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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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8 Introduction

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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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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2
Abstract

Purpose
To determine the diagnostic performance of computed tomography (CT) 
perfusion techniques for the detection of functionally relevant coronary artery 
disease (CAD) in comparison to reference standards, including invasive coronary 
angiography (ICA), single photon emission computed tomography (SPECT), 
and magnetic resonance imaging (MRI).

Materials and methods
PubMed, Web of Knowledge and Embase were searched from January 1st, 1998 
until July 1st, 2014. The search yielded 9475 articles. After duplicate removal, 6041 
were screened on title and abstract. The resulting 276 articles were independently 
analysed in full-text by two reviewers, and included if the inclusion criteria were 
met. The articles reporting diagnostic parameters including true positive, true 
negative, false positive and false negative were subsequently evaluated for the 
meta-analysis. Results were pooled according to CT perfusion technique, namely 
snapshot techniques: single-phase rest, single-phase stress, single-phase dual-
energy stress and combined coronary CT angiography (rest) and single-phase 
stress, as well the dynamic technique: dynamic stress CT perfusion.

Results
Twenty-two articles were included in the meta-analysis (1507 subjects). Pooled 
per-patient sensitivity and specificity of single-phase rest CT compared to rest 
SPECT were 89% (95% confidence interval [CI], 82-94%) and 88% (95% CI, 
78-94%), respectively. Vessel-based sensitivity and specificity of single-phase 
stress CT compared to ICA-based >70% stenosis were 82% (95% CI, 64-92%) 
and 78% (95% CI, 61-89%). Segment-based sensitivity and specificity of single-
phase dual-energy stress CT in comparison to stress MRI were 75% (95% CI, 
60-85%) and 95% (95% CI, 80-99%). Segment-based sensitivity and specificity 
of dynamic stress CT perfusion compared to stress SPECT were 77% (95% CI, 
67-85) and 89% (95% CI, 78-95%). For combined coronary CT angiography and 
single-phase stress CT, vessel-based sensitivity and specificity in comparison to 
ICA-based >50% stenosis were 84% (95% CI, 67-93%) and 93% (95% CI, 89-
96%).

Conclusion
This meta-analysis shows considerable variation in techniques and reference 
standards for CT of myocardial blood supply. While CT seems sensitive and 
specific for evaluation of hemodynamically relevant CAD, studies so far are 
limited in size. Standardization of myocardial perfusion CT technique is essential.
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Introduction

Coronary artery disease (CAD) is still the leading cause of death in the western 
world. Numbers of patients are expected to increase worldwide due to obesity and 
other lifestyle-related conditions (1). Different imaging techniques are used to 
diagnose CAD, focusing on either morphological or functional evaluation of CAD. 
Computed tomography angiography (CTA) is a reliable technique to rule out 
CAD (2-6). However, the positive predictive value of CTA for hemodynamically 
relevant CAD is limited (7, 8). For an intermediate-grade stenosis, with 30-70% 
luminal narrowing, it is often challenging to predict if myocardial ischemia is 
present. Thus, a second non-invasive imaging technique is often performed. 

The most commonly used technique for myocardial perfusion imaging is single-
photon emission computed tomography (SPECT). Multiple studies involving a 
large patient base have shown the diagnostic and prognostic value of myocardial 
ischemia assessment by SPECT (9-11). However, temporal and spatial resolution 
of SPECT scanners is lower than for magnetic resonance imaging (MRI) and 
position emission tomography (PET), leading to higher diagnostic accuracy for 
the latter techniques compared to SPECT (11). MRI is advantageous because 
no ionizing radiation is involved in image acquisition while PET imaging allows 
for absolute myocardial blood flow quantification. No established single non-
invasive modality can analyse morphology and functional significance of CAD. 
Computed tomography (CT) holds great potential to change this in the near 
future due to the possibility to evaluate myocardial blood supply with state-of-
the-art CT systems. 

There are two main CT techniques to image myocardial perfusion, single-phase and 
dynamic imaging. A single-phase acquisition is a snapshot of iodine distribution 
across the myocardium at a single moment. This technique is often erroneously 
called ‘CT perfusion’ but does not provide quantitative information on the passage 
of contrast through the myocardium, and therefore should not be considered true 
myocardial perfusion imaging. The second approach, dynamic imaging involves 
the acquisition of images at multiple time points during first-pass of the bolus of 
contrast through the left ventricle, which allows analysis of myocardial perfusion, 
including the assessment of quantitative perfusion parameters such as myocardial 
blood flow. The latter technique comes at the expense of higher radiation dose. 
While in recent years, numerous studies in relatively small patient groups have 
been published on myocardial perfusion CT, it has not been established which 
technique yields the best diagnostic accuracy for functionally relevant CAD. 
Therefore we performed a meta-analysis to evaluate the strength of the current 
evidence supporting myocardial perfusion CT to diagnose hemodynamically 
relevant CAD. 
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Methods

This study was conducted according to Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) (12).

Data sources and study selection
PubMed, Embase and ISI Web of Knowledge were systematically searched for 
articles in English published between January 1st, 1998 (the year of introduction 
of multi-detector CT) and July 1st, 2014 about the diagnostic accuracy of 
myocardial perfusion CT compared to a reference standard. The search query used 
in PubMed was: (“Tomography, X-Ray Computed”[MeSH] OR “Computed 
Tomography”[TIAB] OR CT [TIAB]) AND (myocardial OR cardiac OR 
“coronary artery”) AND (“perfusion imaging”[MeSH] OR dynamic OR stress 
perfusion) AND 1998/01:2014/07 [dp]. One reviewer (GJP) performed the 
initial selection based on title and abstract. Subsequently, screening for inclusion 
in the meta-analysis was independently performed by two reviewers (XX, MD). 
In case of disagreement, a third reviewer arbitrated (GJP). Bibliographies of the 
included articles were searched for additional relevant articles.

A study was included in the review if: 1) myocardial perfusion CT was studied 
as a diagnostic test to detect hemodynamically relevant CAD; and 2) diagnostic 
accuracy of myocardial perfusion CT was compared to another myocardial 
perfusion imaging modality or to invasive coronary angiography (ICA) with or 
without FFR measurement as reference standard; 3) at least 16-multidetector 
CT (MDCT) was used; 4) stable patients with suspected or known CAD 
were included; 5) reference standard was either SPECT, PET, MRI or Invasive 
coronary angiography (ICA) +/- fractional flow reserve (FFR); and 6) numbers of 
true positive, false positive, true negative and false negative cases were reported on 
patient, vessel or segment basis. If four or more studies used the same reference 
standard and categorization, i.e. patient-, vessel-, or segment-based analysis 
according to the American Heart Association perfusion model,(13) the data were 
pooled in the meta-analysis. A study was excluded if: 1) it concerned a review, 
protocol, letter or case report; 2) it involved only a laboratory, phantom or animal 
study. In possible duplicate reports, the report with the largest sample size was 
included. Stress CT perfusion techniques were compared to stress-induced 
reference standards. Single-phase rest CT perfusion was compared to rest SPECT.

Data collection and quality assessment
One reviewer (GJP) extracted the data independently. The extracted data included: 
author, year of publication, number of patients, mean age, percentage men, CAD 
suspicion, scanner generation, myocardial perfusion CT technique, stressor agent, 
reference standard, mean radiation dose and measures for diagnostic performance. 
For the meta-analysis, absolute numbers of true and false positive, and true and 
false negative results were derived from the data supplied in the articles in order to 
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pool diagnostic performance measures. The studies were grouped according to CT 
technique, reference standard and categorization. Articles from groups including 
four or more studies were subsequently included in the meta-analysis, provided 
they met the inclusion criteria. In a study in which more than one CT technique 
was compared to the reference standard, each CT technique was evaluated 
separately. 

Two reviewers (GJP, MD) independently evaluated the studies included in the 
meta-analysis regarding quality. Disagreement in quality assessment was resolved 
by consensus. The second version of the Quality Assessment of Diagnostic 
Accuracy Studies tool (QUADAS2) was used to score the study quality (14). 
For each article, a quality score assessment was performed to analyse different 
factors of possible bias. A table was generated to visualize the quality results of 
the different studies. 

Statistical analysis
Data extracted from the included studies were pooled to calculate summary 
measures of diagnostic accuracy. These measures were sensitivity, specificity, 
NPV and PPV. The primary data synthesis was performed based on bivariate 
mixed-effects binary regression modelling. Heterogeneity was tested using the 
Q statistic and I2 index. The Q statistic is a calculation of the weighted sum of 
squared differences between the pooled effect across studies and individual study 
effects. The I2 index reflects the percentage of variation across studies caused by 
heterogeneity instead of chance. A 2-sided p-value for Q statistic <0.10 or I2>50% 
is considered to indicate heterogeneity. The Deeks’ funnel test was used to test for 
publication bias, with a value <0.05 indicative of publication bias or systematic 
difference between results of larger and smaller studies. In case of a publication 
bias, Copas’ worst-case sensitivity analysis was performed. It calculates the upper 
bound number of missing studies that will overturn statistical significance and 
estimation the minimum likely publication probability (15). “Trim and fill” 
method is suggested as a method to infer the existence of unpublished hidden 
studies determined from a funnel plot, subsequently correct the meta-analysis by 
imputing the presence of missing studies to yield an unbiased pooled estimate 
(16). Diagnostic odds ratios (DOR) were used to calculate the summary receiver 
operating characteristics (sROC) curves. DOR results are a combination of both 
sensitivity and specificity in one diagnostic performance parameter. A score of 
one indicates the technique has no ability to discriminate between patients with 
and without disease, with higher DORs representing better discriminative ability 
of the diagnostic test. Based on the sROC curves, the area under the ROC curve 
(AUC) was calculated. All analyses were performed using STATA version 11.2 
(STATA corporation, Lakeway Drive, College Station, TX, USA).
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Results

The systematic search in PubMed, Embase, ISI Web of Knowledge and additional 
citation tracking in review and original articles resulted in 9475 potentially 
relevant articles. Of those, 3431 articles were duplicates and were therefore 
removed. 6041 articles were screened based on title and abstract. The resulting 276 
articles were read full-text. Twenty-two articles were subsequently included in the 
meta-analysis (17-38). Figure 1 shows the flowchart of the search process. The 
meta-analysis included 1477 patients, with mean age ranging from 54 to 72, of 
whom 993 (67%) were male. Patients had proven CAD or were suspected to have 
CAD. The studies used either MDCT or dual-source CT scanners (11 [50%] 
and 11 articles [50%], respectively). The large majority of the MDCT studies was 
performed with 64-MDCT, 8 of 11 studies (73%). Mean radiation dose ranged 
from 2.5 to 18 mSv for the entire scan protocol.

Diagnostic performance
The diagnostic performance of the different CT perfusion techniques was tested 
against different reference standards. In meta-analysis, results could be pooled 
for four CT perfusion techniques, namely single-phase rest, single-phase stress, 
single-phase DECT stress and dynamic stress perfusion analysis. Pooled analysis 

Figure 1: Flow-chart of the literature review and selection procedure
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could also be performed for the combination of CTA with single-phase stress 
results. Other combinations did not yield sufficient numbers of studies.

Twenty-two articles were included in the meta-analysis divided into five groups 
based on CT method and reference method with at least four articles in each 
(table 1). Single-phase rest CT was compared to rest SPECT in patient-based 
analysis in five articles (398 patients). Single-phase stress CT was compared to 
ICA-based >70% stenosis on vessel-basis in six articles (597 patients and 1809 
vessel territories). Single-phase stress DECT was compared to stress MRI on 
segment-level in four studies (196 patients and 2824 segments) and dynamic 
stress was compared to stress SPECT in segment-based analysis in four articles 
(116 patients and 1652 segments). The lower number of segments for dynamic 
CT was due to the study by Kido et al. in which the 16 segment AHA model 
was not applied because the 16-MDCT scanner used could not display the whole 
heart (34). Combined CTA and single-phase stress protocol was compared to 
ICA-based >50% stenosis on vessel-basis in four studies (260 patients and 802 
vessels). 

 

 

Patient-based sensitivity and specificity for single-phase rest CT compared to rest 
SPECT were 89% (95% CI, 82-94%) and 88% (95% CI, 78-94%). DOR was 59 
(95% CI, 19-181), and AUC of the sROC was 0.94 (95% CI 0.91-0.96; Figure 2). 

Sensitivity and specificity for single-phase stress compared to ICA >70% on 
vessel-basis were 82% (95% CI, 64-92%) and 78% (95% CI, 61-89%), respectively. 
DOR was 16 (95% CI, 8-33). For the sROC curve, the AUC was 0.87 (95% CI, 
0.84-0.90; Figure 3). 

Figure 2: sROC curve for the diagnostic performance of single-phase rest vs rest SPECT
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For single-phase stress DECT, segment-based sensitivity and specificity in 
comparison to stress MRI were 75% (95% CI, 60-85%) and 95% (95% CI, 80-
99%). DOR was 51 (95% CI, 15-175), and the AUC of the sROC curve was 0.89 
(95% CI, 0.86-0.92; Figure 4). 

Figure 3: sROC curve for the diagnostic performance of single-phase stress vs ICA> 70% stenosis

Figure 4: sROC curve for the diagnostic performance of stress DECT vs stress MRI
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Segment-based sensitivity and specificity for dynamic stress CT perfusion 
compared to stress SPECT were 77% (95% CI, 67-85) and 89% (95% CI, 78-
95%), respectively. DOR was 28 (95% CI, 17-44), and the AUC of the sROC 
curve was 0.89 (95% CI, 0.86-0.91; Figure 5).

For combined CTA and single-phase stress CT, vessel-based sensitivity and 
specificity in comparison to ICA 50% were 84% (95% CI, 67-93%) and 93% (95% 
CI, 89-96%). DOR was 69 (95% CI, 36-135). For the sROC curve, the AUC was 
0.96 (95% CI, 0.93-0.97; Figure 6). 

Figure 6: sROC curve for the diagnostic performance of combined single-phase stress + CTA vs 
DECT vs ICA based >50% stenosis

Figure 5: sROC curve for the diagnostic performance of dynamic stress vs stress SPECT
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Study, year Size, n Forest plots Result (95%CI) 

Sensitivity  

Static rest 

   

Kachenoura 2010(20) 29 

 
         0                   0.5                 1.0 

1.00 (0.78-1.00) 
Kachenoura 2009(19) 78 0.75 (0.51-0.91) 
Nagao 2009(21) 75 0.90 (0.76-0.97) 
Feuchtner 2012(17) 76 0.92 (0.64-1.00) 

Gupta 2013(18) 140 0.90 (0.80-0.96) 

 
Overall 

 
398 

 
0.89 (0.82-0.94) 

Speci�city  

static rest 

   

Kachenoura 2010(20) 29 

 
          0                   0.5                 1.0 

0.79 (0.49-0.95) 

Kachenoura 2009(19) 78 0.72 (0.59-0.83) 

Nagao 2009(21) 75 0.83 (0.66-0.93) 

Feuchtner 2012(17) 76 0.95 (0.87-0.99) 

Gupta 2013(18) 140 0.94 (0.86-0.98 

 
Overall  

 
398 

 
0.88 (0.78-0.94) 

Sensitivity  

Static stress 

   

George 2014(25) 381 

 
         0                   0.5                1.0 

0.78 (0.73-0.81) 

Hosokawa 2011(26) 17 0.72 (0.55-0.86) 

Feuchtner 2011(27) 39 0.98 (0.91-1.00) 

Cury 2010(24) 36 0.88 (0.69-0.97) 

Bettencourt 2011(22) 90 0.48 (0.35-0.61) 

Blankstein 2009(23) 34 0.86 (0.65-0.97) 

 
Overall 

 
597 

 
0.82 (0.64-0.92) 

 

Table 1: Forest plots sensitivity and specificity of separate CT perfusion techniques against 
reference techniques
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Speci�city  

Static stress 

   

George 2014(25) 381 

 
            0                 0.5                  1.0 

0.62 (0.59-0.66) 
Hosokawa 2011(26) 17 0.87 (0.60-0.98) 

Feuchtner 2013(27) 39 0.60 (0.32-0.84) 

Cury 2010(24) 36 0.79 (0.66-0.89) 

Bettencourt 2011(22) 90 0.96 (0.93-0.98) 

Blankstein 2009(23) 34 0.68 (0.56-0.78) 
 
Overall 

 
597 

 
0.78 (0.61-0.89) 

Sensitivity  

DECT 

   

Kim 2014(29) 50 

 
         0                   0.5                 1.0 

0.53 (0.43-0.63) 

Ko 2014(30) 40 0.73 (0.67-0.79) 

Delgado 2013(28) 56 0.76 (0.65-0.86) 

Ko 2011(31) 50 0.89 (0.83-0.93) 
 
Overall 

 
196 

 
0.75 (0.60-0.85) 

Speci�city  

DECT 

   

Kim 2014(29) 50 

 
          0                    0.5                  1.0 

0.98 (0.96-0.99) 

Ko 2014(30) 40 0.83 (0.79-0.86) 

Delgado 2013(28) 56 0.99 (0.98-1.00) 

Ko 2011(31) 50 0.78 (0.72-0.83) 
 
Overall 

 
196 

 
0.95 (0.80-0.99) 
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Sensitivity  

Dynamic stress 

   

Ebersberger 2014(32) 37 

 
           0                    0.5                 1.0 

0.58 (0.45-0.70) 
Wang 2012(35) 30 0.85 (0.73-0.93) 
Kido 2008(34) 14 0.88 (0.47-1.00) 
Ho 2010(33) 35 0.83 (0.78-0.88) 
 
Overall 

 
116 

 
0.77 (0.67-0.85) 

Speci city  

Dynamic stress 

   

Ebersberger 2014(32) 37 

 
             0                  0.5                 1.0 

0.96 (0.94-0.98) 
Wang 2012(35) 30 0.92 (0.89-0.94) 
Kido 2008(34) 14 0.79 (0.62-0.91) 
Ho 2010(33) 35 0.78 (0.72-0.82) 
 
Overall 

 
116 

 
0.89 (0.78-0.95) 

Sensitivity  

Static stress + CTA 

   

Zhao 2014(38) 60 

 
           0                   0.5                 1.0 

0.94 (0.87-0.98) 
Wong 2014(37) 75 0.75 (0.60-0.87) 
Bettencourt 2011(22) 90 0.61 (0.50-0.71) 
Rocha-Filho 2010(36) 35 0.90 (0.77-0.97) 
 
Overall 

 
260 

 
0.84(0.67-0.93) 

Speci city  

Static stress + CTA 

   

Zhao 2014(38) 60 

 
           0                   0.5                 1.0 

0.91 (0.85-0.95) 

Wong 2014(37) 75 0.89 (0.80-0.95) 

Bettencourt 2011(22) 90 0.97 (0.94-0.99) 

Rocha-Filho 2010(36) 35 0.90 (0.80-0.96) 

 
Overall 

 
260 

 
0.93 (0.89-0.96) 

 CI= Confidence Interval, DECT= Dual Energy CT, CTA = CT angiography
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Study quality assessment and publication bias
The methodological quality of the included studies was generally good (table 2), 
with an optimal score for 18 studies. Nine of the ten meta-analysis outcomes 
showed heterogeneity (Q statistic: p<0.10), with I2 index values ranging from 
74% for pooled specificity for combined analysis of single-phase stress and rest 
CTA, to 98% for pooled specificity for single-phase DECT stress CT. Only the 
pooled sensitivity for single-phase rest CT did not show significant heterogeneity 
(I2=38%, p=0.17). The Deeks’ funnel test showed evidence of publication bias 
(p<0.05) for single-phase stress CT and DECT stress CT. Copas’ missing studies 
was calculated and for DECT and single-phase stress there was 1 study missing. 
Using “Trim and fill”, adjusted pooled sensitivity and specificity for DECT were 
71% (95% CI, 56-83%) and 91% (95% CI, 68-98%) respectively. For single-phase 
stress adjusted pooled sensitivity and specificity were 79% (95% CI, 61-90%) and 
77% (95% CI, 61-87%) respectively.

Discussion 

In light of recent technical developments, CT is gaining interest as comprehensive 
non-invasive imaging test for CAD, visualizing both coronary stenosis and 
myocardial perfusion. In recent years, numerous articles have reported the 
diagnostic accuracy of CT for assessment of myocardial blood supply. This meta-
analysis evaluated the current evidence base for myocardial perfusion CT. Pooled 
results showed acceptable diagnostic performance for all myocardial perfusion 
CT techniques for which meta-analysis could be performed, with sensitivity 
ranging from 75-89%, and specificity from 78-95%. Combined assessment of 
CTA with single-phase stress acquisition tended to have an even better diagnostic 
performance for detection of ICA-based stenosis. The diagnostic performance 
of CT of myocardial blood supply for hemodynamically relevant CAD seems 
reasonably good compared to reference standards. Single-phase rest CT was 
compared to rest SPECT, since a comparison of a rest imaging technique with 
a stress imaging reference technique would not be an honest comparison given 
the difference in vasodilation. Single-phase rest CT performance was quite 
comparable to that of rest SPECT. Stress DECT had a good sensitivity and a 
high specificity for the segment-based detection of CAD compared to stress 
MRI. Questions have been raised regarding the applicability of DECT due to 
movement artefacts caused by the reduced temporal resolution compared to MRI. 
High specificity suggests that the influence of artefacts on perfusion analysis in 
DECT is limited. Dynamic stress perfusion analysis had high segment-based 
sensitivity and specificity compared to SPECT. 
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Table 2: Quality score of articles included in the meta-analysis

Study Risk of bias Applicability concerns 

 Patient 
selection 

Index 
test 

Reference 
standard 

Flow and 
timing 

Patient 
selection 

Index test Reference 
standard 

Nagao 2009(21)        

Kachenoura 
2010(20) 

       

Kachenoura 
2009(19) 

       

Gupta 2013(18)        

Feuchtner 
2012(17) 

 ? ?  ?   

George 
2014(25) 

       

Hosokawa 
2011(26) 

       

Feuchtner 
2011(27) 

       

Cury 2010(24)        

Blankstein 
2009(23) 

       

Bettencourt 
2011(22) 

       

Kim 2014(29)        

Ko 2014(30)        

Ko 2011(31)        

Delgado 
2013(28) 

       

Ebersberger 
2014(32) 

?       

Ho 2010(33)        

Kido 2008(34)   ?     

Wang 2012(35)    ?    

Bettencourt 
2011(22) 

       

Rocha-Filho 
2010(36) 

       

Wong 2014(37)        

Zhao 2014(38)        

=low risk;  = high risk; ? = unclear risk 

Deeks’ funnel test showed a publication bias in both DECT and single-phase 
stress. “Trim and fill” was used to calculate an adjusted pooled sensitivity and 
specificity. For stress DECT, segment-based sensitivity and specificity in 
comparison to stress MRI were 75% (95% CI, 60-85%) and 95% (95% CI, 80-
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99%), the adjusted results are 71% (95% CI, 56-83%) and 91% (95% CI, 68-98%), 
respectively. The 95% CI are largely overlapping, so no significant difference can 
be shown. The same holds true for single-phase stress, again largely overlapping 
confidence intervals with slightly lower diagnostic performance in the adjusted 
analysis. With those results we can conclude that the publication bias is of minor 
influence on the results in this meta-analysis.

CT perfusion techniques
All myocardial perfusion CT techniques have specific advantages and drawbacks. 
Single-phase stress and single-phase rest CT are limited to visual analysis and 
HU assessment, while DECT and dynamic stress can provide parameters to 
quantify blood supply. This may allow more accurate detection of flow-limiting 
stenosis (39-41). Single-phase stress and rest imaging provides a snapshot image 
of iodine contrast distribution at a particular moment, so timing is an important 
issue. When scanning starts too early, only coronary enhancement will be present 
and when scanning starts too late, differences between myocardial segments with 
normal perfusion and segments with decreased blood flow will be less evident. 
DECT is a separate single-phase CT technique that is able to quantify iodine 
concentration, providing semi-quantitative measurements of myocardial blood 
supply which can be displayed as color maps. One study showed incremental 
value of DECT to detect myocardial ischemia compared to singly-energy, gray 
scale images (42).

One disadvantage of single-phase techniques is the suboptimal accuracy in 
patients with three-vessel disease, because visual perfusion comparison between 
segments may not provide the correct information. In these patients, dynamic 
perfusion analysis may provide immediate diagnosis, using perfusion measures 
like myocardial blood flow and myocardial blood volume. Bamberg et al. showed 
that quantitative perfusion parameters based on dynamic CT perfusion provide 
good diagnostic accuracy for the detection of hemodynamically significant CAD 
compared to MRI (43). Furthermore they stated that perfusion measurements 
can possibly aid to differentiate viable from nonviable myocardium. In one animal 
study by Schwarz et al. accuracy of dynamic perfusion analysis was proven to 
be higher compared to single-phase acquisition, but this is still to be proven in 
patient studies (44). One study by Huber et al. showed no real difference between 
dynamic stress and single-phase stress imaging in a small patient study (45). The 
suggested advantage of dynamic stress vs single-phase is still to be proven. 

DECT and dynamic stress CT techniques suffer from a comparable drawback: 
irregular and high heart rhythms can cause motion artefacts, which influence 
the measurements of blood supply. For a more elaborate overview of differences 
between CT perfusion techniques, we refer the reader to the review by Vliegenthart 
et al. (46).
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Stress versus rest
In the CORE320 study, George et al. showed that the diagnostic performance 
of single-phase stress perfusion CT imaging is higher than that of SPECT 
for the identification of patients with a stenosis of more than 50% on ICA, an 
improvement mostly driven by a higher sensitivity of CT (25). Interestingly, the 
combination of single-phase stress CT with CTA provided even better diagnostic 
accuracy in several studies, which makes combination of these techniques into 
one scan examination promising for future patient workup (22, 36-38).

Single-phase rest CT provided good diagnostic performance compared to a rest 
reference technique. In our study the comparison to stress testing as reference 
standard was not provided, but we can argue that diagnostic performance will 
drop when comparing rest CT to stress testing, especially for low and intermediate 
grade stenosis. Spiro et al. already showed that 64-MDCT in rest does not 
reliably detect myocardial ischemia as identified by SPECT, with a sensitivity and 
positive predictive value of 16% and 40%, respectively (47). In contrast, Osawa et 
al. comparing single-phase rest CT perfusion to reference ICA found that single-
phase rest CT perfusion analysis does allow evaluation of the degree of coronary 
stenosis and the extent of impaired myocardium (48). In addition, Branch et 
al. showed good diagnostic performance of single-phase rest CT for detection 
myocardial perfusion defects in ACS patients; however he also stated that lack 
of hypoperfusion does not exclude ACS in suspected patients (49). Overall, 
current studies cannot provide us with an unambiguous answer to the question 
whether single-phase rest CT provides enough information to determine CAD. 
For DECT, Meinel et al. recently showed that a stress-rest CT protocol seems to 
be a preferable approach compared to only rest or only stress CT acquisition in 
patients with known or suspected CAD (50). 

Radiation dose
A major disadvantage of myocardial perfusion CT imaging in general is the 
radiation dose, especially in dynamic CT imaging. In dynamic CT imaging, 
multiple time points are scanned in order to record the inflow and outflow 
of contrast in the myocardium, resulting in an overall higher radiation dose 
compared to single-phase, including DECT, scan techniques. Reported radiation 
dose ranged from approximately 5 to 13 mSv for dynamic stress scanning, while 
for single-phase CT imaging (both rest and stress) radiation dose ranged from 2 
to 9 mSv. Single-phase stress perfusion overall yielded a higher dose than single-
phase rest CT. Even so, overall radiation dose remains in the range of the most 
validated reference standard for myocardial perfusion imaging, SPECT with 
doses ranging from 1 to 17 mSv and PET with doses ranging from 0.1 to 7 
mSv (51-54). It needs to be established whether the extra parameters provided 
by dynamic imaging are needed to yield a correct diagnosis of hemodynamically 
relevant CAD or whether single-phase (or DECT) stress imaging is sufficient. 
An advantage of most CT techniques is the combination with low-dose CTA 
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techniques for morphology of the coronary arteries. In DECT, specifically, it is 
possible to reconstruct the coronary arteries from the rest CT perfusion series. 
However, this acquisition is associated with a radiation dose that is somewhat 
higher than for coronary CTA with newest scanners.

Limitations
We recognize some limitations related to the meta-analysis. The main limitation 
is the non-uniformity in the reference standard used for this meta-analysis, due 
to the diversity of reference standards used in myocardial perfusion CT research. 
We only pooled studies if 4 or more used the same reference technique. Also, 
used reference standards are sometimes not the most suitable for the evaluation 
of hemodynamically relevant CAD. For instance, comparison with another 
functional test such as SPECT will yield different results from comparison to an 
anatomical outcome such as ICA-based >70% stenosis. The ideal situation would 
have been to compare myocardial perfusion CT data to one reference standard. 
The used approach conveys the most realistic impression about the evidence base 
for myocardial perfusion CT at the moment. 

The small number of studies for each combination of CT perfusion technique 
with reference standard and categorization is another limitation. There were only 
small groups of studies with comparable research protocol. Heterogeneity between 
studies is a potential source of bias. Results give an indication regarding the 
diagnostic performance of the different myocardial perfusion CT techniques, but 
comparison between those techniques is not scientifically valid in meta-analysis 
when studies are scarce and small. Heterogeneity between studies was minimized 
by using strict inclusion criteria, only selecting study groups comparable with 
regards to CT protocol and reference standard. However, nine of the ten data 
groups analysed in the meta-analysis suffered from heterogeneity. As with all 
types of pooled data analysis, publication bias is a major concern. Negative results 
are less likely to be published compared to positive results, so the true diagnostic 
performance can be lower than the one reported in this meta-analysis. Publication 
bias played a role in the studies evaluated, indicated by the Deeks’ funnel test 
results of both single-phase stress and DECT. For the other three CT perfusion 
groups, publication bias could not be proven. Publication bias was corrected using 
“Trim and fill” method. The pooled estimate corrected for publication bias did 
not show a major difference from the original results, proving minor influence of 
publication bias in this meta-analysis.
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Conclusions

This study summarized the results of twenty-two articles including 1507 subjects, 
providing insight into the diagnostic performance of currently available CT 
perfusion techniques for hemodynamically relevant CAD. Based on studies with 
generally small sample size, myocardial perfusion CT seems to have reasonably 
good diagnostic performance. In general high specificity was found, combined 
with somewhat lower sensitivity. CTA has very high sensitivity for CAD, but 
a suboptimal specificity, so a combination of coronary CTA with myocardial 
perfusion CT is expected to improve the diagnostic performance of CT for 
detection of hemodynamically relevant CAD. Heterogeneity, both clinically 
and methodologically, is a major concern for the comparability for studies in 
myocardial perfusion CT. Validation and standardization of myocardial perfusion 
CT is essential for successful clinical implementation.
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Abstract

Objective
To test the feasibility of a CT-compatible, ex vivo, perfused porcine heart model 
for myocardial perfusion CT imaging.

Materials and Methods
One porcine heart was perfused according to Langendorff. Dynamic perfusion 
scanning was performed with a second generation dual source CT scanner. 
Circulatory parameters like blood flow, aortic pressure and heart rate were 
monitored throughout the experiment. Stenosis was induced in the circumflex 
artery, controlled by a fractional flow reserve (FFR) pressure wire. CT-derived 
myocardial perfusion parameters were analysed at FFR of 1.0 to 0.10/0.0. 

Results
CT images did not show major artefacts due to interference of the model setup. 
The pacemaker-induced heart rhythm was generally stable at 70 beats per minute. 
During most of the experiment, blood flow was 0.9-1.0 l/min, and arterial 
pressure varied between 80 and 95 mmHg. Blood flow decreased and arterial 
pressure increased by approximately 10% after inducing a stenosis with FFR 0.50. 
Dynamic perfusion scanning was possible across the range of stenosis grades. 
Perfusion parameters of circumflex-perfused myocardial segments were affected 
at increasing stenosis grades.

Conclusion
An adapted Langendorff porcine heart model is feasible in a CT environment. 
This model provides control over physiological parameters and may allow in-
depth validation of quantitative CT perfusion techniques.



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

44 Dynamic CT perfusion experiments

Introduction

Computed tomography (CT) has become the premier non-invasive imaging 
modality for non-invasive evaluation of the coronary arteries. For the functional 
assessment of coronary artery disease (CAD), the sole diagnosis of coronary 
luminal narrowing is often limited, especially in case of 30-70 % (intermediate) 
grade stenosis (1). Usually, additional testing on the impact of stenosis on 
myocardial perfusion is needed. To date, CT is not commonly used in daily 
clinical practice worldwide, except for several leading clinics in CT imaging. 
However, recent evidence suggests that state-of-the-art CT scanners allow 
evaluation of myocardial blood supply, on top of the interrogation of coronary 
morphology (2). This includes quantification of myocardial perfusion using 
dynamic perfusion techniques in second-generation dual source CT (DSCT) 
scanning (3, 4). Measurement of absolute myocardial perfusion can enhance the 
diagnostic accuracy for hemodynamically significant CAD, compared to visual 
analysis of perfusion maps (4-6). At present, only positron emission tomography 
(PET) imaging is capable of true perfusion quantification (7). Morton et al. 
recently demonstrated potential for CMR to derive semi-quantitative parameters 
of perfusion (8). 

Before quantitative CT perfusion imaging can be implemented in clinical practice, 
systematic validation is mandatory. Therefore, an ex vivo model of a perfused, 
isolated heart of a slaughterhouse pig was used for this systematic analysis. The 
aim of this study was to develop an explanted, perfused porcine heart model in 
a CT environment. We hypothesized that this model allows for standardized 
validation of CT perfusion parameters.

Materials and Methods

Heart acquisition and preparation
In this experiment, one ex vivo porcine heart was used. The current study was 
designed to purely show the feasibility of the model. The heart was obtained from 
a pig, slaughtered for human consumption. Protocols at the slaughterhouse and 
laboratory were in accordance with EC regulations 1069/2009 regarding the use 
of slaughterhouse animal material for diagnosis and research, supervised by the 
Dutch Government (Dutch Ministry of Agriculture, Nature and Food Quality), 
and approved by the associated legal authorities of animal welfare (Food and 
Consumer Product Safety Authority). 

A Dutch Landrace hybrid pig of approximately 110 kg live weight was used. After 
exsanguination, the thorax was opened by a parasternal incision. The pulmonary 
artery was cut just before the bifurcation. The aorta was cut before the supra-
aortic vessels. The heart was immediately cooled topologically in ice slurry. To 
arrest the heart, the aorta was cannulated to administer 2 l of cold cardioplegic 
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solution (4oC Custodiol Histidine-tryptophan-ketoglutarate (HTK), Essential 
Pharmaceuticals, Pennsylvania, United States) to the coronary arteries at a 
pressure of 60 mmHg. The ischemic time at body temperature did not exceed 5 
minutes. From subsequently slaughtered pigs, 20 l of fresh blood was collected for 
reperfusion. The heart and blood (heparinized with 5000 iu/l) were stored cold 
during transportation. 

Preparations of the heart were executed in the laboratory under cold and 
cardioplegic conditions until resuscitation. First, the pericardial sack was discarded. 
The azygos vein, and the inferior and superior caval vein were ligated. A cannula 
was inserted into the aorta and fixed approximately 40 mm distal to the valve 
annulus. The pulmonary veins were cut at the left atrium and ligated. A perforated 
drain cannula was inserted into the left atrium and ventricle allowing sufficient 
venting after resuscitation. Similarly, a cannula was inserted into the pulmonary 
artery. Around the proximal Circumflex (Cx) coronary artery, an inflatable 
cuff was placed, providing the possibility to mimic stenosis under controlled 
circumstances. By measuring pressure distal to the stenosis and calculating the 
ratio between this pressure and the aortic pressure, the fractional flow reserve 
(FFR) was determined, a measure for the hemodynamic severity of the stenosis. 
In clinical practice, FFR measurements are performed under maximal hyperaemic 
conditions, using adenosine or dipyridamole. The heart in this experiment was 
already in maximal hyperaemic state, because of its removal from the pig body (9). 
The Cx artery was chosen because it is easily accessible (in contrast to the right 
coronary artery), and perfuses an identifiable, but not too large part of the left 
ventricle (in contrast to the left anterior descending artery). 

During the experiment, FFR measurements were used to verify the cuff-induced 
stenosis grade. CT perfusion scanning was first performed without stenosis, 
followed by scanning at FFR values of 0.7, 0.5, 0.3 and 0.1/0.0. Scanning was 
repeated three times at each FFR. A deviation of 0.05 from the goal FFR was 
considered acceptable. To prevent the contrast agent from building up in the 
circulating blood pool and thus causing differential baseline enhancement, the 
blood pool was refreshed with new blood after each stenosis grade situation.

Heart perfusion 
After preparation, the aorta and pulmonary artery were connected to the 
circulation loop using the cannulas (figure 1). A bed of flexible cloth provided 
epicardial suspension. The heart was aligned in the scanner in supine position. 
A modified Langendorff perfusion model was used, with an artificial heart-
lung loop. In 1895, Langendorff et al. proposed a model of retrograde perfusion 
of mammalian hearts in which a Krebs Henselheit solution circulated via the 
aorta (10, 11). This Langendorff model was refined by circulation of whole blood 
(12). Whole blood was pumped by a centrifugal pump (BioMedicus, Medtronic, 
Minneapolis, Minnesota, USA) from a venous reservoir into the aorta in 
retrograde fashion, and from there antegrade into the coronary arteries. The flow 
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in the coronaries is pulsatile and pressure dependent. A pressure is present at the 
aortic root, causing the flow of blood into the coronaries. When the myocardium 
contracts during systole, the coronary vasculature is compressed and therefore the 
vascular resistance increases, resulting in reduced coronary flow. During diastole 
the myocardium relaxes, which opens the vascular bed and thereby lowers vascular 
resistance with higher coronary flow as result. In a normally functioning heart, the 
aortic blood pressure pulse varies in pressure between 120 and 80 mmHg, resulting 
in a pressure pulse of 40 mmHg. However, in the Langendorf experiments the 
pressure pulse is only in the order of magnitude of 10 mmHg.

The coronary venous blood returned to the venous reservoir via the coronary 
sinus, right atrium, right ventricle and pulmonary artery. The reperfusion 
medium circulated through a filter (AFFINITY® Arterial 38 µm bloodfilter; 
Medtronic, Minneapolis, Minnesota, USA) and an oxygenator-heat exchanger 
(AFFINITY®NT Oxygenator; Medtronic, Minneapolis, Minnesota, USA). The 
blood was oxygenated with 20% O2, 75% N2, and 5% CO2 carbogen gas. Blood 
glucose level was maintained between 5-7 mmol/l by addition of glucose-insulin 
mixture. The temperature of the circulating blood was 38oC. The blood flow 
through the coronary arteries was approximately 1.5 ml/g/min, and controlled with 
the centrifugal pump. The mean coronary flow was measured with an ultrasound 
flow probe (LifeTec Group, Eindhoven, the Netherlands) at the pump, and the 
pressure was measured at the aortic root with a pressure sensor (P10EZ-1; Becton 
Dickinson Medical, Franklin Lakes, New Jersey, USA).

Figure 1: From the venous reservoir (VR), the blood first passed the cardiac pump (CP). Then, 
the blood was pumped through the blood filter (BF) into the oxygenator (OX), and from there, 
through the aorta into the coronary arteries. The setup was placed on the scanner table; all parts 
which could possibly interfere with the signal were placed outside the field of view.
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When reperfusion of the coronary system was started, total ischemic time was 
approximately 4 hours. After coronary perfusion was reinstated, the heart showed 
spontaneous contractions while being warmed up by the circulating whole blood, 
and gradually regained sinus rhythm. Some defibrillations were performed, of 
10-30 J, to restore sinus rhythm. The heart was kept in this condition for at least 
15 minutes, to allow stabilisation at the membranal level. If the heart rhythm did 
not stabilize, or if rhythm became irregular during the experiment, a Medtronic 
external pacemaker model 5375 (Medtronic, Minneapolis, Minnesota, USA) was 
used to induce a stable heart rate at approximately 70 beats per minute. After 
obtaining a stable heart rate, the imaging protocols were started. ECG clips were 
placed on the wet  flexible cloth and connected to the scanner ECG leads to feed 
signal to the scanner and allow ECG-synchronized image acquisition. During 
the entire experiment, the heart rate, pacing status (heart paced yes or no), aortic 
pressure and blood flow were monitored. This enabled analysis of model stability 
and influence of luminal narrowing on the model. 

CT imaging protocol
CT acquisitions were performed on a second-generation DSCT scanner 
(SOMATOM Definition Flash, Siemens Healthcare, Forchheim, Germany). 
Scans were acquired in caudo-cranial direction. At each stenosis grade, the 
protocol consisted of a non-contrast enhanced CT scan, three dynamic CT 
perfusion (CTP) acquisitions, one coronary CT angiography (CTA) scan. First, 
scout images were obtained to determine the area of interest and a non-contrast 
enhanced CT scan was performed to determine baseline enhancement of the heart 
and blood pool. The unenhanced scan was made at tube voltage of 100 kV and 
tube current of 100 mAs. Second, perfusion series were performed at 5-minute 
intervals, to allow mixing of contrast agent in the blood pool and thus minimize 
the influence of contrast build-up. Dynamic perfusion image acquisitions were 
performed during end-systole (300 ms delay after the R-wave) in shuttle mode, 
with ECG-triggering. Given a detector width of 38.4 mm and an overlap of 10%, 
the anatomical coverage was 7.3 cm (13). 

The scan area was determined based on the scout scan. The entire left ventricle 
of the heart was selected as image field of view (FOV), from the aortic root to 
the apex. The heart was placed parallel to the z-axis of the table. Matrix size was 
512x512. Due to a heart frequency of >70 per minute, images were acquired every 
second heartbeat. Image acquisition parameters were 2x2x64 detector rows, 3.0 
mm collimation, 2x100 kV tube voltage and 350 mAs per rotation with a rotation 
time of 285 ms. The CM concentration was 300 mg Iodine/ml (Ultravist 300, 
Bayer, Berlin, Germany), which was diluted to a mixture of 40% contrast and 60% 
saline for the injections. CM was injected into the blood stream 200 cm from the 
coronary arteries, allowing mixing of the perfusate and the CM, but preserving 
the bolus shape of the injection. A CM volume of 15 ml, with a contrast to saline 
ratio of 40/60, was used at an injection rate of 3 ml/sec. Imaging was started 5 sec 
prior to start of CM injection, with a total scan time of 35 sec. After the perfusion 
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series, coronary CTA scanning was performed. First, scan timing was determined 
by administering additional 10 ml of diluted (40/60 contrast/saline ratio) iodine 
contrast. Image acquisition was initiated 3 sec after peak enhancement in the 
aortic root. Then, CTA was performed with another 15 ml of diluted contrast at 
an injection rate of 3 ml/sec. Coronary CTA data were acquired with retrospective 
ECG-gating, to analyse best-systolic and best-diastolic phase reconstructions. 
Scan parameters were 2x2x64 detectors rows, 0.6 mm detector collimation, 2x100 
kVp, 350 mAs per rotation and 285 ms gantry rotation time. CTA data were 
acquired to analyse the stenosis severity related to the FFR measurements. 

Image reconstruction 
Coronary CTA datasets were reconstructed with 0.75 mm slice thickness, 0.3 
mm increment, and I26F (iterative) reconstruction kernel to reduce image 
noise. Coronary evaluation was performed in Syngo.via (Siemens Healthcare, 
Forchheim, Germany), based on curved multi-planar reformat series. The degree 
of luminal narrowing of the different stenosis grades was assessed by measuring 
the remaining luminal area on cross-sections. Mean diameter and area of the 
induced stenosis were compared to the FFR measurement to provide information 
on the severity of luminal narrowing. For myocardial evaluation, CT perfusion 
datasets were reconstructed in short-axis images with 3.0 mm slice thickness, 1.5 
mm increment, and B23f (filtered back) reconstruction kernel for quantitative 
myocardial assessment, including an iodine beam hardening correction algorithm. 
Perfusion datasets were analysed using commercially available software, Volume 
Perfusion CT (VPCT) Myocardium (VA41A, Siemens Healthcare, Forchheim, 
Germany). The AHA-segmental model was used to label the segments of the 
heart (14). The flow territory of the Cx was determined based on the total 
occlusion scan. Segments in the Cx territory were defined as Cx segments, others 
as non-Cx segments. Perfusion parameters for Cx myocardial segments and non-
Cx segments were calculated. The FOV included the short axis view of the heart. 
The inflow tube to the heart was looped through the FOV to allow calculation 
of an input function as reference for the perfusion of individual myocardial 
segments. The VPCT software uses the input function and the enhancement in 
the segments of the heart to calculate myocardial blood flow and blood volume 
in ml/100ml/min and ml/100ml, respectively, 100 ml being a measure for the 
volume of the myocardial tissue.

Statistical analysis
Data management and statistical analysis were performed using Excel and SPSS 
19 (IBM Corp, Armonk, NY). Independent variance tests were carried out to 
analyse whether the Cx and non-Cx segment groups showed normal distribution 
of perfusion measurements. Thereafter, the Mann-Whitney U test for equality was 
performed. Median values of myocardial blood flow and volume were compared 
between segments with normal perfusion and segments with induced stenosis at 
different stenosis grades. 
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Results

The pacemaker-induced heart rhythm was stable at approximately 70 beats per 
minute. Arterial blood flow and blood pressure were kept constant as much as 
possible at 1 l/min and 80 mm/Hg, respectively. Blood flow was 1.0 l/min at FFR 
values of 1.0, 0.7 and 0.5 and slightly lower, 0.9 l/min, at FFRs of 0.3 and 0.1/0.0 
(Table 1). 

Mean arterial pressure gradually increased from 80 to 95 mmHg over the course 
of the experiment. Stenosis induction with FFR pressures of 0.3 and 0.0 caused 
the arterial pressure to increase with 10 mmHg and blood flow to decrease with 
0.1 l/min. The FFR measurements at each stenosis grade were stable. Occasionally, 
the pressure of the inflatable cuff lowered, recognisable as a rise in the FFR value. 
Then, the cuff was inflated again to maintain FFR within the 0.05 boundary from 
the goal stenosis grade. CTA measurements of the stenosis diameter and stenosis 
area are shown in table 2. A 0.70 FFR-based stenosis coresponded with a 50 % 
area stenosis on CTA. 

Figure 2: Example of images of the Cx artery with an FFR of 0.30. Left: the computed 
tomography angiography (CTA) image in curved multiplanar reformat shows the luminal 
narrowing. Right: the resulting perfusion defect in segment 5 as visible on maximum intensity 
projection (MIP) image.

Figure 3: Image A shows the inflow of CM bolus through the inflow tube. Images B-H show the 
contrast inflow in the myocardium at short axis cross-sections from basal to apical.
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Image quality of the coronary CTA scans was high, with HU values of over 325 in 
the coronary arteries (figure 2). In the dynamic scans, the heart could be imaged in 
total (figure 3). Based on the total occlusion scan, the flow territory of the Cx was 
found to be limited to segment 5 (figure 2 and 4). The relatively limited extent of 
ischemia was due to a small size Cx artery in this porcine heart.

At every stenosis grade, three scans with one stenotic Cx segment and 15 normally 
perfused segments were analysed, a total of 48 segments per stenosis grade. In 
table 3 the median values of myocardial blood flow and blood volume are shown 
for Cx and non-Cx-perfused segments. Myocardial blood flow and volume for 
the Cx segment was lower at stenosis grades with FFR of 0.50 compared to non-
Cx segments. 

Discussion

This study shows the feasibility of myocardial perfusion analysis in a Langendorff 
pig heart model in a CT environment. This experimental setup enables detailed 
and systematic study of myocardial perfusion under standardized conditions 
and at differing degrees of blood flow, allowing for qualitative and quantitative 
evaluation of myocardial perfusion. Preliminary results suggest that newly 
developed CT perfusion imaging techniques can be validated with this model 
under controlled conditions, with hemodynamic settings relatively similar to the 
in vivo, clinical situation. 

Figure 4: Blood flow map of the porcine heart at complete Cx occlusion, red color meaning 
higher/normal flow and blue indicating reduced flow.
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The Langendorff model is a retrograde perfusion model established in 1895 (11). 
In 2007, Skrzypiec-Spring et al. reviewed the use of this model throughout a 
century of existence and concluded that it can be used to study ischaemia, 
stunning, hibernation, arrhythmias and for drug testing (10). In several studies the 
Langendorff model has been used to investigate, for instance, cardiac physiology 
and donor heart preservation methods (15, 16). In our study, arterial blood flow 
and pressure were stable and controllable during most of our experiment. Part of 
the controllable circumstances included the confirmation of the stenosis degree 
by FFR assessment. The decrease in blood flow and increase in blood pressure 
during the experiment can be explained by the increase in peripheral resistance 
due to the induced stenosis. Because the heart was explanted, it was already in 
stress state and no compensatory mechanisms were present (9). Thus, induction of 
a stenosis directly influenced coronary blood flow and pressure. A stenosis with a 
0.7 pressure drop however, did not influence blood flow and blood pressure in this 
single experiment. We hypothesize that the lumen area may still be too large for 
peripheral resistance to increase, and therefore, blood flow and arterial pressure 
will not be influenced.

Schuster et al. showed potential for the Langendorff model for perfusion analysis 
in MRI environment (17). They showed consistent blood flow and pressure over 
time for hearts without stenosis. However, they did not evaluate the effect of 
increasing coronary stenosis on model stability (the right coronary artery in one 
heart was occluded but only to compare first pass perfusion area to infarct size). 
Small clinical studies have shown that adenosine stress dynamic perfusion CT 
testing can detect hemodynamically significant stenosis (3, 4, 18-20). Quantitative 
evaluation of myocardial perfusion may have incremental value to detect flow-
limiting stenosis compared to visual analysis. Prior to clinical implementation, 
the relationship between CT-derived perfusion parameters across the range of 
coronary stenosis needs validation against reference standards. Ethically, it is 
difficult to justify comparison of two modalities with associated radiation dose 
in patients. Also, there is little control over hemodynamic parameters in a human 
model especially regarding degree of stenosis. Conversely, a phantom model 
only allows limited conclusions with regard to the in vivo situation. An animal 
model mimicking human cardiac circulation may be of great help. Pigs have 
been researched extensively in cardiac imaging, since the porcine model provides 
excellent comparison to the human heart in size and physiology (21-24). The 
porcine heart is especially well suited for myocardial perfusion imaging studies, 
because it cannot develop collateral flow. Thus, there is a direct relationship 
between stenosis grade and the decrease in downstream perfusion. 

In in vivo porcine experiments CT allowed quantification of coronary flow 
(5, 22-25). The advantage of in vivo experiments is that the physiology and 
cardiac function is intact providing cardiac features comparable to human 
studies. However, in vivo experiments are often more complex than single-heart 
experiments, because whole pigs cannot as easily and directly be manipulated as 
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explanted hearts. Physiologically, the explanted heart is not as complex as the 
heart in living animals, offering more control and possibly better reproducibility. 
An extension of the present experiment could lie in imaging the porcine heart 
with different modalities to directly compare perfusion techniques at different 
stenosis grades.

Summarizing, our model has several benefits compared to other experimental 
models. A major advantage of the Langendorff model is the control of myocardial 
blood flow. A stenosis can be directly induced, and its severity can easily be 
altered. Because the heart is disconnected from the body, it is free of neural/
hormonal influences. The heart is already in stress state, because of the prior 
explantation. Thus, the coronary arteries are at maximum dilation, mimicking the 
situation of adenosine stress perfusion imaging. Furthermore, after otherwise fatal 
events such as arrhythmias and infarction-induced cardiac arrest, introducing a 
pacemaker or reinstating sinus rhythm with defibrillations of 10-30 J can prolong 
the experiment. Compared to scanning and subsequent sacrificing living pigs, 
a model using slaughterhouse pigs provides an alternative where no additional 
animals are sacrificed. 

Our model also has some disadvantages. Due to the fact that physiological processes 
were no longer intact, the model is less comparable to the clinical situation. The 
setup platform and fixation as well as contrast protocol and left ventricular pressure 
are not like in vivo situations. The setup was mostly made of plastic, because metal 
would induce large artifacts. Furthermore, the heart experienced an ischaemic 
period directly after removal, which may alter its condition and influence perfusion. 
During the experiment, some difficulties in ECG-triggering were experienced. 
This could be due to the usage of the pacemaker. The signal transduction of the 
pacemaker spike within the heart can differ between beats, possibly resulting 
in phase irregularities. Even so, signal transduction during the experiment was 
generally good, with good image quality and limited motion artifacts. Pacemaker-
induced rhythm is generally stable, however premature ventricular contractions 
may occur. Another possible bias is the fixed pacemaker induced heart rate in 
this heart. Previous studies in humans have shown an increase in heart rate when 
stressed using adenosine (19, 26). This increase is not simulated in this particular 
pig heart experiment. Therefore, our Langendorff experiment could be less prone 
to heart rate dependent artefacts compared to human studies when heart rates 
are higher. The stenosis induced in the Cx artery did not cause a large perfusion 
defect, because of a rudimentary Cx artery. There is a natural distribution in the 
size and perfusion areas of the coronary arteries in pigs, comparable to humans. 
We intend to repeat this experiment in a number of pig hearts to gain more 
information on variability of the model. Compared to an entire pig, the current 
model is relatively expensive. A last limitation is that the study was performed in 
one pig heart, only. The current study was designed to purely show the feasibility 
of the model. The model should be repeated in a larger number of explanted 
hearts to confirm stability of the setup and to optimize the experimental protocol. 
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Conclusion

This study demonstrates the feasibility of ex vivo myocardial perfusion imaging 
and quantification in a CT environment at different grades of coronary stenosis. 
The Langendorff model provides control over physiological parameters such as 
blood flow and stenosis grade. The described model shows promise for validation 
of CT perfusion imaging techniques under controlled circumstances. 
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Abstract

Objective
To test the accuracy of quantification of myocardial perfusion imaging (MPI) 
using computed tomography (CT) in ex vivo porcine models.

Materials
Five isolated porcine hearts were perfused according to Langendorff. Hearts were 
perfused using retrograde flow through the aorta and arterial blood flow, arterial 
blood pressure and heart rate were monitored throughout the experiment. An 
inflatable cuff was placed around the circumflex (Cx) artery to create stenosis 
grades which were monitored using a pressure wire, acquiring fractional flow 
reserve over the stenosis. CT perfusion was analysed at several stages of stenosis 
were, with fractional flow reserve values of 1.0, 0.7, 0.5, 0.3, and total occlusion. 
Second-generation dual-source CT was used to acquire dynamic perfusion images 
in shuttle mode with 350 mAs/rot at 100 kVp, repeated three times. CT perfusion 
quantification was performed using VPCT myocardium software, calculating 
myocardial blood flow (MBF, ml/100ml/min) for segments perfused by Cx artery 
and non-Cx myocardial segments. Determination of Cx segments was based on 
total occlusion scans. Microspheres were successfully infused at three stenosis 
grades in three of the five hearts and CT-determined MBF was correlated with 
microsphere MBF in Cx and non-Cx segments. 

Results 
Heart rate ranged from 75 to 134 beats/minute. Arterial blood flow ranged 
from 0.5 to 1.4 l/min and blood pressure ranged from 54-107 mmHg. MBF 
was determined in 400 myocardial segments of which 115 were classified as ‘Cx-
territory’. MBF was significantly different between non-Cx and Cx segments 
at stenosis grades with an FFR ≤ 0.70 (Mann-Whitney-U-test, p<0.05). MBF 
showed a moderate correlation with microsphere MBF for the three individual 
hearts (Pearson correlation 0.62-0.76, p<0.01). 

Conclusion
CT MPI can be used to determine regional differences in myocardial perfusion 
parameters, based on severity of coronary stenosis. Significant differences in MBF 
could be measured between non-ischemic and ischemic segments. 
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Introduction

Myocardial perfusion imaging (MPI) using computed tomography (CT) has 
gained interest in recent years, due to new CT scan techniques on state-of-the-
art systems. Other non-invasive imaging techniques, like single photon emission 
computed tomography, magnetic resonance imaging (MRI) and positron 
emission tomography have proven their value in the detection of myocardial 
perfusion defects (1). CT angiography can reliably detect and exclude coronary 
atherosclerosis (2). However, CT MPI is still in research phase. Rossi et al. 
provided an extensive overview of the possibilities of new CT techniques in stress 
CT MPI analysis (3). One of the promising CT MPI techniques is quantitative 
dynamic CT MPI. In dynamic CT MPI, images are acquired at every second 
heartbeat, resulting in information about the myocardial inflow and outflow of 
contrast media. Using complex equations, myocardial blood flow (MBF) can be 
calculated, which provides a quantitative measure for myocardial perfusion (4, 
5). Quantification of MBF will allow monitoring and grading of the severity of 
ischemia in coronary artery disease and possible detection of global ischemia in 
multivessel disease, which is often more difficult in non-quantitative imaging (6).

Before clinical implementation of dynamic CT MPI, this technique should 
be validated in phantom studies and clinical trials. Several studies have already 
shown promising results in in vivo animal studies (7-9). First results of clinical 
studies showed good diagnostic accuracy (10-15). Because of the relatively high 
radiation dose in dynamic CT MPI studies, those studies are more difficult to 
be performed as an extra study in clinical trials. Ex vivo studies using animal 
hearts are an option to validate CT MPI in detail. Blood flow and stenosis 
grades can be controlled and influenced easily in an ex vivo setup, allowing for 
direct manipulation of myocardial perfusion. Using this method, the induction 
and quantification of myocardial ischemia or infarction can be analysed using 
dynamic CT MPI techniques. Furthermore, different imaging protocols can be 
tested in succession, because radiation dose is not an issue in ex vivo models. 
The heart of slaughterhouse pigs generally resembles the human heart very well, 
both in size and in functionality. We have used a CT-compatible porcine heart 
platform (PhysioHeart©, LifeTec Group, Eindhoven, The Netherlands) that 
allows control of arterial blood flow and coronary stenosis grade. We showed 
that this Langendorff model can be used in CT without major artefacts (16, 
17). Furthermore, in an ex vivo model, CT perfusion parameters can be tested 
against microsphere measurements as a reference standard for absolute MBF 
In this porcine heart study we aimed to validate the quantification of MBF in 
dynamic CT MPI at second-generation dual-source CT, compared to FFR and 
microsphere-derived MBF as reference standards, with the final aim to derive 
MBF cut-off values for hemodynamically significant CAD.
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Materials and methods

Heart acquisition and preparation
Ten hearts were obtained from Dutch landrace hybrid pigs (approximately 110 
kg) that were slaughtered for human consumption. Protocols at the slaughterhouse 
and laboratory were in accordance with EC regulations 1069/2009 regarding 
the use of slaughterhouse animal material for diagnosis and research, supervised 
by the Dutch Government (Dutch Ministry of Agriculture, Nature and Food 
Quality), and approved by the associated legal authorities of animal welfare (Food 
and Consumer Product Safety Authority). Approval of institutional licensing 
committee for animal experiments was not applicable because the porcine hearts 
were slaughterhouse waste. For further details about the excision and preparation 
of the heart the reader is referred to earlier published work (16, 17). 

Platform preparation
A period of 2-3 hours was required for transport from slaughterhouse to the 
CT scanner, during which the heart was stored cold. The heart was placed along 
the z-axis of the scanner on porcine heart platform on flexible clothing to allow 
free movement of the heart. A centrifugal pump (BioMedicus, Medtronic, 
Minneapolis, Minnesota, USA) circulated the blood in the system. Blood flow 
was retrograde from the venous reservoir through the aorta to the aortic valve 
(figure 1). Due to the pressure of the retrograde flow, the aortic valve was closed 
throughout the experiment. The closed aortic valve prevented blood from going 
into the left ventricle, thereby forcing all the blood to flow through the coronary 
arteries. The blood was oxygenated with 20% O2, 75% N2, and 5% CO2 gas 
mixture, using an oxygenator-heat exchanger (AFFINITY® NT Oxygenator; 
Medtronic, Minneapolis, Minnesota, USA). Blood glucose level was maintained 
between 5 and 7 mmol/L by addition of glucose-insulin mixture. The temperature 
of the circulating blood was approximately 38oC. When reperfusion of the heart 
was started usually the heart started contracting autonomously. However, to 
reinstate sinus rhythm some defibrillations were performed using 10-30 Joules. A 
Medtronic external pacemaker model 5375 (Medtronic, Minneapolis, Minnesota, 
USA) was used to stabilize heart rhythm, only in case of unstable heart rhythm. 
Electrocardiography (ECG) leads were placed on the flexible heart bed of the 
platform. Wetting the flexible bed with saline provided excellent conduction for 
ECG measurements. Throughout the entire experiment, arterial blood flow (ABF), 
mean arterial pressure (MAP), pacing status and heart rate were monitored. 

The circumflex (Cx) artery was dissected from the surrounding tissue to allow an 
inflatable cuff to be placed around the artery, providing the option to induce a 
proximal stenosis in the Cx. The Cx was selected because of the ease of access and 
the limited area of perfusion. The induction of the stenosis in Cx territory causes 
perfusion defects in approximately 2 myocardial segments per short axis slice. A 
stenosis in the left anterior descending (LAD) artery would cause larger perfusion 
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defects and would influence the stability of the perfusion experiment. A stenosis 
in the right coronary artery (RCA) would not show a major perfusion defect in 
the left ventricle, as the porcine RCA is mainly supplying the right ventricle. 
The induced stenosis was monitored using a pressure wire, providing information 
about the pressure drop across the stenosis, fractional flow reserve (FFR). Five 
stenosis grades were used to study perfusion defects using dynamic myocardial 
perfusion CT: no stenosis, FFR 0.7, FFR 0.5, FFR 0.3 and occlusion. A standard 
error of 0.05 for each stenosis grade/FFR value was considered acceptable. 

CT protocol
Second-generation DSCT (SOMATOM Definition Flash, Siemens Healthcare 
GmbH, Forchheim, Germany) was used to acquire the scans of the porcine 
hearts. The scan range was determined based on the scout images. One baseline 
non-contrast enhanced scan with a tube voltage of 100 kV and effective tube 
current of 350 mAs, was performed to determine background enhancement and 
scan field of view (FOV). The imaging at each stenosis grade consisted of three 
dynamic CT perfusion scans. After each contrast-enhanced scan acquisition, a 
time interval of five minutes was applied to allow contrast concentration in the 
heart to return to baseline (figure 2). Contrast agent was injected 200 cm before 
the aortic valve to allow baseline measurements without contrast in the inflow 
tube (>200 cm long). An additional advantage of the long inflow tube was that the 
blood and contrast were properly mixed before entering the coronaries. In the first 
hearts, contrast agent with 300 mg/ml iodine concentration (Iopromide, Utravist, 
Bayer Healthcare, Berlin, Germany) with a 60/40% contrast-to-saline ratio, was 
injected at an injection rate of 3 ml/s, with a total volume of 15 ml. As the fail rate 
of the porcine hearts in the first experiments was unexpectedly high (2 completed 
and 4 failed experiments), and one of the hypotheses was that coagulability due to 
iodine contrast could possibly affect the state and rhythm of the heart, there was a 
switch to an ionic low osmolar iodine contrast with anti-coagulating effect in the 

Figure 1: Schematic representation of the Langendorff perfusion model. Blood is pumped 
from the venous reservoir (R) through the pump (P) to the blood filter (BF) after which it is 
oxygenated using an oxygenator (Ox). The aortic valve is closed due to the pressure applied with 
the retrograde flow. Due to the closed valve, all blood traverses into the myocardium through the 
coronaries. Blood leaves the myocardium via the coronary sinus and is pumped from the right 
ventricle into the venous reservoir. To the right, the heart is displayed on a bed of flexible cloth.
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last four experiments (18). In the last four hearts (three completed experiments), 
a contrast agent with 320 mg/ml iodine concentration (Hexabrix, Guerbet, Paris, 
France) was injected into the blood stream with a 55/45% contrast-to-saline ratio 
at an injection rate of 3 ml/s, with a total volume of 15 ml. Dynamic scans started 
five seconds prior to contrast injection to have multiple baseline measurements, 
with a total scan time of 60 seconds. Dynamic scans were performed in shuttle 
mode during end-systole. The blood pool was refreshed after each set of stenosis 
grade scans, to prevent the build-up of contrast in the circulating blood pool of 
approximately 5 liter.

Total heart coverage of the shuttle mode was 73 mm: twice the detector width of 
38.4 mm, with an overlap of 10%. The combination of high heart rate and shuttle 
mode resulted in dynamic scanning every second or third heart beat (every 2-3 
s). Acquisition parameters were: tube voltage 100 kV, 350 mAs per rotation and 
a gantry rotation time of 285 ms. The heart and inflow tube were placed in the 
FOV, which had a matrix size of 512 x 512. The FOV included the short-axis 
view of the heart. A part of the inflow tube to the heart was looped through the 
FOV to allow calculation of an input function as reference for the perfusion of 
individual myocardial segments.

Image reconstruction 
CT myocardial perfusion datasets were reconstructed in short-axis with 3.0 mm 
slice thickness, 1.5 mm increment and B23f (filtered back) reconstruction kernel, 
including an iodine beam hardening correction algorithm. Short axis datasets were 
analysed using commercially available software, Volume Perfusion CT (VPCT) 
Myocardium (MMWP VA41A, Siemens Healthcare GmbH, Forchheim, 
Germany). The AHA 17-segment model, with exclusion of the apex, was used to 
define the myocardial segments (19). An example of the measurements is shown 
in figure 3. The apex was excluded as this segment was often not part of the scan 
range. The perfusion pattern based on the occlusion scan was used to determine 

Figure 2: Scan protocol used for each FFR stenosis grade. Based on the first scan, the scan range 
is determined. In case nothing changed in the setup, the topogram and non-contrast scans were 
not repeated for increasing stenosis grades.
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which myocardial segments were perfused by the Cx. Myocardial segments in the 
Cx territory were defined as ischemic segments for all dynamic perfusion scans 
at all stenosis grades, while the other segments were defined as non-ischemic 
segments. The VPCT software calculated blood flow parameters for every tissue 
voxel using the arterial input function (AIF) and the tissue attenuation curve 
(TAC) of the myocardial segments (20). Mean values of voxels within manually 
drawn segments were used to calculate mean myocardial blood flow (MBFCT) 
in ml/100ml/min per segment, both for ischemic segments and non-ischemic 
segments. Mean MBF per myocardial segment was determined by averaging the 
MBF values of the three dynamic perfusion scans and was calculated per segment 
for each stenosis grade for each heart.

Microsphere injection protocol
During the experiment, fluorescent microspheres were injected in the three of 
the five hearts, at several stenosis grades: no stenosis, FFR 0.70, FFR 0.50 and 
FFR 0.30, after each set of three dynamic CT scans (figure 2). Microspheres 
(300,000 spheres; Dye-Trak, Triton Technology, San Diego, California) with 
different coloured labels were used, each representing a different stenosis grade: 
yellow, lemon, orange and persimmon. These microspheres were infused during 
a 30 second interval. At the same time, the ABF to the heart was monitored. 
Microspheres had a diameter of 15 micrometer, and lodged in the microcirculation. 
After completion of the experiment, the hearts were sliced into pieces of 
approximately 5 g and these samples were dissolved in alcoholic-KOH, leaving 
only fluorescent microspheres of which the fluorescence was determined using 
a previously described method (21). Absolute myocardial blood flow (MBFMIC) 

Figure 3: Perfusion analysis in Syngo VPCT myocardium for an induced stenosis with an FFR 
of 0.30.
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in ml/g/min per sample was calculated from the total blood flow in the setup 
(measured by the aortic flow probe) and the ratio of fluorescence in the sample 
and total fluorescence in all samples.

MBFCT measurements were related to reference fluorescence measurements of 
MBFMIC per minute. Ischemic segments were defined based on the total occlusion 
scan results. The MBFCT (ml/100ml/min) was corrected to ml/g/min by dividing 
by 105 (density of cardiac muscle is 1.05). Mean MBFMIC was calculated per slice, 
resulting in six MBF measurements: basal, mid-ventricular and apical MBFMIC for 
both ischemic segments and non-ischemic segments. These measurements were 
then correlated to the mean MBFCT in the corresponding slices and segments.

Statistical analysis
Statistical analysis was performed using SPSS 23 (IBM Corp, Armonk, NY). 
Independent variance tests were carried out to analyse whether the ischemic 
and non-ischemic segment groups showed normal distribution of perfusion 
measurements. Thereafter, the Mann-Whitney U test for equality was performed. 
Median values and interquartile range (IQR) of mean MBF values were compared 
between non-ischemic segments and ischemic segments, at each FFR occlusion 
grade. 

Correlation between MBFCT and MBFMIC was determined analysing the fit of 
the linear regression models using Pearson’s correlation for separate hearts, and 
mean MBF values of three CT measurements at FFR 0.70, 0.50 and 0.30. Paired 
samples T-tests were used to analyse general difference between MBFCT and 
MBFMIC. 
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Results

Experiment success rate and model stability
All ten hearts successfully recovered stable sinus rhythm after warming up. In 
five out of ten porcine hearts, all perfusion scans at all stenosis grades could be 
completed. In the hearts with premature failure, aortic pressure started to increase 
while total aortic blood flow decreased, indicating development of myocardial 
oedema. One heart failed before scans were made, two hearts failed before 
applying a stenosis, and two hearts failed during the first two stenosis grades. 
CT perfusion analysis was performed only in the five hearts with successfully 
completed experiment. 

During the experiment mean heart rate ranged from 75 to 134 beats per minute. 
Overall, ABF ranged from 0.5 to 1.4 l/min, with higher ABF at lower stenosis 
grades and in normal perfusion. The opposite is shown for MAP, which increased 
at higher stenosis grades and was lowest for normal perfusion. This was expected 
because with higher stenosis grade, peripheral resistance increased, leading to 
higher MAP and lower ABF. Throughout the experiment ABF and MAP were 
kept as stable as possible. (figure 4)
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Figure 4: Median aortic flow (in blue) shows a decrease at increasing stenosis grades, while 
median aortic pressure (in red) shows an increase towards higher stenosis grades.
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Imaging results
Mean MBF was determined in 400 (5 hearts * 5 experiments * 16 segments) 
myocardial segments of which 115 were classified as ‘ischemic’. Mean MBF 
values over three dynamic perfusion scans per stenosis grade, per heart were used 
to determine differences between ischemic and non-ischemic segments. The 
decrease in ABF shown in the standard setup measurements of aortic flow during 
the experiment (figure 4) is also visible in the MBFCT in normal segments (figure 
5). 

There was a significant difference in MBFCT between non-ischemic and ischemic 
segments for all stenosis grades with an FFR ≤ 0.70(p <0.05) (figure 5). Median 
MBF in non-ischemic segments ranged from 86.7 (IQR 63-102) ml/100ml/min 
at FFR 0.70 to 55.5 (IQR 34-67) ml/100ml/min at total occlusion, while median 
MBF in ischemic segments ranged from 76.8 (IQR 40-89) ml/100ml/min at 
FFR 0.70 to 19.7 (IQR 12-23) ml/100ml/min at total occlusion. A significant 
difference between non-ischemic and ischemic segments was found at an FFR of 
0.70, with a median MBF of 86.6 and 76.7 ml/100ml/min, respectively (p<0.05).

* * * *
Normal Segments
Ischemic Segments

Figure 5: A significant difference in blood flow measurements between normal segments 
and segments with perfusion defect is found for stenosis grades FFR ≤ 0.70. * is indicative of 
significance stenosis (p<0.05).
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MBFMIC and corrected MBFCT showed significant correlation (Pearson correlation 
ranging from 0.62 to 0.76, p<0.01) at induced stenosis grades of FFR 0.70 to 
0.30 (figure 6). Overall, MBFMIC was higher in comparison to MBFCT with values 
ranging from 1 to 6 ml/g/min, where MBF values for CT ranged from 0.5 to 1.2 
ml/g/min (p<0.05). 
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Discussion

In this study we intended to validate the quantification of myocardial perfusion 
in dynamic CT on second generation DSCT, using a controllable ex vivo porcine 
heart model. The current study yielded several important findings. Firstly, results 
show high potential for quantitative dynamic CT perfusion analysis to distinguish 
between ischemic and non-ischemic myocardial segments. Secondly, quantitative 
CT measurements of MBF showed a considerable underestimation compared to 
microsphere-based MBF quantification. However, a clear positive correlation was 
found between CT-determined and microsphere-based MBF.

Figure 6: For each heart a significant correlation was found between MBFCT and microsphere-
derived MBF. The results of separate hearts are displayed in different colors, along with the 
corresponding R2 of the linear fit for each heart.
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In the one heart that was analysed in the previous ex vivo publication, no significant 
differences were found between non-ischemic and ischemic segments in case 
of no stenosis or FFR 0.70 (16). In the segmental analysis of the five porcine 
hearts in the current study, we found a significant difference between segments 
with normal perfusion and segments with reduced perfusion for all stenosis with 
an FFR ≤ 0.70 grades. This implies that quantitative CT perfusion analysis can 
distinguish segments with and without a perfusion defect. 

CT-determined and microsphere-determined MBF quantification showed 
moderate correlation, which indicates that high MBFCT corresponds to high 
MBFMIC and vice versa. However, in general, MBFCT values for both non-
ischemic and ischemic segments were significantly lower than MBFMIC values. 
The MBFMIC values had a large range. Still, MBFMIC values were closer to the 
gold standard positron emission tomography measurements where cut-off values 
of 2.5 ml/g/min for 15O and 1.4 ml/g/min for 82Rb have been suggested to 
differentiate between ischemic and non-ischemic segments (22-24). The MBFCT 
values are not close to ‘real’ absolute myocardial blood flow. Ishida et al. already 
reported that the MBFCT values determined by shuttle mode CT in patients are 
not representing real myocardial blood flow (25). One of the hypotheses is that 
the temporal sampling of the shuttle mode scans is not sufficient to accurately 
calculate the first-pass MBF. Furthermore, Ishida et al. stated that the model 
used in the vendor-provided software is not calculating MBF but Ktrans, a 
volume transfer constant according to the Patlak equation model (25). These 
results suggest that one can use visual analysis of dynamic CT MPI maps in the 
detection of myocardial perfusion defects. However, one should be careful with 
the interpretation of the quantified absolute MBF values.

The results in this study are based on experiments using the PhysioHeart© setup, 
which allows direct control over ABF and MAP, and enables direct manipulation 
of the degree of stenosis in explanted porcine hearts. Stenosis grade, aortic 
pressure and flow were adjustable during the experiment, with the isolated heart 
setup being free of hormonal influences. The model is less complex as compared to 
in vivo animal studies, providing more control and possibly better reproducibility. 
In this model the heart is already in stress state because of the excision and 
recovery from the cold-ischemic period during transportation so there is no need 
for pharmalogically induced stress (26). The retrograde perfusion model used in 
this experiment was originally developed by Oskar Langendorff in 1895 (27). In 
a review in 2007, Skrzypiec-Spring et al. concluded that the Langendorff model 
could be used to study ischemia (28). Schuster et al. already showed potential for 
perfusion analysis using the Langendorff model in a clinical MRI scanner and 
concluded that this technique is feasible to use in MRI (29, 30). In an earlier 
study, the Langendorff model was applied in CT, and feasibility of this technique 
in CT was shown in one porcine heart (16). In in vivo experiments by Bamberg 
et al. and Rossi et al., dynamic CT MPI analysis was analyzed at several stenosis 
grades. These studies showed that CT MPI was able to detect significant stenosis 
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using dynamic perfusion analysis. In our study dynamic CT MPI differences in 
MBF were found between ischemic and non-ischemic segments, comparable to 
the results found in the in vivo studies (7, 9). 

This study has a number of disadvantages. Only 50% of the porcine heart 
experiments were completed. In five of the porcine hearts, the experiment ended 
prematurely. One of the hypotheses is that this was caused by development of 
oedema in the cardiac muscle. One of the factors that could prevent this is the anti-
coagulating effect of ionic low osmolar iodine contrast. This was not specifically 
tested in this study, but we hypothesized this could be one of the factors affecting 
the state and rhythm of the heart, as in the first part of experiments, in which 
non-ionic iodine contrast was used, four of the six hearts stopped prematurely. For 
this reason, we changed to a different iodine contrast, which increased the success 
rate in the second part of the experiments (three out of four). Another reason 
for the low success rate could be the location of the stenosis. The Cx supplies a 
large part of the left ventricle and perfusion defects could result in arrhythmias 
and development of oedema. It is important to study these influencing factors 
to increase the success rate of the ex vivo experiments in future experiments. 
The modified coronary integrity, contrast protocol and left ventricular pressure 
differ from the in vivo situation. Furthermore, the baseline normal perfusion in 
the Cx territory already showed a decrease compared to the normal perfusion, as 
described above. Baseline FFR measurements in non-stenotic coronary arteries 
were not available, but could have ranged between 0.85 and 1.00 based on the 
setup. Furthermore, a particular difference with the in vivo studies is that in our 
Langendorff model, retrograde flow was applied instead of normal antegrade 
flow. The arterial input function used in normal perfusion analysis is derived 
from blood that flows from the heart to distant organs, whereas in the current 
arterial input function, all blood traversed to the heart, in retrograde flow. So 
in in vivo experiments, the arterial input function is based on blood that does 
not flow through the heart, whereas in our experiments all blood and contrast 
included in the arterial input function flows through the heart. This could be 
an additional reason for offset in the MBFCT parameters using standard CT 
perfusion quantification models in the Langendorff mode. This experiment was 
performed in only a small number of porcine hearts. However, the analysis was 
based on differences between myocardial segments, which increased the power of 
the study. The analysis of perfusion was performed using manual segmentation 
which could have induced variability. Automatic software has not been developed 
for use in ex vivo imaging, because landmarks are different compared to in vivo 
imaging. Therefore, in ex vivo experiments, manual delineation of automatic 
software cannot be used ex vivo. Further research should be performed to analyse 
whether it is possible to link the CT perfusion blood flow measurements to 
real-time absolute flow measurements in the heart. Another issue to study is the 
reason for the underestimation of MBFCT compared to absolute MBF according 
to microsphere measurements and how this can be solved.
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The current model has an important advantage over in vivo porcine experiments, 
apart from the advantages of direct manipulation: there is no need for unnecessary 
animal sacrifice, as the pigs were slaughtered for human consumption. The 
reduction of the use of life animals in scientific research is gaining increasing 
attention, for example judged from the increasing number of organizations 
supporting the 3Rs (Replacement, Reduction, Refinement).

Conclusion

These studies in an ex vivo porcine Langendorff perfused heart model demonstrate 
that CT MPI can be used to determine regional differences in myocardial perfusion 
parameters, based on severity of coronary stenosis. Significant differences in MBF 
could be measured between non-ischemic and ischemic segments. 
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Abstract

Purpose
To evaluate the relationship between fractional flow reserve (FFR)-controlled 
coronary artery stenosis grades and myocardial perfusion parameters derived from 
dynamic myocardial CT perfusion imaging (CTP) in an ex vivo porcine heart 
model. 

Methods
Six porcine hearts were perfused according to Langendorff. Circulatory parameters 
such as arterial blood flow (ABF) (l/min), mean arterial pressure (MAP) (mmHg) 
and heart rate (bpm) were monitored. Using an inflatable cuff and monitored 
via a pressure wire, coronary artery stenoses of different FFR grades were (no 
stenosis, FFR = 0.80, FFR = 0.70, FFR = 0.60, and FFR = 0.50). Third generation 
dual-source CT was used to perform dynamic CTP in shuttle mode at 70 kV. 
Using the AHA-17-segment model, myocardial blood flow (MBF) (ml/100ml/
min) and volume (MBV) (ml/100ml) were analyzed using dedicated software for 
all ischaemic and non-ischaemic segments.

Results
During five successful experiments, ABF ranged from 0.8-1.2 l/min, MAP from 
73-90 mmHg and heart rate from 83-115 bpm. Non-ischaemic and ischaemic 
segments showed significant differences in MBF at a stenosis grade of FFR = 0.70. 
At this degree of obstruction median MBF was 79 (interquartile range [IQR]: 
66-90) for non-ischaemic segments versus 56 ml/100ml/min (IQR: 46-73) for 
ischaemic segments (p<0.05). For MBV a significant difference was found at FFR 
= 0.80 with median MBV values of 7.6 (IQR: 7.0-8.3) and 7.1 ml/100ml (IQR: 
6.0-8.2) for the non-ischaemic and ischaemic myocardial segments, respectively 
(p<0.05).

Conclusion
Artificial flow alterations in a Langendorff porcine heart model could be detected 
and measured by CTP-derived myocardial perfusion parameters and showed 
significant systematic correlation with stepwise flow reduction with early detection 
of ischaemic myocardium. Additional research in clinical setting is required to 
develop absolute quantitative CTP. 
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Introduction

Coronary computed tomography angiography (CTA) has shown to be a reliable 
technique for ruling out coronary artery disease (CAD) with high sensitivity 
and negative predictive value (1). However, it is often difficult to determine the 
hemodynamic significance of a detected stenosis, which is reflected by the lower 
specificity and positive predictive value of this test. Often, additional functional 
testing is required to determine the hemodynamic effect of a stenosis (2, 3). In 
theory, the high spatial and temporal resolution as well as the linear relation of 
the iodine-related Hounsfield Unit (HU) enhancement with tissue perfusion 
would make CT an ideal technique to quantify myocardial perfusion. However, 
myocardial CT perfusion imaging (CTP) comes at the cost of additional radiation 
dose and contrast media application. An ideal patient workup would begin with 
a CTA, which can determine whether a stenosis is present or not. With this test 
patients without a stenosis can be excluded, and significant CAD in patients 
with a high-grade stenosis can be confirmed. In cases where the CTA reveals an 
indeterminate stenosis, a myocardial CTP test could be appended. 

Two main techniques have been identified for CTP (4-6). The first, more basic, 
approach involves the acquisition of one scan during peak arterial enhancement 
of the myocardium, providing a snapshot of the iodine distribution across the 
myocardium. Based on differences in attenuation between myocardial segments, 
perfusion defects in the myocardium can be detected. However, this technique 
does not actually allow myocardial perfusion quantification. The second technique 
involves acquiring repeated images of the first pass of contrast inflow and outflow 
over several heartbeats allowing quantitative measurements of several myocardial 
blood flow parameters. As a decrease in myocardial perfusion is typically the first 
sign of disease in the ischaemic cascade, early detection by objective measurements 
based on this technique could lead to a faster and more accurate diagnosis of 
CAD compared to visual analysis of overt perfusion defects. 

Several recent studies have shown promising results for the quantitative CTP 
technique, which could increase diagnostic performance (7-13). However, 
there is as of yet limited information about the relationship between stenosis 
grade and CTP parameters. In particular, it is still unknown at which level of 
coronary flow reduction CTP-based perfusion parameters within downstream 
myocardial segments begin to change. The use of a controllable porcine heart 
model allows for determining the performance of CTP at investigator-controlled 
stenosis grades. The heart of a slaughterhouse pig resembles the heart of a human 
both functionally and in terms of size, making it an ideal model to study the 
mechanisms and effects of CAD. In a previous study, the porcine heart model 
to analyze CTP results at high stenosis grades based on second generation dual-
source CT (DSCT) system (14). The current study expands on earlier results by 
assessing more granular increments in fractional flow reserve (FFR) reduction 
using third generation DSCT with increased heart coverage. The aim of this study 



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

81Quantitative CT myocardial perfusion: Development of a new imaging biomarker

5

thus was to evaluate the relationship between FFR-controlled coronary artery 
stenosis grades and myocardial perfusion parameters derived from dynamic CT 
myocardial perfusion imaging (CTP) in an ex vivo porcine heart model, in order 
to develop a CT imaging biomarker for myocardial perfusion.

Methods

Heart acquisition
The hearts of six Dutch landrace hybrid pigs (weighing approximately 110 kg each), 
slaughtered for human consumption, were obtained from the slaughterhouse. 
Protocols at the slaughterhouse and laboratory were in accordance with EC 
regulations 1069/2009 regarding the use of slaughterhouse animal material for 
diagnosis and research, supervised by the Dutch Government (Dutch Ministry 
of Agriculture, Nature and Food Quality), and approved by the associated legal 
authorities of animal welfare (Food and Consumer Product Safety Authority). 
Further details about the excision and preparation have been previously published 
(15).

Experimental Setup
The transport from the slaughterhouse to the CT scanner suite took approximately 
3-4 hours, during which the hearts were appropriately preserved. In the CT 
room, the heart was placed on flexible cloth which allowed the heart to contract 
freely, and was positioned along the z-axis of the scanner. Blood, obtained from 
slaughterhouse pigs, was pumped from the venous reservoir through the aorta 

Figure 1: Schematic representation of the Langendorff perfusion model. Blood flows from the 
pump (P) to the blood filter (BF) after which it is oxygenated using an oxygenator (Ox). Pressure 
is put on the aortic valve, and all blood traverses into the myocardium through the coronaries. 
Blood leaves the heart from the right ventricle and is collected in a large venous reservoir (R).
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in retrograde fashion into the heart using a centrifugal pump (BioMedicus, 
Medtronic, Minneapolis, MN, USA) (figure 1). Pressure was applied on the aortic 
valve to prevent the valve from opening, forcing all circulating blood through 
the coronary arteries. Using an oxygen-heat exchanger (AFFINITY® NT 
Oxygenator; Medtronic), blood was oxygenated with a 20% O2, 75% N2, and 5% 
CO2 gas mixture, and kept at a temperature of approximately 38°C. The blood 
glucose level was kept constant between 5 and 7 mmol/l by adding a mixture 
of glucose and insulin. Our experiment used the perfusion setup according to 
Langendorff (PhysioHeart©, LifeTec Group, Eindhoven, The Netherlands), 
which was also used in a previous cardiac imaging investigation (15, 16). 

After reinstating perfusion through the myocardium, the heart began to contract 
autonomously. In order to acquire a stable sinus rhythm, defibrillations of 10-30 J 
were necessary in all six hearts. An external pacemaker (Model 5375, Medtronic) 
was used to stabilize the heart rhythm when necessary. Electrocardiography 
(ECG) leads were placed on the flexible heart bed of the platform, which was 
kept wet in order to provide conduction of the ECG signal to the CT system. 
Throughout the experiment, arterial blood flow (ABF), mean arterial pressure 
(MAP), pacing status, and heart rate were monitored. 

In order to induce coronary artery stenosis causing a predetermined level of flow 
obstruction, the left circumflex (LCx) coronary artery was dissected from the 
surrounding tissue. An inflatable cuff was placed around the artery to create a 
proximal stenosis. In order to monitor the stenosis, a pressure wire was placed 
in the LCx with the tip beyond the stenosis, providing information about the 
pressure drop across the stenosis, from which the fractional flow reserve (FFR) 
was calculated. Six stenosis grades (no stenosis, FFR 0.8, FFR 0.7, FFR 0.6, FFR 
0.5 and total occlusion) were created to study the effect on myocardial perfusion 
parameters using dynamic CTP in consecutive order, from low to high stenosis 
grades. The scan acquisitions at total occlusion of the LCx were used as a reference 
to determine which of the myocardial segments were perfused by the LCx. FFR 
measurements were allowed a maximal variation of 0.05 during each stenosis-
grade step of the experiment.

CT protocol
The porcine hearts were scanned on a third generation DSCT system 
(SOMATOM Force, Siemens Healthineers, Forchheim, Germany). The scan 
region was determined based on frontal and lateral scout images. A baseline non-
contrast scan was performed to confirm the field of view (FOV) and background 
noise. In addition, this scan was used to confirm that there were no artefact-
causing objects in the FOV. Non-enhanced scans were performed at 70 kV with 
a reference mAs of 20. 
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A dynamic CTP scan was acquired at each stenosis grade. Delay between 
each consecutive contrast-enhanced scan was five minutes to allow myocardial 
enhancement to return back to baseline values. For each contrast-enhanced scan, 
15 ml of ioxaglate (Hexabrix, 320 mg/ml, Guerbet, Paris, France) contrast agent 
was injected at an injection rate of 3 ml/s, 200 cm away from the aortic annulus 
to allow for proper mixing of the contrast with blood. The contrast to saline ratio 
was 35/65%. Dynamic scans were started five seconds before the injection of the 
contrast in the inflow tube. Data were collected regarding the baseline attenuation, 
inflow, and outflow of iodine contrast through the myocardium, during a scan 
time of 60 s. Dynamic CTP scans were performed in shuttle mode during end-
systole, providing a scan z-range of 102 mm, covering the total heart. High heart 
rate and shuttle mode acquisition resulted in acquisition of images every second 
or third heartbeat. Other acquisition parameters included: tube voltage 70 kV, 
tube current time product 350 mAs per rotation, and a gantry rotation time of 
250 ms. The inflow tube was looped through the FOV to use as a surrogate for 
the aortic blood flow of iodine contrast in humans. This allows for determination 
of the arterial input function, which is used to calculate myocardial perfusion 
parameters for the individual myocardial segments. 

Reconstruction and analysis of image data
Dynamic CTP data were reconstructed with 3.0 mm section thickness and 1.5 
mm increment in the short-axis plane, which corresponded to the orientation 
of the heart inside the CT scanner. Traditional filtered back projection was used 
with the “B23f ” image reconstruction algorithm. Perfusion datasets were analyzed 
using Volume Perfusion CT (VPCT) myocardium software (MMWP VA41A, 
Siemens). The American Heart Association (AHA) 17-segment model was used 
to define the myocardial segments at basal, mid-ventricular and apical levels (17). 
As the apex was not analyzed, myocardial perfusion parameters were calculated 
for a total of 16 segments per scan. Myocardial segments were drawn in manually 
by a researcher with 4 years of experience. The myocardial segments were divided 
into two groups based on the vessel territory: (1) non-ischaemic - left anterior 
descending (LAD)/ right coronary artery (RCA) territory and (2) ischaemic - 
segments perfused by the LCx. The segments perfused by the LCx were based on 
the total occlusion scan. For example, in case the total occlusion scan showed a 
perfusion defect within segments 5 and 6, these segments were defined ischaemic 
/ LCx segments. The other segments were defined as non-LCx or non-ischaemic 
for all dynamic perfusion scans in that specific heart. VPCT myocardium 
software calculates blood flow through the myocardium and blood volume in the 
myocardium for every separate voxel based on the arterial input function and the 
signal increase in the myocardium (figure 2). Mean values of myocardial blood 
flow (MBF) (ml/100ml/min) and myocardial blood volume (MBV) (ml/100ml) 
were calculated according to the 16 myocardial segments.



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

84 Dynamic CT perfusion experiments

Statistical analysis
Statistical analysis was performed using SPSS 23 (IBM Corp, Armonk, NY). 
The median values and ranges of the ABF, MAP, and heart rate were determined 
for each model heart. Perfusion parameters in the ischaemic and non-ischaemic 
segment groups were tested for normality using independent variance tests. Mann-
Whitney U-test was used to compare CT-determined perfusion parameters for 
both groups. Median values of MBF and MBV were compared between ‘non-
ischaemic’ segments with normal perfusion and ‘ischaemic’ segments perfused 
by the LCx artery. The comparison was performed for each stenosis grade (no 
stenosis, FFR 0.80, FFR 0.70, FFR 0.60 and FFR 0.50). 

Results

General model results
Each of the six hearts recovered in stable sinus rhythm after a period of warming 
up. However in one case, the pressure drop over the stenosis could not be analyzed 
with the pressure wire due to mechanical failure. This heart was excluded from 
the perfusion study. Dynamic CTP parameters could be analyzed in the five 
remaining hearts.

During the five successful experiments, heart rate ranged from 83 to 115 beats 
per minute (bpm) with a median heart rate of 111 bpm. Model ABF ranged from 

Figure 2: Measurements performed on the porcine heart in VPCT myocardium software. One 
can clearly distinguish the perfusion defect in the lateral wall, corresponding to the induced 
stenosis in the circumflex artery.
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800 to 1210 ml/min with a mean value of 1021 ml/min. In normal perfusion and 
low stenosis grades the blood flow had a tendency to be higher compared to the 
situation at high stenosis grades, later in the experiment. The MAP ranged from 
73 to 90 mmHg with a mean value of 81 mmHg. Contrary to blood flow, MAP 
increased with increasing stenosis grades later in the experiment. 

Dynamic CTP results
There were no significant artefacts that influenced image evaluation. In the five 
successful experiments, 80 myocardial segments per stenosis grade (480 segments 
including all six stenosis grades) were analyzed. Based on the total occlusion 
scans, 22 of 80 segments showed a perfusion defect. Those segments were defined 
as LCx territory segments and were used for the comparison between ischaemic 
and non-ischaemic segments, resulting in a total of 132 ischaemic segments 
(6 stenosis grades x 22 segments). A significant difference in MBF was found 
between ischaemic and non-ischaemic segments at FFR≤0.70 (p<0.05) (figure 
3) with a median MBF of 79 ml/100ml/min (IQR: 66-90) for non-ischaemic 
segments and 56 ml/100ml/min (IQR: 46-73) for ischaemic segments. For MBV, 
a significant difference between ischaemic and non-ischaemic segments was 
found at a FFR≤0.80 (p<0.05) (figure 4) with median MBV values of 7.6 (IQR: 
7.0-8.3) and 7.1 ml/100ml (IQR: 6.0-8.2) for the non-ischaemic and ischaemic 
myocardial segments, respectively. 
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Figure 3: Myocardial blood flow in ml/100ml tissue/min is displayed for both ischemic and 
non-ischemic segments at several stenosis grades. Starting at FFR≤0.70 there was a significant 
difference in CTMPI-derived myocardial blood flow between non-ischemic and ischemic 
segments (p<0.05).
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Table 1 

 Non-ischemic MBF 

(ml/100ml/min)

 

Ischemic MBF 

(ml/100ml/min) 

p-value Non-ischemic 

MBV (ml/100ml) 

Ischemic MBV 

(ml/100ml) 

p-value 

No 

stenosis 

82.0 (IQR: 70-92) 77.2 (IQR: 61-91) 0.24 7.9 (IQR: 7.2- 8.8) 7.8 (IQR: 5.8- 8.8) 0.24 

FFR 0.80 82.5 (IQR: 67- 98) 79.3 (IQR: 67-92) 0.32 7.6 (IQR: 7.0- 8.3) 7.1 (IQR: 6.0- 8.2) 0.048 

FFR 0.70 78.7 (IQR: 66-90) 56.2 (IQR: 46- 73) 0.00 6.9 (IQR: 6.3- 7.6) 5.7 (IQR: 4.8- 6.3) 0.00 

FFR 0.60 69.8 (IQR: 63- 84) 52.4 (IQR: 45-60) 0.00 7.1 (IQR: 6.6- 7.4) 5.2 (IQR: 4.7- 5.6) 0.00 

FFR 0.50 73.1 (IQR: 61-83) 45.8 (IQR: 40- 52) 0.00 6.5 (IQR: 5.8- 7.5) 4.7 (IQR: 3.4- 5.4) 0.00 

MBF: myocardial blood flow, MBV: myocardial blood volume, FFR: frac�onal flow reserve, IQR: 
interquar�le range 
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Figure 4: Myocardial blood volume in ml/100ml tissue is displayed for both ischemic and non-
ischemic segments at several stenosis grades. Starting at FFR≤0.80 there was a significant 
difference in CTMPI-derived myocardial blood volume between non-ischemic and ischemic 
segments (p<0.05).
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Discussion
This study analyzed the quantification of perfusion defects at several FFR grades 
using dynamic CTP parameters, MBF and MBV. The results granularly analyze the 
relationship between the level of coronary artery flow obstruction and myocardial 
perfusion as measured by CT in a highly controlled environment. A high success 
rate was achieved with 5 out of 6 successful experiments. Only one heart did 
not successfully complete the imaging protocol. CT imaging of the porcine heart 
model did not show major artefacts or arterial blood flow alterations during the 
experiment and stenosis grade induction could be successfully performed and 
accurately monitored. Perfusion measurements showed a significant difference 
between ischaemic and non-ischaemic segments starting at stenosis grades of 
FFR 0.70-0.80.

Isolated heart models have been used for the analysis of myocardial perfusion 
techniques in a small number of studies. Schuster et al. showed the feasibility of 
imaging the porcine heart model in a cardiac MRI environment, and recently 
found that the isolated pig heart provides greater control and reproducibility 
when compared to intact animals (18, 19).

Mahnken et al. and Bamberg et al. showed the feasibility of dynamic CTP in in 
vivo porcine experiments (20, 21). However, in contrast to their studies, animal 
sacrifice was not needed in our study, as the porcine hearts were obtained from 
the slaughterhouse. In view of the increasing attention for animal welfare, this 
is an important advantage. Bamberg et al. reported higher MBF and MBV, 
compared to the blood flow values in our study, possibly due to the use of a 
different perfusion method. With the Langendorff ex vivo method, all blood 
traverses in a retrograde fashion through the myocardium; whereas in an in vivo 
experiment, the blood traverses from the left ventricle to the coronary arteries 
and the body. In addition, dynamic CTP parameter calculation relies on complete 
mixing of the contrast with blood in the inflow tube. Although a two-meter long 
inflow tube has been shown to accomplish adequate contrast-blood mixing, in 
vivo mixing could be more complete because of traversal through the lungs, etc. 
On the other hand, in our ex vivo experiment we had direct control over the 
amount of blood flow in the system, whereas this is not feasible in an in vivo 
situation. Such differences in experimental design could result in the differences 
in the calculated MBF and MBV. A comparable setup to Bamberg’s study was 
used by Rossi et al., showing that stress CTP imaging provided good correlation 
between dynamic CTP and FFR measurements (22). Compared to the latter 
study, we used smaller FFR intervals, allowing more detailed analysis of the 
relationship between FFR reduction and CTP results. Consequently, our results 
provide more insight in the ability of dynamic CTP to distinguish perfusion 
defects at increasing flow reduction. The feasibility of wide-detector CT to yield 
semi-quantitative measurements was shown in another in vivo animal model 
validation study (23). However, the software used in that study could not provide 
real quantitative measures limiting its clinical applicability. A study by Otton et 
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al. provided a direct comparison of visual defects between dynamic CTP and 
MRI perfusion based on a perfusion phantom, but did not evaluate quantitative 
measures (24). The evidence provided by the in vivo studies and the results of our 
study suggest that CT-based quantitative perfusion measures can differentiate 
between ischaemic and non-ischaemic myocardial segments, as well as between 
different degrees of flow reduction.

Clinical guidelines for invasive treatment of CAD patients state that an FFR 
measurement of ≤0.80 is clinically diagnostic of hemodynamically relevant 
CAD (25, 26). The current study found that this level of flow obstruction finds 
correspondence in perfusion parameters as quantified with the use of dynamic 
CTP. A significant difference can be found for MBF measurements at an FFR 
of ≤0.70. At an FFR of ≤0.80, a significant difference in MBV can be detected. 
These results suggest that a non-invasive technique such as dynamic CTP has 
the potential to replace invasive FFR measurements to diagnose patients with 
hemodynamically significant CAD. However, clinical studies are required to 
validate these ex vivo findings and determine the level of FFR at which territorial 
or segmental CTP values start to deteriorate in patients with obstructive CAD. 

There are limitations of this study that must be considered. This study involved only 
five porcine hearts that underwent dynamic CTP at several FFR-based stenosis 
grades; however, the MBF and MBV of each myocardial segment was calculated 
and analyzed, resulting in evaluation of nearly 500 segments. The calculation 
of MBF and MBV were performed with manual segmentation, as automated 
segmentation is not available in the software application used. However, in an 
experimental model the landmarks used for orientation are not present. As a 
result, manual segmentation is often preferable when using in vivo and ex vivo 
animal models. As stated earlier in this discussion, the inflow of contrast to the 
coronary arteries was found to be different compared to in vivo models which 
could result in differences in quantification. 

Conclusion

In conclusion, in a Langendorff porcine heart model, CTP-derived myocardial 
perfusion parameters showed a close correlation to reductions in FFR. Using 
dynamic CT myocardial perfusion analysis, differences in myocardial perfusion 
parameters between ischaemic and non-ischaemic segments can be detected at 
stenosis grades with an FFR<0.80 for this ex vivo porcine heart model. This model 
can be used in the systematic development and study of new imaging biomarkers 
for myocardial perfusion in a highly controllable and adjustable environment for 
CT, but also for other imaging modalities. Additional research in a clinical setting 
is required to translate the findings of this study into suitable cut-off values for 
quantitative CTP in patients with CAD.
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Abstract

Objectives
To analyse the effect of increased temporal sampling rates on myocardial blood 
flow (MBF) measurements derived from dynamic CT myocardial perfusion 
imaging (CTMPI) with third generation dual-source CT, using an ex vivo porcine 
heart model.

Materials and Methods
Three porcine hearts were perfused using an isolated heart model in Langendorff 
mode (Physioheart©, LifeTec Group, Eindhoven, The Netherlands). 
Hemodynamic parameters were monitored throughout the experiment and the 
hearts were weighted after the experiment. Third generation dual source CT 
(Force, Siemens, Erlangen, Germany) was used to perform dynamic CTMPI 
in electrocardiographic (ECG)-triggered shuttle-mode (70 kVp, 350 mAs/
rot, z-range 10.2 cm), in ECG-triggered non-shuttle-mode with continuous 
stationary tube rotation (70 kVp, 230 mAs/rot, z-range 5.8 cm, merged A and 
B-tube) and in non-ECG-triggered continuous rotation mode (70 kVp, 230 
mAs/rot, z-range 5.8 cm). 

A stenosis was made in the circumflex artery, using an adjustable inflatable cuff. 
Different fractional flow reserve (FFR) values were created: FFR 0.90, 0.80, 
0.70, 0.60, 0.50 and total occlusion. Dedicated software Volume Perfusion CT 
(VPCT) Myocardium (Siemens, Forchheim, Germany) was used to analyse the 
shuttle and non-shuttle scans. For the continuous scans MASS research version 
(Medis, Leiden, the Netherlands) was used combined with an in-house Matlab 
script (The MathWorks Inc., Natick, Massachusetts). All segments were drawn 
according to AHA-17 segment model. Myocardial blood flow (MBF) (ml/g/
min) was calculated for all non-ischemic segments. True MBF was calculated 
using the known input flow and the weight of the hearts in non-stenosis situation. 
CT-measured MBF was compared to the true MBF.

Results
Heart rate (ranging 107 to 115bpm), model blood flow (range 1.0-1.2l/min) and 
blood pressure (range 73-84 mmHg) were generally stable during the experiments. 
A total of 155 segments per scan mode were analysed. Significant differences in 
MBF between shuttle and non-shuttle-mode were found, with a median MBF of 
0.87 (interquartile range (IQR): 0.72-1.00) and 1.20 (IQR: 1.07-1.30) for shuttle 
and non-shuttle mode, respectively. Furthermore, significant differences were 
found between non-shuttle and continuous mode (median 1.65; IQR: 1.40-1.88) 
for all hearts. 
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The median MBF in non-ischemic segments (averaged over all hearts and stenosis 
grades) was 56% lower than the true median MBF in shuttle mode, whereas in 
non-shuttle mode MBF was 41% lower and in continuous mode MBF was 18% 
lower. The radiation dose was 22, 108 and 176 mGy for shuttle, non-shuttle and 
continuous mode, respectively.

Conclusion
Results indicate that limited temporal sampling rate in standard dynamic CTMPI 
techniques contributes to substantial underestimation of true MBF values.
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Introduction

Coronary artery disease (CAD) is one of the major causes of death in industrialized 
countries and one of the leading causes of years of life lost due to premature 
mortality (1, 2). Current diagnostic methods have a strong focus on the accurate 
detection of coronary stenosis and myocardial ischemia in an early state of 
the disease (3, 4). The gold standard for evaluating CAD is invasive coronary 
angiography (ICA), combined with fractional flow reserve (FFR) measurements, 
to evaluate the morphology of the coronaries and to assess the functional 
significance of a detected stenosis (5). Computed tomography angiography 
(CTA) is often used in non-invasive evaluation of coronary morphology, with 
high sensitivity and high negative predictive value (6). The low positive predicted 
value reflects the difficulty to evaluate the functional significance of a stenosis. 
Multiple non-invasive myocardial perfusion imaging (MPI) modalities can be 
used to evaluate the functional significance of a stenosis non-invasively (3, 5, 7).

Recent technical developments in the field of CT make this imaging modality 
a suitable candidate for cardiac perfusion measurements. Dynamic CTMPI has 
several advantages over the previously mentioned imaging modalities namely, 
cost, availability, spatial resolution and the linear relation between Hounsfield 
Unit (HU) enhancement and contrast in the myocardium. Using a combination 
of CTA and CTMPI the morphological and functional aspect of CAD could be 
evaluated with a single image modality.

The analysis of perfusion data in a clinical setting is mostly based on qualitative 
evaluation by trained experts (8). Qualitative analysis relies on the assumption 
that there is normally perfused myocardium present and on the visual assessment 
of differences in regional enhancement to provide information on myocardial 
perfusion. However, this method is prone to subjectivity. Quantitative analysis by 
evaluating the inflow and/or outflow of contrast does not rely on this assumption 
(9). Therefore, quantitative analysis of MBF offers several advantages compared 
to qualitative analysis, including the potential to accurately grade the severity of 
ischemia and the ability to detect global ischemia and multi-vessel disease (9).

Dynamic CTMPI consistently underestimates MBF compared to positron 
emission tomography (PET), the current gold standard for in vivo quantification 
of global MBF. Studies on myocardial perfusion with PET report stress MBF 
values ranging between 3-5 ml/min/g (10, 11), whereas previous studies using 
dynamic CTMPI report stress MBF values of 1.0-1.4 ml/min/g (12-15). Ishida et 
al. report an underestimation of 23-41% of CT-measured MBF values compared 
to the true values in a simulation study evaluating the effects of temporal sampling 
(16). 
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A stable calibrated HU measurement during the inflow of contrast is essential 
for accurate quantitative analysis of myocardial perfusion with dynamic perfusion 
CT. Recent studies of Bindschadler et al. and Ishida et al. suggest that the 
underestimation of dynamic CTMPI determined MBF is partially caused by 
the limited temporal sampling rate of current dynamic myocardial CT perfusion 
imaging modalities (16, 17). A low temporal sampling rate influences the arterial 
input function (AIF) and the tissue attenuation curve (TAC), used for the 
quantification of MBF.

A recent study of Pelgrim et al. demonstrated the feasibility of ex vivo myocardial 
perfusion imaging using a Langendorff model and reports as the main advantage 
the increased control over physiological parameters compared to in vivo models 
(18).The aim of this study is to evaluate the effect of increased temporal sampling 
rates on quantification of myocardial blood flow (MBF) in dynamic CT myocardial 
perfusion imaging (CTMPI) with third generation dual-source CT in an ex vivo 
porcine heart model.

Materials and Methods

Three hearts were obtained from Dutch landrace hybrid/slaughterhouse pigs. 
All protocols were in accordance with the EC regulation 1069/2009 regarding 
the use of slaughterhouse animal material for diagnosis and research, supervised 
by the Dutch Government (Dutch Ministry of Agriculture, Nature and Food 
Quality), and approved by the associated legal authorities of animal welfare (Food 
and Consumer Product Safety Authority). The transport of the hearts from the 
slaughterhouse to the CT-scanner took approximately 3-4 hours, during which 
the physiological preservation of the hearts was optimal.

Experimental setup 
The three porcine hearts were perfused using an isolated heart model in 
Langendorff (19, 20) mode (Physioheart©, LifeTec Group, Eindhoven, The 
Netherlands). A more detailed description is given in Pelgrim et al. (18, 20).

Blood was obtained from slaughterhouse pigs and pumped from a venous reservoir 
into the coronary arteries by means of retrograde flow through the aorta, using a 
centrifugal pump (BioMedicus, Medtronic, Minneapolis, MN, USA). The aortic 
valve was closed due to the retrograde pressure on the valve, ensuring that all 
circulating blood passed through the coronary arteries. The blood was oxygenated 
with a gas mixture consisting of 20% O2, 75% N2, and 5% CO2 and kept at a 
temperature of approximately 38oC using an oxygen-heat exchanger (AFFINITY. 
NT Oxygenator; Medtronic). Blood glucose levels were kept at constant level 
between 5 and 7mmol/L by adding a mixture of glucose and insulin. 
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The porcine hearts began to beat autonomously after the perfusion through the 
myocardium was restored. Defibrillations (10 to 30 Joules) and external pacemaker 
(Model 5375, Medtronic) were used to acquire a stable sinus rhythm.

A stenosis was made in the proximal circumflex artery (Cx) with an adjustable 
inflatable cuff. The adjustable cuff allowed control of the degree of the occlusion. 
Furthermore, a pressure wire was inserted in the circumflex artery to monitor the 
pressure drop over the induced stenosis in order to measure the fractional flow 
reserve. The inflatable cuff was adjusted to create multiple FFR based stenosis 
grades: FFR 0.90, 0.80, 0.70, 0.60, 0.50 and total occlusion. The hearts were 
first scanned without any stenosis, followed by each FFR stenosis grade while 
increasing stenosis severity over time. 

CT Protocol
A third generation dual source CT system (Force, Siemens, Erlangen, Germany) 
was used to perform dynamic CTMPI. Frontal and lateral scout images were used 
to determine the region of interest for the perfusion scans. To confirm the field 
of view (FOV) and asses background-noise and artefacts, first a baseline non-
contrast scan was performed at 70 kV with a reference mAs of 20 for each heart. 
Second, at each FFR value, a dynamic CTMPI scan was performed. Dynamic 
CTMPI was performed using three different scanning modes. The first scan 
mode, a conventional shuttle mode was used with a tube voltage of 70 kV, a tube 
current time product of 350 mAs per rotation, and a gantry rotation time of 250 
ms. The shuttle mode scans were performed during end-systole. These acquisition 
parameters resulted in a z-range of 102 mm, covering the whole heart. 

A second scan mode, a non-shuttle-mode, was used with a fixed table position, 
resulting in a z-range of 5.8 cm and an acquired image every half second. Other 
acquisition parameters were: tube voltage 70 kV, tube current time product 230 
mAs per rotation, and a gantry rotation time of 250 ms. The coverage of the 
heart was limited due to the smaller z-range. Therefore, non-shuttle dynamic scan 
mode scans were acquired mid-ventricular, covering both the basal and apical part 
of the porcine heart. Data were acquired using both sources and merged data were 
used to analyze myocardial perfusion. This scan protocol is for research purposes 
only and should not be used in clinical practice.

The third dynamic scan mode was a continuous scanning mode, again with a fixed 
table position, resulting in a 5.8 cm z-range, comparable to the method used in a 
previously published study (21). The continuous scans were not ECG-triggered 
and images were acquired every 0.2 seconds. Other acquisition parameters were: 
tube voltage 70 kV, tube current time product 230 mAs per rotation, and a gantry 
rotation time of 250 ms. The continuous scans were acquired mid-ventricular 
using a single source. As with the non-shuttle mode, this scan protocol is designed 
strictly for research purposes only.
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For all dynamic CTMPI scans, 15 ml of ioxaglate (Hexabrix, 320 mg/ml, Guerbet, 
Paris, France) contrast agent was injected with an injection rate of 3 ml/s. In order 
to ensure proper mixing of the contrast agent with blood, the site of injection was 
200 cm away from the aortic annulus. The dynamic scans started 5 seconds prior   
injection of the contrast agent. During baseline attenuation, the inflow and outflow 
of iodine contrast through the myocardium, data were collected resulting in a scan 
time of 60 seconds. To allow myocardial enhancement to return to baseline values 
there was a 5 minute interval between each scan. A large total blood reservoir size 
was chosen to prevent the build-up of contrast agent and baseline shifts: 20 liter. 
A part of the inflow tube of the heart perfusion system was looped through the 
FOV of the dynamic perfusion scans, simultaneously acting as a surrogate for the 
human aortic blood flow of iodine contrast. From this substitute aorta an arterial 
input function (AIF) was derived, which was used for the quantification of MBF.

MBF calculations
Each heart was weighted after the experiments and heart volume was measured. 
The true MBF was calculated according to the weight (g) and volume (ml) of the 
heart and the input flow (ml/min) given by the heart, during FFR grade 0.9. 

MBFtrue= (Input Flow)/(Heart weight) for weight based measurements and 
MBFrrue= (Input Flow)/(Volume*1.05) for volume based measurements.

Volume Perfusion CT (VPCT) myocardium software (MMWP VA41A, Siemens) 
was used to analyze the shuttle and non-shuttle mode scans. For the continuous 
scans another software program, MASS research version (Medis, Leiden, the 
Netherlands) was used to extract the AIF and TAC curves per segment. An in-
house Matlab (The MathWorks Inc., Natick, Massachusetts) script was used 
to calculate the MBF using the same mathematical perfusion model (upslope 
method) as the VPCT software. VPCT software calculates MBF according to 
the following equation:

MBF=MaximumSlope(TAC)/MaximumValue(AIF)

Where the MaximumSlope (TAC) is the maximum upslope of the TAC curve 
of the myocardium and the MaximumValue (AIF) is the peak value of the AIF 
curve measured in the aorta.Myocardial segments were drawn in manually. The 
American Heart Association (AHA) 16-segment model was used to define the 
myocardial segments at basal, mid-ventricular and apical levels(22). Based on the 
total occlusion scans, segments perfused by the Cx were considered ischemic, all 
other segments were considered non-ischemic. MBF was calculated with the 
VPCT software for each individual voxel based on the AIF curve and the TAC of 
the myocardium. Mean values of myocardial blood flow (MBF) (ml/g/min) were 
calculated per segment according to the AHA-16 segment-model(22).
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Statistical analysis 
Statistical analysis was performed using SPSS 23 (IBM Corp, Armonk, NY). 
Median values and ranges of the ABF, MAP, and heart rate were determined 
for each heart. An appropriate statistical test (t-test for normal distributed data, 
Whitney Mann-U test for not-normal distributed data) was used to compare 
CT-determined perfusion parameters between the three scanning modes and 
between ischemic and non-ischemic segments. 

Results

Heart rate (range 107 to 115 bpm), model blood flow (range 1.0-1.2 l/min) and 
blood pressure (range 73-84 mmHg) were generally stable for all three hearts 
during the experiments. For each scan mode 11 non-ischemic segments per 
stenosis grade were analyzed (55 segments in all perfusion grades) resulting in 
165 analyzed segments in total. True global MBF as measured by the artificial 
pump circulation and the actual myocardial muscle weight, was calculated at a 
median of 1.78 (1.77-1.79) ml/g/min for heart 1, 2.80 (2.72-2.80) ml/g/min 
for heart 2 and 1.88 (1.80-1.91) ml/g/min for heart 3, averaged over the three 
scan modes in non-occlusion state. The difference between true MBF calculated 
based on weight and on volume was 0.033 ml/g/min. To avoid calculation errors 
in using the myocardial density, the true MBF based on weight were used. The 
radiation dose was 22, 108 and 176 mGy for shuttle, non-shuttle and continuous 
mode, respectively.

Comparing temporal sampling rates

The arterial input functions between shuttle, non-shuttle and continuous mode 
are depicted in figure 1, with corresponding CT images. There are twice as much 
data-points in the upslope of the AIF using the non-shuttle mode and 30 times 
more data points using the continuous mode, compared with the shuttle mode. 
The AIF of the non-shuttle mode and the continuous mode show the same form, 
whereas the AIF in shuttle mode shows a different form. 

In table 1 the MBF values are given for each individual stenosis grade for the 
non-ischemic segments for shuttle, non-shuttle and continuous mode per heart. 
Significant differences in MBF between shuttle and non-shuttle-mode were found 
for all stenosis grades, with a median MBF of 0.87 (interquartile range (IQR): 
0.72-1.00) and 1.20 (IQR: 1.07-1.30) in non-ischemic segments for shuttle and 
non-shuttle mode, respectively (figure 2). Only in heart 3, with FFR grade 0.6, 
the difference between shuttle and non-shuttle mode is not significant (p=0.412). 
Significant differences were found between non-shuttle and continuous mode 
(median 1.65; IQR: 1.40-1.88) for all hearts and all perfusion grades except for 
heart 1, with FFR = 0.7 and FFR = 0.6. However, also the MBF values for shuttle 
mode were significantly lower than the continuous mode MBF values (p=0.0001).
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Figure 2 shows the median MBF values IQRs per heart for the three different 
scan modes with significant differences between each scan mode. The MBF 
values increased with increasing temporal sampling rate. Shuttle mode represents 
the lowest temporal sampling rate and continuous mode represents the highest 
temporal sampling rate.

Figure 3, 4 and 5 show the median MBF and IQRs for the different stenosis grades 
per scan mode for the non-ischemic segments of each heart. It can be seen that 
with increasing grades of occlusion the input flow decreases. The MBF shows a 
decrease with increasing stenosis grades, corresponding with the decrease in input 
flow. In non-ischemic segments, the Pearsons correlation coefficient (r = 0.629, 
0.503 and 0.681) shows a significant correlation between the decrease in input 
flow and in MBF using shuttle, non-shuttle and continuous mode, respectively. 

Figure 2: The median MBF in ml/min/g and IQR for non-ischemic segments per heart for 
shuttle, non-shuttle and continuous CT perfusion scan mode.
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Figure 4: The median myocardial blood flow (MBF) in ml/min/g and inter quartile ranges 
(IQR) for the different stenosis grades per scan mode for non-ischemic segments and the input 
flow in ml/min for heart 2.

Figure 3: The median myocardial blood flow (MBF) in ml/min/g and inter quartile ranges 
(IQR) for the different stenosis grades per scan mode for non-ischemic segments and the input 
flow in ml/min for heart 1.
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Absolute MBF values
The median MBF (averaged over all hearts at FFR 0.90) in shuttle mode, in 
non-ischemic segments, is 56% lower than the true median MBF, whereas in 
non-shuttle mode the median MBF is 41% lower and in continuous mode the 
median MBF is only 18% lower. The median MBF values increased with 44% by 
increasing the temporal sampling rate from shuttle to non-shuttle mode and with 
98% by increasing the sampling rate from shuttle to continuous mode.

Discussion 

This study analyzed the influence of different temporal sampling rates on the 
quantification of MBF in an ex vivo porcine heart model at several FFR-based 
stenosis grades. We report several important findings. First, this study shows that 
an increase in temporal sampling rate affects the calculated MBF values. Shuttle 
mode gave a median MBF 0.87 (0.72-1.00) whereas non-shuttle and continuous 
mode gave significantly higher median MBF values of 1.20 (IQR: 1.07-1.30) and 
1.65 (1.40-1.88), respectively. Second, the continuous scan mode provided more 
accurate MBF values compared to the true MBF values than shuttle and non-
shuttle mode. In shuttle mode the median MBF was 56% lower than the true 
value, compared with 41 and 18% for non-shuttle and continuous mode.

Figure 5: The median myocardial blood flow (MBF) in ml/min/g and inter quartile ranges 
(IQR) for the different stenosis grades per scan mode for non-ischemic segments and the input 
flow in ml/min for heart 3.
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One can appreciate that the HU enhancement in individual points in the AIF 
curve of the shuttle mode scan is proportionate to the corresponding time points 
in non-shuttle and continuous scan mode (figure 1). However, the slope and the 
peak of the AIF curve differ when the temporal sampling rate increases. The 
temporal sampling rate has a large influence on the shape of the AIF curve in 
shuttle mode caused by the timing of the limited time-points when acquisitions 
were performed. Values from those scans determines the peak of the AIF, whereas 
with higher temporal sampling rates, the shape (and the peak) of the curves 
becomes less dependent on timing. The decreasing trend in MBF values with 
increasing stenosis grades could be partially explained by the decrease in input 
blood flow (see figure 3, 4 and 5) with increasing stenosis grades. The input flow was 
decreased to compensate for the comprised flow through Cx due to the stenosis 
and to compensate for the thereby caused increase in pressure. The decrease in 
input flow was necessary in stenosis grades from FFR 0.7, which corresponds 
to the threshold used to identify clinically relevant stenosis causing an altered 
blood flow (23). Another factor, which needs to be taken into account, is the 
influence of the stenosis on presumed non-ischemic segments and deterioration 
of the heart over time. The fact that overall status of the heart declined over time 
could result in a decrease in MBF in the non-shuttle scans, which were taken 
last. The difference between shuttle, non-shuttle and continuous mode measured 
MBF could therefore be underestimated. However, the maximum time between 
the first scan mode and the last scan mode was kept to a minimum of 10 minutes 
to minimize these effects.

The concept of MBF quantification using a CT technique has been described with 
cine CT. Dynamic scan modes were performed on electron beam tomography 
(EBT) scanners (24). Multiple in vivo animal studies showed the capability 
of EBT to provide accurate quantitative assessment of regional MBF using a 
temporal sampling comparable to the non-shuttle dynamic scan mode on DSCT 
(25-27). A study in eight dogs by Weiss et al. showed excellent correlation with 
an estimate slope of 0.99 for the correlation between EBT determined MBF and 
microsphere determined MBF for a broad flow range, from 0.04 to 5.9 ml/gr/min 
(26). In our study, the values for MBF increased with the use of higher temporal 
sampling, however, the MBF value is still underestimated compared to the true 
values with about 20%. The reason for this underestimation could be that VPCT 
is calculating the K1-Patlak equivalent instead of MBF, as described by Ishida 
et al. (16). The Patlak model is a tracer kinetic one-compartment model, which 
describes the transfer constant (K1) of contrast from the blood to the myocardium 
(28). In order to calculate the MBF the following equation should be used (15, 
29): F=K1/E. Where E is the extraction fraction (dimensionless) and F is the 
myocardial blood flow (ml/g/min).

Ishida et al. showed that the K1, calculated with Patlak and with the VPCT 
software showed a linear relationship and corrected values were more realistic 
than the original values (16). A variety of other tracer kinetic models have been 
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used to calculate MBF in MRI and CT studies (28). These models are based on 
the deconvolution theory and take into account not only the inflow of contrast 
agent into the intravascular space but also the distribution to the extracellular 
extravascular space (EES) (28). These tracer kinetic models, more suitable to 
model the dynamics of the contrast agent, could give more accurate estimates of 
MBF.

Myocardial perfusion techniques are analyzed using an isolated animal heart 
model in only a small number of studies. Schuster et al. developed and validated 
an isolated pig heart model for evaluation of cardiovascular MRI techniques (30). 
Another study of Schuster et al. showed that an isolated pig heart provides greater 
control and reproducibility when compared to an in vivo animal heart model (31). 

This study was performed in only a small number of porcine hearts [3], however, 
MBF was calculated for multiple segments for each heart, resulting in the 
evaluation of nearly 155 segments per scanning mode. The segments were drawn 
in manually, which can cause differences between scans. However, automatic 
segmentation software was not possible due to the experimental set-up of this 
study, where the landmarks used for orientation, were not present.

The retrograde flow of blood is different from in vivo experiments. The flow passes 
the aorta in a retrograde fashion before entering the coronary arteries and the 
inflow tube serves as an aortic substitute, whereas in in vivo experiments, the 
blood flows from the left ventricle to the coronary arteries. Furthermore, all blood 
and contrast passes through the coronary arteries whereas in in vivo setups, all 
AIF blood does not pass through the coronaries, which could result in differences 
in attenuation in the myocardium and therefore MBF values.

Adequate MBF calculation relies on adequate mixing of iodine contrast agent 
with the porcine blood. In in vivo models, the blood and contrast pass through the 
right side of the heart and the lungs thereby ensuring adequate mixing. This is not 
applicable in an ex vivo model, although the contrast was injected 200 cm before 
the aortic valve to ensure adequate mixing. However, the use of an ex vivo model 
allows direct control of the input blood flow, where this is not achievable in in vivo 
models. This direct control of inflow and the direct flow through the coronaries 
gives us the unique possibility to compare the calculated MBF values with the 
true MBF values. These differences in experimental set up could explain the lower 
values of MBF in shuttle mode in comparison with the study of Bamberg et al. 
(13). Bamberg et al. reported mean MBF values of 112.73 (135.06) ml/100ml/
min corresponding to 1.18ml/g/min compared to a median of 0.87 ml/g/min in 
our results.
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In conclusion, results indicate that limited temporal sampling rate in standard 
dynamic CTMPI techniques contributes to substantial underestimation of true 
MBF values. Dynamic CTMPI using increased temporal sampling rates, results 
in 44-98% higher and more accurate MBF values compared to the currently used 
shuttle technique. 
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Abstract

Technological advances in magnetic resonance imaging (MRI) and computed 
tomography (CT), including higher spatial and temporal resolution, have made 
possible the prospect of performing absolute myocardial perfusion quantification, 
previously only achievable with positron emission tomography (PET). This could 
facilitate integration of myocardial perfusion biomarkers into the current workup 
for coronary artery disease (CAD), as MRI and CT systems are more widely 
available than PET scanners. Cardiac PET scanning remains expensive and is 
restricted by the requirement of a nearby cyclotron. Clinical evidence is needed 
to demonstrate that MRI and CT have similar accuracy for myocardial perfusion 
quantification as PET. However, lack of standardization of acquisition protocols 
and tracer kinetic model selection complicates comparison between different 
studies and modalities. The aim of this overview is to provide insight into the 
different tracer kinetic models for quantitative myocardial perfusion analysis, 
and to address typical implementation issues in MRI and CT. We compare 
different models based on their theoretical derivations and present the respective 
consequences for MRI and CT acquisition parameters, highlighting the interplay 
between tracer kinetic modeling and acquisition settings.
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Introduction

Myocardial perfusion imaging (MPI) is commonly used to investigate myocardial 
ischemia. While different modalities for MPI have different diagnostic accuracy, 
the overall accuracy to diagnose hemodynamically significant coronary artery 
disease (CAD) is good (1). Analysis of MPI results in the clinical setting is mostly 
performed by visual evaluation of presence and pattern of hypoenhancement of 
the myocardium during first pass of intravenously injected contrast. Presence 
of regions with normal perfusion is essential for this method to work. This is a 
limitation for diagnosis of patients with multi-vessel disease or balanced ischemia 
(2). MPI can only distinguish multi-vessel disease and balanced ischaemia when 
quantitative measures of myocardial perfusion are provided. 

Positron emission tomography (PET) was the first technique to establish 
quantitative measures for perfusion. In PET, time-resolved acquisition of the 
first-pass of tracer uptake and direct quantification of tracer concentration 
were developed. With those parameters quantified, tracer kinetic modeling 
(1-compartment or 2-compartment modeling) could be applied to produce 
independent estimates of perfusion in stress and rest, known as absolute perfusion 
measurement (ml/g/min). This technique has been validated using microsphere 
comparison (2-4). Furthermore, added clinical value beyond relative and visual 
perfusion analysis has been demonstrated (5-8). The myocardial perfusion reserve 
(MPR), calculated from PET-derived perfusion measurement at stress and rest, 
was shown to be an important predictor of cardiovascular events (9-11).

A limitation of cardiac PET is the relatively high cost and the need for an on-
site cyclotron, depending on the tracer. Recent developments with the new 
18F-tracer flurpiridaz or other improved tracers could obviate the need for an 
on-site cyclotron. Flurpiridaz has shown good linearity of myocardial uptake with 
perfusion at a large flow range, excellent myocardial retention, low background 
noise in adjacent organs, and a relatively long half-life (110 min) (12). 

Magnetic resonance imaging (MRI) and computed tomography (CT) imaging 
could be important modalities to compete with PET for the complete workup 
of cardiac patients. Recent developments have sparked interest for myocardial 
perfusion quantification using these techniques. State-of-the-art MRI and CT 
have better spatial and temporal resolution compared to PET. Integration of MRI 
and CT into current workup for coronary artery disease (CAD) also profits from 
their wider availability, lower costs and increasing clinical role in comprehensive 
diagnosis of CAD. The validity and non-inferiority of MRI and CT compared 
to PET measurements need to be demonstrated before a decision regarding the 
preference for MRI or CT over PET for myocardial perfusion quantification 
can be reached. Lack of standardized acquisition and modeling protocols for 
myocardial perfusion acquisition have complicated comparison between studies 
and modalities.
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The aim of this study is to provide insight into the tracer kinetic models in absolute 
myocardial perfusion quantification, and their implementation requirements for 
CT and MRI. A further aim was to analyze the factors that influence myocardial 
perfusion quantification. 

Myocardial perfusion imaging in MRI and CT

Perfusion refers to the delivery of blood to the tissue via the intravascular 
capillary pathway. Perfusion imaging uses dynamic contrast-enhanced acquisition 
to observe the first-pass dynamics of contrast agent delivery into the tissue of 
interest over time. For myocardial perfusion quantification, the first-pass contrast 
dynamics at the respective supplying artery or other arterial input sites should be 
captured as well. The typical arterial input sites for myocardial perfusion are the 
left ventricular cavity in MRI or the descending aorta in CT.

Contrast agent
MRI and CT use different agents (gadolinium and non-ionic iodine, respectively) 
to acquire contrast in the myocardial perfusion scans: both small molecules 
<1kDa, typical particle diameters of 0.82 nm for gadolinium dimeglumine and 
1.4 nm of iohexol) that distribute to the interstitial space and generally do not 
enter the intracellular space. Actually, MRI contrast agents do interact with the 
intracellular space by changing the relaxivity of water that diffuses freely into the 
cell. The diffusion constants for MRI and CT contrast-agents are roughly similar: 
2.7 x 10-2 m2/s for gadolinium dimeglumine, and 2.5 x 10-2 m2/s for iohexol 
(13, 14). Although the non-ionic iodine contrast agents typically have a much 
higher viscosity compared to gadolinium, neither CT nor MRI contrast agents 
have significant effects on the viscosity of the blood stream (15, 16). Gadolinium-
based contrast-agents have limited linearity of contrast enhancement to contrast 
concentration, with higher dose resulting in blood signal saturation (17, 18). A 
typical dose of gadolinium contrast for visual and quantitative analysis is 0.05 mmol/
kg at an injection rate of 4-5 ml/s. Dosages as low as 0.03 mmol/kg body weight 
have been recommended to prevent contrast saturation both in the myocardium 
and in the arterial input function (19). Iodine-based contrast agents on the other 
hand have more straightforward and steady linearity of contrast enhancement to 
contrast concentration, which greatly simplifies absolute quantification (20). In 
myocardial perfusion studies with multi-detector CT, iodine contrast agents are 
administered at an injection rate of 3-5 ml/s and a volume of 60-70 ml (21, 22). 
The resulting lengthy administration of CT contrast (longer than the first pass 
of diffusion), however, violates the principles of indicator dilutor theory and will 
affect the accuracy of quantification.
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Acquisition of myocardial perfusion imaging 
In MRI, myocardial perfusion imaging is mainly based on T1-weighted pulse 
sequences, where interactions of paramagnetic gadolinium (Gd3+) with 
surrounding water molecules result in lower T1 relaxation times of the protons 
involved, resulting in signal enhancement showing as hyperintensity on the 
T1-weighted image, reflecting the distribution of gadolinium (23). The current 
protocol allows acquisition of three myocardial short-axis slices at every heart beat 
with a typical spatial resolution of 1.5 x 1.5 x 10 mm3, performed during 50-60 
consecutive heart beats. In dynamic contrast enhanced MRI, temporal resolution 
generally is in the order of 1 sec (1-2 cardiac cycles). Recently introduced advanced 
accelerated imaging sequences achieve whole heart 3-D perfusion MRI with 
a voxel resolution of 2.3 x 2.3 x 5 mm3, although with their reduced temporal 
resolution not a substitute for quantitative estimation of myocardial blood flow 
(24). In CT, with dynamic shuttling mode acquisition, whole heart coverage 
with higher spatial resolution can be obtained (0.3 x 0.3 x 5 mm3) at every 2-3 
heart beats (22). In contrast, CT scanners with wider detectors, of up to 16 cm, 
can achieve whole heart acquisition in a single heartbeat (25). In both methods, 
perfusion imaging is performed over 20-30 consecutive heart beats. CT has a 
high temporal resolution. The latest generation of dual-source CT scanners has a 
temporal resolution per acquisition of approximately 63 ms. However, dual-source 
CT scanners need to shuttle between two positions, resulting in a time interval 
in-between scans of once every second heart beat and, for high heart rhythms, 
once every three cardiac cycles. The 256- and 320-slice CT scanners have lower 
temporal resolution per acquisition (in the order of 135 ms), but these scanners 
do not have to shuttle between two positions in order to acquire information 
about the whole heart, providing the opportunity to image at every heartbeat (at 
the cost of higher dose). A limitation in CT, and especially also in dynamic CT 
perfusion studies, is that the radiation dose is directly related to the number of 
images acquired. For a thorough overview of CT perfusion acquisition techniques 
one is referred to the review of Rossi et al (26).

Why use modeling in MRI and CT 
In theory, tissue perfusion can be inferred from the apparent contrast 
enhancement without any complex modeling, assuming that the contrast agent is 
hemodynamically inert. This hypothesis holds true if two criteria are met with: 1) a 
linear relationship between contrast enhancement and contrast concentration (ex 
vivo linearity) and 2) a linear relationship between apparent contrast enhancement 
and perfusion (in vivo/uptake linearity). 

 Ex vivo linearity is present in PET tracers as well as in CT iodine-based contrast 
agents regardless of their concentrations and, and in MR gadolinium only up to 
a certain concentration limit (17, 18). In vivo/uptake linearity is limited in case 
of extravasating contrast agent. Most contrast agents in perfusion imaging do 
not only flow to the intravascular space, but also distribute to the extracellular 
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extravascular space (EES). Only in case EES extraction fraction is constant within 
the range of physiological perfusion flow, the apparent contrast enhancement will 
be linear to perfusion, as is the case with 15O-water and 18F-flurpiridaz in PET. 
However, in most tracers such as 13N-ammonia (12, 23, 27), 82Rb-Rubidium 
(12, 23), gadolinium (23, 28-30) and iodine(23, 31, 32), the extraction fractions 
decrease non-linearly with increasing perfusion, causing reduced in vivo/uptake 
linearity. 

To correct for the effect of these extravasating tracers or contrast agents on 
contrast enhancement, tracer kinetic modeling attempts to separate the dynamics 
of contrast agent in the intravascular space and the EES over time to yield more 
accurate perfusion estimation. These modeling techniques have been successfully 
applied in PET myocardial perfusion imaging with different tracers, including 
13N-ammonia and 82Rb-rubidium (33). It is theoretically feasible to implement 
the same principles in MRI and CT, using tracer kinetic modeling.

Tracer Kinetic modeling

Tracer kinetic modeling essentially relates the dynamics of tracer or contrast agent 
concentration in tissue (myocardium) to that in the supplying artery referred to 
as arterial input function (AIF). The contrast dynamics over time are obtained 
by tracing the myocardium and AIF voxels from the dynamic contrast-enhanced 
acquisition (figure 1).
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The mathematical relation between contrast dynamics in the tissue and in the 
AIF is represented by an impulse response function (IRF) (figure 2). As a result 
of a one unit-amplitude of an infinitely narrow input bolus (impulse bolus) in the 
arterial inlet (figure 2a), contrast retention will occur in the tissue with a certain 
dynamic proportion in time, defined as IRF (figure 2b). In a perfusion imaging 
study, the AIF can be considered as a train of time-shifted and magnitude-
scaled impulse boluses (figure 2c) producing a corresponding train of time-shifted 

Figure 1: Myocardial (green voxels) and arterial input function (red voxels) tracing to produce 
contrast dynamics time curves.
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and magnitude-scaled IRFs in the tissue (figure 2d). An iterative curve-fitting 
operation called deconvolution can then be applied to reconstruct the IRF from 
the AIF and tissue enhancement curves. Since deconvolution may lead to more 
than one mathematically suitable solution, it is necessary to restrict the operation 
by requiring the IRF to follow a certain parameterized formulation specific for 
each perfusion model. Therefore, perfusion flow is estimated from those IRF 
parameters providing the best fit at deconvolution.
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Different tracer kinetic models

Tracer kinetic models for absolute myocardial perfusion quantification can be 
classified into three model groups: distributed parameter, compartmental, and 
indicator dilution theory approaches, each of which has been developed into 
more specific models. For thorough explanation of the distributed parameter and 
compartmental models one is referred to the technical paper of Sourbron and 
Buckley and two manuscripts of Jerosch-Herold for the indicator dilution theory 
approach (34-36). In the present overview those modeling approaches are solely 
compared on the basis of physical interpretation of their respective IRF. 

For extravasating contrast agents as used in MRI and CT, contrast agent molecules 
distribute across two spaces, i.e., the intravascular space and the EES (figure 3). 
Each space is defined by volume, rate, and transit time parameters. The relative 
intravascular plasma space is defined as the intravascular plasma volume relative 
divided by total tissue volume (Vp). The intravascular flow rate (F) equals the 

Figure 2: Single arterial inlets are shown with different magnitude scale in different time 
instance (panel A) and the respective magnitude-scaled impulse response function (IRF) in the 
tissue (panel B). A contrast bolus can be modeled as trains of arterial inlets (panel C), producing 
trains of magnitude-scaled IRF in the tissue (panel D). Deconvolution aims to reconstruct the 
IRF that fits the relation between the red and green lines in panel C and D, respectively.



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

123Quantitative CT myocardial perfusion: Development of a new imaging biomarker

7

blood perfusion rate per unit of volume of tissue and the mean capillary transit 
time (MTTc) is the ratio between the blood volume and the tissue blood perfusion 
rate. Similarly, the tissue interstitial volume (Ve) is the sum of extravascular 
and extracellular volume (EES) contained in a volume of tissue. The two-way 
exchange rate to and from the EES is called the permeability-surface product, PS, 
and the MTTe is the mean transit time for the EES. Additionally, an extraction 
fraction (E) describes the proportion of the contrast agent distributing to the 
EES. IRF is affected by the inflow of contrast (perfusion), two-way exchange 
of contrast between plasma and the EES, extraction fraction, and permeability. 
High order perfusion models take into account such dynamics as completely as 
possible, although assumptions remain and additional variables do not necessarily 
yield more accurate results. The lower order models assume some parameters or 
dynamics to be negligible compared to others, thus simplifying the model. In 
figure 4 each modeling approach is illustrated, with the formulation presented in 
table 1.

Cell 

Ve PS

Vp 

F

Figure 3: Illustration of contrast agent (blue dots) distribution in the tissue: vp is the plasma 
volume within the intravascular space, ve is the extravascular extracellular space, F is the 
perfusion flow within the intravascular space, PS is the permeability surface exchange rate 
between Vp and Ve. Another parameter, the extraction fraction (E) denotes the proportion of 
contrast agent exchanged to the extravascular extracellular space.
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Models based on axially distributed parameters 

Distributed parameter model
This model takes into account the most detailed aspects of contrast dynamics at 
the tissue level. It assumes contrast concentration within the intravascular space 
and EES to be varying temporally and axially along the longitudinal direction of 
the perfusion flow (figure 4a). As such, the model is able to estimate every volume, 
rate, and time parameter specified in the intravascular and the interstitial space, as 
well as the extraction fraction. The distributed parameter model has been applied 
to estimate MRI stress/rest myocardial perfusion in healthy volunteers (37).

 (a) (d) 

(b) (e) 

(c) (f) 

Ve: extracellular extravascular space (EES) volume frac�on 

PS: EES-plasma exchange rate 

Vp: intravascular plasma volume frac�on 

F: perfusion rate 

Figure 4: Schematic representation of different tracer kinetic models: (a) distributed parameter 
model, (b) tissue homogeneity model, (c) adiabatic approximation of tissue homogeneity model, 
(d) 2-compartments model, (e) 1-compartment (Toft’s) model, (f ) Fermi model.
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Model Output Parameters Impulse Response Func�on (IRF)  
Distributed Parameter F, PS, MTTc, MTTe, vp, ve not available in �me domain 
Tissue Homogeneity  F, E, MTTc, vp, ve 
Adiaba�c Approxima�on 
of Tissue Homogeneity  

F, E, MTTc, vp, ve 

(assuming vp<< ve) 
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Fermi  F, MTTc, k 
(in extravasa�ng 
contrast agent,  only F 
is of physiological 
value)  
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+
=

−MTTctk
FtIRF  

Model-independent 
deconvolu�on 

F  (es�mated as ini�al 
IRF magnitude) 

no specific formula�on 

F: perfusion rate, PS: extracallular extravascular space (EES) exchange rate, MTTc: capillary mean transit �me, 
MTTe: EES mean transit �me, vp : EES volume frac�on,  ve: intravascular plasma volume frac�on, Ktrans: 
compound transfer constant (perfusion & EES exchange), k: venous clearance rate for intravascular contrast 
agent 

Table 1:  Tracer kinetic model formulation
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Tissue homogeneity model 
This model by Johnson and Wilson assumes that the contrast concentration 
only varies longitudinally in the intravascular space and not in the EES (figure 
4b) (38). With this assumption, the model loses the ability to estimate the time 
parameter of the EES (MTTe) but can still estimate the other intravascular and 
EES parameters. These two axially-distributed models require special numerical 
treatments for model fitting, (i.e. multiple or Laplace-domain fitting) due to their 
complexity (39, 40).

Adiabatic approximation of tissue homogeneity model
Developed by Lawrence and Lee, this model further simplifies the tissue 
homogeneity model by assuming that the contrast exchange between the 
intravascular space and the EES only takes place in the venous outlet (41).
Therefore, the rate of concentration change in the EES is much slower than in 
the intravascular space (figure 4c). Adiabatic model fitting can be performed as 
a standard time-domain deconvolution with IRF, as specified in Table 1: height 
and length of the plateau correspond to perfusion flow and capillary mean transit 
time (MTTc), respectively, while the decay rate of the mono-exponential function 
represents the venous clearance. This model was first proposed in brain studies, 
but has been used in oncological and cardiac studies afterwards (42-46).

Implementation issues
The main limitations for axially-distributed models are 1) the need of a fast 
acquisition rate to support MTTc estimation, and 2) the more complicated 
and noise-sensitive fitting methods. Faster perfusion produces shorter MTTc, 
requiring more compact contrast bolus to accurately capture the MTTc from the 
contrast dynamics. 

Models based on compartments

The main difference between the compartmental and axially-distributed model 
lies in the assumption that intravascular and EES contrast agent concentrations 
only vary with time, and not axially (figure 4d-e). Because the axial contrast 
concentration gradient is considered negligible, transit time cannot be estimated, 
limiting the modeling results to the volume and rate parameters.

2-compartmental and 1-compartmental model
The typical IRF of a 2-compartment model takes the shape of a bi-exponential 
function, without an initial plateau for the capillary inflow phase due to the absence 
of transit time estimation. The faster-decaying exponential refers to the transfer 
towards the EES while the slower exponential refers to the transfer from the 
EES. On the other hand, the IRF of a 1-compartment model takes the shape of a 
mono-exponential function. The maximum magnitude of the IRF corresponds to 
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Ktrans, a compound tissue transfer constant formulated by multiplying perfusion 
(F) by the contrast extraction fraction (E) (47). Three main 1-compartmental 
models are distinguished.

Toft s Models
The basic Toft s model refers specifically to immediate and complete tracer 
extraction fraction (E=1) and negligible Vp compared to, such that Ktrans 
represents perfusion flow (47). Since Vp is not negligible in the myocardium, 
one study applied an Extended Toft s model where Vp is added to the original 
IRF (47, 48). However, it has been argued that under the Extended Toft s model, 
Ktrans is closer to the EES exchange rate than to the perfusion flow (49).

Patlak model 
The Patlak model includes only data portions from the early phase of contrast 
arrival, when the contrast agent has not significantly filled the EES yet. Here, EES 
contrast concentration is not adequate to cause diffusion of contrast molecules back 
to the intravascular space. Under this assumption, Ve and Vp can be considered a 
single compartment with a single transfer rate (Ktrans) (50). The temporal growth 
in the EES contrast concentration will be linear to the rate of contrast transfer to 
the EES (Ktrans) and the AIF contrast concentration. Therefore, Ktrans of the 
Patlak model can be reconstructed from the slope of a correlation map between 
tissue contrast concentration and the area under the curve of the AIF. However, 
care should be taken to make sure that only appropriate data portions are used. 
The Patlak model has been used in human MRI studies of myocardial perfusion, 
with an acquisition rate matching every heartbeat, as well as in animals with the 
acquisition rate matching every other heartbeat (30, 48, 51). 

Maximum slope method 
The maximum slope method is derived from exactly the same assumptions as the 
Patlak model, therefore requiring the same portion of data points and suffering 
the same concerns. The Patlak-equivalent Ktrans is derived by normalizing the 
maximum slope of the tissue concentration to the maximum (peak) concentration 
of the AIF. The tissue maximal upslope is calculated by linear fitting while the AIF 
peak is derived from gamma-variate fitting. The method has been implemented in 
an older study based on electron-beam CT as well as in more recent myocardial 
perfusion studies with dual-source CT (21, 52-54). 

Implementation issues
The main critique on the 1-compartment model is that Ktrans is a multiplication 
of extraction fraction (E) and perfusion instead of a sole perfusion (F) indicator.    
Limited number of MRI studies have shown a non-linearly decreasing extraction 
suggesting a limited range of Ktrans proportionality with perfusion if this 
parameter is to be derived from gadolinium (18, 28-30). Correcting Ktrans for the 
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extraction fraction (E) improved the correlation between Patlak-derived Ktrans 
and microsphere perfusion in an animal experiment (62).

Models based on Indicator Dilution Theory

The Fermi model 
The Fermi model was initially developed for studies with a purely intravascular 
indicator. Assuming an axially-varying contrast concentration in the intravascular 
space, it was observed that the IRF of an intravascular indicator resembled the 
shape of the Fermi function (55). The amplitude, width of initial plateau and 
subsequent curve decay rate of the fitted Fermi function represents perfusion, 
capillary mean transit time, and venous clearance rate, respectively (Table 1). For 
extravasating tracers, the validity of the Fermi model holds as long as the tracer 
concentration in the EES is substantially lower than in the intravascular space 
(ce<<cp), a condition assumed to be attainable in the first-pass of tracer circulation 
(36). The Fermi model has been used in many MR human and animal studies (2, 
36, 56-60). and it has been used in one CT porcine study (32). 

Model-independent deconvolution 
The previous perfusion models have been driven by specific physical assumptions 
on the distribution of contrast agent in the tissue, culminating into exact IRF 
formulation. A model-independent approach attempts to overcome these tissue-
specific assumption problems by applying more generic mathematical constraints 
in the IRF calculation. With the central-volume principle applied in the indicator 
dilution theory, the initial magnitude of the IRF is then assumed as perfusion 
regardless of the shape of the IRF (35). Studies with high data quality have shown 
excellent agreement of model-independent deconvolution with true perfusion 
(simulation study) and microspheres (porcine study, n=3), as well as with PET in 
healthy volunteers (n=5) (35, 61). 

Implementation issues
Since the indicator dilution approach does not presume any separation between 
the intravascular and the EES contrast dynamics, its perfusion estimation is 
uncorrected for EES exchange. Therefore, the same concern as in 1-compartment 
models, i.e., the consistency of perfusion representation over the physiological 
range of perfusion, also applies to indicator dilution theory models. 

Influence of different acquisition settings
In the previous paragraphs, the different perfusion models were discussed. Those 
models offer different degrees of perfusion evaluation. When more accurate 
quantification of perfusion is desired, consequently, more detailed information of 
contrast dynamics is required. This leads to more demanding acquisition settings 
(i.e., faster acquisition rate, higher contrast-to-noise ratio). As a result, more 
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detailed models will are more sensitive to noise, because a small change in the 
contrast dynamics will have more impact on the parameter estimations. 

Key acquisition factors 
Jerosch-Herold et al. performed a thorough review on specific MRI imaging 
requirements (19). Minimal requirements of several general key acquisition/ 
image quality parameters that influence the output of tracer kinetic models are 
listed here. 

1) A compact contrast bolus is needed to ensure that the contrast dynamics 
contains information as requested by the modeling. An increasingly dispersed 
bolus is known to cause increasing perfusion underestimation and variability, 
especially at higher flow rate (62). As a rough guidance, the contrast bolus should 
be compact enough to accommodate a clear definition of the peak enhancement 
in the AIF as well as in the tissue (and even more compact in case of the use 
of the axially-distributed model). A gadolinium injection rate of at least 3 ml/s, 
and optimally 4 ml/s, has been recommended for MRI myocardial perfusion 
assessment (18, 63). More prominent bolus dispersion can be expected in CT due 
to the typically larger injected contrast volume.

2) In order to estimate the flow rate and transit time parameters, a sufficiently 
fast acquisition rate (temporal resolution) is needed to capture the fastest change 
described by the model. When only the flow rate parameter is analyzed, the 
minimum scan interval is determined by the time-to-peak (TTP) of the AIF. 
When both rate and transit time parameters are concerned, the mean capillary 
transit time (MTTc) determines the minimum scan interval. In other tissues 
a considerable underestimation was found when the temporal resolution was 
reduced, with both CT and MRI (62, 64-68).

(3). In order to estimate volume parameters, the acquisition period should be at 
least within the order of the transit time parameter of the concerned volume, to 
ensure proper capture of the arrival and clearance of contrast agent.

(4) In-plane spatial resolution should be adequate to prevent partial volume 
effects, especially if voxel-wise tracer kinetic modeling is to be applied. In the 
data acquisition this means that voxels are best small and isotropic (cubic rather 
than rectangular, etc.). This is hard to realize in MRI where the in-plane spatial 
resolution is approximately 5 times lower than in CT (1.5 x 1.5 mm2 versus 0.3 
x 0.3 mm2) with slice thickness much larger than in-plane resolution. In post-
processing, the quantification resolution particularly worsens due to partial 
volume effects in CT where investigators have typically analyzed the CT 
perfusion in slices thicker than the native resolution (5). Signal-to-noise ratio 
(SNR) concerns the total variability in the contrast dynamics. Small variations in 
contrast dynamics may influence the precision of tracer kinetic modeling. The use 
of higher Tesla machines in MRI may provide better SNR without compromising 
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spatio-temporal resolution, although inherent problems with RF homogeneity 
can adversely impact quantification. Implementation of higher tube current in CT 
can also improve SNR by reducing variability in contrast dynamics and the error 
in model fitting (19, 55). A disadvantage of higher tube current is the increase 
in radiation dose. A decrease in tube voltage could increase SNR, because of the 
K-edge of iodine, which lies around 35 kV. If possible, a lower tube voltage would 
be beneficial for contrast scans, and additionally lowers radiation dose (69).

Clinical implication and conclusion

Regarding the choice of model used, we suggest that one should use the simplest 
possible model that can explain the contrast dynamics. It is worth noting that 
the use of higher-order models will only be beneficial when the acquisition is 
optimized to capture the additional contrast dynamic details requested by the 
model. Considering the current imaging and contrast administration setup for 
MRI and CT myocardial perfusion imaging, the 1-compartmental and Fermi 
models seem to be the most technically applicable. Axially-distributed models 
require an acquisition rate at the order of MTTc and a sufficiently compact 
bolus to identify the capillary inflow phase. Balancing such demand with clinical 
requirements for spatial resolution and coverage could be problematic. Apart from 
optimal data quality, model-independent deconvolution also requires knowledge 
for selection of the regularization parameter, which may not be available in every 
imaging center. 

Issues for clinical adoption go beyond the accuracy of the quantitative myocardial 
perfusion value itself. The assumptions made by each model are coupled with the 
theoretical pitfalls we have tried to identify in our appraisal. The major complication 
with quantitative MR perfusion is in the limited linearity of contrast enhancement 
to contrast concentration, requiring lower dose of gadolinium, thus compromising 
the accuracy of visual analysis as well as the precision of perfusion estimation. CT 
perfusion on the other hand greatly simplifies quantification efforts by offering a 
linear relationship between contrast enhancement and concentration. However, 
current CT imaging setup suffers reduced image quality due to the shuttling 
mode acquisition and limited temporal resolution as well as acquisition period 
due to the radiation dose constraint; both reduce the precision and accuracy of 
perfusion estimation. 

Limited studies have mentioned instability issues of higher-order models. 
More investigations are required (37, 70). Reproducibility of perfusion values is 
highly related to the imaging quality, where specific issues such as acquisition/
reconstruction artifacts need to be taken care for in both modalities before 
implementing the model.
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An important issue for the clinical setting would be to establish the expected 
physiological variability across different subjects, so that the usability of quantitative 
myocardial perfusion in diagnostic or sequential observation setting can be verified. 
Quantitative PET studies for instance have shown considerable heterogeneity in 
myocardial perfusion of healthy volunteers, related to factors such as age, gender, 
rate-pressure product, and other hemodynamic factors (71, 72). Furthermore, 
in the presence of COPD and hypertension, the value of myocardial perfusion 
reserve has been shown to be impaired without regional myocardial ischemia (73-
75). The spectrum of physiological variability in myocardial perfusion should also 
be investigated with MRI and CT if myocardial perfusion quantification is to be 
adopted in clinical practice. 

Studies investigating the performance of quantitative MRI and CT myocardial 
perfusion imaging in detecting CAD have been conducted with different reference 
standards, i.e., stenosis diameter, either derived from quantitative CT or invasive 
coronary angiography, fractional flow reserve, or even visual analysis of SPECT 
myocardial perfusion. None of these reference parameters actually capture the 
same functional phenomenon as myocardial perfusion. The anatomical aspect of 
a stenosis does not describe its functional relevance, while fractional flow reserve, 
even though being a functional parameter, indicates the hemodynamics of the focal 
coronary lesion rather than its systemic effect on myocardial microcirculation. The 
quantitative relationship between myocardial perfusion and the above parameters, 
therefore, can expected to be affected by broader physiological variability, which 
may be better captured by quantitative analysis than by visual assessment. However, 
the superiority of quantitative myocardial perfusion over mere visual analysis for 
diagnosis of hemodynamically significant CAD still needs to be proven.
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Abstract

There is increasing interest in dual-energy CT (DECT) to evaluate myocardial 
blood supply, as addition to coronary artery morphological assessment. Although 
still in early clinical phase, assessment of myocardial ischemia and infarction by 
DECT seems a promising step towards comprehensive evaluation of coronary 
heart disease with a single non-invasive modality. Compared to dynamic 
CT approaches, DECT has advantages regarding radiation dose and clinical 
applicability. In this review, the current status of the literature is discussed. 
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Coronary artery disease (CAD) is still a major societal health problem, despite 
ongoing improvements in invasive and non-invasive techniques for diagnosis 
and treatment. In the US, CAD is the cause of death in about one out of five 
inhabitants and is associated with annual costs of about US $165 billion (1). In 
patients suspected of having significant CAD, the aim is to detect coronary artery 
luminal narrowing, so-called stenosis, with hemodynamically relevant effect on 
myocardial perfusion, i.e. resulting in ischemia in stress situations. Exactly which 
coronary artery stenosis reduces myocardial blood flow is difficult to assess based 
on morphology alone, especially if the stenosis is of intermediate severity (30-80% 
luminal narrowing) (2). Thus, both anatomical and functional testing is usually 
required to identify patients who could benefit from coronary intervention. Earlier 
developments in imaging techniques primarily focused on either morphological 
or functional assessment of CAD, i.e. evaluation of coronary artery stenosis or 
myocardial perfusion. However, especially with recent improvements in CT 
regarding spatial and temporal resolution at decreasing radiation dose, as well as 
the clinical introduction of dual-energy CT (DECT), the desired goal of a single, 
non-invasive imaging modality for assessment of both morphology and function 
in CAD may have come closer. 

In this review, the current status of the literature regarding the technique and uses 
of DECT for the heart is discussed.

Non-invasive assessment of hemodynamically significant 
coronary artery stenosis

In the last decade, contrast-enhanced, electrocardiographically (ECG)-gated CT 
has quickly gained a role in evaluation of the fast-moving coronary arteries, with 
64-multidetector CT and newer CT generations showing excellent sensitivity 
and negative predictive value and good specificity for coronary artery stenosis 
(3-5). CT angiography of the coronary arteries is now an accepted modality to 
exclude significant coronary artery stenoses in patients at low to intermediate 
risk of CAD (6, 7). However, the mere presence of coronary artery diameter 
reduction of 50% or more, which is the threshold most commonly used to 
describe significant stenosis, does not necessarily result in decreased myocardial 
perfusion. In studies comparing coronary artery stenosis on coronary CT 
angiography with myocardial perfusion defects on magnetic resonance imaging 
(MRI) or single-photon emission computed tomography (SPECT), CT 
angiography was not accurate in predicting ischemia (8,9). It is generally accepted 
that the hemodynamic significance of coronary artery stenosis cannot be reliably 
determined without information on perfusion or wall motion of the myocardium 
during stress (by exercise or pharmacologically induced) and rest. In the ischemic 
cascade, stress perfusion abnormalities occur at a much earlier stage than wall 
motion abnormalities (10) and are therefore considered a more sensitive sign of 
hemodynamically significant stenosis. 
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So far, myocardial perfusion imaging in stress and in rest has been performed 
by using nuclear scan techniques, namely SPECT and positron emission 
tomography (PET), and, more recently, MRI. Nuclear imaging tests are 
known to have therapeutic and prognostic implications (11), but suffer from 
disadvantages like radiation dose, cost, availability, and attenuation artifacts. MRI 
has advantages compared to nuclear imaging tests due to its lack of radiation 
dose and superior spatial resolution. Evidence is accruing that MRI has higher 
sensitivity than SPECT for significant CAD (12, 13). While different approaches 
have been tried and are in clinical use to integrate imaging data on coronary 
artery morphology and myocardial perfusion from different imaging modalities, 
one non-invasive imaging modality providing a conclusive diagnosis of significant 
CAD is clearly preferable in view of diagnostic and potentially cost- efficiency, 
and patient comfort. Currently, no single imaging test yields adequate anatomical 
plus functional information to make a conclusive diagnosis. CT, and specifically 
DECT, could potentially change this reality in the future. 

CT beyond coronary artery morphology: assessment of myo-
cardial blood supply

The primary and foremost role of CT in CAD diagnosis is its unique capability 
to non-invasively evaluate coronary artery stenosis (14). The potential to assess 
myocardial blood supply with CT is of secondary importance, and should generally 
only be considered in the context of morphological evaluation, without negatively 
affecting the quality of coronary artery imaging data. Nevertheless, coronary CT 
angiography data acquired with retrospectively ECG-gated (15, 16) or new, lower 
radiation dose prospectively ECG-triggered (17) techniques inherently includes 
ancillary information on myocardial blood supply that may be of advantage. This 
is also true for DECT acquisition techniques, as explained below. CT evaluation 
at rest theoretically only allows detection of fixed myocardial perfusion defects 
(i.e., generally myocardial infarction). Several studies have supplemented coronary 
CT angiography acquisitions at rest with an additional scan acquired during 
pharmacological stress, with the goal of also detecting reversible perfusion defects 
(i.e., stress-induced myocardial ischemia) (18, 19). CT assessment of myocardial 
blood supply and infarction is based on assumptions comparable to MRI: contrast 
agents for CT and MRI have similar contrast kinetics, both for the evaluation of 
the myocardial blood supply and for the assessment of myocardial viability (20). 
Two fundamentally very different approaches are used for CT-based assessment 
of the myocardial blood supply in stress and in rest. One is the time-resolved 
image acquisition at multiple time-points during the passage of a contrast medium 
bolus through the myocardium. The so-called dynamic CT technique has been 
extensively reviewed in this journal earlier this year (21). The second approach 
is the visual, qualitative assessment of myocardial blood supply during the early 
arterial phase of myocardial contrast medium attenuation. We will focus on the 
latter technique, as this is the strategy applied in DECT. Occasionally, the second 
approach is inaccurately called  perfusion  imaging - in reality this strategy 
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yields a static image of contrast medium distribution within the myocardium, 
reflecting the myocardial blood pool at the specific moment of image acquisition. 
During the early arterial phase, myocardial segments with reduced blood supply 
have diminished delivery of contrast material, which can be visible as an area of 
hypo-attenuation on conventional, single-energy cardiac CT (22, 23). These areas 
are called myocardial perfusion defects, indicative of ischemia and/or infarction. If 
hypoattenuated areas are visible at stress only, this indicates myocardial ischemia; 
if hypoattenuation persists at rest, this is suggestive of infarction. Iodine-based 
CT contrast agents are thought to accumulate in the intracellular space of 
irreversibly damaged cardiomyocytes in myocardial infarction in a similar fashion 
as gadolinium and can subsequently be detected by delayed enhancement CT 
imaging. At CT scanning about 5-10 minutes after contrast injection, areas of 
non-viable myocardium can present as areas with hyper enhancement (20).

DECT technology for evaluation of myocardial blood      
supply and infarction

CT first-pass imaging faces limitations as it is dependent on accurate bolus 
timing, and beam-hardening artifacts at the interface of the endocardial border 
with the contrast medium filled left ventricle can decrease assessability (24, 25). 
For detection of delayed hyperenhancement as sign of myocardial non-viability, 
CT has a rather low signal-to-noise ratio compared to MRI. MRI can null the 
myocardium to enhance the conspicuity of hyper-enhancing areas, a means that 
CT generally lacks, at least when performed in single-energy technique. The 
DECT technique has a considerable advantage over single-energy CT as it makes 
myocardial perfusion defects more conspicuous compared to single-energy CT 
evaluation, especially when reconstructed as iodine color map (26) (see figure 
1). In our own experience, also areas of delayed enhancement can become more 
pronounced in DECT mode. 

As has been explained in previous articles in this supplement, DECT involves 
acquisition of image data at more than one energy X-ray spectrum during one 
CT examination. Iodine as contrast material has unique absorption characteristics 
when penetrated with X-ray spectra of different energy levels, which allows 
mapping the myocardial iodine distribution. The DECT approach does not cost 
extra scan time or radiation dose compared to a  normal  retrospectively ECG-
gated coronary CT angiography. In the heart, this approach has been mainly 
evaluated with dual-source CT technology (26-29). The two-tube, two-detector 
configuration of this scanner type allows for simultaneous acquisition of image 
data at high (140 kV) and low (80 or 100 kV) energy levels, as the two X-ray 
tubes, off-set by about 90o, can be operated independently concerning kV and mAs 
(24). Initially, the application of DECT in cardiac imaging yielded a decreased 
temporal resolution (165 ms instead of 83 ms) (27), which could have the 
unwanted effect of reduced diagnostic performance of coronary CT angiography 
for stenosis detection. However, meanwhile the optimal temporal resolution of 
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83 ms (first generation dual-source CT) or 75 ms (second generation dual-source 
CT) has been restored for cardiac DECT applications (30). Other strategies for 
obtaining multiple energy CT acquisitions during one CT examination include 
rapid kVp switching based on single-source CT (31), and compartmentalization 
of detected x-ray photons into energy bins by detectors of a single-source CT 
scanner operating at constant kV and mA settings (32). So far, the only scientific 
publication on cardiac DECT using a non-dual-source CT system concerned a 
feasibility study in pigs (31).

Figure 1: 50-year old man with recurrent chest pain after prior myocardial infarction in 
LAD territory and surgical revascularization. Short-axis image of SPECT (a) and MRI (b) 
examination at rest. Corresponding short-axis cross-section for contrast-enhanced dual-energy 
CT study at rest (c-e), reconstructed as merged grey-scale image (c), with superimposed iodine 
distribution color map (d) and as single-energy image (e). The anteroseptal wall of the left 
ventricle shows a subendocardial perfusion defect at SPECT and MRI at rest, suggestive of 
infarction. This is also visible on merged gray-scale and especially the iodine color map, but not 
on the single-energy image.
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DECT data acquisition and image processing

A DECT scan protocol for evaluation of myocardial perfusion defects commonly 
involves three phases (see figure 2), with image data acquisition at rest, at peak 
adenosine stress, and about 6 min after the last contrast injection (so-called delayed 
acquisition). As a standard, the protocol starts with prospectively ECG-triggered 
non-enhanced CT for calcium scoring. Then, contrast-enhanced DECT series 
are obtained. A common dual-source CT protocol is as follows: data acquisition 
with retrospective ECG-gating, ECG-dependent tube current modulation, 280 
(second generation)-330 (first generation dual-source CT) ms gantry rotation 
time, heart rate-dependent pitch of 0.20-0.43, and 1.5 mm reconstructed slice 
thickness with 1 mm overlap. 

One tube of the dual-source CT system is operated with 150 mAs/rotation at 140 
kVp with a selective photon shield (Sn filter), and the second tube with 165 mAs/
rotation at 80-100 kVp. The rest acquisition is generally also used for coronary 
angiography evaluation with reconstruction of thin slices at optimal temporal 
resolution. Similar to adenosine stress perfusion MRI, stress testing using DECT 
is performed administering adenosine for 2-5 minutes with a rate of 140 mg/min/
kg under physician supervision, or after a single injection of 0.4 mg of regadenoson. 
At peak pharmacological stress, a second bolus of iodine contrast medium is 
injected, and stress image acquisition is subsequently performed. Rest and stress 
examinations should be contrast-enhanced, in our institution this involves 70 
ml of iopromide (370 mgI/ ml Ultravist, Bayer) for both rest and stress, using 
a dual-syringe injector (Stellant D) and automated bolus triggering. CT-based 
approaches including DECT for the assessment of myocardial viability ordinarily 
involve standard non-enhanced cardiac CT techniques with retrospective ECG-
gating or prospective ECG-triggering. Prospective ECG-triggering significantly 
limits radiation dose compared to retrospective ECG-gating (33).

Figure 2: Schematic representation of a typical DECT protocol for assessment of defects in 
myocardial blood supply involving pharmacological stress.
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DECT scan series are reconstructed with a dedicated, dual-energy convolution 
kernel (D30f ). From the DECT raw data, four different image sets can be 
obtained (figure 3). The first two are single-energy CT reconstructions, based on 
either the high kVp or low kVp raw data. The third data set contains part of the 
high kVp data and part of the low kVp data (usually 50-70% of the 140 kVp data 
and 50-30% of the 80/100 kVp). The last reconstruction is yields a color map of 
iodine content within the myocardium. The iodine distribution is determined on 
the basis of the unique x-ray absorption characteristics of this element at different 
kV levels. The attenuation of corresponding regions of interest in the epicardial 
fat in high kVp and low kVp datasets is measured and used for calibration of 
the heart perfusion blood volume algorithm using DECT image post-processing 
software (Heart PBV within syngoDualEnergy, Siemens, Forchheim, Germany). 
Ideally, the iodine maps are normalized to areas of normal myocardial perfusion, 
because the datasets contain a broad range of iodine concentrations (34). 

Finally, the maps can be color coded for better assessability of myocardial perfusion 
defects. The resulting maps of iodine distribution are often superimposed onto 
grey-scale multiplanar reformats of the myocardium in short- and long-axis views, 
from which the iodine content in the voxels had been electronically (virtually) 
removed. The DECT raw data also allow standard reconstruction for coronary 
CT angiography (kernel B75f, 0.75 mm slice thickness), at maintained optimal 
temporal resolution (140-165 ms). Evaluation of DECT scan series requires some 
software processing and subsequent visual analysis of perfusion defects, with about 

Figure 3: Schematic representation of DECT image data processing and example of resulting 
image.
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5-10 minutes extra reading time. Figure 4-6 provide imaging examples of patients 
undergoing stress-rest DECT and correlative imaging by SPECT and MRI. 
Preliminary patient data (19, 35) show that combined CT-based approaches for 
imaging of the coronary arteries, myocardial blood supply evaluation during stress 
and rest, and myocardial viability can be accomplished at radiation doses of about 
15 mSv using dual-source CT. This radiation dose compares favorably with that 
of SPECT myocardial perfusion imaging (about 10mSv for 99mTc and 20-40 mSv 
for 201Tl) and dual-isotope myocardial viability assessment (about 30 mSv) (36, 
37). Estimates for CT protocols using rapid peak-kilovoltage switching based on 
single-source CT are not available to date, but likely exceed diagnostic radiation 
dose values for dual-source CT, because the tube current for the two energy levels 
cannot be adapted without resulting in increased image noise of low-kilovoltage 
images.

DECT for assessment of myocardial ischemia

The clinical evidence on DECT imaging for evaluation of the hemodynamic 
significance of coronary artery stenosis is so far limited and mainly concerns 
initial experience studies (19, 27-29, 38). In the first study in this field, Ruzsics 
et al. studied 36 patients with equivocal or incongruous SPECT results. In all 
patients, rest DECT data were obtained with first generation dual-source CT, 
also used to reconstruct coronary angiographic images. In total 157 segments 
showed perfusion defect on SPECT (89 fixed). DECT had 92% sensitivity and 
93% specificity for detection of any myocardial perfusion defect on SPECT, and 
correctly identified 96% of fixed and 88% of reversible myocardial perfusion 
defects. Inter-observer agreement was very good. In a second study, Wang et 

Figure 4: 75-year old male patient with chest pain and shortness of breath during exercise. 
Reversible perfusion defect of the anteroseptal wall seen on stress-rest SPECT, horizontal long 
axis images (a stress, b rest). Corresponding views for stress-rest DECT also show contrast defect 
in the septum in stress (c, e), not present at rest (d, f ). The coronary CT angiography showed 
significant stenoses in the proximal LAD and ramus intermedius (g), in the LCx, and in the 
proximal RCA (h). Patient subsequently underwent coronary artery bypass grafting.
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al. investigated rest DECT in 34 patients with abnormal SPECT or known 
CAD (29). DECT showed diagnostic image quality in 31 patients. DECT had 
68% sensitivity and 93% specificity compared to SPECT, for detection of any 
myocardial perfusion defect.

Combined CT evaluation of coronary artery morphology (by CTA) and myocardial 
blood supply (by rest DECT) affected test characteristics when compared to CTA 
alone with small improvement in diagnostic accuracy (from 86% to 88%), using 
invasive coronary angiography as reference standard. In a small patient cohort of 
20 patients, myocardial blood supply was evaluated by second generation dual-
source CT (19). Stress-rest DECT was compared to adenosine-stress dynamic 
CT with all patients undergoing one of the two techniques. The diagnostic 
accuracy of CT was compared to SPECT, with MRI as reference standard. Test 
characteristics for DECT on a segment basis were 93% for sensitivity and 99% for 

Figure 5: . 59-year old female patient with known non-ischemic cardiomyopathy, undergoing 
imaging because of increased shortness of breath. A and B, stress (A) and rest (B) short-axis 
images show predominantly fixed perfusion defect of the septum. C-E, However, no perfusion 
defects are visualized on the stress (C) and rest (D) MRI or delayed enhancement series (E). 
Left ventricle is enlarged on the MRI. The stress-rest DECT images reconstructed as iodine 
color map superimposed on merged grey-scale image (F and G) and delayed CT image in similar 
reconstruction (H) shows comparative results to the MRI. The imaging findings on the SPECT 
examination were assumed to be caused by left bundle branch block, despite slight increase of 
defect.
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specificity, similar to dynamic CT and SPECT. In two studies by the same author, 
Ko et al. included 41 to 45 patients with clinical indications for conventional 
coronary angiography (28, 38). All patients underwent rest and adenosine-stress 
DECT by first generation dual-source CT. In the first analysis, the performance 
of DECT on a myocardial segment basis was compared to adenosine-stress 
MRI (in 28 patients) and invasive coronary angiography (in 41 patients) (38). 
Stress-rest DECT identified 89% of reversible perfusion defects on MRI, and 
had 82% specificity. DECT had a sensitivity of 89% and specificity of 76% for 
detection of vascular territories with significant stenosis on conventional coronary 
angiography. In the second analysis, the additional value of stress-rest DECT 
to coronary CT angiography was evaluated, compared to conventional coronary 
angiography as reference standard (28). All patients had at least one significant 
stenosis on CT, in 42 confirmed on conventional coronary angiography. There was 
a minimal increase in sensitivity on a vessel basis when the results from myocardial 
blood supply evaluation on stress-rest DECT were added to CT angiographic 
assessment of coronary artery stenosis, from 91.8% to 93.2%. Especially the 
specificity showed improvement, from 67.7% to 85.5%. Positive predictive value 
increased from 73.6% to 88.3%, and negative predictive value from 87.5% to 
91.4%. The area under the receiver operating characteristic curve as measure 
of ability to discriminate between vessels with and without hemodynamically 
significant stenosis also increased significantly. These initial results suggest that 
addition of adenosine DECT may reduce false positive CTA evaluations. While 
the initial results on DECT for assessing hemodynamic significance of coronary 
artery stenosis are encouraging, studies were so far performed in small patient 
cohorts with selected bias due to specific recruitment of subjects with positive 
SPECT results, leading to overoptimistic test characteristics. Larger prospective 
patient cohorts are needed to determine the diagnostic accuracy of DECT for 
assessment of myocardial perfusion defects in more detail.

Interestingly, in studies acquiring only rest DECT perfusion images, the majority 
of perfusion defects on both rest and stress SPECT scans was detected (27, 29). 
The fact that rest DECT can identify reversible perfusion defects that are only 
visible on stress SPECT, may be related to different factors. CT has a superior 
spatial resolution compared to SPECT, which can allow detection of smaller, 
especially subendocardial, areas of severe ischemia or infarction that are not 
detectable on rest SPECT. Additionally, the iodine contrast medium, as used in 
CT, is considered to have a vasodilatory effect by itself. This may cause hyperemia 
not unlike the response to vasodilator drugs in myocardial perfusion imaging (39). 
Thirdly, the kinetics of iodine contrast medium may have a wider dynamic range 
(40) at increasing coronary blood flow than SPECT, thus potentially allowing 
detection of more subtle reductions in myocardial perfusion in case of significant 
stenoses. 
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Figure 6: 45-year-old man with recent infarction of inferior left ventricle wall and stent in 
right coronary artery (RCA), undergoing dual-energy CT and SPECT before coronary artery 
bypass grafting. A and B, Coronary CT angiography images, including volume-rendered 
reconstruction (A) and multiplanar reformatted reconstruction (B), show long segment of 
occlusion in proximal left anterior descending artery (LAD) (arrow, A), and patent stent in 
RCA (arrow, B). C and D, On SPECT horizontal stress (C) and rest (D) long-axis images, 
there is reversible perfusion defect of anteroseptal wall (arrows, C). E and F, Corresponding 
views for stress (E) and rest (F) dual-energy CT show reversible perfusion defect of anteroseptal 
wall (arrows, E). G, Volume-rendered dual-energy CT image shows perfusion defect of anterior 
left ventricle wall within context of entire thorax.
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DECT for assessment of myocardial infarction and viability

On contrast-enhanced cardiac CT, chronic myocardial infarction can be recognized 
as a hypo-attenuating region (>50% HU decrease compared to surrounding 
myocardium) (41), which persists in systole and diastole, and correlates with a 
coronary territory (42). On the other hand, in delayed CT scanning after contrast 
injection, infarction may show as areas of hyper enhancement, which is important 
in the assessment of viability. Whether DECT has a significant advantage 
compared to single-energy CT to detect myocardial infarction, is as yet unclear. 
Figure 7 shows an example of a myocardial infarct which is visible as hypodense 
area on contrast-enhanced DECT (but not on single-energy CT reconstruction), 
and as hypere nhancement on delayed DECT, however the contrast difference 
between infarcted and healthy myocardium is often less pronounced on CT. In 
the already discussed study by Ruzsics et al. (27), rest DECT correctly identified 
26/29 (90%) of all fixed myocardial perfusion defects on SPECT imaging. One 
patient study compared detection of hypodense areas on DECT with delayed 
enhancement MRI (43). Thirty-six patients with coronary artery bypass grafts were 
examined with DECT and MRI, with 22 (61%) showing delayed enhancement 
on MRI. The DECT studies suffered from artifacts arising from sternal wires and 
implanted metallic devices, which affected sensitivity. The test characteristics for 
DECT in this study were 77% sensitivity, 97% specificity, 85% positive predictive 
value, 96% negative predictive value, and 94% diagnostic accuracy in vessel-based 
analysis. Reconstructing the DECT images as virtual 120-kV images appeared to 
improve assessability of defects in this artifact-prone patient group, compared to 
iodine color map analysis. 

Three animal studies investigated DECT for detection of acute and chronic 
myocardial infarction (44-46). In a dog study, detectability of hypodense areas 
on contrast-enhanced DECT was assessed 3 hours after creating an infarction 
in the LAD territory, and compared to histopathology (44). Histopathology 
showed infarction in 40 out of 102 myocardial segments. Diagnostic accuracy 
on a segment basis for infarcted and non-infarcted areas were similar for the 
different reconstructions (82-87%); however, sensitivity was highest for iodine 
color maps (92%) and specificity for virtual 120-kV images (92%). In two pig 
studies by one research group, the ability of DECT to detect hypoenhancement 
on first-pass CT and hyper enhancement on delayed CT in reperfused chronic 
infarction was investigated (45, 46). About 2 months after creation of an infarct 
in the LAD territory, 8 pigs underwent contrast-enhanced DECT and delayed 
DECT (10 minutes after contrast injection). Comparison was made with 
delayed enhancement MRI and histopathology. Twenty-seven of 136 myocardial 
segments showed infarction on histopathology. Sensitivity and specificity for 
areas of hypoenhancement on DECT-based iodine color map were 72 and 88 
%, respectively, compared to 78 and 93% for MRI (45). Iodine color map showed 
better diagnostic performance than 100-kV reconstructions. Infarct size on 
delayed DECT and MRI correlated well with histopathology (46). Sensitivity 
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and specificity for areas of hyperenhancement were similar for DECT and MRI, 
77 vs 79 %, and 0.92 vs 0.94, respectively. Thus, DECT was found feasible for 
detection of chronic myocardial infarction. Patient studies are needed to evaluate 
whether CT in general, and DECT in particular, is accurate for evaluation of 
myocardial infarction and viability.

DECT for characterization of coronary atherosclerotic    
plaque

Most cases of acute coronary syndrome occur due to rupture of so-called 
vulnerable coronary plaques. Histological characteristics of these lesions 
include lipid-rich core and thin fibrous cap (47). The in vivo characterization of 
atherosclerotic plaque components may allow identification of high-risk lesions 
before coronary events occur. While differentiation between calcified and non-
calcified plaque components is straight-forward with CT (48), distinguishing 
between the non-calcified plaque types (lipid-rich and fibrotic plaque) on the 
basis of CT density has been found difficult (49, 50). Potentially, DECT imaging 
can facilitate characterization of coronary artery plaque due to its capability of 
material decomposition. 

Figure 7: 80-year-old man with history of coronary artery bypass grafting 12 years prior, 
undergoing imaging because of recurrent chest pain. A and B, Stress (A) and rest (B) SPECT 
short-axis images show pronounced largely fixed perfusion defect of inferior wall (arrows), 
suggestive of myocardial infarction. C and D, MRI at rest (C) and delayed enhancement (D) 
show corresponding perfusion defect (arrows) of inferior wall, as well as thinning of myocardial 
wall. E–H, Corresponding short-axis cross-sections of dual-energy CT study at rest were 
reconstructed as virtual 120-kV image (E) and iodine color map superimposed on merged gray-
scale image (F), with delayed CT images in similar reconstruction (120-kV image, G; iodine color 
map superimposed on merged gray-scale image, H). Virtual 120-kV image shows hypoperfusion 
of inferior wall (arrows, E) at rest and thinning of wall, but no delayed enhancement (arrows, 
F). Iodine color map reconstructed from dual-energy CT image yielded similar findings (arrows, 
H) as MRI. Coronary CT angiography (not shown) showed patent bypasses to left anterior 
descending artery and posterior descending artery, but stenosis in left circumflex artery proximal 
to stent.
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In ex vivo studies of coronary arteries (51-53), CT density-based characterization 
of atherosclerotic plaques was compared to histopathology results. The authors of 
the first report used consecutive CT scanning at 80 and 140 kV, with and without 
iodine contrast infusion (51) and calculated a dual-energy index based on the CT 
density of plaques at the different kV levels. Fourteen atherosclerotic plaques were 
found in seven arteries. Based on differences in CT attenuation at the two energy 
levels, only distinction between calcified and non-calcified plaques was possible, 
but not within non-calcified plaque types. Consecutive CT image acquisition at 
different kV levels with calculation of a dual-energy CT attenuation ratio was 
also performed in the second study, comprising 15 excised hearts (52). Again the 
CT density of fibrotic and lipid-rich plaques overlapped, but the differentiation 
between these non-calcified plaque types was found to improve using the 
dual-energy approach. Finally, in a post-mortem study of 17 hearts, DECT 
and single-energy mode was used in first generation dual-source CT (53), and 
comparison with 16-detector CT was performed. Fifty-eight plaques were found 
by histopathology. Classification of calcified plaques was excellent (97%) but 21% 
of plaques, mainly non-calcified plaque types, were misclassified. However, only 
small numbers of non-calcified plaques were present. Thus, preliminary validation 
studies so far have found contrasting results. 

DECT imaging of the heart: Future perspective 

Only very recently DECT techniques for the assessment of myocardial blood 
supply have transitioned from animal experiments into the first patient studies. 
As described above, the current evidence base for this approach largely consists 
of feasibility and initial accuracy studies in selected, small patient cohorts. While 
preliminary results on the potential of DECT-based evaluation of myocardial 
perfusion defects as addition to coronary artery assessment are promising, 
considerable future work will be required before DECT can be considered for 
routine clinical application. Even more time will pass before appropriate scenarios 
for its use are determined. The same holds for evaluation of myocardial infarction 
and viability by DECT approaches. Decades of evidence support the prognostic 
value of nuclear myocardial perfusion imaging. In contrast, CT imaging of the 
myocardial blood supply is at the very beginning of this curve. A matter of 
debate is whether or not time-resolved CT information on myocardial perfusion 
is needed to assess the hemodynamic significance of coronary stenoses. Newest 
generations CT scanners allow for near real-time imaging of passage of a contrast 
bolus through the myocardium. Most evaluations of dynamic CT examinations 
so far have been performed by visually assessing the presence of a myocardial 
perfusion defect (see recent review (21)), similar to the evaluation of DECT 
examinations. Apart from a small study that included patients undergoing either 
dynamic CT or DECT (19), no studies have directly compared the two CT 
approaches for myocardial blood supply assessment, either within or between 
patients. With optimal timing of data acquisition, the accuracy of DECT for 
detection of defects in myocardial blood supply on a static image could be rather 
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similar as that of dynamic CT. With ongoing improvements in radiation dose 
efficiency, it is likely that DECT will yield lower radiation doses while obtaining 
series in stress and in rest (compared to current stress-only protocols in dynamic 
CT due to radiation dose). Lastly, for combined testing of coronary artery stenosis 
and its hemodynamic effect on myocardial perfusion to be efficient, the risk of 
significant CAD has to be at least intermediate, or high. The usefulness of CT for 
comprehensive CAD imaging, as for all testing, will thus be highly dependent on 
the pre-test probability of CAD. 

In conclusion, preliminary evidence on the assessment of myocardial ischemia 
and infarction by DECT as addition to coronary CT angiography suggest DECT 
as a promising step towards comprehensive evaluation of coronary heart disease 
with a single non-invasive modality. However, substantial research investigations 
will be required before DECT can be considered for routine clinical application. 
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Abstract

Purpose
To determine the accuracy of iodine quantification with dual energy computed 
tomography (DECT) in two high-end CT systems with different spectral 
imaging techniques.

Methods
Five tubes with different iodine concentrations (0, 5, 10, 15, 20 mg/ml) were 
analysed in an anthropomorphic thoracic phantom. Adding two phantom rings 
simulated larger patient sizes. For third generation dual-source CT (DSCT), tube 
voltage combinations of 150Sn and 70, 80, 90, 100 kVp were analysed. For dual-
layer CT (DLCT), 120 and 140 kVp were used. Scans were repeated three times. 
Median normalized values and interquartile ranges (IQRs) were calculated for all 
kVp-settings and phantom sizes. 

Results
Correlation between measured and known iodine concentrations was excellent 
for both systems (R=0.999-1.000, p<0.0001). For DSCT, median measurement 
errors ranged from -0.5% (IQR: -2.0 to 2.0%) at 150Sn/70 kVp and -2.3% (IQR: 
-4.0 to -0.1%) at 150Sn/80 kVp to -4.0% (IQR: -6.0 to -2.8%) at 150Sn/90 kVp. 
For DLCT, median measurement errors ranged from -3.3% (IQR: -4.9 to -1.5%) 
at 140 kVp to -4.6% (IQR: -6.0 to -3.6%) at 120 kVp. Larger phantom sizes 
increased variability of iodine measurements (p<0.05). 

Conclusion
Iodine concentration can be accurately quantified with state-of-the-art DECT 
systems from two vendors. The lowest absolute errors were found for DSCT using 
the 150Sn/70 kVp or 150Sn/80 kVp combinations, which was slightly more 
accurate than 140 kVp in DLCT. 
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Introduction

Coronary artery disease (CAD) remains a widespread disease in the Western 
society. Moreover, the impact of CAD will increase in the next decades due to 
the epidemic of obesity. Cardiovascular disease (CVD) is the primary cause of 
death in the United States and overall annual economic burden is substantial(1). 
In 2010, medical costs with a direct relation to cardiovascular disease were $273 
billion for the United States only(2). 

Computed tomography (CT) angiography is a proven technique for the detection 
of coronary stenosis with high sensitivity and negative predictive value(3). 
However, especially in cases with intermediate stenosis, it is often difficult to 
determine whether a stenosis is significant or not. Myocardial perfusion scanning 
under stress can help in the diagnostic process of determining the significance of 
any indeterminate stenosis, e.g. by single-photon emission computed tomography 
(SPECT), positron emission tomography (PET) or magnetic resonance imaging 
(MRI)(4). Recent developments have renewed interest for perfusion analysis using 
CT. One of the methods to evaluate myocardial ischemia with CT is dual energy 
CT (DECT). In DECT, high-energy x-ray photons are differentiated from 
low-energy x-ray photons. Because attenuation of materials and tissues differs 
at different photon energies(5-7), DECT allows for quantification of materials 
and tissues. By quantifying iodinated contrast media the DECT technique does 
not provide direct information about the blood flow but provides an estimate of 
contrast distribution across the myocardium at one point in time. However, iodine 
distribution has a direct relation to the myocardial blood flow, and thus provides 
a semi-quantitative biomarker for myocardial perfusion

Currently several DECT methods are available of which two are analysed in this 
study: the dual source CT (DSCT) whereby two x-ray tubes are operated at separate 
tube voltages and the dual layer spectral CT (DLCT) where low energy photons 
are absorbed in the first detector layer and high energy photons in the second 
detector layer(5, 8, 9). Koonce et al. already found good stability and accuracy of 
the iodine content determination on DSCT scanners, using options available at 
that time(10). Since then, third generation DSCT has become available, providing 
the possibility to use a tin filter with a high tube voltage of 150 kVp, resulting in 
a narrow spectrum of photons at a higher energy and larger spectral separation 
with the low tube voltages (down to 70 kVp). Furthermore, the first generation of 
DLCT has been recently introduced in the clinic. It is expected that a high tube 
voltage (140 kVp) results in better spectral separation compared to a lower tube 
voltage (120 kVp) and thus in more accurate iodine quantification, however the 
performance in iodine quantification using DLCT is still unknown. Therefore 
the aim of the current study was to determine the accuracy of the quantification 
of iodine concentrations on third generation DSCT and first generation DLCT 
in a phantom.
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Materials and methods

Phantom description
An anthropomorphic phantom (Cardio CT phantom, QRM, Möhrendorf, 
Germany) was used to simulate the human thorax. This thorax phantom contained 
artificial lungs, spine, body fat and a cavity at the position of the heart. The cavity 
was filled with a Perspex holder carrying 5 separate tubes. These 15 ml tubes were 
filled with diluted contrast solutions (Hexabrix 320 mg iodine/ml, Guerbet, Paris, 
France), resulting in concentrations of 0, 5, 10, 15 and 20 mg of iodine per ml, one 
tube for each concentration. The Perspex holder was placed in a water container 
in the center of the cardiac cavity, surrounding the iodine tubes and the Perspex 
holder with water. Different patient sizes were simulated using extension rings 
with densities comparable to fat (Extension rings, QRM, Möhrendorf, Germany), 
which were placed around the thorax. Two separate fat rings were used, providing 
image data of simulated small, medium and large patient sizes (figure 1).

Figure 1: The QRM iodine quantification setup, including the fat rings and the iodine tubes 
surrounded by water.
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Image acquisition
Image acquisition was performed in dual energy mode on third generation 
DSCT (SOMATOM Force, Siemens Healthcare, Forchheim, Germany) 
and first generation DLCT (IQon spectral CT, Philips Healthcare, Best, The 
Netherlands). For DSCT, 150 kVp with tin (Sn) filter was used as the high tube 
voltage in combination with low tube voltages of 70, 80, 90 and 100 kVp in spiral 
scan mode. For DLCT, tube voltages of 140 and 120 kVp were used in spiral scan 
mode. Tube currents for DSCT were 165 mAs/rot at low tube voltage and 150 
mAs per rotation at the high tube voltage (vendor-recommended protocol). Tube 
current of 200 mAs was used for DLCT, as part of a clinical use protocol. This 
mAs was selected in order to acquire DECT data at comparable radiation doses 
for DSCT and DLCT. 

For DSCT, mean CT dose index (CTDIvol) gradually increased when raising 
the low tube voltages of the DSCT combinations, from 18.7 mGy for 150Sn/70 
kVp and 22.1 mGy for 150Sn/80 kVp to 26.9 mGy for 150Sn/90 kVp and 32.2 
mGy for 150Sn/100 kVp. For DLCT, mean CTDIvol for the 140 kVp tube 
voltage was 26.0 mGy, while 120 kVp tube voltage resulted in a CTDIvol of 
18.1 mGy. All acquisitions were repeated three times with small translations 
and rotations between the separate scan repetitions. Various grades of iterative 
reconstruction (IR) were used to analyse the influence of increased IR on iodine 
quantification. Third generation DSCT data were reconstructed with a previously 
described IR algorithm (ADMIRE, Siemens Healthcare, Forchheim, Germany)
(11, 12) whereas DLCT data were reconstructed with a model based iterative 
reconstruction algorithm taking into account anti-correlated noise. DSCT data 
were reconstructed using 4 settings: IR grades 0, 1, 3, and 5. DLCT data were 
reconstructed using spectral levels of 0, 2, 4 and 6. For DSCT, scans were acquired 
with a gantry rotation time of 250 ms, a pitch of 0.19 and a detector collimation 
of 2 x 64 x 0.6 mm. DLCT scans were acquired with a gantry rotation time of 330 
ms, a pitch of 0.18 and a detector collimation of 64x0.625 mm.

Image analysis and iodine quantification
Images were reconstructed at 3.0 mm slice thickness with an increment of 1.5 
mm using the standard kernel settings. The images of the separate systems were 
analysed using vendor-specific software, Syngo.via software VB10 (Siemens, 
Forchheim, Germany) for DSCT and Spectral Diagnostic Suite (Philips 
Healthcare, Best, The Netherlands) for DLCT. In Syngo.via a dedicated DECT 
pack ‘Special’ was used and analysis was performed in ‘virtual unenhanced’ setting. 
In the Spectral Diagnostic Suite, image analysis is performed natively in spectral 
CT mode. For each iodine tube at each scan, one region of interest (ROI) was 
drawn in the coronal plane to maximize ROI areas; each ROI was at least 5.0 cm2. 



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

173Quantitative CT myocardial perfusion: Development of a new imaging biomarker

9

The mean iodine concentration in the ROI was calculated by the dedicated 
software packages of each vendor. DECT iodine concentration measurements 
were compared to the known iodine contrast concentration. Normalized difference 
of concentration measurements was calculated dividing the difference between 
the CT-measured and the known concentration by the known concentration for 
all separate measurements. 

Statistical analysis
Statistical analysis was performed using SPSS version 23 (IBM Corp, Armonk, 
NY, USA). Pearson correlation between the CT-measured and known iodine 
concentration was determined for all DECT scans. Median absolute measurement 
errors, as well as normalized measurement errors, were calculated for each possibly 
influencing factor, e.g. number of fat rings, IR grade and tube voltage combination. 
Kendall’s Tau b as measure of trends and correlation was determined between IR 
grades and iodine measures on both CT systems, and between simulated patient 
size and iodine measures on the two CT systems. Median normalized iodine 
measurements errors were used to identify the CT protocols with the smallest 
iodine measurement error and interquartile ranges (IQR) compared to known 
concentrations. Furthermore, normalized differences in iodine quantification were 
compared for scan protocols with lowest measurement error at both CT systems 
using the Mann-Whitney U test. Normalized differences in iodine quantification 
were compared for different phantom sizes using the Kruskal-Wallis test. 
Variances were compared for several kVp combinations and phantom sizes in 
order to acquire information about the stability and consistency of the separate 
DECT protocols. Variances in normalized iodine measurement differences were 
compared for the scan protocols with lowest measurement error using the Levene’s 
test for equality of variances. 

Results

Third generation DSCT
In total, 720 measurements were performed on DSCT scan data (3 repetitions x 5 
concentration grades x 3 phantom sizes x 4 iterative reconstruction grades x 4 kVp 
combinations). Correlation between measured and true iodine concentration was 
excellent at all kVp combinations (R = 0.999-1.000, p<0.0001). For the 150Sn/70 
kVp combination, the measurement error was smallest with a median difference of 
-0.5% (IQR: -2.0 to 2.0%) and a median absolute error of -0.1 mg/ml (IQR: -0.2 
to 0.2 mg/ml). The median difference was slightly larger for 150Sn/80 kVp and 
150Sn/100 kVp, -2.3% (IQR: -4.0 to -0.1%) and -2.3% (IQR: -5.0 to -1.1) with 
an absolute error of -0.2 mg/ml (IQR: -0.3 to -0.1 mg/ml) and -0.2 mg/ml (IQR: 
-0.5 to -0.1mg/ml). The other kVp combination showed more underestimation 
(figure 2 and table 1). 
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No significant correlation was found between normalized iodine measurement 
error and different grades of IR, which implies that the addition of IR does not 
influence iodine concentration measurements for third generation DSCT (Kendall 
Tau b test, 150Sn/70 p=0.81, 150Sn/80 p=0.85, 150Sn/90 p=0.66, 150Sn/100 
p=0.59). For all kVp combinations, an increase in phantom size resulted in slightly 
higher median iodine measurements, however there were no significant trends 
(Kendall Tau b test, 150Sn/70 Tau b>0.07, p=0.53; 150Sn/80 Tau b>0.06, p=0.62; 
150Sn/90 Tau b>0.05, p=0.69; 150Sn/100 Tau b>0.03, p=0.79) (figure 3). For the 
150Sn/70, 150Sn/80 and 150Sn/90 kVp combinations, normalized measurement 
error between CT-determined and known iodine concentration was significantly 
different between three phantom sizes (Kruskal-Wallis test, p<0.05). Only the 
150Sn/100 kVp combination showed no significant difference when comparing 
the normalized measurement error between the three phantom sizes (Kruskal-
Wallis test, p=0.16). The Levene’s variance test showed no significant difference 
in variance for normalized measurement error between 150Sn/70 and 150Sn/80 
kVp combination in any phantom size (small: p=0.06; medium p=0.52; large 
p=0.46). The 150Sn/100 kVp combination showed significantly larger variances 
in medium phantom size compared to the 150Sn/70 kVp protocol (Levene’s 
test, p<0.05). Furthermore, the variance of the normalized measurement error of 
the 150Sn/100 kVp combination was significantly larger in small and medium 
phantom sizes compared to the corresponding phantom size groups for the 
150Sn/80 kVp protocol (Levene’s test, p<0.05).

Figure 2: The normalized difference between CT-measured and known iodine concentrations is 
shown for each DSCT kVp combination by true iodine concentration.
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First generation DLCT
In total, 360 measurements were performed on DLCT scan data (3 repetitions x 5 
concentration grades x 3 phantom sizes x 4 iterative reconstruction grades x 2 kVp 
tube voltages). Correlations between measured and known iodine concentrations 
were excellent for both kVp combinations (R= 0.999-1.000, p<0.0001). Median 
measurement error for 140 kVp was -4.0 % (IQR: -6.0 to -1.6%) with an absolute 
median deviation of -0.3 mg/ml (IQR: -0.6 to -0.1mg/ml) (figure 4 and table 
1). The 120 kVp setting showed more underestimation of the iodine content 
in the tubes (median measurement error, -5.0% (IQR: -7.0 to -4.0%) median 
absolute difference, -0.6 mg/ml (IQR: -0.8 to -0.3mg/ml) (p<0.05)). Different 
grades of model based iterative reconstruction settings did not influence iodine 
quantification (Kendall Tau b test, 120kVp p=0.80, 140kVp p=0.59). For both 
kVp combinations, a trend towards decreasing iodine measurements at increasing 
phantom size was found, although not significant using Kendall’s Tau b test 
(120kVp Tau b<-0.11, p=0.36; 140kVp Tau b<-0.13 p=0.30) (figure 5). Large 
phantom size showed more underestimation of iodine concentrations compared 
to medium and small phantom size for both the tube voltages (Kruskal-Wallis 
test, p<0.05). No significant difference in variance was found between the two 
tube voltages in any phantom size (Levene’s test, small p=0.25, medium p=0.92, 
large p=0.50). 

Figure 3: The normalized difference between the CT-measured and known iodine concentration 
is shown for the kVp combinations available at DSCT by patient size. An increase in CT-
determined iodine can be distinguished for all kVp combinations, although the trend was not 
significant.
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Figure 4: The normalized differences between the CT-measured and known concentration are 
shown for the DLCT tube voltages.

Figure 5: The normalized difference between the CT-measured and known iodine concentration 
is shown for the kVp combinations available at DLCT by patient size. A decrease in CT-
determined iodine can be distinguished for all kVp combinations, although the trend was not 
significant.
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Table 1 

 Dual source CT Dual layer CT 

Iodine 
concentration 

150Sn/70 150Sn/80 150Sn/90 150Sn/100 120 kVp 140 kVp 

0 mg/ml (%) -0.1 -0.1 -0.1 -0.1 0 0 
5 mg/ml (%) 4.8 (-4%) 4.8 (-4%) 4.5 (-10%) 4.6 (-8%) 4.5 (-10%) 4.7 (-6%) 
10 mg/ml (%) 10.0 (0%) 9.9 (-1%) 9.6 (-4%) 9.8 (-2%) 9.6 (-4%) 9.7 (-3%) 
15 mg/ml (%) 15.1 (1%) 15.0 (0%) 14.6 (-3%) 14.8 (-1%) 14.3 (-5%) 14.5 (-3%) 
20 mg/ml (%) 19.8 (-1%) 19.3 (-4%) 18.9 (-6%) 19.1 (-5%) 19.3 (-4%) 19.7 (-2%) 

Median di 
concentration 
grades mg/ml (%) 

-0.1 (-1%) -0.2 (-2%) -0.4 (-4%) -0.2 (-2%) -0.5 (-5%) -0.3 (-3%) 

�e median CT -measured iodine concentration and normalized di�erences between CT-measured and known iodine concentration 
are shown for both DSCT and DLCT. Median di�erence for the separate kVp combinations is shown. 

Comparison between third generation DSCT and first generation 
DLCT
A significant difference was found for the normalized difference between CT-
measured and known iodine concentration between the DSCT 150Sn/70 and 
the DLCT 140 kVp tube voltage (Mann-Whitney U test, p<0.05), indicating 
closer agreement with known iodine concentrations for the DSCT 150Sn/70 
kVp combination. Similarly, measurement error was smaller for 150Sn/80 kVp 
DSCT compared to 140 kVp DLCT (Mann-Whitney U test, p<0.05). However, 
no significant difference in normalized measurement error was found when 
150Sn/100 kVp DSCT was compared to 140 kVp DLCT (Mann-Whitney 
U test, p=0.21). No significant difference in variances was found for all of the 
DSCT kVp combinations when compared to DLCT 140 kVp (Levene’s variance 
test, 150Sn/70 vs. 140 kVP: p=0.91; 150Sn/80 vs. 140 kVp: p=0.08). Also when 
analysing phantom sizes separately, no significant differences in variance were 
found (Levene’s variance test, 150Sn/70 vs. 140 kVP: small p=0.52, medium 
p=0.44, large = 0.77; 150Sn/80 vs. 140 kVp: small p=0.18, medium p=0.82, 
large=0.24). 

Discussion

In this study the accuracy of iodine quantification using DECT was studied in 
third generation DSCT system and first generation DLCT. Using a phantom 
model, we showed that the correlation of iodine measurements with true 
concentrations was excellent for both DSCT and DLCT. The results suggest that 
iodine quantification in the myocardium could be a semi-quantitative surrogate 
for the quantification of myocardial perfusion, with iodine concentration in the 
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myocardium as an expression of the blood distribution at one moment in time. 
The most accurate results were found for protocols with the largest photon energy 
separation, namely 150Sn/70 and 150Sn/80 kVp for DSCT and 140 kVp for 
DLCT. 

Koonce et al. analysed iodine quantification using DECT for first and second 
generation DSCT systems(10). This study already showed stable and accurate 
results for multiple acquisition protocols. Our results complement this study, 
with even closer or comparable agreement between CT-measured and known 
iodine concentration for 2 new state-of-the-art CT systems, a third generation 
DSCT system and a first generation DLCT system. Another study analysed 
iodine quantification on single-source CT with a split filter, with measured 
differences ranging between 2 and 21% for iodine concentrations ranging from 
1.2 to 23.5 mg/ml, with absolute differences ranging from 0.1 to 1.6 mg/ml(13). 
When comparing these results to our study, one can state that increased spectral 
separation increases the accuracy of iodine quantification. 

Only one study analysed the quantification of iodine in patients using second 
generation DSCT system(14). The authors concluded that quantification of 
iodine could be useful for differentiation between normal, ischemic and necrotic 
myocardium. Reference iodine values for normal and ischemic myocardium were 
ml2.6 and 2.0 mg/ml, respectively. In our study, the low iodine concentrations in 
the range of 0 to 5 mg/ml resulted in 0.2 to 0.3 mg/ml underestimations using the 
optimal kVp combination of 150Sn/70, 150Sn/80 for DSCT and 140 kVp for 
DLCT. Taking into account the small differences between normal and ischemic 
myocardium as reported by Delgado et al. and the results provided in this study, 
one should be careful to crosslink iodine quantification results between scanners 
and kVp combinations. Results of iodine quantification studies can only be 
compared in case the same scanner type and kVp combination is used. 

DECT cannot only be used in quantification of iodine concentration in the 
myocardium, but also has the potential to assess patency of coronary arteries, a 
standard CT angiography(15, 16). The use of only a slightly changed cardiac CT 
protocol, as well as the ability to compare stress images to rest (coronary CTA) 
images, are advantages of DECT compared to dynamic first-pass perfusion CT. 
Furthermore, radiation dose of a single-shot DECT scan is lower than the radiation 
dose in dynamic perfusion CT. In comparison to DECT, a major advantage of the 
dynamic first-pass perfusion CT is the ability to quantify absolute myocardial 
perfusion, and derive myocardial blood flow and blood volume. However, DECT 
allows for assessment of a semi-quantitative biomarker of myocardial perfusion, 
namely myocardial iodine content. Quantification of myocardial iodine content 
may help in detection of myocardial ischemia(14). For this purpose, accurate 
quantification of iodine content, as we have studied, is an important issue. The 
quantification of iodine using DECT is only calculating a semi-quantitative 
parameter of myocardial perfusion, namely myocardial iodine distribution in mg/
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ml. Still, this may be more sensitive to detect myocardial ischemia than mere visual 
evaluation. In this study, we showed that the ability to quantify iodine is highly 
accurate. Future studies should show whether quantification of myocardial iodine 
distribution has additional diagnostic value in patients suspected of myocardial 
ischemia, beyond visual analysis of myocardial iodine distribution. 

It is important to strive for a quantitative analysis of myocardial blood supply. 
Quantitative analysis may allow more sensitive evaluation of myocardial perfusion 
deficits instead of relative, visual analysis. This is of particular importance in 
three-vessel disease, in which the entire myocardium may have reduced perfusion. 
Three-vessel disease can be missed when using qualitative assessment of relative 
contrast distribution. Also, quantification of myocardial perfusion parameters, 
or iodine content, may possibly enable detection of subclinical CAD, in which 
blood supply is reduced but yet without gross perfusion defects.The added value 
of DECT using iodine quantification is not only shown for cardiac imaging, but 
several studies have shown added value in oncological imaging, differentiating 
between renal masses and cysts or assessing treatment response(17-19). 

The third generation DSCT is equipped with a tin filter to harden the high-
energy (150 kVp) spectrum. This filter absorbs low energy photons before they 
reach the phantom, causing increased spectral separation. In DSCT, tube voltage, 
tin filter and tube current can be selected for both tubes separately. Drawbacks 
of the DSCT technique are the angular offset of the two image datasets, and 
a smaller field of view for one of the two tubes. Furthermore, the dual energy 
mode in DSCT needs to be selected, while in DLCT images can always be 
reconstructed in DECT mode. First generation DLCT scanning uses a different 
method to acquire spectral separation. The first layer of detectors registers the low 
energy photons, while the second layer mainly detects the high energy photons, 
resulting in spectral separation between the first and second layer of the detector. 
An increase in tube voltage will result in a larger spectral separation, because more 
high energy photons will reach the second detector layer. There is no angular offset 
because the high and low energy datasets are acquired using the same source, and 
conventional images are created using the information from both high and low 
energy datasets. Drawbacks of DLCT include the low number of kVp selections 
(120 and 140 kVp), and the fact that no filter can be selected, as separation takes 
place at the level of the detector and not at the X-ray tube. This could result 
in a higher radiation dose. The smaller detector coverage of 64 rows is another 
drawback of the DLCT technique. Finally, as both the high and low energy 
datasets are acquired using the same source, spectral separation is lower compared 
to DSCT and this could result in less accurate iodine quantification, as we have 
shown in our study. Whether this translates into clinically relevant differences in 
diagnostic accuracy is unknown.

DECT allows for quantification of iodine concentrations in a static phantom at 
several phantom sizes. However, an increase in patient size will result in differences 
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in quantified iodine for both DSCT and DLCT scanners. Interestingly, increase 
in phantom size tended to have a positive effect (increase in CT-measured 
iodine) on the normalized differences between CT-determined and known iodine 
concentration in DSCT, while having a negative effect (decrease in CT-measured 
iodine) on the quantification of iodine in DLCT. Only the 150Sn/100 tube 
voltage combination showed no significant difference in normalized difference 
between CT-determined and known iodine concentration for the three phantom 
sizes. However, this result is likely caused by higher measurement errors in small 
and medium phantom sizes for the 150Sn/100 kVp protocol. Still, one should 
be careful when comparing the quantification of iodine concentration between 
different patient sizes for both scan techniques.

The present study has several limitations that need to be recognized. The most 
important limitation is that measuring iodine in several separate tubes in a 
thoracic phantom is different from measuring iodine concentrations in patients. 
Movement of the heart, breathing motion and general movement are not taken 
into account in this model, but are likely to influence the iodine quantification in 
patients. These movement problems could be especially problematic when low- 
and high-energy data are not acquired at exactly the same time and position, like 
in most DECT approaches. Water was used for diluting iodine, which is different 
to clinical practice where surrounding tissue such as calcium and proteins may 
influence the iodine measurements. Furthermore, the ROIs were larger (over 5.0 
cm2), which will not always be applicable in clinical practice. Smaller ROIs could 
increase the measurement error. However, these results form a strong basis from 
which other studies in iodine quantification using DECT can derive a selection 
of protocols or kVp combinations. A second limitation is that we limited the 
dual energy modes to 3rd generation DSCT and 1st generation DLCT, while 
there are other dual energy methods on the market. The results presented in this 
study could be different for other methods of iodine quantification using different 
CT scanners. The third limitation is the range in iodine concentration. The first 
patient study providing iodine quantification showed that the measured iodine 
concentration ranges between 1 and 6 mg/ml. This is at the lower end of the 
concentration range we used in this study. We chose the current range in iodine 
concentrations to be able to compare to the study by Koonce et al(10).

Conclusion

Overall, both third generation DSCT and first generation DLCT showed 
highly accurate quantification of increasing iodine concentrations using DECT 
protocols. Best results were found for DSCT using the 150Sn/70 or 150Sn/80 
kVp combination, which showed lower measurement error than DLCT. For both 
systems largest energy separation provided the most accurate iodine quantification. 
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Abstract

Purpose
To determine the optimal timing of arterial first pass computed tomography (CT) 
myocardial perfusion imaging (CTMPI) based on dynamic CTMPI acquisitions. 

Methods and Materials
Twenty-five patients (59±8.4 years, 14 male)underwent adenosine-stress dynamic 
CTMPI on second-generation dual-source CT in shuttle mode (30 seconds 
at 100 kV and 300mAs). Stress perfusion magnetic resonance imaging (MRI) 
was used as reference standard for differentiation of non-ischemic and ischemic 
segments. The left ventricle (LV) wall was manually segmented according to the 
AHA 16-segment model. Hounsfield units (HU) in myocardial segments and 
ascending (AA) and descending aorta (AD) were monitored over time. Time 
difference between peak AA and peak AD and peak myocardial enhancement was 
calculated, as well as the , time delay from fixed HU thresholds of 150 and 250 
HU in the AA and AD to a minimal difference of 15 HU between normal and 
ischemic segments. Furthermore, the duration of the 15 HU difference between 
ischemic and non-ischemic segments was calculated. 

Results
Myocardial ischemia was observed by MRI in 10 patients (56.3±9.0 years; 8 male). 
The delay between the maximum HU in the AA and AD and maximal HU in 
the non-ischemic segments was 2.8 s [2.2-4.3] and 0.0 s [0.0-2.8], respectively. 
Differentiation between ischemic and non-ischemic myocardial segments in CT 
was best during a time window of 8.6 ± 3.8 s. Time delays for AA triggering 
were 4.5 s [2.2-5.6] and 2.2 s [0-2.8] for the 150 HU and 250 HU thresholds, 
respectively. While for AD triggering, time delays were 2.4 s [0.0-4.8] and 0.0 s 
[-2.2-2.6] for the 150 HU and 250 HU thresholds, respectively.

Conclusion
In CTMPI, the differentiation between normal and ischemic myocardium is best 
accomplished during a time interval of 8.6 ± 3.8 s. This time window can be 
utilized by a test bolus or bolus tracking in the AA or AD using the time delays 
identified here.
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Introduction

Coronary computed tomography angiography (CCTA) is a reliable modality for 
the diagnosis of anatomical coronary artery disease (CAD) with a high negative 
predictive value (1, 2). However, assessing the hemodynamic significance of 
intermediate stenosis using CCTA is often challenging, as the effect of luminal 
narrowing on myocardial perfusion varies. Non-invasive techniques for myocardial 
perfusion imaging (MPI) are used to analyse the hemodynamic significance of a 
stenosis. These include single photon emission computed tomography (SPECT), 
magnetic resonance imaging (MRI) and invasive techniques (e.g. invasive coronary 
angiography (ICA) with fractional flow reserve measurement) (3). With recent 
advances in CT technology, CT-based MPI emerges as an additional approach 
for the evaluation of the myocardial blood supply (4-10).

In CTMPI, an iodinated contrast agent is administered through an intravenous 
catheter and the subsequent distribution of the iodine contrast through the 
myocardium is evaluated. The CT assessment of the myocardial blood supply 
can be accomplished via two different scanning approaches: (1) a dynamic scan 
mode in which data are acquired at multiple time points, and (2) a static single-
shot acquisition during first arterial pass. In the dynamic mode, the contrast 
enhancement of the myocardium is analyzed at multiple time points during the 
first-pass of the contrast, enabling calculation of myocardial blood flow over time 
and assessment of the true myocardial perfusion. This method has an approximate 
time resolution of 2-3 seconds using dual-source CT scanners with shuttling of 
the table between two positions. However, the increased number of acquisitions 
required with dynamic scanning results in a relatively high radiation dose, 
compared to static, single-shot techniques (8). Although, radiation dose has come 
down in recent years, implementation into clinical practice is still in research 
phase. 

As an alternative, the static, single-shot technique provides the myocardial iodine 
contrast distribution at a single point in time during first arterial pass. As a result, 
the single-shot technique cannot provide quantitative values for myocardial 
perfusion parameters. However, the static method can determine Hounsfield Unit 
(HU) differences between myocardial segments resulting from hemodynamically 
significant stenosis. Accurate timing of scan acquisition to yield optimal contrast 
differentiation between normal and ischemic myocardium is ensured through 
either a test bolus technique or bolus tracking approaches (11, 12). However, only 
one study analysed the optimal timing of static perfusion CT scans in patients 
(13). The need to establish optimal time delays remains in order to develop 
standardized static stress CT perfusion protocols. As such, the aim in this study 
was to define the optimal time delays for static single-shot CTMPI protocols 
during first arterial pass using different trigger points (AA and AD) and different 
trigger approaches (test bolus and bolus tracking).
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Methods and Materials

In this retrospective single-center study, we analyzed 26 patients with suspicion of 
CAD who had undergone dynamic CTMPI and adenosine stress perfusion MRI 
between November 2009 and July 2011 as part of a research protocol. The study 
protocol was approved by the local Institutional Review Board and informed 
consent was obtained from each patient. The study was conducted in HIPAA 
compliance. Stress MRI was used as reference standard. Two separate studies were 
performed: (1) a base study in which CT time delays were determined in the 
non-ischemic segments of all patients, and (2) a sub-study in 10 patients with 
perfusion defects indicated by stress MRI. In the latter, the optimal time delay for 
the differentiation between ischemic and non-ischemic segments on dynamic CT 
perfusion analysis was determined at three different slice locations. 

MRI Myocardial Perfusion Acquisition Protocol
Patients were scanned on a 1.5-T MRI system (Magnetom Avanto; Siemens, 
Erlangen, Germany). Imaging parameters used for acquisition of perfusion 
images were: repetition time 2.8 ms; echo time 1.21 ms; flip angle 50°; field-of-
view 380 x 80.2 mm; temporal resolution 150 ms; and slice thickness 10 mm. 
The protocol covered 3 short-axis slices (basal, mid-ventricular and apical) of the 
left ventricle (LV) in each heartbeat for 50 consecutive heartbeats. Gadopentate 
dimeglumine (Magnevist: 0.5 mol/l; Bayer-Schering, Berlin, Germany) was used 
as contrast agent at a dosage of 0.2 ml/kg per scan. Contrast was administered at 
4 ml/s, followed by 15 ml saline chaser. Stress MPI was performed under infusion 
of adenosine (Adenoscan, Astellas, Tokyo, Japan; 140 µg/kg/min). Rest perfusion 
scanning was performed 10 minutes after stress scanning. Two experienced readers 
in consensus evaluated results of MRI MPI to determine ischemic and non-
ischemic segments by visual analysis of first-pass perfusion defects using a picture 
archiving and communication system (Agfa Impax, Agfa Healthcare, Greenville, 
SC, USA). MR results were used as a reference for CTMPI assessment.

CT Myocardial Perfusion Acquisition Protocol

Dynamic CT perfusion was performed on a second-generation dual-source CT 
scanner (SOMATOM Definition Flash, Siemens, Forchheim, Germany). Stress 
imaging was performed 3 min after start of adenosine infusion with a dose of 140 
µg/kg/min. Iopromide (Ultravist 370, Bayer AG, Berlin, Germany) was injected as 
a contrast bolus of 40-50 ml at an injection rate of 4-6 ml/s, resembling an iodine 
delivery rate ranging from 1.5 to 2.2 gram/s, followed by a saline chaser. Data 
were acquired in shuttle mode, with electrocardiographic (ECG) triggering at 
end-systole (250 ms after R-peak), a tube voltage of 100kV for both tubes, gantry 
rotation time of 280 ms, and tube current of 300 mAs per rotation. Detector 
range of the scanner was 38 mm, and, with an overlap of 10%, resulted in a total 
z-volume coverage of 73 mm. Scans were started 4 s prior to contrast arrival in 
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the heart to allow baseline non-contrast acquisition and total scan time was 30 s. 
Scan delay for the dynamic stress acquisition was determined using a test bolus. 

CT Myocardial Perfusion Analysis
MASS software (Research version 5.1, Leiden University Medical Center, 
Leiden, Netherlands) was used to evaluate CTMPI studies (figure 1). Cross 
sectional multiplanar reformat reconstructions (MPR) of 10 mm thickness were 
created at the basal, mid-ventricular and apical planes of the LV myocardium. In 
each individual heart, spacing between the three different MPR slices was kept 
constant, varying between 8 and 26 mm for different patients, taking differences 
in LV size into account. The American Heart Association (AHA) 17-segment 
model was used to draw the myocardial segments (14). The apical segments 
were excluded from the analysis, resulting in 16 analyzed myocardial segments 
per patient. Epicardial and endocardial contours were drawn manually by a 
researcher with 4 years of experience. Each slice was automatically divided into 
either six or four segments; six segments for basal and midventricular slices and 
four segments for apical slices. Mean contrast density in Hounsfield units (HU) 
was determined in the 16 myocardial segments at all time points in all patients 
(figure 2). Additionally, HU attenuation in possible trigger locations were derived 
by drawing regions of interest (ROIs) in the AA and AD using the Aquarius 
iNtuition Viewer (Version 4.1.11, TeraRecon Inc, Foster City, USA). The AA 
ROI was drawn at the proximal part of the AA, because of the limited scan range.

Figure 1: Evaluation of the myocardial segments performed in the MASS research software. 
On the left side, the enhancement in HU is shown for the separate myocardial segments and the 
blood pool. The white arrow shows a perfusion defect in septal wall. The bottom images show the 
different time stamps for the same slice location.
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In order to determine contrast delays between trigger locations and myocardial 
segments, several timestamps were calculated. A timestamp was defined as the 
time point corresponding to the moment of acquisition. For myocardial segments, 
timestamps were determined for max HU enhancement (maxTPMYO) for each slice 
location in each patient. Furthermore, timestamps were calculated for a minimal 
difference of 15 HU between ischemic and non-ischemic segments (TPdiff>15) for 
each slice location, only in patients with ischemia. Myocardial segments with 
ischemia were determined based on gold standard MR perfusion results. In cases 
where the HU difference was <15HU, the point in time where HU difference 
was highest was used as TPdiff>15. Slices without a perfusion defect were excluded 
from this part of the analysis. Timestamps in both trigger locations (AA and AD) 
were determined for both max HU (maxTPAA, maxTPAD) and pre-defined HU 
thresholds of 150 HU and 250 HU (AA150 and AA250; AD150 and AD250), resulting 
in six timestamps (maxTPAA, TPAA150, TPAA250; maxTPAD, TPAD150, TPAD250). The 
time difference between peak HU enhancement in the trigger locations (maxTPAA, 
maxTPAD) and maximum enhancement in myocardial segments (maxTPMYO) was 
calculated for all separate slice locations (e.g. basal, mid-ventricular and apical) in 
all patients. In patients with ischemia, the time difference between trigger location 
timestamps TPAA150, TPAA250, TPAD150, TPAD250 and TPdiff>15 was calculated for all 
slices with a perfusion defect. In addition, the duration of the >15 HU difference 
between ischaemic and non-ischaemic myocardial segments at each slice location 
was determined in all patients.

Figure 2: The arrows in image A and B point to two perfusion defects in separate patients. 
Graphs C and D show the difference between the mean HU enhancement graphs in the ischemic 
and non-ischemic segments for patient A and patient B, respectively. 
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Statistical Analysis
Statistical analysis was performed using SPSS 23 (IBM Corp, Armonk, NY). All 
determined time delays were analyzed for normality by skewness and kurtosis 
testing. Data were reported as median [interquartile ranges] or mean ± SD.

Results

Patient inclusion
Twenty-five patients (14 male, 59 ± 8.4 years) were included in the analysis and 
one patient was excluded due to missing data. Ten patients (56.3 ± 9 years; 8 
males) had myocardial ischemia detected by the reference adenosine stress 
perfusion MRI. These patients were included in the time-delay analysis for 
optimal differentiation between ischemic and non-ischemic segments.

Optimal timing overall
Time delay between maximal HU enhancement in the AA, maxTPAA, and 
maximal HU enhancement in the non-ischemic segments, maxTPMYO, had a 
median value of 2.8 s [2.2-4.3] (figure 3 and table 1). For maxTPAD to maxTPMYO, 
median time delay for maximal enhancement was 0.0 s [0.0-2.8]. For TPAA150, 
median time interval between the AA threshold and peak enhancement in 
myocardial segments was 7.7 s [6.1-9.4], and for TPAA250, delay was 5.6 s [4.8-
7.2]. For TPAD150, median time interval from the 150 HU threshold in the AD to 
peak enhancement in the myocardium was 6.2 s [5.2-8.5] and for TPAD250, median 
time interval was 4.7 s [2.8-6.4].

Figure 3: Enhancement in HU on the Y-axis for left ventricular blood pool, ascending aorta, 
descending aorta and the average of the non-ischemic myocardial segments. Top enhancement 
in the descending aorta is, on average, at the same instant as the top HU enhancement in the 
myocardial segments.
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Optimal timing for differentiating normal and ischemic segments
Based on the data from patients with ischemic myocardial segments, median time 
delay from TPAA150 to TPdiff>15 was 4.5 s [2.2-5.6], whereas a threshold of 250 HU 
in the AA resulted in a shorter time delay, 2.2 s [0-2.8]. For the AD, median 
time delay was 2.4 s [0.0-4.8] for the 150 HU threshold and 0.0 s [-2.2-2.6] 
for the 250 HU threshold (figure 4 and table 1). Optimal differentiation between 
ischemic and non-ischemic myocardium was present for 8.6 ± 3.8 s (figure 5). The 
optimal time frame for maximal differentiation was approximately 4 s after the 
AA threshold of 150 HU and 2 s after the 150 HU threshold in the AD. This 
window of optimal HU contrast was present for approximately 8 s, in the case of 
a contrast bolus of 40-50 ml at an injection rate of 4-6 ml/s. The median highest 
HU difference per patient was 21.4 with a percentile range from 18.1 to 36.2 and 
a total range from 14 to 61 HU. 

Table 1   

Time 
di�erence  

TPAA150 TPAA250 MaxTPAA TPAD150 TPAD250 maxTPAD  

maxTPMYO 7.7 s 
[6.1-9.4] 

5.6 s  
[4.8-7.2] 

2.8 s  
[2.2-4.3] 

6.2 s  
[5.2-8.5] 

4.7 s  
[2.8-6.4] 

0.0 s  
[0.0-2.8] 

TPdi�>15 4.5 s  
[2.2-5.6] 

2.2 s  
[0-2.8] 

n.a. 2.4 s  
[0.0-4.8] 

0.0 s  
[-2.2-2.6] 

n.a. 

Median time interval between the time stamps in the myocardium (maxTPmyo and TPdi�>15) and the time stamps 

in both reference locations (TPAA150, TPAA250, maxTPAA; TPAD150, TPAD250, maxTPAD) is displayed, as well as the 

interquartile range. 

Figure 4: An example of the HU enhancement graphs shows the difference between mean non-
ischemic and ischemic segments. From the dotted line onward, HU differences between ischemic 
and non-ischemic segments are larger than 15 HU. For the ascending aorta, 150 HU threshold 
has an average delay of 4 s and the 250 HU threshold has a 2 s delay. For the descending aorta, 
150 HU threshold has an average 2 s delay and the 250 HU threshold has a 0 s delay. The black 
arrows point out the separate delays for the ascending and descending aorta at both the 150 and 
250 HU threshold.
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Discussion

In the current study, we analysed the time delays for optimal timing of single-
shot CTMPI, based on dynamic CT perfusion data. In this study we showed that 
there is an approximate time window of 8.5 seconds in which the HU difference 
between ischemic and non-ischemic segments is optimal. Furthermore, the 
separate delays for AA and AD triggering were analysed. Using the proposed 
delays, optimal differentiation for single-shot CT perfusion can be achieved.

Previous studies have determined the time delay for optimal contrast between 
ischemic and non-ischemic segments from predefined trigger points based on 
dynamic CTMPI studies in dogs and patients (13, 15). Both studies reported 
an optimal time interval for discrimination between ischemic and non-ischemic 
segments of 6 s to 12 s. The current study confirms and expands the results of the 
2 prior studies. Our results are in accordance with these findings, with an optimal 
time window of 8.6 ± 3.8 s observed in our investigation. However, the time point 
of maximum difference between ischemic and non-ischemic segments does not 
necessarily correspond to the start of the recognisable HU differences between 
ischemic and non-ischemic segments. In addition, the AD may be preferable 
for triggering compared to the AA as it is less affected by motion. Therefore, 
ROIs were placed in the AA and AD to study the time delays for separate trigger 
locations, which was not performed in the study by Bischoff et al. Furthermore, 
the time delays found in our study were shorter compared to the ones reported by 
Bischoff et al. In the subgroup analysis (n=10), the TPAA150 – TPdiff>15 time interval 

Figure 5: The mean difference between the ischemic and non-ischemic segments is shown on the 
Y-axis. Best HU differentiation between ischemic and non-ischemic segments is present for the 
duration of 8.6 seconds.
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was 2.5 s shorter compared to the delay suggested in that latter investigation. 

In non-ischemic myocardial segments, the time delay between the threshold of 
150 HU in the AA and AD and peak enhancement in the myocardium was 7.7 s 
and 6.2 s, respectively. When compared to the time delays found for the scans with 
HU difference > 15, a single-shot scan can be started before peak enhancement 
in the myocardium, because ischemic defects can be quantified during the build-
up of contrast in the myocardium. An explanation for the difference between 
both studies could lie in the injection protocol and differences in cardiac output 
between patients. In clinical practice, the injection protocol is often dependent 
on multiple parameters, (e.g. patient size, tube current, iodine concentration in 
contrast media, etc.). 

Two reference locations were analyzed in order to provide insight on suitable 
trigger locations. The time delay difference between AA and AD for the trigger 
thresholds is 1.5-3 s in most cases, resembling one shuttle interval. The time 
difference between maximum HU enhancement in the specified trigger point 
and peak HU enhancement in myocardial segments was 3 s (AA) 0 s (AD). This 
suggests that one could use the AD peak enhancement to plan fast myocardial 
perfusion scanning using the test bolus technique. A test bolus can be used to 
determine the time delay between the injection time and arterial enhancement 
in AA or AD. However, bolus length alteration should be taken into account 
when determining CT perfusion scan delay. The HU peak enhancement in 
the myocardial segments is often comparable to peak AD HU enhancement, 
however this rule does not apply perfectly for every patient. In our study, the 
minimal and maximal time delay was -7.1 s and 8.7 s, respectively. In those cases, 
upslope contrast enhancements are comparable, but peak value time can have 
large time differences between individuals. Furthermore, peak enhancement in 
the myocardium does not automatically imply the greatest difference between 
ischemic and non-ischemic segments.

In patients with a perfusion defect, the AA median time delays for 150 HU and 
250 HU thresholds were 4.5 s [2.2-5.6] and 2.2 s [0-2.8], respectively. A threshold 
in one of the reference locations (AA or AD) can be used for bolus tracking 
of the single-shot perfusion scan (12). In order for this technique to work, the 
locations should be stable, quantifiable and contrast enhancement should not 
be too late compared to the contrast enhancement in the myocardial segments. 
In case of late contrast enhancement in the reference location, the CT scanner 
will not have enough time to prepare and perform the myocardial perfusion scan 
(12). So, the AA reference ROI trigger can be used with both a threshold of 150 
HU and 250 HU, which results in an optimal contrast window of 4-12 s and 
2-10 s, respectively. Triggering in the AD should only be performed with a low 
HU threshold of 150 HU, within a time window from 2-10 s after the 150 HU 
threshold has been reached. 
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The maximal difference in the myocardium is present for approximately 8 s, in 
which the total heart should be scanned. Such scanning parameters are feasible 
with newer generation scanners (8). Along with previous studies, these results 
could guide future CT perfusion studies in order to acquire optimal contrast 
between normal and ischemic myocardial segments. There are multiple options 
for snapshot CTMPI imaging during first arterial pass, e.g., dual energy, high-
pitch spiral, and sequential approaches (8). Dual energy could have an edge on 
other static techniques due to its ability to quantify the iodine concentration 
at one point in the cardiac cycle (16, 17). A dual energy scan can be acquired 
within the 8 s window of greatest difference between ischemic and non-ischemic 
myocardium. High-pitch spiral modes are fast imaging modes with low radiation 
dose, but are prone to imaging artefacts in case of irregular or high heart rates. 
In sequential mode, images are acquired using a step and shoot technique. This 
technique is slower because it takes several heart beats to acquire the image, but 
is less prone to motion artefacts. Thus, depending on the patient, different trigger 
and imaging modes could perform best to acquire myocardial perfusion analysis 
at the most suitable interval of tissue attenuation.

There are several limitations to this study. Because of the shuttle mode, images 
were acquired at different time points. This is contributing to the large standard 
deviation, because one time point will already result in an effective time difference 
between 1 and 3 s (8). Furthermore, in our study the injection protocol differed 
between patients based on patient characteristics. This could be an explanation 
for the difference between the results of our study and Bischoff ’s. However, this 
reflects clinical practice. Another limitation of the second generation dual source 
CT system is the 7.3 cm scan range. In some of the patients, the LV cannot be 
fully imaged. Therefore, some of the segments could not be analysed and were 
excluded from either the mean HU of the ischemic or non-ischemic segment 
analysis. Furthermore, the sample size of patients with a perfusion defect in this 
study was limited. Of the 25 patients, only 10 had a proven perfusion defect on 
MRI which could be matched with the dynamic CT data. 

Dynamic CT perfusion analysis is still a long way from being implemented into 
daily clinical practice, mainly due to the high radiation dose acquisition protocol. 
However, single-shot CTMPI techniques, prone to less radiation exposure, are 
potentially able to assess myocardial contrast enhancement (8, 17). The addition 
of functional assessment to the anatomical evaluation of CAD by CTA has the 
potential to provide diagnosis using a single imaging technique.

Conclusion

In conclusion, the best differentiation between ischemic and non-ischemic 
myocardium can be made in static CTMPI during a time interval of 8.6 ± 3.8 s. 
The optimal time delay for static CTMPI using an AA trigger location was 4 s 
(150 HU) and 2 s (250 HU). Using the trigger location in the AD, 2 s (150 HU) 
time delay was optimal.
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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 
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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 
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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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Nederlandse samenvatting, 

Conclusies en Toekomstig onderzoek

In dit proefschrift worden verschillende computer tomografie (CT) scanmethoden 
onderzocht die gebruikt kunnen worden om de doorbloeding (perfusie) van het 
hart te meten. De resultaten vormen een solide fundering om verder onderzoek 
naar de toepassing van CT perfusieonderzoek van het hart te rechtvaardigen. 

In hoofdstuk 1 wordt een algemene introductie over het onderwerp gegeven. 
Hier worden onder andere het huidige klinisch beleid voor de diagnose van 
ziekte van de kransslagaderen (coronairlijden), de indicaties voor CT en een 
introductie van CT perfusie geïntroduceerd. CT scans worden in de klinische 
praktijk gebruikt bij het uitsluiten van coronaire hartziekte. Hiervoor wordt een 
anatomisch onderzoek, een zogenaamde CT angiografie (CTA), gemaakt die een 
zeer hoge negatief voorspellende waarde heeft. Dit betekent dat wanneer een CTA 
scan geen coronairlijden laat zien, er met grote waarschijnlijkheid gezegd kan 
worden dat de patiënt ook echt geen coronairlijden heeft. Echter, wanneer er een 
vernauwing (stenose) in één of meerdere kransslagaderen blijkt te zijn is het vaak 
lastig te bepalen of deze stenose ook functionele problemen oplevert, dus of de 
doorbloeding van de hartspier (myocard) verminderd is. Daarom wordt regelmatig 
gebruik gemaakt van doorbloedingsscans of perfusiescans om te onderzoeken of 
de vernauwing in de kransslagader de myocardiale perfusie beïnvloedt. Er zijn 
meerdere typen scanners die gebruikt worden om de perfusie van de hartspier 
te bepalen. Veel gebruikte technieken zijn Single Photon Emission Computed 
Tomography (SPECT), Positron Emission Tomography (PET) en Magnetic 
Resonance Imaging (MRI). De eerste twee zijn nucleaire technieken die gebruik 
maken van ingespoten radioactieve stoffen voor het verkrijgen van de informatie 
over de doorbloeding. MRI is een magnetische techniek, die geen gebruik maakt 
van straling, in tegenstelling tot de andere technieken. 

Door recente ontwikkelingen in de CT techniek is het nu mogelijk om met CT 
niet alleen de kransslagaders te beoordelen, maar ook de myocardiale perfusie. 
Deze ontwikkelingen hebben een kettingreactie van nieuwe CT studies in gang 
gezet. Zo zijn er meerdere manieren ontwikkeld om de perfusie van het hart met 
CT te analyseren. In hoofdstuk 2 is de diagnostische waarde van de verschillende 
CT perfusietechnieken onderzocht in een meta-analyse. In totaal voldeden 22 van 
de 6041 gevonden artikelen aan de inclusie criteria. In de meta-analyse werden 
1507 patiënten geïncludeerd. In hoofdstuk 2 zijn 5 verschillende CT technieken 
geanalyseerd, nl. statische rust scans, statische stress scans, dynamische stress scans, 
zogenaamde dual energy CT (DECT) stress scans en een combinatie van CTA en 
statische stress scans. Over het algemeen bevatten de geïncludeerde studies kleine 
aantallen patiënten. De CT perfusie technieken hadden een goede diagnostische 
waarde. De specificiteit was hoog, met een matige tot goede sensitiviteit, waar 
CTA juist een hoge sensitiviteit heeft en een lagere specificiteit. Een combinatie 
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van CT perfusie en CT angiografie lijkt dus van grote waarde te kunnen zijn, maar 
om dit nog beter te kunnen bewijzen moeten er studies met grotere patiënten 
aantallen worden gedaan. Daarnaast was er een grote heterogeniteit in de studies, 
door het gebruik van verschillende referentietechnieken, waardoor het nagenoeg 
onmogelijk was de data samen te voegen en algemene conclusies te trekken. Dit is 
ook de reden waarom maar een klein aantal studies per CT techniek geanalyseerd 
kon worden. 

In de eerste twee hoofdstukken zijn de verschillende technieken voor CT perfusie 
beschreven. CT perfusie beelden kunnen grosso modo op 2 manieren verkregen 
worden, nl. door gebruik te maken van een statische of een dynamische CT 
perfusietechniek (acquisitie). Statische CT perfusiescans worden gemaakt op 
één moment in de tijd, waarbij gebruik wordt gemaakt van een jodiumhoudend 
contrastmiddel om contrast in de vaten en het myocard te krijgen. De specifieke 
eigenschappen van jodium zorgen ervoor dat meer Röntgenstralen worden 
tegengehouden, waardoor gebieden met meer contrast oplichten en plaatsen 
met minder contrast donker blijven op de CT scan. Zo kan op deze statische 
CT perfusiescans het verschil in verdeling van jodiumcontrast over de hartspier 
bepaald worden, op het oog (visueel) en semi-kwantitatief. Bij semi-kwantitatieve 
CT perfusie-analyse worden de jodiumconcentratie of de CT Hounsfield units 
(grijswaarden in een scan) gemeten, en niet de echte doorbloeding. De enige echt 
kwantitatieve CT perfusietechniek is dynamische CT perfusie. Deze techniek 
maakt gebruik van meerdere opnamen gedurende de instroom van contrast in 
de hartspier. Door de opbouw van contrast te monitoren kan met ingewikkelde 
schattingsmodellen de myocardiale bloedstroom (flow, MBF) bepaald worden. 
In dit proefschrift zijn beide CT perfusietechnieken nader onderzocht (vanaf 
Hoofdstuk 3 dynamische CT perfusie; en vanaf Hoofdstuk 8 statische CT-
perfusie). 

Gezien veelbelovende eerste rapportages met betrekking tot de dynamische 
CT-perfusie (hoofdstuk 2), is deze techniek in dit promotie-onderzoek verder 
onderzocht. In een deel van de validatie onderzoeken voor CT perfusie, is gebruik 
gemaakt van een ex vivo model. In 1895 publiceerde Oskar Langendorff een 
studie waarin hij een nieuw perfusiemodel beschreef, dat nu bekend staat als 
het Langendorff-model. Dit model werd in eerste instantie niet gebruikt voor 
beeldvormende (imaging) studies, maar om de perfusie van het hart te bestuderen 
in een varkenshart. In het Langendorff model wordt retrograde flow op de aorta 
gezet zodat de bloedstroom in de richting van het hart gaat. De aortaklep wordt 
dicht gedrukt en al het circulerende bloed gaat door de kransslagaders naar het hart. 
In hoofdstuk 3 is dit ex vivo model gebruikt om dynamische CT perfusiescans 
te analyseren met een 2de generatie dual-source CT scanner. Deze CT scanner 
heeft een scanbereik van 7.3 cm voor CT perfusie van het hart, en maakt meerdere 
scans over tijd, waardoor de instroom van contrast in het myocard kan worden 
bepaald. In dit experiment is het bewijs geleverd dat het Langendorff-model 
toegepast kan worden in een CT omgeving (proof of principle). Om verschillen 
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aan te tonen tussen hartweefsel met een normale en een verlaagde doorbloeding, 
werd een stenose aangelegd in de Circumflex (Cx) kransslagader, één van de drie 
grote kransslagaderen van het hart. Tegelijkertijd werd in dezelfde kransslagader 
een drukdraad geplaatst, waarmee de druk vóór en na de stenose gemeten kon 
worden en het drukverschil kon worden bepaald, de zogenaamde fractional flow 
reserve (FFR). Op deze wijze kon er vrij exact worden bepaald welke mate van 
stenose aangebracht was. In dit experiment werden scans gemaakt op verschillende 
stenose graden: geen stenose, FFR 0.70, FFR 0.50, FFR 0.30 en totale afsluiting 
(occlusie). Daarnaast werd de druk en de arteriële flow gedurende het experiment 
gemonitord. De arteriële flow was redelijk constant, ongeveer 1.0 l/min, terwijl 
de druk gedurende het experiment licht opliep van 83 naar 94 mmHg. Er was 
een significant verschil in CT-gemeten MBF tussen hartweefsel met normale 
en hartweefsel met verlaagde doorbloeding. Conclusie van dit experiment was 
dat met het Langendorff model gecontroleerd fysiologische parameters, zoals 
stenosegraad en arteriële flow getest kunnen worden, en het model erg geschikt 
lijkt om verschillende perfusietechnieken mee te valideren. 

In hoofdstuk 4 werden nog vier varkensharten onderzocht, waarbij in drie (van 
de in totaal dus vijf ) harten microspheres ingespoten zijn. Microsphere metingen 
zijn de gouden standaard voor het bepalen van bloedstroom naar het hart. Bij 
deze metingen worden fluorescente bolletjes ingespoten, die ‘vastlopen’ in de 
kleine bloedvaten naar het hart. Door de harten na de experimenten in stukken te 
snijden en de fluorescentie per hartsegment te bepalen, kan de flow per segment 
worden berekend. Er was een matige correlatie tussen de CT-gemeten MBF en 
de bloedstroom die met de microsphere techniek gemeten was. De CT waarden 
lagen significant lager dan door microsphere bepaalde bloedstroom. Ook in dit 
experiment werden de verschillen tussen hartsegmenten met een normale en een 
verlaagde flow bepaald. In de vijf harten kon worden aangetoond dat met CT 
perfusie-onderzoek een verschil in de met CT bepaalde flow gemeten kon worden 
vanaf een FFR-waarde van 0.70. Hieruit werd geconcludeerd dat verschillen in 
bloedstroom met CT bepaald kunnen worden, maar dat er nog verder onderzoek 
nodig is om tot bepaling van absolute MBF waarden te komen. 

In een klinische situatie, bij invasieve coronaire angiografie, wordt een FFR van 
0.80 gebruikt voor het bepalen of een stenose significant is of niet; een FFR < 
0.80 duidt op een klinisch revelante stenose. Om dynamische CT perfusie in meer 
detail te beoordelen werd in het vervolgonderzoek dat in hoofdstuk 5 beschreven 
is gekozen voor kleinere stapjes in FFR stenosegraad dan in hoofdstuk 3 en 4. 
In deze studie werd de FFR graad die in de Cx werd aangelegd gevarieerd: geen 
stenose, FFR 0.80, FFR 0.70, FFR 0.60 en FFR 0.50. Deze experimenten zijn 
uitgevoerd op een derde generatie dual-source CT. Ook hier zijn dynamische CT 
perfusiescans gemaakt, waarbij werd gekeken naar de verschillen in doorbloeding 
tussen normale hartsegmenten en segmenten met verminderde doorbloeding. Er 
werd een significant verschil in met CT-gemeten MBF gemeten tussen segmenten 
met normale flow en segmenten met verminderde flow vanaf een FFR waarde van 
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0.70, consistent met de resultaten uit het eerste experiment. Daarnaast werd in 
dit experiment ook gekeken naar met CT berekende myocardiale bloedvolume. 
Ook hier werd een significant verschil tussen segmenten met normale flow en 
segmenten met verminderde flow aangetoond. Dit verschil was reeds significant 
bij een FFR van 0.80. Uit hoofdstuk 4 en 5 kan overtuigend geconcludeerd 
worden dat verschillen in flow gedetecteerd kunnen worden met dynamische CT 
perfusie, bij klinisch relevante drempelwaarden. Echter, de CT-gemeten MBF 
waarden wijken af van de werkelijke bloedstroom. De met CT gemeten MBF 
waarden zijn doorgaans lager dan de werkelijke waarden. 

Eén van de hypothesen met betrekking tot de kwantificatie van CT perfusie 
is dat het lage aantal afbeeldingen over de tijd (lage temporele sampling rate) 
verantwoordelijk is voor de onderschatting van de bloedstroomwaarden. Daarom 
is in hoofdstuk 6 de invloed van temporele sampling van de CT scans op de 
kwantificatie van perfusie van het hart bestudeerd. Bij drie van de vijf harten uit 
de voorgaande experimenten zijn extra perfusiescans gemaakt met een verhoogde 
temporele sampling (meer scans in dezelfde tijdsduur). In deze drie harten is op 
drie verschillende manieren gescand. Naast de normale dynamische scan modus, 
nl één scanmodus met één scan per twee á drie hartslagen, een scanmodus met één 
scan per hartslag, en een continue scan (ongeveer 5 scans per hartslag). Voor iedere 
dataset werd de MBF berekend. Daarnaast werd uitgerekend wat de werkelijk flow 
door de hartspier was. De uitkomsten van deze studie bevestigen de hypothese: als 
de temporele sampling wordt verhoogd, gaat de met CT berekende flow omhoog. 
De waarden voor MBF, die met hogere temporele sampling bepaald zijn, liggen 
dichter bij de ‘echte’ bloedstroom waarde. Hieruit werd geconcludeerd dat de 
beperkte temporele sampling van huidige dynamische CT perfusie-onderzoeken 
in hoge mate bijdraagt aan de onderschatting van de absolute bloedstroom.

In hoofdstuk 4, 5 en 6 is gebruik gemaakt van het ‘upslope’ model om de 
doorbloeding van het hart te berekenen. Dit model relateert de snelheid van 
stijging van CT waarden in het hartweefsel aan de hoogte van de contrastpiek in 
de aorta. Dit is één van de wiskundige modellen die te gebruiken is om de flow 
te bepalen. In hoofdstuk 7 wordt een overzicht gegeven van alle modellen die 
gebruikt zijn, of kunnen worden, voor het bepalen van MBF met behulp van CT- 
of MRI-scans. In deze review worden de voor- en nadelen van de verschillende 
modellen besproken met daarnaast de voorwaarden voor implementatie en de 
implicaties, die gebruik van een bepaald model met zich mee brengen. Uit de 
resultaten werd geconcludeerd dat het aan te raden is de modellen zo simpel 
mogelijk te houden. Wanneer zeer ingewikkelde modellen gebruikt worden 
kunnen er mogelijk wel betere schattingen gemaakt worden van de doorbloeding, 
maar deze modellen moeten aan zeer veel voorwaarden voldoen voordat deze 
gebruikt kunnen worden. De eindgebruiker moet altijd het doel voor ogen houden 
en zorgen dat het rekenmodel het middel is om te komen tot een berekening van 
MBF en niet het doel van het onderzoek zelf.
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Uit de eerdere hoofdstukken blijkt dat dynamische CT-perfusie een veelbelovende 
techniek is om verschillen in bloedstroom tussen gebieden met normale en 
verminderde doorbloeding aan te tonen. Echter, er zijn nog veel stappen te maken 
voordat er over absolute kwantificatie van MBF gesproken kan worden. Verder 
heeft dynamische CT het nadeel dat er over de tijd meerdere scans gemaakt 
moeten worden, wat resulteert in een hogere stralingsdosis voor de patiënt dan 
bij gebruik van statische CT-perfusiescans. Daarom moeten ook statische CT 
perfusiescans onderzocht worden op de mogelijkheden tot implementatie in de 
kliniek. Eén van de technieken die grote potentie heeft als semi-kwantitatieve 
beoordelingstechniek is Dual-Energy CT (DECT) van het hart. In hoofdstuk 8 
wordt DECT en de toepassing voor evaluatie van perfusie van het hart uitgelegd 
in een review. Dual Energy CT gebruikt twee verschillende scan energieën. 
Door op twee verschillende energieën te scannen kan men gebruik maken 
van de verschillen in absorptie van verschillende weefsels. Jodium (dat in CT 
contrastmiddel gebruikt wordt) verschilt in eigenschappen op deze verschillende 
scanenergieën. Door deze eigenschappen te gebruiken kan de hoeveelheid jodium 
in het hart berekend worden op één moment in de tijd. Deze methode geeft dus 
geen uitkomsten over de flow, maar een kwantificatie van de jodiumconcentratie. 
De verdeling van contrast is afgenomen in hartsegmenten waar minder aanbod 
van bloed is, dus kan de jodiumconcentratie mogelijk gebruikt worden als een 
biomarker voor perfusie. Deze review laat zien welke onderzoeken reeds zijn 
uitgevoerd en beschrijft de toekomstperspectieven. Geconcludeerd wordt dat 
een combinatie van CT angiografie en Dual Energy CT veelbelovend is voor de 
toekomst, maar ook dat er nog veel onderzoek nodig is om aan te tonen dat dit 
klinisch relevant coronairlijden accuraat kan beoordelen. 

In hoofdstuk 9 wordt jodiumkwantificatie met DECT getest op twee recent 
geïntroduceerde high-end CT scanners, namelijk derde generatie dual source CT 
en eerste generatie dual layer CT. In deze experimenten werd de nauwkeurigheid 
van beide scanners onderzocht voor het kwantificeren van verschillende 
jodiumconcentraties: 0, 5, 10, 15, 20 mg/ml. Hiervoor werd gebruik gemaakt van een 
antropomorf thoraxfantoom waar buisjes met de verschillende jodiumconcentratie 
in werden geplaatst. Combinaties van verschillende scanenergieën werden getest 
op beide scanners, voor dual source CT: 150 kVp met tin(Sn) filter als hoge energie 
en 70, 80, 90 en 100 kVp als lage energie (4 verschillende combinaties); en voor 
dual layer CT: 140 en 120 kVp. Daarnaast werden verschillende patiëntgrootten 
gesimuleerd. Over het algemeen waren de resultaten op beide systemen goed, 
met een hoge correlatie tussen de met CT gemeten concentratie en de bekende 
jodiumconcentratie. De beste resultaten werden gevonden voor de scans met het 
grootste verschil tussen hoge en lage energie, dus de 150Sn/70 kVp combinatie 
voor dual sourceCT en 140 kVp voor Dual layer CT, waarbij de resultaten voor 
Dual source CT significant beter waren dan voor Dual layer CT. Echter, wanneer 
er op verschillende energieën of scanners werd gescand varieerden de resultaten. 
Het is dus niet aan te raden de resultaten van verschillende scanners met elkaar 
te vergelijken: patiënten dienen bij herhaalmetingen op precies dezelfde manier 
gescand te worden als eerder, om systematische fouten te voorkomen.
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Uit hoofdstuk 9 blijkt dat jodiumconcentratie met een Dual energy CT scan in 
een stilstaand fantoom accuraat gekwantificeerd kan worden. Echter, deze techniek 
zou in de klinische praktijk in een patiënt met een kloppend hart gebruikt worden, 
waarin verschillen in doorbloeding maar korte tijd zichtbaar zijn. Daarom werd 
in hoofdstuk 10 de optimale timing van statische CT perfusie scans onderzocht. 
In deze retrospectieve studie werden op basis van dynamische CT scans bekeken 
hoe lang een perfusie defect zichtbaar is en wanneer het optimale moment is om 
de statische scan te maken. Bij de 25 patiënten, die in deze studie geïncludeerd 
werden, werd een dynamische CT scan en een MRI perfusiescan gemaakt. De 
MRI scans toonden 10 patiënten met een perfusiedefect. Om te bepalen op welk 
moment de scan gemaakt moet worden en op welke referentie locatie getimed 
moet worden, werden tijd-delays bepaald ten opzichte van referentie locaties in 
de aorta ascendens en aorta descendens. De contrastpiek in de aorta ascendens lag 
ongeveer 2 seconden voor de piek in het hartweefsel, terwijl de contrastpiek in de 
aorta descendens vaak gelijk lag met de top in het hartweefsel. Wanneer de delays 
werden bekeken met gebruik van drempelwaarden van 150 en 250 Hounsfield 
units in de referentie locaties, werd bepaald dat de delays voor de aorta ascendens 
respectievelijk vier en twee seconden zijn voor de 150 en 250 Hounsfield unit 
threshold, en respectievelijk twee en nul seconden voor de aorta descendens. Deze 
delays kunnen gebruikt worden als richtlijn voor scantriggering. Daarnaast is het 
van belang dat de perfusiedefecten ongeveer 8 seconden zichtbaar blijven. Men 
kan dus gebruik maken van de gegeven delays en heeft dan ongeveer 8 seconden 
om de scan te maken. Natuurlijk zijn dit resultaten in een relatief kleine studie en 
moeten deze in grotere groepen bevestigd worden. 

Implicaties
In 2011 heeft de Radiological Society of North America (RSNA) een task force 
ingesteld om de kennis over kwantitatieve imaging biomarkers te vergroten en 
om richting te geven aan het toekomstig beleid van de RSNA aangaande imaging 
biomarkers, de Quantitative Imaging Biomarkers Alliance task force (QIBA). 
Daarnaast heeft ook de Europese Radiologie het belang van een dergelijk 
initiatief onderkend en is in 2015 de European Imaging Biomarker Alliance 
(EIBALL) opgericht. Deze initiatieven hebben geresulteerd in richtlijnen met 
criteria waaraan een imaging biomarker moet voldoen. De “Food and Drug 
Administration” (FDA) gebruikt de volgende definitie voor een biomarker: “een 
karakteristiek dat objectief gemeten kan worden en gebruikt kan worden om onderscheid 
te maken tussen normale biologische processen, pathologische processen, of biologische 
processen in respons op een therapeutische interventie.” QIBA heeft daarop een 
definitie gemaakt voor het begrip imaging biomarker, aangezien deze niet precies 
in de algemene definitie van een biomarker past: “een kwantitatieve imaging 
biomarker is een objectief karakteristiek die afgeleid kan worden van in vivo beelden 
op een ratio of interval schaal, die gebruikt kunnen worden om normale biologische 
processen, pathologische processen of een respons op een therapeutische interventie van 
elkaar te onderscheiden.” 
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In dit proefschrift zijn de verschillende mogelijkheden van CT perfusie metingen 
als imaging biomarker geanalyseerd. De opties van CT op het gebied van 
perfusie-analyse van het hart zijn geëxploreerd. Allereerst is in een meta-analyse 
aangetoond dat CT-perfusie een veelbelovende techniek is voor het beoordelen 
van verminderde doorbloeding van het hart oftewel myocard ischemie. Ook 
komt hieruit naar voren dat het onderzoeksveld van CT perfusie zeer divers en 
heterogeen is. Dit geeft problemen voor de standaardisatie en implementatie 
van nieuwe, veelbelovende technieken in de klinische praktijk, één van de 
belangrijkste voorwaarden voor een imaging biomarker. Voordat CT perfusie 
in de klinische praktijk kan worden geïmplementeerd, dient te worden bewezen 
dat de vermindering van perfusie met CT accuraat gedetecteerd kan worden. In 
de hoofdstukken 3, 4 en 5 wordt het vermogen van dynamische CT perfusie 
getest in het onderscheiden van normale versus verminderde perfusie. Uit deze 
experimenten blijkt dat verschillen tussen normale hartspier en hartspier met 
verminderde perfusie kunnen worden gedetecteerd vanaf klinisch relevante 
stenose graden. Het model dat gebruikt is in deze experimenten heeft een aantal 
voor- en nadelen. In dit ex vivo model kunnen veel parameters gecontroleerd 
worden, kan de flow verhoogd of verlaagd worden en kan een stenose in één 
van de kransslagaders worden aangelegd. Een groot nadeel van dit model is de 
retrograde flow. Dit betekent dat de flow in het model tegengesteld is aan de in 
vivo situatie en de resultaten dus niet één op één overgezet kunnen worden naar 
de klinische praktijk. Echter, in het model kan er precies worden bepaald hoeveel 
flow er in de normale situatie door de hartspier gaat, en dit kan gerelateerd 
worden aan de gemeten CT bloedstroom, ter validatie. Wanneer de CT gemeten 
flow wordt vergeleken met de ‘echte’ flow (in het model gemeten), blijkt dat CT 
perfusie-analyse een onderschatting van flow oplevert. In hoofdstuk 6 wordt 
bewezen dat toename van het aantal CT beelden tijdens de contrastopbouw een 
betere schatting van de perfusie van het hart oplevert. Een belangrijke beperking 
van de dynamische CT techniek is dus op dit moment dat de CT de absolute flow 
onderschat. Echter, deze onderschatting is wel constant, waardoor er mogelijk 
voor te corrigeren is. Een andere vraag is welke mathematische modellen het 
meest geschikt zijn voor het berekenen van de absolute flow door de hartspier. 
In hoofdstuk 7 wordt verder ingegaan op deze verschillende mathematische 
modellen, die gebruikt worden bij kwantificatie van flow met MRI en CT. 
Veel van deze modellen zijn in de praktijk nog niet gebruikt. Een probleem bij 
patiënten scans is dat de werkelijke flow door de hartspier niet bekend is. Dit in 
tegenstelling tot het eerder beschreven model waarbij we de bloeddoorstroming 
exact kunnen bepalen en reguleren. Daarom blijft het van belang de focus niet 
alleen op patiënten studies te leggen voor implementatie van de technieken in de 
patiëntenzorg, maar ook fundamentele studies te blijven doen. 

In hoofdstuk 8, 9 en 10 wordt verder ingegaan op de mogelijkheden van statische 
CT perfusie technieken voor detectie van klinisch relevant coronairlijden. 
Hierbij moet gelijk opgemerkt worden dat men met statische ‘single shot’ CT 
perfusietechnieken geen absolute kwantificatie van de flow door de hartspier 
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kan berekenen. Voor een dergelijke berekening zijn meer tijdspunten nodig. 
Echter, met behulp van dual energy CT (DECT) is er wel de mogelijk om de 
jodiumconcentratie in het hart te kwantificeren als afgeleide maat voor perfusie. 
In hoofdstuk 9 is aangetoond dat high-end CT systemen goed presteren: De 
DECT scans op beide scanners geven een goede correlatie tussen de gemeten 
jodiumkwantificatie en de ‘echte’ jodium kwantificatie. Op verschillende scan 
energieën heeft het contrast andere eigenschappen, die gebruikt kunnen worden om 
de concentratie te meten, waarbij de scans met de grootste separatie in scanenergie 
het beste resultaat opleveren. De resultaten duiden er verder op dat er verschillen 
in de jodiumkwantificatie ontstaan op het moment dat er met verschillende scan 
energieën of op scanners van verschillende vendors wordt gewerkt. Dit impliceert 
dat men zeer voorzichtig moet zijn met het vergelijken van gemeten waarden die 
op verschillende scanners verkregen zijn. In hoofdstuk 10 is in gegaan op het 
optimale moment voor het maken van een CT perfusiescan. In een subgroep van 
patiënten met ischemie binnen deze studie is ook de trigger delay bepaald tot 
de start van een verschil in Hounsfield units tussen hartsegmenten met normale 
en verminderde doorbloeding. Deze delays kunnen als indicatie dienen voor 
toekomstige patiënten studies. 

Toekomstig onderzoek
Het belangrijkste doel van dit proefschrift was het leggen van een solide basis voor 
CT perfusie onderzoek van het hart, van waaruit verschillende vervolgonderzoeken 
in patiënten kunnen worden opgestart. De resultaten van de dynamische CT 
perfusie onderzoeken laten duidelijk zien dat men door gebruik te maken van CT 
flow metingen onderscheid kan maken tussen hartweefsel met normale en verlaagde 
perfusie. Vervolgstudies in patiënten moeten de diagnostische waarde van CT 
perfusie onderzoek aantonen ten opzichte van andere perfusie technieken, zijnde 
nucleaire technieken en MRI. Wanneer er wordt gekeken naar de ‘single-shot’ 
CT perfusie technieken kan uit de meta-analyse in hoofdstuk 2 geconcludeerd 
worden dat een toevoeging van een CT perfusie scan aan een standaard CTA 
protocol de diagnostische waarde van CT verhoogt. In toekomstige ‘single-shot’ 
dual energy perfusie studies moet geanalyseerd worden of de kwantificatie van 
de jodiumconcentratie kan bijdragen aan het diagnosticeren van klinisch relevant 
coronairlijden. In deze studies kunnen de tijd delays die zijn bepaald in hoofdstuk 
10 worden gebruikt bij het timen van de dual energy scans. Deze informatie is 
van grote waarde, aangezien correcte triggering essentieel is voor het detecteren 
van een perfusiedefect bij een ‘single-shot’ scan. Integratie van CT perfusie en CT 
angiografie kan worden vergeleken met een combinatie van een perfusietechniek 
als SPECT/PET of MRI en invasieve coronaire angiografie. Dit moet uiteindelijk 
resulteren in betere risico stratificatie van patiënten voordat behandeling wordt 
bepaald. Het resultaat van betere stratificatie met CT ten opzichte van invasieve 
angiografie zal leiden tot het toepassen van coronair angiografieën alleen voor 
therapeutische interventies. 
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Een mogelijke toekomstige toepassing voor dynamische CT perfusie onderzoeken 
is het monitoren van behandeling van patiënten. Doordat de MBF gekwantificeerd 
kan worden, zou men dan patiënten kunnen volgen tijdens het behandeltraject. 
Wanneer men echter deze techniek routinematig wil gaan toepassen is het van 
belang de stralendosis binnen bepaalde grenzen te houden. Veel ontwikkelingen 
in CT technologie zijn erop gericht deze stralingsdosis per patiëntonderzoek 
te verminderen. Naast de stralingsdosis is de validatie en standaardisatie van 
de perfusie metingen noodzakelijk. Eerste resultaten in patiënten studies laten 
veelbelovende resultaten zien en geven suggesties voor mogelijke afkapwaarden 
voor MBF om onderscheid te maken tussen normaal en ischemisch hartweefsel. 
De resultaten uit hoofdstuk 6 laten zien dat CT de flow in de hartspier onderschat 
wordt. De mate van onderschatting is afhankelijk van de acquisitie methode. Ook 
het model om de MBF te berekenen heeft invloed op de uitkomsten. De modellen 
om bloedstroom te berekenen zijn beschreven in hoofdstuk 7. Vervolgonderzoek 
moet zich richten op de invloed van deze modellen op de perfusie uitkomsten. 
Dit moet uiteindelijk zorgen voor een gestandaardiseerde, robuuste methode voor 
myocardiale perfusiemeting met CT. Op dit moment zijn er nog te veel onzekere 
parameters om te spreken van een nieuwe imaging biomarker voor coronairlijden, 
vandaar ook de subtitel van dit proefschrift: “development of a new imaging 
biomarker.” Voor dynamische CT perfusie zijn de eerste stappen in de validatie 
gezet, maar er zijn nog veel stappen te maken voordat het bewijs is geleverd dat 
CT perfusie onderzoek standaard aan CTA kan worden toegevoegd als deel van 
de diagnostiek bij een patiënt die verdacht wordt van coronairlijden. 

De uitkomsten van toekomstige studies moeten uitwijzen of CT perfusie een 
nieuwe, accurate en reproduceerbare imaging biomarker voor coronaire hartziekte 
kan opleveren. Op basis van dit proefschrift kan geconcludeerd worden dat CT 
perfusie een veelbelovende techniek is om verminderde doorbloeding van de 
hartspier aan te tonen en te kwantificeren.
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