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GENERAL DISCUSSION

Given the increased interest in various cardiac imaging applications and the increasing 
role of CT as a modality for the assessment of CAD, the number of clinical applications 
and the need for research supporting clinical implementation has grown substantially. 

The aim of this thesis was to investigate the unique possibility of CT to visualize different 
phases of the ischemic cascade. With new CT developments, it is becoming possible to 
perform comprehensive analysis of patients with CAD including morphology, function, 
and tissue characterization using the same imaging modality. In this thesis it was shown 
that anatomical evaluation of CT images could benefit greatly from automated analysis 
using either model based analysis or AI.  Functional imaging should play a role in 
the evaluation of CAD as an addition to anatomical evaluation. Two options, available 
for functional imaging, are discussed, each giving complementary information and 
playing its own role in visualizing different parts of the ischemic cascade. At the end 
stage of the ischemic cascade, the formation of myocardial fibrosis, DECT could take 
over the role of MRI, by offering possibilities to assess scar tissue and ECV. This thesis 
shows the unique possibility of CT to visualize all phases of the ischemic cascade. The 
question is whether or not CT is ready to provide comprehensive analysis in clinical 
practice for patients with CAD for the entire ischemic cascade with one modality.

A red line through the fast moving developments in cardiac CT is the increased use of 
AI to optimize and promote the clinical implementation of the aforementioned new 
technologies. Given the complexity of cardiac CT imaging, AI offers the possibility 
to decrease evaluation time by automating measurements, reducing variability, and 
optimizing the efficiency of cardiac CT evaluation independent of the application. 

A frequent topic for discussion is the concern about the eventual replacement of human 
experts by AI. Given the current state of artificial intelligence in the medical field, 
cardiac imaging and the art of image interpretation are far too complex and nuanced to 
be completely taken over by AI based machines, yet. With the increasing insights into 
cardiac disease and the simultaneously increasing speed of technological developments, 
AI based algorithms are more likely to aid in the evaluation of increasingly complex 
cardiac acquisitions and optimization of the workflow. Therefore, the discussion 
should be based on how machine learning algorithms can develop alongside imaging 
professionals with the mutual goal of optimizing patient care.

The number of development-phase AI algorithms in cardiac CT research has been 
rapidly increasing, with multiple promising applications approaching the phase of 
clinical implementation, of which most are described in Chapter 2. The majority of 
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these AI applications are focused on relatively straightforward but labor intensive 
procedures. Perhaps the first AI application to achieve full clinical implementation is 
automated coronary calcium scoring. 

Part I : Coronary plaque and vessel wall analysis
One of the first steps in the assessment of potential CAD is the visualization of 
coronary calcium. Many studies have shown the value of CACS for the risk assessment 
of cardiac events in asymptomatic and symptomatic patients (1–3). With a growing 
population at increased risk of CAD and resulting increased volumes of CACS scans 
performed, the workload also proportionately increases. One way to promote wide 
clinical acceptance of CACS is automating the CACS process, minimizing the labor 
and time intensity for radiologists. An AI-based algorithm for fully automated 
calcium scoring on non-contrast ECG-triggered cardiac CT scans shows high accuracy 
compared to manually calculated calcium scores and was able to categorize 93.2% 
of patients correctly (Chapter 3). It is important to note that the AI algorithm was 
optimized to reduce the number of false positive zero calcium scores. Research has 
shown that the absence of calcium, detectable by CT, is a very good predictor for the 
absence of MACE (1,3,4). Using a fully automated algorithm for calcium scoring reduces 
interpretation time and variability, making it easier to deal with the increasing number 
of acquisitions. Increased applicability of CACS can be achieved by optimizing the use 
of already acquired CT scans encompassing the cardiac area. Many risk factors are 
associated with CVD as well as with lung cancer, creating a large overlap in populations 
of interest. The number of low dose chest CT acquisitions for lung cancer screening 
are rapidly increasing (5). Even though these scans are performed without ECG gating, 
increasing the susceptibility for motion artifacts, they  could potentially be used to 
simultaneously evaluate the individual risk of adverse cardiovascular events (6,7). 
Another acquisition of interest is the CCTA, either performed to evaluate CAD but 
even more so as part of a triple rule out procedure. Chest pain is a frequently recorded 
cause of Emergency Department visits;  while ruling out other causes for chest pain 
besides CAD, such as pulmonary emboli and aortic dissection, the cardiovascular 
risk of those patients can be determined by assessing the calcium score in this ECG-
triggered contrast-enhanced acquisition (8). CCTA for the use of calcium scoring in 
the same dataset and timeframe is being investigated, so far with limited evidence 
supporting combined analysis. Widespread use of CACS for individual risk assessment 
and medical treatment management would highly benefit from the optimized use of 
already acquired acquisitions.

Although coronary calcifications play an important role in the risk assessment of 
CAD patients at an early stage and are easy to visualize with CT, other morphological 
characteristics could add value and play a vital role in the risk assessment, diagnosis, 
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and prognostication of CAD patients. CCTA allows for the visualization of the 
coronary lumen including coronary plaques. CCTA images are often used to evaluate 
the stenosis grade, on which further treatment is based. However, stenosis grade 
evaluation, although achieving high accuracies for the exclusion of plaque, shows very 
low sensitivity for the prediction of the functional significance of CAD (9,10). Besides 
coronary calcifications and stenosis grade, other plaque components and overall plaque 
burden could help increase the low positive predictive value of CCTA assessment in 
identifying significant lesions (11,12). CCTA allows for the identification of other plaque 
components such as lipid rich plaques with or without the presence of a necrotic core. 
There is a general agreement that these vulnerable, lipid rich plaques are more active 
and less stable compared to their calcified counterparts, making them more prone to 
rupture and therefore a more relevant factor in the pathophysiology of CAD. Besides 
plaque components, numerous additional factors may contribute to the prediction of 
functionally significant lesions and thereby indicate which patients are at high risk for 
adverse events. Diffuse atherosclerotic plaque or tandem lesions may also substantially 
contribute to the risk of a coronary lesion, findings which are overlooked by stenosis 
severity measurement alone. Total plaque burden and the ratio of calcified plaque 
compared to the total plaque burden can therefore also aid in the prognostication of 
MACE. However, current methods used to perform plaque analysis suffer from high 
variability and high processing times.

Automated and accurate analysis of plaque composition and plaque volume is feasible 
and adds value to stenosis grade analysis alone for the prognostication of MACE (Chapter 
4). The use of plaque morphology increased the AUC from 0.59 to 0.94 when compared 
to the use of clinical risk factors. Notably, results from our study, in concordance with 
previous studies, show that calcium volume is one of the most equivocal parameters 
for prognostication using a morphology model (13–15). These results indicate that, 
although the presence, or rather the absence, of coronary calcium is an accurate risk 
predictor, the strong correlation it shows with the presence and extent of lipid rich 
plaques is what plays an important role in the prognostication of MACE.

Part II: Coronary flow analysis
Even though plaque composition and burden help increase the low positive predictive 
value of  the morphological evaluation of CAD using CT, it still lacks specificity in 
indicating the functional significance of CAD (16,17). Functional imaging has been a 
topic of interest for many years and has been targeted by many modalities using a 
multitude of approaches. This thesis focused on the two main approaches of functional 
imaging, fractional flow reserve and myocardial perfusion imaging. One focuses on 
the measurement of coronary flow, while the other focuses on the measurement of 
myocardial perfusion. 
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CT derived FFR, CT-FFR, is a computational approach allowing for the assessment of 
the functional consequences of a lesion specific stenosis.  It can be calculated directly 
from CCTA images without the need for additional acquisitions, extra contrast media, 
or pharmacological stressor agents. Using  computational fluid dynamics, hyperemia 
is simulated and coronary flow and CT-FFR values can be measured throughout the 
coronary tree (18–20). However, the main disadvantage is the computational time and 
computing power needed leading to off-site analysis by a third party, decreasing the 
transparency. This led to the use of an AI algorithm, trained to predict the CT-FFR as 
determined by computational fluid dynamics, making it possible to calculate CT-FFR 
in real life on on-site computing stations (21–23). In contrast to invasive FFR, CT-FFR 
can be measured completely non-invasively, without any interference to the coronary 
flow by for example the pressure wire used for invasive FFR measurements. Although 
diagnostic accuracy of CT-FFR has proven to be high, one of the main limitations is 
the decrease in diagnostic accuracy for intermediate values, the so called grey zone, 
described by Cook et al. as CT-FFR values between 0.70-0.80 (19,24).  

An important factor contributing to the optimal use of CT is the measurement location. 
Whereas invasive FFR is measured directly after the stenosis of interest, CT-FFR is 
calculated throughout the coronary tree. CT-FFR is only validated at the specific 
location where it can be compared with invasive FFR. This raises the question as to 
where CT-FFR should be measured when invasive FFR is not measured and what the 
influence of the measurement location is. Several papers discussed whether the stenosis 
specific CT-FFR value or the lowest CT-FFR should be used to diagnose the functional 
consequences of coronary stenoses (25–27). The suggestion is raised that CT-FFR not 
only decreases as a result of a stenosis, but there is also a proximal to distal location 
specific factor causing a gradual decrease in CT-FFR. More specific information about 
these two factors causing a decrease in CT-FFR could aid in increasing the diagnostic 
accuracy, especially in the grey zone. Our research focused specifically on the proximal 
to distal factor leading to a decrease in CT-FFR by including only patients without 
CAD. Chapter 5, shows that CT-FFR values can become abnormal at more distal 
locations in patients without indicating flow-limiting stenosis and that this decrease 
is strongly influenced by lower baseline HU values and steep decreases in HU values 
from proximal to distal. In total, 60 % of patients showed an abnormal CT-FFR value 
in at least one coronary artery, of which 87 % were at distal locations, without having 
any atherosclerotic plaque. These results emphasize that CT-FFR should always be used 
in concordance with anatomical CCTA information and optimal image quality should 
be pursued. Not just the measurement location can have an influence on the CT-FFR 
calculations, other factors can also play a role. For example, a recent study showed that 
myocardial mass is an independent determinant of FFR values (28).
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Besides FFR measurements, myocardial perfusion imaging is another popular approach 
to evaluate the functional significance of CAD (29–32). Although CT-FFR and CT-MPI 
are used for the same goal, the functional evaluation of CAD, both methodologies are 
based on different physiological processes. 

A crucial difference between CT-FFR and CT-MPI analysis is the fact that CT-FFR 
calculates the pressure difference over a specific lesion causing a decrease in coronary 
flow (mL/min) while CT-MPI measures the perfusion of the myocardium (mL/min/g). A 
decrease in flow will, depending on other circumstances, lead to a decrease in perfusion. 
One factor influencing the flow/perfusion relationship is stenosis location. The more 
proximal the location of the stenosis, the larger the distal myocardial mass is that the 
stenosis is influencing. A large distal myocardial mass requires a higher absolute flow 
to reach the same myocardial perfusion compared to a smaller distal myocardial mass 
with more distal lesions. Another factor influencing the CT-FFR/CT- MPI relationship 
is the fact that FFR measurements assume a constant vascular resistance, whereas with 
CT-MPI measurements this is not a factor.

Another often made misconception about the CT-FFR/CT-MPI comparison is the lack 
of hyperemic status used in CT-FFR calculations. Whereas invasive FFR is measured 
during pharmacological stress, CCTA acquisitions are made at rest only. However, 
with AI derived computational fluid dynamics based CT-FFR, hyperemia is simulated 
via a transfer function that models the vasodilation phenomenon using the model 
parameters of the rest state (33). 

Chapter 6 looked into the relationship between CT-FFR and CT-MPI and the effect 
of location measurement on this relationship. It is shown that, in concordance with 
previous studies on coronary flow and myocardial perfusion using other modalities, 
CT-FFR and CT-MPI values only correlate moderately and that an abnormal distal CT-
FFR value does not necessarily cause a perfusion defect, as can be detected by CT- 
MPI(34,35). In particular, distally detected abnormal CT-FFR values often did not 
correspond to a myocardial perfusion defect, which can be related to either the limited 
myocardial mass they are supplying or false positive CT-FFR values. This enhances 
the conclusion from Chapter 5, which is that CT-FFR is susceptible to a decrease 
in CT-FFR that is caused by a more location specific factor than a stenosis specific 
factor. Of interest are the CT-FFR values falling in the grey zone, showing a very poor 
correlation (0.17) with CT-MPI, contributing to the decreased accuracy of CT-FFR 
around those thresholds. While both CT-FFR and CT-MPI can have similar accuracies 
in predicting the functional significance of a lesion and subsequent treatment, they 
in fact visualize different parts of the ischemic cascade (36,37). Therefore, in Chapter 
7, the prognostic value of morphological analysis of CCTA and the added prognostic 
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value of these two technologies was explored. With prognostication, not only lesion 
specific ischemia plays a role but other factors can also contribute to the risk of having 
MACE. Herein lies the distinction between CT-FFR and CT-MPI. Whereas CT-FFR 
specifically looks at the decrease in coronary flow as a result of a stenosis in a coronary 
artery, CT-MPI looks at decreased myocardial perfusion, which can caused result of 
a variety of abnormalities. Studies have shown that CT-MPI does not only pick up on 
lesion specific perfusion defects but can also detect global ischemia caused  by three 
vessel disease or microvascular disease caused by diabetes (38–40). When it comes 
to stenosis specific treatment, CCTA combined with CT-FFR could be more beneficial 
than CT-MPI because of the direct relationship to a specific coronary lesion. However, 
it is shown here that, although CT-FFR adds value compared to CCTA analysis alone 
(AUC 2.7 compared to AUC 3.9), CT-MPI has the highest prognostic value for MACE 
(AUC 8.5). Further investigation should point out which individual patients specifically 
benefit from CT-FFR analysis, CT-MPI analysis, or a combined approach.

Part III: Myocardial perfusion analysis
Before CT MPI can be implemented into clinical routine on a wide scale, some issues  
need to be addressed, most of which are related to the limited research being completed 
on a  large variety of patient populations, scanner systems, and analyzing techniques 
(41). This heterogeneity in research protocols resulted in a wide range of myocardial 
blood flow (MBF) values and cut off values hampering the clinical implementation of 
this promising technique. CT-MPI would benefit significantly from the standardization 
of acquisition protocols and image analysis. Chapter 8 gives an overview of dynamic 
CT-MPI techniques, protocols, and analysis options. 

One of the major discussion points regarding the use of dynamic CT-MPI is the fact 
that reported MBF values are significantly lower than MBF values reported using other 
modalities such as PET and MRI. The basic principle of dynamic CT perfusion is exactly 
the same as myocardial perfusion imaging with other modalities. Multiple images are 
made over a specific time period, capturing the inflow and outflow of contrast media 
into the myocardium. One of the major limitations of CT-MPI imaging is the radiation 
dose given to the patients with every time point acquisition. Combining this with the 
inherent need of perfusion imaging to require images of the entire heart over a specific 
time span at the same ECG time-point, resulted in a clinical acquisition protocol with 
relatively low temporal sampling rates.

The influence of temporal sampling rates is discussed in Chapter 9 and results indicate 
that the limited temporal sampling rate used in current clinical imaging protocols 
contributes to substantial underestimation of MBF values (42). Low temporal sampling 
rates make timing of the acquisition in relation to the inflow and outflow of contrast 
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media challenging, and crucial time-points are easily missed. Increasing the temporal 
sampling rate from 1 acquisition per 3 seconds, to 2 scans per second, and to 20 scans 
per second increased the MBF value with 44-98 %. It should be kept in mind that 
increasing temporal rates will undoubtedly lead to an increase in radiation dose and is 
therefore clinically undesirable. However, when analyzing absolute MBF values using 
a pre-specified threshold, the effect of the temporal sampling rate should be taken 
into account. Different scanner systems from different vendors and varying imaging 
protocols can lead to variations in temporal sampling rates and thereby influence the 
absolute values of MBF. Currently, the majority of quantitative perfusion studies are 
performed using a DSCT system. DSCT systems are characterized by their relatively 
high temporal resolution, however, they require the use of two alternating table 
positions to achieve full heart coverage.  Studies on CT-MPI using a MDCT system 
are very limited, but in theory they allow for full heart coverage within one gantry 
rotation. However, this increased coverage also comes at the cost of a lower temporal 
resolution (140 ms compared to 66 ms).  Decreasing the temporal resolution will result 
in an increase in motion artifact and a decrease in  image quality (43). This in turn will 
enhance the need for the use of beta-blockers, which have been shown to have an anti-
ischemic effect. 

Another interesting limitation of dynamic CT-MPI, visualized in Chapter 9, is the 
timing of the CT acquisitions during the cardiac cycle. Whereas clinical protocols are 
limited to one acquisition at a predetermined time point of the cardiac cycle, most often 
end systolic or end diastolic (Chapter 8), the experimental set up in this chapter allows 
for continuous acquisition throughout the entire cardiac cycle. Myocardial perfusion 
is not constant during the cardiac cycle, as shown by previous studies (44). During the 
systolic phase, the ventricular myocardium contracts, compressing the subendocardial 
coronary vessels. These increased ventricular pressures, however, do not have an 
influence on the epicardial coronary vessels and these remain open during systole. 
This dynamic causes a sharp decrease in blood flow in the subendocardium during the 
systolic phase. The ventricle relaxes during diastole, decreasing the ventricular pressure 
and allowing the subendocardial coronary vessels to open. As a result, myocardial 
perfusion takes place during the diastolic phase and is maximal end diastolic. This 
dynamic physiological process makes it extremely difficult to capture the myocardial 
perfusion and it is possible that the arterial or venous phase is imaged instead. This 
process is visualized (Figure 1) with the help of an invasive coronary angiography 
image series capturing the entire cascade of arterial, capillary, and venous filling with 
sampling rates of 20 images per second throughout the entire cardiac cycle, similar to 
the continuous scan mode used in Chapter 9. This continuous way of acquiring data is 
the only way to ensure that the real perfusion phase is imaged.
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Besides the influence of temporal sampling rates, the choice of tracer kinetic model 
to calculate MBF also plays a role in the variability and accuracy of quantitative CT-
MPI analysis. MBF is quantified using a deconvolution method with a tracer kinetic 
model. There are a multitude of tracer kinetic models, each describing slightly different 
physiological processes with varying grades of complexity and each reacting to various 
imaging parameters in a different way. For other modalities, the optimal choice of model 
has been extensively investigated, however, for CT-MPI, the tracer kinetic models are 
just simply transferred from MRI perfusion imaging (45–48). Although the diagnostic 
performance of quantitative MBF measurements is not affected by the choice of tracer 
kinetic model, the absolute MBF values are significantly different between the models 
(Chapter 10). This effect on the absolute values has consequently means that threshold 
values for diagnostic purposes should be determined for each model independently.

Last but not least, a major influence on CT-MPI is the ability to adequately stress the 
patients.  Up to half of the MPI studies, independent of modality, are performed using 
pharmacologically induced stress, with adenosine the most frequently used stressor 
agent. However, the use of adenosine causes unwanted short-term side effects such as 
bronchial constriction, by unwanted activation of A1, A2B, and A3 receptors. This is 
especially apparent in patients with reactive airway disease, a frequent comorbidity 
in patients with CAD. Although the short half-life of adenosine allows for the abrupt 
discontinuation of administration and rapid disappearance of harmful side effects, 
it requires continuous intravenous administration and weight-based dosing (49–51). 
Another stressor agent being increasingly used for SPECT MPI imaging and for MPI 
imaging in patients with COPD is regadenoson. It is a potent and selective coronary 
vasodilator with a rapid onset of action and a longer half-life compared to adenosine and 
can therefore be administered as a fixed-dose bolus that does not require adjustment 
for weight. Furthermore, given its A2A selectivity, there are fewer side effects making 
it suitable for all patients (52,53). Patient experience and safety were similar between 
CT-MPI and SPECT-MPI using regadenoson, demonstrating good diagnostic accuracy 
of CT-MPI for the detection of ischemia (Chapter 11). Not surprisingly, SPECT found 
some perfusion defects that were highly suspicious for being artifacts instead of true 
perfusion defects. CCTA analysis showed that a majority of these patients had no 
significant anatomic stenoses in the vessels supplying the territories with perfusion 
defects on SPECT. CT-MPI in combination with CCTA imaging has increased specificity 
compared to SPECT imaging alone, by combining both anatomical and functional 
evaluation. Combined evaluation enables CT to distinguish between attenuation 
artifacts and true perfusion defects caused by a coronary stenosis.

Part IV: Functional Myocardial fibrosis analysis
Another field of interest within reach of CT is tissue characterization, normally the 
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domain of cardiac MRI. With the introduction of DECT, infarct detection and ECV 
evaluation now becomes a reality using CT (54). There are multiple approaches possible 
for DECT imaging, divided into two main categories: source-based and detector based 
DECT. Source-based approaches are dual-spin (one x-ray tube, two sequential scans at 
different kV levels), dual-source (two x-ray tubes simultaneously acquiring at different 
kV levels), rapid kV switching (one x-ray tube, rapidly varying kV levels), and twin-
beam (one x-ray tube split into two energy spectra). The detector-based approach is 
based on dual-layer technology (two detectors with different sensitivities for different 
kV spectra). It should be noted that for cardiac imaging, high temporal resolution and 
simultaneous data acquisition of both kV levels are essential, thus the dual source and 
dual-layer techniques are most suitable. One of the main advantages of detector based 
approaches is the fact that the dual energy option is always ‘on’ and the decision to use 
DECT or SECT can be made retrospectively, whereas with the source based approaches, 
the decision to use DECT has to be made beforehand since the sources have to be set 
up at different kV levels. 

It has been shown that iodine concentrations in tissue can be accurately measured with 
DECT (55). There are several applications where iodine measurements can aid in CAD 
assessment(56,57).

Iodine distribution in the myocardium and myocardial blood flow are inherently 
related to each other suggesting that myocardial iodine concentration may serve as 
a potential quantitative imaging biomarker to assess myocardial perfusion.  In most 
MPI protocols using different modalities, two separate acquisitions are needed to 
identify both ischemic and infarcted myocardium. For PET, SPECT, and CT-MPI this is 
most often a rest and stress acquisition, while for MRI (and potentially for CT), a late 
enhancement scan is used to identify infarct from ischemia as identified on the stress 
acquisition. Iodine quantification demonstrates potential for the identification of both 
infarcted and ischemic tissue (Chapter 12). In contrast to other MPI modalities, DECT-
MPI shows decreased iodine concentrations in ischemic myocardium not only during 
stress acquisitions, but also during the rest acquisition. Using this rest acquisition as 
CCTA, while simultaneously getting an indication for functional defects, may allow 
for workflow optimization and reduce the number of acquisitions needed, thereby 
decreasing radiation dose. DECT-MPI is a static technique, in comparison with the 
earlier described CT-MPI and can thus be performed at lower radiation doses. Whereas 
static CT perfusion is highly dependent on timing and does not allow for the absolute 
quantification of MBF, DECT is able to provide an absolute quantitative measure of 
myocardial perfusion, albeit an indirect measure. However, it remains unclear if DECT-
MPI is able to detect global perfusion defects. 
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One way to look at local and global changes of the myocardium is assessing the ECV, 
again the territory of cardiac MRI. Recent studies have shown that ECV can be derived 
from non-contrast and delayed-phase CT with good accuracy compared to MRI (58–61). 
Using CT for ECV assessment has several advantages compared to MRI. CT offers a faster 
acquisition, the potential to scan patients with metal implants, and the simultaneous 
assessment of the coronary anatomy. Using DECT instead of SECT can increase the 
contrast difference sensitivity, the contrast-to-noise ratio, and offers additional options 
for artifact reduction. ECV measurements done on SECT or DECT show no systematic 
differences and discrimination approaches between diseased and healthy myocardium 
was possible with both approaches (Chapter 13). It shows that using DECT for ECV 
measurement is feasible with a decreased number of acquisitions at a reduced radiation 
dose.

Currently DECT systems are mostly available in academic centers and the fact that the 
DECT is a choice that has to be made prospectively limits the current clinical use of 
DECT. Developments of detector-based DECT and photon counting technology will 
increase the clinical applicability of dual (or even multi) energy CT imaging.

Conclusion and Implications
The research performed in this thesis shows the incremental value of both anatomical 
and functional CT analysis for not only the diagnosis of CAD but also for the 
prognostication of adverse cardiovascular events. Besides some important information 
about the clinical implementation of CT-FFR and CT-MPI, this thesis gives insight into 
the comparison and combination of CT-FFR and CT-MPI.  It shows the increasing role of 
using CT for tissue characterization using dual energy CT, with applications in infarct 
detection and ECV calculations. Further crystallization of these new technologies 
could pave the road to comprehensive evaluation of CVD patients using one modality 
at low radiation doses. An optimal workflow and combined use of these techniques 
should be determined to optimize CAD evaluation.

part 5: general discussion and summary



295

REFERENCES

1.  Detrano R, Guerci AD, Carr JJ, Bild DE, Burke G, Folsom AR, et al. Coronary Calcium as a 
Predictor of Coronary Events in Four Racial or Ethnic Groups. N Engl J Med. 2008;358(13):1336–
45. 

2.  Nasir K, Clouse M. Role of nonenhanced multidetector Ct Coronary artery Calcium testing in 
asymptomatic and symptomatic individuals. 2012;264(3):637–49. 

3.  Becker A, Leber A, Becker C, Knez A. Predictive value of coronary calcifications for future 
cardiac events in asymptomatic individuals. Am Heart J. 2008; 

4.  Greenland P, Blaha MJ, Budoff MJ, Erbel R, Watson KE. Coronary Calcium Score and 
Cardiovascular Risk. J Am Coll Cardiol. 2018;72(4):434–47. 

5.  Oudkerk M, Devaraj A, Vliegenthart R, Henzler T, Prosch H, Heussel CP, et al. European 
position statement on lung cancer screening. Lancet Oncol [Internet]. 2017;18(12):e754–66. 
Available from: http://dx.doi.org/10.1016/S1470-2045(17)30861-6

6.  Išgum I, Prokop M, Niemeijer M, Viergever MA, Van Ginneken B. Automatic coronary calcium 
scoring in low-dose chest computed tomography. IEEE Trans Med Imaging. 2012;31(12):2322–34. 

7.  Takx RAP, De Jong PA, Leiner T, Oudkerk M, De Koning HJ, Mol CP, et al. Automated coronary 
artery calcification scoring in non-gated chest CT: Agreement and reliability. PLoS One. 
2014;9(3). 

8.  Ahmed W, de Graaf MA, Broersen A, Kitslaar PH, Oost E, Dijkstra J, et al. Automatic detection 
and quantification of the Agatston coronary artery calcium score on contrast computed 
tomography angiography. Int J Cardiovasc Imaging. 2014;31(1):151–61. 

9.  Meijboom WB, Meijs MFL, Schuijf JD, Cramer MJ, Mollet NR, van Mieghem CAG, et al. 
Diagnostic Accuracy of 64-Slice Computed Tomography Coronary Angiography. A Prospective, 
Multicenter, Multivendor Study. J Am Coll Cardiol [Internet]. 2008;52(25):2135–44. Available 
from: http://dx.doi.org/10.1016/j.jacc.2008.08.058

10.  Miller MM, Ridge CA, Litmanovich DE. Computed Tomography Angiographic Assessment of 
Acute Chest Pain. J Thorac Imaging. 2017;32(3):137–50. 

11.  Min JK, Feignoux J, Treutenaere J, Laperche T, Sablayrolles J. The prognostic value of 
multidetector coronary CT angiography for the prediction of major adverse cardiovascular 
events: A multicenter observational cohort study. Int J Cardiovasc Imaging. 2010;26(6):721–8. 

12.  Dey D, Achenbach S, Schuhbaeck A, Pflederer T, Nakazato R, Slomka PJ, et al. Comparison 
of quantitative atherosclerotic plaque burden from coronary CT angiography in patients with 
first acute coronary syndrome and stable coronary artery disease. J Cardiovasc Comput Tomogr 
[Internet]. 2014;8(5):368–74. Available from: http://dx.doi.org/10.1016/j.jcct.2014.07.007

13.  Bauer RW, Thilo C, Chiaramida SA, Vogl TJ, Costello P, Schoepf UJ. Noncalcified atherosclerotic 
plaque burden at coronary CT angiography: A better predictor of ischemia at stress myocardial 
perfusion imaging than calcium score and stenosis severity. Am J Roentgenol. 2009;193(2):410–
8. 

14.  Tesche C, Plank F, De Cecco CN, Duguay TM, Albrecht MH, Varga-Szemes A, et al. Prognostic 
implications of coronary CT angiography-derived quantitative markers for the prediction 
of major adverse cardiac events. J Cardiovasc Comput Tomogr [Internet]. 2016;10(6):458–65. 
Available from: http://dx.doi.org/10.1016/j.jcct.2016.08.003

15.  Nance JW, Schlett CL, Schoepf UJ, Oberoi S, Leisy HB, Barraza JM, et al. Incremental Prognostic 
Value of Different Components of Coronary Atherosclerotic Plaque at Cardiac CT Angiography 
beyond Coronary Calcification in Patients with Acute Chest Pain. Radiology [Internet]. 
2012;264(3):679–90. Available from: http://pubs.rsna.org/doi/10.1148/radiol.12112350

chapter 14: general discussion

14



296

16.  Gonzalez JA, Lipinski MJ, Flors L, Shaw PW, Kramer CM, Salerno M. Meta-analysis of diagnostic 
performance of coronary computed tomography angiography, computed tomography perfusion, 
and computed tomography-fractional flow reserve in functional myocardial ischemia 
assessment versus invasive fractional flow reserve. Am J Cardiol [Internet]. 2015;116(9):1469–78. 
Available from: http://dx.doi.org/10.1016/j.amjcard.2015.07.078

17.  Danad I, Szymonifka J, Twisk JWR, Norgaard BL, Zarins CK, Knaapen P, et al. Diagnostic 
performance of cardiac imaging methods to diagnose ischaemia-causing coronary artery 
disease when directly compared with fractional flow reserve as a reference standard: A meta-
analysis. Eur Heart J. 2017;38(13):991–8. 

18.  Ko BS, Cameron JD, Munnur RK, Wong DTL, Fujisawa Y, Sakaguchi T, et al. Noninvasive CT-
Derived FFR Based on Structural and Fluid Analysis: A Comparison With Invasive FFR for 
Detection of Functionally Significant Stenosis. JACC Cardiovasc Imaging. 2017;10(6):663–73. 

19.  Cook CM, Petraco R, Shun-Shin MJ, Ahmad Y, Nijjer S, Al-Lamee R, et al. Diagnostic accuracy 
of computed tomography-derived fractional flow reserve a systematic review. JAMA Cardiol. 
2017;2(7):803–10. 

20.  Nørgaard BL, Leipsic J, Gaur S, Seneviratne S, Ko BS, Ito H, et al. Diagnostic performance of 
noninvasive fractional flow reserve derived from coronary computed tomography angiography 
in suspected coronary artery disease: The NXT trial (Analysis of Coronary Blood Flow Using CT 
Angiography: Next Steps). J Am Coll Cardiol. 2014;63(12):1145–55. 

21.  Renker M, Schoepf UJ, Wang R, Meinel FG, Rier JD, Bayer RR, et al. Comparison of diagnostic 
value of a novel noninvasive coronary computed tomography angiography method versus 
standard coronary angiography for assessing fractional flow reserve. Am J Cardiol [Internet]. 
2014;114(9):1303–8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25205628

22.  Coenen A, Kim Y-H, Kruk M, Tesche C, De Geer J, Kurata A, et al. Diagnostic Accuracy of 
a Machine-Learning Approach to Coronary Computed Tomographic Angiography–Based 
Fractional Flow Reserve. Circ Cardiovasc Imaging [Internet]. 2018;11(6):e007217. Available from: 
http://circimaging.ahajournals.org/lookup/doi/10.1161/CIRCIMAGING.117.007217

23.  Tesche C, Cecco CN De, Baumann S, Renker M, McLaurin TW, Duguay TM, et al. Coronary 
CT Angiography–derived Fractional Flow Reserve: Machine Learning Algorithm versus 
Computational Fluid Dynamics Modeling. Radiology [Internet]. 0(0):171291. Available from: 
https://doi.org/10.1148/radiol.2018171291

24.  Coenen A, Rossi A, Lubbers MM, Kurata A, Kono AK, Chelu RG, et al. Integrating CT Myocardial 
Perfusion and CT-FFR in the Work-Up of Coronary Artery Disease. JACC Cardiovasc Imaging. 
2016;(2014). 

25.  Cami E, Tagami T, Raff G, Gallagher M, Chinnaiyan K, Bilolikar AN, et al. Profiles of Fractional 
Flow Reserve Derived From Computed Tomography Angiography (Ffrct) in Patients With 
Coronary Artery Disease. J Am Coll Cardiol [Internet]. 2018;71(11):A1574. Available from: http://
linkinghub.elsevier.com/retrieve/pii/S0735109718321156

26.  Solecki M, Kruk M, Demkow M, Schoepf UJ, Reynolds MA, Wardziak Ł, et al. What is the 
optimal anatomic location for coronary artery pressure measurement at CT-derived FFR? J 
Cardiovasc Comput Tomogr. 2017;11(5):397–403. 

27.  Rabbat MG, Berman DS, Kern M, Raff G, Chinnaiyan K, Koweek L, et al. Interpreting results 
of coronary computed tomography angiography-derived fractional flow reserve in clinical 
practice. J Cardiovasc Comput Tomogr [Internet]. 2017;11(5):383–8. Available from: http://dx.doi.
org/10.1016/j.jcct.2017.06.002

28.  Yang DH, Kang SJ, Koo HJ, Kweon J, Kang JW, Lim TH, et al. Incremental Value of Subtended 
Myocardial Mass for Identifying FFR-Verified Ischemia Using Quantitative CT Angiography. 
Comparison With Quantitative Coronary Angiography and CT-FFR. JACC Cardiovasc Imaging. 
2018;12(4):707–17. 

part 5: general discussion and summary



297

29.  Danad I, Szymonifka J, Schulman-Marcus J, Min JK. Static and dynamic assessment of 
myocardial perfusion by computed tomography. Eur Hear J – Cardiovasc Imaging [Internet]. 
2016;jew044. Available from: http://ehjcimaging.oxfordjournals.org/lookup/doi/10.1093/ehjci/
jew044

30.  Varga-Szemes A, Meinel FG, De Cecco CN, Fuller SR, Bayer RR, Joseph Schoepf U, et al. CT 
myocardial perfusion imaging. AJR Am J Roentgenol. 2015;204(3):487–97. 

31.  Bamberg F, Marcus RP, Becker A, Hildebrandt K, Bauner K, Schwarz F, et al. Dynamic 
myocardial CT perfusion imaging for evaluation of myocardial ischemia as determined by MR 
imaging. JACC Cardiovasc Imaging [Internet]. 2014;7(3):267–77. Available from: http://dx.doi.
org/10.1016/j.jcmg.2013.06.008

32.  Rossi A, Merkus D, Klotz E, Mollet N, de Feyter PJ, Krestin GP. Stress myocardial perfusion: 
imaging with multidetector CT. Radiology [Internet]. 2014;270(1):25–46. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/24354374

33.  Sharma P, Itu L, Zheng X, Kamen A, Bernhardt D, Suciu C, et al. A framework for personalization 
of coronary flow computations during rest and hyperemia. Proc Annu Int Conf IEEE Eng Med 
Biol Soc EMBS. 2012;6665–8. 

34.  Johnson NP, Kirkeeide RL, Gould KL. Is discordance of coronary flow reserve and fractional 
flow reserve due to methodology or clinically relevant coronary pathophysiology? JACC 
Cardiovasc Imaging [Internet]. 2012;5(2):193–202. Available from: http://dx.doi.org/10.1016/j.
jcmg.2011.09.020

35.  Arena G, Morello A, D’Andrea A, Tuccillo B, Punzo F, Uccio FS Di, et al. Relationship Between 
Fractional Flow Reserve (Ffr) and Coronary Flow Reserve (Cfr) By Pet in Identifying Coronary 
Stenosis Causing Myocardial Ischemia. J Am Coll Cardiol [Internet]. 2017;69(11):133. Available 
from: http://linkinghub.elsevier.com/retrieve/pii/S0735109717335222

36.  Coenen A, Rossi A, Lubbers MM, Kurata A, Kono AK, Chelu RG, et al. Integrating CT Myocardial 
Perfusion and CT-FFR in the Work-Up of Coronary Artery Disease. JACC Cardiovasc Imaging. 
2017;10(7):760–70. 

37.  Yang DH, Kim Y-HH, Roh JH, Kang J-WW, Ahn J-MM, Kweon J, et al. Diagnostic performance of 
on-site CT-derived fractional flow reserve versus CT perfusion. Eur Heart J Cardiovasc Imaging 
[Internet]. 2017;18(4):432–40. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27354345

38.  Vliegenthart R, De Cecco CN, Wichmann JL, Meinel FG, Pelgrim GJ, Tesche C, et al. Dynamic 
CT myocardial perfusion imaging identifies early perfusion abnormalities in diabetes 
and hypertension: Insights from a multicenter registry. J Cardiovasc Comput Tomogr 
[Internet]. 2016;10(4):301–8. Available from: http://linkinghub.elsevier.com/retrieve/pii/
S1934592516300806

39.  Wichmann JL, Meinel FG, Schoepf UJ, Lo GG, Choe YH, Wang Y, et al. Absolute versus relative 
myocardial blood flow by dynamic CT myocardial perfusion imaging in patients with anatomic 
coronary artery disease. Am J Roentgenol. 2015;205(1):W67–72. 

40.  Meinel FG, Ebersberger U, Schoepf UJ, Lo GG, Choe YH, Wang Y, et al. Global quantification 
of left ventricular myocardial perfusion at dynamic CT: Feasibility in a multicenter patient 
population. Am J Roentgenol. 2014;203(2):174–80. 

41.  Pelgrim GJ, Dorrius M, Xie X, Den Dekker MAM, Schoepf UJ, Henzler T, et al. The dream 
of a one-stop-shop: Meta-analysis on myocardial perfusion CT. Eur J Radiol [Internet]. 
2015;84(12):2411–20. Available from: http://dx.doi.org/10.1016/j.ejrad.2014.12.032

42.  Ishida M, Kitagawa K, Ichihara T, Natsume T, Nakayama R, Nagasawa N, et al. Underestimation 
of myocardial blood flow by dynamic perfusion CT: Explanations by two-compartment model 
analysis and limited temporal sampling of dynamic CT. J Cardiovasc Comput Tomogr [Internet]. 
2016;1–8. Available from: http://linkinghub.elsevier.com/retrieve/pii/S1934592516300077

chapter 14: general discussion

14



298

43.  Lewis MA, Pascoal A, Keevil SF, Lewis CA. Selecting a CT scanner for cardiac imaging: The 
heart of the matter. Br J Radiol. 2016;89(1065):1–11. 

44.  Motwani M, Kidambi A, Sourbron S, Fairbairn TA, Uddin A, Kozerke S, et al. Quantitative 
three-dimensional cardiovascular magnetic resonance myocardial perfusion imaging in systole 
and diastole at 3.0 T. Heart [Internet]. 2013;99:A56–7. Available from: http://www.embase.com/
search/results?subaction=viewrecord&from=export&id=L71283934

45.  Pack NA, DiBella EVR. Comparison of myocardial perfusion estimates from dynamic contrast-
enhanced magnetic resonance imaging with four quantitative analysis methods. Magn Reson 
Med. 2010 Jul;64(1):125–37. 

46.  Handayani A, Triadyaksa P, Dijkstra H, Pelgrim GJ, van Ooijen PMA, Prakken NHJ, et al. 
Intermodel agreement of myocardial blood flow estimation from stress-rest myocardial 
perfusion magnetic resonance imaging in patients with coronary artery disease. Invest Radiol. 
2015 Apr;50(4):275–82. 

47.  Bindschadler M, Modgil D, Branch KR, La Riviere PJ, Alessio AM. Comparison of blood flow 
models and acquisitions for quantitative myocardial perfusion estimation from dynamic CT. 
Phys Med Biol. 2014 Apr;59(7):1533–56. 

48.  Pelgrim GJ, Handayani A, Dijkstra H, Prakken NHJHJ, Slart RHJA, Oudkerk M, et al. Quantitative 
Myocardial Perfusion with Dynamic Contrast-Enhanced Imaging in MRI and CT : Theoretical 
Models and Current Implementation. Biomed Res Int [Internet]. 2016;2016. Available from: 
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L609230918

49.  Auchampach JA, Bolli R. Adenosine receptor subtypes in the heart: therapeutic opportunities 
and challenges. Am J Physiol [Internet]. 1999;276(3 Pt 2):H1113-6. Available from: http://www.
ncbi.nlm.nih.gov/pubmed/10070100

50.  Carlsson M, Jogi J, Bloch KM, Heden B, Ekelund U, Stahlberg F, et al. Submaximal adenosine-
induced coronary hyperaemia with 12 h caffeine abstinence: implications for clinical adenosine 
perfusion imaging tests. Clin Physiol Funct Imaging. 2015 Jan;35(1):49–56. 

51.  Kuijpers D, Prakken NH, Vliegenthart R, van Dijkman PRM, van der Harst P, Oudkerk 
M. Caffeine intake inverts the effect of adenosine on myocardial perfusion during stress as 
measured by T1 mapping. Int J Cardiovasc Imaging. 2016;32(10):1545–53. 

52.  van Dijk R, Kuijpers D, Kaandorp TAM, van Dijkman PRM, Vliegenthart R, van der Harst P, et 
al. Effects of caffeine intake prior to stress cardiac magnetic resonance perfusion imaging on 
regadenoson- versus adenosine-induced hyperemia as measured by T1 mapping. Int J Cardiovasc 
Imaging. 2017;33(11):1753–9. 

53.  Al Jaroudi W, Iskandrian AE. Regadenoson: A New Myocardial Stress Agent. J Am Coll Cardiol 
[Internet]. 2009;54(13):1123–30. Available from: http://dx.doi.org/10.1016/j.jacc.2009.04.089

54.  Ruzsics B, Schwarz F, Schoepf UJ, Lee YS, Bastarrika G, Chiaramida SA, et al. Comparison of 
Dual-Energy Computed Tomography of the Heart With Single Photon Emission Computed 
Tomography for Assessment of Coronary Artery Stenosis and of the Myocardial Blood Supply. 
Am J Cardiol [Internet]. 2009;104(3):318–26. Available from: http://linkinghub.elsevier.com/
retrieve/pii/S0002914909008133

55.  Pelgrim GJ, van Hamersvelt RW, Willemink MJ, Schmidt BT, Flohr T, Schilham A, et al. Accuracy 
of iodine quantification using dual energy CT in latest generation dual source and dual layer CT. 
Eur Radiol. 2017;1–9. 

56.  Vliegenthart R, Pelgrim GJ, Ebersberger U, Rowe GW, Oudkerk M, Schoepf UJ. Dual-energy CT 
of the heart. AJR Am J Roentgenol. 2012;199(5 Suppl):54–63. 

57.  Schwarz F, Ruzsics B, Schoepf UJ, Bastarrika G, Chiaramida SA, Abro JA, et al. Dual-energy CT 
of the heart-Principles and protocols. Eur J Radiol. 2008;68(3):423–33. 

part 5: general discussion and summary



299

58.  Kurita Y, Kitagawa K, Kurobe Y, Nakamori S, Nakajima H, Dohi K, et al. Estimation of myocardial 
extracellular volume fraction with cardiac CT in subjects without clinical coronary artery 
disease: A feasibility study. J Cardiovasc Comput Tomogr [Internet]. 2016;10(3):237–41. Available 
from: http://dx.doi.org/10.1016/j.jcct.2016.02.001

59.  Bandula S, White SK, Flett AS, Lawrence D, Pugliese F, Ashworth MT, et al. Measurement 
of Myocardial Extracellular Volume Fraction by Using Equilibrium Contrast-enhanced CT: 
Validation against Histologic Findings. Radiology [Internet]. 2013;269(2):396–403. Available 
from: http://pubs.rsna.org/doi/10.1148/radiol.13130130

60.  Nacif MS, Kawel N, Lee JJ, Zavodni A, Sibley CT, Lima JAC. Interstitial Myocardial Fibrosis 
Assessed as Extracellular Volume Fraction with Low-Radiation-Dose Cardiac CT. Radiology. 
2012;264(3). 

61.  Distefano MD. 3D left ventricular extracellular volume fraction by low-radiation dose cardiac 
CT: Assessment of interstitial myocardial fibrosis. J Cardiovasc Comput Tomogr. 2015;7(5):213–
23. 

chapter 14: general discussion

14



300


	Chapter 14



