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English Summary, 

Conclusions and Implications 

In this thesis the potential of Computed Tomography (CT) to analyse myocardial 
perfusion is studied for several CT scan methods. The results form a solid 
fundament to justify further research in CT perfusion of the heart and study of 
clinical application. 

Concepts in coronary artery disease (CAD) and CT perfusion analysis are 
described in chapter 1. Standard diagnostic management for patients suspected of 
coronary artery disease is discussed, potential indications for CT are identified and 
CT perfusion options are explained. CT is increasingly used in clinical practice to 
rule out CAD. A coronary CT angiography (CTA) is an anatomical examination 
that allows detailed examination of the coronary arteries. This technique has a 
very high negative predictive value, which means that when no stenosis is found, 
the patient has a very high probability of not having CAD. However, in case 
of an intermediate stenosis (narrowing the lumen around 50%) in one or more 
coronary arteries, it is often difficult to determine the hemodynamic significance 
of this stenosis. In other words, it is hard to determine whether the stenosis causes 
reduced flow to the heart muscle (myocardium), and results in a myocardial 
perfusion defect.  A perfusion scan of the heart provides a functional evaluation 
of CAD and allow diagnosis of myocardial ischemia. Different modalities can be 
used to obtain perfusion scans: Single photon emission computed tomography 
(SPECT), positron emission tomography (PET) and magnetic resonance 
imaging (MRI). The first two modalities are nuclear techniques that make use of 
radioactive tracers to acquire information about myocardial perfusion. MRI is a 
magnetic technique, which does not involve radiation. 

Recent developments in CT techniques have made it possible to not only acquire 
images of the coronary arteries, but also acquire perfusion scans. There is increasing 
interest in scientific evaluation of CT perfusion imaging. Different approaches to 
CT perfusion are tested. In chapter 2, the diagnostic performance of several CT 
perfusion techniques is analysed in a meta-analysis. In total, 22 out of 6,041 journal 
articles met the inclusion criteria. 1,507 patients from the selected manuscripts 
were included in the meta-analysis. Five different CT perfusion techniques were 
analysed: static rest scans, static stress scans, dynamic stress scans, dual energy 
stress scans and a combination of CTA and static stress scans. In general, included 
studies comprised small sample sizes, and all CT perfusion techniques showed 
good diagnostic accuracy. The specificity was generally good for CT perfusion 
techniques with however only moderate sensitivity, whereas CTA is renowned 
for the high sensitivity and lower specificity. A combination of CT perfusion 
and CT angiography has high potential to improve CT as one-stop-shop for 
CAD diagnosis. However, to prove this hypothesis, larger studies with more 
patients should be performed, and standardization of the CT perfusion technique 
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is needed. Additionally, considerable heterogeneity was found in the included 
studies. This is caused by the large variation in reference standards, making it 
impossible to pool scientific evidence from additional studies in this field. 

Early in the thesis, the different options for CT perfusion analysis are explained. 
They can largely be divided into two categories, based on the method of acquisition: 
static or dynamic perfusion analysis. Static perfusion scans are acquired at one 
moment in time. Iodine contrast is used to obtain contrast in the blood pool. 
The specific characteristics of iodine causes an increased absorption of X-rays, 
resulting in an increase in CT enhancement, represented in Hounsfield units 
(HU) (different grey values). Iodine contrast mixed with blood causes  an increased 
enhancement of blood, through which areas  with normal HU enhancement 
of blood flow and reduced HU enhancement (dark areas, suggesting abnormal 
myocardial perfusion) can be distinguished. In this way, the difference in iodine 
distribution in the myocardium can be analysed, both visually (by a radiologist) 
and semi-quantitative. Semi-quantitative measurements of iodine concentration 
or HU values result in information of  the distribution of contrast across the 
heart muscle, but not on myocardial blood flow (MBF) values itself. Dynamic 
CT perfusion analysis  is the only CT technique that enables quantification of 
myocardial blood flow. Using this technique, multiple scan series are acquired 
over time, providing information on  the inflow and outflow of contrast in the 
myocardium. The blood flow through the heart can be estimated with complex 
mathematical models, which use the information of the contrast inflow over time. 
In this thesis both the dynamic and static CT perfusion techniques are further 
investigated (chapter 3 to 7 dynamic CT perfusion; and chapter 8 to 10 static CT 
perfusion).

In the last decade, results of dynamic CT perfusion analysis in the detection 
of CAD showed promising results. These results were the starting point of the 
dynamic perfusion CT research described in this thesis. In a number of the 
validation studies described in this thesis, an ex vivo perfusion model was used. 
In 1895, Oskar Langendorff published a manuscript in which he described a new 
perfusion model, currently known as the Langendorff model. Originally, this 
model was not used to study imaging methods, but to analyse the perfusion of 
an animal heart. The Langendorff model uses retrograde flow through the aorta, 
with a closed aortic valve, to circulate all blood to the coronaries. In chapter 3, 
this ex vivo model is used to analyse the performance of dynamic CT perfusion 
in second generation dual source CT. This CT scanner has a scan range of 7.3 cm 
for dynamic myocardial perfusion imaging. Images are acquired at multiple time 
points, resulting in information on the contrast inflow to the heart. An artificial 
stenosis was induced in the Circumflex (Cx) artery to study the diagnostic 
performance of CT perfusion analysis in detecting myocardial ischemia. A 
pressure wire was placed in the Cx artery to monitor the induced stenosis grade 
during the experiment. The pressure wire monitored the pressure before and after 
the stenosis and the difference in pressure was used to calculate the fractional 
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flow reserve (FFR) as measure of stenosis grade. The severity of stenosis was set 
at different predetermined stenosis grades: no stenosis, FFR 0.70, FFR 0.50, FFR 
0.30 and total occlusion. Additionally, the blood flow and blood pressure in the 
Langendorff model were monitored throughout the experiment. Arterial flow was 
generally constant with a flow of around 1.0 l/min, while arterial pressure showed 
a slight increase from 83 to 94 mmHg. A significant difference in CT-derived 
MBF was found for segments with normal perfusion and segments with ischemia. 
This experiment can be viewed as a proof of principle of the Langendorff model 
in a CT environment. The Langendorff model provides control over physiological 
parameters, such as stenosis grade and arterial flow, and seems to be a suitable 
model to validate perfusion techniques. 

In chapter 4, four additional porcine heart experiments are analysed.  In total, 
five hearts were thus studied. In three of these,  microspheres were infused. 
Microsphere measurements are the gold standard for MBF calculation. These 
spheres are too big to pass through the myocardium and get stuck in the coronary 
microvasculature. After the experiment, the hearts were cut up in small segments, 
of which the fluorescence per gram tissue was measured. A moderate correlation 
was shown between CT measured MBF and microsphere determined MBF. 
CT-determined MBF values were significantly lower compared to microsphere-
derived blood flow. Difference in MBF between normal and ischemic segments 
was determined for the five hearts. A difference in MBF was shown for stenosis 
with an FFR<0.80. From this study, one can conclude that dynamic CT perfusion 
can determine segmental differences in MBF. More research is needed to examine 
the ability of CT to accurately quantify MBF in clinical settings. 

In clinical practice, based on invasive coronary angiography, a cut off of FFR< 
0.80 is used to determine whether a stenosis is hemodynamically significant or 
not. In chapters 3 and 4, the steps in FFR were fairly large to acquire information 
on the influence on myocardial perfusion and to prove the concept in a CT 
environment. In chapter 5 the steps in FFR pressure drop are reduced in order 
to analyse dynamic perfusion CT in more detail: no stenosis, FFR 0.80, FFR 
0.70, FFR 0.60 and FFR 0.50. These experiments were performed on a third 
generation dual source CT. Measurements and the corresponding analyses were 
comparable to those in the previous chapters. CT-derived MBF measurements 
were compared between normal and ischemic segments. A significant difference 
in CT-determined MBF was found for stenosis grades with an FFR <0.80, 
which is consistent with the previous results. Besides MBF, also blood volume 
in the myocardium can be determined with dynamic CT perfusion. A significant 
difference was shown between normal and ischemic segments for CT-derived 
blood volume too. This difference was already significant at FFR 0.80. From 
the combined results of chapters 4 and 5 one can conclude that a difference in 
MBF  can be determined using dynamic CT perfusion analysis, while using the 
clinically applied threshold of FFR 0.80. However, when comparing the results 
of CT-determined MBF to ‘real’ blood flow values, CT values show a substantial 
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underestimation. This may be caused by low temporal sampling rate, resulting in 
underestimated MBF values in myocardial CT perfusion analysis. 

In chapter 6, the influence of temporal sampling on CT quantification of 
myocardial perfusion is studied. In three of the porcine hearts, additional perfusion 
scans with higher temporal sampling rate were made. Apart from acquisition once 
every two to three seconds (normal dynamic scan mode), one scan mode with a 
scan every heartbeat, and a continuous scan mode with five scans per heartbeat. 
For every scan mode, CT-derived MBF was analysed separately. Alongside these 
CT-determined MBF measurements, the ‘real’ myocardial flow was determined, 
based on aortic flow quantification. The results of this study confirm the hypothesis 
that an increase in temporal sampling increase the CT-determined MBF values, 
and gives more accurate estimates of  the ‘real’ blood flow values as calculated 
from the heart model. The main theoretical conclusion of this study is that the 
limited temporal sampling rate of dynamic CT perfusion analysis causes an 
underestimation of the calculated MBF.

In chapters 4, 5 and 6 the ‘upslope’ mathematical model was used to calculate 
MBF through the heart. This model relates the increase in HU in the myocardium 
to the HU peak enhancement in the afferent aorta. This is only one mathematical 
model  which can be used to quantify the MBF. Chapter 7 reviews several 
mathematical models that can be used in quantification of perfusion in both MRI 
and CT, including the advantages and disadvantages of each model. Furthermore, 
the conditions for implementation in clinical practice are discussed as well as 
the implications of  using  specific mathematical models. The conclusion is that 
the ideal model should be kept as simple as possible, taking into account the 
purpose of the model. More complex models could provide better estimates of 
MBF, but these models often come with multiple restrictive conditions. The end 
user should always take the purpose of the study into account,  as well as the fact 
that mathematical models are the means and not the goal of the study. 

Also based on the results in the previous chapters, dynamic CT perfusion is 
promising to distinguish between myocardial segments with normal flow and those 
with ischemia. However, more clinical studies are needed before implementation 
of CT-determined MBF in clinical practice. A disadvantage of dynamic CT 
scans is the increased radiation dose for the patient due to the repeated image 
acquisition over time in one procedure. Another, although less quantitative, CT 
scan method to analyse the significance of coronary stenosis is static CT perfusion. 
This technique may counter the disadvantages of dynamic CT perfusion regarding 
radiation dose. One of the techniques with potential for semi-quantitative analysis 
of myocardial perfusion is dual energy CT (DECT). In chapter 8, DECT and 
its potential application in clinical practice for evaluating myocardial ischemia is 
reviewed and the future of DECT imaging in CAD is discussed. DECT applies 
two separate tube voltages (high and low tube voltages) to acquire CT images. The 
different absorption properties of separate tissues is exploited by the acquisition at 
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two different tube voltages. Iodine contrast has different properties at high and low 
tube voltages, which can be used in the quantification of the iodine concentration 
in the heart. This method does not provide a measurement of MBF, but of iodine 
concentration in the heart at one moment in time, a semi-quantitative marker for 
myocardial perfusion. The contrast enhancement is lower in segments supplied by 
a stenotic coronary artery. Therefore, iodine concentration quantification has the 
potential to be used as a proxy biomarker for myocardial perfusion. 

In  chapter 9, the accuracy of iodine quantification with DECT is analysed for 
two recently introduced high-end CT scanners:  Third generation dual source CT 
and first generation dual layer CT. Dual source CT uses two separate tubes with 
different tube voltages to acquire the two image datasets, while dual layer CT uses 
two detection layers, registering low energy photons in the first detector layer and 
high energy photons in the second detector layer. In the experiments the accuracy 
of iodine concentration quantification was tested for both scanners in phantom 
measurements with reference iodine concentrations of: 0, 5, 10, 15 and 20 mg/ml. 
An anthropomorphic thoracic phantom was used to simulate the human chest. 
Separate iodine concentration tubes were placed in a holder inside the cardiac 
cavity of the thoracic phantom, surrounded by water. Combinations of several 
tube voltage combinations were tested for both CT scanners For the dual source 
CT: high tube voltage of 150 kVp with tin filter and 70, 80, 90 and 100 kVp as 
low tube voltage (four different imaging protocols); for the dual layer CT: 140 and 
120 kVp. Additionally, scans were obtained for different patient sizes, using fat 
rings to simulate larger patient sizes. Overall results on both scanners were good, 
with high correlation between CT-measured and known iodine concentration. 
However, when acquiring iodine concentrations at different tube voltages or 
different scanner types, the results varied. The best results were found for the tube 
voltage combination with the highest separation between the high and low tube 
voltage, namely 150Sn/70 for dual source CT and 140 kVp for dual layer CT, 
with more accurate results for dual source versus dual layer CT. In case of repeated 
measurements for DECT scans, it is recommended to scan the patients using the 
same protocol to decrease the susceptibility to systematic errors. 

From chapter 9  it is concluded that iodine can be quantified accurately using 
several dual energy CT techniques. However, in clinical practice this technique 
will not be applied on a stationary phantom without movement, but on a patient 
with a beating heart, with limited time window to detect myocardial ischemia. 
The optimal timing of static CT perfusion scans is determined in  chapter 10. 
The time window in which a perfusion defect can be distinguished from normal 
myocardium, as well as the optimal time point to start the perfusion scan was 
determined. In 25 patients, a dynamic CT perfusion scan and a MRI perfusion scan 
was made. Based on the MRI perfusion scans results, 10 patients with myocardial 
perfusion defects were selected. Reference locations were chosen in the ascending 
and descending aorta in order to calculate the time delays for starting the scan. The 
contrast peak in the ascending aorta was approximately 2s prior to the contrast 



Processed on: 26-1-2017Processed on: 26-1-2017Processed on: 26-1-2017Processed on: 26-1-2017

507555-L-bw-Pelgrim507555-L-bw-Pelgrim507555-L-bw-Pelgrim507555-L-bw-Pelgrim

206 English and Dutch summary and implications

peak in the myocardium, while the contrast peak in the descending aorta was often 
at the same moment as the contrast peak in the myocardium. The threshold time-
point was determined when the HU difference between normal and ischemic 
tissue was larger than 15 HU.  Time delays for the ascending aorta were 4 and 2 
seconds for 150 and 250 HU thresholds, respectively. For the descending aorta, 
time delays were 2 and 0 seconds for the 150 and 250 HU thresholds, respectively. 
These time delays can be used as a guide for scan triggering. The average time 
window in which a perfusion defect had a HU difference larger than 15 HU was 
approximately 8 seconds. These results imply that the imaging protocol should 
be finished in 8 seconds. In case the scan is shorter than 8 seconds, one should 
plan the scan in the middle of the 8-second window. Still, these are results of a 
relatively small study and should be confirmed in larger studies with the goal to 
implement optimal delays in clinical CT protocols.

Implications
In 2011, the Radiological Society of North America (RSNA)  appointed a task 
force, the quantitative imaging biomarkers alliance task force (QIBA), to advance 
knowledge of quantitative imaging biomarkers and guide future RSNA policy 
concerning imaging biomarkers. Alongside the RSNA, the European Society 
of Radiology (ESR) recognized the need for such an initiative and initiated 
the European imaging biomarker alliance (EIBALL) in 2015. These initiatives 
resulted in specific guidelines stating the criteria to which an imaging biomarker 
should comply. The “Food and Drug Administration” (FDA) uses the following  
definition for a biomarker: “a biomarker is a characteristic that is objectively measured 
and evaluated as an indicator of normal biological processes, pathogenic processes, or 
biological responses to a therapeutic intervention.” Because the general biomarker 
definition does not comply to an imaging biomarker, QIBA established a 
definition specifically for imaging biomarkers: “A Quantitative Imaging Biomarkers 
(QIB) is an objective characteristic derived from an in vivo image measured on a ratio 
or interval scale as indicators of normal biological processes, pathogenic processes or a 
response to a therapeutic intervention.”

In this thesis, several possible imaging biomarkers for CT myocardial perfusion 
are studied. We explored the ability of several CT techniques to analyze perfusion 
of the myocardium. First, a meta-analysis of CT perfusion techniques showed 
that CT is promising for the analysis of myocardial ischemia and thereby asses 
the hemodynamic significance of a stenosis. Furthermore, the results of the meta-
analysis showed a very heterogeneous research field which makes comparison 
between studies very difficult. This causes problems for the standardization and 
implementation of new, promising imaging techniques in clinical practice, one of 
the most important conditions for an imaging biomarker. The accuracy of CT to 
detect myocardial ischemia needs to be proven prior to clinical implementation. 
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In chapter 3, 4 and 5 the performance of dynamic CT perfusion is analyzed. 
These experiments confirmed that dynamic CT perfusion can detect differences 
in MBF between segments with and without ischemia, when the stenosis grade 
reached the clinically relevant threshold. The Langendorff model used in these 
experiment has advantages and disadvantages. In this ex vivo model, multiple 
parameters can be adjusted, flow can be increased or decreased and an adjustable 
stenosis can be created in one of the coronaries. A disadvantage of this model is 
the retrograde flow. This means that flow in the model is opposite compared to 
an in vivo situation and therefore results cannot be directly translated from the 
experimental set-up to patients. Nevertheless, because of the retrograde setup, the 
input flow to the coronaries is known and the ‘normal’ flow in the myocardium 
can be determined. These ‘true’ flow values can be compared to the CT-derived 
flow. The comparison of CT-measured flow with the true flow showed an 
underestimation of MBF for CT. In chapter 6 we prove that the underestimation 
of MBF is at least partially caused by the limited temporal sampling rate of 
dynamic CT perfusion. The underestimation of MBF values is an important 
limitation of dynamic CT perfusion analysis. Nevertheless, this underestimation is 
constant, and therefore, could possibly be corrected. Another important question 
in standardization of the technique, is which mathematical model should be used 
to quantify the MBF, and whether quantification adds to the clinical value of 
CT perfusion imaging. In chapter 7 the different mathematical models used in 
MRI and CT are explained in more detail. Most of these models are not used in 
clinical practice yet, and are mostly used in a research setting. A major problem 
using clinical data is that the ‘true’ flow through the myocardium is unknown. 
Known flow is a major advantage of the Langendorff perfusion model to validate 
perfusion quantification techniques. Thus, it is important to focus not only on 
patient studies for clinical implementation, but also use fundamental research for 
in-depth validation and technique optimization. The latter research will facilitate 
implementation into clinical practice. 

Chapter 8, 9 and 10 elaborate further on the potential of static CT perfusion 
techniques for the detection of hemodynamically significant CAD. It should be 
noted that static CT perfusion techniques are not able to perform quantification of 
MBF. Still, a semi-quantitative marker for myocardial perfusion can be provided 
by dual energy CT (DECT)-determined myocardial iodine concentration. The 
results of chapter 9 show that two different high-end CT scanners are fairly 
accurate in quantifying iodine concentration. Both DECT techniques showed 
good correlation between the CT-measured and ‘real’ iodine concentration. 
Iodine contrast distribution across the myocardium can be quantified by utilizing 
the different properties of iodine at different tube voltages. These properties can 
be exploited to measure the concentration by assessing images derived from the 
two tube voltages. Important to note is that scans with the largest tube voltage 
separation provide best iodine quantification results. Furthermore, although 
both scanners performed well, there are differences between the scanners and 
tube voltage combinations. Therefore, one should be careful in comparing iodine 
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quantification results between CT systems and scan protocols. Additionally, it 
is very important to scan at the right moment. In chapter 10 the ideal moment 
for acquisition of static CT perfusion scans is studied. The dynamic perfusion 
scans of 25 patients were reviewed in order to acquire information about the 
scan triggering for optimal contrast in the myocardium. The time delays from 
reference locations in the ascending and descending aorta to maximal myocardial 
enhancement were determined. These time delays provide an indication of the 
ideal moment for a ‘single-shot’ scan. These delays can be used as an indication 
for future studies. Nevertheless, these delays should be confirmed in larger patient 
studies before implementing them in clinical practice. 

Future research
The most important goal of this thesis is to establish a solid foundation for CT 
perfusion analysis of the heart, from which several patient studies will follow. 
The result of dynamic perfusion studies show that differences between normal 
and ischemic myocardium can be detected. Follow-up studies in patients need 
to establish the diagnostic accuracy in comparison to other perfusion techniques, 
like nuclear techniques and MRI. The meta-analysis of chapter 2 showed the 
addition of a single-shot acquisition under stress could increase the diagnostic 
value of a CT angiography examination. In future single-shot DECT studies, the 
accuracy of iodine quantification for the detection of hemodynamically significant 
CAD needs to be determined. In these studies the time delays can be used that 
were provided in chapter 10, especially for triggering the static dual energy scans. 
This information is of major importance, since correct triggering is essential in 
a single-shot acquisition. Integration of CT perfusion and CT angiography can 
be compared to a combination of a perfusion technique like SPECT, PET or 
MRI and invasive coronary angiography, which eventually results in better risk 
stratification of CAD patients. The result of better risk stratification with CT 
compared to invasive coronary angiography should lead to a paradigm shift, only 
using coronary angiography for therapeutic purposes. 

 A possible future application of dynamic CT myocardial perfusion is monitoring 
of patient treatment. By quantifying MBF, patients can be monitored throughout 
the different states of treatment. However, there are still some difficulties to 
overcome. In case one wants to use this technique routinely, it is important to 
keep the radiation dose within certain limits. Multiple developments in CT 
technology aim to decrease the radiation exposure per patient examination. 
Apart from radiation dose, the validation and standardization of CT myocardial 
perfusion is mandatory. The first patient studies show promising results and 
provide suggestions for cut-off values of MBF to differentiate between normal 
and ischemic myocardium. However, results in chapter 6 suggest that the MBF 
is substantially underestimated, and the hypothesis that this is partially caused by 
the acquisition method seems valid. Also, mathematical models for calculation of 
MBF, as described in chapter 7, influence MBF measurements. Future research 
should aim to determine the influence of different mathematical models on the 



Processed on: 26-1-2017Processed on: 26-1-2017Processed on: 26-1-2017Processed on: 26-1-2017

507555-L-bw-Pelgrim507555-L-bw-Pelgrim507555-L-bw-Pelgrim507555-L-bw-Pelgrim

209Quantitative CT myocardial perfusion: Development of a new imaging biomarker

11

quantitative measurement of MBF. Eventually a standardized robust method to 
measure myocardial blood flow using CT should be developed. At this moment, 
there are too many unknown or uncertain parameters in order to propose a specific 
CT perfusion measure as the preferred imaging biomarker for the evaluation of 
myocardial ischemia. That is one of the reasons for the subtitle of this thesis: 
“development of a new imaging biomarker.” For dynamic CT perfusion analysis 
the first steps have been taken, but more steps are needed in order to acquire the 
evidence that dynamic CT perfusion analysis can be implemented into  standard 
diagnostic management for the analysis of myocardial ischemia in CAD patients.

The results of future studies should indicate whether the use of CT myocardial 
perfusion imaging provides a new imaging biomarker for CAD. Based on the 
results in this thesis we can conclude that CT is a promising technique to obtain 
the imaging biomarker for myocardial perfusion that could be used to stratify 
patients suspected of coronary artery disease.  
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