life ↓, MACE ↑) and require additional testing (costs and disutility ↑) 
during follow-up. In the US, the conservative strategies were more expensive compared to 
the invasive strategies, explained by higher medication costs. In the conservative strategies, 
patients with mildly positive test results (including the false-positives) are not referred for 
CAG and subsequently treated with OMT (unnecessary for false-positives), which results in 
lifetime medication use and high costs.

For pre-test probabilities below 30% and 40% for UK men and women, the CCTA+CMR-
invasive strategy was cost-effective, whereas the CCTA+CMR-conservative strategy was 
cost-effective up to a pre-test probability of  70%. This may seem counter-intuitive, but 
can be explained by the absolute numbers of  false-positives, which are highest in numbers 
when the pre-test probability is low. The conservative approach implies lifelong OMT for 
the false-positives, whereas the invasive strategy results in referral to CAG and prevents un-
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necessary medical therapy. Our analysis suggests that the latter is more cost-effective when 
the pre-test probability is low.

Previous publications
The 2010 NICE guidelines recommend functional non-invasive imaging in patients with 
chest pain and a 30-60% pre-test probability of  CAD, whereas our model suggests that 
CCTA, if  positive followed by CMR is cost-effective up to a pre-test probability of  70%. 
Above 70%, our model suggests that the CMR-invasive strategy is optimal, whereas the 
guidelines recommend CAG if  the pre-test probability is 61-90%, and “manage as angina” 
if  >90%.

Although the diagnostic performance of  both CCTA and CMR has been studied exten-
sively, literature on direct and long-term comparisons between CCTA and CMR is scarce. 
Nevertheless, the incremental prognostic value of  perfusion imaging is well established, 
and complementary roles of  CCTA and CMR in the diagnostic work-up for chest pain have 
been proposed (9). 

A previously published cost-effectiveness analysis compared several CCTA-based strategies 
with myocardial perfusion SPECT and direct CAG, and found that the CCTA-based strat-
egies were optimal up to a prevalence of  obstructive CAD of  80% (48). However, other 
researchers found that US Medicare costs for patients who underwent CCTA were higher 
compared to patients who underwent stress testing (49).

Limitations
Some limitations of  our decision model deserve attention. First, we analyzed five diagnostic 
strategies from the perspective of  the UK, US, and NL. Health-care costs can vary consid-
erably across countries, which is why we used country-specific cost estimates. Although we 
recognize that diagnostic strategies and treatment decisions may also vary across countries 
(e.g. due to differences in guidelines and local practices), these model characteristics were 
held constant to be able to make a fair comparison between the country-specific results. 

Second, we assumed that all patients with severe CAD (or moderate CAD with severe 
ischemia) undergo revascularization. For clarity and simplicity, we did not take into account 
exceptions to the rule. For example in patients with diabetes, CABG may be preferred over 
PCI. Furthermore, we assumed that the relative benefit of  treatment (adjusted hazard rate 
ratio) is the same for OMT, PCI, and CABG. However, our simplifications with regard to 
treament effects and quality-of-life affect all diagnostic strategies to the same extent, ap-
proximately. Therefore, these assumptions are unlikely to change the optimal decision.

Third, we assumed that all false-positive CMR results were due to artifacts occuring in pa-
tients without obstructive CAD. However, perfusion defects in women without obstructive 
CAD on CAG may represent “real” ischemia (as opposed to artifacts) caused by small vessel 
disease and microvascular dysfunction. 

Fourth, we focused on the visualization of  myocardial perfusion abnormalities, whereas 
CMR can also be used to assess regional wall motion abnormalities. Including information 
on wall motion generally results in a higher specificity for diagnosing obstructive CAD (14). 
However, when we increased the specificity of  CMR to 90% in a sensitivity analysis, our 
conclusion did not change.

Fifth, patients with false-positive test results in conservative strategies are not referred for 
CAG and are assumed to receive OMT for their remaining life-expectancy. Using a disutil-
ity for taking medication, we adjusted the quality-of-life for patients with false-positive test 
results. On the other hand, potential benefits of  OMT in patients without obstructive CAD 
were not considered. We performed a sensitivity analysis, and found that when the disutility 
of  taking medication was zero, the CCTA+CMR-conservative strategy was preferable over 
the CCTA+CMR-invasive strategy for the UK and NL. For the US, CCTA+CMR-invasive 
remained optimal, which is explained by the higher costs for medical therapy. 

Generalizability
Our model analyzed diagnostic strategies for patients with stable chest pain without a history of  
CAD, myocardial infarction, PCI, or CABG, which limits the population to which our results can 
be generalized. Furthermore, we did not consider the possibility of  contra-indications for either 
CCTA or CMR (e.g. renal insufficiency, contrast allergy, claustrophobia). This implies that our 
results apply to patients in whom both tests are considered safe and appropriate. 

Table 4. Two-way sensitivity analysis on the pre-test probability of  obstructive CAD (the model was re-analyzed 
at discrete values for the pre-test probability, e.g. 10%, 20%, etc. until 90%), and the impact of  false-negative test 
results

Base-case: false-negatives are identified within the 1st year      

Pre-test probability 10% 20% 30% 40% 50% 60% 70% 80% 90%

UK Men CCTA+CMR-I CCTA+CMR-C CMR-I CMR-C

Women CCTA+CMR-I CCTA+CMR-C CMR-I CAG

                 

US Men CCTA+ CMR-I CMR-I

Women CCTA+CMR-I CMR-I

                 

NL Men CCTA-CMR-I

Women CCTA-CMR-I CMR-I

Alternative assumption: false-negatives are identified within 3 years

Pre-test probability 10% 20% 30% 40% 50% 60% 70% 80% 90%

UK Men CCTA+ CMR-I CCTA-I CAG

Women CCTA+ CMR-I CCTA-I CAG

                 

US Men CCTA+CMR-I CMR-I

Women CCTA+CMR-I CMR-I

                 

NL Men CCTA-CMR-I CCTA-I CMR-I CAG

Women CCTA-CMR-I CCTA-I
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Future research
In the current analysis, we only considered CT coronary angiography and stress CMR for 
the diagnostic work-up of  patients with chest pain. Other strategies that involve stress 
SPECT, echocardiography, and positron-emission tomography could also be considered. 
Recent technical developments, such as measurement of  myocardial perfusion and frac-
tional flow measurement by CT may be of  interest for future cost-effectiveness analysis. 

Conclusion

Quality-adjusted life expectancy was very similar across strategies. For the UK, US, and NL, 
the CCTA+CMR strategy was cost-effective for men and women with stable chest pain and 
a pre-test probability up to 70%, 80%, and 90%, respectively. Above these thresholds, the 
CMR-strategy was cost-effective.
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Appendix

Assumptions
•	 Revascularizations during follow-up: 75% PCI, 25% CABG. Assumption based on 

Erasmus MC cohort (50), and consistent with observations from COURAGE (19) and 
SYNTAX (18).

•	 Travel costs per hospital visit UK: £ 0 (health care perspective) US: $ 25 (guestimate), 
NL:€ 6 (34).

•	 We assumed conditional independence with regard to the sensitivity and specificity for 
CCTA and CMR.

•	 Proportion of  background mortality that was considered non-cardiac was calculated 
based on Dutch life tables. The following International Classification of  Disease (ICD) 
codes were considered as cardiac deaths: I-11, I-20 – I-25, I-42, I-44 – I-50, R-96.

•	 Harmful effects of  radiation exposure were not modeled. Cumulative (life-time) radia-
tion exposure is reported in Table 2 and 3. 

•	 Patients with Moderate CAD without ischemia and a negative test result did not forgo 
benefit of  treatment. 

•	 Patients with false-negative test results (see Methods) return to their physician within 
the 1st year and undergo additional testing. Additional testing consisted of  CMR in 
the CCTA strategy, and CCTA in the CMR strategy. Subsequent additional testing was 
equal to the diagnostic strategies as described (invasive vs. conservative).

•	 Progression of  disease was modeled through the major adverse cardiac event rates 
(MACE). 

•	 Medication use depends on the CCTA findings and the treatment assigned (see Ap-
pendix Table 2). In the CMR strategy, the distinction between normal coronary arteries, 
non-obstructive disease and mild CAD cannot be made for patients without perfusion 
defects on CMR. For those patients, we assumed that baseline medication is maintained.

•	 For all diagnostic strategies, the prognosis for patients without CAD, mild CAD, and 
moderate CAD without ischemia, was based on a meta-analysis on the prognostic value 
of  CCTA. CCTA findings are likely to alter medical management in the patients in-
cluded in the meta-analysis, which in turn may benefit prognosis. This issue may have 
overestimated the event-free survival for patients who undergo CMR only, have a nor-
mal result and maintain baseline medication. 

•	 For patients with severe CAD and 3VD/LM, we assumed that 33% has mild ischemia, 
and 67% has severe ischemia.
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Treatment Baseline Normal 
coronary 
arteries

Mild CAD Moderate 
CAD without 

ischemia

OMT PCI CABG

Platelet inh. (%)
Aspirin 

48 12 32 73 95 95 83

Statin (%)
Simvastatin 

22 17 31 72 92 93 86

B-blocker (%)
Atenolol 

37 17 16 40 86 84 77

Nitrates (%)
Isosorbide 
mononitrate

- 1 5 11 61 47 8*

ACE-inhibitor (%)
Enalapril

- 7 11 27 62 64 53

Source Euro 
Heart 

Survey 
(51)

Cohort 
Erasmus 

MC (50, 52)

Cohort 
Erasmus 
MC (50, 

52)

Cohort 
Erasmus MC 

(50, 52)

COURAGE 
trial (19) 
OMT-arm 
at 3 yrs

COURAGE 
trial (19) 

PCI-arm at 
3 yrs

SYNTAX trial 
(17) CABG-

arm at
3 yrs

Annual costs
US $
UK £
NL €

503
11
72

391
4

34

669
16
61

1569
37

142

2453
113
288

2423
96

268

2066
42

189

CAD = coronary artery disease, Rf Tx = risk factor treatment, OMT = optimal medical treatment, PCI = percutaneous coronary intervention, 
CABG = coronary artery bypass graft surgery, NHS = National Health Service, CVZ = Dutch Health Care Insurance Board
*	 At 1 year (27)

Appendix Table 2. Medication use

Appendix Table 3. Model parameters, point estimates, and distributions

Parameter Distribution Type Mean Lower CI Upper CI

CABG costs (NL) Gamma 11892 7709 16959

CABG costs (UK) Gamma 7310 4726 10442

CABG costs (US) Gamma 38147 24698 54446

CABG mortality Beta 0.018 0.014 0.022

CAG costs (NL) Gamma 1513 978 2154

CAG costs (UK) Gamma 1052 679 1505

CAG costs (US) Gamma 2990 1938 4266

CAG mortality Beta 0.0011 0.0009 0.0014

CAG radiation Gamma 7 5 10

CAG rate of MI Beta 0.0005 0.0003 0.0007

CCTA costs (NL) Gamma 215 139 307

CCTA costs (UK) Gamma 291 189 415

CCTA costs (US) Gamma 372 240 532

CCTA mortality Beta 0.00001 0.00000 0.00002

CCTA radiation Gamma 5 3 7

CCTA sensitivity Beta 0.98 0.95 1.00

CCTA specificity Beta 0.89 0.83 0.94

Disutility - taking medication Triangular 0.01 0.00 0.01

Disutility - uncertainty Gamma 1.00 0.65 1.43

FFR costs (NL) Gamma 555 359 793

FFR costs (UK) Gamma 460 298 658

FFR costs (US) Gamma 715 462 1019

Incidental finding - probability Beta 0.07 0.06 0.09

Incidental finding costs (NL) Gamma 433 281 620

Incidental finding costs (UK) Gamma 359 233 512
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Incidental finding costs (US) Gamma 559 361 798

Medication costs - uncertainty Gamma 1.00 0.65 1.43

MI costs (NL) Gamma 8154 5291 11632

MI costs (UK) Gamma 5197 3366 7414

MI costs (US) Gamma 10204 6618 14608

MI Hazard ratio Log-Normal 1.44 1.25 1.66

MRI costs (NL) Gamma 319 207 455

MRI costs (UK) Gamma 548 355 785

MRI costs (US) Gamma 689 446 985

MRI sensitivity Beta 0.90 0.87 0.93

MRI specificity Beta 0.80 0.76 0.84

PCI costs (NL) Gamma 4163 2686 5946

PCI costs (UK) Gamma 3674 2384 5248

PCI costs (US) Gamma 6533 4218 9321

PCI mortality Beta 0.011 0.008 0.015

PCI radiation Gamma 15 10 21

Quality of life - uncertainty Gamma 1.00 0.65 1.43

Travel costs (NL) Gamma 5 3 7

Travel costs (US) Gamma 25 16 36

Treatment benefit foregone Log-Normal 1.41 1.09 1.80

US UK NL

Mean costs, $ QALYs Mean 
costs, £

QALYs Mean 
costs, €

QALYs

Do nothing 12863 
(11263-14807) 

11.620 
(11.308-11.925)

1574 
(1186-2041)

11.551 
(11.277-11.825)

5983 
(5233-6801)

13.866 
(13.492-14.248)

CCTA - C 24341 
(17752-32440)

11.841 
(11.529-12.150)

2862 
(2325-3480)

11.770 
(11.487-12.050)

7675 
(6605-8829)

14.136 
(13.756-14.520)

CCTA - I 21912 
(16457-28546)

11.851 
(11.540-12.160)

2991 
(2461-3599)

11.779 
(11.502-12.058)

7736 
(6717-8811)

14.147 
(13.768-14.533)

CCTA + CMR - C 22648 
(16683-29976)

11.849 
(11.536-12.157)

2893 
(2365-3497)

11.777 
(11.494-12.055)

7479 
(6446-8575)

14.146 
(13.774-14.530)

CCTA + CMR - I 21912 
(16286-28443)

11.852 
(11.540-12.164)

2987 
(2459-3598)

11.781 
(11.499-12.046)

7580 
(6580-8658)

14.150 
(13.771-14.525)

CMR - C 26054 
(18991-34741)

11.839 
(11.533-12.146)

3104 
(2531-3758)

11.769 
(11.490-12.041)

7819 
(6725-9006)

14.134 
(13.755-14.522)

CMR - I 22150 
(16646-28832)

11.850 
(11.542-12.161)

3156 
(2604-3797)

11.779 
(11.501-12.054)

7738 
(6718-8825)

14.147 
(13.767-14.536)

CAG 23385 
(17788-30123)

11.843 
(11.528-12.151)

3340 
(2706-4058)

11.771 
(11.496-12.050)

8463 
(7327-9682)

14.136 
(13.757-14.514)

US = United States, UK = United Kingdom, NL = The Netherlands, QALY = quality-adjusted life-years, ICER = incremental cost-
effectiveness ratio, CCTA = coronary computed tomography coronary angiography, CMR = cardiac magnetic resonance imaging, CAG = 
catheter-based coronary angiography. 

Appendix Table 4. Results of  base case cost-effectiveness analysis (60-year old men, pre-test probability of  
30%), including 95% confidence interval based on 10000 samples from the parameter distributions (1000 trials 
per sample). I = invasive approach, C = conservative approach

US UK NL

Mean costs, $ QALYs Mean costs, £ QALYs Mean costs, € QALYs

Do nothing 14181 
(12425-16309)

12.107 
(11.809-12.401)

1689 
(1287-2176)

11.850 
(11.588-12.117)

4990 
(4321-5764)

14.850 
(14.476-15.218)

CCTA - C 26403 
(19086-35242)

12.339 
(12.048-12.626)

2995 
(2431-3634)

12.075 
(11.811-12.334)

6737 
(5658-7936)

15.140 
(14.774-15.508)

CCTA - I 23660 
(17602-30921)

12.350 
(12.058-12.639)

3110 
(2561-3743)

12.086 
(11.819-12.346)

6755 
(5768-7861)

15.153 
(14.787-15.523)

CCTA + CMR - C 24541 
(17950-32480)

12.347 
(12.059-12.637)

3020 
(2480-3645)

12.083 
(11.821-12.343)

6524 
(5517-7647)

15.149 
(14.779-15.515)

CCTA + CMR - I 23487 
(17488-30740)

12.351 
(12.060-12.643)

3107 
(2561-3737)

12.087 
(11.825-12.346)

6604 
(5635-7697)

15.154 
(14.790-15.525)

CMR - C 28290 
(20412-37943)

12.338 
(12.044-12.624)

3243 
(2649-3905)

12.075 
(11.818-12.335)

6905 
(5779-8144)

15.138 
(14.768-15.509)

CMR - I 23903 
(17843-31186)

12.350 
(12.055-12.642)

3276 
(2704-3931)

12.086 
(11.827-12.349)

6760 
(5753-7869)

15.153 
(14.780-15.524)

CAG 25138 
(19021-32551)

12.341 
(12.045-12.630)

3462 
(2815-4187)

12.076 
(11.813-12.336)

7481 
(6352-8677)

15.139 
(14.773-15.501)

US = United States, UK = United Kingdom, NL = The Netherlands, QALY = quality-adjusted life-years, ICER = incremental cost-
effectiveness ratio, CCTA = coronary computed tomography coronary angiography, CMR = cardiac magnetic resonance imaging, CAG = 
catheter-based coronary angiography

Appendix Table 5. Results of  base case cost-effectiveness analysis (60-year old women, pre-test probability of  
30%), including 95% confidence interval based on 10000 samples from the parameter distributions (1000 trials 
per sample). I = invasive approach, C = conservative approach
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Abstract

Purpose
To determine and compare the prognostic value of  cardiac computed tomography angiog-
raphy (CCTA), coronary calcium scoring, and exercise electrocardiography (ECG) in pa-
tients with chest pain who are suspected of  having coronary artery disease (CAD).

Methods
This study complied with the Declaration of  Helsinki, and the local ethics committee ap-
proved the study. Patients (n = 471) without known CAD underwent exercise ECG and 
dual-source CCTA at a 1-day chest pain clinic. Coronary calcification and the presence 
of  50% or greater coronary stenosis (in one or more vessels) were assessed with CCTA. 
Exercise ECG results were classified as normal, ischemic, or non-diagnostic. The primary 
outcome was a major adverse cardiac event (MACE), defined as cardiac death, non-fatal 
myocardial infarction, or unstable angina requiring hospitalization and revascularization 
beyond 6 months. Univariable and multivariable Cox regression analysis was used to deter-
mine the prognostic values, while clinical impact was assessed with the net reclassification 
improvement metric.

Results
Follow-up was completed for 424 (90%) patients; the mean duration of  follow-up was 
2.6 years. A total of  44 MACEs occurred in 30 patients. Four of  the MACEs were cardiac 
deaths and six were non-fatal myocardial infarctions. The presence of  coronary calcification 
(hazard ratio [HR], 8.22 [95% confidence interval (CI): 1.96-34.51]), obstructive CAD (HR, 
6.22 [95% CI: 2.77-13.99]), and non-diagnostic stress test results (HR, 3.00 [95% CI: 1.26-
7.14]) were univariable predictors of  MACEs. In the multivariable model, CCTA findings 
(HR, 5.0 [95% CI: 1.7-14.5]) and non-diagnostic exercise ECG results (HR, 2.9 [95% CI: 
1.2-7.0]) remained independent predictors of  MACEs. CCTA findings showed incremen-
tal value beyond clinical predictors and stress testing (global χ2, 37.7 vs.13.7; P < 0.001), 
whereas coronary calcium scores did not have further incremental value (global χ2, 38.2 vs. 
37.7; P = 0.40).

Conclusion
CT angiography findings are a strong predictor of  future adverse events, showing incremen-
tal value over clinical predictors, stress testing, and coronary calcium scores.

Introduction

Over the past decade, coronary computed tomography angiography (CCTA) has emerged 
as a valuable diagnostic tool to evaluate coronary artery disease (CAD) and has found use as 
an anatomic alternative to functional testing and a non-invasive alternative to conventional 
(catheter-based) coronary angiography (1,2). Functional assessment of  CAD severity with 
exercise electrocardiography (ECG) is well established, and its prognostic value has been 
studied extensively (3,4). Although evidence regarding the prognostic value of  coronary CT 
angiography findings is emerging (5–7), the question remains if  this angiographic modal-
ity holds incremental prognostic value beyond functional evaluation with exercise ECG. In 
this study, in a prospectively enrolled population, we sought to determine and compare the 
prognostic value of  coronary CT angiography, coronary calcium scoring (CCS), and exercise 
ECG in patients with chest pain who were suspected of  having CAD.

Materials and Methods

From September 2006 to December 2008, 471 consecutive patients without a history of  CAD 
were evaluated at our 1-day chest pain clinic (mean age, 56 years ± 10 [standard deviation]; 
244 male patients) (8). They had been referred by their general practitioner because of  chronic 
complaints of  chest pain potentially caused by CAD to undergo additional testing with exer-
cise ECG, coronary CT angiography, and CCS. Information on risk factors was prospectively 
acquired, and clinical risk estimators— that is, the SCORE (9) and Diamond and Forrester 
metrics (10)—were calculated from these data. According to the SCORE, 291 patients had a 
10-year risk of  less than 5% of  developing fatal cardiovascular disease, 130 patients had a risk 
of  5%–10%, and 50 patients had a risk of  greater than 10%. The study complied with the 
Declaration of  Helsinki, and the local ethics committee approved the study. 

CCS Protocol
Calcium detection was performed with an ECG-triggered step-and-shoot acquisition mode, 
by using a 120-kV tube voltage, a mean tube current of  78 mAs ± 26, and a section thick-
ness of  3 mm. The coronary calcium score was assessed by using dedicated software (Syngo 
CaScore; Siemens, Forchheim, Germany) and was quantified with the Agatston method 
with a standard 130-HU attenuation threshold (11). To account for the skewed distribution, 
all calcium scores were transformed by taking the natural logarithm of  the calcium score +1.

Coronary CT Angiographic Parameters
Contrast material–enhanced dual source multi-section CT (Definition; Siemens) was per-
formed by using the following parameters: collimation, 32 x 0.6 mm; 64-channel acquisition 
by z-axis focal spot alternation; rotation time, 330 msec; temporal resolution, 83 msec; spi-
ral acquisition mode with prospectively ECG-triggered tube modulation depending on the 
heart rate regularity; tube voltage, 120 kV; tube current, 380–412 mAs depending on patient 
size; and variable pitch depending on the heart rate. Iopromide 70–100 mL (Ultravist, 370 
milligrams of  iodine per milliliter; Schering, Berlin, Germany), followed by a 40-mL saline 
bolus chaser, was peripherally injected at 5.0–5.5 mL/sec. Patients received sublingual nitro-
glycerin before the examination but no additional β-blockers. Effective radiation doses for 
CCS and coronary CT angiography were 0.8 mSv ± 0.2 (range, 0.4–1.6 mSv) and 11.0 mSv 
± 3.5 (range, 4.7–17.8 mSv), respectively.
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The coronary arteries were evaluated on axial images, multiplanar reconstructions, and max-
imum intensity projections according to readers’ preferences. Readers were blinded to pa-
tients’ symptoms and exercise ECG results. Vessels were qualitatively scored as significantly 
stenosed (≥50% diameter narrowing) or less than significantly stenosed (<50%) or free 
from plaque. To assess the prognostic value of  coronary CT angiography, we constructed 
a model comparing obstructive plaque to non-obstructive plaque. In a second model, we 
assessed the prognostic value of  obstructive and non-obstructive plaque versus no plaque. 

Exercise ECG
Patients underwent stress testing on a bicycle ergometer by using a standardized proto-
col. Use of  any β-blockers was ceased 72 hours before stress testing, if  possible. During 
continuous ECG registration and 12-lead printing at 1-minute intervals, the workload was 
increased from 40 W in 20-W increments at 1-minute intervals. Blood pressure was mea-
sured every 2 minutes. In cases of  established contraindications, patients did not undergo 
exercise ECG (12). Criteria for myocardial ischemia included horizontal or down sloping 
ST-segment depression or elevation of  0.1 mV or greater during or after exercise or typical, 
increasing angina during exercise. A non-diagnostic test was defined as when there was an 
inability to perform the test or the test was discontinued without evidence of  myocardial 
ischemia before reaching 85% of  the predicted maximum heart rate (12). Additionally, for 
every patient, we approximated the Duke Treadmill Score by using a standardized formula 
as follows: DE – (5 STD) – (4 TAI), where DE is duration of  exercise in minutes, STD is 
maximum net ST-segment deviation during or after exercise in millimeters, and TAI is tread-
mill angina index (where a score of  0 = no complaints, a score of  1 = non-limiting angina, 
and a score of  2 = angina requiring discontinuation) (3).

Follow-up
Follow-up data were obtained by consulting the national death registry for the occurrence 
of  mortality and through standardized telephone interviews, questionnaires, or hospital vis-
its. All events were confirmed with death records, hospital records, or correspondence with 
treating physicians and hospitals. If  patients experienced multiple events during follow-
up, only the first event counted. Patients lost to follow-up were censored. All events were 
reviewed by an independent cardiologist blinded to both coronary CT angiography and 
exercise ECG results. 

Outcome Measures
The primary outcome measure was a composite of  cardiac death, non-fatal myocardial 
infarction, unstable angina requiring hospitalization, and coronary revascularization (percu-
taneous coronary intervention or coronary artery bypass graft surgery). Cardiac death was 
defined as death caused by acute myocardial infarction, ventricular arrhythmia, refractory 
heart failure, or cardiogenic shock. Non-fatal myocardial infarction was defined as ischemia 
resulting in abnormal cardiac biomarkers (>99th percentile of  the upper limits of  normal). 
Unstable angina was defined as chest pain with altered frequency or character that was sus-
picious for acute coronary syndrome; a diagnosis of  unstable angina also required ischemic 
ECG changes or significantly obstructive CAD at invasive conventional angiography (13). 
Coronary revascularizations initiated as a result of  the initial diagnostic work-up and per-
formed within 6 months were not considered as an end point. 

Statistical Analysis
Statistical analyses were performed by using SPSS (version 15.0; SPSS, Chicago, Ill) and 
STATA (version 11.1; Stata, College Station, Tex). All probability values refer to two-tailed 
tests of  significance; P < 0.05 was considered to indicate a significant difference. Categori-
cal variables are presented as proportions. Continuous variables are expressed as means ± 
standard deviations or as medians ± interquartile ranges (IQRs) as appropriate. Clinical pa-
tient characteristics are summarized by the SCORE 10-year cardiovascular mortality risk (9).

Univariable Cox regression analyses of  each potential clinical predictor, as well as coronary 
calcification, coronary CT angiography results, and exercise ECG results, were performed to 
evaluate their effect in predicting major adverse cardiac events (MACEs) during follow-up. 
Cumulative event rates as a function over time were estimated according to the Kaplan-
Meier method. Unadjusted comparison of  survival between groups defined by the two 
coronary CT angiography results, coronary calcium categories, and exercise ECG results 
was performed by using the log-rank test. Annual event rates were calculated by dividing the 
cumulative event rates by the median number of  follow-up years.

A multivariable Cox proportional hazards model was used to assess the independent prog-
nostic value of  exercise ECG, coronary CT angiography, and CCS. Risk adjustment for 
clinical characteristics was performed by using patients’ SCORE results. To assess the in-
cremental value of  exercise ECG, coronary CT angiography, and CCS, the global χ2 values 
were compared between models with and those without the addition of  each incrementally. 
Using logistic regression, receiver operating characteristic curves with estimates of  the area 
under the receiver operating characteristic curve (AUC, or the C-statistic) were obtained to 
compare the discriminative performance of  the different models. 

To quantify the clinical impact of  adding exercise ECG, coronary CT angiography, and CCS 
to the model predicting MACE, we calculated the net reclassification improvement (NRI), 
which is a measure of  correctly reclassified subjects that is penalized for those incorrectly 
classified. In this context, clinically relevant cutoff  values for the risk of  a MACE (i.e., the 
thresholds of  risk where reclassification to another category would influence clinical man-

Figure 1. Flowchart of  patients included in the survival analysis. * Included in multivariable analysis. CCTA = 
coronary CT angiography, X-ECG = exercise ECG.
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agement) are absent. Thus we used an extension of  the traditional NRI that was recently 
introduced by Pencina et al. (14). The so-called continuous NRI (or category-free NRI) does 
not depend on the existence of  risk categories and allows NRI estimation in the context 
of  survival data. The continuous NRI is the weighted sum of  the observed event rate in-
crease among the individuals for whom the predicted risk goes up and observed event rate 
decrease among those for whom the predicted risk goes down.

Results

Coronary CT angiography could not be performed in 16 (3%) patients because of  renal 
failure (n = 2), known allergy to contrast material (n = 1), patient preferences (n = 8), Par-
kinson disease (n = 1), patient non-cooperation (n = 1), lack of  venous access (n = 1), and 
severe obesity (n = 2). Two examinations (0.4%) failed because of  patient movement or pre-
mature scanning initiation. Three patients (0.6%) had mild to moderate allergic reactions. 

Exercise ECG could not be performed in 48 (10%) patients because of  orthopedic restraints 
(n = 13), neurologic restraints (n = 8), severe obesity (n = 3), abnormalities at resting ECG 
(n = 8), pulmonary disease (n = 2), inability to bicycle (n = 3), and a combination of  these 
factors or an unspecified factor (n = 11). Results were considered inconclusive in 140 (30%) 
patients, mostly because the target heart rate was not reached. These patients together (n 
= 188) were considered to have had non-diagnostic tests in the survival analysis (Figure 1).

Follow-up
Follow-up data were obtained for 424 (90%) patients. Forty-four adverse cardiac events oc-
curred in 30 patients. These events consisted of  four cardiac deaths, six acute myocardial 
infarctions, 23 coronary revascularizations, and 11 instances of  unstable angina pectoris. 
The occurrence of  mortality was obtained for all patients, and, according to the national 
death registry, another four patients died of  a non-cardiac cause—that is, respiratory fail-
ure, stroke, or malignancy (n = 2). The median follow-up time was 2.6 years (IQR, 2.1–3.2 
years). The overall rate of  events was 3.2% per year. 

Patients without follow-up were younger (P < 0.001) and more often smokers (P = 0.02). 
Lower coronary calcium scores and fewer abnormal coronary CT angiography and exercise 
ECG results were observed for patients without follow-up, although this did not reach sta-
tistically significance (Table E1). 

There was no significant difference in Duke Treadmill Score between the patients with and 
those without follow- up (median score, 5 [IQR, 1–7] vs. 5 [IQR, 0.5–7]). Only six patients 
were classified as having high risk, and they all completed follow-up.

Table 1. Events Sorted according to Test

Test and Result

Total No. of 
Patients

No. of 
Patients with 

MACE

No. of 
Patients with 

CD

No. of 
Patients with 

AMI

No. of 
Patients with 

LR

No. of 
Patients with 

UAP

Annual event 
rate (%)

Coronary calcium score = 0 151 2 (1) 0 (0) 0 (0) 1 (0.7) 3 (2) 0.5

Coronary calcium score > 0 266 28 (11) 4 (2) 6 (2) 22 (8) 8 (3) 4.2

Coronary CT angiography <50% 277 8 (3) 1 (0.4) 2 (0.7) 3 (1) 3 (1) 1.2

Coronary CT angiography ≥50% 132 22 (17) 3 (2) 4 (3) 20 (15) 8 (6) 6.8

Normal exercise ECG result 172 7 (4) 0 (0) 1 (0.6) 6 (4) 3 (2) 1.6

Ischemic exercise ECG result 85 4 (5) 0 (0) 1 (1) 5 (6) 1 (1) 1.9

Non-diagnostic exercise ECG result 167 19 (11) 4 (2) 4 (2) 12 (7) 7 (4) 4.6

Numbers in parentheses are percentages. AMI = acute myocardial infarction, CD = cardiac death, LR = late revascularization, UAP = 
unstable angina pectoris requiring hospitalization. 

Descriptive Analysis
Coronary calcium score

Patients with no coronary calcium had excellent prognoses. No cardiac deaths and no non-
fatal myocardial infarctions were observed (Table 1). However, three hospitalizations for 
unstable angina occurred, and one late revascularization was performed. 

Coronary CT angiography

In the group of  patients with obstructive CAD, 22 (17%) events occurred, consisting of  
three cardiac deaths (2%) and four myocardial infarctions (3%). Patients without obstruc-
tive CAD experienced significantly fewer total events (eight patients [3%]), one cardiac 
death (0.4%), and two (0.7%) myocardial infarctions (Table 1). Patients who did not un-
dergo coronary CT angiography or in whom the study was non-diagnostic did not experi-
ence a MACE. 

Exercise ECG

Patients with a normal exercise ECG result experienced seven (4%) events during follow-
up, of  which one (0.6%) was a myocardial infarction. An abnormal exercise ECG result was 
associated with the occurrence of  four (5%) events, of  which one (1%) was a myocardial in-
farction. We observed 19 (11%) events in the group of  patients who were unable to perform 
the test or who had an inconclusive test; of  these events, four (2%) were cardiac deaths and 
four (2%) were myocardial infarctions (Table 1). 

Univariable Analysis 
The clinical risk estimators SCORE and Diamond and Forrester score were both significant 
predictors of  MACEs (Table 2). Of  the traditional risk factors, only sex was a statistically 
significant predictor. A typical angina presentation was associated with an HR of  3.86 (95% 
CI: 0.88-16.87) compared with non-anginal complaints, while atypical presentation was as-
sociated with an HR of  1.91 (95% CI: 0.43-8.47).

Detectable coronary calcium was a significant predictor of  MACE (HR, 8.22 [95% CI: 1.96-
34.51]; P = 0.004), along with non-diagnostic exercise ECG results (HR, 3.00 [95% CI: 1.26-
7.14]; P = 0.01). Regarding coronary CT angiography results, in the first model, obstructive 
CAD was associated with a significantly higher hazard (HR, 6.22 [95% CI: 2.77-13.99]; P 
< 0.001). In the second model, the presence of  non-obstructive plaque was also associated 
with a higher hazard (HR, 5.03 [95% CI: 0.62-40.85]), although this did not reach statistical 
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significance (P = 0.13), while obstructive CAD remained a significant predictor (HR, 20.80 
[95% CI: 2.80-154.33]; P = 0.003).

Survival Analysis
Unadjusted comparison between patients with and those without coronary calcium showed 
significantly higher event-free survival in the group with no calcium (Figure 2a) (P = 0.001). 
The annual event rate in patients without calcium was 0.5%. Absence of  obstructive CAD at 
coronary CT angiography was associated with a significantly lower event rate than the pres-
ence of  obstructive CAD at coronary CT angiography (Figure 2b) (P < 0.001). The annual 
event rates were 6.8% versus 1.2% for obstructive versus non-obstructive CAD (Table 1).

Non-diagnostic exercise ECG results were associated with significantly higher event rates 
than normal or ischemic exercise ECG results (Figure 2c) (P = 0.016). The observed an-
nual event rate for patients with non-diagnostic results compared with that for patients with 
normal or ischemic results was substantially higher (4.6% vs. 1.6% and 1.9%, respectively)

Figure 2. Graphs show Kaplan-Meier estimates of  survival as compared between (a) patients with and those 
without visible coronary calcium (CCS), (b) patients with and those without obstructive CAD at coronary CT 
angiography, and (c) patients with normal, those with ischemic, and those with non-diagnostic exercise ECG 
results.

Table 2. Results of  Cox Univariable Analysis

Variable MACE (n=30) No MACE (n=392) HR * P-value

Age (y) † 58 ± 8 56 ± 10 1.02 (0.99-1.06) 0.21

Male sex 22 (73) 195 (50) 2.68 (1.19-6.02) 0.02

Smoking 9 (30) 107 (27) 1.15 (0.53-2.52) 0.72

Hypertension  
	 20 (67) 193 (49) 1.99 (0.93-4.25) 0.08

Diabetes 7 (23) 51 (13) 1.92 (0.82-4.47) 0.13

Dyslipidaemia 20 (67) 229 (58) 1.29 (0.60-2.76) 0.52

Family history of CAD 16 (53) 173 (44) 1.39 (0.68-2.85) 0.37

History of vascular disease 2 (7) 28 (7) 0.94 (0.22-3.94) 0.93

Body mass index 26.9 26.8 1.01 (0.94-1.08) 0.86

Chest pain

Non-anginal 2 (7) 64 (16) 1

Atypical 13 (43) 207 (53) 1.91 (0.43-8.47) 0.39

Typical 15 (50) 121 (31) 3.86 (0.88-16.87) 0.07

SCORE ‡ 6 (2.75-8.25) 3 (1-6) 1.06 (1.01-1.12) 0.03

Diamond & Forrester score ‡ 67 (53-92) 54 (28-79) 1.02 (1.01-1.04) 0.003

Low (< 22) 1

Intermediate (22-78) 2.83 (0.64-12.47) 0.17

High (>78) 5.16 (1.17-22.70) 0.03

Calcium score

0 2 (7) 149 (39) 1

0-10 2 (7) 43 (11) 3.19 (0.45-22.65) 0.25

10-100 10 (33) 82 (21) 8.45 (1.85-38.58) 0.006

100-400 7 (23) 59 (15) 8.50 (1.77-40.793) 0.008

>400 9 (30) 54 (14) 11.66 (2.52-54.01) 0.002

>0 28 (93) 238 (62) 8.22 (1.96-34.51) 0.004

CCTA model 1 6.22 (2.77-13.99) < 0.001

Non-obstructive CAD 8 (27) 269 (71)

Obstructive CAD 22 (73) 108 (29)

CCTA model 2

No plaque 1 (3) 114 (30) 1

Non-obstructive plaque 7 (23) 155 (41) 5.03 (0.62 – 40.85) 0.13

Obstructive plaque 22 (73) 110 (29) 20.80 (2.80-154.33) 0.003

Exercise ECG

Normal 7 (23) 164 (42) 1

Ischemic 4 (13) 80 (20) 1.19 (0.35-4.08) 0.78

Non-diagnostic 19 (63) 148 (38) 3.00 (1.26-7.14) 0.01

Unless otherwise specified, data are numbers of patients, with percentages in parentheses. CCTA = coronary CT angiography
*	 HR = hazard ratio. Numbers in parentheses are 95% confidence intervals (CIs). 
†	Data are means ± standard deviations. 
‡	Data are medians, with IQRs in parentheses.

Multivariable Risk-adjusted Analysis 
In the multivariable Cox regression analysis, after adjusting for SCORE, the presence of  
obstructive CAD (HR, 6.61 [95% CI: 2.83-15.43]) and non-diagnostic exercise ECG result 
(HR, 2.93 [95% CI: 1.23-6.99]) remained independent predictors of  MACE (Table 3). The 
addition of  CCS led to a slight decrease in the HRs of  coronary CT angiography (HR, 5.00 
[95% CI: 1.72-14.52]) and exercise ECG (HR, 2.80 [95% CI: 1.17-6.73]), whereas CCS itself  
was not an independent predictor (HR, 1.09 [95% CI; 0.89-1.33]).
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A statistically significant increase in the global χ2 value was seen after adding coronary CT 
angiography results to a risk-adjusted model with exercise ECG (global χ2 value, 37.7 vs. 
13.7; P < 0.001) but not with the subsequent addition of  CCS (global χ2 value, 38.2 vs. 37.7; 
P = 0.40). 

Detectable calcium was an independent predictor in a risk-adjusted model with exercise ECG 
alone (HR, 1.33 [95% CI: 1.13-1.56]). Subsequent addition of  coronary CT angiography im-
proved model performance significantly (global χ2 value, 38.2 vs. 26.3; P = 0.002) (Table E2).

Receiver Operating Characteristics
The obtained curves and their AUC estimates demonstrated that the combination of  clinical 
characteristics and exercise ECG findings resulted in an AUC of  0.71 (95% CI: 0.63-0.79) 
(Figure 3). A risk-adjusted model with coronary CT angiography resulted in an AUC of  0.75 
(95% CI: 0.67-0.83), while clinical characteristics and CCS produced an AUC of  0.73 (95% 
CI: 0.65-0.81). 

When clinical characteristics, exercise ECG findings, and coronary CT angiography findings 
were combined in a model, we found an AUC of  0.80 (95% CI: 0.72-0.88). Insertion of  
CCS into this model did not improve its predictive value considerably (AUC, 0.81 [95% CI: 
0.73-0.88]). 

NRI Results
The NRI was 54% (number of  patients classified upward: 160; downward: 249) when exer-
cise ECG was added to the clinical Cox proportional hazards model using only the SCORE. 
The addition of  coronary CT angiography to the model with both SCORE and exercise 
ECG resulted in a NRI of  80% (number of  patients classified upward: 132; downward: 
277). Finally, the full model that included CCS resulted in an NRI of  47% (number of  pa-
tients classified upward: 182; downward: 227) (Table 3).

Figure 3. Graphs show receiver operating characteristics curves of  multivariable models of  (a) exercise ECG 
(XECG), CCS, and coronary CT angiography (CCTA) and (b) incremental value of  coronary CT angiography 
and CCS beyond exercise ECG. The models are risk adjusted with the SCORE 10-year cardiovascular disease 
mortality risk metric (9).

Discussion

Our results show that the presence of  obstructive CAD at coronary CT angiography, the 
degree of  exercise tolerance, and the extent of  coronary calcification predict future adverse 
events in patients with stable symptoms of  chest pain. After adjustment for clinical char-
acteristics, coronary CT angiography showed incremental value beyond exercise testing, 
whereas the additive prognostic value of  CCS was limited compared with coronary CT 
angiography. 

For the past decades, exercise testing has been the diagnostic cornerstone for the evaluation 
of  ischemic heart disease and can help identify patients at increased risk for adverse events 
(3,4). Exercise tolerance is a powerful predictor of  prognosis (15,16), which is confirmed 
in our study by the fact that inability to perform and complete exercise ECG predicted 
unfavorable outcome. Exercise capacity is an important predictor of  adverse outcome, rep-
resenting contractile left ventricular function as well as overall physical health. Most non-
diagnostic exercise tests were the result of  a low exercise capacity and consequent inability 
to reach the target heart rate. 

Remarkably, ischemic ECG changes were not associated with increased event rates. Pre-
sumably, patients with these changes were treated more aggressively, explaining their better 
event-free survival. Second, patients developing ischemic ECG changes during exercise, but 
straining themselves outstandingly, apparently tolerate ischemia well and may be in good 
general shape. The fact that only a minority of  the study population was categorized as 
having high-risk disease according to the Duke Treadmill Score supports this hypothesis. 

Non-enhanced coronary CT imaging can be used to help detect and quantify calcified CAD, 
and its findings have independent prognostic value in both symptomatic and asymptomatic 
individuals (17–21). Also in our study, the presence of  coronary calcium was associated with 
an adverse outcome. In particular, our results confirm the idea that patients with no detect-
able calcium have an excellent outcome (annual event rate, 0.5%).

Table 3. Results of  Cox Multivariable Analysis

Variable HR P-value Global χ2 Model Comparison  
P-value

AUC Continuous 
NRI (%)

SCORE 1.06 (1.01-1.12) 0.03 5.1 0.66  
(0.57-0.75)

reference

SCORE
Normal ECG result
Ischemic ECG result
Non-diagnostic ECG result

1.07 (1.01-1.12)
1
1.02 (0.29-3.52)
2.96 (1.24-7.04)

0.02

0.98
0.01

13.7 0.01 0.71  
(0.63-0.79)

54

SCORE
Normal ECG result
Ischemic ECG result
Non-diagnostic ECG result
CCTA

1.02 (0.96-1.09)
1
0.69 (0.20-2.41)
2.93 (1.23-6.99)
6.61 (2.83-15.43)

0.54

0.57
0.02

< 0.001

37.7 < 0.001 0.80  
(0.72-0.88)

80

SCORE
Normal ECG result
Ischemic ECG result
Non-diagnostic ECG result
CCTA
CCS

1.02 (0.95-1.08)
1
0.69 (0.20-2.39)
2.80 (1.17-6.73)
5.00 (1.72-14.52)
1.09 (0.89-1.33)

0.67

0.56
0.02

0.003
0.41

38.2 0.40 0.81  
(0.73-0.88)

47

Numbers in parentheses are 95% confidence intervals. Here, CCS = natural logarithm of the calcium score +1, ECG = exercise ECG, 
CCTA = coronary CT angiography.
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More recently, coronary CT angiography has emerged as a non-invasive alternative for direct 
assessment of  CAD. Evidence of  its prognostic value is emerging (5–7), although results 
from some studies were affected by work-up bias, selected populations, and short follow-up 
periods (22–24). In our consecutive population we can confirm the good predictive value of  
coronary CT angiography for future adverse events. 

Because of  the nature of  our diagnostic work-up, we could directly compare the prognostic 
value of  the different diagnostic modalities in patients with stable chest pain and a low-to-
intermediate probability of  CAD. To the best of  our knowledge, ours is the first study to 
evaluate the incremental predictive value of  coronary CT angiography over exercise ECG in 
a consecutive patient population.

In the risk-adjusted multivariable analysis, obstructive atherosclerosis at coronary CT angi-
ography and non-diagnostic exercise ECG results remained independent predictors of  late 
cardiac adverse events, whereas coronary calcium did not remain a significant predictor. 
This finding is confirmed by a recent study (25) that reported no additive prognostic value 
of  CCS next to coronary CT angiography. It appears that the information obtained with 
calcium scanning largely overlaps with the information obtained with coronary CT angiog-
raphy, while the latter also provides such additional characteristics as total plaque burden 
and luminal obstruction.

The performance of  the final model with clinical predictors, exercise ECG, and CCS im-
proved significantly after the addition of  coronary CT angiography results.

In addition, we assessed the potential clinical value of  the considered predictors by calcu-
lating the continuous NRI, an extension of  the traditional NRI that is independent of  risk 
categories. Our results suggest that coronary CT angiography is most effective in improv-
ing risk prediction, since the NRI was substantial. For CCS, the NRI was 47%, although 
the addition of  CCS did not improve model performance in terms of  the χ2 value or AUC. 
This finding is explained by the fact that the continuous NRI does not take into account the 
magnitude of  the increase (or decrease) in predicted risk.

In other words, the predictions were not substantially influenced when CCS was added, but 
among patients with a higher predicted risk, the observed event rate increased compared 
with the overall mean. Similarly, for patients with a lower predicted risk, the observed event 
rate decreased compared with the overall mean. Finally, it should be noted that the continu-
ous NRIs reported in the current study cannot be compared directly with the traditional 
NRIs that have been reported in other studies because of  the differences in definition and 
calculation described earlier. 

Although our study population consisted of  prospectively enrolled “allcomers” with stable 
angina complaints, the limitations associated with an observational single-center study were 
still present. Therefore our results may not necessarily reflect populations or practices else-
where. Because of  the limited number of  hard events, we used a composite end point of  
cardiac death, non-fatal myocardial infarction, unstable angina requiring hospitalization, and 
coronary revascularization. The use of  coronary revascularization as an end point could 
lead to overestimation of  the prognostic value as a result of  a potential work-up bias. 
Revascularizations performed within 6 months from the initial work-up were excluded to  

minimize this effect. Even though an experienced cardiologist, blinded to the initial test 
reports, evaluated all events, unstable angina requiring hospitalization can be a subjective 
end point. 

Given the limited number of  events, our analysis could be subject to overfitting. Current 
guidelines stating a minimum of  10 outcome events per predictor variable have been ques-
tioned (26). In this view, our findings regarding the additive value of  coronary calcium 
should be considered explanatory, and conclusions should be made with caution. To limit 
the number of  variables in the multivariable analysis, we dichotomized coronary CT angi-
ography results. 

Incomplete follow-up may result in underreporting of  adverse events. However, the follow-
up rate was substantial (90%), and no deaths occurred in the group without follow-up, as 
confirmed by the national death registry. Patients lost to follow-up appear to have been 
at lower risk, with fewer abnormal test results (Table E1). Larger multicenter studies with 
longer follow-up, or meta-analyses of  existing studies, are needed to fully comprehend the 
prognostic value of  these modalities. In conclusion, both functional and anatomic assess-
ment of  CAD has prognostic value. Coronary CT angiography findings are strong predic-
tors of  future adverse events, with incremental value over clinical predictors, stress testing, 
and coronary calcification. 
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Appendix
Table E1. Baseline Characteristics

Variable Follow-up  
(n=424)

No follow-up  
(n=47)

P-value

Age (y) * 56 ± 10 50 ± 11 < 0.001

Male sex 219 (52) 25(53) 0.88

Smoking 116 (27) 22(47) 0.01

Hypertension 213 (50) 21(45) 0.54

Diabetes 58 (14) 10(21) 0.19

Dyslipidaemia 251 (59) 29(62) 0.88

Family history of CAD 191 (45) 23(49) 0.65

History of vascular disease 30 (7) 1 (2) 0.35

Body mass index † 26.8 (24.2-30.0) 26.9 (24.5-30.5) 0.58

Chest pain 0.31

Non-anginal chest pain 66 (16) 8 (17)

Atypical chest pain 222 (52) 29 (62)

Typical chest pain 136 (32) 10 (21)

SCORE † 3 (1-7) 1 (1-5) 0.02

Diamond & Forrester † 54 (32-79) 46 (13-59) 0.02

Calcium score † 18 (0-158) 0 (0-93) 0.06

0 151 (34) 24 (52) 0.04

0-10 45 (11) 3 (7)

10-100 92 (22) 9 (20)

100-400 66 (16) 8 (17)

>400 63 (15) 2 (4)

Coronary CT Angiography 453 (96) 0.12

Non-obstructive CAD 277 (68) 35 (80)

Obstructive CAD 132 (32) 9 (20)

Exercise ECG 471 (100) 0.76

Normal 172 (41) 18 (38)

Ischemic 85 (20) 8 (17)

Non-diagnostic 167 (39) 21(45)

Duke treadmill score † 5 (1-7) 5 (0.5-7) 0.95

Low risk 190 (51) 24 (55)

Intermediate risk 181 (48) 20 (45)

High risk 6 (2) 0

Unless otherwise specified, data are numbers of patients, with percentages in parentheses.
*	 Data are means ± standard deviations.
†	Data are medians, with IQRs in parentheses

 

Table E2. Cox Multivariable Analysis

Variable HR P-value Global 
χ2

Model 
comparison 

P-value

AUC 
(95% CI)

Continuous NRI 
(%)

SCORE 1.06 (1.01-1.12) 0.03 5.1 0.66 
(0.57-0.75)

reference

SCORE
Normal ECG result
Ischemic ECG result
Non-diagnostic ECG result 

1.07 (1.01-1.12)
1
1.02 (0.29-3.52)
2.96 (1.24-7.04)

0.02

0.98
0.01

13.7 0.01 0.71 
(0.63-0.79)

54

SCORE
Normal ECG result
Ischemic ECG result
Non-diagnostic ECG result
CCS 

1.02 (0.96-1.09)
1
0.79 (0.23-2.75)
2.40 (1.00-5.79)
1.33 (1.13-1.56)

0.57

0.71
0.05

0.001

26.3 < 0.001 0.77 
(0.70-0.85)

72

SCORE
Normal ECG result
Ischemic ECG result
Non-diagnostic ECG result
CCS
CCTA

1.02 (0.95-1.08)
1
0.69 (0.20-2.39)
2.80 (1.17-6.73)
1.09 (0.89-1.33)
5.00 (1.72-14.5)

0.67

0.56
0.02
0.41

0.003

38.2 0.002 0.81 
(0.73-0.88)

15

Numbers in parentheses are 95% confidence intervals. CCS = natural logarithm of the calcium score +1, ECG = exercise ECG, CCTA 
= coronary CT angiography
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Chapter 12.2 Letter-to-the-Editor

Letter to the Editor

We read with interest the systematic review and meta-analysis reporting on the prognos-
tic value of  cardiac computed tomography angiography (CCTA) by Hulten et al. (1). The 
authors performed an extensive literature search and pooled 18 studies that reported the 
incidence of  cardiovascular events after a CCTA examination. Although we agree with 
the authors’ conclusion that cardiovascular events among patients with normal findings on 
CCTA are rare, some issues raised our concern.

First, the primary outcome measure—major adverse cardiovascular events (MACE)—was 
defined as death, myocardial infarction, or revascularization. We noted that 4 large stud-
ies (2–5) did not report event rates for revascularization (see Table 2 in [1]), nor did they 
include revascularization in their definition of  MACE. These reports together contribute 
67% (6,434 of  9,592) of  all patients included in this meta-analysis. Unfortunately, this issue 
is not mentioned by the authors, and it is unclear to what extent this was accounted for in 
the analysis. As acknowledged by the authors, the observed increased rate of  MACE among 
patients with coronary artery disease is largely driven by the increased rate of  revascular-
ization. Had all studies included revascularization in their definition of  MACE, the true 
absolute rates of  MACE are likely to be substantially higher. The effect of  this underestima-
tion on sensitivity, specificity, and the likelihood ratio should be explored. Even if  MACE 
was defined consistently across all included studies, the question remains whether MACE 
including revascularizations is appropriate as the primary endpoint for the evaluation of  
CCTA. As pointed out by the authors, most revascularization procedures will be initiated 
based on CCTA findings, resulting in an overestimation of  the predictive value of  CCTA.

Second, Figure 6 represents a Fagan’s nomogram for the prediction of  future MACE by 
CCTA. The figure legend indicates that the left axis represents the pre-test probability of  
disease, whereas the Results section indicates that it represents the pre-test probability of  
having future MACE. If  using the pre-test probability of  disease, it seems inappropriate 
to perform Bayesian revision combining a pre-test probability of  disease with a likelihood 
ratio that applies to the annual rate of  MACE, when calculating the post-test probability of  
future MACE. If  the pre-test probability estimate in Figure 6 refers to the probability of  
future MACE, it remains unclear how this estimate can be calculated and what time frame 
is being considered. Assuming a time-frame of  1 year and given the reported annual event 
rates of  patients in this report, a hypothetical patient with a 20% pre-test probability of  
MACE seems like an unrealistic example. 
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Chapter 13 Methods for Analyzing Sensitivity and Specificity of  Clustered Data

Abstract

The performance of  a diagnostic test is often expressed in terms of  sensitivity and specific-
ity compared with the reference standard. Calculations of  sensitivity and specificity com-
monly involve multiple observations per patient, which implies that the data are clustered. 
Whether analysis of  sensitivity and specificity per patient or using multiple observations 
per patient is preferable, depends on the clinical context and consequences. The purpose 
of  this paper is to discuss and illustrate the most common statistical methods that calculate 
sensitivity and specificity of  clustered data, adjusting for the possible correlation between 
observations within each patient. This tutorial presents and illustrates the following meth-
ods: (1) analysis at different levels ignoring correlation; (2) variance adjustment; (3) logistic 
random-effects models; and (4) generalized estimating equations. Furthermore, we discuss 
issues related to missing data, and how to analyze the impact of  covariables on the estimate 
of  sensitivity and specificity. We find that results may vary depending on the method used 
and the strength of  the correlation between observations. We conclude that the choice of  
method and the level of  reporting should correspond with the clinical decision problem. If  
multiple observations per patient are relevant to the clinical decision problem, the potential 
correlation between observations should be explored and taken into account in the statisti-
cal analysis.

Introduction

Researchers commonly encounter clustered data. For example, a study may be carried out 
in multiple hospitals. Patients from the same hospital tend to be more similar (and thus 
clustered), because they share the specific characteristics of  that hospital (a certain patient 
selection, physician experience, local protocols, etc). However, apart from clustered indi-
viduals, a study may also consider multiple observations per individual, which implies that 
the observations within a patient are clustered.

Datasets from studies evaluating the diagnostic performance of  imaging tests commonly 
contain multiple observations per patient. For example, we typically have data on 17 seg-
ments in 4 vessels per patient in evaluating the coronary arteries, 33 segments in 21 ves-
sels per patient in evaluating the peripheral arteries, 8 segments in evaluating the liver, 5 
segments in evaluating the breast, and a large number of  possible organs and diagnoses in 
whole-body imaging. In situations like this, the observations within a patient are clustered. 

The choice of  level of  analysis should be dictated by the clinical decision that follows. 
For example, if  the decision is medical therapy versus no medication, the level of  analysis 
should be the patient. If  the next management decision is perform catheter angiography or 
not, the logical level of  analysis is also the patient. However, if  the decision is the choice of  
vessels that may require intervention, then the level of  analysis should be the vessel. Fur-
thermore, if  the decision is whether to perform balloon angioplasty and stent placement, 
the logical level of  analysis would be the segment. 

When the level of  interest involves vessels or segments, the observations are clustered 
within the patient. Observations within patients (clusters) are often positively correlated 
which may lead to biased estimates of  sensitivity (the probability of  a positive test result 
given presence of  disease) and specificity (the probability of  a negative test result given 
absence of  disease) when the correlated nature of  the data within each cluster is ignored. 
More importantly, an analysis ignoring correlation often yields a misleadingly small esti-
mated standard error (and 95% confidence interval (CI)) for the sensitivity and specificity 
since it erroneously counts all observations as independent observations (1). Thus, analyses 
of  data that include multiple observations per patient require some form of  adjustment to 
account for the possible correlation between observations.

Notice that the correlation here refers to the presence vs. absence of  false-negative results 
(and false-positive results respectively). The effect of  that correlation can only be measured 
by explicitly taking it into account in the analysis. 

The purpose of  this tutorial is to present and illustrate statistical methods that calculate 
sensitivity and specificity from clustered data, adjusting for the possible correlation between 
observations within each cluster. This tutorial is targeted towards statistical practitioners 
and therefore the focus is on practical guidance in the use of  the methods and the statisti-
cal software. We minimize mathematical notation and do not address the theoretical justi-
fication for the methods since this is provided by statistical textbooks (1-3) and published 
papers on this topic (4).
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Methods

Example in coronary artery disease
The methods of  analysis will be illustrated both theoretically and practically using a data-
set consisting of  50 patients with suspected coronary artery disease (CAD) each with 17 
coronary segments that have been imaged by both multidetector CT angiography (CT, the 
index test) and catheter-based angiography (CA, the reference test). In CAD, segments are 
the level of  interest when percutaneous intervention is considered for each segment. Fur-
thermore, most investigators feel that location of  disease should have an impact on how an 
observation is counted. For example, a patient with a left main coronary artery stenosis that 
is missed by CT and an incorrectly identified distal right coronary artery stenosis would be 
counted as a true positive observation in a patient-level analysis, whereas in a segment-level 
analysis it would be counted as one false-negative observation and one false-positive obser-
vation. In addition, using the segment as level of  analysis has the opportune side-effect of  
increasing the number of  observations (i.e. the sample size). This effect may appear to be 
beneficial, although the additional observations obtained are not independent observations, 
and the “effective sample size” is usually smaller than the total number of  observations. 
Therefore, the increase in sample size (more precision, smaller 95% CIs) is counterbalanced 
by adjusting for the correlated nature of  the data (less precision, wider 95% CIs). If  there is 
no correlation, the effective sample size is equal to the number of  observations, whereas if  
the correlation is perfect (no variation in observations within clusters), the effective sample 
size equals the number of  clusters. Sample size calculations for studies with a clustered 
design should focus on the effective sample size by taking into account the correlation and 
the cluster size (3). 

The vessel-level analysis will be omitted since the analyses are similar. Furthermore, the de-
tails of  the data collection and image interpretation (5) are irrelevant to the purpose of  this 
paper and we will therefore not elaborate on these. Examples of  software code in STATA 
are provided in the Appendix 1. Background information and mathematical notations are 
provided in Appendix 2. 

Method 1) Analysis at different levels ignoring correlation
The simplest and most commonly used method in the analysis of  diagnostic test data is to 
analyze the data at different levels, i.e. the level of  analysis is patient and segment respec-
tively. The difference in results gives some insight into how the multiple observations per 
patient affect the estimates of  sensitivity and specificity and their corresponding CIs. 

Several approaches may be taken in the patient-level analysis, where test positivity (Test+) 
and test negativity (Test-) are defined at the patient level. A positive/negative test might be 
based on one observation randomly picked from each patient or, alternatively, may be based 
on a summary measure of  all the observations. In CAD, the test result from a patient is typi-
cally counted as true (resp. false) positive if  the reference standard CA demonstrated signifi-
cant (resp. no significant) CAD anywhere in the coronary tree and anywhere in the coronary 
artery tree a significant stenosis was diagnosed on CT. If  the number of  patients with a true 
positive, false-negative, false-positive, and true negative test result are respectively TP, FN, 
FP, and TN, then we calculate sensitivity and specificity as follows:

The variance and standard error of  these estimates can be calculated based on the binomial 
distribution, as follows:

 and 

and

The corresponding 95% CIs (for large samples) are:

and .

The calculation of  the 95% CI above uses the approximation to the normal distribution for 
a binomial proportion which is valid if  the dataset is fairly large (≥10 TP, ≥10 FN, ≥10 FP 
and ≥10 TN observations) (3). Alternatively, one can calculate the exact binomial Cl with 
statistical software packages (Appendix 1), which will provide a one-sided (97.5%) CI if  
sensitivity (or specificity) is equal to one.

The remaining part of  this tutorial focuses on the segment-level analysis. In the segment-
level analysis a segment is counted as a true (resp. false) positive observation if  a significant 
stenosis was diagnosed on CT in that segment when the reference standard CA demon-
strated significant (resp. no significant) CAD in the same segment. Although it is recognized 
that the sensitivity (and specificity) of  CT may be different across segments (due to differ-
ences in size and location of  vessels), this tutorial assumes that the parameter of  interest 
includes the mean estimate of  sensitivity (and specificity) across segments. This implies that 
the sensitivity (and specificity) is assumed to be similar across segments. This assumption 
is reasonable in most situations, and often used for simplicity. If  there is strong evidence 
that differences in sensitivity (and specificity) across segments exist, one can stratify or use 
a multivariate approach (not covered by this tutorial). 

In the segment-level analysis ignoring correlation, the data from different segments are 
pooled ignoring the possible dependency and correlation between units within each patient 
(the cluster). Calculations are as above (Appendix 2). One can examine the correlation 
between the observations within the clusters to estimate to what extent this may affect the 
95% CIs. A low intraclass correlation coefficient (see Method 2b) implies that the analysis 
with and without correction will yield similar results. 

Method 2) Adjusting the variance 
If  dependency between multiple observations from the same patient (cluster) exists, then 
we would expect there to be a positive correlation between observations and a correspond-
ing increase in the variance of  the parameter estimates. The mean estimate of  sensitivity 
and specificity at the segment-level may be unbiased when the correlation is ignored, but the 
variance is always underestimated. 
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The following three approaches assume that the mean estimates of  the segment-level sen-
sitivity and specificity obtained using Method 1 are correct and only provide an estimate of  
the adjusted variance. The adjusted CI is calculated using the adjusted standard error (see 
above), which is equal to the square root of  the variance.

a) Adjusting the variance of  sensitivity and specificity with the ratio estimator

An adjusted estimate of  the variance can be calculated using the patient- (cluster-) specific 
estimate of  sensitivity and specificity, weights proportional to the ratio of  diseased (and 
non-diseased) observations in each patient and the mean cluster size for the diseased (and 
non-diseased) observations for sensitivity and specificity, respectively (1, 6). This approach 
can be applied using a spreadsheet. See Appendix 2 for more details.

b) Adjusting the variance of  sensitivity and specificity with the variance inflation factor

The variance of  sensitivity and specificity can also be adjusted with the variance inflation 
factor (VIF) (2). The VIF takes into account the cluster-size-weighted average cluster size 
(cluster size = number of  observations per patient) and the intraclass correlation coeffi-
cient, which represents the resemblance between any two observations within a cluster. For 
every additional observation per patient the variance is inflated by the intraclass correlation. 
From the formula of  the VIF, it can be seen that if  the number of  observations per patient 
is low and the intraclass correlation is low, the clustered nature of  the data may have a neg-
ligible effect on the results. This method can be applied using a spreadsheet if  the intraclass 
correlation coefficient is known. See Appendix 2 for more details.

The intraclass correlation coefficient (ICC) ρ is a measure for the amount of  clustering, and 
is defined as the between-cluster variance divided by the total variance (between-cluster + 
within-cluster variance) (3). If  the observations within a cluster are highly correlated (i.e. if  
the within-cluster variance is small), the ICC will approach one. In the context of  sensitiv-
ity and specificity (binary data), the ICC can be calculated using the natural estimator (2) 
for ρ in a spreadsheet (see Appendix 2 and Table E2) or by fitting a logistic random-effects 
model (Method 3) with a random intercept only. The output provides the estimate of  ρ, or 
provides the standard deviation of  the random effect (σu) which can be used to calculate ρ 
(Appendix 2).

c) Sandwich estimator of  the variance

The third approach adjusts the variance of  sensitivity and specificity as obtained by fitting a 
regular logistic regression model that ignores correlation. The formula (not shown) for the 
calculation of  the adjusted variance resembles a sandwich, hence its name “sandwich esti-
mator” (7). This method can be applied by fitting a logistic regression model and specifying 
the clustered robust standard error option (Appendix 1) 

Method 3) Logistic random-effects models
Synonyms: Mixed models, hierarchical models, cross-sectional time series

The test characteristics sensitivity and specificity adjusted for correlation can be modeled 
using a logistic random-effects regression model (8-9). This method is comparable to per-
forming a regular logistic regression, but now it is assumed that the sensitivity and speci-
ficity exhibit some variation around a common mean across the patients (clusters). The 
simplest approach is to consider only a random intercept, i.e. a random effect across clus-
ters, which allows for clustering of  observations within patients. The random intercept is 

assumed to follow a normal distribution, which implies that the patients specific sensitivities or 
specificities are assumed to follow a certain distribution (in fact a logit normal distribution). This 
approach yields the median sensitivity and specificity (corresponding to random intercept = 0) 
across all patient-specific estimates of  sensitivity (and specificity) assuming of  course that the 
assumed model is correct. To obtain an estimate of  the average sensitivity and specificity across 
the patient population (also called ‘population-averaged’) one needs to average the sensitivity and 
specificity over the (normal) distribution of  the random intercept and this involves a numerical 
integration. How this needs to be done is, however beyond the scope of  this tutorial. 

The strengths of  the random-effects approach include the efficiency for analyzing small 
datasets, and the opportunity to draw correct inferences for clustered data in both unpaired 
and paired study designs (10). 

Method 4) Generalized estimating equations (GEE)
Synonyms: Population-averaged model, marginal model

Sensitivity and specificity estimates adjusted for correlation within patients can also be mod-
eled using the generalized estimating equations (GEE) approach (2, 11-13). The GEE ap-
proach requires only a rough guess of  the correlation structure among the clustered obser-
vations and is therefore called a ‘working correlation matrix’. When this correlation matrix 
is specified as ‘independent’ (which corresponds to no correlation), the GEE estimates are 
identical to the estimates obtained by using logistic regression and a sandwich estimator for 
the variance (Method 2c). For a relatively large sample size (it is difficult to define “large”), 
the confidence intervals obtained with GEE are valid, even when the correlation matrix is 
not correct. However, the better the correlation matrix is specified, the greater the precision 
of  the results, i.e. smaller CIs. Thus, misspecification will lead to somewhat conservative 
estimates of  the 95% CIs. 

Using the robust sandwich estimator of  the variance allows us to draw correct inferences 
even when the correlation structure is misspecified (2). However, as seen above it is wise 
to make a good guess of  the correlation structure (14). For instance, one could choose for 
an exchangeable correlation structure when it is reasonable to assume that the correlation 
among observations in the same cluster are equal. When there is a measure of  distance 
between observations (in time or in space) one may let the correlation decrease with an 
increasing distance. An example of  a correlation structure of  that type is the autoregressive 
or m-dependent correlation matrix. 

In contrast to random-effects models, the correlation itself  is not of  primary interest in the 
GEE approach. Furthermore, in the GEE approach the estimated sensitivity (and specific-
ity) is interpreted as the weighted average across the study population (“population-av-
eraged”), in other words, the GEE approach delivers the mean sensitivity and specificity 
across all patient-specific estimates of  sensitivity (and specificity). This is in contrast to 
the sensitivity (and specificity) in a random-effects model which has a conditional (on the 
random effects) interpretation. Therefore, the point estimates obtained with a GEE are in 
general different from the point estimates obtained with a logistic random-effects. Finally, 
the GEE approach is less efficient compared to the random-effects approach because it is 
based on less assumptions (is not based on a fully specified probability model as the random 
effects approach (3)). On the positive side we can say that, for the same reason, the GEE 
approach is more robust against model mis-specification. 
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The impact of  covariables on sensitivity and specificity 
Although the overall estimate of  sensitivity and specificity (adjusted for clustering within pa-
tients) is informative and a logical first step in the analysis of  diagnostic data, certain factors 
(i.e. covariables) that may influence sensitivity or specificity are often of  interest. For example, 
patient characteristics may impact the diagnostic performance of  a test. For example, the sen-
sitivity of  coronary CT angiography can be different in male vs. female patients or in patients 
with vs. without a history of  CAD. In addition, a newer scan protocol, a more experienced 
reader, or a more advanced imaging technique may result in better diagnostic performance. 

The simplest approach to analyzing the impact of  covariables is to stratify and repeat the 
analysis across strata of  the covariable, although this may not be possible when considering 
continuous variables or small datasets. Regression models (Method 2c, 3, and 4) are easily 
extended with covariables in order to see which factors determine sensitivity and specificity. 
The next step is then to compare and test the difference between sensitivity and specificity 
for different levels/values of  the covariable. 

Since diagnostic studies often aim to compare the diagnostic performance of  two different 
tests (e.g. test A vs. test B), the methods for analyzing the impact of  a covariable will be 
illustrated for this situation. Moreover, when two tests are performed in each patient (i.e. a 
paired study design), the observations of  test A and B within each patient are correlated as 
well (Figure 1). This correlation (in addition to the correlation between segments in patients) 
should be taken into account when testing the hypothesis of  equal diagnostic performance. 
If  this correlation is ignored, the variance of  the difference will be too large making it less 
likely that the null hypothesis of  no difference is rejected (1). On the other hand, when 
the two tests are performed in different patient populations or when considering patient-
specific characteristics (e.g. sex, history of  CAD), the study design is unpaired (Figure 1), 
which requires no further adjustment beyond the adjustment for clustering within patients.

Example: comparing the diagnostic performance of  two tests

When comparing sensitivity (or specificity) between two different diagnostic tests, we usu-
ally test the null hypothesis that the sensitivity of  test A and B are equal, i.e. that the dif-
ference equals zero. Hereto, we need to calculate the CI of  the difference. The appropriate 
method for this depends on whether the study design was paired or unpaired (Table 1, 
Appendix 1). 

Patient-level and segment-level ignoring correlation

Stratification for type of  test and standard tests for independent proportions (and Fisher’s 
exact test for small samples) can be used for unpaired study designs. For a paired study 
design McNemar’s test for dependent proportions should be used (which follows a χ2 distribu-
tion for large samples and binomial distribution for small samples). The paired analysis can 
be extended with covariables using conditional logistic regression.

Variance adjustment: Ratio Estimator and VIF

To calculate the CI of  the difference between tests A and B, the variance of  the difference 
needs to be estimated based on the adjusted variances as obtained with the Ratio Estimator 
or VIF stratified for type of  test, for unpaired study designs. For paired study designs, the 
correlation between sensitivity A and sensitivity B (or specificity A and specificity B) – the 
covariance – is also required (Appendix 2).

Logistic regression with sandwich estimators, logistic random-effects regression, and GEE

The comparison of  tests A and B with regression models is easily carried out by including 
an indicator variable (e.g. test_type) that indicates the test being considered. For unpaired 
study designs, the Wald-test provided in the statistical output corresponds to the null-hy-
pothesis that the estimated β-coefficient of  test_type equals zero (i.e. that there is no differ-
ence between test A and B) (Table 1). For a paired study design, either a logistic random-
effects model with random effects across patients (correlation between segments) as well 
as random effects across segments within patients (correlation between test A and B), or a 
GEE model can be used. 

Missing data 
Missing values occur in almost all clinical studies. An analysis restricted to observations 
without missing values (complete case analysis) is inefficient because missingness is com-
mon. Furthermore, a complete case analysis often results in biased estimates of  sensitivity 
and specificity when systematic differences are present between patients (or segments) with 
and without complete data with regard to the test results (15). When considering missing 
test results (missing outcomes), the missing data mechanism is important, because the differ-
ent methods to analyze sensitivity and specificity differ in robustness regarding the missing 
data mechanism. 

The reason for having missing observations (i.e. test results) can be independent of  all 
measured and unmeasured observations. In that case, it is said that the missing data pro-
cess is missing completely at random, abbreviated as MCAR (Table 2). If  missingness of  
observations is related to measured observations but independent of  unmeasured observa-
tions, for example if  a segment was not analyzed (and therefore “missing”) solely because 
of  its location distally to an occlusion, then it is referred to a missing at random process 
(MAR) (Table 2). Missing not at random (MNAR) occurs when observations are missing 
because of  the nature of  the missing observation itself, or when the missingness is related 
to unobserved or unmeasured data (16). For example, a segment may be uninterpretable and 
excluded because of  severe calcification. In this case, the severity of  disease is related to the 
missingness (Table 2).

The presence of  missing data always results in an overestimation of  the true variance of  
the parameter estimates, since less data available results in less precision. Apart from the 

Figure 1. Schematic representation of  the unpaired and paired study design. Black circles indicate individual 
patients, A refers to test A, and B refers to test B, s1,2,3 represent multiple segments that are observed per patient. 
In a paired design, each patient undergoes test A and B. Therefore, not only the correlation between segments in 
patients, but also the correlation of  two test results for each segment should be accounted for. The same concept 
applies to a design with two readers, two scan protocols etc. 
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bias that occurs because of  omitting relevant covariables, missing data can also affect the 
parameter estimates, however this is dependent on the missing data mechanism and the 
model being considered.

Applying a GEE model to a dataset with missing test results may cause problems (2), be-
cause the GEE approach assumes the MCAR missingness process. In that case the param-
eter estimates obtained with GEE are consistent (close to the true value). But in many situa-
tions missingness occurs at random, for which case weighted GEE methods should be used 
(17). In contrast, random-effects models allow for MAR missingness, which means that the 
parameter estimates are consistent (close to the true value) even when the model is applied 
to data with test results that are missing at random.

For missing data in covariables as opposed to missing data in test results (outcomes), other 
procedures such as (multiple) imputation methods should be used (16, 18). For missing data 
in the reference standard that resulted in verification bias, other adjustments are necessary 
(19-20). 

Results

Table 1 provides an overview of  the methods described in this tutorial. See Appendix 1 for 
statistical code.

As an illustration, Table 3 presents an overview of  the results of  the dataset on coronary 
CT with catheter-based angiography as reference test, using the methods described. The 
number of  segments per patient ranged from 9 to 17 (mean 14). The number of  diseased 
segments per patient ranged from 0 to 7 (mean 2.5). The number of  non-diseased segments 
per patient ranged from 4 to 16 (mean 12.2). The intraclass correlation coefficient ρ was 
0.18 for the diseased segments (38 clusters) and 0.02 for the non-diseased segments (50 
clusters) as calculated with the natural estimator for ρ. The VIF for sensitivity was 1.46 and 
for specificity it was 1.22. 
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Mechanism Description Missing/
uninterpretable 
segment caused by:

Results Solution

Missing completely at 
random (MCAR)

Missingness 
independent of other 
test results and 
unobserved test results

Motion artifacts, 
technical problems,
high heart rate

Unbiased -

Missing at random 
(MAR)

Missingness related to 
observed data

Variations in coronary 
anatomy, location 
distal to an occlusion, 
segments with stents

Overestimation* 
of sensitivity and 
specificity

Use random-effects 
models 

Missing not at random 
(MNAR)

Missingness related to 
unobserved test results 
or the value of the 
missing observation 
itself

Calcification Underestimation of 
sensitivity

Score segments 
as positive when 
uninterpretable due to 
calcification

*	 Missing segments caused by variations in coronary anatomy and occlusions are most often distal segments, which are generally 
smaller and more difficult to interpret. Omitting segments that are more difficult to assess is likely to result in an overestimation of 
diagnostic performance. 

Table 2. Missing data mechanisms.
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Notice that the patient-level analysis yields a higher sensitivity and lower specificity than the 
analysis at the segment level. Sensitivity decreased because at the level of  segments every 
stenosis needs to be identified separately to count as a true positive. In other words, by 
increasing the number of  observations (segments) per patient we increase the opportunity 
to miss a lesion in an individual segment whereas the diagnosis ‘’any’’ CAD in the patient is 
usually fairly straightforward. Analogously, specificity increased because at the level of  seg-
ments multiple segments without disease are added to the dataset increasing the opportunity 
to call a true negative observation. 

The segment-level analyses using variance adjustment yielded slightly wider CIs compared 
to the analyses that ignored correlation. The three different approaches to perform variance 
adjustment were very similar. The random-effects model and the GEE approach yielded 
comparable point estimates and wider CIs compared to the variance adjustment. Please 
note that a judgement on which method is superior should not be based on the width of  the 
confidence intervals, but rather on whether the estimated confidence intervals reflect the 
true uncertainty in the data. This cannot be judged from one study but must follow from 
the above mentioned theoretical considerations and whether these apply to the current data.

The adjusted CIs of  the specificity were more similar to the unadjusted CIs, than was the case 
for the sensitivity. This is explained by the magnitude of  the correlation, which was low for 
the non-diseased segments (ρ = 0.02), and relatively high for the diseased segments (ρ = 0.18).

Discussion

In this paper we summarized commonly used statistical methods for calculating sensitivity 
and specificity of  clustered data, adjusting for the possible correlation between observa-
tions within each patient (cluster). In our example, the methods yielded comparable results. 
However, for other applications results may vary more depending on the method of  analysis 
used, the magnitude of  the correlation, and the number of  observations per cluster. 

In this tutorial we focused on the analysis of  data with correlation between observations 
from the same patient where all observations have been obtained with one or two tests 
interpreted by one reader. This is the situation that we are most often confronted with. An-
other similar problem with correlated data has received far more attention in the literature, 
that is, analysis of  multiple observations from the same patient from the performance of  
multiple tests and/or tests interpreted by multiple readers (8, 21-29). From an analytical 
point of  view the difference between the two situations is irrelevant: both situations involve 
clustered correlated observations and the methods described can be applied to both. From 
a practical point of  view the adjustment is probably more important in situations with mul-
tiple readers. Interpretations from multiple readers are highly likely to be correlated, making 
adjustment for the clustered nature of  the data in those situations really important.

Several previous papers discussed other methods for the analysis of  clustered data in the 
context of  diagnostic test evaluation, which were not considered in this tutorial. Our aim 
was to create a practical guide for radiologists involved in research, discussing the most 
common methods for adjusting sensitivity and specificity for clustered data. However, ad-
justment of  other statistics and other adjustment methods deserve mentioning. For exam-
ple, Gonen et al. discussed the adjustment of  the χ2 statistic in the case of  binary response 
data and the adjustment of  the t-statistic in the case of  continuous data (30). Both the χ2 and 
t-statistic can be adjusted by dividing by a correction factor which is equivalent to the VIF 
described in the methods section (2). In another article, Beam et al. described the analysis 
of  clustered data, in particular random-effects models, in the context of  receiver-operating-
characteristic (ROC) analysis (21-22). Obuchowski et al. discussed data analysis of  clustered 
ROC data focusing on the calculation of  the area under the ROC curve and its variance (24). 
Toledano et al. presented an ordinal regression methodology for the analysis of  correlated 
ROC curve data (26-27). They applied the method to adjust for multiple interpretations of  
the same diagnostic study and examination of  the same patients with multiple diagnostic 
modalities. Although an elegant method, it requires dedicated statistical expertise and spe-
cial software. Rutter et al. described a bootstrap approach for estimating sensitivity, specific-
ity, and the ROC curve for patient-clustered data (31). 

In this tutorial, we consistently used separate models for sensitivity and specificity. An al-
ternative modeling approach is to use a single model that includes disease status as an inde-
pendent variable (13). A limitation of  using a one-model approach is that the correlations 
for false-negative and false-positive test results among diseased and non-diseased obser-
vations respectively, are combined and assumed to be equal. In our example, the correla-
tion between diseased observations was clearly higher compared to the correlation between 
non-diseased observations. Furthermore, the two-model approach is easier to understand, 
calculate, and interpret.

The calculation of  sensitivity and specificity relies on the availability of  a well-established 
reference standard. If  a reference standard is lacking, kappa statistics could be used to study 
agreement (32-33). 

In some clinical problems involving continuous tissues, the data structure is not as clear as 
in our example in CAD. The segmentation for continuous tissues can be arbitrary and there 
can be numerous ways to define it. Subsequently, the estimates of  sensitivity and specificity 
may vary depending on the choice of  segmentation. Most importantly, when the number 

Level Method Sensitivity 95%CI Specificity 95%CI

Patient Binomial proportion
Binomial proportion (exact CI)

Logistic regression

92.1
92.1
92.1

83.1-101.1
78.6-98.3
78.2-97.4

58.3
58.3
58.3

25.6-91.1
27.7-84.8
30.8-81.5

Segment (1) Analysis ignoring correlation 
Binomial proportion

Binomial proportion (exact CI)
Logistic regression

53.8
53.8
53.8

43.4-64.1
43.1-64.2
43.6-63.6

88.3
88.3
88.3

85.8-90.9
85.5-90.8
85.5-90.7

(2) Variance adjustment
Ratio estimator

Variance inflation factor
Logistic regression with sandwich estimator

53.8
53.8
53.8

41.4-66.2
41.5-66.0
41.4-65.7

88.3
88.3
88.3

85.5-91.2
85.5-91.2
85.2-90.9

(3) Logistic random-effects model
Random effect across clusters * 53.9 37.7-70.1 89.0 85.9-92.1

(4) Generalized estimating equations
Exchangeable correlation matrix 53.1 40.7-65.2 88.3 85.1-90.8

*	 Estimates conditional on the random effects

Table 3. Estimates of  sensitivity and specificity and their 95% confidence intervals calculated with various 
methods. 
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of  segments is increased, the number of  non-diseased segments is artificially increased. 
Lesions are usually small compared to the size of  a segment, resulting in relatively more 
non-diseased segments if  a smaller segmentation is chosen. This results in an overestima-
tion of  the specificity. The number of  diseased segments may also increase, but only if  the 
size of  the segments becomes small relative to the usual size of  a lesion (one lesion may 
then cover multiple segments, which increases the number of  diseased segments). Zwinder-
man et al. (34) recently proposed a method to calculate sensitivity and specificity taking into 
account the clustering of  the data without the need to define segments. Instead of  defin-
ing segments, they use a so called “per-lesion” approach and use a Poisson random-effects 
model to calculate the number of  false-positive lesions in a patient. Sensitivity defined as the 
proportion of  lesions that is detected was modeled with either GEE or a random-effects 
model.

In conclusion, this tutorial provides an overview of  methods for calculating sensitivity and 
specificity for clustered data. The choice of  method and the level of  reporting should 
always correspond with the clinical context and consequences. If  multiple observations 
per patient are relevant to the clinical decision problem, the potential correlation between 
observations should be explored and taken into account in the statistical analysis. Statistical 
code for the various methods is provided in Appendix 1.
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Appendix 1 – Data structure and statistical code (STATA)

The examples below show the different data structures that are required for patient- and 
segment-level analysis. A positive test result is coded as 1 and a negative test result is coded 
as 0. The inverse coding is indicated with “inv_test”. When two index tests are of  interest, 
the indicator variable “test_type” can be used.

Patient 	 = patient identification number (identifies the clusters i =1…I)
j 	 = number of  available observations per cluster
TP 	 = number of  true positive observations
FN 	 = number of  false-negative observations
FP 	 = number of  false-positive observations
TN	 = number of  true negative observations
D 	 = number of  diseased observations
N 	 = number of  non-diseased observations
test	 = index test result (1 if  positive, 0 if  negative)
inv_test	 = inverse of  test
disease 	 = presence of  disease according to reference test
test_type	 = indicator variable if  multiple index tests are considered, e.g. 0 = test A, 
	 1 = test B

Figure A1. Data structure and coding 1: for unpaired and paired* designs

Patient (i) j TP FN FP TN D N test inv_test disease test_type

1 14 3 2 1 8 5 9 1 0 1 0

2 17 0 1 0 16 1 16 0 1 1 0

3 12 2 0 2 8 2 10 1 0 1 0

4 15 0 0 2 13 0 15 1 0 0 1

5 16 0 0 0 16 0 16 0 1 0 1

6 17 2 1 5 9 3 14 1 0 1 1

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

I 17 17 17 17 17 17 17 1 1 1 1

* In a paired study design, the variable test_type is omitted and columns n, TP, FN, FP, TN, D, N, test, and inv_test are duplicated. nA, 
TPA…etc. for index test A, and nB, TPB… etc. for index test B
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Figure A2. Data structure and coding 2: for unpaired and paired* study designs

observation patient (i) segment test inv_test disease test_type

1 1 1 1 0 1 0

2 1 2 0 1 0 0

3 1 3 0 1 0 0

4 1 4 0 1 0 0

5 1 5 0 1 0 0

6 1 6 0 1 0 0

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

17I I 17 1 1 1 1

* In a paired study design, each observation is entered twice, once with test_type==0 and once with test_type==1

Figure A3. Data structure and coding 3: for paired study designs

observation Patient (i) segment testA inv_testA testB inv_testB disease

1 1 1 1 0 1 0 1

2 1 2 0 1 0 1 0

3 1 3 0 1 0 1 0

4 1 4 0 1 1 0 0

5 1 5 0 1 0 1 0

6 1 6 0 1 0 1 0

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

•
•
•

17I I 17 1 1 1 1 1

*(1) Analysis at different levels (ignoring correlation) 

* Sensitivity, specificity, and 95% confidence intervals. Patient-level: Fig. A1, segment-level: Fig. A2.

***** Sensitivity
ci test if  disease==1
ci test if  disease==1, binomial exact
***** Logit of  sensitivity
logit test if  disease==1

***** Specificity
ci inv_test if  disease==0
ci inv_test if  disease==0, binomial exact
***** Logit of  specificity
logit inv_test if  disease==0

* Test difference between test A and B for unpaired study design. Patient level: Fig. A1,  
segment-level Fig A2. 

***** Sensitivity
prtest test if  disease==1, by(test_type)
tabulate test test_type if  disease==1, exact

***** Specificity
prtest inv_test if  disease==0, by(test_type)
tabulate inv_test test_type if  disease==0, exact

* Test difference between test A and B for paired study design. Patient level: Fig. A1,  
segment-level: Fig. A3.

→ The first line of  code tabulates the true positive results for test A vs. B.  
Use the numbers in the table to perform McNemar’s test for dependent proportions. 

 

	 = mcci 37 6 16 34

***** Sensitivity
tabulate test_A test_B if  disease==1
mcci … … … …

***** Specificity
tabulate inv_test_A inv_test_B if  disease==0
mcci … … … …

test_B Total

test_A 0 1

0 37 6 43

1 16 34 50

53 40 93
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*(2) Segment-level analysis – a) Ratio estimator

Example excel-sheet can be downloaded via: https://sites.google.com/site/artgroupsite/download 

*(2) Segment-level analysis – b) Variance Inflation Factor

Example excel-sheet can be downloaded via: https://sites.google.com/site/artgroupsite/download 

*(2) Segment-level analysis – c) Sandwich estimator 

* Sensitivity, specificity, and 95% confidence intervals: Fig. A2

***** Logit of  sensitivity
logit test if  disease==1, vce(cluster patient)
***** Logit of  specificity
logit inv_test if  disease==0, vce(cluster patient)

* Test difference between test A and B for unpaired study designs: Fig. A2 

***** Logit of  sensitivity
logit test test_type if  disease==1, vce(cluster patient)
* Logit sensitivity for Test A
lincom _cons
* Logit sensitivity for Test B
lincom _cons+ test_type

***** Logit of  specificity
logit inv_test test_type if  disease==0, vce(cluster patient)
* Logit specificity for Test A
lincom _cons
* Logit specificity for Test B
lincom _cons+ test_type

*(3) Segment-level analysis – Logistic random-effects model

* Sensitivity, specificity, and 95% confidence intervals: Fig. A2

***** Logit of  sensitivity
xtmelogit test if  disease==1 || patient: 
***** Logit of  specificity
xtmelogit inv_test if  disease==0 || patient:

* Test difference between test A and B for unpaired study designs: Fig. A2

***** Logit of  sensitivity
xtmelogit test test_type if  disease==1 || patient:
***** Logit of  specificity
xtmelogit inv_test test_type if  disease==0 || patient: 

* Test difference between test A and B for paired study designs: Fig.A2

***** Logit of  sensitivity
xtmelogit test test_type if  disease==1 || patient: || segment:
***** Logit of  specificity
xtmelogit inv_test test_type if  disease==0 || patient: || segment: 

*(4) Segment-level analysis – Generalized estimating equations

* Sensitivity, specificity, and 95% confidence intervals: Fig. A2

***** Logit of  sensitivity
xtgee test if  disease==1, family(binomial) link(logit) i(patient) corr(exchangeable) 
vce(robust)
***** Logit of  specificity
xtgee inv_test if  disease==0, family(binomial) link(logit) i(patient) corr(exchangeable) 
vce(robust)

* Test difference between test A and B for paired and unpaired study designs: Fig. A2

***** Logit of  sensitivity
xtgee test test_type if  disease==1, family(binomial) link(logit) i(patient) 
corr(exchangeable) vce(robust)
* Logit sensitivity for Test A
lincom _cons
* Logit sensitivity for Test B
lincom _cons+ test_type

***** Logit of  specificity
xtgee inv_test test_type if  disease==0, family(binomial) link(logit) i(patient) 
corr(exchangeable) vce(robust)
* Logit sensitivity for Test A
lincom _cons
* Logit sensitivity for Test B
lincom _cons+ test_type
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Appendix 2. Background material

(1) Segment-level analysis ignoring correlation 

Assume we have i=1….I clusters (i.e. patients), with TPi true positive, TNi true negative, 
FNi false-negative, and FPi false-positive observations in the ith cluster. The analysis at the 
segment-level can then be formulated as follows: 

From hereon, the summation sign will be used to imply summation across the i=1…I clus-
ters. 

Ignoring the clustered nature of  the data, the standard errors (and corresponding 95% con-
fidence intervals) would be calculated similar to the above:

 
Comparing the diagnostic performance of  test A versus test B

The comparison of  sensitivity (or specificity) can be tested using a test of  proportions. For 
unpaired study designs (i.e. test A and B are performed in different patients), the test sta-
tistics for sensitivity and specificity are:

 

which are distributed normally for large samples, with

.

For paired study designs, McNemar’s test for dependent proportions should be used.

(2) Segment-level analysis – Adjusting the variance 

Ratio estimator 

(Example excel-sheet can be downloaded via: https://sites.google.com/site/artgroupsite/
download) 

If  sensi and speci are the sensitivity and specificity calculated using the data from the ith clus-
ter only, i.e. sensi = TPi / (TPi + FNi ) and speci = TNi / (FPi + TNi ), and we have Di and Ni 
diseased and non-diseased observations, respectively, in the ith cluster (with Di = TPi + FNi 
and Ni = FPi + TNi ) then overall sensitivity and specificity can be calculated as:

This yields the same result as before but it is expressed slightly differently. The correspond-
ing standard errors adjusted for clustering are calculated as:

where	 and	  are the mean cluster sizes for the diseased and non-
diseased observations, respectively, and ID and IN are the number of  clusters (patients) with 
diseased and non-diseased segments respectively (1).

Ratio Estimator : Comparing the diagnostic performance of  two tests (A vs. B)

In an unpaired study design, the comparison of  sensitivity or specificity can be carried out 
using the z-test as described above. However, the variance of  the difference between test A 
and B should be calculated based on the variance of  sensitivity (and specificity) which was 
adjusted for the correlation between segments.

In a paired study design, the covariance between test A and B should be included when 
calculating the variance of  the difference: 

where Varadjusted refers to the variance adjusted with the Ratio Estimator, calculated separately 
for test A and B.
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The covariance (under the null hypothesis that both tests are equal) can be calculated using:

where sens (and spec) denote the overall sensitivity (and specificity) across test A and B (1).

Variance inflation factor 
(Example excel-sheet can be downloaded via: https://sites.google.com/site/artgroupsite/
download)

The standard errors adjusted using the Variance Inflation Factor (VIF) are calculated as 
follows:

with 

 
with 

where	 and	 and	 and	 are the intraclass correlation coefficients 
among the diseased and non-diseased segments respectively. The intraclass correlation coef-
ficient (ICC) ρ can be estimated using the natural estimator (2) in a spreadsheet (see Excel 
file). Furthermore, a random-effects model with a random effect across patients can provide 
an estimate of  ρ , but sometimes only provides an estimate of  the standard deviation (	 ) 
of  the random effect. The ICC is then calculated as follows:

Variance Inflation Factor : Comparing the diagnostic performance of  test A versus test B
The following formula can be used to calculate the variance of  the difference in sensitivity 
(or specificity), when the variance inflation factor is used to adjust for correlation (2):

where Varadjusted refers to the variance adjusted with the Variance Inflation Factor calculated 
separately for test A and B, and where the covariance (“Cov”) equals zero when the study 
design is unpaired (i.e. test A and B were performed in different patients). In a paired study 
design, the covariance is non-zero, and is calculated as follows:
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∑ 












−−








−
= ))((

)1(
1),( ,,

2

specspecspecspec
N
N

II
specspecCov iBiA

i

NN
BA

∑ +
−

=
)(
)1()(
ii

sens FNTP
senssensVIFsensSE 










−∑ 
















+= Di

i
sens D

D
D

VIF ρ)1(1

∑ +
−

=
)(
)1()(
ii

spec TNFP
specspecVIFspecSE











−∑ 
















+= Ni

i
spec N

N
N

VIF ρ)1(1

3

2
2

2

πσ

σ
ρ

+

=

u

u

 
∑ ∑⋅

∑∑
⋅−+=−

iBiA

iBiA
adjustedBadjustedABA DD

TPTPCov
sensVarsensVarsenssensVar

,,

,, ),(
2)()()(

 ∑= iDD  ∑= iNN  Dρ  Nρ

 uσ

∑ ∑⋅
∑∑

⋅−+=−
iBiA

iBiA
adjustedBadjustedABA NN

TNTNCov
specVarspecVarspecspecVar

,,

,, ),(
2)()()(

 ∑⋅−⋅−⋅=∑∑ ))(()1()1(),( ,,diseased ,,, iBiABBAAABiBiA DDsenssenssenssensTPTPCov ρ

 ∑⋅−⋅−⋅=∑∑ ))(()1()1(),( ,,diseasednon  ,,, iBiABBAAABiBiA NNspecspecspecspecTNTNCov ρ

∑ −⋅−⋅

∑ ⋅−⋅−
=

))1()1((

))())(((

,,

,,,,
diseased ,

BBAAiBiA

BiBiBAiAiA
AB

senssenssenssensDD

sensDTPsensDTP
ρ

∑ −⋅−⋅

∑ ⋅−⋅−
=

))1()1((

))())(((

,,

,,,,
diseasednon  ,

BBAAiBiA

BiBiBAiAiA
AB

specspecspecspecNN

specNTNspecNTN
ρ

∑ 












−−








−

= ))((
)1(

1),( ,,

2

senssenssenssens
D
D

II
senssensCov iBiA

i

DD
BA



Chapter 14
Summary and Discussion



316 317

Chapter 14 Summary and Discussion

Part I. Preface

In this thesis, our aim was to determine the optimal diagnostic strategy for patients who 
are suspected of  having coronary artery disease (CAD). We evaluated several imaging tests 
(CT angiography, perfusion MRI, SPECT, and echocardiography) in terms of  diagnos-
tic performance. Study populations consisted of  patients presenting with stable chest 
pain complaints at the cardiology outpatient clinic, presenting with acute chest pain at the 
emergency department, and asymptomatic individuals at high risk for developing cardio-
vascular disease. Furthermore, we used decision-analytic models to evaluate the long-term 
cost-effectiveness of  several diagnostic strategies (CT angiography, stress perfusion MRI, 
and exercise electrocardiography) for patients with stable chest pain. To improve decisions 
regarding the optimal diagnostic test for a patient, we validated, updated, and extended 
prediction models for the estimation of  the pre-test probability of  obstructive CAD. An 
online step-wise risk calculator was developed that allows risk estimation as clinical infor-
mation and test results become available. 

Part II. Systematic reviews and meta-Analyses

Guidelines on imaging of  asymptomatic coronary artery disease
Office-based primary prevention programs aim to identify asymptomatic individuals at high 
risk for developing cardiovascular disease based on established risk factors such as: age, sex, 
smoking, lipid levels, and blood pressure. Coronary artery disease (CAD), however, has a 
pre-clinical detectable phase (i.e. atherosclerosis). Imaging of  pre-clinical atherosclerosis 
could potentially help to identify high-risk individuals. Since randomized controlled trials 
(RCTs) investigating the impact of  such imaging tests are lacking, guidelines for the use of  
imaging for asymptomatic CAD may vary. We systematically searched the literature for pub-
lished guidelines and summarized the available recommendations regarding (imaging) test 
strategies for asymptomatic CAD. Rigor of  development was assessed using the AGREE 
instrument. We found 14 guidelines with 26 recommendations on various tests for CAD: 
CT calcium scoring, CT angiography, MR angiography, single-photon emission CT, positron 
emission tomography, stress echocardiography, resting electrocardiography, and exercise 
tolerance testing. The AGREE scores varied from 21%-93%. Eight of  the 14 guidelines 
recommended against or concluded that there is insufficient evidence for testing of  asymp-
tomatic CAD. In the remaining 6 guidelines, testing was only advocated for patients with 
an a priori elevated risk level. The majority of  these guidelines supported consideration of  
CT calcium scoring in case of  intermediate CAD risk. Our systematic review demonstrates 
that existing guidelines contain conflicting recommendations regarding risk assessment by 
imaging of  asymptomatic CAD. More research, including RCTs, to determine the impact of  
imaging on clinical outcomes and costs is needed. 

Diagnostic performance of  myocardial perfusion imaging
Stress myocardial perfusion imaging (MPI) can be used in the diagnostic work-up of  patients 
who present with stable chest pain, by assessing the presence of  inducible perfusion defects 
which in turn is indicative for obstructive CAD. Different techniques are available to quan-
tify myocardial perfusion, including magnetic resonance imaging (MRI), contrast-enhanced 
echocardiography (ECHO), single-photon emission computed tomography (SPECT), and 
positron emission tomography (PET). It is difficult to compare the diagnostic performance 

of  these imaging techniques, because published meta-analyses have used different method-
ologies regarding publication period, searching the literature, selection of  the evidence, and 
analysis of  the data. To overcome this problem we performed a systematic review of  differ-
ent MPI techniques using the same selection criteria and statistical analysis for all techniques 
in order to make a fair comparison between these imaging tests. We also excluded studies 
with (potential) verification bias. Our results suggested that stress perfusion MRI is superior 
to stress perfusion ECHO and SPECT for diagnosing obstructive CAD. We found a similar 
diagnostic performance for ECHO and SPECT. 

Imaging for acute chest pain in the emergency department
Acute chest pain represents a common diagnostic dilemma in the emergency department. 
Emergency physicians and cardiologists are commonly required to make a decision whether 
or not to admit a patient, based on clinical judgment and a rough estimation of  risk, but 
without conclusive evidence whether or not an acute coronary syndrome (ACS) is devel-
oping. Patients with ACS frequently present with atypical chest pain complaints, a normal 
physical examination and an ECG that is either poorly interpretable or has normalized at 
presentation. ACS cannot be ruled out based on the initial assessment alone, which generally 
requires clinical observation and sequential testing. Optimal triage requires a quick non-
invasive test to identify patients with ACS and to accurately identify patients in whom CAD 
can be ruled out. We systematically reviewed the literature on imaging modalities used for 
patients with acute chest pain. We found that the diagnostic performance of  rest ECHO, 
rest SPECT, and coronary CT angiography for the detection of  ACS (diagnosis group 1) 
were similar. Furthermore, the diagnostic performance of  stress ECHO, stress SPECT and 
coronary CT angiography for the detection of  CAD (diagnosis group 2) was also similar. 
There was a small, non-significant difference favoring coronary CT angiography, which was 
the most sensitive test for both outcomes. We concluded with a recommendation for coro-
nary CT angiography and noted that the optimal imaging strategy, given the absence of  large 
differences in diagnostic performance, should also depend on local expertise, availability of  
equipment, and individual patient characteristics. 

Discussion
We performed systematic reviews and meta-analyses to summarize and pool available evi-
dence on guidelines and diagnostic test performance. Some limitations to these methods 
deserve mentioning. First of  all, although the search strategies were carefully designed, we 
still may have missed relevant studies. Relevant studies may also be excluded during the 
review process because of  poor study design or poor reporting (1). In addition, a ‘positive’ 
study (i.e. a study showing a significant effect or a significant difference) may be more likely 
to be published (2). This phenomenon (i.e. publication bias) leads to selectively including 
studies showing a (significant) difference, which in turn may lead to overoptimistic results. 
In Chapter 4, the presence of  publication bias was assessed by creating funnel plots. The 
funnel plots showed evidence for publication bias regarding studies on the diagnostic per-
formance of  MRI and SPECT, which means that our summary estimates of  sensitivity and 
specificity for MRI and SPECT may be overestimated. 

Other challenges in reviewing the literature include quality-assessment and heterogeneity 
across studies. We used well-established and validated tools to assess study quality, namely 
the AGREE instrument (3) for guidelines and the QUADAS tool (1) for studies of  diag-
nostic performance. Apart from the subjectivity involved in scoring study quality, which to 
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some extent is accounted for by working with two independent reviewers, the quality score 
may only reflect quality of  reporting. Thus, a well-performed study may receive a low qual-
ity score if  the methods are poorly described. Although the reverse is also possible, i.e. a 
poorly-performed study receives a high quality score , this is less likely to occur. 

Even though we systematically searched for studies with a specific PICO-question (Patient, 
Intervention, Comparison, and Outcome), our search results included studies that were very 
heterogeneous regarding study population, in- and exclusion criteria, methods, protocols, 
outcome definition, and follow-up duration. Often, the question is asked whether the studies 
are comparable and whether they should be pooled at all. In the meta-analyses of  diagnostic 
performance, we used bivariate random-effects models that allow for heterogeneity across 
studies and take into account the inverse relationship between sensitivity and specificity (4). 
Furthermore, we use meta-regression analysis to explore the effects of  differences between 
studies. In Chapter 5, we reviewed the evidence on the diagnostic accuracy of  different im-
aging techniques in patients with acute chest pain. The studies obtained were heterogeneous 
mainly because of  differences in the definition of  the outcome (i.e. the reference standard 
used). Some studies used the elevation of  cardiac biomarkers as the reference standard, 
whereas others used obstructive CAD on CAG, or the presence or absence of  adverse car-
diac events during follow-up. This heterogeneity is likely due to the fact that there is limited 
consensus among experts regarding the best reference standard. Importantly, different im-
aging techniques focus on different aspects of  the ischemic cascade (see Introduction). For 
example, a rest perfusion imaging test assesses the presence of  myocardial ischemia at rest 
and is therefore specific in diagnosing a myocardial infarction. Anatomical tests and stress 
perfusion imaging tests, on the other hand, focus on identifying the presence of  obstructive 
CAD and inducible ischemia, respectively. Obstructive CAD does not necessarily result in 
a myocardial infarction, which is why these tests may perform better when the outcome is 
defined as CAD, as opposed to ‘myocardial infarction’. To address the issue of  heterogene-
ity with respect to outcome, we stratified our analysis in Chapter 5 for two categories of  the 
outcome. When planning a study on the diagnostic performance of  a test for the assessment 
of  acute chest pain, one should consider whether the aim is to exclude the presence of  a 
myocardial infarction or to exclude the presence of  obstructive CAD. 

Future research 
To resolve disagreements between guidelines of  early detection of  CAD, more evidence 
regarding the benefits and harms of  screening is needed. Although randomized clinical tri-
als can provide such evidence, these studies are expensive, time-consuming and often not 
feasible. Future research should therefore focus on the development of  decision models 
that evaluate screening strategies by quantitatively weighing the benefits and harms and 
integrating the best-available evidence from multiple sources. 

An increased comparability between outcomes used in studies that evaluate diagnostic tests 
for acute chest pain would improve the quality of  future systematic reviews and meta-
analyses. To accomplish this, experts in the field and guideline writing committees could, 
for example, try to achieve consensus on one or more preferred outcome definitions. If  
researchers have an incentive to adopt the recommended outcome definitions (e.g. if  a 
paper is more likely to be accepted for publication), then future studies of  diagnostic test 
performance are likely to be more homogeneous regarding the outcome definition. 

Part III. Prediction models

The incremental value of  the CT coronary calcium score
The CT coronary calcium score has been demonstrated to predict the occurrence of  future 
cardiovascular events in both asymptomatic individuals and symptomatic individuals sus-
pected of  having CAD. In 254 patients with chest pain who were referred for CAG, we vali-
dated five existing prediction models for the presence of  obstructive CAD and we assessed 
the incremental value of  the CT coronary calcium score as a continuous predictor beyond 
the clinical predictors included in each model. Age, sex, and symptoms were the most im-
portant clinical predictors for the presence of  obstructive CAD. The CT coronary calcium 
score was a strong predictor as well, independent of  other predictors in the model. Smok-
ing, hypertension, dyslipidaemia, and diabetes were positively associated with the presence 
of  CAD. Addition of  the CT coronary calcium score increased the area under the receiver-
operating-characteristic curve (c-statistic) by 0.05-0.09 across the five models, depending on 
which other predictors were included. Furthermore, adding the CT coronary calcium score 
resulted in reclassification of  38-47% of  the patients, of  which 64-84% was correct. The CT 
coronary calcium score carries incremental diagnostic value for the presence of  obstructive 
CAD, independent of  other predictors, and may be considered in the diagnostic work-up 
of  patients with chest pain.

Validation and updating of  Diamond & Forrester
Although many risk factors for CAD have been identified, e.g. diabetes, hypertension, lipid 
levels, smoking, and the CT coronary calcium score, the estimation of  the pre-test prob-
ability of  CAD is often based solely on age, sex, and symptoms, according to the prediction 
model described by Diamond & Forrester in 1979. The pre-test probability is crucial both 
for choosing the appropriate diagnostic test for a particular patient and for interpreting the 
test results. We combined existing data from 14 different hospitals to assess the validity of  
the Diamond & Forrester prediction model. Furthermore, we updated and extended the 
model using modern statistical methods. Results suggested that the Diamond & Forrester 
model overestimates the probability of  obstructive CAD, especially in women. The predic-
tive effects of  age, sex, symptoms, and hospital were updated and the model was extended 
to include patients of  70 years and older. The updated model predicted less high probabili-
ties, resulting in down-classification for most patients. Finally, the model was re-calibrated 
specifically for a low-risk population of  patients presenting with chest pain. Online risk 
calculators were developed for estimating the pre-test probability of  CAD in both high- 
and low-risk populations. These calculators have potential value in clinical practice since an 
updated estimate of  the pre-test probability can help clinicians make better decisions as to 
whether and which diagnostic strategy is indicated in a particular patient and to decide on 
further management based on the results of  such tests.

A prediction model for the presence of  CAD
Current guidelines recommend either the Diamond & Forrester model or the Duke Clinical 
Score to estimate the pre-test probability of  CAD. In contrast to the Diamond & Forrester 
model, the Duke Clinical Score does take into account cardiovascular risk factors, but has 
not been validated in populations outside the United States. We combined individual patient 
data from 18 different hospitals to assess the validity of  the Duke Clinical Score. Some 
hospitals provided a dataset with patients who were referred to coronary CT angiography 
(low-prevalence setting), whereas other hospitals provided a dataset with patients who were 
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referred to CAG (high-prevalence setting). We found that the Duke Clinical Score overes-
timated the probability of  CAD. We updated the model adjusting for setting and assessed 
the incremental value of  adding the CT coronary calcium score. Our results confirmed the 
importance of  age, sex, symptoms, and setting in the prediction of  CAD. Furthermore, the 
presence of  diabetes, hypertension, dyslipidemia, and smoking were predictive. The coro-
nary CT calcium was a strong predictor which significantly increased the c-statistic. The 
validity of  the prediction model was assessed in a cross-validation procedure. We found 
satisfactory calibration in most analyses, suggesting that the model is valid for different 
hospitals. Finally, we created an online step-wise risk calculator that allows estimation of  the 
probability of  CAD as clinical information and test results become available.

Discussion
To validate and update prediction models, we combined existing individual patient data 
from multiple hospitals. An important limitation of  this approach concerns heterogeneity. 
Because our analyses were not the main purpose of  the data collection, differences in vari-
ous aspect of  the data collection, local protocols, level of  physician experience, and guide-
line adherence across hospitals could have influenced our results. In Chapter 8 we assessed 
the heterogeneity in predictor effects across hospitals by performing cross-validation. The 
five largest datasets with sufficient numbers for reliable validation and the remaining data-
bases combined were each in turn omitted for model development, and used for validation. 
Some hospitals demonstrated significantly higher or lower predictor effects, but in general 
they were quite similar. Calibration was satisfactory in most cross-validation procedures. 

In Chapter 4 we studied the incremental value of  the CT coronary calcium score to predict 
the presence of  CAD in a population referred for CAG. By selecting patients based on 
the availability of  CAG, we selected a high-risk population, which may not represent the 
population in which the CT coronary calcium score would be most useful. Unfortunately, 
this limitation is inherent to our study design, which aims to validate and update models 
that predict the presence of  obstructive CAD, for which the reference standard is CAG. In 
Chapter 7 we also selected patients based on referral to CAG, however, we applied a correc-
tion for verification bias in a sensitivity analysis and found similar estimates of  the predic-
tor effects. In Chapter 8, our aim was to develop a prediction rule that would be directly 
applicable to low-risk populations, exactly the population in which such a model would be 
clinically useful. In addition to patients referred for CAG, we also included patients who 
underwent coronary CT angiography without subsequent CAG. Since coronary CT angi-
ography is highly sensitive and specific (5-7), CAG results were multiply imputed based on 
all other covariables as well as the coronary CT angiography result (8). This method too, 
has limitations, because coronary CT angiography is known to overestimate the severity 
of  CAD, which in turn could have overestimated the severity of  disease for patients with 
imputed CAG results. If  present, the bias in our models would tend to advocate further 
diagnostic workup rather than missing the diagnosis. 

Although CAG is commonly considered to be the gold standard for diagnosing CAD, its 
limitation deserves mentioning. CAG may be the reference standard for determining the 
degree of  stenosis (anatomical test), it is well recognized that the degree of  stenosis does 
not correlate well with the ‘hemodynamic’ significance of  a stenosis. A patients’ prognosis 
and the optimal treatment depend also on the presence of  inducible ischemia, which is not 
captured by CAG. The fractional flow reserve (FFR) of  a coronary stenosis can be measured 

during a CAG procedure, quantifying its hemodynamic significance. Although FFR mea-
surements increase costs, a combination of  a functional and anatomical testing for CAD 
may represent a better gold standard compared to anatomical testing alone.

Several methods to quantify the performance of  a prediction model are available. A predic-
tion model should not only accurately distinguish patients with and without disease (dis-
crimination) and provide a prediction that is close to the observed (calibration), but a new 
model or the addition of  a new predictor should also move patients across clinically mean-
ingful thresholds that would alter clinical management (reclassification) (9). For CAD how-
ever, such well-established thresholds are not available. Three categories (low, intermediate, 
and high) are often used, with an intermediate probability defined as 10-90% or 30-70%, 
for example. However, there is no consensus on how many categories we should use and 
what the optimal thresholds would be. Ideally, the thresholds are determined based on cost-
effectiveness analyses that take into account long-term benefits and harms of  diagnostic 
tests and treatment for CAD. 

Future research
We demonstrated that our updated models outperform existing models. However, we did 
not study the clinical impact of  implementation of  the model. Future studies validating our 
prediction model in independent patient cohorts would support its implementation in clini-
cal practice. A continuous updating strategy could be considered if  the model is applied in 
a new setting. As new patient information becomes available over time, the model could be 
validated continuously and updated if  necessary. 

An extension to our work regarding prediction models for the pre-test probability of  CAD 
includes the prediction of  prognosis in terms of  future cardiovascular events. After a di-
agnosis of  CAD has been established, the optimal treatment depends on the individual pa-
tient’s prognosis and symptom status (quality-of-life). The prognosis of  a patient with CAD 
depends on the severity of  CAD, presence and extent of  myocardial ischemia, left ven-
tricular function, and other patient characteristics such as age, sex, and risk factors. Patients 
with a favorable prognosis are usually treated with medical therapy, whereas patients with 
an unfavorable prognosis may benefit from revascularization. The variables that determine 
prognosis and the possible treatment options could be combined into a prediction model 
and allow for patient-tailored treatment decisions. 

Part IV. Cost-effectiveness analysis

Cost-effectiveness of  coronary CT angiography as triage test
Catheter-based coronary angiography (CAG) is the reference standard for diagnosing CAD. 
Since CAG is expensive, and carries a small risk of  complications and death, non-invasive 
testing is recommended to select patients who would benefit from CAG. Coronary CT angi-
ography has emerged as a non-invasive diagnostic modality for CAD. The cost-effectiveness 
of  coronary CT angiography as a triage test prior to performing CAG was studied using 
a decision tree and Markov-model. Using best-available evidence from the literature and 
data from a patient cohort where possible, we analyzed the decision from multiple perspec-
tives using several available recommendations for cost-effectiveness analyses. The threshold 
probability below which coronary CT angiography would be cost-effective was 44% in men 
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and 37% in women. The optimal diagnostic work-up depended on the optimization criteri-
on, prior probability of  CAD, and the diagnostic performance of  coronary CT angiography.

Cost-effectiveness of  coronary CT angiography vs. exercise testing
Over the past years, several systematic reviews and meta-analyses have demonstrated the 
diagnostic and prognostic value of  coronary CT angiography. Because of  its high negative 
predictive value (>95%), coronary CT angiography is reliable in ruling out the presence of  
CAD. Consequently, coronary CT angiography could potentially be used as a first line diag-
nostic test in patients who present with stable chest pain. We used a Dutch clinical cohort 
with follow-up in combination with the best-available evidence to construct a decision tree 
and Markov-model. We designed a hypothetical CT-based strategy which consisted of  CT 
coronary calcium scoring with or without subsequent coronary CT angiography. The refer-
ence strategy reflected standard-of-care, which consisted of  an exercise test (electrocardi-
ography) and if  non-diagnostic a pharmacological stress single-photon emission CT scan. 
The main difference with the model described in Chapter 9 is the fact that patients with 
an intermediate stenosis are not necessarily referred for catheter-based angiography. The 
COURAGE trial (10) has demonstrated that a percutaneous coronary intervention (PCI) 
does not necessarily reduce the risk of  cardiovascular events in patients with CAD (defined 
as ≥70% stenosis in ≥1 epicardial artery) and documented myocardial ischemia. This is 
why an initial conservative strategy using optimal medical treatment is currently advocated 
for patients with mild CAD, with the possibility to intervene at a later stage if  symptoms 
persist despite optimal medical treatment. Therefore, this analysis did not assume that every 
patient with CAD on coronary CT angiography is referred for CAG. Partly explained by the 
latter, the CT-based strategy was found to be cost-saving and equally effective as compared 
to standard-of-care. 

Cost-effectiveness of  coronary CT angiography vs. stress myocardial perfusion cardiac MRI
Our systematic review and meta-analysis on the diagnostic performance of  myocardial per-
fusion imaging demonstrated that stress perfusion imaging with cardiac MRI (CMR) was 
superior to stress echocardiography and stress SPECT. However, the question remained 
whether a diagnostic work-up using CMR (a functional test), or using coronary CT an-
giography (an anatomical test), or a combination of  coronary CT angiography and stress 
perfusion CMR would be optimal in terms of  cost-effectiveness. We developed a decision 
model that compared these strategies, using both an invasive and conservative approach. 
The invasive approach implied that all patients with positive test results are referred for 
CAG, whereas the conservative approach implied that patients with mildly abnormal test 
results were treated medically without referral to CAG. The decision was analyzed for the 
United States (US), United Kingdom (UK), and the Netherlands (NL), using country-specif-
ic cost-estimates and country-specific recommendations for cost-effectiveness analysis. Our 
base case analysis (men and women with a 30% pre-test probability of  obstructive CAD) 
demonstrated that a strategy using coronary CT angiography, if  positive followed by CMR 
(invasive approach), was cost-effective for the US and NL. The strategy using CCTA, if  
positive followed by CMR (conservative approach), was cost-effective for the UK. 

Discussion
Determining the optimal diagnostic work-up for a patient presenting with chest pain re-
mains a challenge. Numerous diagnostic tests are available and even more combinations 
of  tests may be considered. In general, the optimal work-up depends on the pre-test prob-

ability of  coronary artery disease (CAD), the benefit and harm of  treating CAD, and the 
performance (i.e. sensitivity and specificity) of  the available diagnostic tests (11). However 
in practice, the choice of  work-up is also driven by the availability of  imaging technology, 
local experience, the tendency to stick with existing protocols, personal physician prefer-
ences and biases, and financial incentives.

Ideally, large randomized controlled trials (RCT) comparing multiple diagnostic strategies 
with standard-of-care should provide the evidence regarding the optimal diagnostic work-
up for patients suspected of  having CAD. Unfortunately, RCTs are often lacking because 
performing such trials is often not feasible or too costly. Second, within a RCT only a 
limited number of  strategies can be compared, whereas numerous strategies should be con-
sidered. Third, follow-up is usually short whereas the benefits and harms of  treating CAD 
are likely to persist beyond the completion of  the trial. Fourth, results of  RCTs may only 
be generalized to patients that meet the in- and exclusion criteria for the trial. Finally, the 
fact that clinical outcomes are often similar across diagnostic strategies implies that such 
trials require large sample sizes and long follow-up duration to demonstrate a clinically rel-
evant difference. When RCTs are lacking or results of  RCTs are not yet published, decision 
models that integrate the best-available evidence can guide decision-making. For example, 
we showed that an initial strategy based on CT coronary calcium scoring with or without 
subsequent coronary CT angiography is cost-saving and equally effective when compared to 
standard-of-care (exercise ECG with or without stress SPECT). Similar strategies are now 
being evaluated in multi-center randomized clinical trials (e.g. the PROMISE and RESCUE 
trial in the United States and the CRESCENT trial in the Netherlands, ClinicalTrials.gov 
identifiers: NCT01174550, NCT01262625 and NCT01393028, respectively). As long as trial 
results are unavailable, clinical decisions have to be made and should be made based on the 
best-available evidence, which we integrated in our decision models.

Some limitations of  cost-effectiveness analyses using decision models deserve mentioning. 
Firstly, decision models usually constitute a simplification of  clinical practice, and assump-
tions are unavoidable. Modeling of  all possible clinical pathways is unpractical and often not 
feasible. To be able to answer the research question, a decision model should incorporate 
the most important clinical scenarios and capture the key trade-offs of  the clinical problem 
at hand. Developing a model that is both sufficiently sophisticated to reflect clinical practice 
and simple enough for readers to understand, will always remain a challenge. Secondly, a 
cost-effectiveness analysis is often framed from a certain perspective (patient, health care, 
or payer) for a specific country. Health care costs, recommendations for cost-effectiveness 
analysis (12-16), and standard care may vary considerably across countries, which limits the 
generalizability. Lastly but possibly most importantly, the validity of  a decision model is 
always limited by the quality of  the input data. We performed extensive one- and two-way 
sensitivity analysis by varying the parameters values across plausible ranges to see whether 
such changes would alter the results. Furthermore, we used distributions that reflect the un-
certainty around the parameter values, and performed probabilistic sensitivity analysis (17). 

The benefits of  coronary CT angiography in terms of  its diagnostic and prognostic value 
have been studied extensively. However, the question whether coronary CT angiography 
actually improves long-term patient outcomes remains unresolved. While large multi-center 
trials are ongoing, the discussion regarding potential harms of  coronary CT angiography 
continues. 
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After coronary CT angiography is completed, the physician who interprets the scan has 
the option to also evaluate non-cardiac structures, which may lead to incidental findings. 
Whether the evaluation of  non-cardiac structures should be a routine procedure, or whether 
the scan should exclusively be used to assess cardiac structures, is currently under debate 
(18-19). There is concern that the high prevalence of  incidental findings will lead to un-
necessary additional diagnostic testing, increasing health care costs, and patient discomfort, 
especially since there is no evidence that follow-up of  incidental findings improves health 
outcomes. Numerous studies have reported a high prevalence of  incidental findings (20). 
The prevalence of  incidental findings of  unknown clinical significance (mostly pulmonary 
nodules) that would require subsequent testing is approximately 7% (21). In Chapter 11, 
we included the consequences of  incidental findings (in terms of  extra costs, radiation, 
and disutility). We conclude that the negative consequences of  incidental findings do not 
outweigh the benefits of  coronary CT angiography as compared with CMR or CAG, since 
the combination strategy (CCTA, if  positive followed by CMR) demonstrated favorable 
cost-effectiveness. 

Lastly, the exposure to radiation and its potential risk of  radiation-induced cancer remains a 
topic of  discussion. In 2009, a multicenter observational study reported an average effective 
dose for coronary CT angiography of  12 mSv (interquartile range: 8-18), with large varia-
tion depending on study site and type of  scanner used (22). Epidemiologic models based 
on data from atomic bomb survivors as well as medical and occupational radiation studies, 
were used to determine the potential cancer risk of  coronary CT angiography. A single 
cardiac scan with an effective dose of  9 and 14 mSv (for men and women, respectively) was 
estimated to result in a lifetime attributable risk of  radiation-induced cancer of  1 in 1911 
and 1 in 715 for 60-year old men and women, respectively (23). In accordance with the as-
low-as-reasonably-achievable (ALARA) principle, new-generation scanners and improved 
scanning protocols have been and are being developed in order to minimize radiation ex-
posure. Nowadays, the radiation exposure in non-obese patients with a low and stable heart 
rate can be reduced to less than 1 mSv (24), although the average patient may still need ~5 
mSv. Incorporating the potential cancer-inducing effects of  radiation exposure into a cost-
effectiveness analysis is a major challenge, but is feasible when simplifying assumptions are 
used (25-26). The benefit of  a correct diagnosis in a symptomatic patient, however, is likely 
to outweigh the risks of  the radiation exposure. Moreover, alternative diagnostic strategies 
are usually associated with radiation exposure as well. Consequently, the difference in total 
radiation exposure across different diagnostic strategies may be small, which in turn makes 
it less likely to have an effect on the decision.

Future research
Advances in technology are rapidly evolving, and new diagnostic imaging techniques are 
continuously being developed. Performing randomized trials for all new diagnostic imaging 
techniques or improvements to existing modalities is not feasible. Therefore, cost-effective-
ness analyses that compare existing diagnostic strategies with newly developed diagnostic 
techniques remain relevant in the future. Such analyses can inform researchers as to whether 
it is a reasonable alternative and whether it is worth performing randomized trials. If  so, 
the results of  such analyses can then be used to guide decision-making for as long as trial 
results are unavailable. 

Furthermore, future decision models should focus on analysis of  cost-effectiveness at the 
individual level as opposed to the population level. Multivariable prediction models that cal-
culate the pre-test probability of  CAD, diagnostic test performance, long-term prognosis, 
and treatment benefits and harms for individuals could be integrated into decision models. 
Ultimately, such a model could be implemented in electronic patient record systems, and au-
tomatically recommend a cost-effective diagnostic work-up and treatment based on patient 
characteristics from the electronic patient record.

Part V. Other

Prognostic value of  coronary CT vs. exercise testing
We studied 471 outpatients with stable chest pain and no history of  CAD who were sched-
uled for exercise testing (exercise electrocardiography) and coronary CT angiography. Af-
ter a mean follow-up time of  2.6 years, 44 major adverse cardiac events (MACE) (cardiac 
death, nonfatal myocardial infarction, unstable angina requiring hospitalization, and revas-
cularization) occurred in 30 patients. Patients with a non-diagnostic exercise test and those 
with obstructive CAD on coronary CT angiography were more likely to experience adverse 
events. The coronary CT angiography findings demonstrated incremental prognostic value 
beyond the CT coronary calcium score as well as beyond exercise testing. The CT coronary 
calcium score provided no incremental prognostic value beyond exercise testing and CT 
angiography. 

Discussion
We studied a population representative of  patients who would be eligible for coronary 
CT angiography in clinical practice. All patients underwent both exercise testing (exercise 
electrocardiography) and coronary CT angiography. The fact that all patients in our study 
underwent both tests is a strength of  our study, but it is also a weakness. We were able to 
directly compare the prognostic value of  exercise testing and coronary CT angiography, and 
determine the incremental value of  one over the other. However, the decision to perform a 
revascularization was based on the coronary CT angiography findings as well as the exercise 
test results, which may have influenced our results because revascularizations were included 
in our composite outcome. To limit this possible bias, we excluded revascularizations per-
formed within the first 6 months of  follow-up.

The clinical impact of  adding exercise testing, coronary CT angiography, and the coronary 
calcium score to models that predict the risk of  MACE was determined using reclassifica-
tion statistics. In this context however, no clinically relevant cutoffs for the risk of  MACE 
are available (i.e. thresholds of  risk where reclassification to another category would influ-
ence clinical management). We therefore used an extension of  the traditional net reclas-
sification improvement (NRI), the so-called continuous NRI (27). This measure does not 
depend on the existence of  risk categories and also allows for application to survival data. 
The continuous NRI is the weighted sum of  the observed event rate increase among the 
individuals for whom the predicted risk goes up and observed event rate decrease among 
those for whom the predicted risk goes down. Consequently, it does not take into account 
the magnitude of  change in predicted risk. 
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Methods for analyzing sensitivity and specificity of  clustered data: a tutorial
The performance of  a diagnostic imaging test is usually expressed in terms of  sensitivity 
and specificity compared with the reference standard. The calculation of  sensitivity and 
specificity commonly involves multiple observations per patient, which implies that the data 
are clustered. Whether analysis of  sensitivity and specificity per patient or using multiple 
observations per patient is preferable, depends on the clinical context and consequences. 
Observations within patients (clusters) are often positively correlated which may lead to 
biased estimates if  the correlated nature of  the data within each cluster is ignored. We 
discussed and illustrated the most common statistical methods that calculate sensitivity and 
specificity of  clustered data: 1) analysis at different levels ignoring correlation; 2) variance 
adjustment; 3) logistic random-effects models; and 4) generalized estimating equations. 

Discussion
In our example analysis based on 50 patients with ±17 coronary segments each, we com-
pared the different methods that adjust for the clustered nature of  the data and found simi-
lar results. This finding is explained by the relatively low correlation between observations 
(low intraclass correlation coefficient). However, for other applications, such as a study in 
which multiple clinicians read the same images, the correlation between observations is 
likely to be higher and correcting for clustering is probably more important. Furthermore, 
when two different tests are performed in each patient (paired study design); observations 
are also likely to be highly correlated. 

A limitation of  the methods covered in our tutorial article is related to the fact that the 
models assume that sensitivity and specificity are equal across the correlated observations 
(in our example: coronary segments). Consequently, the methods do not allow for differ-
ences in diagnostic performance across observations. However, as in our example, it may 
well be the case that the sensitivity for detecting a stenosis in a proximal segment is higher 
compared to the sensitivity for detecting a stenosis in a distal vessel. In other words, sensi-
tivity and specificity of  CT in the detection of  obstructive CAD may vary depending on the 
size and location of  the segment. Solutions to this limitation exist. Firstly, one could stratify 
the analysis by defining groups of  segments (e.g. proximal vs. middle vs. distal segments) for 
which the assumption of  equal sensitivity seems more appropriate. Secondly, multivariate 
models can be used to allow for multiple correlated outcomes (e.g. multiple sensitivities). 
For simplicity reasons, we did not cover these methods in our tutorial. Furthermore, the 
assumption of  equal sensitivity/specificity across observations may be more reasonable for 
other clinical areas or when analyzing correlated observations in terms of  multiple readers. 
Lastly, we are generally interested in the mean sensitivity and specificity across segments, for 
which the methods described are considered appropriate. 

Conclusions and implications for clinical practice

In this thesis, our aim was to determine and optimize the diagnostic work-up for patients 
who are suspected of  having CAD. We showed that the diagnostic performance of  stress 
perfusion MRI compares favorably to the diagnostic performance of  SPECT. If  both tests 
can be performed in a patient, then stress perfusion MRI should be the preferred test, even 
more so because it does not involve exposure to radiation. 

We demonstrated that the coronary CT calcium score has predictive value beyond exist-
ing cardiovascular risk factors for diagnosing obstructive CAD in patients with chest pain. 
The CT coronary calcium score can be considered as an initial triage test in patients with 
a low pre-test probability of  CAD, preventing (unnecessary) further work-up if  the score 
is zero, and justifying further testing when coronary calcium is present. This strategy is 
recommended for patients with a pre-test probability between 10-29% by the 2010 NICE 
guidelines for the management of  patients with chest pain (12). 

The optimal diagnostic strategy depends on the pre-test probability of  CAD, which is tra-
ditionally estimated based on the Diamond & Forrester method (28) or the Duke Clinical 
Score (29). We demonstrated that these prediction rules systematically overestimate the 
probability of  CAD and we updated the models based on contemporary data. The online 
probability calculator can be accessed via the internet and provides systematically lower (but 
more accurate) estimates of  the pre-test probability. Although we did not study the clini-
cal impact of  implementing our prediction model, a more accurate estimate of  the pre-test 
probability leads to better decisions regarding further testing and it could potentially reduce 
costs since less high probabilities are predicted which in turn may prevent unnecessary di-
agnostic work-up. 

Lastly, we evaluated the long term effectiveness and costs of  coronary CT angiography in 
various different settings and for various countries. In the Dutch setting, coronary CT angi-
ography was found to be cost-effective as triage test prior to CAG if  the pre-test probability 
was below 44% in men and below 37% in women. CT coronary calcium scoring with or 
without subsequent coronary CT angiography as initial strategy for patients presenting with 
stable chest pain was less expensive and equally effective compared to standard-of-care. 
Finally, we showed that a strategy using coronary CT angiography, if  positive followed by 
CMR was cost-effective compared to strategies with coronary CT angiography and CMR 
alone, for the US, the UK, as well as the Netherlands. 

All-in-all, our updated prediction models combined with the results from our decision mod-
els and cost-effectiveness analyses provide a practical framework for efficient implementa-
tion of  diagnostic imaging tests, in particular for the CT coronary calcium score and coro-
nary CT angiography. 
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Chapter 14 Samenvatting en Discussie

Deel I. Introductie

Het doel van het onderzoek beschreven in dit proefschrift was het bepalen van de optimale 
keuze van diagnostische testen voor patiënten met een verdenking op coronair lijden. De 
diagnostische waarde van verschillende beeldvormende technieken (CT angiografie, per-
fusie MRI, SPECT en echografie) werden met elkaar vergeleken. De onderzoekspopulaties 
bestonden uit patiënten met stabiele klachten van pijn op de borst, patiënten die zich op de 
spoedeisende hulp presenteren met acute klachten van pijn op de borst, en individuen zon-
der klachten maar met een verhoogd risico op cardiovasculaire ziekten. Daarnaast hebben 
wij besliskundige modellen ontwikkeld om de lange termijn kosteneffectiviteit van ver-
schillende diagnostische strategieën (coronaire CT, stress perfusie MRI en het inspannings-
ECG) te kunnen onderzoeken voor patiënten met stabiele pijn op de borst. Ook hebben wij 
predictiemodellen ontwikkeld die de voorafkans op coronair lijden kunnen schatten aan 
de hand van de klinische presentatie en risicofactoren. 

Deel II. Systematisch Literatuuronderzoek en Meta-Analyse

Richtlijnen voor beeldvorming van asymptomatisch coronair lijden
Primaire preventieprogramma’s hebben als doel individuen met een verhoogd risico op het 
ontwikkelen van cardiovasculaire ziektes op te sporen. Dit risico kan worden geschat aan 
de hand van leeftijd, geslacht, roken, cholesterol en de bloeddruk. Echter, coronair lijden 
kent een meetbare preklinische fase, namelijk atherosclerose. Beeldvormende technieken 
die atherosclerose in de coronair vaten afbeelden kunnen daarom van waarde zijn bij het 
schatten van het risico op cardiovasculaire ziekte en het opsporen van individuen met een 
verhoogd risico. Omdat er geen gerandomiseerde en gecontroleerde experimentele studies 
zijn uitgevoerd die deze waarde hebben onderzocht, kan het zo zijn dat richtlijnen hierom-
trent verschillend zijn. We hebben systematisch gezocht in de bestaande literatuur naar ge-
publiceerde richtlijnen en vervolgens de aanbevelingen met betrekking tot (beeldvormende) 
testen voor asymptomatisch coronair lijden samengevat. De methoden van het tot stand 
komen van de richtlijnen werden beoordeeld aan de hand van het AGREE instrument. 
Veertien richtlijnen werden gevonden, met daarin 26 aanbevelingen met betrekking tot ver-
schillende diagnostische testen (CT coronaire kalk score, coronaire CT angiografie, MR 
angiografie, SPECT, PET, stress echografie, rust echografie, en het inspannings-ECG) voor 
coronair lijden. De AGREE score varieerde van 21-93%. Acht van de 14 richtlijnen raden 
diagnostiek af  of  concluderen dat er te weinig wetenschappelijk bewijs voor is. De overige 
6 richtlijnen raden diagnostiek alléén aan bij individuen met een á priori verhoogd risico. De 
meerderheid van deze richtlijnen beveelt de CT coronaire kalk score aan voor individuen 
met een “intermediate” risico op coronair lijden. Ons literatuuronderzoek heeft aangetoond 
dat de bestaande richtlijnen tegenstrijdige aanbevelingen doen met betrekking tot beeldvor-
mende diagnostiek ten behoeve van het opsporen van individuen met een verhoogd risico 
op cardiovasculaire ziektes. Verder onderzoek, en in het bijzonder gerandomiseerde en ge-
controleerde experimentele studies, is nodig om de kosten en effecten van (beeldvormende) 
diagnostiek in deze setting te kwantificeren. 

De diagnostische waarde van myocard perfusie scans
Een perfusiescan van het myocard kan worden gebruikt als diagnostische test voor patiënten 
met stabiele pijn op de borst. Induceerbare myocardiale perfusie defecten zijn een aanwij-

zing voor het bestaan van obstructief  coronair lijden. Er bestaan verschillende technieken 
voor het kwantificeren van perfusiedefecten, namelijk magnetische resonantie beeldvor-
ming (MRI), contrast echografie, SPECT, en PET scans. Het is lastig om de diagnostische 
waarde van deze testen met elkaar te vergelijken op basis van de gepubliceerde meta-ana-
lyses, omdat deze allen verschillend zijn wat betreft methoden van zoeken, het selecteren 
van wetenschappelijk bewijs en het analyseren van de gegevens. Om deze reden hebben 
wij een systematisch literatuuronderzoek verricht naar verschillende diagnostische testen 
tegelijkertijd, steeds gebruikmakend van dezelfde methoden, selectiecriteria en statistische 
analyses. Hierdoor werd een directe vergelijking mogelijk. Daarnaast hebben wij, als extra 
aandachtspunt, studies met (mogelijke) verificatie bias, geëxcludeerd. Onze resultaten sug-
gereren dat perfusie MRI superieur is ten opzichte van contrast echografie en SPECT voor 
het diagnosticeren van obstructief  coronair lijden. De diagnostische waarde van contrast 
echografie en SPECT waren vergelijkbaar.

Beeldvorming bij patiënten met acute pijn op de borst 
Acute pijn op de borst is een veelvoorkomend ziektebeeld op de spoedeisende hulp (SEH). 
SEH-artsen en cardiologen moeten beslissen of  een patiënt met acute pijn op de borst moet 
worden opgenomen. Deze beslissing wordt meestal genomen op basis van de kliniek en 
een grove schatting van het risico, maar niet op sluitend bewijs of  er wel of  geen sprake is 
van een acuut coronair syndroom (ACS). Patiënten met een ACS presenteren zich vaak met 
atypische pijn op de borst klachten, zonder afwijkingen bij het lichamelijk onderzoek, en 
het ECG is vaak normaal of  moeilijk te beoordelen. De aanwezigheid van een ACS kan niet 
worden uitgesloten op basis van de initiële klinische presentatie, maar vergt vaak klinische 
observatie en herhaaldelijk testen van markers in het bloed. In de ideale situatie zou een 
snelle en niet-invasieve test ingezet kunnen worden om een ACS vast te stellen of  uit te slui-
ten. We hebben systematisch gezocht naar bestaande literatuur over de diagnostische waarde 
van beeldvormende technieken voor patiënten met acute pijn op de borst. De diagnosti-
sche waarde van rust ECHO, rust SPECT, en coronaire CT angiografie voor het detecteren 
van een ACS (diagnose groep 1) was vergelijkbaar. Daarnaast waren ook de diagnostische 
waarde van stress ECHO, stress SPECT en coronaire CT angiografie vergelijkbaar voor 
het aantonen van coronair lijden (diagnose groep 2). Een klein, statistisch niet-significant 
voordeel werd gevonden voor coronaire CT angiografie, die het meest sensitief  was voor 
zowel diagnose groep 1 als 2. We concludeerden met een aanbeveling voor coronaire CT 
angiografie, waarbij opgemerkt moet worden dat, mede gezien de kleine verschillen in diag-
nostische waarde, de optimale test strategie in de praktijk ook zou moeten afhangen van de 
lokale expertise, aanwezigheid van apparatuur en patiënt karakteristieken.

Deel III. Predictiemodellen

De toegevoegde waarde van de CT coronaire kalk score
De voorspellende waarde van de CT coronaire kalk score voor het optreden van cardiovas-
culaire events is goed beschreven voor zowel asymptomatische als symptomatische indivi-
duen met een verdenking op coronair lijden. Op basis van gegevens van 254 patiënten met 
pijn op de borst die een invasieve hartcatheterisatie ondergingen, hebben wij 5 gepubli-
ceerde predictiemodellen voor de aanwezigheid van obstructief  coronair lijden gevalideerd. 
Vervolgens hebben wij telkens de toegevoegde waarde van de CT coronaire kalk score, als 
continue voorspeller bovenop de al in het predictiemodel aanwezige voorspellers, onder-
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zocht. Leeftijd, geslacht en symptomen waren de meest belangrijke voorspellers voor het 
aanwezig zijn van obstructief  coronair lijden. De CT coronaire kalk score was een sterke 
voorspeller onafhankelijk van de andere voorspellers. Roken, hypertensie, dyslipidemie en 
diabetes waren ook geassocieerd met de aanwezigheid van obstructief  coronair lijden. Door 
het toevoegen van de CT coronaire kalk score, steeg de oppervlakte onder de receiver-ope-
rating-characteristic curve (c-statistic) met 0.05-0.09 voor de 5 verschillende modellen, die 
allemaal een andere combinatie van bestaande voorspellers hadden. Daarnaast resulteerde 
het toevoegen van de CT coronaire kalk score in reclassificatie van 38-47% van de patiën-
ten, bestaande uit 64-84% correcte reclassificatie. We concluderen dat de CT coronaire kalk 
score toegevoegde waarde heeft bij het voorspellen van de aanwezigheid van obstructief  
coronair lijden en stellen dat de CT coronaire kalk score gebruikt kan worden in de diagnos-
tische “work-up” van patiënten met pijn op de borst.

Validatie en updating van Diamond & Forrester
Hoewel verschillende risicofactoren voor coronair lijden bekend zijn, zoals diabetes, hy-
pertensie, verhoogd cholesterol, roken en de CT coronaire kalk score, wordt het bepalen 
van de voorafkans op coronair lijden meestal gebaseerd op leeftijd, geslacht en symptomen 
naar het model van Diamond & Forrester uit 1979. De voorafkans op coronair lijden is 
cruciaal voor het bepalen van de optimale diagnostische test en voor het interpreteren van 
de testresultaten. In dit onderzoek combineerden wij patiëntengegevens afkomstig uit 14 
verschillende ziekenhuizen om de validiteit van het Diamond & Forrester model te onder-
zoeken. Daarnaast hebben wij het model geüpdatet en uitgebreid met behulp van geavan-
ceerde statistische methoden. Onze resultaten suggereren dat het Diamond & Forrester 
model de voorafkans op obstructief  coronair lijden overschat, voornamelijk bij vrouwen. 
De voorspellende waarden van leeftijd, geslacht, symptomen en ziekenhuis werden geüp-
datet en het model werd uitgebreid zodat ook het risico voor patiënten ouder dan 70 jaar 
kon worden geschat. Het geüpdatete model voorspelde minder hoge voorafkansen, wat 
erin resulteerde dat veel patiënten omlaag werden geclassificeerd. Het model is vervolgens 
gerecalibreerd voor laag-risico populaties. Een online risicocalculator werd ontwikkeld voor 
het voorspellen van de voorafkans op coronair lijden bij patiënten met pijn op de borst, 
voor zowel hoog- als laag risico populaties. Deze risicocalculator heeft potentiële waarde 
voor de klinische praktijk, aangezien een betere schatting van de voorafkans kan leiden tot 
betere beslissingen met betrekking tot het kiezen van de optimale diagnostische test en het 
interpreteren van testresultaten.

Een predictiemodel voor coronair lijden
De huidige richtlijnen bevelen het Diamond & Forrester model en de Duke Clinical Score 
aan, voor het schatten van de voorafkans op coronair lijden. In tegenstelling tot het Dia-
mond & Forrester model, neemt de Duke Clinical Score wel cardiovasculaire risicofactoren 
mee in de berekening van de voorafkans. Echter, de Duke Clinical Score is nooit gevalideerd 
in externe populaties. In dit onderzoek combineerden wij patiëntengegevens afkomstig uit 
18 verschillende ziekenhuizen om de validiteit van de Duke Clinical Score te onderzoe-
ken. Sommige ziekenhuizen leverden gegevens over patiënten die verwezen waren voor 
een coronaire CT angiografie (laag-prevalente setting), en andere ziekenhuizen leverden 
gegevens over patiënten die verwezen waren voor een hartcatheterisatie (hoog-prevalente 
setting). Onze resultaten laten zien dat de Duke Clinical Score de voorafkans op coronair 
lijden overschat. Het model werd vervolgens geüpdatet, rekening houdend met clustering 
van patiënten binnen ziekenhuizen, en de toegevoegde waarde van de CT coronaire kalk 

score werd berekend. De resultaten bevestigen dat leeftijd, geslacht en symptomen de be-
langrijkste voorspellers zijn voor het aanwezig zijn van obstructief  coronair lijden. Verder 
zijn ook de aanwezigheid van diabetes, hypertensie, dyslipidemie en roken voorspellend. De 
CT coronaire kalk score was een sterke voorspeller en resulteerde in een significant betere 
c-statistic. De validiteit van het nieuwe model werd getest door middel van cross-validatie, 
waarbij de calibratie voldoende goed werd geacht. Dit suggereert dat het model valide is 
voor verschillende ziekenhuizen. Tot slot hebben wij een online risicocalculator ontwikkeld, 
zodat de voorafkans op coronair lijden stapsgewijs bepaald kan worden zodra klinische in-
formatie en testresultaten beschikbaar komen. 

Deel IV. Kosteneffectiviteits-analyses

Kosteneffectiviteit van coronaire CT angiografie als triage test
De hartkatheterisatie wordt beschouwd als de gouden standaard voor het vaststellen van 
coronair lijden. Omdat de kosten voor een hartkatheterisatie hoog zijn en het een klein 
risico op ernstige complicaties met zich meebrengt, wordt niet-invasieve diagnostiek aanbe-
volen om patiënten te selecteren die baat hebben bij het ondergaan van een hartkatheteri-
satie. Coronaire CT angiografie is een veelbelovende niet-invasieve diagnostische test voor 
het vaststellen van coronair lijden. In dit hoofdstuk hebben wij de kosteneffectiviteit van 
coronaire CT angiografie als triage test voor de hartkatheterisatie bestudeerd door middel 
van een beslisboom en Markov-model. Dit model werd ontwikkeld op basis van de best 
beschikbare gegevens uit de literatuur en ook op basis van een Nederlands patiëntencohort. 
De beslissing werd geanalyseerd vanuit verschillende perspectieven, en gebruikmakend van 
verschillende richtlijnen voor het doen van kosteneffectiviteitanalyses. Coronaire CT an-
giografie was kosteneffectief  wanneer de voorafkans op coronair lijden lager was dan 44% 
in mannen en 37% in vrouwen. De optimale diagnostische “work-up” hangt af  van welke 
uitkomsten belangrijk worden geacht, de voorafkans op coronair lijden, en de diagnostische 
waarde van de coronaire CT angiografie. 

Kosteneffectiviteit van coronaire CT vergeleken met het inspannings-ECG
In de afgelopen jaren zijn verschillende systematische literatuuronderzoeken gepubliceerd 
die de diagnostische en prognostische waarden van coronaire CT angiografie hebben aange-
toond. Omdat coronaire CT angiografie een zeer hoge negatief  voorspellende waarde heeft 
(>95%), sluit een negatief  resultaat de aanwezigheid van coronair lijden vrijwel zeker uit. 
Om deze reden kan coronaire CT angiografie mogelijk een rol spelen bij de diagnostische 
work-up van patiënten met pijn op de borst. Een Nederlands patiëntencohort met follow-
up gegevens en de beste beschikbare gegevens uit de literatuur werden gebruikt om een 
beslisboom en Markov-model te construeren. Een hypothetische strategie op basis van de 
CT coronaire kalk score en coronaire CT angiografie werd vergeleken met standaardzorg op 
basis van een inspannings-ECG en eventueel een nucleaire stress test (SPECT). Het verschil 
met de analyse uit hoofdstuk 9 is vooral dat wij in deze analyse aannemen dat patiënten met 
minder ernstig coronair lijden niet allemaal verwezen worden voor een hartkatheterisatie. 
De COURAGE trial heeft namelijk laten zien dat met een percutane coronaire interventie 
de overleving en het aantal cardiovasculaire complicaties over het algemeen niet geredu-
ceerd wordt voor patiënten met coronair lijden (≥70% stenose in ≥1 vat) en gedocumen-
teerde myocardischemie. Daarom wordt in de huidige richtlijnen een initieel conservatieve 
strategie aanbevolen voor patiënten met mild coronair lijden, op basis van optimale behan-
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deling met medicamenten. Wanneer de symptomen niet verbeteren door de medicamenten 
alleen, kan in een later stadium nog besloten worden om te interveniëren door middel van 
een percutane coronaire interventie of  bypass-chirurgie. De hypothetische CT strategie was 
goedkoper dan, maar even effectief  als standaard zorg. 

Kosteneffectiviteit van coronaire CT angiografie vergeleken met myocard perfusie MRI
Het systematische literatuuronderzoek en de meta-analyse met betrekking tot de diagnos-
tische waarde van myocardiale perfusie scans, toonde aan dat perfusie MRI superieur was 
ten opzichte van contrast echografie en SPECT (Hoofdstuk 4). Echter, de vraag blijft be-
staan of  een diagnostische “work-up” op basis van perfusie MRI (een functionele test) of  
een diagnostische “work-up” op basis van coronaire CT angiografie (een anatomische test) 
optimaal is wat betreft kosteneffectiviteit. In dit hoofdstuk hebben wij een beslismodel 
ontwikkeld om deze strategieën met elkaar te vergelijken, zowel voor een invasieve als een 
niet-invasieve aanpak. Dat wil zeggen: bij de invasieve aanpak worden alle patiënten met een 
positieve testuitslag verwezen voor een hartkatheterisatie, en bij de niet-invasieve strategie 
worden alleen de patiënten met een ernstig positieve testuitslag verwezen voor een hartka-
theterisatie en worden de patiënten met een mild positieve testuitslag direct behandeld met 
medicamenten. De beslissing werd geanalyseerd vanuit het perspectief  van de Verenigde 
Staten van Amerika (VS), het Verenigd Koninkrijk (UK), en Nederland (NL), gebruikma-
kend van landspecifieke kostenschattingen en richtlijnen voor kosteneffectiviteitanalyses. 
Voor mannen en vrouwen met een voorafkans op coronair lijden van 30%, was coronaire 
CT angiografie gevolgd door perfusie MRI (invasieve aanpak), kosteneffectief  voor de VS 
en NL. Voor de UK was coronaire CT angiografie gevolgd door perfusie MRI (conserva-
tieve aanpak), kosteneffectief.

Deel V. Overigen

Prognostische waarde van coronaire CT vergeleken met het inspannings-ECG
In dit hoofdstuk bestudeerden wij gegevens van 471 poliklinische patiënten met stabiele 
klachten van pijn op de borst, zonder voorgeschiedenis van coronair lijden, en wie allen een 
inspannings-ECG en coronaire CT angiografie ondergingen. Na een gemiddelde follow-up 
duur van 2.6 jaar, vonden 44 cardiovasculaire events (cardiale dood, hartinfarct, of  onsta-
biele angina pectoris met ziekenhuisopname) plaats in 30 verschillende patiënten. Patiënten 
met een niet-diagnostisch inspannings-ECG hadden een grotere kans op het krijgen van een 
event. Het coronaire CT angiografie resultaat had prognostische waarde onafhankelijk van 
de prognostische waarde van het inspannings-ECG. De CT coronaire kalk score had geen 
toegevoegde prognostische waarde bovenop de coronaire CT angiografie resultaten.

Methoden voor het analyseren van sensitiviteit en specificiteit op basis van geclusterde data
De diagnostische waarde van een beeldvormende test wordt meestal uitgedrukt in sensiti-
viteit en specificiteit vergeleken met de gouden standaard. Sensitiviteit en specificiteit wor-
den nogal eens berekend op basis van meerdere metingen per patiënt, wat betekent dat de 
metingen geclusterd zijn. Of  de sensitiviteit per patiënt moet worden berekend of  gebruik-
makend van meerdere metingen per patiënt, hangt af  van de klinische context en gevolgen 
van een positieve/negatieve testuitslag. Meerdere metingen in één patiënt (cluster) zijn vaak 
positief  gecorreleerd, wat kan leiden tot bias in de schattingen en variantie van sensitiviteit 
en specificiteit als het clustereffect niet wordt meegenomen in de analyse. De meest gang-

bare methoden om sensitiviteit en specificiteit uit te rekenen op basis van geclusterde data 
worden besproken en geïllustreerd: 1) Analyse op verschillende niveaus waarbij het cluster-
effect niet wordt meegenomen, 2) aanpassen van de variantie, 3) “logistic random-effects” 
modellen, en 4) “generalized estimating equations”.

Conclusies en implicaties voor de klinische praktijk
Het doel van dit proefschrift was het bepalen en optimaliseren van de diagnostische “work-
up” voor patiënten met mogelijk coronair lijden. Ons onderzoek heeft laten zien dat de 
diagnostische waarde van de perfusie MRI beter is dan de diagnostische waarde van SPECT. 
Als beide testen reële alternatieven zijn, verdient de perfusie MRI de voorkeur, temeer om-
dat er geen stralenbelasting bij komt kijken.

Ons onderzoek laat verder zien dat de CT coronaire kalk score voorspellende waarde heeft 
onafhankelijk van andere cardiovasculaire risicofactoren. De CT coronaire kalk score kan 
worden gebruikt als initiële triage test in patiënten met een lage voorafkans op coronair 
lijden. Hiermee kan verdere (onnodige) diagnostiek worden bespaard wanneer de kalkscore 
nul is, en kan verdere diagnostiek plaatsvinden als er wel coronaire kalk is.

De optimale diagnostische “work-up” wordt voornamelijk bepaald door de voorafkans op 
coronair lijden, die traditioneel wordt berekend op basis van het Diamond & Forrester mo-
del of  de Duke Clinical Score. Ons onderzoek op basis van recente patiëntgegevens toont 
aan dat beide methoden de voorafkans op coronair lijden systematisch overschatten. Een 
nieuw predictiemodel werd ontwikkeld, dat als een online calculator gebruikt kan worden 
door artsen. Hoewel wij niet direct de klinische impact van het nieuwe predictiemodel heb-
ben kunnen bestuderen, is het waarschijnlijk dat een betere schatting van de voorafkans 
tot betere beslissingen ten aanzien van diagnostiek zal leiden. Daarnaast kan onnodige di-
agnostiek worden voorkomen omdat de voorafkans op coronair lijden niet langer wordt 
overschat. 

Verder hebben wij de lange termijn kosten en effecten van coronaire CT angiografie in kaart 
gebracht vanuit verschillende perspectieven en voor verschillende landen. In de Neder-
landse situatie bleek dat coronaire CT angiografie als triage test voor een hartkatheterisatie 
kosteneffectief  was voor mannen met een voorafkans lager dan 44% en voor vrouwen met 
een voorafkans lager dan 37%. Een “work-up” op basis van CT coronaire kalk score ± co-
ronaire CT angiografie was goedkoper dan en even effectief  als standaard zorg. Ook hebben 
wij gevonden dat een strategie op basis van coronaire CT angiografie gevolgd door perfusie 
MRI kosteneffectief  is vergeleken met strategieën op basis van CT of  MRI alleen. 

Ten slotte, het geüpdatete predictiemodel voor het voorspellen van de voorafkans op coro-
nair lijden en onze resultaten van de kosteneffectiviteitanalyses vormen een samenhangend 
geheel van wetenschappelijk bewijs voor het implementeren van beeldvormende diagnos-
tisch testen, in het bijzonder voor de CT coronaire kalk score en coronaire CT angiografie.
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prize for best paper written under the guidance of  a NIHES tutor during the academic year 
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terdam, under the supervision of  M.G. Myriam Hunink. Her work focused on the evalua-
tion of  diagnostic test strategies for patients suspected of  having coronary artery disease. 
She collaborated with the department of  Cardiology and with various Radiology research 
groups across Europe and the United States (CAD consortium collaborators). Next to her 
research, Tessa was involved in teaching medical students and supervising practical sessions 
at the NIHES summer- and winter classes. In 2008 and 2010, Tessa was employed as a 
teaching assistant to M.G. Myriam Hunink, teaching summer courses in decision-making at 
the Harvard School of  Public Health, Harvard University, Boston, USA.

Currently, Tessa is doing her clinical rotations (co-schappen) at various hospitals across the 
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Stellingen behorende bij het proefschrift:

1.	 Diagnostic Imaging Strategies for Patients with Suspected Coronary Artery Disease

2.	 CT coronaire angiografie als triage test voor conventionele angiografie is kosten-effec-
tief  voor patiënten met pijn op de borst en een voorafkans op obstructief  coronairli-
jden lager dan 40% (dit proefschrift).

3.	 De CT coronaire kalkscore is een sterke en onafhankelijke voorspeller voor de aan-
wezigheid van obstructief  coronairlijden (dit proefschrift).

4.	 De thans gangbare methodes voor risicostratificatie overschatten de voorafkans op 
obstructief  coronairlijden (dit proefschrift).

5.	 Diagnostiek op basis van een CT coronaire kalkscore, eventueel gevolgd door CT coro-
nair angiografie, voor patienten met pijn op de borst is goedkoper dan, en minstens zo 
effectief  als standaard zorg (dit proefschrift).

6.	 Leeftijd, geslacht, type pijn op de borst, en de CT coronaire kalkscore zijn sterke voor-
spellers voor de aanwezigheid van obstructief  coronairlijden, en kunnen worden ge-
bruikt om de voorafkans te bepalen (dit proefschrift).

7.	 Viele kleine Leute die in vielen kleinen Orten viele kleine Dinge tun, können das Gesi-
cht der Welt verändern. (Berlijnse muur, Afrikaanse wijsheid)

8.	 Balance in everything you do will bring you health and happiness.

9.	 “Peer review is a flawed process, full of  easily identified defects with little evidence that 
it works.” (Richard Smith,  J R Soc Med 2006;99:178–182)

10.	 “Essentially, all models are wrong, but some are useful.” (George E.P. Box, Empirical 
Model-Building and Response Surfaces, 1987)

11.	 Integrity is doing the right thing, even when you think nobody is watching. (Unknown)

12.	 “Do one thing every day that scares you.” (Eleanor Roosevelt)

Tessa Genders 
Rotterdam, Juni 2012 


