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Abstract

This review provides an overview of the currently available computed tomography (CT) techniques for myocardial
tissue characterization in ischemic heart disease, including CT perfusion and late iodine enhancement. CT
myocardial perfusion imaging can be performed with static and dynamic protocols for the detection of ischemia
and infarction using either single- or dual-energy CT modes. Late iodine enhancement may be used for the analysis
of myocardial infarction. The accuracy of these CT techniques is highly dependent on the imaging protocol,
including acquisition timing and contrast administration. Additionally, the options for qualitative and quantitative
analysis and the accuracy of each technique are discussed.
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Key points

� Myocardial perfusion defects can be detected using
high-end CT systems.

� Static myocardial CT perfusion imaging (CT-MPI)
allows for low-dose evaluation of myocardial ische-
mia with good accuracy.

� Dynamic CT-MPI allows for the quantification of
myocardial perfusion parameters at reasonable radi-
ation dose (5–9 mSv).

� Late iodine enhancement scanning shows potential
for myocardial viability assessment.

Introduction
The hemodynamic consequences of coronary artery dis-
ease (CAD) on the myocardium can be performed using
several different approaches. One of these approaches is
myocardial perfusion imaging (MPI). Traditionally, MPI
is performed by positron emission tomography (PET) or
single-photon emission computed tomography (SPECT)
or more recently by MRI. These modalities are currently
not able to perform anatomical evaluations of the coron-
ary arteries. Combining anatomical and functional evalu-
ation [1] using computed tomography (CT) would be
ideal, since it offers the possibility of complete CAD
evaluation using one modality. Myocardial CT perfusion
imaging (CT-MPI) holds potential for functional evalu-
ation due to recent technical developments. There are
two main CT approaches to visualise and quantify myo-
cardial perfusion, static and dynamic CT-MPI [2–4].
Without intervention, impairments of myocardial

perfusion will inevitably lead to myocardial damage.
Whereas perfusion imaging is mostly focused on finding
ischemia and infarction, late enhancement imaging is fo-
cused on infarct detection specifically [3]. Late

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

* Correspondence: Marly.v.Assen@gmail.com
This article is part of a thematic series on Myocardial tissue characterization
in ischemic heart disease (Guest Editors: Akos Varga-Szemes and Pal Suranyi,
MUSC Health Charleston, SC, United States)
1University Medical Center Groningen, University of Groningen, Hanzeplein 1,
9713 EZ, Groningen, The Netherlands
Full list of author information is available at the end of the article

European Radiology
Experimental

Assen et al. European Radiology Experimental            (2020) 4:36 
https://doi.org/10.1186/s41747-020-00158-1

http://crossmark.crossref.org/dialog/?doi=10.1186/s41747-020-00158-1&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:Marly.v.Assen@gmail.com


enhancement imaging is mainly used in MRI, and this is
currently the reference standard for myocardial infarct
(MI) evaluation. However, recent research has shown
that CT using iodinated contrast also enables myocardial
viability evaluation.
The main purpose of this article is to review the differ-

ent options for functional cardiac CT analysis for myo-
cardial ischemia and infarction and to provide an
overview of presently available techniques.

Myocardial perfusion imaging
There are currently two main CT techniques to perform
MPI: static and dynamic MPI. Static MPI consists of a
single electrocardiogram (ECG)-gated, iodinated
contrast-enhanced CT acquisition of the heart. Static
CT-MPI can be performed using either single- or dual-
energy (SECT or DECT) settings. First described in 2008
[5], DECT is a relatively new technological development
in the field of CT imaging with different vendor-specific
solutions allowing the quantification of iodine concen-
trations. Static CT-MPI imaging indirectly evaluates
myocardial perfusion by looking at the distribution of
contrast (in the case of SECT) or iodine concentrations
(in the case of DECT) throughout the myocardium at a
single time point. In contrast with static CT-MPI, dy-
namic CT-MPI acquires multiple images over a specific
time period, visualizing the entire in- and outflow of
contrast medium. This dynamic nature enables direct
quantification of myocardial perfusion. Figure 1 shows
the differences between static and dynamic CTMPI.
PET-MPI is currently the reference standard for absolute

quantification of myocardial perfusion and SPECT for vis-
ual analysis [6]. However, CT in addition offers anatomical

CAD evaluation due to a higher spatial resolution at re-
duced cost [6]. CT is able to directly quantify the myocar-
dial perfusion due to the linear relationship between iodine
concentration and the change in signal intensity (HU
values) over a wide range of iodine concentrations. This is
in contrast to MRI-MPI in which the relationship between
gadolinium and signal enhancement [7] becomes non-
linear at the gadolinium concentrations that are commonly
used for visual MPI analysis [7].

Technical information and requirements
The most important requirement for CT-MPI is a suit-
able CT system. For static CT-MPI, a 64-multidetector
CT system is the minimum requirement, although wider
volume CT systems are preferred. Smaller detector range
systems require multiple slabs to image the heart com-
pletely which leads to a relatively low temporal reso-
lution, thereby increasing overall scanning time. This
increased scanning time can lead to changes in contrast
enhancement of the myocardium during the acquisition
resulting in both false-positive and false-negative results.
The first DECT systems required a decrease in temporal
resolution for cardiac acquisitions [8]. However, newer
DECT systems addressed this limitation leading to tem-
poral resolutions similar to SECT systems 83ms or
lower, depending on the dual-energy approach [8].
Dynamic CT-MPI is most commonly performed using

dual-source CT (DSCT and wide multi-detector CT
(MDCT) systems (256–320 rows). Second- and third-
generation DSCT scanners, characterised by their rela-
tively high temporal resolution (75 or 66 ms), have a
coverage sof 7.3 and 10.2 cm. Using a shuttle mode, con-
sisting of alternating back-and-forth table movements

Fig. 1 Schematic representation of the imaging time points for static (red line) and dynamic (red dots) perfusion imaging. Each capturing a
specific part of the contrast enhancement curves measured in both the aorta (arterial input function) and myocardial tissue (tissue attenuation
curve). Both techniques can be acquired at rest or stress. The blue box represents the optimal time window for coronary CT angiography
imaging during rest
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with sequential scanning, allows visualization of most of
the left ventricle [8–10]. MDCT systems, used in only a
limited number of dynamic CT-MPI studies [11, 12],
allow for full-heart coverage within one gantry rotation
using a single-tube wide detector with 256 or 320 de-
tector rows covering 8 and 16 cm. The disadvantage of
these MDCT systems is the decreased temporal reso-
lution (140 ms), which can result in an increase in mo-
tion artifacts and an overall decrease in image quality
[8]. However, wide-detector MDCT systems are able to
acquire an image every heartbeat in contrast to requiring
images every other heartbeat such as with DSCT sys-
tems. This is made possible by eliminating the time
needed for the shuttle mode. The increase in acquired
images will increase the information about the in- and
outflow of contrast; however, every additional image
comes at a cost of increased radiation dose. Figure 2
shows the difference between the DSCT shuttle mode
and the MDCT wide detector approach.

Radiation dose
Static CT-MPI can be performed at the lowest radiation
dose of all CT perfusion techniques, similar to CCTA
imaging, with reported radiation doses between 2 and 9
mSv for combined rest-stress examinations [2, 4, 13].
The radiation dose of dynamic CT-MPI is relatively high
due to the increased number of acquisitions that need to
be taken, resulting in effective dose between 5 and 13
mSv [13, 14]. Nevertheless, recent studies that used the
newest high-end CT systems generally show lower radi-
ation doses (5–9 mSv) [11, 15]. Dynamic CT-MPI radi-
ation doses could be reduced by applying new

acquisition techniques that require only a limited num-
ber of optimally timed acquisitions. Additionally, these
timed acquisitions could be used for conventional CCTA
evaluation [16].
Comparing SECT with DECT CT-MPI shows that

used radiation doses are similar [17–19]. Studies about
dual-source DECT imaging show strong evidence that
DECT imaging is not associated with increased radiation
dose levels compared to SECT acquisitions acquired at
120 kVp [20]. Detector-based DECT systems are ex-
pected to produce similar radiation doses to SECT.
However, these detector-based DECT scans are stand-
ardly acquired at a high tube voltage, and therefore, the
tube current should be lowered to maintain similar radi-
ation dose levels [19].
Traditionally, radiation exposure can be reduced by

using lower kVp levels (100 kVp instead of 120 kVp)
while maintaining optimal image quality in high-end sys-
tems. Nonetheless, DECT scanning at lower kVp will
only marginally reduce the radiation dose compared to
SECT, since both low and high kVp spectra are funda-
mentally required for DECT. In addition, dual-source
DECT systems offer the use of a tin filter (Sn). Sn filters
are used to block low-energy photons of the high-energy
beam (100/150 kVp) improving spectral separation and
reducing total radiation dose [21].

Image protocol
Exam preparations
Patients should be instructed to not consume any
caffeine-containing substances (coffee, tea, chocolate,
etc.) for 24 h before the examination, because of the

Fig. 2 Dual-source CT uses a shuttle mode, alternating table position using two acquisitions merged into one image, to get a z-axis of 7.3 or
10.2 cm for the second- and third-generation systems. Multi-detector CT systems use wide detector with 280 or 320 rows to reach a z-axis range
of 8 or 16 cm, respectively. Both approaches allow for whole-heart imaging
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interfering effects of caffeine on the effectiveness of the
stressor agent. Especially adenosine is sensitive to the
competing effect of caffeine, while early-stage research
indicates that regadenoson is less affected [22, 23].
Heart rate-limiting medication such as beta-blockers

and coronary dilating medication such as sublingual ni-
trates are known to influence myocardial perfusion;
therefore, it is advised to only use them when necessary
to achieve diagnostic image quality for CCTA imaging
[24, 25].

CCTA, rest, and stress phase acquisitions
Traditionally, MPI can be performed by using a rest and
stress phase acquisition to discriminate myocardial is-
chemia from infarction. Ischemic defects are present on
stress images only while infarcted defects are present on
both rest and stress images. Using CT, these functional
acquisitions can be performed in conjunction with a
CCTA acquisition for anatomical coronary evaluation.
For static CT-MPI, the rest phase acquisition is similar

to the CCTA and can be performed with the standard
CCTA protocol [3]. For dynamic CT-MPI, the CCTA
need to be acquired separately due to the dynamic na-
ture of the rest acquisition. For dynamic CT-MPI, the
use of CCTA, rest, and stress acquisitions will result in
high radiation doses. Therefore, a stress-only approach
is used in several dynamic CT-MPI studies [9, 26]. By
using the quantification abilities of dynamic CT-MPI,
discrimination between ischemic and infarcted myocar-
dium is still possible.
Point of debate is the order of acquisitions, which will

ultimately depend on which evaluation takes precedence.
In patients with a high probability or known CAD or in
patients with stents or bypasses, myocardial ischemia is
likely, and functional evaluation is more important than
anatomical evaluation. In these cases, stress CT-MPI im-
aging should be performed first, eliminating the effect of
contrast contamination and the suppressing effect of
beta-blockers and nitroglycerin on myocardial ischemia
[24, 25]. In patients with a low to intermediate

probability of CAD, it would be preferable to start with
CCTA (rest phase for static CT-MPI), in order to avoid
unneeded testing in case of no stenosis. An important
factor for successful multi-acquisition imaging is to
allow sufficient time between each examination to allow
complete outflow of contrast agent to avoid contrast
contamination and reduce the effect the stressor agent
for the subsequent acquisition. Figure 3 shows a sche-
matic representation of a complete cardiac work-up
protocol, including CCTA, perfusion, and delayed en-
hancement imaging.

Stressor agents
For stress CT-MPI, a pharmacological stressor agent is
used to achieve maximal hyperemia, with adenosine the
most frequently used. However, the use of adenosine
causes unwanted short-term side effects such as bron-
chial constriction. This is especially apparent in patients
with reactive airway disease, such as COPD, a frequent
comorbidity in patients with CAD. Although the short
half-life of adenosine allows for the abrupt discontinu-
ation of administration and rapid disappearance of po-
tential harmful side effects, it requires continuous
intravenous administration during acquisition and
weight-based dosing [23, 27, 28]. Another stressor agent
that is increasingly used is regadenoson. It is a potent
and selective coronary vasodilator with a rapid onset of
action and a longer half-life compared to adenosine.
Therefore, regadenoson can be administered as a fixed-
dose bolus without weight adjustments. Furthermore,
given its selectivity, there are less serious side effects
making it also suitable and safe to use in COPD patients
[22, 29]. Nevertheless, some studies also report negative
effects of the use regadenoson, like higher rates of ar-
rhythmias and increased use of rescue agent aminophyl-
line [30]. Concluding, stress acquisitions require the
administration of adenosine for 2–5 min with a rate of
140 μg/min/kg or a single injection of 0.4 mg of
regadenoson.

Fig. 3 Schematic representation of cardiac imaging protocol, including anatomical evaluation using coronary CT angiography (or rest perfusion in
case of static perfusion imaging) and functional evaluation using rest/stress CT-myocardial perfusion imaging. An optional acquisition can be
used for the detection of myocardial scarring using delayed phase imaging
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Acquisition timing
For static CT-MPI, scan timing is an important factor.
The image should be acquired during the early arterial
phase of first-pass contrast enhancement at the peak of
the contrast enhancement curve. The timing of the peak
can be estimated using a test-bolus or bolus-tracking
technique. Optimal time delays vary between 2 and 4 s
depending on measurement location (ascending or de-
scending aorta) and on the HU threshold (150 or 250
HU) [31].
For dynamic CT-MPI, temporal sampling rates be-

come a significant factor. Several studies have shown
that the limited temporal sampling rates that are cur-
rently being used lead to an underestimation of the per-
fusion compared to the true perfusion values and PET
determined values [32, 33].
Another important timing factor for dynamic CT-MPI

is the timing of the images with respect to the cardiac
phase. Myocardial perfusion is not constant but varies
between the systolic and diastolic phase [34, 35]. As a re-
sult of the myocardial contraction, myocardial perfusion
takes place during the diastolic phase and is maximal
end-diastolic. However, systolic phase imaging offers
some important advantages. Firstly, during systole, the
heart is contracted, resulting in a smaller heart volume
and in particular a shorter basal-apical length. This is
beneficial in scanner systems with limited heart cover-
age. Wide-detector MDCT studies are performed mostly
in diastolic phase, while still being able to capture the
entire heart at its maximal volume [11, 36]. Secondly,
the systolic phase is constant in duration independent of
heart rate and is less sensitive to arrhythmia which is
beneficial during stress acquisitions. Finally, because of
the reduced volume and reduced contrast dose in the
left ventricle, beam-hardening artifacts are reduced.

Image analysis
Qualitative analysis
CT-MPI can be qualitatively analyzed by visual inspec-
tion of the contrast attenuation on short-axis view im-
ages of the left ventricle. For optimal assessment of
perfusion defects, thick sections, minimum intensity pro-
jection, and a narrow window width can be used [37]. A
standard AHA-17-segment model is used to describe
perfusion defects.
Additionally, for DECT static CT-MPI, virtual mono-

energetic images (VMI) can be created. VMI images
offer the advantages of being able to be reconstructed at
multiple energy levels by using different percentages of
the low and high energy data. Low energy reconstruction
(e.g., below 80 kV), will lead to an increase in contrast at-
tenuation exceeding the increase in noise level. These
images can be used to assess patients who cannot

receive the normal dose of contrast agent or when the
contrast-bolus given was sub-optimal [38, 39]. High en-
ergy reconstructions (e.g., 110 kV and higher) can be
used to reduce blooming artifacts or metal artifacts, en-
hancing the ability to analyze severe calcified plaques or
stents [40, 41].
Dynamic CT-MPIMPI offers the possibility of visually

analyzing the differences in HU values over time. Regu-
larly, this is represented as a color-coded perfusion maps
based on quantitative MBF values, representing MBF
values per pixel over time. This approach allows for the
visual detection of three-vessel disease. Figure 4 shows
an overview of all the options for qualitative analysis

Semi-quantitative analysis
Although semi-quantitative analysis of static CT-MPI
acquired at single-energy is attempted using parameters
such as the transmural perfusion ratio, visual analysis is
still superior [42–44].
Currently, only DECT acquisitions allow for semi-

quantitative analysis of static CT-MPI using an iodine
concentration map, see Fig. 5. The accuracy of the third-
generation DSCT and first-generation dual-layer CT
(DLCT) systems for the quantification of iodine is shown
to be highly accurate [45]. The DSCT systems showed
slightly more accurate measurements, especially using
the 150Sn/70 or 150Sn/80 kVp combination, with a
lower measurement error compared to DLCT systems.
Fast kV-switching systems show similarly high accuracy
to the DSCT systems [46, 47]. A limited number of stud-
ies on iodine quantification have shown that thresholds
between 2.1 and 2.5 mg/mL of iodine are optimal to dis-
criminate diseased from normal myocardium using a
stress acquisition, while at rest, a threshold of 1.0 mg/
mL of iodine can be used to discriminate between in-
farcted and ischemic myocardium [48, 49].

Quantitative analysis
Quantitative analysis using dynamic CT-MPI can be per-
formed by direct or indirect methods. Indirect perfusion
parameters are derived from the tissue attenuation
curves (TAC) and the arterial input function curve (AIF)
using the so called upslope method. The upslope
method takes the ratio between the maximum upslope
of the TAC curve and the maximal AIF value as a meas-
ure of perfusion. The main advantage of this method is
that it is fairly robust and computationally easy while
only the upslope is needed thereby eliminating all acqui-
sitions made after the TAC peak, possibly reducing radi-
ation dose. Figure 6 shows the basic principle of the
upslope method based on the attenuation curves.
Direct quantitative analysis of dynamic CT perfusion

data is done using a model-dependent deconvolution ap-
proach, similar to MRI perfusion [7]. For CT-MPI, there

Assen et al. European Radiology Experimental            (2020) 4:36 Page 5 of 13



Fig. 4 The tissue attenuation curve (top figure) is lower for ischemic areas than for normal areas of the myocardium, causing ischemic
myocardium to be visible as hypo-attenuated areas (red arrows, bottom figures). The static CT-MPI images represent multiple kV levels, showing
the possibilities of dual-energy CT to enhance the hypo-attenuation of the ischemic area by using varying kV levels exploiting the dual-energy
abilities. The blue boxed image represents the traditional single-energy static CT-MPI acquisition. The most right image shows a dynamic CT-MPI
color-coded map (mL/100 mL/min) of the short axis based on quantitative myocardial blood flow data

Fig. 5 The left image shows a grey scale DECT CCTA image with a clear difference in HU values between ischemic and normal myocardium. The
right image represents the iodine map, showing a color-coded map of the iodine concentration, again showing a clear difference in iodine
concentration between ischemic and normal myocardium
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are several models available. From these models, the myo-
cardial blood flow (MBF) can be determined [7, 50, 51].
The most used approach for CT perfusion quantification
is a hybrid approach where the deconvolution technique
is used to model the curves, and subsequently, the upslope
method is used to calculate MBF [52]. Studies have shown
that there is no difference in the diagnostic accuracy be-
tween different models; however, the absolute values can
be significantly different and this should be taken into ac-
count when threshold is chosen to detect abnormalities
[53]. Figure 6 shows an example of a perfusion map based
on the hybrid approach compared to SPECT perfusion
imaging results.

Absolute versus relative perfusion values A wide var-
iety of absolute and MBF threshold values for the detec-
tion of perfusion defects are reported in the literature [13,
14, 54]. Variation in these values can be caused by differ-
ences between patient populations, CT systems, image
protocols, and analysis procedures. A solution is the use
of a relative measure that compares healthy myocardium
with ischemic myocardium within a patient. However,

using relative values eliminate the benefit of evaluating
global perfusion defects.
Several studies reported that relative MBF values

yielded a higher diagnostic accuracy compared to abso-
lute MBF values [55–57]. However, one study reported
that myocardial flow reserve estimations were not as ac-
curate as individual MBF estimates using PET perfusion
as a reference [11].

MBF versus MBV Analysis of the myocardial blood vol-
ume (MBV) could assist in the discrimination of ischemic
and infarcted myocardium in combination with MBF. MBV
can be derived by using the peak enhancement of the TAC
[58]. In ischemic myocardium, the arterioles dilate to
compensate for the decreased flow caused by a coronary
stenosis keeping the MBV in the myocardium constant. In
infarcted myocardium, this compensatory mechanism is
not available leading to a decrease in MBV [58–62].

Diagnostic accuracy
The largest study on static CT-MPI (381 patients) is the
CORE320 study. This study showed an accuracy of 0.93,
with a sensitivity and specificity of 80 and 74%, compared

Fig. 6 The top image shows a schematic representation of the upslope method used to calculate myocardial blood flow. The lower images show
a quantitative perfusion map, based on a deconvolution approach using a two-compartment model combined with the shown upslope method,
resulting in quantitative MBF values. A perfusion defect, corresponding to the SPECT perfusion images, is visualised showing significantly lower
myocardial blood flow values compared to normal myocardium
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to combined SPECT and invasive coronary angiography
[63–66]. Another multi-center study (110 patients), per-
formed by Cury et al., investigated the accuracy of static
CT-MPI compared to SPECT-MPI and showed slightly
higher sensitivity and specificity of 90 and 84% with an
overall accuracy of 87% [67]. Meta-analyses on static CT-
MPI showed that the average sensitivity and specificity
ranged between 75–84% and 78–95% for a variety of
image protocols and reference standards used [2, 68].
Overall DECT-MPI studies showed good accuracy com-

pared to various reference modalities [4, 48, 49, 69–73].
Sensitivity and specificity are reported around 89 and 78%.
A limited number of studies have been performed on the
quantitative analysis of DECT-MPI acquisitions. They
showed that a rest acquisition is needed to discriminate
between ischemic and infarcted myocardium [48, 49].
For dynamic CT-MPI, similar accuracies have been re-

ported as with static CI MPI with an average sensitivity
and specificity ranging between 76–100% and 74–100%,
respectively [2, 13, 14, 74, 75]. Quantitative analysis
studies have focused on determining an MBF threshold
to discriminate ischemic from normal myocardium
resulting in a wide range of threshold values between 75
and 136 mL/100 mL/min [13, 14, 54].

Myocardial viability imaging
Viability imaging, using either MRI or CT, is based on the
principle that MRI and CT contrast agents (gadolinium
and iodine) accumulate in the intracellular space of the
necrotic myocytes. Late iodine enhancement CT (LIE-CT)
shares many similarities with late gadolinium enhance-
ment MRI (LGE-MRI), which is the current clinical gold
standard for myocardial infarct (MI) detection and viabil-
ity assessment. In the acute phase of myocardial infarc-
tion, the volume of contrast agent is increased due to
rupturing of the cell membranes of the necrotic myocytes.
In older infarcts, the necrotic cells are replaced by scar tis-
sue consisting out of fibrotic, collagen-rich tissue also
leading to an increased volume of contrast agent. This is
visualised by hyper-enhanced areas on delayed image ac-
quisitions. LIE-CT hyper-enhancement is not specific for
myocardial infarction but rather indicates myocardial tis-
sue with an expanded extracellular matrix of which myo-
cardial infarction is probably the most common one.
Other causes of hyper-enhancement are non-ischemic
cardiomyopathies, amyloidosis, and sarcoidosis.

Technical information and requirements
LIE-CT can be performed using two different ap-
proaches, SECT or DECT. DECT offers the possibility of
material decomposition which allows for the reconstruc-
tion of multi-level kV images and quantitative iodine
maps. In theory, this will enhance the use of LIE-CT by

exploiting the increased iodine enhancement using low-
kV images or iodine maps.
DECT evaluation is of particular interest in a patient

population with a prevalence of metallic devices since
this group of patients is not suitable for MRI evaluation.

Radiation dose
Radiation doses ranging between 2 and 5mSv have been
reported, mostly using low-dose acquisition protocols
utilizing a lower tube voltage [76, 77]. Lowering the tube
current has shown not to be as effective as lowering the
tube voltage. Although a reduction in tube current re-
duced the radiation dose, it comes at the cost of an un-
acceptable degradation of image quality that decreased
the accuracy for the detection of MI significantly [77].
Another strategy used to reduce the radiation dose is

the use of prospective electrocardiographic (ECG) gat-
ing. The use of prospective triggering has shown the
ability to significantly reduce radiation dose while main-
taining a good agreement with LGE-MRI [77]. Addition-
ally, the scan protocol can be set to a high-pitch mode
(available on the second and third dual-source CT sys-
tems). This high-pitch mode shows potential in reducing
the radiation dose of LIE-CT acquisition achieving radi-
ation doses below 1mSv while reaching accuracies
around 90% compared to LGE-MRI [77].

Image protocol
Contrast agent administration
One of the main variables in LIE-CT imaging protocols is
the difference between contrast administration protocols.
Currently, there are two main protocols used for LIE-CT,
the so-called single-bolus protocol and the bolus-
continuous infusion protocol [78]. In the more commonly
used bolus protocol, besides the contrast material used for
the previous CCTA acquisition, no additional contrast
material is injected. In the bolus-continuous protocol,
additional contrast is continuously infused (30–90mL at
0.1–0.3mL/s) between the CCTA and the LIE-CT acqui-
sition. Continuous infusion is thought to maintain a con-
tinuously high intravascular concentration gradient
enabling a slow wash-in of contrast agent to the infarcted
tissue leading to an increased attenuation difference be-
tween infarcted and healthy myocardium [78]. Although
there is currently no consensus about which contrast
agent administration protocol is superior, the majority of
publications on LIE-CT use a single-bolus protocol.
One study showed that the bolus-continuous infusion

protocol yielded better image quality than the single-bolus
protocol [77]. This increase in image quality was caused
by the increased attenuation difference in the infarcted
and healthy myocardium, showing a slightly higher correl-
ation with MRI compared to the single-bolus technique
[77]. The main disadvantage of the bolus-continuous
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protocol is the increased LV blood pool attenuation, pos-
sibly masking small subendocardial infarcts. Therefore, an
additional waiting time of about 5min between contrast
administration and scan acquisition is recommended.

Acquisition timing
Another important parameter is the timing of the LIE-CT
acquisition in respect to the contrast agent administration.
Time intervals of 5–15min are reported in LIE-CT studies.
Some studies found no difference in protocols using 5–

10min delay, while other studies show that the optimal
delay lies somewhere between 3 and 5min for the single-
bolus approach and between 10 and 15min for the bolus-
continuous approach [77, 79]. In order to optimise the
LIE-CT workflow, it is important to determine the earliest
possible time point that allows for accurate diagnosis
taking into account the contrast administration protocol.

Image analysis
Qualitative analysis
As with LGE-MRI, infarcted myocardium can be identi-
fied on LIE-CT images by hyper-enhancement. Late

enhancement pattern is the most reliable determinant of
the underlying disease. It is important to differentiate in-
farcted from non-infarcted hyper-enhanced areas. DECT
acquisition offers some additional advantages for the vis-
ual analysis of LIE-CT acquisitions. VMI images or
iodine-concentration maps can help enhance specific
image features. Studies have demonstrated that low keV
images or iodine maps are more suitable for LIE-CT
analysis [80, 81], see Fig. 7.

Infarct size and enhancement pattern Several infarct
characteristics are important to rapport with regard to
prognostication. Studies have shown that larger MI sizes
were closely related to myocardial dysfunction and in-
creased the risk for future major adverse cardiovascular
events (MACE). Therefore, it is important to report in-
farct size when analyzing LIE-CT images [82, 83].
Another important characteristic is the enhancement

pattern. Infarcted myocardium is characterised by the
fact that hyper-enhancement is limited to a specific vas-
cular territory since it is often directly caused by a cor-
onary stenosis. Besides that, infarction always starts at
subendocardial part of the myocardium and expands

Fig. 7 The left images show different level kV LIE-CT images ordered from low to high kV, with the image in the blue box representing the
traditional SECT LIE-CT acquisition. The right image represents the iodine map. The red arrows indicate hyper-enhancement of the infarcted areas
of the myocardium
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transmurally depending on the severity. A combination
of the presence of hyper-enhancement and hypo-
enhancement shows better correlation with wall thin-
ning, ejection fraction, microvascular obstruction, and
left ventricular remodeling than the presence hyper-
enhancement alone and is indicative for future MACE.
In a post-PCI study, hypodense areas on LIE-CT images
were shown to have a superior prognostic performance
for the prediction of MACE [82, 83].

Semi-quantitative analysis
Transmural extent Semi-quantitative assessment of the
degree of transmurality can aid in the prognostication of
patients with myocardial infarction and should therefore be
reported. Transmurality can be reported in the percentage
of myocardial wall (≤ 25%, 26–50%, 51–75%, and ≥ 76%)
involved in the infarction on LIE-CT images for each of the
AHA-17 segments. Patients with transmural infarctions
show a worse recovery of LV function at 6-month follow-
up and were more frequently hospitalised for heart failure
compared to patients with subendocardial MI [83–86]. Al-
though infarct transmurality measured on perfusion images
shows better correlation with follow-up myocardial dys-
function than transmural LIE-CT enhancement, trans-
mural infarcts show a higher correlation to outcome
than subendocardial abnormalities [43].

Diagnostic accuracy
Compared to LGE-MRI, LIE-CT demonstrated excellent
agreement for the identification of the hyper-enhanced
infarcted regions and for infarct size. Sensitivities and
specificities around 98% and 94% have been reported
[87]. However, only few studies have been performed on
this topic and data is lacking. Due to the relatively poor
resolution of LIE-CT and the low contrast-
enhancement, LIE-CT is only being used in a research
setting and is currently not a clinically viable option to
replace LGE-MRI.

Comparison techniques
Table 1 shows an overview of the specifications of each
technique described above.

Future perspectives
In this review, all current CT techniques for myocardial
tissue characterization are discussed which are close to
clinical implementation or have been a topic of patient-
oriented research. However, there are some recent devel-
oped techniques that show promising preliminary
results.
A promising hardware development is the develop-

ment of photon-counting CT. Photon-counting CT uses
a new energy-resolving x-ray detector that is able to
count the number of incoming photons and measure
photon energy and provides energy-resolved signals.
Photon-counting CT has the potential to provide spec-
tral information as an integral part of each scan, im-
proved CNR for contrast-enhanced scans, and increased
spatial resolution. This will result in new possibilities for
the evaluation of coronary plaques or in-stent restenosis
or the simultaneous evaluation of multiple contrast
agents for different purposes [88].
One of the most promising software developments

comes with the use of big data and the computational
power to analyze this data. One of these early-stage de-
velopments is the use of texture analysis (TA), which re-
fers to an objective and quantitative set of metrics for
quantifying the texture of images. TA offers the potential
of quantifying tissue characteristics that are disease spe-
cific and can be used to detect abnormalities that cannot
be detected visually.
Thus, TA could have the potential to detect MI in car-

diac CT images, which are potentially overlooked, espe-
cially when infarcts are small, readers have limited
experience, or readers do not pay enough attention to
the myocardium. TA has been used for other modalities
such as MRI, and there are some recent studies showing
that TA has a potential for CT analysis tool [78, 89, 90].
A closely related topic is radiomics which is defined as

the extraction of large amounts of quantitative features
from an image to create large data sets in which each
abnormality is described by hundreds of parameters.
From these large datasets, it is possible to establish cor-
relations between the parameters and the clinical repre-
sentation. Several research studies have shown the

Table 1 Specification overview of different CT techniques

Static CT-MPI, single energy Static CT-MPI, dual-energy Dynamic CT-MPI LIE

Average radiation dose 2–9 mSv (rest and stress) 4–16 mSv (rest and stress) 5–13mSv (stress only) 2–5 mSv

Diagnostic accuracy

Sensitivity 75–84% 89% 76–100% 98%

Specificity 78–95% 78% 74–100% 94%

Quantitative analysis No Yes Yes SECT no, DECT yes

Infarct and ischemia Yes, with rest and stress Yes, with rest and stress Yes, stress only No, infarct only

CT-MPI Computed tomography myocardial perfusion imaging, LIE Late iodine enhancement, SECT Single energy CT, DECT Dual energy CT
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potential of radiomics in CT images [91–93]. Radiomics
can be used to detect patterns from CT images that are
able to distinguish between several myocardial. Often,
machine learning algorithms are used to analyze these
vast amounts of data and to find the often complex
underlying relationships, bringing us to the next import-
ant development.
Due to developments of computer technology, artifi-

cial intelligence (AI) is now able to process large, real-
time, high-resolution data sets. 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. The number of development-phase AI algo-
rithms in cardiac CT research has been rapidly increas-
ing. Currently, the majority of these AI applications are
still focused on relatively straightforward but labor-
intensive procedures such as calcium scoring, coronary
plaque analysis, and cardiac fat quantification. However,
new studies are merging that use large databases for risk
assessment and prognostication [94]. Several studies
have shown the potential of AI to aid in the analysis of
MPI [95, 96].

Abbreviations
AI: Artificial intelligence; AIF: Arterial input function curve; CAD: Coronary
artery disease; CCTA: Coronary computed tomography angiography; CT-
MPI: Myocardial CT perfusion imaging; DECT: Dual-energy CT; DLCT: Dual-
layer CT; DSCT: Dual-source CT; ECG: Electrocardiogram; LGE-MRI: Late
gadolinium enhancement MRI; LIE-CT: Late iodine enhancement CT;
MACE: Major adverse cardiovascular events; MBF: Myocardial blood flow;
MBV: Myocardial blood volume; MDCT: Multi-detector CT; MPI: Myocardial
perfusion imaging; PET: Positron emission tomography; SECT: Single energy
CT; SPECT: Single-photon emission computed tomography; TA: Texture
analysis; TAC: Tissue attenuation curves; VMI: Virtual mono-energetic images

Authors’ contributions
MvA was responsible for collecting data and writing the manuscript. GJP and
MV were part of organizing and writing the manuscript. PVKD and RV were
responsible for the setup and critically revising the manuscript. The author(s)
read and approved the final manuscript.

Funding information
UMCG receive institutional research funding.

Availability of data and materials
Not applicable

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1University Medical Center Groningen, University of Groningen, Hanzeplein 1,
9713 EZ, Groningen, The Netherlands. 2Department of Epidemiology,
University Medical Center Groningen, University of Groningen, Groningen,
The Netherlands. 3Department of Radiology, University Medical Center
Groningen, University of Groningen, Groningen, The Netherlands. 4Institute
of Clinical Radiology and Nuclear Medicine, University Medical Center

Mannheim, Medical Faculty Mannheim, Heidelberg University, Mannheim,
Germany.

Received: 2 September 2019 Accepted: 30 March 2020

References
1. Douglas PS, Hoffmann U, Patel MR et al (2015) Outcomes of anatomical

versus functional testing for coronary artery disease. N Engl J Med 372:
1291–1300 https://doi.org/10.1056/NEJMoa1415516

2. Pelgrim GJ, Dorrius M, Xie X et al (2015) The dream of a one-stop-shop:
meta-analysis on myocardial perfusion CT. Eur J Radiol 84:2411–2420
https://doi.org/10.1016/j.ejrad.2014.12.032

3. Vliegenthart R, Henzler T, Moscariello A et al (2012) CT of coronary heart
disease: Part 1, CT of myocardial infarction, ischemia, and viability. AJR Am J
Roentgenol 198:531–547 https://doi.org/10.2214/AJR.11.7082

4. Varga-Szemes A, Meinel FG, De Cecco CN, Fuller SR, Bayer RR 2nd, Schoepf
UJ (2015) CT myocardial perfusion imaging. AJR Am J Roentgenol 204:487–
497 https://doi.org/10.2214/AJR.14.13546

5. Ruzsics B, Lee H, Powers ER, Flohr TG, Costello P, Schoepf UJ (2008)
Myocardial ischemia diagnosed by dual-energy computed tomography:
correlation with single-photon emission computed tomography. Circulation
117:1244–1245 https://doi.org/10.1161/CIRCULATIONAHA.107.745711

6. Ora M, Gambhir S (2019) Myocardial perfusion imaging: a brief review of
nuclear and nonnuclear techniques and comparative evaluation of recent
advances. Indian J Nucl Med 34:263–270 https://doi.org/10.4103/ijnm.IJNM_
90_19

7. Ingrisch M, Sourbron S (2013) Tracer-kinetic modeling of dynamic contrast-
enhanced MRI and CT: a primer. J Pharmacokinet Pharmacodyn 40:281–300
https://doi.org/10.1007/s10928-013-9315-3

8. Lewis MA, Pascoal A, Keevil SF, Lewis CA (2016) Selecting a CT scanner for
cardiac imaging: the heart of the matter. Br J Radiol 89:1–11 https://doi.org/
10.1259/bjr.20160376

9. Meinel FG, Pugliese F, Schoepf UJ et al (2017) Prognostic value of stress
dynamic myocardial perfusion CT in a multicenter population with known
or suspected coronary artery disease. AJR Am J Roentgenol 208:761–769
https://doi.org/10.2214/AJR.16.16186

10. Vliegenthart R, De Cecco CN, Wichmann JL et al (2016) Dynamic CT
myocardial perfusion imaging identifies early perfusion abnormalities in
diabetes and hypertension: Insights from a multicenter registry. J Cardiovasc
Comput Tomogr 10:301–308 https://doi.org/10.1016/j.jcct.2016.05.005

11. Pontone G, Baggiano A, Andreini D et al (2019) Dynamic stress computed
tomography perfusion with a whole-heart coverage scanner in addition to
coronary computed tomography angiography and fractional flow reserve
computed tomography derived. JACC Cardiovasc Imaging:1–12 https://doi.
org/10.1016/j.jcmg.2019.02.015

12. Pontone G, Andreini D, Guaricci AI et al (2016) Rationale and design of the
PERFECTION (comparison between stress cardiac computed tomography
PERfusion versus Fractional flow rEserve measured by Computed
Tomography angiography In the evaluation of suspected cOroNary artery
disease) prospective study. J Cardiovasc Comput Tomogr 10:330–334
https://doi.org/10.1016/j.jcct.2016.03.004

13. Williams MC, Newby DE (2016) CT myocardial perfusion imaging: current
status and future directions. Clin Radiol 71:1–11 https://doi.org/10.1016/j.
crad.2016.03.006

14. Caruso D, Eid M, Schoepf UJ et al (2016) Dynamic CT myocardial perfusion
imaging. Eur J Radiol. https://doi.org/10.1016/j.ejrad.2016.07.017

15. Coenen A, Rossi A, Lubbers MM et al (2017) Integrating CT myocardial
perfusion and CT-FFR in the work-up of coronary artery disease. JACC
Cardiovasc Imaging 10:760–770 https://doi.org/10.1016/j.jcmg.2016.09.028

16. Hubbard L, Malkasian S, Zhao Y, Abbona P, Molloi S (2019) Timing
optimization of low-dose first-pass analysis dynamic CT myocardial
perfusion measurement: validation in a swine model. Eur Radiol Exp 3:16
https://doi.org/10.1186/s41747-019-0093-6

17. Halliburton SS, Sola S, Kuzmiak SA et al (2008) Effect of dual-source cardiac
computed tomography on patient radiation dose in a clinical setting:
comparison to single-source imaging. J Cardiovasc Comput Tomogr 2:392–
400 https://doi.org/10.1016/j.jcct.2008.09.003

18. Kerl JM, Bauer RW, Maurer TB et al (2011) Dose levels at coronary CT
angiography-a comparison of dual energy-, dual source- and 16-slice CT.
Eur Radiol 21:530–537 https://doi.org/10.1007/s00330-010-1954-9

Assen et al. European Radiology Experimental            (2020) 4:36 Page 11 of 13

https://doi.org/10.1056/NEJMoa1415516
https://doi.org/10.1016/j.ejrad.2014.12.032
https://doi.org/10.2214/AJR.11.7082
https://doi.org/10.2214/AJR.14.13546
https://doi.org/10.1161/CIRCULATIONAHA.107.745711
https://doi.org/10.4103/ijnm.IJNM_90_19
https://doi.org/10.4103/ijnm.IJNM_90_19
https://doi.org/10.1007/s10928-013-9315-3
https://doi.org/10.1259/bjr.20160376
https://doi.org/10.1259/bjr.20160376
https://doi.org/10.2214/AJR.16.16186
https://doi.org/10.1016/j.jcct.2016.05.005
https://doi.org/10.1016/j.jcmg.2019.02.015
https://doi.org/10.1016/j.jcmg.2019.02.015
https://doi.org/10.1016/j.jcct.2016.03.004
https://doi.org/10.1016/j.crad.2016.03.006
https://doi.org/10.1016/j.crad.2016.03.006
https://doi.org/10.1016/j.ejrad.2016.07.017
https://doi.org/10.1016/j.jcmg.2016.09.028
https://doi.org/10.1186/s41747-019-0093-6
https://doi.org/10.1016/j.jcct.2008.09.003
https://doi.org/10.1007/s00330-010-1954-9


19. Raju R, Thompson AG, Lee K et al (2014) Reduced iodine load with CT coronary
angiography using dual-energy imaging: a prospective randomized trial
compared with standard coronary CT angiography. J Cardiovasc Comput
Tomogr 8:282–288 https://doi.org/10.1016/j.jcct.2014.06.003

20. Henzler T, Fink C, Schoenberg SO, Schoepf UJ (2012) Dual-energy CT: radiation
dose aspects. AJR Am J Roentgenol 199. https://doi.org/10.2214/AJR.12.9210

21. Krauss B, Grant KL, Schmidt BT, Flohr TG (2015) The importance of spectral
separation an assessment of dual-energy spectral separation for quantitative
ability and dose efficiency. Invest Radiol 50:114–118 https://doi.org/10.1097/
RLI.0000000000000109

22. van Dijk R, Kuijpers D, Kaandorp TAM et al (2017) 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 33:1753–1759 https://doi.org/10.1007/s10554-017-1157-4

23. Kuijpers D, Prakken NH, Vliegenthart R, van Dijkman PR, van der Harst P,
Oudkerk M (2016) Caffeine intake inverts the effect of adenosine on
myocardial perfusion during stress as measured by T1 mapping. Int J
Cardiovasc Imaging 32:1545–1553 https://doi.org/10.1007/s10554-016-0949-2

24. Zoghbi GJ, Dorfman TA, Iskandrian AE (2008) The effects of medications on
myocardial perfusion. J Am Coll Cardiol 52:401–416 https://doi.org/10.1016/j.
jacc.2008.04.035

25. Machecourt J, Longère P, Fagret D et al (1994) Prognostic value of thallium-
201 single-photon emission computed tomographic myocardial perfusion
imaging according to extent of myocardial defect. Study in 1,926 patients
with follow-up at 33 months. J Am Coll Cardiol 23:1096–1106 https://doi.
org/10.1016/0735-1097(94)90597-5

26. De Cecco CN, Harris BS, Schoepf UJ et al (2014) Incremental value of
pharmacological stress cardiac dual-energy CT over coronary CT angiography
alone for the assessment of coronary artery disease in a high-risk population.
AJR Am J Roentgenol 203:70–77 https://doi.org/10.2214/AJR.13.11772

27. Auchampach JA, Bolli R (1999) Adenosine receptor subtypes in the
heart: therapeutic opportunities and challenges. Am J Physiol 276:
H1113–H1116. https://doi.org/10.1152/ajpheart.1999.276.3.H1113

28. Carlsson M, Jogi J, Bloch KM et al (2015) Submaximal adenosine-induced
coronary hyperaemia with 12 h caffeine abstinence: implications for clinical
adenosine perfusion imaging tests. Clin Physiol Funct Imaging 35:49–56
https://doi.org/10.1111/cpf.12125

29. Al Jaroudi W, Iskandrian AE (2009) Regadenoson: A New Myocardial Stress
Agent. J Am Coll Cardiol 54:1123–1130. https://doi.org/10.1016/j.jacc.2009.
04.089

30. Hage FG (2014) Regadenoson for myocardial perfusion imaging: is it safe? J
Nucl Cardiol 21:871–876 https://doi.org/10.1007/s12350-014-9922-4

31. Pelgrim GJ, Nieuwenhuis ER, Duguay TM et al (2017) Optimal timing of
image acquisition for arterial first pass CT myocardial perfusion imaging. Eur
J Radiol 86:227–233 https://doi.org/10.1016/j.ejrad.2016.11.024

32. van Assen M, Pelgrim GJ, Slager E et al (2019) Low CT temporal sampling
rates result in a substantial underestimation of myocardial blood flow
measurements. Int J Cardiovasc Imaging. https://doi.org/10.1007/s10554-
018-1451-9

33. Ishida M, Kitagawa K, Ichihara T, et al (2016) 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 10:207–214. https://doi.org/10.1016/j.jcct.2016.01.008

34. Motwani M, Kidambi A, Fairbairn T et al (2013) Quantitative whole-heart
three-dimensional magnetic resonance myocardial perfusion imaging in
systole and diastole at 3.0 T. J Cardiovasc Magn Reson 15:363–364 https://
doi.org/10.1186/1532-429X-15-S1-P206

35. Motwani M, Fairbairn T, Larghat AM, et al (2012) Systolic versus diastolic
myocardial blood flow in patients with suspected coronary artery disease -
a cardiovascular magnetic resonance study. J Cardiovasc Magn Reson 14:
P17. https://doi.org/10.1186/1532-429X-14-S1-P17.

36. Pontone G, Andreini D, Guaricci AI et al (2018) Incremental diagnostic value
of stress computed tomography myocardial perfusion with whole-heart
coverage CT scanner in intermediate- to high-risk symptomatic patients
suspected of coronary artery disease. JACC Cardiovasc Imaging:12. https://
doi.org/10.1016/j.jcmg.2017.10.025

37. Rogers IS, Cury RC, Blankstein R et al (2010) Comparison of postprocessing
techniques for the detection of perfusion defects by cardiac computed
tomography in patients presenting with acute ST-segment elevation
myocardial infarction. J Cardiovasc Comput Tomogr 4:258–266 https://doi.
org/10.1016/j.jcct.2010.04.003

38. Beeres M, Trommer J, Frellesen C et al (2016) Evaluation of different keV-
settings in dual-energy CT angiography of the aorta using advanced image-
based virtual monoenergetic imaging. Int J Cardiovasc Imaging 32:137–144
https://doi.org/10.1007/s10554-015-0728-5

39. Albrecht MH, Scholtz JE, Hüsers K et al (2016) Advanced image-based virtual
monoenergetic dual-energy CT angiography of the abdomen: optimization
of kiloelectron volt settings to improve image contrast. Eur Radiol 26:1863–
1870 https://doi.org/10.1007/s00330-015-3970-2

40. Secchi F, De Cecco CN, Spearman JV et al (2015) Monoenergetic
extrapolation of cardiac dual energy CT for artifact reduction. Acta Radiol
56:413–418 https://doi.org/10.1177/0284185114527867

41. Bamberg F, Dierks A, Nikolaou K et al (2011) Metal artifact reduction by dual
energy computed tomography using monoenergetic extrapolation. Eur
Radiol 21:1424–1429 https://doi.org/10.1007/s00330-011-2062-1

42. Coenen A, Lubbers MM, Kurata A et al (2017) Diagnostic value of
transmural perfusion ratio derived from dynamic CT-based myocardial
perfusion imaging for the detection of haemodynamically relevant
coronary artery stenosis. Eur Radiol 27:2309–2316 https://doi.org/10.
1007/s00330-016-4567-0

43. Kühl JT, Linde JJ, Køber L, Kelbæk H, Kofoed KF (2015) The transmural
extent and severity of myocardial hypoperfusion predicts long-term
outcome in NSTEMI: an MDCT study. JACC Cardiovasc Imaging 8:684–694
https://doi.org/10.1016/j.jcmg.2015.01.022

44. George RT, Arbab-Zadeh A, Miller JM et al (2009) Adenosine stress 64- and 256-
row detector computed tomography angiography and perfusion imaging. Circ
Cardiovasc Imaging 2:174–182 https://doi.org/10.1161/circimaging.108.813766

45. Pelgrim GJ, van Hamersvelt RW, Willemink MJ et al (2017) Accuracy of
iodine quantification using dual energy CT in latest generation dual source
and dual layer CT. Eur Radiol 27:3904–3912 https://doi.org/10.1007/s00330-
017-4752-9

46. Chandarana H, Megibow AJ, Cohen BA et al (2011) Iodine quantification with
dual-energy CT: phantom study and preliminary experience with renal masses.
AJR Am J Roentgenol 196:693–700 https://doi.org/10.2214/AJR.10.5541

47. Jacobsen MC, Schellingerhout D, Wood CA et al (2018) CT iodine
quantification and monochromatic attenuation: a phantom study. Radiology
000:1–11 https://doi.org/10.1148/radiol.2017170896

48. Delgado Sanchez-Gracian C, Oca Pernas R, Trinidad Lopez C et al (2015)
Quantitative myocardial perfusion with stress dual-energy CT: iodine
concentration differences between normal and ischemic or necrotic
myocardium. Initial experience. Eur Radiol 26:1–9 https://doi.org/10.1007/
s00330-015-4128-y

49. van Assen M, Lavra F, Schoepf UJ et al (2019) Iodine quantification based on
rest / stress perfusion dual energy CT to differentiate ischemic, infarcted and
normal myocardium. Eur J Radiol. https://doi.org/10.1016/j.ejrad.2019.01.017

50. Lee TY (2002) Functional CT: physiological models. Trends Biotechnol 20:3–10
https://doi.org/10.1016/S0167-7799(02)02035-8

51. Koh TS (2010) Tracer kinetics modeling basics: model formulation. In: Proc
Intl Soc Mag Reson Med 18 pp 1–3

52. George RT, Jerosch-Herold M, Silva C et al (2007) Quantification of
myocardial perfusion using dynamic 64-detector computed tomography.
Invest Radiol 42:815–822 https://doi.org/10.1097/RLI.0b013e318124a884

53. van Assen M, Pelgrim GJ, De Cecco CN et al (2019) Intermodel
disagreement of myocardial blood flow estimation from dynamic CT
perfusion imaging. Eur J Radiol. https://doi.org/10.1016/j.ejrad.2018.11.029

54. Einstein AJ (2012) Effects of radiation exposure from cardiac imaging : how
good. J Am Colllege Cardiol 59:553–565 https://doi.org/10.1016/j.jacc.2011.
08.079.Effects

55. Wichmann JL, Meinel FG, Schoepf UJ et al (2015) Absolute versus relative
myocardial blood flow by dynamic CT myocardial perfusion imaging in
patients with anatomic coronary artery disease. AJR Am J Roentgenol 205:
W67–W72 https://doi.org/10.2214/AJR.14.14087

56. Coenen A, Rossi A, Lubbers MM et al (2016) Integrating CT myocardial
perfusion and CT-FFR in the work-up of coronary artery disease. JACC
Cardiovasc Imaging. https://doi.org/10.1016/j.jcmg.2016.09.028

57. Kono AK, Coenen A, Lubbers M et al (2014) Relative myocardial blood flow by
dynamic computed tomographic perfusion imaging predicts hemodynamic
significance of coronary stenosis better than absolute blood flow. Invest Radiol
49:801–807 https://doi.org/10.1097/RLI.0000000000000087

58. Bamberg F, Marcus RP, Becker A et al (2014) Dynamic myocardial CT perfusion
imaging for evaluation of myocardial ischemia as determined by MR imaging.
JACC Cardiovasc Imaging 7:267–277 https://doi.org/10.1016/j.jcmg.2013.06.008

Assen et al. European Radiology Experimental            (2020) 4:36 Page 12 of 13

https://doi.org/10.1016/j.jcct.2014.06.003
https://doi.org/10.2214/AJR.12.9210
https://doi.org/10.1097/RLI.0000000000000109
https://doi.org/10.1097/RLI.0000000000000109
https://doi.org/10.1007/s10554-017-1157-4
https://doi.org/10.1007/s10554-016-0949-2
https://doi.org/10.1016/j.jacc.2008.04.035
https://doi.org/10.1016/j.jacc.2008.04.035
https://doi.org/10.1016/0735-1097(94)90597-5
https://doi.org/10.1016/0735-1097(94)90597-5
https://doi.org/10.2214/AJR.13.11772
https://doi.org/10.1152/ajpheart.1999.276.3.H1113
https://doi.org/10.1111/cpf.12125
https://doi.org/10.1016/j.jacc.2009.04.089
https://doi.org/10.1016/j.jacc.2009.04.089
https://doi.org/10.1007/s12350-014-9922-4
https://doi.org/10.1016/j.ejrad.2016.11.024
https://doi.org/10.1007/s10554-018-1451-9
https://doi.org/10.1007/s10554-018-1451-9
https://doi.org/10.1016/j.jcct.2016.01.008
https://doi.org/10.1186/1532-429X-15-S1-P206
https://doi.org/10.1186/1532-429X-15-S1-P206
https://doi.org/10.1186/1532-429X-14-S1-P17
https://doi.org/10.1016/j.jcmg.2017.10.025
https://doi.org/10.1016/j.jcmg.2017.10.025
https://doi.org/10.1016/j.jcct.2010.04.003
https://doi.org/10.1016/j.jcct.2010.04.003
https://doi.org/10.1007/s10554-015-0728-5
https://doi.org/10.1007/s00330-015-3970-2
https://doi.org/10.1177/0284185114527867
https://doi.org/10.1007/s00330-011-2062-1
https://doi.org/10.1007/s00330-016-4567-0
https://doi.org/10.1007/s00330-016-4567-0
https://doi.org/10.1016/j.jcmg.2015.01.022
https://doi.org/10.1161/circimaging.108.813766
https://doi.org/10.1007/s00330-017-4752-9
https://doi.org/10.1007/s00330-017-4752-9
https://doi.org/10.2214/AJR.10.5541
https://doi.org/10.1148/radiol.2017170896
https://doi.org/10.1007/s00330-015-4128-y
https://doi.org/10.1007/s00330-015-4128-y
https://doi.org/10.1016/j.ejrad.2019.01.017
https://doi.org/10.1016/S0167-7799(02)02035-8
https://doi.org/10.1097/RLI.0b013e318124a884
https://doi.org/10.1016/j.ejrad.2018.11.029
https://doi.org/10.1016/j.jacc.2011.08.079.Effects
https://doi.org/10.1016/j.jacc.2011.08.079.Effects
https://doi.org/10.2214/AJR.14.14087
https://doi.org/10.1016/j.jcmg.2016.09.028
https://doi.org/10.1097/RLI.0000000000000087
https://doi.org/10.1016/j.jcmg.2013.06.008


59. So A, Wisenberg G, Islam A et al (2012) Non-invasive assessment of functionally
relevant coronary artery stenoses with quantitative CT perfusion: preliminary clinical
experiences. Eur Radiol 22:39–50 https://doi.org/10.1007/s00330-011-2260-x

60. Bamberg F, Becker A, Schwarz F et al (2011) Detection of hemodynamically
significant coronary artery stenosis: incremental diagnostic value of dynamic
CT-based. Radiology 260:689–698 https://doi.org/10.1148/radiol.11110638/-/DC1

61. Ebersberger U, Marcus RP, Schoepf UJ et al (2014) Dynamic CT myocardial
perfusion imaging: performance of 3D semi-automated evaluation software.
Eur Radiol 24:191–199 https://doi.org/10.1007/s00330-013-2997-5

62. Wichmann JL, Meinel FG, Schoepf UJ et al (2016) Semiautomated global
quantification of left ventricular myocardial perfusion at stress dynamic CT:
diagnostic accuracy for detection of territorial myocardial perfusion deficits
compared to visual assessment. Acad Radiol 23:429–437 https://doi.org/10.
1016/j.acra.2015.12.005

63. George RT, Arbab-Zadeh A, Cerci RJ et al (2011) Diagnostic performance of
combined noninvasive coronary angiography and myocardial perfusion
imaging using 320-MDCT: the CT angiography and perfusion methods of
the CORE320 multicenter multinational diagnostic study. AJR Am J
Roentgenol 197:829–837 https://doi.org/10.2214/AJR.10.5689

64. Rochitte CE, George RT, Chen MY et al (2014) Computed tomography
angiography and perfusion to assess coronary artery stenosis causing perfusion
defects by single photon emission computed tomography: The CORE320 study.
Eur Heart J 35:1120–1130 https://doi.org/10.1093/eurheartj/eht488

65. George RT, Mehra VC, Chen MY et al (2014) Myocardial CT perfusion
imaging and SPECT for the diagnosis of coronary artery disease: a head-to-
head comparison from the CORE320 multicenter diagnostic performance
study. Radiology 272:407–416 https://doi.org/10.1148/radiol.14140806

66. Magalhaes TA, Kishi S, George RT et al (2015) Combined coronary angiography
and myocardial perfusion by computed tomography in the identification of
flow-limiting stenosis - the CORE320 study: an integrated analysis of CT
coronary angiography and myocardial perfusion. J Cardiovasc Comput
Tomogr 9:438–445 https://doi.org/10.1016/j.jcct.2015.03.004

67. Cury RC, Kitt TM, Feaheny K et al (2015) A randomized, multicenter,
multivendor study of myocardial perfusion imaging with regadenoson CT
perfusion vs single photon emission CT. J Cardiovasc Comput Tomogr 9:
103–112.e2 https://doi.org/10.1016/j.jcct.2015.01.002

68. Tashakkor AY, Nicolaou S, Leipsic J, Mancini GBJ (2012) The emerging role
of cardiac computed tomography for the assessment of coronary perfusion:
a systematic review and meta-analysis. Can J Cardiol 28:413–422 https://doi.
org/10.1016/j.cjca.2012.02.010

69. Meinel FG, De Cecco CN, Schoepf UJ et al (2013) First-arterial-pass dual-
energy CT for assessment of myocardial blood supply: do we need rest,
stress, and delayed acquisition? Comparison with SPECT. Radiology 270:
131183 https://doi.org/10.1148/radiol.13131183

70. Ko SM, Park JH, Hwang HK, Song MG (2014) Direct comparison of stress-
and rest-dual-energy computed tomography for detection of myocardial
perfusion defect. Int J Cardiovasc Imaging 30:41–53 https://doi.org/10.1007/
s10554-014-0410-3

71. Ko SM, Choi JW, Song MG et al (2011) Myocardial perfusion imaging using
adenosine-induced stress dual-energy computed tomography of the heart:
comparison with cardiac magnetic resonance imaging and conventional
coronary angiography. Eur Radiol 21:26–35 https://doi.org/10.1007/s00330-
010-1897-1

72. Jin KN, De Cecco CN, Caruso D et al (2016) Myocardial perfusion imaging
with dual energy CT. Eur J Radiol 85:1914–1921 https://doi.org/10.1016/j.
ejrad.2016.06.023

73. Ko SM, Choi JW, Hwang HK, Song MG, Shin JK, Chee HK (2012) Diagnostic
performance of combined noninvasive anatomic and functional assessment
with dual-source CT and adenosine- induced stress dual-energy CT for
detection of significant coronary stenosis. AJR Am J Roentgenol 198:512–520
https://doi.org/10.2214/AJR.11.7029

74. van Assen M., Pelgrim GJ, Vliegenthart R (2019) Dynamic myocardial CT
perfusion imaging. In: Schoepf U. (eds) CT of the Heart. Humana Press

75. van Assen M, De Cecco CN, Eid M et al (2019) Prognostic value of CT
myocardial perfusion imaging and CT-derived fractional flow reserve for
major adverse cardiac events in patients with coronary artery disease. J
Cardiovasc Comput Tomogr. https://doi.org/10.1016/j.jcct.2019.02.005

76. Mahnken AH, Bruners P, Mühlenbruch G et al (2007) Low tube voltage
improves computed tomography imaging of delayed myocardial contrast
enhancement in an experimental acute myocardial infarction model. Invest
Radiol 42:123–129 https://doi.org/10.1097/01.rli.0000251577.68223.84

77. Brodoefel H, Klumpp B, Reimann A et al (2007) Late myocardial enhancement
assessed by 64-MSCT in reperfused porcine myocardial infarction: diagnostic
accuracy of low-dose CT protocols in comparison with magnetic resonance
imaging. Eur Radiol 17:475–483 https://doi.org/10.1007/s00330-006-0334-y

78. Schoepf UJ (2019) CT of the Heart, Humana Press
79. Jacquier A, Boussel L, Amabile N et al (2008) Multidetector computed

tomography in reperfused acute myocardial infarction: assessment of infarct
size and no-reflow in comparison with cardiac magnetic resonance imaging.
Invest Radiol 43:773–781 https://doi.org/10.1097/RLI.0b013e318181c8dd

80. Lenga L, Albrecht MH, Othman AE et al (2017) Monoenergetic dual-energy
computed tomographic imaging: cardiothoracic applications. J Thorac
Imaging 32:151–158

81. Albrecht MH, De Cecco CN, Schoepf UJ et al (2018) Dual-energy CT of the
heart current and future status. Eur J Radiol 105:110–118 https://doi.org/10.
1016/j.ejrad.2018.05.028

82. Lessick J, Dragu R, Mutlak D et al (2007) Is functional improvement after
myocardial infarction predicted with myocardial enhancement patterns at
multidetector CT? Radiology 244:736–744 https://doi.org/10.1148/radiol.
2443061397

83. Sato A, Nozato T, Hikita H et al (2012) Prognostic value of myocardial
contrast delayed enhancement with 64-slice multidetector computed
tomography after acute myocardial infarction. J Am Coll Cardiol 59:730–738
https://doi.org/10.1016/j.jacc.2011.10.890

84. Tamita K, Iwamura T, Maeda M et al (2017) Enhancement patterns detected
by multidetector computed tomography are associated with the long-term
prognosis in patients with acute myocardial infarction. Eur Heart J 38:6–7

85. Shapiro MD, Sarwar A, Nieman K, Nasir K, Brady TJ, Cury RC (2010) Cardiac
computed tomography for prediction of myocardial viability after
reperfused acute myocardial infarction. J Cardiovasc Comput Tomogr 4:
267–273 https://doi.org/10.1016/j.jcct.2010.04.004

86. Wada H, Kobayashi Y, Yasu T et al (2004) Multi-detector computed
tomography for imaging of subendocardial infarction - prediction of wall
motion recovery after reperfused anterior myocardial infarction. Circ J 68:
512–514 https://doi.org/10.1253/circj.68.512

87. Rodriguez-Granillo GA (2017) Delayed enhancement cardiac computed
tomography for the assessment of myocardial infarction: from bench to bedside.
Cardiovasc Diagn Ther 7:159–170 https://doi.org/10.21037/cdt.2017.03.16

88. Willemink MJ, Persson M, Pourmorteza A, Pelc NJ, Fleischmann D (2018)
Photon-counting CT: technical principles and clinical prospects. Radiology
289:293–312

89. Mannil M, von Spiczak J, Muehlematter UJ et al (2019) Texture analysis of
myocardial infarction in CT: comparison with visual analysis and impact of
iterative reconstruction. Eur J Radiol 113:245–250 https://doi.org/10.1016/j.
ejrad.2019.02.037

90. Hinzpeter R, Wagner MW, Wurnig MC, Seifert B, Manka R, Alkadhi H (2017)
Texture analysis of acute myocardial infarction with CT: first experience
study. PLoS One 12:1–16 https://doi.org/10.1371/journal.pone.0186876

91. Kolossváry M, Kellermayer M, Merkely B, Maurovich-Horvat P (2017) J Thorac
Imaging 33:26–34 https://doi.org/10.1097/RTI.0000000000000268

92. Lambin P, Leijenaar RTH, Deist TM et al (2017) Radiomics: the bridge between
medical imaging and personalized medicine. Nat Rev Clin Oncol 14:749–762
https://doi.org/10.1038/nrclinonc.2017.141

93. Gillies RJ, Kinahan PE, Hricak H (2016) Radiomics: images are more than
pictures, they are data. Radiology. https://doi.org/10.1148/radiol.2015151169

94. Singh G, Al’Aref SJ, Van Assen M et al (2018) Machine learning in cardiac CT:
Basic concepts and contemporary data. J Cardiovasc Comput Tomogr 12:
192–201. https://doi.org/10.1016/j.jcct.2018.04.010

95. Nakajima K, Kudo T, Nakata T et al (2017) Diagnostic accuracy of an artificial
neural network compared with statistical quantitation of myocardial
perfusion images: a Japanese multicenter study. Eur J Nucl Med Mol
Imaging 44:2280–2289 https://doi.org/10.1007/s00259-017-3834-x

96. Juarez-Orozco LE, Martinez-Manzanera O, Storti AE, Knuuti J (2019) Machine
learning in the evaluation of myocardial ischemia through nuclear cardiology.
Curr Cardiovasc Imaging Rep 12. https://doi.org/10.1007/s12410-019-9480-x

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Assen et al. European Radiology Experimental            (2020) 4:36 Page 13 of 13

https://doi.org/10.1007/s00330-011-2260-x
https://doi.org/10.1148/radiol.11110638/-/DC1
https://doi.org/10.1007/s00330-013-2997-5
https://doi.org/10.1016/j.acra.2015.12.005
https://doi.org/10.1016/j.acra.2015.12.005
https://doi.org/10.2214/AJR.10.5689
https://doi.org/10.1093/eurheartj/eht488
https://doi.org/10.1148/radiol.14140806
https://doi.org/10.1016/j.jcct.2015.03.004
https://doi.org/10.1016/j.jcct.2015.01.002
https://doi.org/10.1016/j.cjca.2012.02.010
https://doi.org/10.1016/j.cjca.2012.02.010
https://doi.org/10.1148/radiol.13131183
https://doi.org/10.1007/s10554-014-0410-3
https://doi.org/10.1007/s10554-014-0410-3
https://doi.org/10.1007/s00330-010-1897-1
https://doi.org/10.1007/s00330-010-1897-1
https://doi.org/10.1016/j.ejrad.2016.06.023
https://doi.org/10.1016/j.ejrad.2016.06.023
https://doi.org/10.2214/AJR.11.7029
https://doi.org/10.1016/j.jcct.2019.02.005
https://doi.org/10.1097/01.rli.0000251577.68223.84
https://doi.org/10.1007/s00330-006-0334-y
https://doi.org/10.1097/RLI.0b013e318181c8dd
https://doi.org/10.1016/j.ejrad.2018.05.028
https://doi.org/10.1016/j.ejrad.2018.05.028
https://doi.org/10.1148/radiol.2443061397
https://doi.org/10.1148/radiol.2443061397
https://doi.org/10.1016/j.jacc.2011.10.890
https://doi.org/10.1016/j.jcct.2010.04.004
https://doi.org/10.1253/circj.68.512
https://doi.org/10.21037/cdt.2017.03.16
https://doi.org/10.1016/j.ejrad.2019.02.037
https://doi.org/10.1016/j.ejrad.2019.02.037
https://doi.org/10.1371/journal.pone.0186876
https://doi.org/10.1097/RTI.0000000000000268
https://doi.org/10.1038/nrclinonc.2017.141
https://doi.org/10.1148/radiol.2015151169
https://doi.org/10.1016/j.jcct.2018.04.010
https://doi.org/10.1007/s00259-017-3834-x
https://doi.org/10.1007/s12410-019-9480-x

	Abstract
	Key points
	Introduction
	Myocardial perfusion imaging
	Technical information and requirements
	Radiation dose
	Image protocol
	Exam preparations
	CCTA, rest, and stress phase acquisitions
	Stressor agents
	Acquisition timing

	Image analysis
	Qualitative analysis
	Semi-quantitative analysis
	Quantitative analysis

	Diagnostic accuracy

	Myocardial viability imaging
	Technical information and requirements
	Radiation dose
	Image protocol
	Contrast agent administration
	Acquisition timing

	Image analysis
	Qualitative analysis
	Semi-quantitative analysis
	Diagnostic accuracy


	Comparison techniques
	Future perspectives
	Abbreviations
	Authors’ contributions
	Funding information
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

