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Abstract

Despite advances, diagnosis of coronary artery diseases
with coronary CT angiography (CCTA) is still hampered
by artifacts from coronary artery calcium, stents, and
cardiac motion. Recent CT techniques have enabled
stress myocardial perfusion assessment in patients with
ischemic heart diseases. Stress perfusion CT and CCTA
can provide information on coronary artery anatomy and
flow-limiting stenosis. CT perfusion information enhances
the diagnostic accuracy of CCTA and may help to identify
lesions appropriate for coronary intervention. CT perfu-
sion is a potential economic alternative of other functional
studies currently used in the evaluation of ischemic heart
diseases.

Abbreviations

CAD Coronary artery disease

CTP CT stress myocardial perfusion
CCTA  Coronary CT angiography

FFR Fractional flow reserve

ICA Invasive coronary angiography
MBF Myocardial blood flow

MDCT  Multidetector CT

MPS Myocardial perfusion scintigraphy or SPECT
MRP MRI stress myocardial perfusion
MDCT  Multidetector CT

MI Myocardial infarction

NPV Negative predictive value

PCI Percutaneous coronary intervention
PPV Positive predictive value
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1 Introduction

Recently, there have been remarkable improvements in
cardiac computed tomography (CT) technologies. The use of
area-detector CT scanners (256-slice and 320-slice MDCT)
and 128-slice dual-source scanners has decreased radiation
dose to 0.5 mSv for coronary artery imaging. A meta-
analysis of nine high quality trials has defined the diagnostic
characteristics of coronary CT angiography using invasive
coronary angiography as the gold standard. This study found
that for the detection of coronary atherosclerotic plaques
coronary CT angiography had a sensitivity of 96 % (95 %
CI: 93-98 %) specificity of 86 % (95 % CI: 83-89 %),
positive likelihood ratio of 6.38 (95 % CI: 5.18-7.87), and
negative likelihood ratio of 0.06 (95 % CI: 0.03-0.10)
(Gorenoi et al. 2012). However, the image quality in cardiac
MDCT is degraded in patients with tachycardia or arrhyth-
mia. Prior studies have shown that diagnostic image quality
is typically obtained in 88—100 % of coronary artery seg-
ments (Hamon et al. 2007). The causes of image degradation
include cardiac and respiratory motion artifacts, misregis-
tration artifacts, blooming artifacts from heavy calcifications
and stents, streak artifacts from contrast materials, and poor
contrast enhancement. Although the spatial resolution of
cardiac CT is improving with the adoption of new detectors,
blooming artifacts still occurs. Therefore, the diagnostic
capability of CCTA in the detection of significant coronary
artery disease (CAD) is suboptimal in some clinical
scenarios. Furthermore, the detection of CAD alone is not
enough. The physiological significance of CT-detected
intermediate-stenosis lesions may not be clear; clinicians
favor the use of additional functional studies (e.g., exercise
tests, stress nuclear studies, and stress perfusion MR imag-
ing) in such cases. The detection of myocardial perfusion
deficits using resting-state CCTA is rarely feasible in
cases with severe coronary stenosis. Since knowledge of the
extent and severity of inducible myocardial ischemia is
critical for selecting an effective treatment strategy for
patients with suspected ischemic heart disease, it would be
ideal if an imaging modality could simultaneously visualize
coronary anatomy and provide information on myocardial
perfusion.

Coronary flow velocity reserve and fractional flow
reserve (FFR) are indices of clinical decision-making with
respect to percutaneous coronary interventions (PClIs).
However, FFR is influenced by conditions that affect
hyperemic microvascular resistance and additionally lacks
the theoretical solid foundation to be a gold standard.
Invasive stenosis assessment will most likely be replaced by
methods that directly measure actual perfusion, such as
MRI perfusion imaging (MRP) (van de Hoef et al. 2012).

2 Patient Selection for Coronary CT
Angiography Based on Pretest
Probability of Coronary Artery Disease

Cardiac CT is considered appropriate in patients with low-
to-intermediate pretest probability of CAD (Taylor et al.
2010). In these patients, the role of CT is to exclude sig-
nificant CAD. Due to the high specificity of CCTA, nega-
tive results for CAD are generally reliable; however, CCTA
may not be accurate in ruling out significant CAD in
patients with intermediate stenotic lesions by CCTA.

Percutaneous coronary intervention of a functionally
insignificant stenotic lesion increases the chance of an
adverse event, such as stent thrombosis and restenosis, as
well as subsequent repeat revascularization, myocardial
infarction (MI), or death. The increased risk of adverse
events in such a situation clearly exceeds the low risk
associated with a hemodynamically insignificant stenosis
without stent placement (Lindstaedt and Mugge 2011).

Angiography is inaccurate in assessing the functional
significance of a coronary stenosis when compared with the
FFR, not only in lesions with 50-70 % stenosis, but also in
lesions with 70-90 % angiographic stenosis (Tonino et al.
2010). According to the FFR versus angiography in mul-
tivessel evaluation (FAME) study, in 50-70 % stenosis
category, 35 % of stenoses were functionally significant
(FFR < 0.80). In the 71-90 % stenosis category, 80 %
were functionally significant. Therefore, the decision to
revascularize a coronary artery stenosis should be guided by
evidence of myocardial ischemia (Tonino et al. 2010).
According to the FAME study’s follow-up results (Pijls
et al. 2010), in 1,005 patients with multivessel CAD, the
FFR-guided group received fewer stents than the angiog-
raphy-guided group (2.7 &+ 1.2 vs. 1.9 £ 1.3; P < 0.001)
and experienced lower 2-year mortality rates and lower
rates of MI (12.9 vs. 8.4 %). For lesions deferred on the
basis of FFR >0.80, the rate of MI was 0.2 % after 2 years,
and the rate of revascularization was 3.2 %.

The DEFER study demonstrated excellent 5-year out-
comes after deferral of PCI for intermediate coronary ste-
noses based on an FFR-guided treatment strategy (Pijls
et al. 2007). In 325 patients with an intermediate stenosis,
FFR was measured just before the planned intervention. If
FFR was >0.75, patients were randomly assigned to
deferral (n = 91) or performance (n = 90) of PCI. The
composite rate of cardiac death and acute MI was 3.3 and
7.9 %, respectively (P = 0.21).

Although, noninvasive cardiac stress imaging may help
to determine the significance of a coronary artery lesion
when there is single-vessel disease, these techniques have
limitations in identifying the hemodynamic significance of
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individual stenoses in patients with multivessel CAD
(Lindstaedt and Mugge 2011). Reported sensitivities and
specificities of stress echocardiography are 53-93 % and
70-100 %, respectively, under study conditions (Fox et al.
2006). The reported sensitivity of myocardial perfusion
scintigraphy (MPS) ranges 70-98 %, but specificity only
reaches 40-90 % (Fox et al. 2006). Myocardial perfusion
imaging with single-photon emission computed tomography
(SPECT) has poor concordance with FFR and tends to
underestimate or overestimate the functional importance of
coronary stenosis seen with angiography in comparison
with FFR in patients with multivessel disease. These find-
ings have important consequences in using MPS to deter-
mine the optimal revascularization strategy in patients with
multivessel coronary disease. Compared to FFR, MPS
underestimates the number of ischemic territories in 36 %
of patients with multivessel disease (Melikian et al. 2010).

Adenosine-stress MRP is an accepted noninvasive test
for the detection of myocardial ischemia (Schwitter et al.
2012). However, MRP is sometimes unable to differentiate
subtle ischemia from artifacts (Hamon et al. 2010). The
number of slices is also limited in MRP.

Recently, computational flow analysis of coronary CT
data has become available for clinical applications (Koo
et al. 2011). The results were comparable to those of FFR
with catheterization. However, this process takes a super-
computer many hours to obtain the results, which are thus
not immediately available after each CT examination. On a
per-vessel basis, the accuracy, sensitivity, specificity, posi-
tive predictive value (PPV), and negative predictive value
(NPV) for FFRCT were 84.3, 87.9, 82.2, 73.9, and 92.2 %,
respectively, and for CCTA were 58.5, 91.4, 39.6, 46.5, and
88.9 %, respectively. The area under the receiver operator
characteristics curve was 0.90 for FFRCT and 0.75 for
CCTA (P = 0.001). The FFRCT and FFR results correlated
well (r = 0.717, P < 0.001) with a slight underestimation
by FFRCT (0.022 + 0.116, P = 0.016).

In patients with CT-detected CAD with an intermediate
degree of stenosis, diagnostic imaging should be used to
guide further treatment. In this regard, stress myocardial
perfusion imaging may be useful. FFR is invasive and time-
consuming, and sometimes elevated despite an apparent
tight stenosis (Pijls and Sels 2012). Adenosine-stress myo-
cardial perfusion CT (CTP) is a beneficial modality because
information on myocardial perfusion status is provided in
addition to coronary artery anatomical information (Figs. 1,
2, 3, 4,5, 6, 7). Therefore, CTP may also be useful in
patients with intermediate-to-high pretest probability of
CAD. CTP further helps to determine hemodynamic sig-
nificance of morphologically significant stenosis (Bamberg
et al. 2011) (Fig. 5).

The targets of adenosine CTP can be heavily calcified
lesions, coronary artery stents, or multiple lesions with
moderate to severe stenosis. In patients with small branch
stenosis or occlusion, it may be difficult to assess the degree
of stenosis of the involved vessel segments by CCTA.
However, CTP may perform better in identifying perfusion
abnormalities than CCTA, providing better detection of
small branch lesions (Fig. 3). Therefore, CTP provides
incremental values to the diagnostic accuracy of CCTA,
beyond exclusion of significant CAD; patient-specific ste-
nosis can be assessed for lesion-specific ischemia (Koo
et al. 2011). In this way, the CTP technique may expand the
clinical indications for CCTA.

3 MRI Perfusion and Coronary CT
Angiography: Insights
from the Combined Approach

According to a meta-analysis (Hamon et al. 2010), the
overall patient-based analysis of stress myocardial perfusion
MRI demonstrated a sensitivity of 89 % (95 % CI:
88-91 %) and a specificity of 80 % (95 % CI: 78-83 %).
Stress perfusion MRI is highly sensitive for detection of
CAD, but its specificity remains moderate.

MR-IMPACT 1I study showed that the sensitivity of
MRP to detect CAD was superior to SPECT, while its
specificity was inferior to SPECT (Schwitter et al. 2012).
For MRI and SPECT, the sensitivity scores were 67 and
59 %, respectively, while the specificity scores for MRI and
SPECT were 61 and 72 %, respectively.

MRI can be used to detect flow-limiting CAD as defined
by FFR, using both visual and quantitative analyses. The
sensitivity and specificity of visual MRP analysis to detect
stenoses at a threshold FFR of <0.75 were 82 and 94 %
(P < 0.0001), respectively, with an area under the receiver-
operator characteristic curve of 0.92 (P < 0.0001) (Lockie
et al. 2011). In the vessels interrogated with FFR, CCTA
had a sensitivity, specificity, PPV, and NPV of 93, 60, 68,
and 90 %, respectively (Ko et al. 2012a). Quantitative
cross-sectional parameters of the coronary lesions derived
from 64-slice CCTA are significantly correlated with
functional assessment by invasively determined FFR
(Kristensen et al. 2010). According to a study of 42 patients,
the optimal cut-off value to predict an abnormal FFR
(<0.75) was 73 % for area stenosis of CCTA (sensitivity
90 %, specificity 80 %, PPV 50 %, and NPV 97 %) and
56 % for diameter stenosis of CCTA (sensitivity 80 %,
specificity 67 %, PPV 35 %, and NPV 94 %), respectively
(Kristensen et al. 2010). A CCTA minimal lumen diameter
cut-off value of 1.2 mm had a sensitivity of 70 % and
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Fig. 1 A 72-year-old female
with unstable angina.

a Adenosine-stress 64-slice
multidetector CT shows
subendocardial perfusion defects
in the septum and inferior wall
(arrows). b Rest image shows no
perfusion abnormalities.

¢, d Curved multiplanar
reconstruction images show
multiple stenoses in the right
coronary artery (RCA) and
calcifications in proximal-to-mid
left anterior descending branch
(LAD). e, f Catheter coronary
angiography revealed focal tight
stenosis in distal RCA (arrow),
severe stenosis in proximal-
to-mid LAD (arrows) and obtuse
marginal branch (arrowhead)

specificity of 72 %, while a CCTA minimal lumen area cut-

of 78 %. According to a CCTA-FFR comparison study,

25.5 % (12/47) of lesions with 50-69 % stenosis severity by
off value of 2 mm?® had a sensitivity of 80 % and specificity CCTA caused ischemia, as determined by an FFR <0.80

(Koo et al. 2011).
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Fig. 2 Silent ischemia in
67-year-old male with coronary
bypass grafts. a, b Coronary
bypass grafts are seen patent with
good anastomosis. ¢ However,
stress dynamic perfusion CT
shows perfusion defects (arrows)
in inferior wall without
myocardium thinning. d Time-
attenuation curve shows
significant attenuation difference
between anterior and inferolateral
walls of the left ventricle
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Fig. 3 Dynamic scan helps to diagnose a small branch lesion (silent occlusion was overlooked on CT analysis, initially. In retrospect,
ischemia in a 74-year-old male). a In this asymptomatic male with  volume-rendered image also showed evidence of ischemia with a
vascular occlusive disease, there was clearly visible myocardial darker color (arrows). ¢ The peak attenuation number in the perfusion
ischemia in the basal inferolateral wall (arrow) due to occlusion of defect was 73 HU and that of normal area was 108 HU

distal circumflex and obtuse marginal branches. b The small branch

Fig. 4 A 55-year-old male with chest pain. a, b Short-axis reformatted stress ¢ Curved planar reformatted image shows calcifications in the distal right
perfusion CT (a) and flow map image (b) show decreased perfusion (arrow)in  coronary artery. The degree of stenosis was uncertain. d Catheter angiogram
inferior wall. Myocardial blood flow measured 4047 mL - 100 mg_1 min~"  shows severe stenosis (arrow) in distal right coronary artery

in inferior wall and 86 mL - 100 mg~' min~' in normal myocardium.
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Fig. 5 A 74-year-old male with angina. a CT angiography shows
intermediate degree stenosis (arrow) in the proximal left anterior
descending branch (LAD) due to soft plaques. b—e CT perfusion
reformatted images (b) and flow map images (c) show subendocardial
perfusion defects (arrows) in anteroseptal wall. Myocardial blood

flow measured 42 mL - 100 mg~' min~' in anteroseptal wall and

According to Kirschbaum et al. (2011), MRP contributes
significantly to the detection of functional significant lesions
in patients with a positive CCTA. MRP and coronary flow

dRCA FFR

SEE

113 mL - 100 mg™" min™' in normal area. Stress MR perfusion
image (d) shows perfusion defects (arrow) in the same region. There
was no evidence of old myocardial infarction on late gadolinium-
enhanced MR images (e). f, g Adenosine fractional flow reserve was
0.89 in distal right coronary artery (f) and 0.66 in proximal LAD (g).
Percutaneous coronary intervention was performed in LAD only

reserve (CFR) were performed in 50 patients with signifi-
cant CAD by CCTA. MRP showed reduced perfusion in 32
patients (64 %), and this finding was confirmed by CFR in
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Fig. 6 Three-vessel disease with multisegment perfusion defects
(70-year-old male with chest pain). a CT angiography shows dense
calcifications in left main coronary artery, left anterior descending
branch (LAD), circumflex artery (LCX), and occlusion in right
coronary artery (RCA). b CT perfusion flow maps show decreased
perfusion (arrows) in three-vessel territories. Myocardial blood flow
measured 43—-68 mL - 100 mg™' min~' in the areas with decreased

27 (84 %). All 18 cases of normal MRP (36 %) were
confirmed by CFR. Of the 50 patients, 20 (40 %) had
multivessel disease, with MRP showing a reduced perfusion
index (MPRI < 2.0) in multiple perfusion territories in 15
patients. In the remaining five patients, multivessel disease
was ruled out, which was confirmed by CFR. Pretest
probability of a reduced CFR in patients with a positive
CCTA was 54 % (27/50). The posttest probability after
MRP was 84 %. The investigators of this study proposed an
algorithm with CCTA as a first-line diagnostic test followed
by MRP in patients with a positive CCTA.

In a study by van Werkhoven et al. (2010), normal
perfusion on MRI was observed in 33 % (5/15) of patients
with significant obstructive CAD on CCTA. The majority of
patients (83 %) were presented with an intermediate pretest
likelihood of CAD. In all patients without significant ste-
nosis on CCTA and normal perfusion on MRI (n = 29),
significant stenosis was absent on invasive coronary angi-
ography (ICA). All patients with abnormalities on both

perfusion. ¢ Stress MRI perfusion shows subendocardial perfusion
defects (arrows) in three-vessel territories. d Late gadolinium-
enhanced MR images show no evidence of myocardial infarction.
e, f Catheter angiography shows occlusion of proximal right coronary
artery (arrow) (e) and severe stenosis in proximal segments of left
anterior descending branch and circumflex artery (arrows) (f)

CCTA and MRI (n = 10) had significant stenoses on ICA.
The anatomical and functional data obtained with CCTA
and MRI is complementary for the assessment of CAD.
These findings support the sequential or combined assess-
ment of anatomy and function (van Werkhoven et al. 2010).

According to Groothuis et al. (2010), the combination of
both techniques enabled the clinician to evaluate both the
morphology and functional relevance of CAD—compre-
hensively and noninvasively. Of patients without CAD on
CCTA, 90.5 % (57 of 63; 95 % CI: 82.6-95.0 %) had
normal myocardial perfusion on MRP. Myocardial ischemia
was detected by MRP in 42.3 % (22 of 52; 95 % CI:
29.5-56 %) of patients with obstructive CAD on CCTA.
Thus, CCTA can reliably rule out CAD, but detection of
hemodynamically significant CAD is limited. In patients
with known CAD, myocardial perfusion imaging may be
more appropriate than CCTA as a first-line technique.
SPECT is the modality most commonly used to assess
myocardial perfusion; however, due to the increased
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Fig. 7 A case with anatomy-physiology discrepancy (55-year-old
female with chest pain). a CT angiography shows focal significant
stenosis (arrows) in mid-left anterior descending branch (LAD). b CT
perfusion reformatted and flow map images show no evidence of
myocardial ischemia during stress. Myocardial blood flow measured
128 mL - 100 mg~' min~' overall. ¢ There was no evidence of

radiation burden, SPECT might not be the ideal additional
functional modality used along with CCTA to evaluate
patients suspected of having CAD. According to a SPECT—
CCTA comparison study by Schuijf et al. (2006), of 40
patients and 62 vessels with obstructive CAD at CCTA,
SPECT findings were normal in 20 patients (50 %) and 38
vessel territories (61 %).

significant perfusion defects on stress and rest perfusion MR images.
d Late gadolinium-enhanced images show no myocardial infarcts.
e, f Catheter angiograms show a tight stenosis (arrow) in mid LAD
(e) and spasm was induced in the LAD on intraarterial ergonovine
injection (f)

However, according to Scheffel et al. (2010), all tested
combinations of low-dose CCTA and MRP, with or without
late gadolinium enhancement, were unable to improve the
diagnostic performance over that of low-dose CCTA alone.
Using ICA as the gold standard, low-dose CCTA outper-
forms MRI with regard to sensitivity and NPV, whereas MRI
is more specific and has a higher PPV than low-dose CCTA.
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4 Clinical Results for Adenosine-Stress
Myocardial Perfusion CT

Recent literature has shown the potential advantage of
MDCT for CCTA during adenosine-stress (Bamberg et al.
2012; Bastarrika et al. 2010; Bettencourt et al. 2011; Cury
et al. 2011; Feuchtner et al. 2011; George et al. 2009; Ho
et al. 2010; Ko et al. 2011, 2012a, b; Nagao et al. 2011;
Rocha-Filho et al. 2010; Ruzsics et al. 2009; Tamarappoo
et al. 2010; Wang et al. 2012; Weininger et al. 2010)
(Table 1). The feasibility of adenosine-stress CT has been
documented by George et al. (2006) in an experimental
animal model. According to Rocha-Filho et al. (2010),
adenosine-stress perfusion imaging (single static scan) in
addition to 64-slice dual-source CCTA demonstrated
improved sensitivity, specificity, PPV, and NPV of CCTA
for CAD diagnosis (83-91, 71-91, 66-86, and 87-93 %,
respectively).

Feuchtner et al. (2011) used high-pitch stress perfusion
CT (single scan) in 39 patients, yielding a per-vessel sen-
sitivity of 96 % with 88 % specificity, 93 % PPV, and 94 %
NPV in the detection of perfusion defects in comparison
with cardiac MRI; the per segment sensitivity was 78 %
with 87 % specificity, 83 % PPV, and 84 % NPV. In 25
patients with CAD, confirmed by ICA, the addition of CTP
to CCTA improved accuracy from 84 to 95 % for the
detection of stenosis >70 %.

Coronary CT angiography during adenosine infusion is
possible with the use of an area-detector CT (256- or 320-
slice CT). Ko et al. (2012a) compared CTP with FFR in 42
patients using a 320-detector row CT scanner and pro-
spective electrocardiography (ECG)-gating for the detection
of stenosis >50 %. FFR < (0.8 was considered as an indi-
cation of significant ischemia. CTP imaging correctly
identified 31 of 41 (76 %) ischemic territories and 38 of 45
(84 %) non-ischemic territories. Per-vessel territory sensi-
tivity, specificity, PPV, and NPV of CTP were 76, 84, 82,
and 79 %, respectively. The combination of >50 % stenosis
on CTA and a perfusion defect on CTP was 98 % specific
for ischemia, while the presence of <50 % stenosis on CTA
and normal perfusion on CTP was 100 % specific for
exclusion of ischemia. Mean radiation for CTP and com-
bined CT was 5.3 and 11.3 mSv, respectively.

Contemporary MDCT techniques enable dynamic
acquisition of image data during adenosine-stress adminis-
tration. According to Bamberg et al. (2010), data are
acquired, alternating between two table positions, covering
73 mm during systolic phases for 30 s using 100 kVp.
Radiation dose was 2.3 mSv for CCTA and 9.6 mSv for
dynamic scanning. Ho et al. (2010) used this technique for
myocardial perfusion imaging in 35 patients. There was a
1.5-fold difference between stress and rest myocardial blood

flow (MBF) in normal tissue. In reversible defects, MBF
was 0.65 £ 0.21 mL/mL/min and 0.63 %+ 0.18 mL/mL/min
at stress and rest, respectively. In comparison with nuclear
myocardial perfusion imaging, the sensitivity, specificity,
PPV, and NPV of CTP for identifying segments with per-
fusion defects was 83, 78, 79, and 82 %, respectively. The
sensitivity, specificity, PPV, and NPV of CTP compared
with ICA were 95, 65, 78, and 79 %, respectively.

According to Bamberg et al. (2011), the diagnostic
accuracy of CCTA was low for the detection of hemody-
namically significant stenosis (PPV per coronary segment,
49 %; 95 % CI: 36-60 %). With the use of estimated MBF
to reclassify lesions depicted with CT angiography, 30 of 70
(43 %) coronary lesions were graded as hemodynamically
insignificant, which significantly increased PPV to 78 %
(95 % CI: 61-89 %; P = 0.02). The presence of a coronary
artery stenosis with a corresponding MBF less than 75 mL/
100 mL/min had a high risk for hemodynamic significance
(odds ratio, 86.9; 95 % CI:17.6-430.4). In a pig model, in
the ischemia group, MBF under stress was 74.0 & 21.9 mL/
100 mL/min in the post-stenotic myocardium and
117.4 + 18.6 mL/100 mL/min in the remaining normal
myocardium (P = 0.0024) (Mahnken et al. 2010). CTP is
moderately accurate in identifying ischemia as assessed by
FFR in patients considered for revascularization, while
CCTA/CTP is highly accurate in the detection and exclu-
sion of ischemia in territories where CCTA and CTP are
concordant.

The results of Weininger et al. (2010) suggested the
clinical feasibility of CTP in patients with acute chest pain.
Compared to MRI and SPECT, dynamic real-time perfusion
CT and first-pass dual-energy perfusion CT showed good
agreement for the detection of myocardial perfusion defects.

Myocardial blood flow measured by CTP may predict
functional recovery of the left ventricle after coronary
bypass graft surgery (CABG) (Shikata et al. 2010). In a
study on 19 patients who underwent CABG, MBF in
revascularized areas increased significantly (pre-CABG
118 £ 045 mL - g~ ' - min~',  post-CABG  1.99 +
0.66 mL - gf1 . minfl, P < 0.001), whereas nonischemic
areas showed no significant difference (1.79 & 0.70 and
197 £ 046 mL - g~' - min~', P = 0.14).

CTP may provide information on MI (Nakauchi et al.
2012) with better sensitivity than rest imaging. However,
CTP has limitations in the detection of nonviable myocardial
segments. Late or delayed CT at 7-10 min after injection of
100-120 mL of contrast material may help to detect nonvi-
able hyperenhancing lesions of MI on the addition of radia-
tion (Choe et al. 2008). Fat infiltration in the infarct may
suggest the diagnosis of old MI without providing informa-
tion on the depth of myocardial fibrosis. A profoundly low
MBF value of dynamic CTP suggests the diagnosis of non-
viable myocardium. The cutoff value may be around
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50 mL - 100 mg ™" min~"'. Fixed perfusion defects on stress
and rest images are highly suggestive of ML

Recent technology enables dual-energy application in
cardiac imaging, although cardiac motion artifacts are still
barriers in obtaining appropriate information on iodine
distribution in ischemic myocardium. Dual-energy CT has
demonstrated effective visualization of resting ischemia
(Ruzsics et al. 2009). However, further research is neces-
sary to validate the usefulness of dual-energy CT for the
assessment of myocardial ischemia at rest and under stress.

5 Stress CT Myocardial Perfusion Protocol

A typical example of stress CT myocardial perfusion pro-
tocol is as follows (Fig. 8):

e Precontrast calcium scoring.

e Test bolus technique or bolus-tracking technique for
timing of stress CT, unless using a fixed delay time of
4-6 s before the start of image acquisition after com-
mencement of contrast injection.

Adenosine infusion.

Stress CT (single-phase or dynamic multiphase).
Coronary CT angiography.

Late CT (optional, 6-10 min delay).

The whole examination requires 25-30 min in our
institution, if operated by skillful and experienced tech-
nologists. Adoption of a dynamic rest perfusion CT may not
be recommended because of additional radiation.

6 Patient Preparation
and Contraindications of CT Myocardial
Perfusion

Stressors such as dipyridamole and adenosine have been
used in the field of nuclear cardiac imaging. Dipyridamole
blocks adenosine reuptake. Adenosine dilates coronary
arteries by interaction with adenosine-A, receptor. The direct
infusion of adenosine at the dose of 140 - pg - kg~' min~'
using an infusion pump increases coronary flow velocity
4.4-fold (Verani 2000). Image acquisition begins 3—-6 min
after initiation of adenosine infusion. The plasma half-life of
adenosine is 2-10 s. Regadenoson is an adenosine A (2A)
receptor agonist approved for use as a pharmacologic stress
agent for radionuclide myocardial perfusion imaging in
patients unable to undergo adequate exercise stress. Regad-
enoson is easy to dose in a 10 s bolus and appears to be
generally well tolerated, with most adverse events beginning
soon after administration and resolving within approxi-
mately 15 min. No unexpected treatment-emergent ECG
changes occurred with regadenoson in phase III trials
(Garnock-Jones and Curran 2010).

Ad Py Dh ic oT

30 sec

Rest CCTA

5-10 min

t 1t

NTG IV contrast

2 min 54 sec 6 sec

1 t 1

Adenosine on |V contrast Adenosine off

Fig. 8 A diagram of the CT perfusion protocol using a dynamic stress
CT technique. CCTA coronary CT angiography, /V intravenous, NTG
nitroglycerin

Patients must refrain from coffee, tea, chocolate, or any
other source of caffeine for at least 24 h before the exam-
ination. Dipyridamole is discontinued for 24 h before CTP.

Contraindications of adenosine include:

e Asthma or active bronchospasm.

Severe chronic obstructive pulmonary disease with rest
hypoxia.

Recent use of theophylline/caffeine.

Advanced atrioventricular block.

Severe hypotension.

Sick sinus syndrome.

Very early (within 2 days) after acute MI or unstable
angina.

Adenosine is remarkably safe; while side effects occur in
80 % of patients with atrioventricular block in 8 % and
ST-T change in 6 % (Verani 2000). Side effects resolve
within 1-2 min after test completion. In case of severe
reaction, 100 mg theophylline (aminophylline), an antago-
nist, is slowly injected intravenously and repeated for
2-3 min with a maximum dose of 300 mg.

It is advisable to monitor blood pressure, arterial oxygen
level (pulse oxymeter), and ECG for myocardial ischemia
and atrioventricular block during adenosine infusion. Three
extremities are used. Intravenous routes are secured for
adenosine infusion and contrast injection in each arm,
respectively, and blood pressure is monitored in a lower
extremity (calf). In the case of severe bradycardia associ-
ated with excessive adenosine infusion, aborting the
dynamic CT scan should be considered.

7 Image Processing and Interpretation

The MMWP workstation (Siemens Medical Solutions,
Erlangen, Germany) with Syngo VPCT body-myocardium
(software) is one example of a commercial solution for
image processing of dynamic perfusion data. Motion cor-
rection is performed after selecting a baseline image among
those of the dynamic series; the more motion artifacts there
are, the more myocardium that is lost. Then, myocardial
segmentation is performed. The whole volume of the
myocardium is included in the region-of-interest (ROI) for
the segmentation process. Aortic attenuation is measured
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Fig. 9 A pitfall in image
interpretation. a A focal area of
nonspecific fat in apical
myocardium mimics a perfusion
defect on dynamic CT perfusion
(arrow). b CT angiography
image shows an area of fat
(arrow) in the cardiac apex

for the calculation of the arterial input function. ROIs
should be placed in the regions of normal and abnormal
myocardium for the flow map analysis.

One should be careful when interpreting CTP in patients
with significant motion artifacts, beam-hardening artifacts,
anatomic variation, and nonspecific fat infiltration in the
myocardium (Figs. 9, 10). Keep in mind that the basal
interventricular septum and the mid-to-basal posterolateral
wall show variable degrees of low attenuation or low MBF
in normal subjects. Minimum intensity projection (MinIP)
images with 3 mm thickness and diastolic images are better
for depicting perfusion defects on reconstructed CT images
(Ghoshhajra et al. 2011).

8 Radiation Dose

Recent CT techniques enable low-dose dynamic or static
CTP. Adoption of automated dose modulation of X-ray tube
current (and more recently, voltage) reduces the radiation
dose received by patients during CT examination. In addi-
tion, iterative reconstruction methods permit further
reductions of radiation dose. Currently, CTP delivers 1 mSv
with low-dose high-pitch scanning, 10 mSv with dynamic
scanning using a 128-slice dual-source CT scanner, and
5 mSv with a 320-slice area-detector CT, in addition to the
dose associated with CCTA (Bamberg et al. 2010;
Feuchtner et al. 2011; Ko et al. 2012a). Generally, static
techniques for CTP deliver radiation doses to patients
similar to those of CCTA.

Our results of dynamic CT perfusion from 330 consecu-
tive patients showed maximum attenuation difference
between normal and abnormal myocardium occurred at
12.0-24.3 s after initiation of contrast injection. The mean
radiation dose of a dynamic stress scan was 12.1 + 1.6 mSv
(range, 9.2-16.4 mSv) with fixed tube current at 100 kVp,
7.7 £ 2.5 mSv (range, 3.3-16.1 mSv) with automatic
tube current modulation, and 3.8 £ 1.3 mSv (range,
2.0-7.6 mSv) with automatic tube current modulation and
half-duration (14 s) scan.

9 Cost Effectiveness of CT Perfusion

Between 20 and 25 % of patients can avoid invasive testing
by undergoing functional testing as a gateway to angiog-
raphy without substantial effects on outcomes (Sharples
et al. 2007). Positive functional tests were confirmed by
positive angiography in 83 % of SPECT patients, 89 % of
MRI patients, and 84 % of stress echocardiography patients.
In a randomized trial of 898 patients, negative functional
tests were followed by positive angiograms in 31 % of
SPECT patients, 52 % of MRI patients, and 48 % of stress
echocardiography patients tested (Sharples et al. 2007).

Sixty-four-slice CT appears to be as good as, but cheaper
than MPS for the diagnosis of CAD. Consequently, 64-slice
CT is likely to be a cost-effective replacement for MPS in
diagnosing CAD (Mowatt et al. 2008). Diagnostic strategies
involving 64-slice CT seem to still require ICA for CT
false-positives in terms of quantifying the degree of steno-
sis. Due to non-diagnostic CT images, approximately 3.6 %
of the examined patients required a subsequent ICA
(Gorenoi et al. 2012). The high specificity of 64-slice CT
avoids the costs of unnecessary ICA in those who do not
have CAD. The health-economics model using ICA as the
reference standard showed that at a pretest probability for
CAD of 50 % or lower, CCTA resulted in lower cost per
patient with true positive diagnosis. At a pretest probability
of CAD of 70 % or higher, ICA was associated with lower
cost per patient with true positive diagnosis (Gorenoi et al.
2012). There is a trend of declining diagnostic cardiac
catheterization, while the ratio of PCI over catheterization is
increasing (Jones et al. 2011).

Using intracoronary pressure measurement as the refer-
ence standard, CCTA compared with ICA had a sensitivity
of 80 % (95 % CIL. 61-92 %) versus 67 % (95 % CI:
51-78 %), a specificity of 67 % (95 % CI: 47-83 %) versus
75 % (95 % CI: 60-86 %), an average positive likelihood
ratio of 2.3 versus 2.6, and an average negative likelihood
ratio of 0.3 versus 0.4, respectively (Gorenoi et al. 2012).
From both a medical and a health-economics perspective,



222

Y. H. Choe

Fig. 10 Beam-hardening
artifact. A band-like dark area
(arrow) is due to beam-hardening
artifacts from the highly
attenuated descending thoracic
aorta on a dynamic CT
reformatted image (a) and color
map image (b). Window width
and level of the reformatted
images were 229 and 77,
respectively
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Fig. 11 A chart showing economic consideration using CT perfusion
(CTP) and coronary CT angiography (CCTA) together. Expenses of an
additional examination or examinations including exercise electrocar-
diography (ECG), exercise echocardiography (Echo), single-photon
emission tomography (SPECT), positron emission tomography (PET),
MRI perfusion (MRP), CT-fractional flow reserve (CT-FFR), FFR,
and percutaneous coronary intervention (PCI) can be saved, if CTP
and CCTA are performed together as a one-stop examination and
provide relevant information on coronary artery disease

neither CCTA nor ICA may be recommended as the single
diagnostic test for identifying or ruling out functionally
relevant coronary stenoses (Gorenoi et al. 2012).

CTP (A) takes longer time than CCTA. It requires more
personnel and it delivers a greater radiation and contrast
material burden. However, its value may be equivalent to that
of a combination of CCTA (B) with SPECT/PET or adeno-
sine-stress perfusion MR imaging (C). Savings will be
defined as the cost difference (B + A — C) (Fig. 11).
Suppose that we have a patient with chest pain due to inter-
mediate degree stenotic lesions in three vessels. If we can
omit FFR (D) during catheterization because of having
obtained information on coronary flow physiology,
additional money can be saved. If we can differentiate
hemodynamically significant lesions and not perform PCI on
all intermediate lesions, we can achieve further savings (E).
If CTP replaces diagnostic ICA (F), we can save money

(F — A). If CTP replaces CT FFR (G), again, we can save
money (G + B — A). An economic evaluation of CTP
versus CCTA for health outcomes and costs should be
performed in the future.

10 Limitations and Pitfalls

Current dynamic CT technology has limitations in anatomic
coverage (7 cm) with a second generation dual-source CT.
Beam-hardening artifacts are problematic for the interpre-
tation of CT images. However, an algorithmic approach
may solve this problem (Kitagawa et al. 2010). Relative low
tissue contrast of CT may decrease the sensitivity of CTP.
However, a MBF map obtained from CT data provides
important information on myocardial perfusion.

Another limitation of the dual-source dynamic CTP pro-
tocol is the limited temporal resolution, as datasets are only
acquired every two or four heartbeats. This limitation could
result in an underestimation of blood flow, particularly
during stress as temporal resolution requirements for MBF
quantification become more critical with increasing MBF.

On the other hand, higher spatial resolution of CT
compared with MRI may eliminate errors associated with
dark-rim artifacts on MRP. The availability of CTP is still
limited, because it is a new technique. Widespread use of
CTP should be preceded by the results of basic and clinical
research, with further education of radiologists, technolo-
gists, and clinicians.

Randomized trials will be needed to compare the clinical
effectiveness of the CCTA/CTP examination with other
modalities (Blankstein and Jerosch-Herold 2010). The
prognostic value of CTP is not known and should be
evaluated in the future.

11 Conclusions

Stress perfusion CTP and CCTA can provide information
on coronary artery anatomy and physiology simultaneously.
Wide-coverage (dual-source) CT scanners with prospective
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ECG-gated scanning techniques permit low-radiation,
dynamic imaging of the myocardium after contrast injec-
tion. CTP is expected to play some role in the evaluation of
ischemic heart disease with coronary arteries that display an
intermediate-to-high degree of stenosis for patients with
intermediate-to-high pretest probability of CAD.
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