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Coronary artery disease and myocardial ischemia 
In the Netherlands, coronary artery disease (CAD) is the second most important cause of 
death for men and the third for women. A total of 10.832 persons died of CAD in the 
Netherlands in 2010. Furthermore, according to a national survey in 2009, 3.2 % of all men 
and 1,5% of all women in the Netherlands have a history of myocardial infarction. 
Additionally, CAD was the cause of 86.815 hospital admissions in 2007. (1) Chest pain 
may be the first symptom of patients with CAD. In the presence of a stenosis in a coronary 
artery, an increased oxygen demand of the myocardium e.g. during exercise, may lead to a 
mismatch between oxygen supply and demand. Consequently, a complex group of 
pathophysiologic changes is initiated that is called the ischemic cascade, see figure 1. (2) 
As a result of this mismatch between oxygen supply and demand, relative myocardial 
perfusion is reduced and subsequently, diastolic and systolic dysfunction decline. If this 
mismatch persists, electrophysiologic changes can be detected by electrocardiography and 
ultimately the patient may feel chest pain. When the patient rests, oxygen demand decreases 
and the mismatch disappears. Subsequently, chest pain, diastolic and systolic function and 
relative myocardial perfusion will resolve. 

 
Diagnostic evaluation of suspected coronary artery disease 
To decide which diagnostic test is most appropriate for a patient with suspected CAD,  the 
pre-test probability of having CAD is calculated for each patient presenting with chest pain. 
According to the Bayesian theory, the diagnostic value of diagnostic tests depends on the 
pre-test probability of the patient  (population) that is investigated. Therefore, the pre-test 
probability is important for the decision which test the patient should undergo. Several risk 
scores have been developed using many different parameters. The most important variables 
that are used in clinical practice are type of chest pain, gender and age. Chest pain can be 
categorized in three types. Typical chest pain: 1) substernal chest discomfort with a 
characteristic quality and duration that is 2) provoked by exertion or emotional stress and 3) 
relieved by rest or NTG.  Atypical angina, meeting 2, and non-anginal chest pain, meeting 
one or none of the characteristics. (3) From these variables, a pre-test probability of having 
CAD can be estimated, which is categorized as low, intermediate or high. According to 
clinical guidelines, patients with severe symptoms with a high pre-test probability of CAD 
can be referred for invasive coronary angiography. (3) As invasive testing involves 
substantial costs and can have serious complications, patients with an intermediate or low 
pre-test probability of having CAD are referred for non-invasive diagnostic tests. When 
these non-invasive tests show findings consistent with significant myocardial ischemia, 
patients can be referred for invasive coronary angiography.  
Until the development of cardiac CT, all non-invasive diagnostic modalities were based on 
the detection of any of the pathophysiologic changes that develop during myocardial 
ischemia (function), rather than visualization of the atherosclerotic plaque (anatomy), see 
figure 1. Based on the order of these changes, assessment of myocardial perfusion seems 
the most promising way of early detection of ischemia. 
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Figure 1. Association of  ischemic cascade and diagnostic modalities. 

 
 
Although the diagnostic evaluation of patients with suspected coronary artery disease 
(CAD) is part of the daily routine of cardiology practice, the conventional modalities for 
detection of CAD have major limitations. Even though its prognostic value has been 
validated extensively, exercise electrocardiography (X-ECG) has only limited diagnostic 
value for detection of significant CAD, with a reported average sensitivity and specificity 
of 68% and 77%, respectively.(4) Additionally, in a large proportion of patients results are 
inconclusive e.g. due to pre-existent electrocardiographic abnormalities, motion artifacts 
interfering with reliable ST-segment interpretation or the inability of the patient to reach the 
desired level of exercise because of non-ischemic limitations. Although single photon 
emission computed tomography myocardial perfusion imaging (SPECT) is more sensitive 
for detection of significant CAD, it has only a moderate specificity.(5) Consequently, this 
leads to a considerable number of unnecessary referrals for invasive coronary angiography. 
Furthermore, a combined SPECT stress and rest protocol imposes a significant radiation 
burden (10-20 mSv), and requires 2 separate scanning sessions. Although several studies 
have shown good diagnostic accuracy of dobutamine stress echocardiography (DSE) for 
detection of significant CAD (6-8), its routine use in daily cardiology practice is limited by 
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a number of factors. Most importantly, visual assessment of stress related regional wall 
motion abnormalities is challenging and requires a considerable amount of expertise. Even 
with the latest systems and techniques, suboptimal echocardiographic windows are not a 
rare finding and may require the use of contrast agents to improve visualization of the left 
ventricular endocardial border. Furthermore, DSE is a relatively time-consuming 
examination for the busy echocardiographic department and the use of high dose 
dobutamine stress bears a (small) risk (9) of ventricular arrhythmias. 
In clinical practice, there is excess use of diagnostic modalities and a large number of 
unnecessary, false positive referrals for ICA. A recent study by Patel et al. (10) in 398,978 
patients showed that only 37.6% of patients that are referred for invasive coronary 
angiography indeed had significant CAD. Thus,  62.4 % of patients were falsely referred 
for ICA. Therefore, the (non-invasive) diagnostic work-up of patients with suspected CAD 
needs further improvement.  

 
Cardiac computed tomography 
Recently cardiac computed tomography (CT) has been developed and is increasingly used 
in clinical practice. In contrast to all other non-invasive diagnostic modalities, it does not 
visualize myocardial ischemia, but can accurately detect coronary atherosclerosis. With the 
development of multidetector CT and improvement of gantry rotation times sufficiently 
high spatial and temporal resolutions were accomplished that made visualization of the 
coronary anatomy by CT possible. In multidetector CT scanners several detector rows are 
placed side to side and thus in one single rotation a larger part of the body (heart) is 
covered. During the last decade CT has evolved from 16- slice to 64- and 320-slice CT 
scanners, that can cover the heart (16 cm) in one rotation. Further technical developments 
have made low gantry rotation times possible and with the development of dual source CT 
scanners temporal resolution has improved even more. As a result, both total scan time and 
radiation dose has been reduced considerably. Although temporal resolution has improved, 
a stable and low heart rate are still very important for sufficient image quality. Therefore, in 
clinical practice, most patients receive beta-blocker (orally and/or intravenously) before 
start of the scan. After positioning the patient on the scan table, a non-contrast scan is 
acquired for calcium scoring. Then the automatic bolus tracking is planned by drawing a 
region of interest in the ascending aorta on a single axial slice located at the bifurcation of 
the pulmonary trunk. The CTCA scan can then be started automatically when the contrast 
level in the region of interest reaches a threshold value after injection of a non-ionic 
contrast agent. Overall, a cardiac CT examination, including patient preparation, takes 
around 15 minutes. After image acquisition, axial datasets are reconstructed at a specific 
phase of the RR interval, but additional datasets can be reconstructed at different RR 
intervals if needed. Dedicated software programs are used to analyse these axial datasets in 
combination with additional curved multiplanar reconstructions of the coronary arteries 
when needed. Furthermore, quantitative analysis can be performed using automated 
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quantitative analysis software (QCA), however, this has not yet replaced qualitative 
analysis in clinical practice.   
In recent years, cardiac CT evolved from a  technique that only provided information about 
calcified plaque burden ( coronary calcium score) to a technique that can accurately 
visualize coronary anatomy and its atherosclerotic plaque. 
In contrast to conventional functional techniques, CTCA detects CAD at a much earlier 
stage, when it may not have yet become hemodynamically relevant. Since acute myocardial 
infarctions may result from rupture of only mildly stenotic atherosclerotic plaques, 
detection of these plaques has significant prognostic relevance.(11) Several studies have 
investigated the diagnostic performance of CTCA for the detection of significant CAD.(12) 
In the majority of studies the negative predictive value of CTCA for detection of CAD was 
excellent. Therefore, this technique is particularly valuable for ruling out CAD in patients at 
low risk of having CAD.(13) Accordingly, recent guidelines included CTCA for patients 
with low or intermediate probability CAD.(14, 15) However, most studies were performed 
in patients with intermediate to high pre-test probability of having significant CAD and 
were already scheduled for ICA. Although its negative predictive value is high, the positive 
predictive value is quite low due to beam hardening artifacts of calcified atherosclerotic 
plaques, causing overestimation of stenosis severity. Furthermore, several studies have 
shown that CTCA cannot accurately predict the hemodynamic relevance of CAD.(16, 17) 
Thus, when severe CAD is detected by CTCA, additional non-invasive functional testing 
may be needed to assess the hemodynamic significance of disease, before referral for 
invasive coronary angiography. 

 
Cardiovascular magnetic resonance imaging 
Cardiovascular magnetic resonance (CMR) imaging has evolved from an effective research 
tool into a clinically established imaging modality for the evaluation of ischemic heart 
disease. (18) CMR provides anatomic and functional information in acquired and 
congenital heart disease and is considered the gold standard for quantification of ventricular 
volumes, function and mass. Late gadolinium enhanced CMR is an accurate and robust 
method to depict and quantify regional myocardial scarring, and can be used in the 
diagnosis and management of heart disease of ischemic as well as non-ischemic origin. 
(19,20) Adenosine stress and rest first pass magnetic resonance myocardial perfusion 
imaging can accurately detect myocardial ischemia. It has been validated against positron 
emission tomography (21), fractional flow reserve (22) and intracoronary flow 
measurements.(23) Recently, it has been shown that CMR myocardial perfusion imaging 
has at least a similar diagnostic performance for detection of significant CAD as 
SPECT.(24, 25)  Furthermore, several studies have shown a similar prognostic value of 
CMR in comparison to SPECT.(26, 27) 
In first pass magnetic resonance myocardial perfusion imaging an extra-cellular contrast 
agent is used as a flow tracer through the myocardium during pharmacological stress 
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(hyperemia during adenosine infusion) and at rest. The contrast agent is intravenously 
injected and diffuses within the interstitial space (first pass).  Myocardial signal intensity 
increases along with the first passage of the contrast agent through the myocardium, and a 
perfusion defect caused by a significant coronary artery stenosis can be seen as a region of 
relative lower signal intensity. During contrast injection, every heart beat 3 short axis slice 
images (basal, mid, apex) are acquired. As this requires a high temporal resolution, a fast 
gradient echo sequence is used along with parallel imaging techniques. To limit motion 
artifacts, the first pass images are acquired during breath hold. An example of a first pass 
protocol is presented in figure 2.  
 
 

 
Figure 2. Adenosine first pass perfusion magnetic resonance myocardial perfusion imaging protocol.  

 
 
Ten minutes after the stress scan, the rest scan is started, using identical scan parameters 
and contrast injection protocol, but without adenosine  infusion. During the stress and rest 
scan, a total of 0.2mmol/kg bodyweight  of contrast is injected and therefore late 
gadolinium enhancement images can be acquired without the use of extra contrast agent.  A 
typical CMR ischemia protocol consists of assessment of left ventricular function, stress 
and rest perfusion and also includes late gadolinium enhancement imaging for the detection 
of irreversible scar tissue, see figure 3. 
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Figure 3. Typical CMR ischemia imaging protocol 

 
 
 
First pass myocardial perfusion images can be analyzed qualitatively, semi-quantitatively 
and fully quantitatively. For clinical purposes, visual, qualitative analysis is generally done 
during or directly after the examination. In semi-quantitative analysis, signal intensity 
versus time curves per segment are used. Although less observer dependent, semi-
quantitative analysis is more time consuming because it requires manual tracing of 
subendocardial and subepicardial contours. In fully quantitative analysis, absolute 
myocardial perfusion  (ml/mm3 tissue) can be calculated using the mathematical process of 
Fermi model-constrained deconvolution. (28) Although this technique seems promising, 
standardized acquisition and analysis protocols are still in development. Several different 
contrast dose protocols are being investigated to correct for the non-linear relation between 
signal intensity and contrast concentration.  
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Combined functional and anatomical assessment 
The combined use of CTCA and myocardial perfusion imaging allows the non-invasive 
assessment of both coronary anatomy and function. Recently several studies have 
investigated the combined use of CTCA with nuclear perfusion imaging modalities (SPECT 
or PET). (17, 29-33). It was shown that the combination of both techniques may improve 
diagnostic accuracy for the detection of hemodynamically relevant CAD and improve risk 
stratification.   
CMR myocardial perfusion imaging has several advantages in comparison to nuclear 
perfusion imaging modalities: it can provide information about the presence of myocardial 
ischemia, ventricular function and assessment of myocardial viability in one single scan 
session and it does not involve any ionizing radiation. Therefore, CMR may be the ideal 
additional functional imaging technique to CTCA in the diagnostic work-up of patients 
with suspected CAD.  A typical case example of the combined use of CTCA and CMR  is 
shown in figure 4. 
 
 

 
 
Figure 4. Images of a 58-year old man with atypical chest pain. CTCA image showing non-calcified 
atherosclerotic plaque in the proximal left coronary artery causing > 50% diameter stenosis (A, arrowheads). MR 
myocardial perfusion images on mid ventricular short axis level at 3 time points during first pass of a contrast 
bolus through right and left ventricle and perfusion of the myocardium (B-G). During adenosine-stress (B-D) a 
perfusion defect is visible in the anterior myocardial wall (B-D, arrowheads) that is not present at rest (E-G). 
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Outline of the thesis 
In the current thesis we have investigated the relation between CMR and cardiac CT and 
the diagnostic yield of several algorithms using these techniques in patients with chest pain 
and  low to intermediate pre-test probability of having significant CAD.  In chapter 2 we 
investigated the relationship between exercise electrocardiography (X-ECG) and functional 
and anatomical imaging modalities for the diagnostic evaluation of patients with suspected 
CAD.  In chapter 3 the positive predictive value (PPV) of computed tomography coronary 
angiography (CTCA) for the detection of significant coronary artery disease (CAD) was 
investigated in patients with low to intermediate pre-test probability CAD that were 
referred for non-invasive evaluation of chest pain. Furthermore, the influence of the 
composition of atherosclerotic plaque as detected by CTCA on the PPV was investigated. 
In chapter 4 we investigated how anatomical findings on CTCA relate to functional 
findings on first pass magnetic resonance myocardial perfusion imaging in patients with 
chest pain and low to intermediate probability CAD. In chapter 5 we investigated the 
combined use of cardiac CT and CMR for the diagnostic evaluation of patients with 
suspected CAD in clinical practice. In chapter 6, we described clinical outcome of patients 
that underwent both CTCA and CMR. In chapter 7, we investigated the incremental 
diagnostic value of dual bolus over single contrast bolus first pass magnetic resonance 
myocardial perfusion imaging for the absolute quantification of myocardial blood flow in 
patients with suspected CAD.  
In chapter 8, general considerations are discussed and future perspectives are presented, 
that are illustrated by 3 case reports. 
 
  



Chapter 1 

20 
 

REFERENCES 
 

1. National Kompas Volksgezondheid version 4.2; March 22 2012; RIVM Bilthoven, the Netherlands 
2. Nesto RW, Kowalchuk GJ. The ischemic cascade: temporal sequence of hemodynamic, 

electrocardiographic and symptomatic expressions of ischemia. Am J Cardiol 1987;59:23C-30C 
3. Fox K, Garcia MA, Ardissino D, Buszman P, Camici PG, Crea F, Daly C, De Backer G, Hjemdahl P, 

Lopez-Sendon J, Marco J, Morais J, Pepper J, Sechtem U, Simoons M, Thygesen K, Priori SG, Blanc 
JJ, Budaj A, Camm J, Dean V, Deckers J, Dickstein K, Lekakis J, McGregor K, Metra M, Morais J, 
Osterspey A, Tamargo J, Zamorano JL; Task Force on the Management of Stable Angina Pectoris of 
the European Society of Cardiology; ESC Committee for Practice Guidelines (CPG). Guidelines on the 
management of stable angina pectoris: executive summary: The Task Force on the Management of 
Stable Angina Pectoris of the European Society of Cardiology. Eur Heart J. 2006 Jun;27(11):1341-81.   

4. Gianrossi R, Detrano R, Mulvihill D, Lehmann K, Dubach P, Colombo A, et al. Exercise-induced ST 
depression in the diagnosis of coronary artery disease. A meta-analysis. Circulation 1989 Jul;80(1):87-
98. 

5.    Kim C, Kwok YS, Heagerty P, Redberg R. Pharmacologic stress testing for coronary disease diagnosis: 
A meta-analysis. Am.Heart J. 2001 Dec;142(6):934-44 

6. Marcovitz P, Armstrong WF. Accuracy of dobutamine stress echocardiography in detecting coronary 
artery disease. Am J Cardiol 1992;69: 1269–72. 

7. Sawada SG, Segar DS, Ryan T, Brown SE, Dohan AM, Williams R et al. Echocardiographic detection 
of coronary artery disease during dobutamine infusion. Circulation 1991;83:1605–11. 

8. Segar DS, Brown SE, Sawada SG, Ryan T, Feigenbaum H. Dobutamine stress echocardiography: 
correlation with coronary lesion severity as determined by quantitative angiography. J Am Coll Cardiol 
1992;19: 1197–202. 

9.  Varga A, Garcia MA, Picano E; International Stress Echo Complication Registry.Safety of stress 
echocardiography (from the International Stress Echo Complication Registry). Am J Cardiol. 2006 Aug 
15;98(4):541-3.) 

10. Patel MR, Peterson ED, Dai D, Brennan JM, Redberg RF, Anderson HV, Brindis RG, Douglas PS. 
Low diagnostic yield of elective coronary angiography. N.Engl.J.Med. 2010;362:886-95. 

11.  Min JK, Shaw LJ, Devereux RB, Okin PM, Weinsaft JW, Russo DJ, et al. Prognostic value of 
multidetector coronary computed tomographic angiography for prediction of all-cause mortality. 
J.Am.Coll.Cardiol. 2007 Sep 18;50(12):1161-70. 

12. Abdulla J, Abildstrom SZ, Gotzsche O, Christensen E, Kober L, Torp-Pedersen C. 64-multislice 
detector computed tomography coronary angiography as potential alternative to conventional coronary 
angiography: a systematic review and meta-analysis. Eur.Heart J. 2007 Dec;28(24):3042-50. 

13.  Henneman MM, Schuijf JD, van Werkhoven JM, Pundziute G, van der Wall EE, Jukema JW,et al. 
Multi-slice computed tomography coronary angiography for ruling out suspected coronary artery 
disease: what is the prevalence of a normal study in a general clinical population? Eur.Heart J. 2008 
Aug;29(16):2006-13. 

14. Fox K, Garcia MA, Ardissino D, Buszman P, Camici PG, Crea F, et al. Guidelines on the management 
of stable angina pectoris: executive summary: The Task Force on the Management of Stable Angina 
Pectoris of the European Society of Cardiology. Eur.Heart J. 2006 Jun;27(11):1341-81. 

15. Hendel RC, Patel MR, Kramer CM, Poon M, Hendel RC, Carr JC, et al. 
ACCF/ACR/SCCT/SCMR/ASNC/NASCI/SCAI/SIR 2006 appropriateness criteria for cardiac 
computed tomography and cardiac magnetic resonance imaging: a report of the American College of 
Cardiology Foundation Quality Strategic Directions Committee Appropriateness Criteria Working 
Group, American College of Radiology, Society of Cardiovascular Computed Tomography, Society for 
Cardiovascular Magnetic Resonance, American Society of Nuclear Cardiology, North American 
Society for Cardiac Imaging, Society for Cardiovascular Angiography and Interventions, and Society 
of Interventional Radiology. J.Am.Coll.Cardiol. 2006 Oct 3;48(7):1475-97. 



General introduction and outline of the thesis 

21 
 

16. Meijboom WB, Van Mieghem CA, van Pelt N, Weustink A, Pugliese F, Mollet NR, et al. 
Comprehensive assessment of coronary artery stenoses: computed tomography coronary angiography 
versus conventional coronary angiography and correlation with fractional flow reserve in patients with 
stable angina. J.Am.Coll.Cardiol. 2008 Aug 19;52(8):636-43. 

17. Schuijf JD, Wijns W, Jukema JW, Atsma DE, de Roos A, Lamb HJ, et al. Relationship between 
noninvasive coronary angiography with multi-slice computed tomography and myocardial perfusion 
imaging. J.Am.Coll.Cardiol. 2006 Dec 19;48(12):2508-14. 

18. Pennell DJ, Sechtem UP, Higgins CB, Manning WJ, Pohost GM, Rademakers FE, et al. Clinical 
indications for cardiovascular magnetic resonance (CMR): Consensus Panel report. J.Cardiovasc.Magn 
Reson. 2004;6(4):727-65. 

19. Beek AM, Kuhl HP, Bondarenko O, Twisk JW, Hofman MB, van Dockum WG, et al. Delayed 
contrast-enhanced magnetic resonance imaging for the prediction of regional functional improvement 
after acute myocardial infarction. J.Am.Coll.Cardiol. 2003 Sep 3;42(5):895-901. 

20. Marcu CB, Nijveldt R, Beek AM, van Rossum AC. Delayed contrast enhancement magnetic resonance 
imaging for the assessment of cardiac disease. Heart Lung Circ. 2007 Apr;16(2):70-8. 

21. Schwitter J, Nanz D, Kneifel S, Bertschinger K, Buchi M, Knusel PR, et al. Assessment of myocardial 
perfusion in coronary artery disease by magnetic resonance: a comparison with positron emission 
tomography and quantitative angiography. Circulation 2001:103:2230-2235. 

22. Kuhl HP, Katoh M, Buhr C, Krombach GA, Hoffmann R, Rassaf T,et al. Comparison of magnetic 
resonance perfusion imaging versus invasive fractional flow reserve for assessment of the 
hemodynamic significance of epicardial coronary artery stenosis. Am.J.Cardiol. 2007 Apr 
15;99(8):1090-5. 

23. Kurita T, Sakuma H, Onishi K, Ishida M, Kitagawa K, Yamanaka T, et al. Regional myocardial 
perfusion reserve determined using myocardial perfusion magnetic resonance imaging showed a direct 
correlation with coronary flow velocity reserve by Doppler flow wire. Eur.Heart J. 2009 
Feb;30(4):444-52. 

24. Schwitter J, Wacker CM, van Rossum AC, Lombardi M, Al-Saadi N, Ahlstrom H, et al. MR-IMPACT: 
comparison of perfusion-cardiac magnetic resonance with single-photon emission computed 
tomography for the detection of coronary artery disease in a multicentre, multivendor, randomized trial. 
Eur.Heart J. 2008 Feb;29(4):480-9. 

25. Greenwood JP, Maredia N, Younger JF, Brown JM, Nixon J, Everett CC, Bijsterveld P, Ridgway JP, 
Radjenovic A, Dickinson CJ, Ball SG, Plein S. Cardiovascular magnetic resonance and single-photon 
emission computed tomography for diagnosis of coronary heart disease (CE-MARC): a prospective 
trial. Lancet. 2012 Feb 4;379(9814):453-60. Epub 2011 Dec 22. 

26. Jahnke C, Nagel E, Gebker R, Kokocinski T, Kelle S, Manka R, et al. Prognostic value of cardiac 
magnetic resonance stress tests: adenosine stress perfusion and dobutamine stress wall motion imaging. 
Circulation 2007 Apr 3;115(13):1769-76. 

27. Pilz G, Jeske A, Klos M, Ali E, Hoefling B, Scheck R, et al. Prognostic value of normal adenosine-
stress cardiac magnetic resonance imaging. Am.J.Cardiol. 2008 May 15;101(10):1408-12. 

28. Jerosch-Herold M, Wilke N, Stillman AE. Magnetic resonance quantification of the myocardial 
perfusion reserve with a Fermi function model for constrained deconvolution. Med Phys 1998;25:73-
84. 

29. Gaemperli O, Schepis T, Valenta I, et al. Functionally relevant coronary artery disease: comparison of 
64-section CT angiography with myocardial perfusion SPECT. Radiology 2008;248:414-23. 

30. Kajander S, Joutsiniemi E, Saraste M, et al. Cardiac positron emission tomography/computed 
tomography imaging accurately detects anatomically and functionally significant coronary artery 
disease. Circulation 2010;122:603-13. 

31. Rispler S, Keidar Z, Ghersin E, et al. Integrated single-photon emission computed tomography and 
computed tomography coronary angiography for the assessment of hemodynamically significant 
coronary artery lesions. J Am Coll Cardiol 2007;49:1059-67. 



Chapter 1 

22 
 

32. van Werkhoven JM, Schuijf JD, Gaemperli O, et al. Prognostic value of multislice computed 
tomography and gated single-photon emission computed tomography in patients with suspected 
coronary artery disease. J.Am.Coll.Cardiol. 2009 Feb 17;53(7):623-32.  

33. Sato A, Nozato T, Hikita H, et al. Incremental value of combining 64-slice computed tomography 
angiography with stress nuclear myocardial perfusion imaging to improve noninvasive detection of 
coronary artery disease. J Nucl Cardiol. 2010;17:19–26. 

 


