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The past two decades have witnessed rapid and remarkable technical improvement of multidetector computed tomography
(CT) in both image quality and diagnostic accuracy. These improvements include higher temporal resolution, high-definition
and wider detectors, the introduction of dual-source and dual-energy scanners, and advanced postprocessing. Current new
generation multidetector row (≥64 slices) CT systems allow an accurate and reliable assessment of both coronary epicardial
stenosis and myocardial CT perfusion (CTP) imaging at rest and during pharmacologic stress in the same examination. This
novel application makes CT the unique noninvasive “one-stop-shop” method for a comprehensive assessment of both anatomical
coronary atherosclerosis and its physiological consequences. Myocardial CTP imaging can be performed with different approaches
such as static arterial first-pass imaging, and dynamic CTP imaging, with their own advantages anddisadvantages. Static CTP can be
performed using single-energy or dual-energy CT, employing qualitative or semiquantitative analysis. In addition, dynamic CTP
can obtain quantitative data of myocardial blood flow and coronary flow reserve. The purpose of this review was to summarize
all available evidence about the emerging role of myocardial CTP to identify ischemia-associated lesions, focusing on technical
considerations, clinical applications, strengths, limitations, and the more promising future fields of interest in the broad spectra of
ischemic heart disease.

1. Introduction

Since the clinical introduction of multidetector computed
tomography (CT) in the late 1990s [1, 2], coronary computed
tomography angiography (CTA) has become the mainly used
noninvasive imaging modality in the suspicion of coronary
artery disease (CAD).

In consideration of its high sensitivity and negative pre-
dictive value (≥95%) for the detection of significant coronary
stenosis [3], coronary CTA is currently recommended as the
first diagnostic test in symptomatic, low-to-intermediate risk
population [4–6].

The EVINCI (EValuation of INtegrated Cardiac Imaging
for the Detection and Characterization of Ischaemic Heart

Disease) study, a prospectivemulticenter European compara-
tive effectiveness trial, has demonstrated that comprehensive
assessment of anatomic CAD by CTA had a sensitivity of 91%
and specificity of 92%, which were higher than functional
test including myocardial perfusion imaging by either single
photon emission computed tomography (SPECT) or positron
emission tomography (PET) and ventricular wall motion
imaging by either stress echocardiography or magnetic res-
onance imaging (MRI) [7]. However, this study has several
limitations that may explain the lower accuracy of functional
imaging, such as the lack of additional information (myocar-
dial perfusion analysis and late-gadolinium enhancement for
MRI and quantitative myocardial perfusion for PET), and the
submaximal stress for echocardiography in 41% of cases [7].
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The effects on clinical decision-making due to incorpo-
ration of CTA in the chest pain care pathway, jointly with its
safety, are demonstrated in the SCOT-HEART [8] and in the
PROMISE [9] prospective multicenter trials.

Coronary CTA has also a prognostic value providing
information on the total plaque burden, with a better
outcome when there is no evidence of CAD and a worse
prognosis in case of detection of coronary atherosclerosis,
depending on its severity and extension [10–15].

Moreover, it has the ability to detect nonobstructive non-
flow-limiting CAD, helping to identify patients at risk of
future cardiac events with more precision than functional
testing [16].

The actual limit of coronary CTA is the impossibility to
assess the functional significance of coronary stenosis related
to its moderate positive predictive value (about 50%) in
detecting inducible myocardial ischemia [17–19].

Physiological evaluation needs to be improved, because
it influences the outcome of CAD more than its anatomical
detection. In fact, studies using fractional flow reserve (FFR)
have demonstrated that ischemia-guided coronary revas-
cularization, especially percutaneous coronary intervention
(PCI), is superior to angiography-guided strategy [20–23].

In absence of myocardial ischemia, revascularization is
associated with no symptomatic or prognostic benefit for
patients, while it is effective in patients with moderate to
severe ischemia (total myocardial ischemia >10%) [20].

The evidence of coronary stenosis, especially for lumi-
nal narrowing of 30-70%, is not predictive of inducible
ischemia. Further functional test, such as SPECT, stress
echocardiography, or stress perfusion MRI are needed to
guide revascularization indication [19].

Furthermore, a subanalysis of the EVINCI study has
shown that, in patients at intermediate risk of CAD, hybrid
imaging with CTA and SPECT allows noninvasive colo-
calization of myocardial perfusion defects and subtending
coronary arteries, impacting clinical decision-making in
almost one in every five subjects [24].

In the last decades, we observed a rapid technological
improvement, which led to a notable reduction of the scan
time, motion artifacts, use of contrast agent, and radiation
dose exposure, while yielding, at the same time, higher
spatial and temporal resolution [25–27] which widened the
application of CT from anatomical detection of CAD to
physiological assessment of myocardial ischemia leading to
the first human report of stress myocardial CT perfusion
(CTP) by Kurata et al. in 2005 [28]. Currently, feasibility of
CTP imaging with modern multidetector row (≥64 slices)
CT systems at rest and during pharmacologic stress [29–35]
has been demonstrated by several clinical studies and recent
multicenter trials.

The purpose of this review was to summarize all available
evidence about the emerging role of myocardial CTP in the
assessment of the hemodynamic impact of coronary lesions,
focusing on technical considerations, clinical applications,
strengths, limitations, and the more promising future field of
interest in the broad spectra of ischemic heart disease.

2. The Physiologic Basis of Stress
Myocardial Perfusion

In the classic ischemic cascade, perfusion abnormalities are
the first to occur, before metabolic alterations, wall motion
abnormalities, ECG changes, and symptoms.

Stress tests evaluating myocardial perfusion have a higher
sensitivity in detecting flow-limiting stenosis compared with
other imaging modalities based on the induction of stress-
induced wall motion abnormalities or ECG changes [19].

Gould in 1974 was the first to investigate the relationship
between luminal artery narrowing and the maximal hyper-
emic response [36].

Thanks to coronary autoregulation, involving myogenic
and metabolic mechanism, myocardial perfusion at rest is
normal until the luminal diameter narrowing of a coronary
artery exceeds 85-90%.

However, in presence of coronary stenosis greater than
45% maximal coronary hyperemia induced by coronary
arteriolar vasodilator leads to a progressive decrease in the
hyperemic response [36].

In this situation, exercise or pharmacological vasodilation
of subepicardial resistance vessels results in a reduction in
distal coronary pressure that redistributes flow away from
the subendocardium, leading to a “transmural steal” phe-
nomenon [19].

Pharmacological stress agents are used to induce the
hyperemic response in patients who cannot afford exercise
test, that is, the preferred method to induce myocardial
hyperemia.

For stress CTP, the most used substances are adenosine
and dipyridamole that lead to arteriolar vasodilation by
both direct and endothelium-mediated mechanisms through
stimulation of A2A receptors in the microvasculature. In the
absence of microcirculatory dysfunction, the vasodilatory
response is associated with a 3.5- to 4-fold increase in
myocardial blood flow [34].

Two intravenous (IV) lines are essential in CTP imaging
for injection of the contrast media and of the vasodilator
agent, respectively.

Adenosine is a powerful, endogenous molecule with a
nonselective activation of four distinct subtypes (A1, A2A,
A2B, and A3) receptors. Its infusion rate is 140 mcg/kg/min
for 3 to 5 minutes with an infusion pump. Side effects could
be AV block, peripheral vasodilation, and bronchospasm,
but the most common are flushing, chest pain, dyspnea,
dizziness, or nausea. Compared to dipyridamole, adenosine
has a more rapid onset of action and a shorter half-life of 30
s; therefore most side effects resolve in a few seconds after
discontinuation of the adenosine infusion.

Dipyridamole increase intracellular and interstitial con-
centration of adenosine, indirectly leading to coronary arte-
riolar vasodilatation, and it does not require an IV pump
for infusion as it can be applied manually at a slow rate
in a dose of 0.56mg/kg to 0.84mg/kg over a 4- to 6-
minute period. Due to its longer half-life of approximately 30
minutes, dipyridamole-stress patients may require adminis-
tration of aminophylline (slow intravenous injection of 50mg
to 250mg) for reversal of persistent symptoms [19, 34, 37].
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Recently, a new agent named regadenoson, an A2A
selective agonist administered via a prefilled syringe in a
single dose (400mg) over 10 seconds, has been introduced
as a pharmacologic stress vasodilator. It has a safer side effect
profile in comparison to adenosine and dipyridamole, espe-
cially for patients with asthma or severe chronic obstructive
pulmonary disease but it is limited by its cost and it is not
widely available.

Regadenoson has been shown to be accurate for the
detection of obstructive CAD in nuclear perfusion imaging,
stress echocardiography, and, more recently, stress CTP
studies [29, 38], even if a recent study by Johnson and
Gould using quantitative Rb-82 PET imaging [38] showed a
lower vasodilatory effect of regadenoson stress compared to
dipyridamole stress, with an efficacy around 80%.

Of note, the myocardial perfusion can be evaluated
by dobutamine as well [31]. The synthetic catecholamine
dobutamine is primarily a 𝛽1-adrenergic receptors agonist,
with mild effect on 𝛼1- and 𝛽2-receptors [39]. At low doses
(≤ 10𝜇g/kg/min), dobutamine improves myocardial contrac-
tility and induces coronary vasodilation; at higher doses (20-
40 𝜇g/kg/min), it causes systematic vasodilation and serves as
a positive chronotrope [39]. At these high doses, dobutamine
mainly acts through increased of heart rate and myocardial
oxygen consumption rather than “steal phenomenon” [31]. In
the clinical practice, dobutamine stress is widely accepted as
a noninvasive tool for stress echocardiography or stress MRI
to detect myocardial ischemia by identifying regional wall
motion abnormalities (RWMA), with similar accuracy and
sensitivity of dipyridamole-stress imaging [39, 40]. Contrast-
enhanced echocardiography and perfusion MRI may further
improve diagnostic accuracy of dobutamine stress in detect-
ing myocardial ischemia [39, 40].

Dobutamine is not the preferred pharmacological stres-
sor in CTP imaging. However, as described by a recent case
report, it may have a value to risk stratify patients with an
anomalous coronary artery, since vasodilator stress imaging
might not be sufficiently sensitive to identify dynamic coro-
nary compression [41].

3. Protocol of CTP Imaging

The protocol of CTP imaging includes evaluation of myocar-
dial perfusion during both rest (baseline) and stress (hyper-
emia) conditions and it is similar to other noninvasive
imaging techniques such as stress cardiac MRI and nuclear
imaging [19].

CTP analysis is performed after administration of iodi-
nated contrast through an antecubital IV access by imaging
the left ventricular (LV) myocardium during the first pass
of the contrast bolus. Iodinated contrast attenuates X-rays
directly proportionally to iodine content in tissue; thus
myocardial perfusion defects can be directly visualized as
hypoattenuated or nonenhancing regions.

Imaging during the early portion of first-pass circulation
is critical, since after about 1min a rapid wash-out of contrast
agent due to diffusion to the extravascular space is expected
[34].

Contrast injection needs, at high flow rate, at least 5mL/s
for optimizing the strength of enhancement in the first-pass
arterial phase [34].

There are two protocols mostly used, named according
to sequence of scan acquisitions: rest/stress or stress/rest. An
interval of 10-15minutes between the two sequences provides
optimal contrast wash-out [19, 34].

The rest/stress protocol uses the ability of coronary CTA
to rule out obstructive CAD. CTP is performed only in the
presence of anatomically defined CAD of intermediate or
obstructive degree, avoiding further radiation and iodinated
contrast exposure in absence of coronary artery stenosis.This
protocol is limited by the cross-contamination of contrast in
the stress phase and beta-blocker administrated before the
rest acquisition, leading to underestimation of myocardial
ischemia.

The stress/rest protocol avoiding the risk of residual con-
trast media derived from the rest phase that may confound
perfusion defects is optimized for the detection ofmyocardial
ischemia.

The contrast media contamination of the rest phase may
decrease sensitivity for infarction [19, 34].

Definitely, the best approach should be tailored on the
patient’s risk profile, reserving the rest/stress CTP for patients
with low-to-intermediate pretest probability of CAD and
stress/rest CTP for patients with high pretest probability of
ischemia-associated lesions [34].

Myocardial CTP imaging can be performed with dif-
ferent approaches such as static arterial first-pass imaging
and dynamic time-resolved CTP imaging, with their own
advantages and disadvantages.

3.1. Static CTP Imaging: Monoenergetic CT Acquisition. The
static CTP imaging is based on acquisition of one single phase
during the first-pass of the contrast agent. Certain techni-
cal challenges involving scan timing relative to maximum
contrast enhancement and optimal contrast material delivery
must be met [19].

Generally, rest myocardial CTP imaging is derived from
the coronary CTA examination.

ECG-gating of coronaryCTAorCTP can be retrospective
(with prospective tube current modulation) [42, 43] but also
prospective, which is a new feature of latest multislice CT
scanners (64 or more slices), allowing a significant reduction
in radiation dose (less than 5 mSv), without causing any
significant decrease in image quality [44, 45].

Prospectively ECG-triggered high-pitch spiral acquisi-
tion implemented with the second-generation 128-slice dual-
source CT (DSCT) scanner allows the acquisition of the
volumetric data of the heart in a single cardiac cycle with
radiation exposure as low as 1 mSv [27, 46].

Visual qualitative assessment is the analyzing method
of static CTP. Thick multiplanar reconstructions of approxi-
mately 5mm to 8mm are usually recommended for myocar-
dial perfusion analysis to improve the contrast-to-noise ratio.

Myocardial contrast enhancement increases proportion-
ally with iodine concentration, so perfusion defects appear
as hypodense region with subendocardial or transmural
distribution with respect to the normal myocardium.
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An integrated review of stress and rest images is impor-
tant to characterize not only ischemic from nonischemic
myocardium, but also viable versus nonviable myocardium
by differentiating between fixed and inducible perfusion
abnormalities [19].

Hypoperfusion in stress with normal perfusion in rest
underlines ischemia, whereas hypoperfusion in stress that
persists with same extension in rest is indicative of necrosis
[47]. Furthermore, hypoperfusion in stress that persists
in rest with less extension than in stress is specific for
peri-infarct ischemia [47]. A relative hyperenhancement to
differing degrees of an infarct may be visualized on the
second sequence of the acquisition protocol due to contrast
distribution into the extravascular, extracellular interstitial
space [19, 47].

The final step to the analysis of a CTA/CTP study is the
match of perfusion defects with the anatomic localization of
coronary epicardial stenosis, Figure 1. This is crucial for the
interpretation of the hemodynamic significance of CAD [19,
34].

Automated software application provides analysis of
semiquantitative metrics such as the transmural perfusion
ratio (TPR), determined as the ratio of subendocardial to
mean subepicardial contrast attenuation, which has been
already initially validated for MRI perfusion. However, the
accuracy of TPR may be significantly affected by motion and
beam-hardening artifacts or by a thinning myocardial wall in
the context of prior infarction [47].

In conclusion, the patient specific ischemic burden may
be determined in terms of volume of CT perfusion defect
or percentage of ischemic myocardium relative to global
myocardial volume [48].

3.2. Static CTP Imaging: Dual-Energy CT Acquisition. Dual-
energy CT (DECT) myocardial perfusion imaging technol-
ogy provides additional information about myocardial tis-
sue composition compared with conventional single-energy
computed tomography (SECT). Moreover, DECT improves
limitations that are commonly present in SECT such as
beam-hardening artifacts and blooming artifacts by using
monochromatic image reconstruction [49].

Based on the specific attenuation spectral characteristics
of the different tissues when exposed to two different photon
energy levels, DECT enables distinguishing the features of
the tissue and evaluating the myocardial blood supply by
mapping iodine distribution within the myocardium [50].

Iodine map provides a measure of per-voxel iodine
myocardial concentration expressed in mg/mL, which
improves accuracy when compared to standard visual
analysis [34, 49, 51], Figure 2.

Different vendor-specific CT technologies have been
developed to perform dual-energy acquisitions. Dual X-ray
source system (Siemens Healthcare) is the most commonly
used technology: there are two independent tubes pairedwith
two detectors that simultaneously emit high (140-150 kV) and
low (80-90-100 kV) energy levels [52].

A second modality is based on single-source CT with
rapid (about 0.25ms) switching of tube voltage between 80
and 140 kV either in a single gantry rotation (GSI Cardiac,

(a) (b)

(c)

(d)

Figure 1: Static single-energy CTP imaging. 61-year-old male
patient with multiple cardiovascular risk factors (smoke, hyperc-
holesterolemia, and hypertension) presentedwith recurrent atypical
chest pain. (a) Coronary CT angiography curvedmultiplanar recon-
struction of the right coronary artery (RCA)with the corresponding
orthogonal views showed a critical stenosis (>70% luminal nar-
rowing) at the proximal segment sustained by a large noncalcified
atherosclerotic plaque with positive remodeling (arrows). (b)Three-
dimensional volume-rendering reconstruction demonstrating the
critical stenosis of the proximal RCA (arrowhead) and showing also
a tight stenosis (>90%, arrow) of the main diagonal branch (arrow).
(c) 17-segment polar plot display of CT perfusion data acquired
with a prospectively ECG-triggered high-pitch spiral technique at
stress during the first pass, arterial phase, showed large, and severe
perfusion defect color-coded in violet/blue/green at the inferior and
inferolateralwall; note also a severe area of hypoperfusion in the api-
cal lateral segment and in the apex. (d) Three-dimensional volume-
renderingmodeling of the left ventricularmyocardial perfusion data
with superimposed coronary tree (inferior view) showed the critical
stenosis of the proximal segment of RCA (arrow) associated with
an extensive perfusion defect at the inferior and inferolateral wall
extending to apex (color-coded in violet/blue/green).

GE Healthcare) or in sequential rotations (Acquilion One,
Toshiba) [19].

The dual-layer (“sandwich”) detector (Philips Healthcare)
is an alternative approachmade of two differentmaterials able
to differentiate between low and high energy photons, with
the source operating at constant tube voltage; however this
system is not yet available in routine clinical practice [49].

Finally, the use of second- or third- generation DSCT
scanners with high temporal resolution (75ms or 66ms,
respectively) could help discriminate between motion arti-
facts due to irregular or high heart rates and true perfusion
defects, avoiding false positive findings [19].

3.3. Dynamic CTP Imaging. The only CT based technology
that permits absolute quantification of myocardial perfusion
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(a) (b)

(c)

(d)

Figure 2: Static retrospectively ECG gated dual-energy myocar-
dial perfusion imaging. 56-year-old man with multiple cardiovas-
cular risk factors and stable angina. (a) Coronary CT angiography
curved multiplanar reconstruction of the left anterior descending
artery (LAD) with the corresponding perpendicular views showed
a critical stenosis (>70% luminal narrowing) at the proximal
segment (arrows) sustained by a large concentric predominately
noncalcified plaque with positive remodeling (Remodeling Index=
2.1). (b) The corresponding three-dimensional volume-rendering
reconstruction demonstrating the critical stenosis of the proximal
LAD (arrow). (c-d) Myocardial short-axis (c) and 2-chamber long-
axis (d) color-coded iodine distribution maps of dual-energy CTP
imaging during stress showed perfusion defects at the antero-septal,
anterior, and antero-lateralwall corresponding to the territory of the
left anterior descending artery (arrowheads). Quantitative analysis
of the dual-energy map at the level of the anterior wall shows a
71.6% reduction in iodine content (Iodine Density: −0.7mg/ml)
with respect to the remote myocardium at the inferior wall.

is dynamic CTP imaging. It is based on repeated acquisi-
tion of the myocardial tissue during the first-pass contrast
uptake to create time-attenuation curves (TACs) for the
region of interest (ROI) [53], providing more objective and
reproducible assessment of myocardial iodine distribution
in a similar way of positron emission tomographic (PET)
perfusion imaging [37].

Hemodynamic parameters, such as the myocardial blood
flow (MBF), MBF ratio, and myocardial blood volume
(MBV), and semiquantitative parameters such as the up-
slope, peak enhancement, time to peak (TTP), tissue transit
time (TTT), and area under the curve (AUC) are derived by
dedicated algorithms of these TACs (most of which are based
on deconvolution methods already used in CMR studies)
[54, 55].

(b)

(c)

(a)

Figure 3:Dynamic CTP imaging. 67-year-old obese female patient
with history of hyperlipidemia and smoking with suspected coro-
nary artery disease. (a) Curvedmultiplanar reformation of coronary
CT angiography data showed eccentric noncalcified plaque of the
main obtuse marginal branch (OM) causing focal critical stenosis
(>70% luminal narrowing), arrow. (b) Three-dimensional volume-
rendering reconstruction confirmed the severe coronary artery
stenosis of the OM (arrow). (c) Three-dimensional color-coded 4-
chamber CT perfusion map image derived from the time-resolved
dynamic acquisition during stress with the shuttle mode shows
extensive perfusion defects in the territory of the OM (basal-
middle lateral wall), color-coded in blue, arrowheads. The colors
of the myocardium are coded according to the flow values with
red, green, and yellow representing higher flow values than blue.
The corresponding value of the hemodynamic parameters derived
from the time-attenuation curves (TACs) demonstrates a significant
reduction of myocardial blood flow in the territory of the OM,
consistent with inducible ischemia. Absolute myocardial blood flow
was 61.6mL/100mL/min and 118.2mL/100mL/min in the OM and
remote myocardium (septal wall) territories, respectively.

Recently, the introduction of semiautomated three-
dimensional software allowed a substantial reduction of the
postprocessing phase, making the dynamic CTP more suited
to routine clinical practice [34], Figure 3.

Whole-heart spatial coverage with appropriate temporal
resolution is crucial to obtain multiple consecutive images at
high heart rates [37].

Dynamic datasets acquisition is currently performedwith
two different approaches. The first one provides the use
of single-tube multidetector CT scanners with 256 or 320
detector rows, which cover the whole cardiac volume while
the table is stationary (detector Z-coverage is 78 or 160mm,
respectively). An alternative approach is second- and third-
generation DSCT scanners, able to perform dynamic CTP
imaging: bymoving the scanner table back and forth (“shuttle
mode”) between two scanning positions; it is possible to
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Table 1: Main differences between static and dynamic CTP imaging.

STATIC CTP DYNAMIC CTP
BREATHHOLD Shorter Longer (about 30 sec)
WALLMOTION EVALUATION Yes No
MYOCARDIAL PERFUSION QUANTIFICATION No Yes
RADIATION EXPOSURE +/++ ++/+++

achieve a coverage of 73 or 105mm, respectively, for the
second- and third-generation DSCT scanners [34].

In both cases, image acquisition is performed during the
systolic phase of the cardiac cycle when apical-basal length is
shorter and myocardial wall is at maximal thickness.

Systolic phase length is relatively constant (about 200ms)
evenwhenheart rate is high and irregular, so, images acquired
in systole are less vitiated to beam-hardening artifacts because
the amount of contrastmediumneeded for this phase is lower
(typically 50mL of contrast medium followed by 50mL of
saline at 5-6mL/s is required) [53].

The obstacles to the clinical routine application of
dynamic CTP are high radiation exposure, the relatively
long breath-hold (approximately 30 sec) necessary for whole
cardiac volume scanning, and spatial misalignment from two
separated table positions when shuttle mode is used [19].

The use of motion correction and beam-hardening
correction algorithms could minimize artifacts, improving
image quality and diagnostic accuracy [34].

Advantages and disadvantages of static and dynamic CTP
imaging are summarized in Table 1.

4. Accuracy of CTP Imaging

Many clinical studies and the first prospective multicenter
trials have established the clinical feasibility and the diagnos-
tic accuracy of static and dynamic CTP compared to SPECT,
stress MRI, and/or invasive coronary angiography with and
without fractional flow reserve (FFR), Tables 2–4.

A recent meta-analysis including 1188 patients in 19
studies showed that static CTP imaging in case of suspicion
of known CAD, had a good agreement with SPECT and
stress MRI perfusion with a sensitivity and specificity of
85% and 81%, respectively. When ICA was used as reference
standard alone or in combination with SPECT or FFR,
combined coronary CTA and CTP compared to coronary
CTA alone significantly increased the specificity from 62% to
84% without significant decrease in sensitivity [79].

Similar results were obtained in ameta-analysis of Takx et
al. [80] evaluating the diagnostic accuracy of different stress
myocardial perfusion imaging modalities for the diagnosis
of hemodynamically significant CAD compared to ICA with
FFR as a reference standard. Takx et al. showed that the
performance of CTP imaging was comparable to that of PET
and stress MRI and substantially higher than that of SPECT
and echocardiography, with a pooled sensitivity of 88% and
specificity of 80% [80]. This finding was noted at both the
vessel and the patient level. Furthermore, CTP showed a
higher sensitivity than SPECT (88%versus 74%, respectively),
because of a small number of false negative results [80].

A prospective multicenter international trial, the CORE
320 study (n=381), has confirmed that static CTP imaging
has a higher accuracy in comparison with SPECT in terms
of significant CAD (≥ 50%) detection, using as reference ICA
[61]. The better performance of CTP imaging was due in
part to its higher sensitivity in the detection of left main and
multivessel CAD and in part to its superior spatial resolution,
which permits a better evaluation of small subendocardial
defects [61].

The increased sensitivity of CTP also derives from the
more favorable extraction characteristics of iodinated con-
trast material allowing for a linear relationship between
CT-derived metrics and myocardial blood flow. Conversely,
Technetium-based tracers show anonlinear net-tracer uptake
in particular in the higher coronary flow range, causing the
well-known-roll-off phenomenon [61].

The CORE 320 studies have also proved that the speci-
ficity and overall accuracy of coronary CTA in detecting
significant CAD (≥50%) defined by ICA and SPECT are
significantly increased by the addition of CTP at both the
patient and vessel levels [60, 63].This finding has been shown
in patients with as well as without known CAD [60, 63].

Another recent randomized, multicenter, multivendor
CTP studywith regadenoson (n=110) byCury et al. has shown
that regadenoson-CTP imaging improved the diagnostic
accuracy of coronary CTA from 69% to 85%, in particular by
reducing the rate of false positive CTA results [64].

Moreover, CTP showed a high sensitivity and specificity
of 90% and 84%, respectively, for the detection of myocardial
ischemia as defined by a reversible perfusion defect in ≥ 2
myocardial segments on SPECT, with an agreement rate of
87% [64].

A considerable increase in diagnostic performance has
also been largely proved when dual-energy myocardial CTP
was coupled to coronary CTA, especially in terms of speci-
ficity, Table 3.

According to Meinel et al. the rest-stress protocol should
be the first choice for evaluation of the myocardial blood sup-
ply in dual-energy CTP, with a sensitivity of 99%, specificity
of 97%, positive predictive value (PPV) of 92%, and NPV of
100% using SPECT as reference of standard [66].

The DECIDE-Gold, an ongoing prospective multicenter
study, will define the diagnostic accuracy of dual-energy
to detect hemodynamic significant CAD, comparing it to
fractional flow reserve (FFR) as a reference standard [81].

The available published data seem to suggest that static
dual-energy and quantitative dynamic CTP imaging have a
higher sensitivity, with respect to standard static monoen-
ergetic CTP [34, 53], Tables 3 and 4. This might be due
to the easiest detection of small perfusion defects from the
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quantitative analysis that cannot be appreciated by visual
qualitative perfusion analysis of static CTP [53].

Stress dynamic myocardial CTP has been initially studied
in preclinical trials demonstrating a good correlation of CT-
derived perfusion values with microsphere derived MBF
data, histopathology, and invasive measurements of coronary
blood flow and FFR, Table 5.

It is important to note that, as reported by a recent large
animal study, dynamic CTP has a superior discriminatory
power in detecting myocardial ischemia than static first-pass
CTP, using fluorescent microspheres as a reference standard
for MBF [34, 84]. A significant difference in accuracy was
noted at lower degree of stenosis (50%), demonstrating a
higher sensitivity of dynamic CTP for the detection of subtle
differences of myocardial perfusion as compared to single
phase CTP acquisition [84].

Clinical researches have demonstrated that dynamic
stress CTP may improve the PPV and specificity of coronary
CTA alone [77, 78], especially for interpretation of the
hemodynamic impact of intermediate-grade stenosis (30-
70%) by using invasive FFR as the reference standard [78].

This modality also enables the quantification of the
absolute value of coronary flow reserve (CFR) calculated as
the ratio of hyperemic to baseline MBF with a high degree of
correlation to SPECT [33, 54].

Moreover, dynamic CTP is useful in the global quan-
titative evaluation of left ventricular myocardial perfusion,
especially in case of balanced ischemia caused by multivessel
CAD [86].

According to quantitative PET and CTP studies, the
relative MBF (an absolute MBF-to-remote MBF ratio) leads
to better detection of hemodynamically significant coronary
stenosis than does the absolute MBF derived from dynamic
CTP imaging, probably reducing the impact ofmicrovascular
resistance on myocardial perfusion [87–89].

Semiquantitative parameters such as the TPR and
myocardial reserve index (defined as the ratio of hyperemic
and resting blood flow) have been suggested for static and
dynamic myocardial CTP; however, they have a lower diag-
nostic accuracy than qualitative analysis by standard visual
assessment [19, 57, 90].

The CATCH-2 (CArdiac cT in the treatment of acute
CHest pain 2), a prospective randomized controlled multi-
center study published in 2017, has showed the usefulness of
myocardial CTP assessment in addition to CTA, in patients
with recent acute-onset chest pain when acute coronary syn-
drome had been excluded, and who had a clinical indication
for outpatient noninvasive testing [91]. Coupling CTA with
CTP, the amount of patients with suspected CAD requiring
invasive examination and treatment decreases [91].

Finally, as proved by a CATCH-trial substudy, myocar-
dial CTP parameters predict mid-term clinical outcome in
patients with recent acute-onset chest pain independently
of the pretest probability of obstructive CAD [92]. Inter-
estingly, patients with an ischemic burden involving >10%
of the LV myocardium demonstrated the poorest prognosis
[92].

5. Radiation Exposure

During the last years, CT scanners with higher spatial reso-
lution (approximately 1/3 of millimeter), temporal resolution
(up to 66ms), and wider detector array (up to 320-detector
row) were developed, with a substantial improvement in
CT performance and reduction of radiation exposure [19].
Furthermore, the introduction of ECG-driven tube current
modulation, BMI-adapted tube voltage modulation, and
prospective ECG-triggered sequential scanning combined
with advanced iterative image reconstruction algorithms has
achieved 30-90% reductions in patient radiation exposure
while guaranteeing the image quality [19].

Consequently, the contemporary estimated effective dose
of coronary CTA and myocardial static CTP imaging will
typically range between approximately 1.5 and 5.0 mSv, with
an effective dose even to sub-millisievert levels for some
exams [19, 93].

However, numerous factors may influence the radiation
dose, such as patient’s characteristics (BMI, cardiac output,
and heart rate), the type of CT equipment available, and the
CT protocols used, which has to be tailored to the patient.
Despite these promising innovations, the relatively high radi-
ation exposure during dynamic CTP acquisitions remains a
problem to be solved since it acquires a series of multiple
low-dose acquisitions for the generation of TACs. Recent
data have demonstrated that the average radiation exposure
of dynamic CTP imaging is greatly depending on protocol
optimization with an average value of 9.23 mSv (versus 5.93
mSv for static CTP) [34], which is favorably comparable with
that of traditional nuclear imaging approaches [53].

However, Hubbard et al. validated a low-dose dynamic
CTP technique based on a first-pass analysis model by using
only 2 volume scans as compared with standard protocol
based on multiple acquisitions in an animal model, showing
good correlation with invasive FFR at different stenosis
severity reaching overall effective radiation doses of 2.64mSv
[94].

So current efforts are directed towards further reducing
radiation exposure while maintaining a high diagnostic
performance. In this regard, the use of recent technical
innovations, including the low voltages (70 kV to 80 kV)
acquisition, automated tube current modulation, and itera-
tive reconstruction, seems to be able to achieve this ambitious
goal [19].

6. Comparison with Other Noninvasive
Techniques for Myocardial
Perfusion Imaging

Many noninvasive techniques can perform an evaluation of
myocardial perfusion, including SPECT, stress MRI, stress
echocardiography, and positron emission tomography (PET)
[95]. Nuclear imaging techniques such as PET and SPECT are
established modalities for myocardial perfusion evaluation.
These techniques are able to evaluate alsomyocardial viability
and function but provide limited information regarding
anatomy [96].
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PET is the gold standard for absolute quantification of
myocardial perfusion particularly when 13N-ammonia is
used and may be superior to SPECT in spatial resolution,
image quality, and diagnostic accuracy [96].However, SPECT
is more widely available and cheaper than PET, and the
radionuclides are easier to prepare and less expensive and
have longer half-lives compared to PET; thus this approach
is more suitable in daily clinical routine [97]. SPECT is
an excellent noninvasive modality for the diagnosis of
CAD with a sensitivity of 87-89% and specificity of 73-
75%, depending on the radionuclide and stress protocol [19,
37]. Additionally, SPECT may provide a refinement of risk
stratification and has an independent prognostic value in
different clinical settings such as stable CAD, prior to non-
cardiac surgery, after coronary revascularization, and in acute
coronary syndromes [93]. Furthermore, recent advances in
SPECT technology, including cadmium-zinc-telluride (CZT)
semiconductor detector material, may allow absolute MBF
measurements by SPECT but have yet to be implemented in
clinical practice [98].

These observations have fueled the pursuit of hybrid
imaging strategies in which radionuclide myocardial per-
fusion imaging is combined with coronary CTA. While
promising, this approach has some important disadvantages
including higher radiation doses and elevated costs [99].

Moreover, important SPECT limitations are the underes-
timation of the true extent of disease in patients with multi-
vessel CAD and the photon attenuation artifacts typically due
to breasts in women and diaphragm in men [99].

MRI is the most versatile imaging modality: it can be
used for morphology, function, viability, and quantitative
myocardial perfusion assessment [100]. Stress perfusionMRI
performs better than SPECT for diagnosis of obstructive
CAD, as reported in two large prospective randomized stud-
ies (MR-IMPACT and CE-MARC trials), and yields a similar
diagnostic accuracy as PET, with a poll sensitivity of 89% and
specificity of 76% [100]. Moreover spatial resolution of perfu-
sionMRI (1-2mm) is superior to that of SPECT, especially for
the detection of subendocardial perfusion abnormalities [37].
Despite these excellent features, limitations to the clinical
routine implementation of MRI perfusion assessment are the
time-consuming image acquisition, the limited accessibility,
and lack of widespread competence in cardiac MRI [37, 100].

Stress echocardiography is a well-established, real-time
imagingmodality with advantages including lack of radiation
exposure, versatility, and affordability. Dobutamine stress
echocardiography could provide information about ischemic
abnormal ventricular wall motion but this modality is lower
than dobutamine stress MRI in terms of specificity (87.5%
versus 72.9%), negative predictive value (80.8% versus 67.3%),
and overall diagnostic accuracy (80.4% versus 72%) [97].

The introduction of ultrasound contrast agents
(microbubbles) has optimized the detection of RWMA
and has enabled simultaneous assessment of left ventricular
perfusion and viability, improving the sensitivity of the
technique [100].

According to a large multicenter prospective trial,
myocardial contrast echocardiography (MCE) has higher
sensitivity but lower specificity compared to SPECT for CAD

evaluation [101]. The superior sensitivity of MCE was inde-
pendent of the severity of CAD and was especially evident
in case of single vessel disease [101]. Themajor disadvantages
of echocardiography are the well-known operator and reader
dependence and the intrinsic technical limitations related
to artifacts and poor thoracic imaging window, resulting in
uninterpretable images in 10% of cases [100, 102].

Although functional information provided by any of
these techniques is well-validated and extremely useful, none
of them provide a comprehensive anatomical-functional
evaluation within the same study. Currently, myocardial
CTP imaging is the only noninvasive modality that allows
quantifying coronary stenosis and determining its functional
relevance, rendering it a potential “one-stop-shop” method
for the diagnosis and global management of patients with
ischemic heart disease [53].

Moreover, the imaging matrix of 512 × 512 pixels with an
isotropic high spatial resolution (approximately 0.3mm) of
CTP is superior to nuclear imaging and enables evaluation of
transmural differences in myocardial blood flow [100].

Moreover, CTP imaging using the iodinated contrast
agent does not suffer of the nonlinear relationship between
myocardial signal intensity and gadolinium contrast con-
centration, which might affect the accuracy of quantitative
analysis of MBF in MRI perfusion imaging [103].

Finally, the wide availability of modern CT scanners
makes CTP more accessible compared with other noninva-
sive tools, such as MRI or PET imaging [19].

Advantages and disadvantages of functional imagingwith
echo, SPECT, MRI, and CTP imaging are reported in Table 6.

7. CTP Imaging versus
Noninvasive FFR (FFRCT)

Recently, a new technique to allow for noninvasive calcu-
lation of FFR based on conventional coronary CTA data
(FFRCT) using computational fluid dynamics has been clin-
ically validated [104].

In a recent study by Yang et al. [105], the combinations of
static CTP imaging with coronary CTA and FFRCT with CTA
improved diagnostic performance comparedwithCTA alone.
However, in the highest tertile of calcium score, specificity
and positive predictive value of FFRCT were significantly
lower than those of first-pass CTP.

Accordingly, a combined approach of dynamic CTP
imaging and FFRCT has been demonstrated to improve
diagnostic performance in detecting functional relevance
CAD in comparison with invasive FFR [106]. For various
reasons, it is unlikely that in clinical practice both CTP
and FFRCT techniques will be routinely applied in each
patient. The best strategy in the future could be a stepwise
approach, reserving CTP for intermediate FFRCT results.
This approach has been demonstrated to improve diagnostic
performancewhile omitting nearly one-half of the population
from dynamic CTP examinations [106].

The PERFECTION study (comparison between stress
cardiac computed tomography PERfusion versus Fractional
flow rEserve measured by Computed Tomography angiogra-
phy In the evaluation of suspected cOroNary artery disease)
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Table 6: Major advantages and limitations of current noninvasive techniques for myocardial perfusion evaluation.

Advantages Limitations

PET

(i) Modality of choice for absolute myocardial
perfusion quantification.
(ii) Superior to SPECT in spatial and temporal
resolution, image quality and diagnostic accuracy.
(iii) Can be performed in patients with
pacemakers or implantable cardioverter
defibrillator.

(i) High cost.
(ii) Radiation exposure.
(iii) Not much available →more suitable in
research setting then in clinical practice.

SPECT

(i) Radionuclides are easier to prepare, less
expensive and have longer half-lives compared to
PET →more suitable in daily clinical routine.
(ii) High SE and high SP for detection of
ischaemia.
(iii) Allows evaluation of LV function.
(iv) Very useful for risk stratification.
(v) Provides important prognostic information in
different clinical settings, especially in stable CAD.

(i) Radiation exposure.
(ii) Relatively high cost and time consuming.
(iii) Limited information regarding anatomy due
to low spatial resolution.
(iv) Photon attenuation artefacts (particularly in
obese subjects) may produce FP.
(v) In patients with multivessel disease, SPECT
may underestimate the true extent of disease
(balanced reduction in myocardial hyperaemic
blood flow not detectable by semi-quantitative
analysis) → prefer other modalities in patients
with higher pre-test likelihood of multivessel
CAD.

MRI

(i) Not require ionizing radiation.
(ii) Higher SE and SP for detection of ischaemia
than SPECT.
(iii) High spatial resolution.
(iv) Allows evaluation of LV function
(v) Multiparametric imaging technique → strong
role in differentiate ischaemic from
non-ischaemic cardiac diseases.
(vi) Provides important prognostic information.

(i) Time-consuming image acquisition
(ii) Limited availability
(iii) Lack of widespread expertise
(iv) Common cardiac devices as pacemakers,
implantable defibrillators, etc.. are still considered
a contraindication to CMR.
(v) Claustrophobia.
(vi) Heart rate and respiratory motion artefacts.

ECHO

(i) Radiation-free.
(ii) Rapid and safe →suitable technique as a first-
line approach.
(iii) Can be performed at the bedside.
(iv) Less expensive than other modalities.
(v) Provides simultaneous evaluation of perfusion
and function in real time.
(vi) Allows assessment of many non-ischemic
cardiac diseases.
(vii) MCE with microbubbles has superior
spatial/temporal resolution and SE compared to
SPECT.

(i) Poor thoracic window in at least 10% of
patients.
(ii) Operator and reader dependence.
(iii) Artifacts.

CTP

(i) Provides integrated anatomic and functional
evaluation in a single examination.
(ii) Very fast exam.
(iii) Widely available.
(iv) High sensitivity and high specificity.
(v) Superior submillimetre spatial resolution with
respect to SPECT→ detection of smaller,
especially subendocardial, perfusion defects.
(vi) Allows evaluation of important non-coronary
cardiac findings.
(vii) Provides important prognostic information.

(i) Radiation exposure, especially for dynamic
CTPI (but still lower than nuclear imaging)
(ii) Breath and beam hardening artifacts.
(iii) High heart rate artifacts.

PET, positron emission tomography; SPECT, single photon-emission computed tomography; MRI, magnetic resonance imaging; ECHO, echocardiography;
CTP, computed tomography perfusion imaging; SE, sensitivity; SP, specificity; CAD, coronary artery disease; LV, left ventricular; FP, false positive; MCE,
myocardial contrast echocardiography.
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will compare the diagnostic performance of an FFRCT-
guided strategy to stress CTP for the detection of functionally
significant CAD, using invasive FFR as the reference standard
[107].

8. Discussion

8.1. Strengths, Limits, and Future Perspectives. The current
evidence suggests that myocardial CTP imaging improves
diagnostic accuracy of coronary CTA alone mainly by
reducing the number of false positive findings, even when
compared with invasive FFR.

With respect to this issue, an integration of both anatom-
ical and physiological assessment of CAD may be a more
robust “gatekeeper” to ICA by increasing the diagnostic
accuracy while maintaining higher sensitivity compared to
anatomical assessment alone. This may be particularly useful
in difficult-to-interpret situations, such as in patients with
coronary stents and heavily calcified coronary arteries in
which blooming artifacts can hamper lumen visualization
and correct stenosis measurements. Accordingly, recent stud-
ies have shown that stress CTP improves diagnostic perfor-
mance in patients with a high Agatston calcium score [108]
or coronary artery stents [109].

The utility of hemodynamic assessment by the integration
of CTP and coronary CTA may have a potential role in
stratifying cardiovascular risk and in the decision-making for
the optimal medical intervention, although this potential role
warrants further investigation.

Furthermore, in line with PET imaging, dynamic CTP
imaging offers the ability to obtain quantitative data of
hemodynamic parameters (such as MBF and MBV) and
the assessment of absolute CFR. The combination of coro-
nary CTA and dynamic myocardial CTP makes CT a very
promising technique to evaluate patients with microvas-
cular dysfunction because it not only reveals the absence
of demonstrable obstructive CAD but also provides data
about CFR, the current gold standard for clinically assessing
microvascular function.

Quantification of hemodynamic parameters may be par-
ticularly useful for evaluation of specific patient population,
such as patients withmultivessel CAD, extensive nonobstruc-
tive CAD, hypertension, and diabetes mellitus [110].

When global myocardial ischemia exists due to mul-
tivessel CAD, it may be difficult to achieve an accurate
diagnosis with the qualitative analysis method by static CTP.
Conversely, MBF analysis may be able to identify multivessel
disease and predict the extent of ischemia more accurately
than static CTP imaging [34, 53].

The ability to quantify absolute MBF with dynamic stress
CTP imaging permits identification of patients in whom the
relative regional distribution of contrast agent may appear
normal because of a balanced reduction of blood flow.
Moreover, in patients with diffuse nonobstructive epicardial
disease but no significant stenosis, the combination of plaque
analysis by coronary CTA and CFR assessment derived by
stress/rest dynamic CTP imaging may be helpful in identi-
fying hemodynamic relevant coronary plaques, although not
yet obstructive, and to avoid ascribing patient’s symptoms

to microvascular disease [111]. In fact, besides luminal area
stenosis, other coronary plaque morphology and compo-
sition parameters may affect downstream myocardial per-
fusion. Accordingly, lesion-specific morphological features
such as positive remodeling and noncalcified plaque volume
have been associated with detrimental downstream hyper-
emic myocardial perfusion and FFR, independent of lesion
severity, and are strong predictors of major cardiovascular
events [112–114].

Furthermore, MBF analysis might also be advantageous
in monitoring disease progression or perfusion changes in
response to therapy such as for PET and MRI imaging
[103, 115], although this potential application has still to be
evaluated.

However, important considerations have to be high-
lighted when interpreting quantitative measurements of
dynamic CTP. A substantial underestimation of absolute
MBF fromdynamic CTP has been reported, with a significant
influence of CT-derived MBF by temporal sampling rate [33,
54, 94, 116, 117].Thismay be related to the assumption ofmost
modeling of dynamicCTP techniques that blood volumedur-
ing the passage remains relatively constant. However, using
iodinated contrast material blood volume actually increases
[33]. In addition some contrast material may actually leave
the intravascular space and enter the interstitium during the
measurement time [33].

Finally, it is well-known that all iodinated contrast agents
have an immediate and direct vasodilatory effect [36]. All
these factors may explain the underestimation of maximal
MBF by CTP imaging, although rest and hyperemic flow in
the CTP studies are within the documented range of that in
PET studies [34].

Moreover, the reported optimal MBF cutoff values for the
differentiation of normal and ischemic myocardium varied
considerably between dynamic CTP studies, ranging from
75mL/100mL/min to 103.1mL/100mL/min with a dual-
source CT scanner and as high as 164mL/100mL/min using
a 256-slices CT scanner [19, 34]. This broad range of cutoff
values may be related to study design, pathophysiologi-
cal and methodological factors, technical issues (different
scanner technology, scanning protocols, and mathematical
algorithms), patient risk profile, prevalence of CAD, sample
sizes, and the used reference standard.

Moreover, numerous individual factors such as age, gen-
der, race, BMI, presence and severity of CAD, the status of
themicrovasculature, individual adaptive vasodilator respon-
siveness, and/or the presence of collateral flow may affect
MBF [19, 78, 87, 118].

Accordingly, considerable regional heterogeneity of the
myocardial perfusion across coronary territories has been
demonstrated in healthy and low-risk subjects [54, 119].

Large inter- and intraindividual differences in MBF dis-
tribution are already known from PET and MRI studies
[19, 34].Therefore large databases on normal perfusion values
such as for nuclear imaging are needed to assure accurate
clinical interpretation of quantitative perfusion values [53].

However, a major limit of dynamic CTP is the higher
dose profile respect to static CTP due to the time-resolved
acquisition of multiple phases.
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Furthermore, CTP imaging may be affected by several
artifacts, such as partial volume, beam hardening, breathing,
and motion artifacts. In particular, the patient’s breathing
motion poses a major challenge for dynamic CTP, which
requires a long acquisition time of approximately 30 s. Fur-
thermore, the sequence “shuttle mode” implemented with the
second-generation dual-source CT scanner to dynamically
cover the entire left ventricle myocardium may be a source
of motion artifact influencing the estimation of MBF derived
from the TACs. Beam-hardening artifacts arise from the
polychromatic nature of the X-rays in the CT acquisitions
and the presence of high-density iodine contrast agent in the
heart chambers, which results in a hypoattenuated shadowing
artifact [47]. Areas affected by beam hardening can be mis-
interpreted as perfusion defects with a false positive finding
artifact [47]. A potential strategy to overcome this limitation
is to acquire dynamic images during the end-systolic phase
when the volume of LV contrast agent is less [19].

Furthermore, some of these artifacts may be partially
attenuated by well-validated beam hardening and motion
correction algorithms implemented with latest CT scanner
technology [19, 34].

Moreover, in most of the CTP studies, anti-ischemic
drugs such as beta-blockers have not been withheld prior
to stress testing; this may negatively affect the accuracy of
CTP by decreasing the severity and the extent of myocardial
perfusion defects. However, it is expected that the diagnostic
performance of CTP imaging performed in patients without
backgroundmedications could be even higher than reported.

Finally, other limits are the broad spectrum of clinical
characteristics of the studied populations and the difficult
to standardize the CTP imaging due to the heterogene-
ity of scanner manufacturers, acquisition protocols, stress
protocols, image analysis algorithms, and postprocessing
parameters.

In addition, no large-scale multicenter studies have
demonstrated the clinical value of CTP imaging. Further
researches with larger sample size and improved standardiza-
tion of CTP imaging technique are warranted.

9. Conclusions

Current evidence suggests that adding CTP imaging is a
safe and powerful tool to improve the accuracy and the
positive predictive value of coronary CTA alone because it
not only provides anatomic information concerning luminal
stenosis, plaque morphology, and total plaque burden but
also provides data on myocardial tissue hemodynamics.

Different acquisition protocols for CTP imaging are avail-
able, which can assess myocardial perfusion in a qualitative,
semiquantitative, or quantitative manner, with their own
advantages and disadvantages.

In conclusion, coronary CTA combined with myocardial
CTP imaging hold immense potential to evaluate almost
every aspect of the broad spectra of ischemic heart disease
with the possibility of guiding treatment decisions for a
patient on an individual basis. Further researches with larger
sample size should be designed and implemented to decide

whether to adopt this new diagnostic modality in a routine
clinical setting.

Finally, prognostic studies are needed to assess if this
combined approach will likely have substantial impact on
treatment costs, patient management, and outcome.The time
to challenge this hypothesis with randomized prospective
trials has come.
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