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General Introduction and Outline of the Thesis
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5Quantitative CT myocardial perfusion: Development of a new imaging biomarker

1Cardiac diseases are the leading cause of mortality in the Western world. It is 
estimated that in the near future, the number of deaths caused by cardiovascular 
diseases worldwide will increase from 17 million per year now, to 24 million in 
2030 (1). Coronary artery disease (CAD) can be detected with a wide range 
of techniques and it has become apparent that both anatomical (presence or 
absence of a stenosis) as well as functional information (consequences on blood 
flow in the downstream myocardium) on CAD is essential to guide treatment. 
Traditionally, invasive coronary angiography (ICA) has been the gold standard 
for evaluating CAD with the option to perform a fractional flow reserve (FFR) 
measurement in specialized hospitals (2, 3). Ideally, ICA should only be used 
for revascularization and not solely as a diagnostic tool, because of the inherent 
risk accompanied by invasive procedures. ICA can lead to serious vascular and 
bleeding complications, with reported complication rate of up to 7.5% in (very) 
obese patients (4). Furthermore, Patel et al. showed that in more than 50% of 
the patients undergoing elective coronary angiography, the diagnostic invasive 
coronary angiography reveals no significant stenosis of the coronary arteries (5). 
In these patients a complete non-invasive workup could have prevented the need 
for ICA. The ideal situation, in terms of diagnostic efficiency and patient comfort, 
is a single non-invasive test providing a conclusive diagnosis of CAD. However, no 
single established imaging technique combines both morphology and functional 
imaging of the heart in a reliable manner. In other words, there is no one-stop-
shop in CAD imaging, yet. Therefore, non-invasive imaging techniques should be 
explored in their ability to perform complete evaluation of the heart.

A significant stenosis of the coronary arteries
The heart is composed of spiral muscle fibers providing the human body with 
an effective pump. The left (LCA) and right coronary artery (RCA) are the two 
main arteries supplying the heart with blood. The LCA normally splits early in 
the left anterior descending (LAD) and the circumflex (LCX) artery. A stenosis 
in either the LCA or RCA can cause a significant decrease in blood flow, and thus 
diminish the oxygen supply to the downstream myocardium. 

The definition of a significant stenosis is difficult, because in general practice 
multiple cutoff values for diameter stenosis are used. From a morphological 
perspective, a 50% diameter reduction can be defined as significant, while others 
use a reduction of 70% as clinically significant. Current ESC guidelines on 
management of stable CAD define significant stenosis as narrowings of ≥50% in 
the left main coronary artery and ≥70% in one or several of the major coronary 
arteries (6). However, the anatomical presence is not always a good predictor 
for the presence of ischemia especially in case of intermediate stenoses (50-
70% diameter reduction). A better definition might be the ability of a stenosis 
to cause functional alterations in myocardial blood flow to the myocardium. 
Current gold standard is an FFR reduction of < 0.80, which is indicative of a 
significant stenosis. In patients with an FFR>0.80, multiple studies have proven 
that medical treatment provides better outcome than immediate revascularization 
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6 Introduction

using cutaneous coronary intervention (PCI) or coronary artery bypass grafting 
(CABG)(7-9). While another large multicenter trial confirmed that CAD 
patients with a stenosis of FFR<0.80 benefit from PCI treatment (10). These 
studies indicate that a decrease in pressure/flow over a stenosis is indicative of 
significance of a stenosis and therefore a good predictor of the effectiveness of the 
treatment options in CAD. 

Coronary artery disease detection
The ischemic cascade of the myocardium is well-known and consists of a sequence 
of pathophysiologic events (figure 1) (11). Each ischemic event of the heart is 
initiated by an imbalance in oxygen supply and oxygen demand of the myocardium. 
Onset of ischemia can be distinguished first in perfusion abnormalities. These 
perfusion abnormalities are followed by wall motion abnormalities and ECG 
alterations. Consequently, perfusion analysis of myocardium is a clear biomarker 
for myocardial ischemia that will show the earliest alterations in case of a 
significant stenosis and, therefore, can be used as an additional technique to 
existing morphological tests. Nevertheless, the optimal use of hospital resources is 
only achieved if the pre-test probabilities (PTP), based on clinical testing, are taken 
into account. Therefore, before any test might be considered, symptoms should be 
assessed and clinical examination should be performed. Basic (first-line) testing 
includes: biochemical tests, ECG testing and rest echocardiography (analyzing 
wall motion and ruling out possible other disorders, such as hypertrophy, valvular 
disease, etc.)(3, 7). These tests are inexpensive and simple, making them good tests 
for early patient triage, aiding in stratification of patients in clinical PTPs. 
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Figure 1: The sequence of pathophysiologic events caused by coronary artery disease.
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1When early triage does not provide a clear diagnosis for the symptoms of the 
patients, further testing is needed. In current guidelines, the decision to perform 
additional imaging tests is based on the PTP of coronary artery disease (3, 12). 
The PTP is determined with a base risk score focusing on the risk factors age, 
gender and symptoms of disease. An intermediate PTP (e.g. 15 to 85 %) is 
indicative for further non-invasive testing according to current guidelines (3). In 
the 15-65 % PTP group, exercise ECG could be feasible as initial test, however, 
if local expertise and availability permits non-invasive testing, this would be 
preferable. In the 66-85 % group, a non-invasive imaging test should be used to 
make the diagnosis of CAD. Non-invasive coronary angiography using computed 
tomography (CT) is increasingly used to rule out CAD. This technique is especially 
useful in low to intermediate risk patients (15-65 % PTP), because of its high 
negative predictive value (13, 14). However, when an intermediate stenosis on CT 
angiography is found, it is often surprisingly difficult to determine whether this 
stenosis causes significant flow limitation (15). Different non-invasive imaging 
techniques, such as single photon emission computed tomography (SPECT), 
positron emission tomography (PET), and magnetic resonance imaging (MRI) 
can analyze the perfusion of the myocardium. Jaarsma et al. performed a meta-
analysis determining the diagnostic performance of the aforementioned perfusion 
techniques (16). Pooled sensitivity and specificity for SPECT were 88 % and 
61 %, respectively. For PET, overall diagnostic performance was highest with a 
pooled sensitivity and specificity of 84 % and 81 %, respectively. Highest sensitivity 
was shown for MRI, 89 %, with a specificity of 76 %. This meta-analysis shows 
that these non-invasive perfusion techniques have good diagnostic accuracy 
(11). However, all these techniques have specific disadvantages when applied for 
myocardial perfusion imaging. 

Although the radiation dose for SPECT has been lowered in recent years, it is 
still the non-invasive imaging technique with the highest radiation dose (16). 
Furthermore, the spatial resolution of the SPECT detectors is lower compared to 
the spatial resolution of the other imaging techniques. PET imaging has higher 
spatial resolution and lower radiation exposure per scan. Moreover, PET is the only 
technique which is reported to yield absolute quantification of myocardial blood 
flow. However, PET is only available in specialized centers and the costs of PET 
imaging are high. Additionally, spatial resolution of PET imaging is not equal to 
that of MRI or CT. MRI does not involve radiation dose and spatial and temporal 
resolution are high. Nonetheless, quantification of myocardial perfusion is difficult 
because of the non-linear relation between contrast concentration and MRI signal 
enhancement. Additionally, morphology of the coronary arteries is generally not 
analyzed with either SPECT, PET or MRI. Therefore, these techniques are less 
suitable to become a one-stop-shop in cardiac imaging. Recent developments in 
CT, however, could provide a one-stop-shop. This technique provides high spatial 
and temporal resolution to analyze the coronary morphology in a CTA scan and 
has multiple imaging options to analyze the perfusion of the myocardium using 
CT perfusion (CTP) scans. 
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CT myocardial perfusion imaging
Development of the newest generations of CT scanners (320-slice CT, Dual 
Source CT, Dual layer CT) has been fast in recent years. A thorax can be 
scanned in less than a second, while reconstructions of the images from raw 
data are directly available. These new features challenge researchers to explore 
new opportunities to acquire additional information of the heart, including new 
biomarkers in cardiac CT. This thesis is an example of newly explored CTP 
analysis studies of the heart. There are multiple techniques to analyze myocardial 
perfusion using computed tomography. Roughly, these techniques can be divided 
in static and dynamic techniques. Static CT techniques are often called snap-
shot CT perfusion techniques, although ‘perfusion’ is not completely correct 
in theory. The single-shot techniques acquire images of the iodine distribution 
in the myocardium at one moment in time using either single-energy or dual-
energy acquisition modes. Therefore, these scans only provide information on the 
distribution of the contrast and do not provide quantitative measurements on the 
perfusion of the myocardium. Consequently, these techniques are not true CT 
myocardial perfusion techniques. Dynamic scan techniques monitor the inflow 
of iodine contrast into the myocardium, acquiring multiple image datasets over 
time. Acquisition during the first-pass of iodine contrast is essential to acquire 
information on the blood flow through the myocardium, allowing calculation 
of CT-determined myocardial perfusion parameters. In this thesis both static 
and dynamic CT techniques have been studied in their ability to yield perfusion 
imaging biomarkers in CAD.

Outline of the Thesis  
The aim of this thesis is to explore the different CT techniques with which we 
can analyze the perfusion or contrast distribution of the myocardium. In Chapter 
2 a meta-analysis on several of those CTP techniques is performed. The separate 
techniques and several studies are described as well as the diagnostic performances 
the separate techniques. Dynamic myocardial CTP is one of the studied CT 
techniques. An ex vivo porcine heart model was used, in order to examine 
the performance of this dynamic technique in a controllable environment. In 
Chapter 3 this porcine heart model is described extensively, and it is shown that 
CT myocardial perfusion can be studied in a highly controllable experimental 
setup. Chapter 4 extends on the work of the previous chapter, adding four porcine 
hearts. In this chapter it is shown that differences in CT-determined myocardial 
blood flow can be found between segments with and without myocardial 
perfusion defects when using dynamic CT perfusion. Furthermore, microspheres 
measurements are done to explore correlations between CT determined blood 
flow and microsphere determined blood flow. In Chapter 5, the ex vivo model 
is applied on a newer generation of dual source CT scanners. While the steps in 
stenosis grade were large in the study in Chapter 4, here, steps were made smaller, 
acquiring information about the decrease of CT-determined myocardial blood 
flow in more detail. Commercially available software was used to acquire blood 
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9Quantitative CT myocardial perfusion: Development of a new imaging biomarker

1flow measurements in the studies with the porcine hearts. This software applies 
one of the available models that can be used to calculate myocardial blood flow 
from dynamic CT data. The results of both Chapter 4 and Chapter 5 implied 
that the myocardial blood flow is underestimated by CT myocardial perfusion 
imaging. One of the hypothesis is that the limited temporal sampling reduces the 
accuracy of the CT determined myocardial blood flow measurements. Therefore, 
in Chapter 6, dynamic CT imaging protocols with increased temporal sampling 
were performed in three of the five studied hearts. The aim of this chapter was 
to evaluate the effect of increased temporal sampling rates on quantification of 
myocardial blood flow in dynamic CT myocardial perfusion imaging. In Chapter 
7, the models which are suitable for myocardial blood flow estimation and 
calculation are determined and explained in a review on MR and CT perfusion 
models. The advantages and disadvantages of the separate models are explained 
as well as the implementation issues and the assumptions made when using these 
models. Although the results of dynamic CT perfusion analysis are promising, 
radiation dose is still high compared to single-shot techniques. Dual energy CT 
(DECT) imaging, a specific type of ‘snap shot’ CT technique, may be used to 
analyze iodine distribution in the myocardium. In Chapter 8, DECT is explained 
also in view of the opportunities to implement DECT into clinical practice. With 
DECT, the concentration of iodine contrast agent present in the myocardium at 
one moment in time can be determined. The study in Chapter 9 compares two 
state-of-the-art CT scanners in accuracy of iodine quantification using different 
dual energy acquisition modes (e.g. dual layer CT and dual source CT). This can 
be used to differentiate between ischemic and non-ischemic myocardium. Because 
dual energy scans are acquired at one moment in time, the acquisition should be 
at the moment of highest separation of contrast enhancement between ischemic 
and non-ischemic myocardium. The optimal timing of snap-shot myocardial 
perfusion scans is analyzed in Chapter 10, based on dynamic CT perfusion data. 
In this chapter information on the interval of optimal differentiation is acquired 
between ischemic and non-ischemic segments, and optimal delays for single-shot 
CT are determined. 
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