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Abstract Several multicenter trials have demonstrated the
high diagnostic accuracy and clinical efficacy of modern
coronary computed tomography angiography (CTA) when
utilized to evaluate symptomatic patients with low-to-
intermediate pretest probability of coronary artery disease
(CAD). However, coronary CTA remains a purely anatom-
ic test and further assessment with invasive coronary
angiography or other non-invasive tests are occasionally
required, with subsequent inherent risks and costs to pa-
tients and healthcare systems. Recently, remarkable ad-
vances in multidetector computed tomography technology
has significantly improved temporal and spatial resolution
of coronary CTA. In the past decade, initially in animal
models and then in humans, stress myocardial perfusion
imaging by computed tomography (CTP) evolved and is
being increasingly studied. It is the purpose of this review
to highlight recent updates in the CTP literature and try to
figure how to place CTP in CAD management in the near
future.
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Introduction

Coronary artery disease (CAD) is the major cause of morbid-
ity and mortality worldwide, particularly in western countries
[1, 2]. Over the last several decades, there have been notice-
able advances in percutaneous and surgical coronary revascu-
larization. Prognosis of patients with ischemic heart disease
has markedly improved, mainly in acute coronary syndromes
[2—4]. However, concerning management of stable CAD, it
has become clear, following the COURAGE (Clinical Out-
comes Utilizing Revascularization and Aggressive Drug Eval-
uation) trial, that some patients with stable, medically-
managed ischemic heart disease may not benefit from percu-
taneous coronary intervention based solely on the presence of
anatomic stenosis severity [5]. Medical therapy is also evolv-
ing and the benefit of revascularization is limited in many
patients [5—8]. Although the idea that awareness of the degree
ofischemia could select patients who would benefit most from
revascularization has grown, it is not yet fully clarified [5,
9-12].

Clinical practice probably reflects the absence of a clear
guidance or step-by-step plan for ischemia pursuit. Patients
with suspected stable CAD are often invasively stratified
using invasive coronary angiography (ICA) and a large pro-
portion of those are found to have normal coronary arteries
[13, 14]. Besides the risks and costs of an invasive approach,
anatomical assessment underperforms when compared with
concomitant functional assessment to guide revascularization
[6-8, 13, 15].

Technological developments in cardiovascular imaging
have also been staggering and cardiac CT and cardiac
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magnetic resonance (CMR) are established modalities broadly
utilized in the clinical management of patients with
established or suspected cardiovascular disease. In this pur-
suit, major cardiovascular imaging goals are not only to diag-
nose patients with coronary disease, but also to identify those
who would benefit from revascularization procedures [10].

Most non-invasive techniques for the evaluation of coro-
nary artery disease rely on functional assessment of myocar-
dial perfusion — myocardial perfusion imaging (MPI). Non-
invasive anatomical coronary evaluation is only possible by
CT or CMR coronary angiography. The latter has had diffi-
culty in adding incremental accuracy value to classical proto-
cols for assessing ischemia, including assessment of first-pass
myocardial perfusion and gadolinium delayed enhancement
[16, 17]. Major drawbacks are limited spatial resolution and
artifacts which, in practice, confines CMR coronary angiog-
raphy to the evaluation of the origin of coronary arteries in
congenital heart disease, where minimal or absent radiation
exposure is more compelling [17].

On the other hand, coronary CTA has been demonstrated to
be a noninvasive reference standard for diagnosis of anatomic
coronary artery disease. First, the assessment of coronary
calcium with non-contrast CT has shown to better reclassify
asymptomatic patients regarding the risk of adverse cardio-
vascular events when compared with standard risk factors and
risk scores alone [18]. In symptomatic patients, coronary CTA
is an established, powerful tool in the evaluation and stratifi-
cation of CAD, mainly in patients with intermediate to low
pre-test probability, largely due to its outstanding negative
predictive value [19-21]. However, calcified plaques with
blooming effects and motion artifacts tend to overestimate or
preclude stenosis evaluation [21, 22]. Moreover, optimal im-
age acquisition requires lower heart rates and regular rhythm
[22, 23]. Low specificity and predictive positive value limits
broader application in specific subgroups of patients, mainly
in those with previously known CAD or high pre-test proba-
bility [24]. Nevertheless, CTA unmatched spatial resolution
makes coronary CTA an excellent diagnostic tool to visualize
coronary bypasses, often missed and associated with more
difficult and riskier ICA [25]. Even coronary stent visualiza-
tion, which traditionally has been considered a handicap for
coronary CTA (particularly with stents with diameter inferior
to 2-3 mm), could no longer be a challenge in case of
widespread use of the newer bio-absorbable stents [26]. More-
over, unlike other non-invasive functional tests that rely on
ischemia evaluation for detection of CAD, coronary CTA can
identify patients with non-obstructive or subclinical CAD.
This could have a positive impact in the institution of more
premature and efficacious secondary preventive measures,
although clinical evidence data supporting this strategy is
currently lacking [27, 28].

Another matter of concern regarding the widespread use of
coronary CTA is radiation exposure. In fact, effective
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radiation doses are unsettled and some authors defend a higher
conversion factor of 0.028 mSv x mGy™' x em™ when com-
pared to the more usual 0.014 or 0.017 used in most cardiac
CT studies [29]. Improvement of acquisition protocols has led
to substantial reductions in radiation doses in coronary CTA
when compared to SPECT or ICA [30, 31]. CT has become an
intense field of research. Novel systems with more rows of
detectors and dual source systems have become the standard
of care, allowing reduced radiation exposure and less depen-
dence of image quality on heart rate, body habitus, and rhythm
variability [32].

Similarly to ICA, an inherent limitation of coronary CTA is
an anatomy-based diagnosis without information of the he-
modynamic consequences of detected lesions [33]. FAME
and DEFER trials demonstrated that anatomy-guided revas-
cularization was inferior to ischemia-guided functional ap-
proach to revascularization, even when quantitative coronary
angiography (QCA) was used [6—8]. Fractional flow reserve
(FFR) in invasive studies should now be the reference stan-
dard against which all the other ischemia tests should be
compared [34]. It takes into account collateral flow and it is
not dependent on heart rate, blood pressure, and ventricular
function [35]. Yet, FFR is inseparable from ICA, being guided
by anatomical references, meaning that apparently discrete but
significant lesions could pass undetected [36].

A “one-stop” noninvasive test that could provide simulta-
neous anatomical and functional data would represent a major
breakthrough in CAD management. CMR is the most com-
plete exam, providing information on myocardial perfusion
under pharmacological vasodilator stress, myocardial scar and
volumetric biventricular function [37-39]. Nevertheless,
CMR coronary angiography, despite some positive value en-
countered in small single center studies, does not currently
represent a viable approach for CAD anatomic evaluation
[17]. Hybrid approaches like PET MPI/coronary CTA are an
interesting way to overcome this need. In fact, it seems to be
associated with high sensitivity and specificity, but is ham-
pered by radiation exposure, high costs and residual clinical
access [40]. In current practice, a two step strategy may be
wiser: an appropriate subset of patients would be first guided
to an anatomical based test like coronary CTA with a high
predictive negative value; then, only patients with positive or
doubtful results would be guided to myocardial perfusion tests
or to ICA, according to pre-test risk and clinical presentation
[34]. Under current knowledge, it should be emphasized that
even patients directly guided by ICA should have functional
assessment by FFR, if feasible [34].

For CT enthusiasts, however, there are alternative and
evolving pathways to unify anatomical and functional assess-
ment of coronary arteries. Perhaps the most intriguing is
FFRct, where flow dynamics are applied to a standard coro-
nary CTA acquisition data [41]. The promise of a non-
invasive FFR is very appealing, although it is only in a
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developing state and precise knowledge of its technical as-
sumptions are limited to a few centers [42]. Transluminal
attenuation gradient (TAG) quantification is another method
that attempts to estimate the physiologic significance of ana-
tomic stenosis on coronary CTA. Early literature regarding
TAG, however, suggests that currently it may have decreased
diagnostic performance as compared to FFRct [43]. It is
calculated by the linear regression coefficient between luminal
attenuation and axial distance from the coronary ostium. An-
other possible approach is CT perfusion (CTP). Several single
center studies and one multi-center study have demonstrated
that CTP is feasible and adds incremental value to coronary
CTA, with integrated protocols performing reasonably well
against more established techniques [44]. The purpose of this
article is to review the most relevant and recent CTP studies in
clinical grounds (see Tables 1, 2, and 3).

Technical Considerations and First Studies

In appropriate patients, coronary CTA protocols can limit data
acquisition to only one diastolic phase by prospective ECG-
triggering in order to reduce radiation exposure. On the con-
trary, CTP protocols mandate a larger acquisition time win-
dow to observe contrast wash-in and wash-out in the myocar-
dium. This is done at rest and under stress conditions, just as in
CMR protocols [69].

The main principle of CTP is the direct relationship be-
tween myocardial attenuation and amount of iodine contrast
[69]. By usage of thicker reconstructions (8—10 mm) of
multiplanar reformation with narrow window width (100-
300 HU), perfusion defects in CTP can be visualized with
better equilibrium between sensitivity and signal-noise ratio
when compared to wider width and minimum or maximum-
intensity projections [69]. However, beam-hardening artifacts
originated by high density nearby structures are common and
affect visual and automated analysis, even when attenuation
correction software is used. Beam-hardening artifacts are pos-
sibly the greatest obstacle in CTP data interpretation and —
even with extensive training — can be mistaken as perfusion
defects [69].

The first studies conducted by Kurata and Kido et al.
demonstrated CT feasibility for myocardial perfusion assess-
ment but found many limitations, partially related with the
reduced temporal resolution of 16-slice MDCT [45, 46].

Taking advantage of CT superior spatial resolution against
SPECT, George et al. were the first to quantify transmural
differences (transmural perfusion ratio, TPR) of myocardial
perfusion in humans with helical 64-slice or 256-slice CT
scanners acquisition [47]. Forty patients with abnormal
SPECT were included, 26 of whom submitted to ICA. CTP
was integrated with coronary CTA and compared against
anatomical assessment by ICA (critical luminal stenosis if

QCA >50 %) combined with functional assessment by
SPECT. It was found to have similar accuracy to detect
flow-limiting stenosis. On a per-patient basis, coronary
CTA/CTP showed sensitivity, specificity, PPV, and NPV of
86 %, 92 %, 92 %, and 85 %, respectively. On a per-vessel
basis, coronary CTA/CTP showed sensitivity, specificity,
PPV, and NPV of 79 %, 91 %, 75 %, and 93 %, respectively.
An important limitation of this study was its heterogeneous
protocol in which only the 256-slice CT group carried out rest
imaging; there was no assessment of perfusion reversibility in
64-slice CT group and coronary CTA was of limited quality.
Another limitation was beta-blocker administration previously
to stress test that might have affected the vasodilator response
to adenosine, lowering the ability to detect perfusion defects.
Nevertheless, the potential beta-blockers effects upon vasodi-
lator perfusion imaging are still unknown [70].

Although exercise is the preferred stress method in MPI,
only vasodilator stress was used in the CTP studies published
so far. To date, most used adenosine as a vasodilator stressor
aiming to reveal perfusion deficits in regions supplied by
functionally significant coronary lesions. Cury et al. also
demonstrated feasibility of dipyridamole as a vasodilator
agent in 36 patients with a previous positive SPECT result
[54, 71].

Hardware and Protocols Evolution

In less modern equipment, ECG-gated helical scanning
achieves full cardiac coverage by scanning the entire heart in
multiple heart-beats, but carries the risk of attenuation and
misalignment artifacts, as well as the impossibility of a full
quantitative analysis of myocardial perfusion [69]. Despite
static acquisition limitations, the difference in contrast wash-
out between ischemic and normal myocardium seems to be
relatively constant after a minimum delay of 12 seconds [72].
This could be employed as an optimal window time in CTP
protocols using this approach. However, CT hardware indus-
try has maintained a steep evolution. Recent addition of more
rows of detectors and dual-source systems (DSCT) enabled
covering the entire myocardium with a single rotation in most
patients with excellent temporal resolution.

Blankstein et al. applied the best DSCT temporal resolution
to obviate the need for beta blockade [50]. This comprehen-
sive protocol also included scar assessment using computed
tomography delayed enhancement (CTDE), taking advantage
ofiodinated contrast media pharmacokinetics [73]. Thirty four
patients with high-risk features, recently submitted to SPECT
and ICA or oriented to ICA were included. Lower tube-
voltage (100 kV) was used in non-obese patients and prospec-
tive ECG-triggering was implemented for rest imaging,
allowing for a mean effective dose of 12.7 mSv, similar to
that obtained in SPECT. On a per-patient basis, CTP against
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QCA showed a sensitivity, specificity, PPV, and NPV of 92 %,
67 %, 89 %, and 75 %, respectively. CTP showed sensitivity
and specificity equivalent to SPECT; for both modalities,
when anatomical threshold of 70 % rather than 50 % by
QCA was used, there was an increase in sensitivity and a
decrease in specificity. All patients who had evidence of
CTDE had rest CTP defects. The following studies have
shown the same advantages in similar populations using sim-
ilar acquisition protocols [51, 53]. Tamarappoo ef al. prospec-
tively studied 32 patients with stress perfusion defects and
showed that a visual or a semi-automated perfusion deficits
assessment by DSCT correlated well against an automated
computer-based analysis of SPECT results [52]. However,
this software-based approach was wearisome, requiring fre-
quent manual correction.

As the quest to lower radiation doses is always evolving,
George et al. showed high accuracy of semi-quantitative TPR
analysis by CTP to detect myocardial ischemia when compared
against coronary CTA and SPECT, with lower radiation and
contrast dose in a 320-slice CT protocol [65¢]. Rest scan was
performed first, whereby in future absent or non-obstrutive
lesions in coronary CTA would not be submitted to unneeded
CTP radiation. Initial rest scan was highly sensitive for the
detection of previous myocardial infarction. Previous beta-
blocker and hypothetical contrast contamination could affect
stress analysis but, even so, CTP seems to have a tendency to
false positives despite beta-blocker use. By a high-pitch step-
and-shoot 128-slice DSCT-CTP low-dose protocol that includ-
ed perfusion analysis of gadolinium fist-passage and CTDE,
Feuchtner et al. showed that coronary CTA/CTP performed
well when compared with a CMR comprehensive protocol
[56]. Choo et al. and Nasis et al. used, respectively, a helical
128-slice DSCT CTP without rest scan and ECG-based tube
current modulation and a prospective 320-slice CT acquisition
at a single time point, to attain low radiation doses and found
similar diagnostic accuracy [62, 66].

Dual-source Systems Specifics Acquisitions

Unique specificities of dual-source systems allowed develop-
ment of unique techniques to study myocardial perfusion. Ho
et al. were the first to describe the accuracy of a 128-slice
DSCT with novel dynamic shuttle mode in 35 patients with
fixed or reversible defects in recent SPECT [55]. Dynamic
acquisition allows better capture of transient non uniform
contrast distribution and blood flow quantification through
the myocardium based on maximum slope of attenuation
signal in myocardium and descending aorta. This is achieved
by rapidly alternating between two table positions in prospec-
tively ECG-triggered axial imaging with a 73 mm coverage,
with one full scan every two heart beats, or every four beats if
heart rate >63 bpm. On a per-segment basis, CTP against

@ Springer

SPECT showed sensitivity, specificity, PPV, and NPV of
83 %, 78 %, 79 %, and 82 % and against QCA, 95 %,
65 %, 78 %, and 79 %, respectively. However, great inter-
individual variations of basal myocardial blood flow
prevented usage of a universal threshold, and a dynamic rest
scan was needed, resulting in a higher radiation dose than
static protocols. Also using dynamic shuttle mode, Kim et al.
found incremental value of CTP to coronary CTA for signif-
icant CAD detection by QCA [61]. A major handicap that
hampers dynamic shuttle-mode is the 73 mm limited anatom-
ical coverage that may preclude interpretation of some myo-
cardial segments [57, 59, 60].

Besides shorter temporal resolution, the two x-ray sources
can deliver different energy levels in dual-source systems.
Based in this principle, dual-energy mode (DECT) takes ad-
vantage of different material spectral characteristics when
penetrated by different x-ray energy levels to map iodine
concentration within myocardium after contrast injection.
Ko SM et al. introduced DECT for detection of perfusion
defects in patients with CAD in DSCT-coronary CTA [58, 74].
They also used CMR-MPI as recent studies had gathered bulk
evidence that render CMR-MPI as the actual benchmark for
functional ischemia assessment [37-39]. Against CMR-MPI,
DECT had sensitivity, specificity, PPV and NPV of 89 %,
78 %, 74 %, and 91 % in a per segment basis, and 91 %,
72 %, 82 %, and 88 % in a per vessel basis, respectively.

Validation against FFR

Since it became clear that functional significance extrapolated
from anatomical evaluation of stenotic lesions is flawed, FFR
is the reference standard for most recent studies involving
ischemia assessment. Bamberg et al. were the first to demon-
strate that CTP using MBF reclassification of coronary CTA
depicted lesions provided incremental diagnostic value having
FFR as reference [57]. Greif et al. found similar results in 65
patients with high prevalence of known CAD [63]. Ko BS
et al. compared CTP against FFR in 40 symptomatic patients
using a 320-slice CT protocol and were the first to compare
visual and semi-automated CTP analysis [64]. In their study,
visual CTP provided superior incremental value to coronary
CTA compared to TPR, and both demonstrated increased
specificity but lower sensitivity.

Bettencourt et al. designed the largest single-center CTP
study published to date and were the first to directly compare
CTP against CMR-MPI, having FFR as the reference standard
[49¢]. A pool of 101 patients with intermediate to high pre-test
probability were referred to a low radiation dose coronary
CTA and CTP integrated protocol with a retrospective static
acquisition using a 64-slice CT and to a CMR-MPI compre-
hensive protocol with delayed enhancement analysis. Adding
CTP to coronary CTA increased diagnostic accuracy, mainly
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because of a significant increase in specificity, and performed
well against CMR-MPI in this population and using a standard
64-slice CT commonly seen in clinical practice.

Expanding Clinical Grounds

Until recently, CTP was mainly tested in suspected or known
CAD in an outpatient basis. However, acute chest pain is a
major cause of emergency department visits and frequently
challenges the correct diagnosis [49¢]. Hospital stays are fre-
quently prolonged. On the other hand, failure to diagnose
myocardial ischemia is associated with poor prognosis [75].
Weininger et al. innovated studying DSCT-CTP in acute chest
pain with visual assessment of dynamic shuttle mode and
dual-energy CTP [57]. With SPECT and MRI as the reference
standards, both methods correlated well. Nevertheless, the
number of patients included was rather low.

Another groundbreaking study was performed by
Magalhées et al. that firstly reported incremental CTP value
in patients with previous coronary stents clinically referred to
ICA [48]. Rief et al. also sought to determine the incremental
value of CTP for evaluation of coronary stents patency, a
major limitation for coronary CTA [67¢]. Ninety one patients
with coronary stents oriented to ICA were recruited. Isolated
coronary CTA NPV was excellent, but 15 % of all stents were
non-diagnostic. With lesions >50 % by QCA as reference
standard, 320-slice CT rest-stress protocol improved diagnos-
tic accuracy, mainly by coronary CTA reclassification of non-
diagnostic segments, particularly in stents with <3.0 mm di-
ameter. Indeed, the use of CTP better predicted subsequent
need for revascularization in case of intra-stent restenosis.
This combined protocol had significant lower effective radia-
tion exposure when compared to ICA.

CORE320, the first multi-center CTP study, was recently
published. It enrolled 381 patients of 16 centers who
underwent combined coronary CTA-CTP and SPECT prior
to ICA [68e¢]. Integrating coronary CTA to CTP identified
flow-limiting >50 % stenosis by QCA with a corresponding
perfusion deficit on SPECT with sensitivity, specificity, PPV
and NPV of 80 %, 74 %, 65 %, and 86 %, respectively. For
flow-limiting disease defined by QCA and SPECT, coronary
CTA accuracy was significantly increased adding CTP at both
per-patient and per-vessel analysis, especially in patients with-
out previous history of CAD. No use of FFR as reference
standard is probably the major limitation of this study, partic-
ularly when compared to more contemporary similar studies.

Conclusions

In the near future, only one non-invasive test integrating
anatomical and functional assessment would possibly satisfy

all clinical demands to diagnose and manage CAD. MDCT
represents a clear candidate, especially with its impressive
technical evolution and clinical availability. However, despite
encouraging results from various studies, many limitations are
still present. Studies enrolled small patient samples and most
with reference bias, with a high male dominance. Moreover,
many studies had suboptimal reference standards for CAD
assessment. Acquisition protocols were heterogeneous and
beam-hardening artifacts remain a substantial challenge. Low-
ering radiation exposure has been a matter of constant evolu-
tion, but is not negligible, particularly when CMR has stepped
up in myocardial perfusion imaging. CTP needs to raise the
level to also challenge other non-invasive tests. Comprehen-
sive and uniform protocols as well as prognostic impact
evaluations in prospective and randomized multi-center stud-
ies are needed, in conjunction with adequate training of car-
diac CT readers.
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