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Preface

“..tNv &€ 61 kapdiav Gupa TV GAeBOV Kal nynv ol MEPLGEPOUEVOU KATA TAVTO T UEAI
obodphg aluartog...”

Plato, Timaios, 360 BC

We are embarking on yet another exciting journey in our exploration of the determi-
nants of the human body. Much has happened in the last decade that has decisively
enhanced our abilities to noninvasively assess health and disease of the heart. Innovation
in medicine ordinarily is a slow process; many years pass before a new test or procedure
matures to the stage of universal acceptance and integration into clinical algorithms and
guidelines. This process is welcome and necessary, as it ensures sufficient vetting of new
techniques before they are applied on a large, universal scale and prevents unsuitable,
unduly hyped fancies of the moment to enter the greater field of medicine. Because of its
disruptive nature as the only noninvasive modality that enables interrogation of the
coronary arteries, the use of cardiac CT has evolved at a breathtaking speed and has
found entrance in general clinical practice, widespread acceptance, and inclusion into
guidelines much faster than we could have dreamt of 15 years ago, when we embarked
on applying modern era CT systems to cardiac imaging.

Now that general cardiac CT applications are firmly and irrevocably ensconced in the
wider consciousness of medicine, it is time to explore new frontiers and further expand
our boundaries. We are no longer content with mere morphe, it is the combination and
interdependence of structure and function that tweaks our curiosity and ambition. In
recent years, exciting new techniques have emerged that aim at the combined CT
assessment of coronary artery disease and its consequences on the function of the heart
muscle. These novel approaches have been enabled by constantly evolving technical
innovation and by the ingenuity of clinicians and researchers who explore ever new
avenues for applying our technical prowess to improving the human condition. The
concomitant application of CT techniques for detecting coronary artery stenosis and
their relationship to myocardial function, ischemia, infarction, and viability is of par-
ticular attractiveness. One single, rapid modality can comprehensively and noninvasively
provide all information, whereas in past decades a barrage of multiple tests was required
to obtain similar insights for the purpose of guiding beneficial and appropriate patient
management. As such, CT imaging of myocardial ischemia, infarction, and viability is a
true paradigm for the synergies that we need to create to face our challenges in the
healthcare of the future.



vi

Preface

We are proud to present to you the first tome on these exciting new developments in
imaging and we hope that you will share our excitement. We are exceedingly grateful to
our many expert contributors from around the globe who made time in their busy
schedules to bring to you their cutting edge experiences in the application of a broad
spectrum of approaches to tackle this fascinating feat. Our gratitude goes out to our
dear friend Max Reiser for setting us on this path and to the editorial team at Springer
who again so expertly steered the realization of this ambitious project.

Charleston, Munich, Toronto, Liverpool, Groningen, October 2013 The Editors
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Abstract

Technical advancements in computed tomography have
provided the basis for safe, rapid, noninvasive detection
of coronary artery disease with high diagnostic accuracy.
While there are well-established limitations in the pure
anatomic assessment of coronary atherosclerosis, there is
a growing body of data demonstrating that coronary
computed tomography angiography provides valuable
prognostic information and may have outcome and cost
benefits over traditional diagnostic testing in selected
clinical scenarios. Appropriate utilization necessitates
proper technique and patient selection. The exact clinical
role of computed tomography-based anatomic assess-
ment of coronary artery disease is still evolving, and
emerging techniques are encouraging for improved
performance and expanded applications in the future.

Abbreviations
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CAD Coronary artery disease
cCTA  Coronary computed tomography angiography
IVUS  Intravascular ultrasound
ICA Invasive coronary angiography
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1 Introduction

Anatomic assessment of the coronary arteries began in
earnest in 1958 with Dr. F. Mason Sones’s inadvertent
injection of contrast material into the right coronary artery
of a patient undergoing a diagnostic aortogram (Bruschke
et al. 2009). Since then, invasive coronary angiography
(ICA) has had a profound effect on the understanding and
management of coronary artery disease (CAD). ICA
remained the dominant option for the anatomic evaluation
of the coronary arteries for nearly 40 years, when rapid
advances in computed tomography technology began to
produce the temporal and spatial resolution necessary for
reliable imaging of the heart and its vessels. The introduc-
tion of 64-detector computed tomography systems in 2004
moved coronary computed tomography angiography
(cCTA) beyond feasibility testing into clinical practice.
Predictably, the abilities and clinical role of cCTA are still
evolving. While the high negative predictive value (NPV)
of cCTA has provided the basis for endorsement by the
major cardiovascular and radiological societies for certain
indications, much more high-quality data will be necessary
before we can expect a true paradigm shift in the approach
to CAD diagnosis and management.

1.1 Basis for Anatomic Imaging

of the Coronary Arteries

As this book emphasizes, comprehensive evaluation of the
myocardium necessitates much more information than
simply identifying and characterizing atherosclerotic dis-
ease. Yet assessment of coronary artery morphology plays a
major role in establishing a diagnosis, risk-stratification,
and therapeutic management in patients with suspected
CAD. The current clinical reliance on coronary anatomy is
a factor of both pathophysiological and historical factors.
The clinical manifestations of myocardial ischemia can
be broadly classified into two categories on the basis of
chronicity and underlying pathophysiology—ischemic
equivalent chest pain syndrome (angina pectoris or angina
equivalent; AP) and acute coronary syndrome (ACS). In
both situations, coronary atherosclerosis is the underlying
cause in the vast majority of patients. Myocardial ischemia
is a result of an imbalance between myocardial oxygen
demand and myocardial oxygen delivery. Oxygen demand
is a function of heart rate, myocardial contractility, and
left ventricular wall stress, which are increased in periods
of physical exertion or mental stress. Since myocardial

oxygen extraction is nearly maximal at rest, the normal
physiological response to increased demand is coronary
artery vasodilatation resulting in increased myocardial
blood flow. The ability to increase coronary flow over that
at rest is termed coronary flow reserve. Atherosclerotic
narrowing of the coronary arteries causes a fall in pressure
across the stenosis as predicted by the Hagen—Poiseuille
equation, with the drop in perfusion across the stenosis
inversely proportional to the fourth power of the minimal
luminal diameter. Mild stenosis has a negligible hemody-
namic effect; however, luminal diameter narrowing
above x50 % causes recruitment of flow reserve at rest
(Hendel 2009) resulting in decreased exercise capacity and
possibly causing exertional ischemia, clinically manifested
as stable AP. At ~80 % luminal diameter narrowing, the
coronary reserve is totally recruited at rest, and symptoms
of unstable AP may result. This relationship between ath-
erosclerotic coronary artery narrowing and decreased
myocardial oxygen delivery forms the basis for anatomic
imaging in patients with suspected CAD.

In contrast to stable chest pain syndromes, myocardial
ischemia in ACS is usually secondary to sudden rupture of a
preexisting atherosclerotic coronary artery lesion, again
leading to a mismatch in myocardial oxygen supply and
demand. The severity of blood flow reduction will affect the
clinical manifestation, ranging from ischemia (unstable AP)
to varying levels of myocardial necrosis (myocardial infarc-
tion; MI). The likelihood of plaque rupture is more closely
related to plaque morphology than stenosis severity (Virmani
et al. 2002); however, significant luminal narrowing is
detected in nearly all patients with MI at subsequent ICA (Roe
et al. 2000), forming the basis for anatomic imaging in cases
of acute chest pain/suspected ACS.

Our understanding of the pathogenesis of CAD continues
to evolve. While early clinicians worked on the assumption
that there was a fairly simple relationship between coronary
atherosclerosis and disease manifestation, there is now
abundant data showing that the clinical relevance of CAD is
related to a host of other factors. Furthermore, correlation
between diameter stenosis and functional relevance (like-
lihood of producing clinically significant ischemia) is sub-
optimal (see below). The widespread use of ICA over the
past half-century, however, has led to abundant data sup-
porting its value. CAD assessment using a simple 1-, 2-, or
3-vessel obstructive disease grading scheme is one of the
most important prognostic factors in patients with coronary
artery disease, and coronary morphology has been firmly
incorporated into clinical guidelines of CAD management,
particularly when revascularization is considered (Patel
et al. 2012a, b; Smith et al. 2011).
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1.2 Limitations

1.2.1 Limitations of Anatomic Imaging

With the advent of new diagnostic tests, such as myocardial
perfusion imaging and direct measurements of coronary
artery perfusion pressure, we have learned that anatomic
imaging results correlate poorly with the functional rele-
vance of disease. It is especially difficult to predict the
relevance of intermediate severity lesions (50-70 % steno-
sis). Many factors outside the coronary arteries have been
identified that play a role in myocardial blood flow,
including ventricular hypertrophy, microvascular disease,
the metabolic state of the myocardium itself, and collateral
vessel formation. In addition, the common 1-, 2-, and
3-vessel obstructive disease ranking employed by anatomic
imaging tests does not include information on the length of
stenoses, plaque morphology, or entrance and exit angles,
all of which have been shown to affect pressure gradients
(Mark et al. 2010). Anatomic imaging in patients with acute
chest pain is also problematic, as ACS is often caused by
rupture of a mild/moderate stenosis, with culprit lesions
displaying less than 70 % stenosis in up to 80 % of patients
with ACS (Roe et al. 2000).

1.2.2 Technical Limitations of cCTA
Despite advances in cCTA technology, attaining diagnos-
tic-quality studies remains problematic in patients with
extremely fast or irregular heart rates (cardiac motion,
stair-step artifacts), obese patients (quantum mottle, poor
signal to noise ratio), and those who are unable to perform
an adequate breath-hold (respiratory motion). While ICA is
able to provide temporal resolution of approximately
33 ms, cCTA is currently limited to 75-175 ms. Consid-
ering that the translational motion of the coronary arteries
ranges from 30 to 90 mm/s at higher heart rates (Lu et al.
2001), some authors have proposed that temporal resolution
of 30-50 ms will be necessary for “motion-free” imaging
(Lu et al. 2001; Otero et al. 2009). In addition, quantitative
imaging of CAD using cCTA remains limited by spatial
resolution, with cubic voxels in current scanners ranging
from 0.35 to 0.5 mm per edge (Otero et al. 2009) compared
with approximately 0.15 mm® in ICA. This results in a
typical coronary artery (3 mm) being represented by
approximately half as many voxels in cCTA compared to
ICA (9 vs. 18 voxels, respectively) and precluding the
establishment of cCTA as a clinically reliable method for
atherosclerosis quantification. Further advances in temporal
and spatial resolution should continue to mitigate these
limitations.

cCTA evaluation of individuals with high levels of
coronary artery calcium has also traditionally been consid-
ered problematic. Blooming artifacts can limit assessment

Fig. 1 The degree of stenosis from a distal left anterior descending
coronary artery calcified plaque (white arrow) is difficult to determine
due to blooming artifacts. Compare to the more proximal noncalcified
plaque, more easily characterized as causing a 60 % stenosis (Image
courtesy of Dr. Stefan Zimmerman, Johns Hopkins Hospital, Balti-
more, Maryland, USA)

of the coronary lumen and result in overestimation of ste-
nosis severity (Fig. 1). A recent meta-analysis, however,
found that newer scanners (64-detector and higher) pro-
vided high sensitivities and specificities in patients with
severe coronary calcifications (den Dekker et al. 2012); in
addition, newer acquisition and reconstruction techniques
may continue to decrease the impact of coronary artery
calcium on the diagnostic accuracy of cCTA (Renker et al.
2011; Schwarz et al. 2012).

1.2.3 Limitations in the Currently Available
Evidence for cCTA

There are increasing calls throughout medicine for high-
quality evidence establishing the value of diagnostic tests,
including cCTA. While the exact methodology for diag-
nostic imaging validation is not yet established, the evi-
dence required to establish a test as valuable, both on an
individual and societal level, generally follows a certain
pattern. First, of course, the safety of the test must be
established, followed by validation of diagnostic accuracy
against a reference standard. The value of prognostic data
are increasingly emphasized, as is the ultimate effect on
clinical management and outcomes. Finally, the growing
economic impact of healthcare throughout the developed
world has led to greater emphasis on cost-effectiveness
analyses. The quality of the evidence, of course, is also
important, with greater weight given to data from large-
scale, multicenter randomized trials.
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Table 1 Limitations in the currently available evidence for cCTA, stratified by generalized data parameters

Diagnostic accuracy

Most reports consist of single-center studies conducted at academic centers with considerable experience in cCTA, limiting the applicability to

mainstream clinical practice

There are limited data for newer techniques utilizing dose-saving techniques; the high diagnostic accuracy seen in most studies is therefore

accompanied by relatively high radiation exposure

High variability in treatment of small, highly calcified, or otherwise uninterpretable coronary artery segments; i.e., some studies utilize intent-

to-treat designs, others exclude these segments

Technical advancements continue to occur at a rate that quickly renders results obsolete

Anatomic endpoints may be inferior to functional endpoints in guiding patient care

Most studies define “obstructive disease” as stenosis > 50 %, and this endpoint is compared to ICA; however, management often relies on the

identification of > 70 % stenosis

Outcome variables are heterogeneous and may not be clinically validated

Most studies use populations referred for ICA, resulting in inherent referral bias

Asymptomatic patients, acutely symptomatic patients, and/or those with known CAD are variably included and/or combined in analyses,

limiting the applicability of data to established clinical indications
Prognosis

Limited large-scale trials currently available

Significant inter- and intra-study heterogeneity in patient populations limits the applicability of data to established clinical indications

CAD classification and reporting are variable and are not limited to standard/recommended clinical practice. In addition, the diagnostic

accuracy of more advanced CAD reporting is not well established

Most studies include coronary revascularization as an endpoint, which may not have been warranted or may have been performed as a result of

cCTA findings, leading to verification bias

There is low incidence of adverse cardiac outcomes, especially when revascularization is excluded or when all-cause mortality is used as the
primary endpoint. Therefore, large cohorts with specific inclusion criteria and long follow-up is required

There are variable risk and prevalence in certain subpopulations (e.g., younger patients (Min et al. 2011), female patients (Shaw et al. 2010),
African Americans (Nance et al. 2011), and diabetics (Van Werkhoven et al. 2010))

Economic impacts and effects on clinical management and outcomes

Limited large-scale randomized trials, with data primarily coming from small single-center observational cohorts, larger cohorts utilizing

insurance claims data, or simulation models based on prior data

Significant disagreement on the value of different endpoints (for example, cost/quality-adjusted life year, cost/correct diagnosis, incremental

cost-effectiveness ratio, etc.)

High variability in patient populations between studies (especially pretest probability) has led to significantly different conclusions

The influence of cCTA utilization on the non-surgical management of CAD is particularly inconclusive from the available data

The effects and optimal management of incidentally detected findings are not well established

Compared to other cardiac imaging techniques, cCTA
is relatively young, and this is reflected in the quantity
of available evidence. There are limited large-scale
trials, especially regarding prognosis, outcomes, and
cost-effectiveness. In addition, the data that are available
are often subjected to heterogeneous patient populations
(which do not clearly reflect the indications set forth in
current clinical guidelines), referral bias, and marked
variability in experimental design. More detailed limi-
tations in the evidence are provided in Table 1. As such,
the clinical role of cCTA is evolving rapidly as new
data become available. Fortunately, several large-scale,
well-designed trials are underway that should provide
considerable value in optimizing cCTA utilization.

1.3 Current Use of Anatomic Data from cCTA
The high NPV of cCTA for the detection of obstructive
CAD (= 50 % stenosis) forms the basis for currently
accepted clinical utilization (Fig.2). Of note, more
advanced characterization of CAD (e.g. quantification,
plaque morphological analysis, etc.) is considered experi-
mental at this time. Broadly speaking, cCTA is considered
acceptable to detect atherosclerosis in patients with sus-
pected CAD, to rule out significant disease in patients
presenting with acute chest pain, to rule out an ischemic
etiology in patients without known CAD and new-onset
heart failure, for the detection of CAD prior to noncoronary
cardiac surgery, and for risk assessment in patients with
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Fig. 2 Normal cCTA shows left anterior descending (a), left circumflex (b), and right (¢) coronary arteries without evidence of atherosclerosis
(Images courtesy of Dr. Stefan Zimmerman, Johns Hopkins Hospital, Baltimore, Maryland, USA)

prior percutaneous coronary intervention (PCI) or coronary
artery bypass graft (CABG) (Taylor et al. 2010). Optimal
integration of cCTA into clinical practice requires the
ordering physician to consider all diagnostic and prognostic
data available before the test is performed and integrate that
information with cCTA results. In addition, the abilities
(i.e., high sensitivity) and limitations (i.e., limited positive
predictive value) of cCTA must be considered within the
clinical situation. Finally, the relative value of alternative
diagnostic strategies should be considered in each individ-
ual scenario.

The preceding considerations are reflected in the current
guidelines for acceptable use of cCTA. The pretest proba-
bility (PTP) of disease is an integral component of diag-
nostic decision-making (Taylor et al. 2010). For example, a
patient presenting to the emergency department with acute
chest pain and high PTP of significant CAD will likely
receive ICA regardless of cCTA results, resulting in
increased costs with minimal effect on outcomes or man-
agement. Consider, however, a similar patient with low-to-
intermediate PTP. The high NPV of cCTA results in the test
being well suited to rule out significant CAD in a large
proportion of this population, allowing fast, safe discharge
(Bamberg et al. 2012). Similar Bayesian techniques should
be used on an individual basis for other indications.

2 Technique

There are two basic goals in the acquisition, reconstruction,
and interpretation of cCTA examinations: provide maxi-
mum diagnostic value while minimizing radiation dose.
Newer technologies have increased the quality of anatomic
imaging while decreasing ionizing radiation burden; how-
ever, proper patient selection, preparation, and post-

processing are still vital for optimal performance. This
section will highlight the most important considerations and
advances in cCTA techniques.

2.1 Patient Selection and Preparation

As noted above, there are multiple patient-specific factors
that have a dramatic effect on image quality. Obese patients
will require increased tube output for adequate images, and
very obese patients should not undergo cCTA. The patients
must be able to hold their breath for the duration of the scan,
which will be variable depending on the hardware and
specific acquisition protocol employed. Patients with very
high heart rates or irregular heart rthythms should be care-
fully assessed and possibly excluded. Preprocedural beta-
blocker administration may be used in some cases to reduce
heart rate. In addition, some institutions routinely admin-
ister nitroglycerin to promote coronary artery vasodilatation
and improve image quality. Finally, optimal cCTA acqui-
sition necessitates adequate opacification of the coronary
artery lumen; therefore, vascular access must be adequate
for high flow rate (4—6 mL/s) administration of intravenous
contrast material. Appropriate contrast bolus timing is vital,
and both test-bolus and automated bolus tracking tech-
niques can be used.

2.2 Dataset Acquisition

The characteristics of the raw dataset are a major determi-
nate of ultimate image quality. The major parameters
influencing the quality of subsequently reconstructed axial
2D images will be spatial and temporal resolution. In
addition, detector coverage and acquisition time play a role
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in the quality of the examination along the z-axis, affecting
subsequent multiplanar and 3D reconstructions. It is
important to note that while technical advances are often
presented as a solution for a specific imaging parameter
(e.g., increased volumetric coverage to improve quality
along the z-axis), they usually affect other parameters as
well, not always positively.

2.2.1 Temporal Resolution

Temporal resolution is largely a function of the time nec-
essary to acquire a full 360° dataset. As noted above, some
authors have proposed that temporal resolution of 30-50 ms
will be necessary for true “motion-free” imaging (Lu et al.
2001; Otero et al. 2009). The most obvious method of
improving temporal resolution is via faster gantry rotation
times, which are now as low as 280-400 ms. However,
further improvements will be limited by the mechanical
properties of current components, as massive centrifugal
forces are generated with such rotational speeds, especially
with the increasing mass of wide-detector arrays. Additional
techniques to improve temporal resolution include the uti-
lization of half-scan reconstructions (since 360° of data may
be acquired with one half gantry rotation). The advent of
“dual-source” scanners, containing two sets of X-ray
sources and detectors offset at 90°, has allowed further
improvement via quarter-scan reconstructions. There are
tradeoffs, as both half-scan and quarter-scan reconstruction
is subject to misregistration artifacts, and dual-source CT
techniques increase X-ray cross-scatter. Multisegment
reconstruction, using combined data from adjacent slices, is
also available, but has the disadvantage of necessitating
decreased pitch, increasing dose, and overall acquisition
time. Different commercial products provide specific com-
binations of these features, and temporal resolution varies
accordingly, with the most popular current systems pro-
viding resolution of 75-175 ms.

2.2.2 Spatial Resolution

Both intrinsic limitations and reconstruction techniques
contribute to the ultimate spatial resolution of cCTA. While
spatial resolution is scientifically measured as the minimal
allowable distance between 2 structures before they cannot
be recognized as separate, voxel size is often used as an
indirect surrogate for spatial resolution in cCTA. The x-y
lengths are a function of intrinsic CT limitations (e.g., focal
spot size and sampling density) and reconstruction tech-
niques, while the z-axis length is largely a function of
detector width. As explained above, current voxel dimen-
sions of approximately 0.5 mm’ are considered adequate
for qualitative assessment of the major coronary artery
segments but are considered inadequate for quantitative
imaging or evaluation of extremely small coronary vessels.

The signal-to-noise ratio, which is related to spatial
resolution, is an important consideration as detector widths
continue to decrease. FEither increased dose, improved
reconstruction techniques, or increased detector efficiency
will be necessary to maintain adequate photon collection.
Technical advances will also be required to compensate for
photon loss with improvements in gantry rotation and scan
acquisition times.

2.2.3 Volumetric Coverage

The advent of multidetector CT systems, providing
increased volumetric (z-axis) coverage with each gantry
rotation, was arguably the initial technical advancement that
led to the growth of cCTA. While improvements in spatial
and temporal resolution have led to improved diagnostic
accuracy, the initial feasibility of coronary imaging neces-
sitated full cardiac volume acquisitions in a single breath-
hold. With increased detectors, fewer rotations of the gantry
are necessary to provide complete coverage and total
acquisition time is decreased. Continued advancements
have led to decreased stair-step artifacts, respiratory motion
artifacts, and misregistration artifacts. Faster acquisition
times also reduce the significance of heart rhythm abnor-
malities. Currently, 256- and 320-channel systems have
been developed, providing coverage up to 160 mm with a
single gantry rotation. These wide-detector systems have
made single heartbeat acquisitions a reality. However, while
isophasic datasets may intuitively seem attractive, they may
not be necessary for anatomic imaging, and the most recent
advances in volumetric coverage are driven as much by the
prospect of myocardial perfusion imaging as a desire for
improved anatomic assessments. Indeed, the wide-cone
X-ray beams used for extended z-axis coverage in some
systems may come at the expense of decreased spatial
resolution from cone-beam artifact, scatter, or roof-top
effect. At this time, most of these systems have not been
validated as thoroughly as more traditional 64-slice
scanners.

Another technique has been introduced to decrease scan
acquisition times by using a high-pitch (3.4) spiral acqui-
sition rather than complete cardiac volumetric coverage.
This acquisition protocol, which is available in patients
with low (< 60 beats/minute) and stable heart rates, can
acquire a complete dataset in 250 ms, within one cardiac
cycle. The technique also results in very low-radiation dose
(Fink et al. 2011).

23 Image Reconstruction and Interpretation
Multiple phases of the cardiac cycle will be available fol-
lowing a retrospectively ECG-gated cCTA acquisition.
Either automated or manual means should be used to
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Fig. 3 Filtered back projection
reconstruction (a) provides
inferior spatial resolution
compared to iterative
reconstruction (b) in the
assessment of a left anterior
descending coronary artery stent
(arrow) (Images courtesy of
Dr. Stefan Zimmerman, Johns
Hopkins Hospital, Baltimore,
Maryland, USA)

determine the optimal phase for coronary analysis. The
appropriate cardiac phase may vary between the left and
right coronary circulation. Traditional cCTA dataset
reconstruction utilizes filtered back projection techniques;
however, there is an increasing interest in iterative recon-
struction, which has become more practical with increased
computing power. Preliminary data suggest that the greatest
role for iterative reconstruction may be in radiation dose
reduction, as image quality is maintained at decreased tube
currents (Leipsic et al. 2010). Iterative reconstruction may
also result in improved image quality (Fig. 3), particularly
in the assessment of heavily calcified vessels and stents
(Renker et al. 2011).

Most authors advocate the use of several different recon-
structions for cCTA anatomical interpretation. Axial images
are traditionally used for primary analysis; furthermore,
abnormalities seen on additional reformations should be
confirmed with axial source images. Multiplanar imaging is
available, allowing visualization of the coronary arteries in
short- or long-axis, and curved multiplanar reformations
allow single-image display of the entire coronary artery
length and rotation of the artery along its long axis. Thick-slab
maximum intensity projections provide a vascular map, while
volume-rendered 3D images allow an overview of coronary
anatomy, especially in cases of CABG, but are inadequate for
assessment of the coronary artery lumen (Fig. 4).

Computer-aided detection and automated atherosclerosis
characterization and quantification programs are becoming
increasingly available, and some have shown promising
preliminary results (Arnoldi et al. 2009; Blackmon et al.
2009); however, manual assessment remains the mainstay
of interpretation at this time. While the current evidence for
cCTA is based on relatively simple reporting schemes

(similar to ICA), several groups have published studies
suggesting the value of more complicated reporting and
scoring systems (Chow et al. 2011b ; Kazmi et al. 2011;
Min et al. 2007). The Society of Cardiovascular Computed
Tomography published a consensus document on cCTA
interpretation and reporting in 2009 (Raff et al. 2009a), and
we anticipate more guidance and standardization as tech-
niques and data evolve.

3 cCTA in Stable Patients with
Suspected CAD

The initial diagnostic evaluation of patients without known
CAD presenting with stable chest pain or angina equivalent
is complex. Optimizing diagnosis and management of these
patients, however, is a major priority considering the scope
of the disease and its current and future economic impact.
Several strategies are available for initial diagnostic
workup, including direct ICA, exercise ECG, exercise and
pharmacologically stressed scintigraphy, exercise and
pharmacologically stressed echocardiography, and stress
magnetic resonance imaging. Anatomic imaging with cCTA
has been proposed as a fast, reliable, and possibly cost-
effective modality for the initial approach to suspected
CAD; in addition, cCTA may have a role as a “gatekeeper”
to ICA in certain patients with nondiagnostic or equivocal
functional test results.

Currently available evidence on diagnostic accuracy,
prognostic value, and effects on outcomes and costs high-
light both the advantages and limitations of the technique.
Repeatedly, the data show the importance of proper patient
selection in order for cCTA to provide cost-effective
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Fig. 4 Curved multiplanar reformation (a), thick-slab maximum
intensity projection (b), and 3D volume rendering (c) reconstructions
play a role in the assessment of a saphenous vein coronary artery

therapeutic value. Patient populations with low to inter-
mediate prevalence of disease are most likely to benefit
from evaluation with cCTA, while high CAD prevalence
increases costs and radiation burden without a positive
effect on outcomes.

3.1 Diagnostic Accuracy

Hundreds of studies on various aspects of cCTA diagnostic
accuracy have been published over the past decade. As
highlighted in Table 1, there are multiple limitations in the
available evidence; however, the available data are prom-
ising. cCTA consistently shows high diagnostic accuracy to
detect obstructive CAD with ICA as the reference standard
(Fig. 5). The reported sensitivity and NPV of cCTA are
particularly notable, often approaching 100 % in meta-
analyses (Mowatt et al. 2008; Sun and Ng 2012). Larger
prospective multicenter studies are limited, with only 4 such
studies using exclusively 64-slice scanners or higher cur-
rently available. Two of the studies include patients with
known CAD (Miller et al. 2008) or unstable patients
(Meijboom et al. 2008); predictably, the prevalence of CAD
was high in these cohorts (56 and 68 %, respectively).
Prevalence of 68 % might be expected to negatively impact
NPV; however, the authors demonstrated an impressive
NPV of 97 %. The other two studies are more applicable in
our population. ACCURACY, which included only stable
patients being referred to ICA for stable chest pain syn-
drome and/or abnormal stress test results, had the lowest
prevalence of disease, 25 %. Predictable, NPV was excel-
lent in this cohort (99 %) (Budoff et al. 2008).

bypass graft to the left circumflex territory (Images courtesy of Dr.
Stefan Zimmerman, Johns Hopkins Hospital, Baltimore, Maryland,
USA)

The positive predictive value (PPV) of cCTA is more
limited (ranging from 64-97 % in the 4 prospective studies
mentioned above), especially in higher prevalence popula-
tions. This could lead to unnecessary, costly, and possibly
dangerous subsequent workup, and highlights the need for
clinicians to perform robust pretest assessments and order
the examination only when appropriate. Further study of
cCTA diagnostic accuracy should also increase the evi-
dence comparing cCTA to other noninvasive modalities,
such as myocardial perfusion scintigraphy.

3.2 Prognostic Value

The highest-level evidence on the prognostic value of cCTA
in stable symptomatic patients uniformly demonstrate the
value of cCTA as a rule out test, with a normal scan asso-
ciated with annualized major adverse cardiac event rates
ranging from 0.17 to 0.4 % (Bamberg et al. 2011; Hulten
et al. 2011) and all-cause mortality rates ranging from 0.28
to 0.36 % (Chow et al. 2011b; Min et al. 2011). These data
support the evidence showing the high NPV of cCTA and
compare favorably with other diagnostic strategies,
including ICA, myocardial perfusion scintigraphy, and
stress echocardiography (Lichtlen et al. 1995; Metz et al.
2007; Shaw and Iskandrian 2004). While the length of
protection afforded by a normal cCTA examination is not
well-established, one analysis of 1,816 patients with at least
4-year follow-up showed annualized death rates of only
0.22 % (Min et al. 2011), suggesting that 4 years may be a
reasonable post-test interval. Current evidence also suggests
that there is prognostic value in the detection of obstructive
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Fig. 5 An obstructive plaque '8
(arrows) was detected in the

proximal left anterior descending
artery on cCTA (a), determined
to represent an 80-90 % stenosis
on subsequent ICA (b) (Images
courtesy of Dr. Stefan
Zimmerman, Johns Hopkins
Hospital, Baltimore, Maryland,
USA)

disease, with significantly increased rates of major adverse
cardiac events (annualized rates up to 11.9 % in one meta-
analysis (Bamberg et al. 2011)) and all-cause mortality (up
to 2.9 % (Chow et al. 2011b)) in patients with obstructive
disease. The prognostic value of more advanced analyses,
such as plaque morphology and segmental stenosis scoring,
is also being examined and is discussed below in Emerging
Applications.

An ongoing goal is to establish the incremental prog-
nostic value of cCTA beyond more established tests. Early
data are favorable, with several studies showing increased
prognostic value over coronary artery calcium scoring
(Bamberg et al. 2011; Hadamitzky et al. 2011) and myo-
cardial perfusion scintigraphy (Shaw et al. 2008; van
Werkhoven et al. 2009). In addition, researchers are seeking
to refine the population-specific prognostic value of cCTA,
e.g., in younger patients, females, or diabetics.

33 Outcomes and Costs

There are substantial methodological weaknesses in all of
the currently available data on outcomes and costs of cCTA
in stable symptomatic patients; however, two large-scale
randomized clinical trials are currently underway. The
RESCUE trial will compare cCTA to myocardial perfusion
scintigraphy in 4,300 patients with stable angina or angina
equivalent and the PROMISE trial will compare cCTA to
traditional stress testing (ECG, echocardiography, or scin-
tigraphy) in 10,000 symptomatic patients with low to
intermediate PTP of CAD. Both studies will follow patients
to compare outcomes and costs.

Until then, we must rely on the available observational
cohorts and simulation models, which currently suggest that
cCTA provides incremental cost-benefit (cost/correct diag-
nosis) and cost-effectiveness (cost/quality adjusted life year)

compared with alternative strategies in populations below a
certain prevalence of disease. These data are variably driven

by improved outcomes using cCTA-based strategies
(Ladapo et al. 2009), decreased costs (Dorenkamp et al.
2011; Genders et al. 2009; Min et al. 2008a), or some
combination. Importantly, no current data have shown
adverse outcomes when cCTA is used. cCTA has not been
shown to be cost-effective in populations with PTP greater
than 37-55 % (Dorenkamp et al. 2011; Genders et al. 2009)
or disease prevalence greater than 30-50 % (Min et al.
2010; Shreibati et al. 2011) due to high downstream
resource utilization (particularly subsequent ICA) (Min
et al. 2008a; Shreibati et al. 2011). Of note, real-world
observational studies have shown decreased downstream
resource utilization following clinical cCTA implementa-
tion, possibly due to more appropriate patient selection and
clinical management (Karlsberg et al. 2010).

4 cCTA in Patients with Acute Chest Pain

The workup and triage of patients presenting to the emer-
gency department with acute chest pain represents a com-
mon and difficult diagnostic dilemma across the developed
world. While ECG, clinical decision rules, and sensitive
cardiac biomarkers are available and can lead to rapid triage
to ICA in a minority of cases, greater than 80 % of patients
have a nondiagnostic initial workup and require either serial
clinical and laboratory monitoring or additional testing
(Anderson et al. 2007). Furthermore, approximately 80 %
of those patients will eventually receive a diagnosis of non-
cardiac chest pain (Roger et al. 2012), and a small but
concerning percentage of discharged patients actually have
ACS. The process is not only expensive but also results in a
significant diversion of resources as patients are monitored
or prepared for time-consuming tests such as cardiac
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scintigraphy. The speed and excellent NPV of cCTA form
the basis for its utilization in these situations, with the
primary goal of providing safe, rapid discharge for the large
percentage of patients without ACS.

4.1 Diagnostic Accuracy and Prognostic Value
Many studies have been published on the diagnostic accu-
racy of cCTA; however, studies encompassing only patients
presenting to the emergency department with acute chest
pain and low to intermediate PTP of ACS are more limited.
Nevertheless, early data again suggested that cCTA is very
reliable in excluding CAD. Recently, more robust data have
emerged that again displays the excellent NPV of cCTA for
the detection of patients with ACS. Importantly, and in
contrast to diagnostic studies in which other imaging is used
as the reference standard, these investigations have used
index hospitalization and follow-up data to determine
positive findings (i.e., ACS) and calculate diagnostic
accuracy and prognostic value.

One of the first large prospective observational studies
evaluating cCTA in the setting of acute chest pain was the
ROMICAT trial, which enrolled 368 patients with low to
intermediate risk. The NPV of cCTA in the detection of any
CAD (50 % of the subjects) was 100 %, while the NPV
was 98 % when cCTA detected CAD but no significant
stenoses (Hoffmann et al. 2006). Three multicenter ran-
domized controlled trials have been performed that dis-
played similar data, all enrolling patients with low to
intermediate PTP presenting to the emergency department
with acute chest pain. The CT-STAT trial randomized 699
patients to either cCTA or myocardial perfusion scintigra-
phy and found no difference in adverse events after
6 months (Goldstein et al. 2011). The ROMICAT I trial
randomized 1,000 patients to either cCTA or standard
evaluation and demonstrated a 100 % NPV for cCTA in the
exclusion of ACS. In addition, there was no difference in
major adverse cardiac events between the two strategies
after 28 days (Hoffmann et al. 2012). A 2012 study ran-
domizing 1,370 patients to cCTA or standard care also
showed the value of negative cCTA examinations, with
zero deaths or MIs after 30 days in the 640 patients with a
negative study (Litt et al. 2012).

As before, the PPV of cCTA in these situations is much
more limited, hence the evolution of the test into a largely
“rule-out” role. In addition, the ability of cCTA to detect
functional stenoses in these patients is also limited; how-
ever, this fact per se does not undermine cCTA’s value as a
rapid triage test.

4.2 Outcomes and Costs
The importance of proper patient selection is again
emphasized in cost-effectiveness data for cCTA utilization
in the emergency department. Several of the large obser-
vational studies presented in Sect. 3.3 included patients with
acute chest pain, and some of the conclusions can justifiably
be extrapolated to this population. Namely, patients with a
high risk of ACS or CAD should not undergo cCTA, as
downstream ICA utilization will be high and drive up costs
without outcome benefits. Model-based analyses specific to
the acute chest pain setting have shown cCTA-based strat-
egies can be more cost-effective than stress ECG, stress
echocardiography, and myocardial perfusion scintigraphy
under certain conditions, including disease preva-
lence <70 % (Khare et al. 2008; Ladapo et al. 2008).
Fortunately, the randomized controlled trials mentioned
above have also provided fairly robust data on the potential
value of cCTA. While the CT-STAT trial demonstrated a
38 % cost savings per patient in the cCTA arm, ROMICAT
IT found no differences in cumulative per-patient costs
between cCTA and traditional care. Importantly, however,
there is strong data pointing to several other benefits of a
cCTA-based approach. CT-STAT demonstrated a 54 %
reduction in the time to diagnosis when cCTA was used,
while ROMICAT 1I and the study by Litt et al. showed
significant decreases in total length of stay compared to
traditional care (median 8.6 vs. 26.7 and 18.0 vs. 24.8 h,
respectively). In both of the latter studies, nearly half of
patients undergoing cCTA were discharged directly from
the emergency department, compared to 12-23 % of those
patients in the standard care arms. Litt et al. also showed
that while there was no difference in rates of subsequent
ICA, patients who had undergone cCTA were more likely to
have positive ICA findings, suggesting that cCTA may lead
to more appropriate clinical decision-making.

5 Other Indications
5.1 Evaluation of Patients with New
Heart Failure

The differentiation of ischemic cardiomyopathy from non-
ischemic dilated cardiomyopathy, the two major causes of
heart failure in the developed world, has important prog-
nostic and management implications. Perhaps most impor-
tantly, patients with systolic dysfunction secondary to CAD
may be amenable to revascularization. As such, ICA is
employed in the diagnostic workup of certain patients with
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new-onset or newly diagnosed heart failure. cCTA may
represent a noninvasive alternative to ICA in some patients,
especially considering its high NPV, and current guidelines
consider cCTA use acceptable in patients without known
CAD with low or intermediate PTP (Taylor et al. 2010).
The justification for this is largely based on broader studies,
with only limited population-specific evidence. However,
the little data that are available are generally favorable, with
sensitivities and specificities > 90 % for the detection of
CAD or ischemic heart disease. Furthermore, one small
prospective study found that all patients with a negative
cCTA examination could avoid ICA, suggesting some cost
benefits (Ghostine et al. 2008; Hamilton-Craig et al. 2012).
Further evaluation on prognosis, outcomes, and costs will
be necessary to refine the role of cCTA in this situation.

5.2 Patients Prior to Noncoronary

Cardiac Surgery

ICA is widely utilized prior to noncoronary cardiac surgery,
especially valvular surgery, and is considered acceptable in
this situation by current practice guidelines (Patel et al.
2012a). Again, cCTA may offer an attractive alternative in
this situation, but population-specific data are limited.
Several studies have shown high diagnostic accuracy in
preoperative coronary evaluation (Mark et al. 2010); fur-
thermore, two studies examining outcomes have shown that
cCTA is safe, with one study finding no MACE in the
perioperative period or at 3 month follow-up in patients
with a negative cCTA (Buffa et al. 2010) and another study
finding no difference in operative mortality or postoperative
MI between patients who had received cCTA compared to
those who had received ICA (Nardi et al. 2011). Again, the
value of cCTA may lie in its ability to prevent unnecessary
catheterization in a large number of patients. Of the two
studies mentioned above, 81-85 % of patients undergoing
cCTA had negative examinations and were able to safely
avoid ICA.

5.3 Patients with Coronary Artery Stents

In-stent restenosis remains a considerable problem in
modern cardiology practice. Unfortunately, there are sev-
eral limitations associated with cCTA stent evaluation, and
current guidelines consider cCTA acceptable only in the
evaluation of left main coronary artery stents > 3 mm in
asymptomatic patients (Taylor et al. 2010). The main
problem involves poor image quality rendering a significant
proportion of stents unevaluable. High-density stent mate-
rial is subject to beam-hardening and blooming artifacts,
and partial volume averaging can result in artificial luminal

narrowing of up to 60 %. The percentage of unevaluable
stents varies widely between reports; however, even with
specialized reconstruction techniques, at least 8 % of stents
cannot be reliably assessed with current scanners (Mahnken
2012). Various parameters have been associated with stent
evaluability, including strut thickness, stent location, and
stent material; however, the strongest evidence points to
stent diameter as the most important parameter, with ac-
cessability rates varying from 100 % in stents > 3.5 mm to
33 % when diameter is <3 mm (Sheth et al. 2007).

Of note, meta-analyses have shown that the diagnostic
accuracy of cCTA is quite good when only assessable
segments are considered, with pooled sensitivities and
specificities of 86-90 % and 91-93 %, respectively. How-
ever, including nonassessable segments decreased both
parameters to around 80 % (Carrabba et al. 2010; Sun and
Almutairi 2010). Interestingly, one study has compared
stent assessment with ICA and cCTA using intravascular
ultrasound (IVUS) as the reference standard and demon-
strated a higher diagnostic accuracy with the use of cCTA
(Hang et al. 2011). This raises questions regarding the
reliability of prior diagnostic data comparing cCTA with
ICA as the reference standard.

5.4 Patients with Prior CABG

Currently available evidence has been deemed adequate to
justify the use of cCTA in the assessment of symptomatic
patients who have had prior CABG (Taylor et al. 2010).
Symptoms may result from flow-limiting lesions in
ungrafted native arteries, native arteries distal to graft
insertion, the proximal and distal anastomoses, or the grafts
themselves. cCTA has shown good diagnostic accuracy in
the assessment of grafts, with overall sensitivity and spec-
ificity > 97 % to detect graft occlusion or significant ste-
nosis (Hamon et al. 2008; Stein et al. 2008). Predictably,
accuracy is higher in the detection of occlusion compared to
stenosis and when assessing venous versus arterial grafts
(secondary to the smaller size and increased adjacent sur-
gical clips associated with arterial grafts). However, cCTA
is somewhat limited in the assessment of distal anastomosis
sites and, perhaps more importantly, the native coronary
arteries (Fig. 6). Studies have shown that as many as 9 % of
native arteries (both ungrafted and distal to graft insertion)
are unevaluable, largely due to small size and high burden
of dense calcifications. Furthermore, diagnostic accuracy is
reduced when assessing native coronary arteries of prior
CABG patients compared to those who have not undergone
CABG, even among exclusively evaluable segments
(Ropers et al. 2006). Despite these limitations, cCTA
appears to be a viable alternative to ICA. Recent studies
evaluating prognostic value have strengthened the evidence
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Fig. 6 An occluded saphenous vein graft (arrow) is easily detected on
axial source images in a patient with prior CABG. Also note the
heavily calcified native left anterior descending coronary artery
(arrowheads), which can limit the diagnostic accuracy of cCTA in
these vessels

for cCTA, showing significant efficacy for the prediction of
adverse events and death, including incremental prognostic
value over clinical assessment alone (Chow et al. 2011a;
Small et al. 2011).

6 Emerging Applications

6.1 Detailed Plaque Analysis

The traditional strengths of cCTA lie in its high diagnostic
accuracy in the detection or exclusion of CAD, particularly
obstructive disease. However, there is much more infor-
mation available on a standard cCTA acquisition beyond
presence and degree of stenosis. Compared to ICA, cCTA is
able to visualize complete atheroma burden, rather than
simply the portion of disease resulting in intraluminal filling
defects (Fig. 7). In addition, morphological characteristics
beyond size can be identified, such as plaque composition
and contrast material enhancement. Considering the known
limitations of traditional anatomic imaging, further char-
acterization may improve the prognostic value of cCTA.
Furthermore, volumetric plaque quantification may provide
an expanded clinical role for cCTA by allowing serial dis-
ease monitoring to detect progression, regression, or treat-
ment response.

Fig. 7 Several nonobstructive plaques are detected throughout the
right coronary artery (arrows); none of these lesions were detected at
subsequent ICA (Image courtesy of Dr. Stefan Zimmerman, Johns
Hopkins Hospital, Baltimore, Maryland, USA)

Basis for Atherosclerotic Characterization
and Quantification

A large body of evidence has emerged over the past several
decades suggesting that the relative danger of a given ath-
eroma is less dependent on percent luminal narrowing than
lesion histology. In fact, nearly 70 % of culprit lesions in
ACS do not display significant luminal stenosis. Plaque
rupture, which is the cause of ACS in approximately 60 %
of cases, is most likely to occur in lesions with a thin fibrous
cap (less than 65 um thick), a lipid-rich necrotic core,
macrophage infiltration of the cap, vaso vasorum within the
plaque, and positive remodeling of the arterial wall. Such
“vulnerable plaques” have been termed thin-cap fibroath-
eromas (TCFA).

Several imaging modalities have been used for vulner-
able plaque detection, including intravascular ultrasound
with radiofrequency backscatter analysis (“virtual histol-
ogy” [IVUS-VH]) and optical coherence tomography.
cCTA is unable to visualize the fibrous cap of TCFA;
however, as the technical abilities of cCTA have improved,
multiple findings have been found to correlate with culprit

6.1.1
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Fig. 8 Positive remodeling
(arrow in a) and spotty
calcifications (arrow in b) are
two cCTA findings that have
been associated with
“vulnerable” plaque (Images
courtesy of Dr. Stefan
Zimmerman, Johns Hopkins
Hospital, Baltimore, Maryland,
USA)

lesions in ACS or TCFA detected with IVUS-VH or optical
coherence tomography, including the presence and extent of
positive remodeling, the presence of spotty calcifications
(calcifications with maximum size <3 mm; Fig. 8), a ring-
like enhancement pattern surrounding the atheroma, greater
plaque volume, lower attenuation values, and less overall
calcium (Cheezum et al. 2012). More simplified classifica-
tion and reporting of lesions as calcified, noncalcified, and
mixed is already standard practice at most institutions and
may also have diagnostic efficacy in identifying the relative
risk of specific atheromas.

While qualitative identification of certain imaging fea-
tures will likely provide some prognostic benefit to cCTA
analysis, accurate and precise quantification of overall dis-
ease burden and specific plaque components will be nec-
essary to maximize the value of routine cCTA
examinations. In addition, cCTA quantification of athero-
sclerotic burden has been proposed as a means of moni-
toring disease over time, allowing objective assessment of
the effects of medical interventions and potentially
prompting data-driven changes in clinical management.

6.1.2 Plaque Characterization and Quantification
with ¢cCTA
There is strong evidence showing high diagnostic accuracy
for cCTA in the detection of plaque compared to IVUS
(Voros et al. 2011a). In addition, cCTA is able to reliably
differentiate calcified, noncalcified, and mixed lesions
(Pohle et al. 2007). The ability of cCTA to further charac-
terize primarily noncalcified plaques into lipid-rich versus
fibrous, however, has proven more difficult to establish.
Initial efforts attempted to stratify lesions based on CT
number; however, there is significant overlap in attenuation
values between lipid-rich and fibrous plaques secondary to
variability in luminal contrast material concentration,

degree of stenosis, tube settings, and reconstruction tech-
niques. Several groups have shown that there is correlation
between CT numbers and IVUS-VH echogenicity (Voros
et al. 2011b), but data are not currently sufficient to support
widespread clinical use. Preliminary studies have suggested
that histogram analysis may allow the identification of lipid-
rich plaques, and direct visualization of lipid cores have
been reported in some patients with the use of high-reso-
lution CT (Seifarth et al. 2012). In addition, dedicated
plaque analysis software has become available that attempts
to characterize tissue as either lipid rich, fibrous, or calcified
on the basis of three-dimension continuity, position, and
shape in addition to CT numbers. Importantly, more
established classification schemes have been shown to have
value in identifying vulnerable plaque, as mixed atheromas
have been shown to represent TCFA and culprit lesions
more often than calcified or purely noncalcified plaques. In
addition, the CT findings mentioned above, including
positive remodeling and ring-like plaque enhancement,
correlate with culprit lesions in patients with ACS and
TCFA detected at IVUS-VH and optical coherence
tomography.

Data on the diagnostic accuracy of plaque and plaque
component quantification are also mixed. In general, most
studies have found good correlation between cCTA and
IVUS-VH in quantifying plaque volume, luminal diameter,
and luminal area. Mean differences in cCTA and IVUS-VH
values are small; however, wide limits of agreement are
consistently reported, limiting the applicability of the
technique to individual patients. The most important limi-
tations arise in the assessment of calcified plaque volume
and percentage stenosis, which is routinely overestimated
due to blooming artifact (with greater than 100 % overes-
timation of calcified plaque volume reported). In contrast,
noncalcified and mixed plaque assessment is much better,
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especially in higher volume lesions and larger proximal
coronary arteries (Voros et al. 2011a). Future improvements
in quantitative atherosclerotic imaging will necessitate
increased spatial resolution and decreased artifacts from
high-density contrast material or calcium.

A major obstacle in the widespread adoption of detailed
plaque analysis is a lack of outcomes data, both on the value
of imaging findings and the subsequent effect on patient
management. The majority of outcomes studies currently
available have analyzed calcified, noncalcified, and mixed
plaque. This characterization scheme does appear to have
prognostic value, with the presence and extent of mixed and
noncalcified plaques shown to be associated with increased
mortality and adverse cardiac events (Nance et al. 2012).
One large prospective study demonstrated increases in
mortality rates from 1.4 % in patients with calcified plaque
to 3.3 and 9.6 % in those with mixed and noncalcified
plaques, respectively (Ahmadi et al. 2011). In addition,
mixed plaque has been shown to predict abnormalities on
myocardial perfusion scintigraphy examinations (whereas
the presence of obstructive disease did not) (Lin et al.
2008). The value of more specific plaque features and
quantitative data are less clear, with few studies available.
One large study (1,059 patients) demonstrated a 23-fold
increased risk of ACS occurrence over 27 months in
patients with both positive remodeling and low attenuation
plaque. The authors also found prognostic value in
increased plaque remodeling index, total plaque volume,
and low attenuating plaque volume (Motoyama et al. 2009).
Semi-quantitative plaque grading schemes have also shown
prognostic value; for example, calculating risk scores based
on total segment involvement, total segment involvement
plus degree of stenosis, or plaque location and extent (Min
et al. 2007).

Data on the value of cCTA in serial imaging are likewise
limited. Several studies have been performed that suggest
disease monitoring is feasible; however, these have exam-
ined limited patient populations with very specific CAD
profiles, and generalizability is uncertain. In addition, sev-
eral studies have demonstrated problems with reproduc-
ibility (Mark et al. 2010).

6.2 Asymptomatic Patients

Morbidity and mortality from CAD in asymptomatic
patients is significant, as up to half of men and greater than
60 % of women who experience sudden cardiac death from
CAD were previously asymptomatic. Clinical risk assess-
ments and coronary artery calcium scoring have been
shown to help predict events; however, risk may be
underestimated in certain patient subpopulations (such as
diabetics, smokers, patients with chronic kidney disease,

young females, and individuals with family history of pre-
mature CAD). cCTA, while currently not indicated in the
assessment of asymptomatic patients, has been proposed as
a way to improve risk stratification.

In order to justify the costs and radiation exposure
associated with cCTA, data will need to establish prognostic
value over clinical risk assessments and coronary artery
scoring alone. Presently, these data are not available. One of
the largest studies to date showed an effect on statins and
aspirin use 90 days following cCTA; however, there were
no differences in subsequent hard events during the follow-
up period, and there were significantly higher rates of
subsequent testing in the cCTA population. Of note, the
patient population had both low clinical risk and low
prevalence of disease (22 %), and results may not be gen-
eralizable to a potential high-risk population (Choi et al.
2008). A more encouraging study found that cCTA was
superior to coronary artery calcium scoring in reclassifying
patient risk (as initially determined with clinical risk mod-
els), and a combined cCTA and clinical risk assessment was
significantly better at predicting cardiac events compared
with clinical risk assessment alone. Unsurprisingly, the
study population demonstrated a higher prevalence of dis-
ease (54 %) (Hadamitzky et al. 2010).

7 Incidental Findings

There are questions and concerns regarding the clinical and
economic impacts of incidentally detected extracardiac
findings on cCTA. Examinations necessarily acquire
imaging data for multiple structures that surround the heart,
including the lungs, bones, mediastinum, pericardium, great
vessels, and upper abdomen. The incidence of cases with
extracardiac findings has been reported to range from 15 to
67 %. Of these, 4-25 % can be considered “potentially
significant,” possibly requiring follow-up or additional
investigation, and 5-11 % can be considered “critical,”
requiring immediate evaluation or intervention (Mark et al.
2010). Unfortunately, data on the long-term implications of
incidental findings are limited. As a result, there is dis-
agreement on whether to reconstruct the full anatomic
dataset for review (including the entire thoracic cross-sec-
tional area) or to limit the field of view to only what is
necessary for coronary analysis. Limited data from the
prospective ROMICAT study does suggest that extracardiac
findings can impact patient management in a small number
of patients (Lehman et al. 2009); however, sophisticated
analyses comparing the benefits of incidental finding
detection against the costs and anxiety of potential further
workup are limited. There is evidence that suggests the real-
world impact of incidental findings may be marginal,
despite their relative frequency: one study found 43 % of



Coronary CT Angiography: State of the Art

17

patients receiving cCTA had an extracardiac finding, yet
only 4 % of those patients underwent follow-up imaging or
intervention at an average cost of $17.42 per patient that
underwent cCTA (Lee et al. 2010). In addition, real-world
data have shown decreased total health expenditures in
patients receiving cCCTA (Min et al. 2008b), arguing against
a large economic impact due to incidental findings, and
simulation models have shown that follow-up accounts for
only a small amount of overall costs (Ladapo et al. 2009).

8 Radiation Dose

There is a considerable attention given to the ionizing
radiation burden associated with cCTA. Despite consider-
able problems in measuring radiation dose and quantifying
the potential harm associated with it, every effort should be
made to minimize exposure. 2007 data acquired for the
multicenter PROTECTION T trial showed median effective
dose of 12.1 mSv across 50 sites performing cCTA, with
high variability between sites (median effective dose rang-
ing from 5 to 30 mSv) (Hausleiter et al. 2009). In com-
parison, myocardial perfusion scintigraphy dose averages
range from 9 to 21 mSv and ICA is associated with doses of
5-7 mSv (Budoff et al. 2005; Coles et al. 2006; Einstein
et al. 2007).

Established and ongoing advances in radiation dose
reduction should help to alleviate concerns. ECG-dependent
tube current modulation, in which the tube current is
decreased during portions of the cardiac cycle unlikely to be
used for primary coronary analysis, has been available for
several years and lowers dose by approximately 25 %
without negatively affecting image quality (Hausleiter et al.
2009). Decreasing tube current and voltage settings
according to patient body habitus was reported to reduce
dose by 31 % in the randomized, prospective PROTEC-
TION II trial (Hausleiter et al. 2010). The most dramatic
decreases to date have resulted from the use of prospective
ECG-triggered axial CT acquisitions, which decreased
dose by 69 % with no adverse effect on image quality or
downstream testing in the recent PROTECTION III trial
(Hausleiter et al. 2012). A combined approach utilizing
these techniques along with a high-pitch acquisition proto-
col has allowed effective doses approaching 1 mSv in non-
obese patients with low, regular heart rates. These ultra-low
dose examinations are not associated with decreased image
quality in preliminary analyses (Fink et al. 2011). Advanced
post-processing techniques such as iterative reconstruction
should allow further dose reductions while maintaining
diagnostic accuracy (Leipsic et al. 2010). While these
controlled studies are promising, perhaps more encouraging
is real-world data showing that dose reduction programs are
effective, with one multicenter study involving nearly 5,000

patients demonstrating a reduction in median effective dose
from 21 to 10 mSv one year following the implementation
of a collaborative dose reduction program (Raff et al.
2009b). It will remain the responsibility of providers to
maintain awareness of new dose lowering techniques and
implement them when available.

9 Conclusion

The diagnostic capability of cCTA in the anatomic assess-
ment of CAD is well established, and continuing technical
advances are further improving image quality while
decreasing radiation dose. Current evidence on the ultimate
clinical value of cCTA is limited and mixed but overall
favorable for the currently accepted indications. Of course,
the application of data from highly controlled trials will only
be applicable in a real-world setting if providers are disci-
plined in patient selection and post-test management deci-
sions. Ongoing work is expanding the evidence on prognosis,
outcomes, and cost-effectiveness in order to establish the
optimal role for cCTA in clinical practice. However, data on
both ICA and cCTA suggest that the value of pure anatomic
imaging of the heart and coronary arteries is inherently lim-
ited. The remainder of this book will describe the capabilities
of cCTA beyond anatomic assessment.
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Abstract

Reliable assessment of cardiac function is an important
tool for diagnosis and prognosis of multiple cardiac and
extracardiac diseases. Echocardiography and MRI are the
most commonly used methods to evaluate cardiac
function, but can be limited or contraindicated in certain
patients. Functional evaluation with CT may play an
important role in these patients and in those patients being
evaluated for coronary artery disease. Functional imaging
requires a retrospectively gated acquisition and special
attention must be paid to the contrast injection technique
for appropriate analysis. Left and right ventricular
analysis is evaluated both quantitatively and qualita-
tively. Quantitative measurements with CT have shown
close correlation with values obtained with CMR. Acute
and chronic infarcts and non-ischemic cardiomyopathies
can have a characteristic appearance on imaging. Func-
tional and volumetric measurements of the left atrium can
be carried out with similar technique for evaluation of
patients with mitral disease or atrial fibrillation.

Abbreviations

CMR

Cardiac magnetic resonance

DSCT  Dual-source computed tomography
ED End diastolic

EF Ejection fraction

ES End systolic

LA Left atrium

LV Left ventricle

LVEF  Left ventricular ejection fraction
MDCT Multi-detector computed tomography
PET Positron emission tomography

RA Right atrium

RV Right ventricle

RVEF  Right ventricular ejection fraction
RVOT Right ventricular outflow tract
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1 Introduction
1.1 Value of Functional Information of RV

and LV

Reliable assessment of cardiac function is important for
diagnosis and prognosis in multiple disease states of
both cardiac and non-cardiac origin. For example, left
ventricular (LV) ejection fraction is an independent
predictor of survival in patients after myocardial infarction
(Hammermeister et al. 1979). Additionally, in patients
studied after coronary artery surgery, LV ejection fraction
was shown to be a more important predictor of survival than
the number of coronary arteries bypassed (Mock et al.
1982). Independent examination of LV function is impor-
tant because the degree of coronary stenosis and LV func-
tion is nonlinear; once a certain threshold stenosis is
reached, LV function begins to decline precipitously.
Conversely, LV dysfunction, even in a regional distribution,
does not always predict an underlying coronary lesion.
(Juergens and Fischbach 2006) CTA provides the unique
ability to evaluate both structure and function with a single
test, offering convenience for both patients and clinicians.

Right ventricular (RV) function also carries important
prognostic implications in numerous diseases such as acute
pulmonary embolism, liver failure, arrhythmogenic right
ventricular dysplasia, and congenital heart disease. Reliable
and accurate assessment of the RV by CTA can be partic-
ularly helpful due to the difficulties in imaging the RV with
other modalities. Function and volume measurements of the
left atrium also carry prognostic significance. In particular,
they are important predictors of recurrence of atrial fibril-
lation after pulmonary vein isolation or left atrial ablation.

In comparison to coronary artery imaging alone, func-
tional imaging of the heart involves measurement of
chamber volumes including both end-systolic volume
(ESV) and end-diastolic volume (EDV). Using this infor-
mation, stroke volume (SV), ejection fraction (EF), and
cardiac output (CO) can be calculated. Function is also
assessed qualitatively by examining the movement and wall
thickening of the myocardium.

1.2 Existing Noninvasive Methods

to Quantify Function

There are many noninvasive methods to quantify cardiac
function including echocardiography, radionuclide ventric-
ulography (RVG), gated single photon emission computed
tomography (SPECT), gated positron emission tomography
(PET), and cardiac magnetic resonance imaging (CMR).
With improvements in CT technology such as multi

detector-row computed tomography (MDCT) and dual
source computed tomography (DSCT), CT has played an
increasing role in determining cardiac function.

1.2.1 Echocardiography

Transthoracic echocardiography continues to be the most
commonly used technique to evaluate cardiac function due
to its widespread availability, portability, and cost. Echo-
cardiography has the ability to measure chamber sizes and
volumes, to calculate ejection fraction, and to analyze val-
vular function. Doppler imaging improves quantification by
allowing measurement of velocities and pressure gradients
through valve planes and orifices. Newer techniques like 3D
ultrasound and newer software allow more reliable quanti-
fication of ventricular function.

Echocardiography, however, is limited in large patients
owing to reduced ultrasound beam penetration. Addition-
ally, evaluation of the right ventricle is limited due to
suboptimal acoustic windows. Trans-esophageal echocar-
diography improves on these limitations but introduces
additional risks associated with anesthesia and esophageal
injury. Because formulas used to calculate atrial and ven-
tricular volumes use geometric assumptions of cardiac
shape, measurements in patients with remodeled cardiac
chambers can be inaccurate.

1.2.2 Radionuclide Imaging
Nuclear medicine techniques to quantify cardiac function
include RVG, SPECT, and PET. Whereas the purpose of
RVG is to quantify left ventricular function, SPECT and
PET are performed for evaluation of cardiac perfusion and
metabolism. RVG utilizes **™Tc-labeled erythrocytes to
directly image the blood pool and, as such, does not rely on
geometric assumptions to quantify ventricular function
(de Geus-Oei et al. 2011). A gated image is obtained by
combining counts over multiple heartbeats, though first-
pass imaging can also be performed. Both SPECT and PET
rely on ventricular contour analysis to measure function.
The advantage of both SPECT and PET is the additional
information that each of these modalities affords. Compared
to SPECT, PET offers greater spatial resolution, which may
more accurately measure left ventricular function, particu-
larly in patients with a small left ventricular volume (Slart
et al. 2004). Functional data obtained with both SPECT
(Bavelaar-Croon et al. 2000) and PET (Slart et al. 2004)
correlates closely with functional data obtained with CMR.
There are certain limitations associated with each of
these modalities. Because RVG image data is combined
over multiple heartbeats, its utility can be limited in patients
with an irregular rhythm. Gated SPECT is limited by low
spatial resolution. Additionally, in patients with prior
myocardial infarct, SPECT may show very little or no
radiotracer uptake in the corresponding region of the
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myocardium, preventing accurate delineation of the endo-
cardial border (Stollfuss et al. 1998). PET suffers from
lower temporal resolution than MRI, which may contribute
to underestimation of cardiac function. Also, because pap-
illary muscle signal is merged with the myocardial wall in
PET, cavity volume is reduced compared to MRI which
includes papillary muscle in the ventricular cavity (Slart
et al. 2004). All three methods have the disadvantage of
using ionizing radiation to generate images.

1.23 MRI

Cardiac MRI is now considered the gold standard for the
assessment of cardiac function offering both high temporal
resolution, allowing accurate imaging of end-systole and
end-diastole, and moderately high spatial resolution, per-
mitting accurate delineation of cardiac contours. Many
studies have shown CMR to be highly accurate and repro-
ducible (Setser et al. 2000). Imaging can be performed in
any imaging plane, though quantitative assessment is usu-
ally accomplished in the short-axis plane using Simpson’s
method. Two-chamber, three-chamber, and four-chamber
views can be obtained easily to evaluate regional wall
motion abnormalities and valvular function. Detection of
delayed myocardial enhancement and the development of a
multitude of cardiac-gated pulse sequences have expanded
the role of cardiac MRI quite extensively.

Cardiac MRI may be contraindicated in patients with
pacemakers and many other metallic implanted devices.
Additionally, due to the length of the study and the need to
include the chest within the bore of the magnet, cardiac
MRI is limited in patients with claustrophobia. The dis-
covery of nephrogenic systemic fibrosis (NSF) in patients
with renal failure receiving certain gadolinium-based con-
trast agents has decreased the use of IV gadolinium-based
contrast in patients with renal failure. However, for strictly
functional measurements, IV contrast is not needed.

1.3  Indications/Contraindications

Most cardiac CT performed today is done for the purpose of
evaluating the coronary arteries rather than for the explicit
purpose of measuring right or left ventricular function. Some
circumstances call for the use of cardiac CT as the primary
tool for determining cardiac function, usually in situations
when other imaging modalities such as echocardiography or
CMR are limited. For example, it is useful in patients with
contraindications to MRI such as claustrophobia or implan-
ted metallic devices. It is also useful in patients whose
echocardiography study may be limited due to large body
habitus. Additionally, cardiac CT is less operator-dependent
compared to echocardiography and can be performed rela-
tively quickly, making it useful in patients who cannot hold

their breath or lay still for prolonged periods of time. Current
ACR appropriateness criteria calls for the use of cardiac CT
for the evaluation of cardiac function in patients post-myo-
cardial infarction or in patients with heart failure if other
methods of noninvasive imaging are inadequate. It is also an
accepted modality for evaluation of right ventricular function
and for evaluation of the pulmonary veins and left atrium
prior to invasive pulmonary vein isolation. There are few
contraindications to cardiac CT, the major reason being
severe allergy to iodinated contrast. Even patients with mild
allergy to iodinated contrast can be pre-treated with steroids
and diphenhydramine to reduce the risk of allergic reaction.
Patients with renal failure have an increased risk of contrast-
induced nephropathy, though this is not an absolute
contraindication.

1.4 Drawbacks
1.4.1 Temporal Resolution
One of the main challenges of imaging the heart is to reduce
blurring artifact created with cardiac motion. The most
important hardware parameter that deals with this challenge
is the temporal resolution which is a function of the gantry
rotation speed. For the purposes of generating an image,
only a half-gantry (i.e. 180°) rotation is needed on traditional
single source scanners. Scanners with faster gantry rotation
have improved ability to freeze cardiac motion. Because the
position of the ventricular wall at end-diastole and end-
systole is averaged over the rotation interval, scanners with
slower gantry rotation times (i.e. longer rotation interval)
have greater potential for overestimation of ESV and
underestimation of EDV (Fig. 1). Early attempts at func-
tional cardiac imaging using 4-slice MDCT suffered from
poor temporal resolution. To compensate, multi-segment
reconstruction algorithms were utilized. Using this method,
data from 2 (or more) different heartbeats acquired at the
same phase of the cardiac cycle are combined to make an
image. Two-segment reconstruction maximally decreases
the temporal resolution to one half (e.g. from 210 to
105 ms), however, the degree of reduction is highly
dependent on the heart rate and at some heart rates there is
no improvement in temporal resolution. This technique is
also susceptible to image artifacts if the heart is not in the
exact same position during the second heartbeat or if there is
significant beat-to-beat variability in heart rate.
Modern-day single source CT scanners have much
improved gantry rotation times (down to 270 ms), largely
eliminating the need for multi-segment reconstruction. Dual
source CT improves on this temporal resolution by adding a
second X-ray source and detector, positioned 95° from each
other, approximately halving the temporal resolution of a
single source system. Currently, the fastest available DSCT



R. Agrawal and S. Abbara

28
120 —
vol (ml)
0
| ; |
0 time (sec) 1
120 —
i
1
i
L
vol (ml) P
]
F ]
1 I
F ]
. ...
] b ]
[} ! I ]
] ]
1 : | :
0 1 [
——l N
(I) time (sec) 1'
Fig. 1 Effect of temporal resolution on volume measurement.

Identical time-volume curves are shown in a patient with a heart rate
of 60 bpm. Red bars indicate sampling by the scanner. The fop image
represents a scanner with a half-gantry rotation time of 200 ms. The
image data is averaged through both end-systole and end-diastole
causing over-estimation of the volumes in end-systole and under-
estimation of end-diastole. The bottom image represents a scanner with
a half-gantry rotation time of 100 ms. Because the image is generated
over a shorter time frame, end-systole and end-diastole more closely
reflect the true values, yielding a higher ejection fraction

can cover a 180° arc of projections in ~75 ms. In com-
parison, MRI has a temporal resolution of approximately
30 ms. Despite these limitations, numerous studies have
demonstrated close correlation between both single and
dual source CT with CMR for the measurement of ven-
tricular volumes and calculation of cardiac function.

1.4.2 Radiation Dose

Another consideration of functional cardiac CT is the
additional radiation dose it requires compared to prospec-
tively triggered axial or high-pitch spiral (“FLASH”) mode
coronary CTA. Conventional retrospective technique uses
full, non-ECG-modulated current delivered throughout the
cardiac cycle (Fig. 2). In comparison to a prospectively
triggered acquisition, the radiation dose is higher; however,

functional data cannot be extracted using prospective
triggering. To limit the dose of radiation delivered to the
patient, ECG-modulation can be employed. This is dis-
cussed in greater detail in the next section.

2 Technique

2.1 Retrospective Acquisition
In order to extract functional data from a cardiac CT exam,
the heart must be imaged in both end-systole and end-
diastole. To ensure that the appropriate cardiac phases are
imaged, retrospective gating is usually performed. With this
technique, a sustained current is generated by the X-ray tube
to image throughout the cardiac cycle, during which time the
table moves continuously, resulting in a helical acquisition. A
low pitch is used in order to image each part of the heart
throughout the R-R interval. A simultaneous ECG tracing is
obtained corresponding with the image data. This differs
from the prospective-triggered axial acquisition in which the
tube current is only on during a pre-specified portion of the
cardiac cycle, and the table moves in a step-and-shoot fash-
ion. In addition to evaluating cardiac function, retrospective
gating is helpful in evaluating patients who have arrhythmias
or who are prone to premature or dropped beats because it
allows reconstruction of any phase of the cardiac cycle.
ECG-modulation during a retrospectively gated acqui-
sition may be used to reduce the radiation dose. ECG-
modulation allows the user to use full current during a
certain pre-defined phase of the cardiac cycle, for example
between 45-70 % of the R-R interval. During the remain-
ing phases, the tube current is reduced to a pre-specified
level (usually 20 % of the maximum, but the level is cus-
tomizable on some scanner models) (Fig. 3). ECG-modu-
lation with MinDose (Somatom Definition, Siemens
Medical Solutions, Germany) reduces this baseline current
further to just 4 % (Fig. 4). The reduction in radiation dose
depends on the width of the pulse window chosen to deliver
the maximum radiation and on the amount of current
delivered at baseline. Approximately 40-60 % reduction in
radiation dose can be realized using these techniques
(Hausleiter et al. 2006, 2007).

2.2 Implication of Scanner Type

Using modern 64-slice MDCT with retrospective gating, a
continuous helical scan is obtained over multiple heartbeats
with coverage of the entire heart. Due to the retrospective
technique, a low pitch is used, creating regions of over-
sampling. Newer scanners with expanded z-axis coverage,
such as 320-slice MDCT (Aquilion One Dynamic Volume
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Fig. 2 Example of retrospective gating without tube current modu-
lation. Short-axis (left), two-chamber (middle), and four-chamber
(right) views of the heart at end-diastole (top row) and end-systole
(bottom row). With full current delivered at both time points, there is

CT, Toshiba Medical System, Tochigi-ken, Japan), have a
detector width of 16 cm allowing a single-heartbeat acqui-
sition. Dual-flash imaging with DSCT during end-systole
and end-diastole has been offered as a potential method to
obtain functional data without using retrospective gating,
with significant reduction in radiation dose. This technique,
however, is rarely used in clinical practice and is still under
investigation.

23 Beta Blockers

Most studies performed for evaluation of the coronary
arteries employ the use of beta-blockers to reduce the heart
rate for improved image quality. A target heart rate in the
high 50 to low 60 s is required for most scanners. While
beta-blockade has been shown to improve the diagnostic
image quality of the coronary arteries, there is evidence to
suggest there are concurrent effects on left ventricular
function. A study by Port using echocardiography demon-
strated a reduction in ejection fraction in healthy adults after
administration of propranolol (Port et al. 1980; Mo et al.

time

no difference in image quality between the two sets of images. This
technique results in a higher radiation dose. An example ECG tracing
without tube current modulation is shown demonstrating a sustained
acquisition over multiple heartbeats

2011). The proposed mechanism is that through negative
inotropic action on the heart, ESV increases, thus decreas-
ing the EF. Other studies in healthy patients using cardiac
CT for measurement of left ventricular function show
similar results, although differences in ESV and EF were
modest (Mo et al. 2011).

Studies in patients with heart disease have shown that
beta-blockade can produce decreases in measured function,
again resulting from increases in ESV (Dell’Italia and Walsh
1989; Jensen et al. 2010). Because most cardiac CTAs per-
formed today are for evaluation for coronary artery disease,
the use of beta-blockers for improving image quality usually
takes precedence over potential fluctuations in measured
LVEF. Scanners with improved temporal resolution (up to
73 ms) have precluded the need for beta-blockade in many
patients, particularly when retrospective gating is utilized.

24 Contrast Injection

Depending on the cardiac chambers of interest, the injection
parameters may require modification from a traditional
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Fig. 3 Example of retrospective gating with tube current modulation.
Short-axis (left), two-chamber (middle), and four-chamber (right)
views of the heart at end-diastole (top row) and end-systole (bottom
row). Notice the difference in image noise at end-diastole, obtained at
full tube current, and end-systole, obtained at 20 % of maximum tube

coronary CTA. Typical coronary CTA employs either bolus
tracking or test bolus technique to measure the transit time
of the contrast from the site of injection to the ascending
aorta. Many institutions utilize a saline chaser after injec-
tion of contrast medium. This results in a tighter contrast
bolus and reduces streak artifact in the central veins of the
thoracic inlet. This technique provides high contrast opac-
ification of the coronary arteries and adequate delineation of
the LV endocardium.

In order to achieve adequate, reliable, contrast opacifi-
cation of both the RV and LV, a multiphasic injection is
needed. This involves contrast injection at a normal flow
rate (4-7 cc/sec) to opacify the left heart followed by a
slower rate (2—4 cc/sec) to opacify the right heart. This is
then followed by a saline chaser. An alternative technique is
to first inject contrast and follow with a mixture of contrast
and saline in a 60:40 or 50:50 ratio. A typical injection may
consist of 50 ml of contrast at 6 cc/sec followed by an
additional 50 ml of the contrast/saline mixture at 6 cc/sec.
Using a multiphasic technique allows contrast opacification
of both the left and the right ventricles and reduces the

current. Despite the increased image noise at end-systole, images are
adequate for delineation of endocardial contours for functional
measurement. An example ECG tracing with tube current modulation
at 20 % is shown

chance of generating streak artifact from highly concen-
trated contrast in the SVC, right atrium, or right ventricle
(Gao et al. 2012). Lee et al. (2012) analyzed the accuracy of
CT in measuring RV function using automated processing
software and compared the results to CMR. Low attenuation
of the RV blood pool correlated with greater discrepancy
with CMR; whereas, when the RV blood pool was greater
than 176 HU, measurements were closer to those of CMR,
underscoring the importance of proper contrast injection
technique.

25 Reconstruction Phases

After retrospective scanning, the user has the ability to
select the number of phases available for reconstruction.
A phase is an interval of the cardiac cycle, usually
expressed as a percentage of the RR interval. For example,
for reconstruction of cine images, reconstruction of equally
spaced phases over the RR interval are obtained, generally
in 5 or 10 % increments (yielding 20 or 10 phases,
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0%

Fig. 4 Example of retrospective gating with tube current modulation
down to 4 % of the maximum current. Short-axis (left), two-chamber
(middle), and four-chamber (right) views of the heart at end-diastole
(top row) and end-systole (bottom row). There is significant difference
in image noise at end-diastole at full tube current and end-systole,

respectively). Increasing the number of phases recon-
structed from 10 to 20 doubles the number of images gen-
erated for review. A study by Ko et al. (2011) compared 10
and 20 phase reconstruction with respect to cardiac function
using a 64-slice scanner. No significant difference in LV
volume or EF was observed between the two methods. The
increase in the number of phases reconstructed does not
change the inherent temporal resolution of the scanner,
which is a function of the gantry rotation.

Newer scanners with faster gantry rotation times may be
able to take better advantage of more reconstruction inter-
vals. First and second generation dual source CT (DSCT)
has the advantage of significantly improved temporal res-
olution compared to conventional single source CT. Pues-
ken et al. (2008) compared 10 and 20 phase reconstruction
using a first generation DSCT. Though use of 20 phases
changed the selection of the ES and ED phase in about half
of patients, this change resulted in an average 1.9 % change
in EF, suggesting that 10 phase reconstruction may be
adequate in DSCT as well.

time

obtained at 4 % of maximum tube current. Despite the increased
image noise at end-systole images are quite adequate for delineation of
endocardial contours for functional measurement in this relatively thin
patient. An example ECG tracing with tube current modulation at 4 %
is shown

2.6 Post-Processing

One of the major advantages of CT over other modalities is
that images are readily acquired as a volumetric dataset.
This allows reconstruction of the image in any plane.
Modern software packages allow reconstruction of cine
images on-the-fly allowing instantaneous visualization of an
abnormality in an orthogonal plane. Short axis, 4-chamber,
3-chamber, and 2-chamber views are used to evaluate glo-
bal function and to evaluate regional wall motion abnor-
malities. 3-D images of the ventricular blood pool can be
obtained with the myocardium subtracted, simulating con-
ventional catheter ventriculography.

Semi-automatic Versus Automatic
Versus Manual

2.7

There are multiple methods available to quantify right and
left ventricular volumes ranging from time-intensive
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manual techniques to fully automated software packages.
All techniques rely on measurements in end-diastole and
end-systole.

The area-length method is a technique borrowed from
echocardiography and can be used in calculating left ven-
tricular volume with CT. As the name implies, this tech-
nique relies on the measurement of the area and length of
the left ventricle. The area is calculated in either the vertical
or horizontal long axis plane. The length is measured as the
distance from the mitral valve plane to the apex. Using the

following formula, left ventricular volume is then
calculated.
A2
Volume = = X
3 nxL

This formula uses geometric assumptions about the left
ventricle, specifically assuming an ellipsoid shape. A vari-
ation of the area-length method is the biplane area-length
method which uses both the vertical and horizontal long
axes to calculate the volume.

Simpson’s method is commonly used in calculating
ventricular volume in CMR and can be used to calculate both
left and right ventricular volume. In contrast to the area-
length method, Simpson’s method does not rely on
assumptions about ventricular shape. Using this technique,
contours are drawn around the endocardial border in end-
systole and end-diastole in the short-axis plane. Each contour
represents a volume determined by the slice thickness and
gap or overlap. The contours are summed using the following
formula where A is the cross-sectional area and S is the slice
thickness plus gap, or slice thickness minus overlap.

Volume = ZAN X S

Studies comparing area-length method and Simpson’s
method have shown close agreement between the two, even
in patients with regional wall motion abnormalities,
although there is slight overestimation of EDV, ESV, and
SV using the area-length method (Lessick et al. 2008).

Semi-automated and fully automated software packages
are available from multiple vendors. These use a threshold-
based segmentation that detects the difference in attenuation
between the ventricular chamber and the myocardium; thus,
adequate opacification of the blood pool is required. The
main advantage of these techniques is the significant time
savings over manual processing. A byproduct of semi-
automated and fully automated segmentation is that once
the mitral valve plane is defined, all available phases can be
segmented, allowing time-volume curves to be drawn.
Studies comparing manual, semi-automated, and fully
automated software have shown close correlation of

ventricular volumes using these methods with significant
reduction in processing time and good interobserver
variability (Greupner et al. 2011; Juergens et al. 2008;
Plumhans et al. 2009).

A caveat of the threshold-based methods is that papillary
muscles are excluded from the blood pool. This results in
systematic underestimation of EDV and ESV as well as
overestimation of EF compared to CMR. However, when
the same software tools and measurement methods are used
for analysis of both the CT and MR, close agreement
between the two modalities is observed (de Jonge et al.
2011).

The threshold method is also susceptible to errors from
high-attenuation material. For example, streak artifact
from dense contrast in the central veins or right heart can
lead to errors in contour detection. Pacemaker leads can
cause the software to include the right atrial or ventricular
chambers in the LV blood pool. Ventricular septal defects
can cause similar errors owing to a continuous, unbroken
column of contrast (Juergens et al. 2008; van Ooijen et al.
2012).

2.8 Calculation of Values

Once EDV and ESV are acquired, simple subtraction of the
values yields the stroke volume (SV); that is, the amount of
blood ejected from the ventricle with each beat. Impor-
tantly, the SV calculated using this method includes blood
flow in any direction, not exclusively flow through the
ventricular outflow tract. Regurgitant flow through the
mitral or tricuspid valve and ventricular septal defects will
be included in this value. As an internal check, and in the
absence of valvular regurgitation or shunting, the stroke
volume in the RV and LV should be the same.

SV(ml) = EDV — ESV
Cardiac output can then be obtained by multiplying the
SV by the heart rate.
CO(ml/min) = SV x HR

The ejection fraction is calculated by determining the
percentage of blood exiting the ventricle using the EDV as
the baseline.

SV
EDV

x 100

EF(%) =

Normalization of these values to the body surface area
(BSA) is helpful to stratify results.
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3 Left Ventricle
3.1 Normal Values

Numerous studies have defined the normal values of left
ventricular volume using CMR and echocardiography.
Because of differences in temporal resolution, image qual-
ity, and measurement technique, values obtained with other
modalities should not be translated to CT (Lin et al. 2008).
Values normalized to BSA are given below.

Normal values for the left ventricle using MDCT

Parameter Men Women

Mean SD Mean SD
ESV (ml) 48.56 16.13 29.58 11.1
EDV (ml) 143.58 28.11 102.14 12.61
ESVI (ml/m?) 24.48 8.51 17.63 6.66
EDVI (ml/m?) 72.35 15.09 60.86 13.31
EF (%) 66.9 73 71.6 7.9

ESV end-systolic volume, EDV end-diastolic volume, ESVI end-
systolic volume index, EDVI end-diastolic volume index, EF ejection
fraction (Nevsky et al. 2011)

3.2 Comparison with Echo, MR

The combination of excellent temporal resolution and good
spatial resolution make CMR the current gold standard for
the evaluation of left ventricular function. Numerous studies
have evaluated measurements of left ventricular function
using CCT compared with CMR. A meta-analysis of 8-16
slice MDCT compared to CMR demonstrated close corre-
lation of ESV, EDV, and LVEF. The use of multi-segmental
reconstruction algorithms showed improvement in correla-
tion, likely owing to increased temporal resolution allowed
by these techniques (van der Vleuten et al. 2006).

Current scanner technologies, including 64-, 128-, 256-,
320-slice single source CT, and dual source CT (64 and 128
slice), have also shown excellent correlation with CMR
even without the use of multi-segmental reconstruction
algorithms due to improvement in temporal resolution.

33 Wall Motion Abnormalities

3.3.1 Introduction

Abnormal wall motion can be divided into regional abnor-
malities affecting parts of the myocardium and global abnor-
malities affecting an entire chamber. Regional wall motion
abnormalities at rest are usually attributed to rest ischemia or
myocardial infarction and can be mapped to a coronary
territory; global abnormalities are usually due to either severe
multivessel disease or non-ischemic cardiomyopathy.

3.3.2 Segmental Assessment

CT data are acquired in an axial plane in relation to the
body axis. Volumetric data is then reconstructed in planes
analogous to those used in echocardiography and nuclear
medicine, i.e., long and short axes with respect to the
ventricular long axis. For diagnostic consistency among
imaging modalities and to allow correlation between coro-
nary anatomy and wall segments, the traditional AHA 17-
segment model is used in CT when describing regional wall
motion abnormalities. Using this model, the basal and mid-
ventricular LV levels are divided into six segments, the
apical level is divided into four segments, and the apex
constitutes a final segment.

Regional wall motion abnormalities are usually assessed
qualitatively based on cine images. Wall motion abnor-
malities can be described as akinetic in the absence of
systolic thickening, hypokinetic when wall motion is sub-
normal, or dyskinetic when there is paradoxical motion
compared to other regions (i.e., outward bulging during
systole, lack of coordination). Quantitative measurements
can also be made based on the amount of wall thickening
compared to adjacent normal myocardium. There is sig-
nificant regional variation within the same patient, and more
so between patients, but estimates for normal myocardial
thickness are 6-8 mm at end-diastole and 10-14 mm at
end-systole for normal systolic thickening of approximately
5 mm (Juergens and Fischbach 2006).

3.3.3 Global Assessment

Global function or dysfunction refers to both the qualitative
assessment of myocardial movement and wall thickening as
well as the quantitative measurement of volume and

CT versus MRI n CT scanner EDV ESV EF

r Bias(ml) SD(@ml) r Bias (ml) SD (ml) r Bias (%) SD (%)
Dual source CT
Takx et al. (2012) 20 DSCT? 0.89 —5.1 21.6 095 5.7 14.7 0.87 5.1 7.6
Bastarrika et al. (2008) 12 DSCT 0.70 16.6 18.6 0.39 4.9 6.9 064 03 32
Brodoefel et al. (2007) 20 DSCT 0.98 22 099 -—-14 0.95 0.7

(continued)
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(continued)

CT versus MRI n CT EDV ESV EF

scanner

r Bias(ml) SD(@ml) r Bias (ml) SD (ml) r Bias (%) SD (%)

Busch et al. (2008) 15 DSCT 0.81 3.7 254 0.79 —2.6 17.3 0.64 3.8 9.4
Jensen et al. (2010) 32 DSCT 0.87 -13 17.7 0.92 1.0 8.3 0.83 —1.0 4.5
Lunders 30 DSCT 0.96 -0.3 18.2 0.98 1.1 7.8 097 -—1.1 7.8
van der Vleuten et al. (2009) 34 DSCT  0.96 11.0 54.8 0.97 3.5 31.9 0.90 0.4 4.5
64 SLICE CT
Akram et al. (2009) 20 64 0.80 0.6 214 0.86 =23 8.5 0.92 1.6 34
Annuar et al. (2008) 32 o4 0.98 —8.8 12.5 0.98 —6.3 9.8 092 -23 6.7
Guo et al. (2009) 51 64 0.93 5.7 27.8 0.92 0.8 17.5 0.89 1.3 5.7
Maftei et al. (2012) 79 64 0.59 33 25.8 0.76 2.6 35.1 0.73 0.6 21.1
Sarwar et al. (2009) 21 64 0.91 0.94 0.90
Schlosser et al. (2007) 21 64 —19.9 20.3 —134 10.3 3.9 7.5
Wau et al. (2008a) 41 64 0.96 0.98 0.95
Wau et al. (2008b) 63 64 0.98 —0.6 15.2 0.99 1.1 10.6 097 -0.2 —4.2
4-16 SLICE CT
Belge et al. (2006) 40 16 0.92 0.95 0.95
Dewey et al. (2006) 88 16 0.87 —6.2 20.7 0.92 52 12.9 0.91 2.1 5.2
Fischbach et al. (2007) 30 16 096 —16.8 19.4 0.94 6.9 10.2 0.83 -25 4.2
Grude et al. (2003) 30 4 0.80 14.2 17.3 0.89 17.8 10.3 0.85 -85 4.7
Halliburton 15 4 026 —352 062 —224 030 -—1.6
Heuschmid et al. (2005) 31 16 0.86 13.2 21.9 0.91 8.7 159 0.87 14 52
Juergens et al. (2004) 30 4 0.93 0.4 11.8 0.94 0.2 7.2 0.89 0.3 0.5
Koch et al. (2004) SAX 19 16 0.98 32 0.98 =73 0.95 3.0
Koch et al. (2004) 3D TH 0.96 —4.8 0.98 —4.6 0.91 0.3
Mahnken et al. (2005) 21 16 0.99 -1.0 1.9 0.99 —-0.4 1.6 099 —0.1 1.0
Mahnken et al. (2003) (std) 15 4 =75 3.4 —-1.7 4.4 0.8 33
Mahnken et al. (2003) (mult) -0.3 1.0 -0.3 1.0 0.5 2.1
Matthias 37 4 0.80 14.1 17.3 0.89 17.8 10.3 0.85 —-09 4.7
Raman et al. (2006) 26 16 0.97 —2.7 7.8 0.97 —1.0 7.4 0.97 0.3 3.6
Salm et al. (2006) 25 16 0.86 —1.5 8.6
Schlosser et al. (2007) (std) 18 16 —17.2 13.1 -9.1 10.9 2.6 7.3
Schlosser et al. (2007) (auto) —20.3 15.7 -9.2 13.9 1.0 9.0
Sugeng et al. (2006) 31 16 0.98 26.0 214 0.97 19.0 255 092 28 6.6
Yamamuro et al. (2005) 50 8 0.97 —-0.4 15.2 0.99 1.1 8.6 096 —1.2 4.6

EDYV end-diastolic volume, ESV end-systolic volume, EF ejection fraction, SD standard deviation
# Indicates second generation DSCT
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function. Qualitatively, normal myocardium should dem-
onstrate brisk systolic contraction and wall thickening.
Hypofunctioning myocardium can be uniform or it can
demonstrate regional variation with some segments dem-
onstrating worse function compared to others. Global
function can also be described as hyperdynamic, commonly
seen in patients with hypertrophic cardiomyopathy.
Assessment of global LV function carries important prog-
nostic implications. Data from the Coronary Artery Surgery
Study (CASS) registry showed that in patients with cardiac
ischemia, the ejection fraction was more closely associated
with adverse outcomes than the number of diseased coro-
nary vessels; as the EF decreased below 45 %, the risk of
death increased in a linear fashion. (Mock et al. 1982).

3.4 Disease Entities of the LV

3.4.1 Chronic Ischemia

Segments of myocardium that are chronically ischemic but
still metabolically active may demonstrate reduced function
in the form of segmental hypokinesis. This is referred to as
hibernating myocardium. Hibernating myocardium is clin-
ically important to differentiate from nonviable myocar-
dium because revascularization by angioplasty, stenting, or
grafting may restore function to these segments. PET and
CMR are now the most commonly used tools to evaluate for
viable, hibernating myocardium although CT is beginning
to play a larger role in this realm. This topic is discussed in
further detail in subsequent chapters.

3.4.2 Acute Infarcts

Within a few minutes after an acute myocardial infarct,
there is development of a regional wall motion abnormality
in the distribution of a coronary territory, usually demon-
strated by an akinetic segment. Depending on the trans-
murality of the infarct and remaining functioning
myocardium, regional wall motion abnormalities may
improve over time as stunned but still viable myocardium
regains function (Mahias-Narvarte 1987). Sarwar et al.
(2009) examined 64-slice CT compared to CMR for eval-
uating global and regional left ventricular function specifi-
cally in patients recently reperfused after acute myocardial
infarction. Quantification of LV volumes and EF by CT was
shown to correlate well with values obtained by CMR. CCT
demonstrated 89 % sensitivity and 92 % specificity in
detecting abnormal segments (on a per-segment basis) using
CMR as the standard.

In the setting of acute chest pain, functional evaluation of
the left ventricle with CT has been shown to add incre-
mental value to the assessment of the coronary arteries by
CTA. In the Rule Out Myocardial Infarction Using Com-
puter Assisted Tomography (ROMICAT) trials, patients

with chest pain, initial negative troponin, non-ischemic
EKG, but clinical suspicion for acute coronary syndrome
(ACS) were arranged to have a coronary CTA with retro-
spective gating. The diagnostic accuracy of CTA for the
detection of ACS was 77 % with coronary evaluation alone;
the addition of a resting regional LV function increased the
diagnostic accuracy to 87 %. LV wall motion abnormalities
can also help to direct attention to lesions that are too small
to resolve by CTA such as side branches or small vessels
(Seneviratne et al. 2010).

3.4.3 Chronic Infarcts

The appearance of a chronic infarct can be variable by CT
depending on the territory and severity of the infarct.
Transmural infarcts will demonstrate focal wall thinning in
a coronary distribution with regional akinesis or dyskinesis.
(Figure 5) Fatty metaplasia or calcification can be seen in
place of normal myocardium.

In cases of transmural infarction, a left ventricular
aneurysm may form. In the strict definition, an aneurysm is a
focal contour deformity with wall thinning that moves par-
adoxically (i.e. dyskinetic) in relation to the rest of the
myocardium. Most aneurysms involve the apical anterior
wall resulting from a transmural LAD infarct. Inferior basal
wall infarcts are second most common location. In cases of
non-transmural infarction, residual functioning or hibernat-
ing myocardium prevents aneurysm formation but may
result in focal akinesis or hypokinesis (Glower and Ei 2003).

3.4.4 Non-ischemic Cardiomyopathies
Non-ischemic cardiomyopathies are intrinsic diseases of the
heart muscle and can be divided into primary and secondary
diseases. Some secondary causes include alcohol, chemo-
therapy, sarcoid, and genetic diseases. The World Health
Organization and the International Society and Federation of
Cardiology Task Force divides primary cardiomyopathies
into 5 categories: dilated cardiomyopathy, hypertrophic
cardiomyopathy, restrictive cardiomyopathy, arrhythmo-
genic right ventricular dysplasia, and unclassified disease.
These diseases are characterized primarily by either normal
function or global hypokinesis, although regional variation
may be evident in some cases.

Functional imaging in patients with dilated cardiomy-
opathy typically shows an enlarged left ventricle with glo-
bal LV hypokinesis. The right ventricle can be involved in
some cases. Not infrequently, the apex is completely aki-
netic. (Figure 6) Hypertrophic cardiomyopathy is charac-
terized by poor base-to-apex shortening and obliteration of
the cavity at the LV apex. The calculated ejection fraction is
usually supranormal. In patients with restrictive cardiomy-
opathy, LV contraction is preserved but relaxation in dias-
tole is impaired. Common causes of restrictive disease
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Fig. 5 Two-chamber (left) and
short-axis (right) views of the left
ventricle in end-diastole (fop
row) and end-systole (bottom
row). This patient had a remote
history of LAD infarct. Note the
focal anterior wall thinning with
only minimal increase in wall
thickness on systolic images,
consistent with nontransmural
remote infarct

include amyloid, sarcoid, hemochromatosis, and glycogen
storage diseases.

Tako-tsubo cardiomyopathy is an uncommon entity that
can mimic an acute coronary syndrome. Patients usually
describe a recent emotional stressor; thus, the alternative
term of “broken-heart syndrome” has also been used.
Functional imaging demonstrates dyskinesis of the mid and
apical segments causing a ballooning of the LV in systole.
Basilar function is usually preserved. Function returns to
normal within a few days.

3.4.5 Heart Transplant

Patients with heart transplant typically present a unique
problem for cardiac CT owing to a high resting heart rate
and body mass index, as well as altered cardiac anatomy
(Ferencik et al. 2007). Improvements in immunosuppressive
therapies have increased survival to approximately 50 % at
10 years and 30 % at 15 years (Taylor et al. 2008). Longer
survival has uncovered new challenges, such as cardiac
allograph vasculopathy. CCTA can offer a one-stop-shop
solution for follow up of these patients by evaluating both
the coronary vessels and cardiac function. Studies using
both MDCT and DSCT have shown accurate assessment of
left ventricular function compared to CMR (Mastrobuoni
et al. 2011; Bastarrika et al. 2008). The use of DSCT with
improved temporal resolution is especially helpful in these
patients due to the high resting heart rate.

4 Right Ventricle

4.1 Normal Values

Normal values for the right ventricle using MDCT

ESD (mm) 29.6 £ 5.3
EDD (mm) 37.0 £ 5.7
EDV (ml) 174.9 + 48.0
ESV (ml) 82.1 £ 29.2
EF (%) 57.9 + 8.0

(Lin et al. 2008)

4.2 Indications

Imaging of the RV poses special challenges because of its
unique shape and the presence of irregular trabeculations.
Echocardiography is particularly problematic because the
RV is mostly retrosternal in position and acoustic windows
are limited. Thus, cross-sectional imaging plays an impor-
tant role in patients with right heart disease. Assessment of
right ventricular function carries important prognostic
information in patients with acute diseases, such as acute
respiratory distress syndrome and pulmonary embolism
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Fig. 6 Short-axis (left), two-chamber (middle), and four-chamber
(right) views of the left ventricle in end-diastole (fop row) and end-
systole (bottom row) in a patient with dilated cardiomyopathy. The left

(PE). For example, in patients with acute PE, right ven-
tricular dysfunction is associated with higher rates of intu-
bation, ICU admission, and death. Rapid selection of
patients with right ventricular dysfunction can help assess
those patients who need catheter-directed thrombolysis or
surgical embolectomy (Kang et al. 2011).

Measurement of RV volume and function also carries
important prognostic significance in chronic lung diseases
resulting in cor pulmonale. In patients with COPD,
increased RV end-diastolic volume and decreased RV
function are strongly associated with decreased survival
(Burgess et al. 2002). A multitude of diffuse lung diseases
are associated with cor pulmonale including interstitial lung
disease, vascular disorders causing pulmonary hyperten-
sion, and sleep-related breathing disorders.

Liver disease is an established cause of increased right
heart volumes. This can occur through portopulmonary
hypertension, hepatopulmonary syndrome, or as a result of
TIPS therapy (Dupont et al. 2011). Finally, many congenital
heart diseases, such as tetralogy of Fallot, transposition
of the great vessels, arrhythmogenic right ventricular
dysplasia/cardiomyopathy, and double outlet right ventricle,
affect the RV (Savino et al. 2007). In these patients, serial
measurement of RV function can be an important part of
surveillance.

ventricle is markedly enlarged. Note the lack of significant movement
or wall thickening on systolic images (bottom) indicating globally
reduced systolic function. The EF in this patient was 15 %

4.3 Pulmonary Embolism

4.3.1 RV:LV Ratio

Small, subsegmental pulmonary emboli do not usually
induce RV dysfunction because of the compensatory
mechanisms of the pulmonary arterial system. However, as
the clot burden in the pulmonary arteries increases, signs of
RV strain can begin to show; a 30—40 % obstruction of the
pulmonary arterial tree can result in modest increases in
right ventricular pressure. With continued increase in pul-
monary arterial obstruction, right ventricular failure can
develop causing increases in right and left atrial volume
(Fishman et al. 2008). Many of these functional changes in
the right ventricle can be gleaned without retrospective
imaging or even cardiac gating.

The relative volume of the RV can be estimated by
comparing the short-axis dimension with the LV. This
measurement should be obtained perpendicular to the long
axis of the heart, ideally using a 4-chamber reconstruction,
measuring from the right ventricular free wall to the sep-
tum. An RV:LV ratio greater than 1 is a sign of increased
right ventricular volume (Fig. 7).

This sign can be quickly assessed in patients being
evaluated for pulmonary embolism as an indicator of right
ventricular volume overload and right heart strain. Often, a
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Fig. 7 Four-chamber view of the heart demonstrates bowing of the
interventricular septum with convexity into the left ventricle. The
maximal dimension of the RV (solid line) was much greater than the
LV (dotted line). The RV:LV ratio in this patient was 1.6. Notice
segmental pulmonary emboli in the right and left lower lobe
pulmonary arteries (arrows)

crude measurement can be made on axial images, roughly
approximating a 4-chamber view. However, measurement
in the 4-chamber view is more sensitive for the stratification
of patients with severe disease. A study by Quiroz et al.
demonstrated that measurement of the RV:LV ratio in the
4-chamber view increased the receiver operating curve for
the prediction of adverse events including the need for
resuscitation, mechanical ventilation, pressors, thromboly-
sis, or surgical embolectomy (Quiroz et al. 2004).

4.3.2 Septal Bowing

Static images of the heart may show straightening or con-
cave bowing of the interventricular septum into the left
ventricular cavity. This can be a sign of increased right
ventricular volume, pressure, or both. Gated images can
help to distinguish between these two entities. Increased
right ventricular pressure will demonstrate bowing of the
septum throughout the cardiac cycle; whereas, in volume
overload, the septal bowing often normalizes during systole.
The presence of increased right ventricular wall thickness
suggests chronic pressure overload.

4.3.3 Systemic Vein Diameter

As right ventricular failure progresses, excess volume is
translated to the right atrium and systemic veins. Measure-
ments of the SVC, azygous vein, and coronary sinus are

usable surrogates for right ventricular dysfunction in patients
with PE. These measurements can be done relatively quickly
in the axial plane and have been shown to correlate with
elevated PA pressures measured by echocardiography. For
example, coronary sinus dimension of 16 mm or greater was
shown to correlate with peak systolic PA pressures of greater
than 30 mmHg compared to a median diameter of 10 mm in
patients with pressures less than 30 mmHg. A reasonable
cutoff for the SVC is 25 mm in diameter and 10 mm in
diameter for the azygos vein (Staskiewicz et al. 2010).

4.4 ARVD/C

Arrhythmogenic right ventricular dysplasia is a cardiomy-
opathy in which there is replacement of myocardium in the
RV by fibrofatty tissue. Patients may be asymptomatic, but
may also present with arrhythmias and sudden cardiac
death; biventricular heart failure can be seen in late stages
of the disease. Partially in an attempt to detect earlier dis-
ease, revisions to the original 1994 International Task Force
criteria have been proposed, increasing the emphasis on
imaging, specifically with echocardiography, CMR, and
angiography (Marcus et al. 2010). Major criteria by angi-
ography include RV akinesia, dyskinesia, or aneurysm.
Evaluation of suspected ARVD has been included as an
appropriate indication for functional CCT in the 2010
ACCEF appropriateness criteria (Taylor et al. 2010).

4.5 Congenital Heart Disease

Serial measurement of RV volume and function may be
important in following patients with some congenital heart
disease. Common congenital anomalies like atrial or ven-
tricular septal defects and partial anomalous pulmonary
venous return represent an over-circulation phenomenon
with chronic left-to-right shunts. Depending on the severity
of shunting, these patients may demonstrate RV dilatation
as well as pulmonary artery enlargement. Patients with
repaired tetralogy of Fallot often have incompetent pul-
monic valves and a dilated right ventricle. In these patients,
serial quantification of RV function is important because it
affects the timing of pulmonic valve replacement.

5 Left Atrium
5.1 Indication

Left atrial volume and functional measurement is recog-
nized as a marker for the evaluation of patients with atrial
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fibrillation, left heart failure with normal ejection fraction,
mitral valve disease, and stroke. An enlarged left atrium is a
risk factor for recurrent atrial fibrillation after pulmonary
vein isolation (Abecasis et al. 2009; Helms et al. 2009).
Cross-sectional imaging of the left atrium with MDCT or
CMR can be used for treatment planning for left atrial
ablation or pulmonary vein isolation. Measurement of the
left atrial volume is more accurate and correlates more
closely with the clinical course (Tsang et al. 2006).

5.2 Normal Values

Normal values for left atrium using MDCT in women and men
Men

41 £ 10 (38-44)
22 + 6 (20-24)
19 + 6 (17-21)

Women

40 £ 9 (37-43)
18 £+ 6 (16-20)
22 + 4 (21-23)

Indexed measurement
EDV/BSA (ml/m?)
ESV/BSA (ml/m?)
SV/BSA (ml/m?)

EF (%) 55 4+ 8 (52-57) 46 + 8 (43-48)
Diameter/BSA (mm/m?) 18 + 4 (17-19) 17 + 2 (16-18)

EDV end-diastolic volume, ESV end-systolic volume, SV stroke vol-
ume, BSA body surface area

Normal values in units indicated & SD (95 % CI)

(Stojanovska et al. 2011)

5.3 Comparison with Other Techniques
Two-dimensional echocardiography is the most commonly
used method to assess left atrial size due to availability and
portability. In some cases, measurement of the left atrium
by echocardiography can be limited. As is the case in
imaging of the left ventricle, image quality is degraded in
patients with a large body habitus. Because of the posterior
position of the left atrium, lateral resolution can be reduced,
limiting accurate delineation of the endocardial contour
(Avelar et al. 2010). Additionally, foreshortening of the
maximal left atrial plane can cause underestimation of
the volume. These variables may be responsible for the
increased interobserver variability of echocardiography in
assessing left atrial volume compared to CT or MRI (Avelar
et al. 2010). Though there is good correlation with CT and
MR, many studies have demonstrated systematic underes-
timation of left atrial volume by echocardiography
(Rodevan et al. 1999; Avelar et al. 2010; Christiaens et al.
2009; Kircher et al. 1991). In contrast, volumetric and
functional measurements made by CT show close correla-
tion with MRI, although studies have shown a slight trend
for overestimating LA volumes and underestimating LA
ejection fraction (Wen et al. 2010).

5.4 Technique

Assessment of left atrial volume and function can usually be
done using the same data set used to acquire the left ven-
tricle. Retrospective technique with EKG-gated tube current
modulation permits adequate delineation of the LA contour
while allowing significant reduction in radiation dose.

Volumetric analysis can be obtained manually using
Simpson’s method. Both semi-automated and fully auto-
mated software packages are available as well.

Diastole can be divided into the isovolumetric relaxation
phase and the filling phase. The main component of the
filling phase is rapid filling, which accounts for 70-80 % of
LV blood volume. A short diastases period follows, con-
tributing another 5 % of blood volume. Finally, atrial systole
contributes the remaining 15-25 % of LV blood volume
before the start of ventricular systole (Braunwald 2008).

Heart Failure with Preserved
Ejection Fraction

55

Impaired relaxation of the LV results in characteristic
changes in LA volume and function. Compared to patients
of hypertension and left ventricular hypertrophy, patients
with HFpEF have increased LA volume and reduced LA
ejection fraction, and these markers have been shown to be
a reliable method to differentiate the two conditions
(Melenovsky et al. 2007).

6 Summary

Improvements in CT technology have advanced signifi-
cantly such that accurate and reliable determination of
global and regional cardiac function can be made with little
additional cost. Advanced post-processing software has
significantly reduced the time in generating data. At the
same time, hardware improvements have substantially
reduced radiation dose. Functional and volume measure-
ment of the LV, RV, and LA have shown excellent corre-
lation with the gold standard CMR.
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This chapter reviews the current limitations of morpho-
logical assessment of coronary stenosis by cardiac CTA,
describes available techniques for functional imaging,
and enumerates its major targets, which have been well
implemented in current management strategies for
patients with suspected or known CAD.
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Fig. 1 Scatterplots
demonstrating the correlation
between quantitative cardiac
CTA (QCT) and fractional flow
measurements (y-axis) indicating
a weak correlation (r = —0.32,
right), especially in coronary
stenosis >50 % (right). Coronary
arteries smaller than 3.5 mm are
depicted as solid circles, :
coronary arteries larger than bt
3.5 mm as open circles. From L L
Meijboom et al. (2008) i
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strategies, especially enhanced diagnostic work-up strate-
gies (Kruip et al. 2003).

The diagnostic work-up relies on several invasive and
noninvasive imaging modalities. The current gold standard
for the detection and evaluation of coronary stenosis is
invasive angiography, a procedure which also enables direct
therapeutic intervention; however, this procedure is asso-
ciated with certain additional risks, such as arrhythmia,
intima dissection, local bleeding, and discomfort. As result,
only subjects with a high pre-test probability of CAD are
referred for invasive angiography, whereas subjects with
low- to intermediate pre-test probability of CAD are usually
referred for non-invasive testing. Traditionally, myocardial
perfusion imaging by single-photon emission computed
tomography (SPECT) is the preferred noninvasive option.
There is growing evidence that cardiac magnetic resonance
imaging (CMR) or stress echocardiography can also serve
well as gatekeepers for invasive angiography (Schuijf et al.
2005). SPECT, CMR, and echocardiography all have in
common the fact that they identify ischemia by perfusion or
wall motion abnormalities. Thus, traditionally, the presence
and extent of myocardial ischemia have served as a refer-
ence for therapeutic decision making and referral for inva-
sive angiography (Schuijf et al. 2007).

This paradigm has been challenged by the introduction
and development of cardiac CT angiography (CTA), an
imaging modality that primarily relies on the morphologic
assessment of CAD. Cardiac CTA, with continuous
technological development, is increasingly diffusing into
clinical practice. As detailed by Dr. Nance in Chapter 1,
current state-of-the-art protocols, though fast and comfort-
able for patients, involve a reasonable amount of radiation
(2-3 mSv or less) and up to 100 ml of iodinated contrast
agent. The true value of cardiac CTA lies in its ability to

1.0 1 R .
(o) o]
Q.O: ‘?o
&o... 0:...6
o s, OCee @
0.80 - .. 0'.'.‘
0.75 ° i
Qe
% % o
e
®
P
[ ®
Q 0.5 <4 a
| L} L] L]
70 90 < 50% > 50%

Diameter stenosis by CTCA, %

exclude a significant stenosis with high sensitivity and high
negative predictive value; on the other hand, not all subjects
with a positive finding turn out to have a significant coro-
nary stenosis on subsequent invasive coronary angiography.

2 Limitations of Morphological Imaging
by Cardiac CTA

Despite the encouraging capabilities of cardiac CTA,
as with other morphologic imaging modalities, cardiac CTA
is unable to determine whether or not a detected lesion
is hemodynamically significant. Hemodynamic significance
is what determines whether either revascularization or
medical therapy will be beneficial. In fact, there is a large
body of evidence indicating that there is a high discrepancy
ratio between the findings on cardiac CTA and subsequent
functional tests.

Hacker et al. studied 38 patients (74 % male) with both
64-slice MSCT coronary angiography and SPECT imaging
(Hacker et al. 2007). While 102 of 109 (94 %) patients
without coronary artery stenosis also had normal SPECT
studies, only 23 of 43 (53 %) with significant coronary
stenosis had impaired myocardial perfusion based on the
SPECT study, indicating that despite detection of a
morphological stenosis, perfusion impairment may vary.
Recently, Meijboom et al. compared CTA measured degree
of stenosis with measurement of fractional flow reserve
(FFR) (Meijboom et al. 2008). FFR is considered to be the
gold standard for functional assessment of coronary steno-
sis, by positioning a catheter tipped flow wire proximal and
distal to the lesion. Their results indicate that there is no
agreement between CTA findings and FFR measured flow
(r = —0.32, Fig. 1) and that morphologic assessment by
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CTA was not able to identify a hemodynamically relevant

coronary stenosis.

Overall, these observations are not surprising but
emphasize the fact that there are two different imaging
approaches to CAD, each of which provides fundamentally
different information:

(1) Morphological modalities: Cardiac CTA and invasive
coronary angiography, both are well established
methods to visualize coronary stenosis and plaque as
the anatomic correlate of CAD.

(2) Functional modalities: nuclear myocardial perfusion
imaging (i.e. SPECT), echocardiography, MRI,
and invasive measurement of fractional flow reserve are
equally reliable in providing information pertaining
to CAD.

For the decision of whether invasive or medical treat-
ment is indicated, evidence of functionally relevant ische-
mia is of critical importance. Thus, in subjects in whom a
significant stenosis is detected on CT, in the absence of
hemodynamic information, the potential benefits of either
revascularization or medical therapy remain undetermined.
In order to design evaluation algorithms that allow optimal
integration of cardiac CTA, investigations comparing
MSCT with other noninvasive functional modalities are
mandatory (Schuijf and Bax 2008). This can also be
observed in larger randomized trials using cardiac CTA for
patients with acute chest pain. For instance, there is inter-
esting data from the ROMICAT II study, a large random-
ized trial in 1,000 subjects with initially inconclusive
evaluation in the emergency department (Hoffmann et al.
2012). While there was an overall benefit from using car-
diac CTA in patients with acute chest pain, the benefit was
primarily attributed to patients in whom the presence of a
significant coronary stenosis was ruled out. In support,
subjects who were found to have CAD by CTA were pre-
dominantly referred for subsequent functional testing.

From a CT perspective, this need of functional infor-
mation has resulted in a new field research, which extends
the CT-based technology from morphological to functional
assessment.

3 Rationale for Functional Imaging

Functional imaging relies on the detection of the hemody-
namic consequences of CAD—known as ischemia—rather
than pathological changes in the coronary arteries. In the
presence of ischemia, defined as the mismatch of oxygen
demand and supply, a sequence of events is initiated,
referred to as “the ischaemic cascade” (Nesto and
Kowalchuk 1987). Perfusion abnormalities start as diastolic
and progress toward a systolic dysfunction; only at the very
end of the cascade do ECG changes and angina occur

CMR / Echocardiography -
Symptoms

Nuclear imaging /CMR ECG changes

Diastolic/Systolic
Dysfunction

Perfusion abnormalities

Variable degree of
coronary atherosclerosis

Cardiac
CTA

B
>
Duration ofischemia

Fig. 2 The ischemic cascade represents the sequence of pathophys-
iological events following ischemia, with perfusion abnormalities
occurring in the beginning, which can be identified by nuclear imaging
techniques or CMR. The amount of the underlying degree of coronary
atherosclerosis can vary and is detected and characterized by cardiac
computed tomography angiography (CTA). Modified from Schuijf
et al. (2005) CMR cardiac magnetic resonance imaging

(Fig. 2). Accordingly, the occurrence of perfusion abnor-
malities during stress may be more sensitive for the detec-
tion of CAD than the induction of systolic dysfunction (wall
motion abnormalities) (Leong-Poi et al. 2002).

As coronary atherosclerosis often occurs without any
hemodynamic consequences, the likelihood that a coronary
stenosis may be flow limiting is related to the degree of
stenosis and vice versa; severe perfusion defects are highly
predictive of a critical (>90 %) coronary stenosis (Shaw
and Berman 2009). Notably, a perfusion deficit may also be
associated with vascular dysfunction in the setting of non-
obstructive CAD, as collateral flow in a patient with
obstructive CAD may result in normal flow to that region
(Aarnoudse et al. 2003).

It is obvious that CAD is not necessarily a prerequisite or
an immediate cause of myocardial ischemia, as there are
concordant and discordant findings between functional and
morphological imaging modalities. Overall, these observa-
tions explain the level of discrepancy observed in CTA
studies as detailed above.

4 Established Techniques for Functional
Imaging

There are three major functional imaging modalities:
myocardial perfusion assessment by SPECT, wall motion
abnormalities detection by echocardiography, or both of
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Fig. 3 Seventeen segment model developed for assessment of
myocardial perfusion abnormalities, which is used to report findings
for all functional imaging modalities. Modified from Cerqueira et al.
(2002)

these through CMR (Marcus et al. 2011). Over time, these
techniques have become complementary rather than com-
petitive, since they provide different information. Generally,
images are interpreted visually by adhering to a 17 myo-
cardium-segment model, developed for SPECT but usually
applied to all functional cardiac imaging modalities (Fig. 3)
(Cerqueira et al. 2002).

It is important to note that although these functional
imaging modalities primarily focus on the detection of per-
fusion defects as part of the ischemic cascade, usually their
diagnostic accuracy is studied and reported for the detection
of significant coronary stenosis. This, however, is not the
appropriate comparator (as detailed above), given the dis-
crepancy between function and morphologic information.

4.1 Nuclear Myocardial Perfusion Imaging

SPECT, using technetium-, thallium-, or tetrofosmin-based
radionuclide tracers, has become the most widely used
modality for the assessment of myocardial perfusion.
By comparing the uptake and distribution of radionuclide by
myocytes under rest and stress conditions, it allows a three-
dimensional assessment of the myocardial perfusion and
viability. Reversible defects (perfusion abnormalities

detected at stress but absent at rest) are indicative of ischemia;
persistent defects present both in rest and stress condition
represent infarcted myocardium. Examples of a reversible
and persistent defect are provided in Figs. 4 and 5,
respectively.

The diagnostic accuracy of SPECT in detecting mor-
phologically significant coronary stenosis is relatively high
(specificity: 87-94 % and sensitivity: 85-90 %) (Rochmis
and Blackburn 1971; Mertes et al. 1993; Kapur et al. 2002;
Taillefer et al. 1997; Mark et al. 2003; Merhige et al. 2007).
Disadvantages of SPECT include its tracer-dependent
radiation dose (9-25 mSv) and a total examination time of
~4-5 h (imaging time 10-20 min per session, with 3—4 h
separation time between stress and rest acquisitions).
Associated costs are moderately high (approximately
$600-$1,000) (Merhige et al. 2007). However, there is
evidence that recently improved technology, i.e. ultrafast
cameras/multiple scanning detectors (D-SPECT), may
reduce radiation dose, shorten study time, and improve
sensitivity (Garcia et al. 2011).

4.2 Cardiac Magnetic Resonance Imaging

In contrast to SPECT, MRI is a non-ionizing radiation
modality that is increasingly used for the assessment of
cardiac function and myocardial perfusion (Cheong 2010).
Contrast material (gadolinium chelate) has a fairly linear
relationship between its concentration and signal intensity
on T1-weighted sequences (Croisille et al. 2006; Donahue
et al. 1997). Besides its merit in the evaluation of non-
ischemic cardiomyopathies, MRI permits the differentiation
between persistent defects (fixed defects, present both in
rest and stress conditions, consistent with infarction) and
reversible defects (present on stress acquisitions only,
consistent with ischemia). Late gadolinium enhancement
(pathological myocardial enhancement 10 min after contrast
administration) is the hallmark of infarction; an example is
provided in Fig. 6.

In contrast to SPECT, MRI allows the visual differentia-
tion between subendocardial and transmural infarction, a
very relevant finding for guiding therapeutic intervention. Its
diagnostic accuracy for the detection of morphologically
significant coronary artery stenosis is high (sensitivity and
specificity of 89 and 87 %, respectively) (Christiansen et al.
2010; Klem et al. 2006). There is recent data suggesting that
MRI can accurately detect hemodynamically relevant CAD
similar or slightly superior to SPECT (Schwitter et al. 2008).

Disadvantages of MRI include the required staff expertise,
limited availability in community hospitals, relatively long
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Fig. 4 Myocardial perfusion
imaging (tetrofosmin) SPECT
study of a 78 year old male with
a reversible defect in the
posterior wall consistent with
ischemia (arrowheads). Courtesy
of Dr. S. Lehner, Munich,
Germany

Fig. 5 Myocardial perfusion
imaging (tetrofosmin) SPECT
study of a 58 year old female
with a persistent defect in the
posterior wall consistent with
infarction (arrowheads).
Courtesy of Dr. S. Lehner,
Munich, Germany

o |

acquisition times (30-45 min), high cost, and contraindica-
tion in patients with pacemakers or implanted defibrillators.

4.3 Echocardiography

Echocardiography, the least expensive technique, is well-
suited for the assessment of cardiac function, specifically
global and regional dysfunction. Strain rate, which is the
systolic shortening of the longitudinal and circumferential
axes (negative strain) by a thickening or lengthening in the
radial direction (positive strain) can be quantified by either
Doppler or 2D ultrasound technique (Marwick 2006). Also,
in the diastolic phase, left ventricular impairment (diastolic
stunning) is a very sensitive marker of myocardial ischemia
(Bonow et al. 1985; Wijns et al. 1986; Ehring and Heusch
1990). The ratio of strain changes before and after exercise
has a high sensitivity of 97 % and a specificity of 93 % in
detecting a significant coronary stenosis (Ishii et al. 2009;
Achenbach et al. 2010), which may be improved by

administration of contrast media (microbubbles) (Hundley
et al. 1998).

Its main limitations include a very high observer
dependency associated with a high interobserver variability.

5 Relevance of Functional Imaging
for Patient Management

The clinical value of functional imaging for patients with
suspected or known CAD is complex but can be simplified
and categorized into a number of scenarios in which
obtained functional information have shown to be beneficial
for patient management.

5.1 Identification of Treatable Ischemia

Most data demonstrate that perfusion imaging is able to
effectively identify subjects for subsequent angiography,
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Fig. 6 Cardiac magnetic
resonance imaging study (1.5 T)
of a 61 year old male with an
adenosine-stress induced
perfusion defect in the inferior
and infero-septal wall
(arrowheads)

with SPECT currently being the most frequently used test in
the United States (Min and Berman 2009). Early studies
indicate that myocardial perfusion is significantly impaired
in the presence of a >70 % coronary stenosis (Gould and
Lipscomb 1974). SPECT has the ability to identify disease
in individual coronary arteries, since perfusion abnormali-
ties correlate closely with coronary artery perfusion terri-
tories (Elhendy et al. 2000).

The largest body of evidence of the value of perfusion
imaging stems from a cohort of 10,000 subjects without
prior CAD, who underwent stress SPECT prior to inter-
vention or medical therapy (Hachamovitch et al. 2003).
Despite a non-randomized, retrospective approach, the
results indicate that after 2 years of follow-up, subjects with
moderate to severe perfusion defects who underwent
revascularization had a significantly improved mortality as
compared to subjects with no or mild perfusion defects who
were revascularized. The value of the assessment of myo-
cardial perfusion imaging has recently been confirmed by
the Clinical Outcomes Ultilizing Revascularization and
Aggressive Drug Evaluation (COURAGE) trial, the largest
randomized trial of patients with chronic CAD (Boden et al.
2007). In the main study, in 2,287 patients, a strategy of
optimal medical therapy plus revascularization was not

associated with an improved outcome compared with opti-
mal medical therapy alone. The nuclear substudy subse-
quently published by Shaw et al. confirmed the importance
of the quantitative noninvasive assessment of perfusion on
serial stress SPECT imaging in a subset of 314 patients
(Shaw et al. 2008). Patients having significant improvement
in ischemia, which was achieved more often in the inter-
ventional group, had fewer subsequent cardiovascular
events (Fig. 7).

Similarly, stress CMR can be used to accurately detect
significant coronary stenosis as shown in a recent meta-
analysis pooling results of 1,516 patients with an intermediate
likelihood of disease (prevalence 57.4 %) (Nandalur et al.
2007). The results by Nadalur et al. indicate a relatively high
sensitivity and specificity of 0.91 and 81 %, respectively.

5.2 Relevance of Myocardial Viability

Assessment of myocardial viability is critical for the man-
agement of patients with ischemic cardiomyopathy, as only
viable myocardium will benefit from revascularization. From
an array of imaging modalities, including PET and contrast
echocardiography, CMR and SPECT are the predominant
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methods used for the assessment of myocardial viability,
based on perfusion and scan quantification (Schinkel et al.
2007). On CMR, late gadolinium enhancement represents
non-viable myocardium or fibrosis (rarely myocarditis),
whereas non-enhancing areas represent viable tissue. In
SPECT, fixed and reversible defects (between rest and stress
acquisitions) differentiate viable from non-viable myocar-
dium, respectively.

If assessed early after MI, there is evidence that the exten-
sion of non-viable, infarcted area may predict recovery of left
ventricular function. In a small initial study of 40 patients, Choi
et al. demonstrated that the extent of dysfunctional myocar-
dium that was not infarcted or had necrosis comprising less
than 25 % of the wall thickness, as determined by CMR, was
the best predictor of global improvement in the left ventricular
function (Choi et al. 2001).

The transmural extension of non-viable, infarcted myo-
cardium predicts the recovery of left ventricular function
after revascularization (Kim et al. 2000). Selvanayagam
et al. studied 50 patients with known coronary artery disease
and left ventricular dysfunction prior to surgical revascu-
larization (CABG) using CMR (Selvanayagam et al. 2004).
Following revascularization, subjects were assessed for
improvement of left ventricular function. They found that
the likelihood of recovery from left ventricular dysfunction
decreased with increase of the transmural extent of late
gadolinium enhancement (LGE) on CMR. Specifically, they
found that 78 % of myocardial segments without necrosis
improved, whereas only 17 % of segments with LGE greater
than 75 % transmurality improved at follow-up (Fig. 8).

While improvement of left ventricular function may be a
less relevant outcome, there is also evidence from Allman
et al. who demonstrated in a meta-analysis of 24 prognostic
studies, including 3,088 patients, that the amount of viable
myocardium has strong prognostic implications (Allman
et al. 2002). Their results show a low annual death rate in
patients who had viable myocardium and were revascular-
ized, whereas the death rate in patients with viable
myocardium who were treated medically was substantially
higher (3.2 vs. 16 % annual death rate, respectively).

5.3 Risk Stratification and Prognosis
Assessment of patient’s prognosis plays a central role in the
primary and secondary prevention setting and many imag-
ing modalities have been used for risk stratification.

There is strong evidence supporting the prognostic value
of SPECT MPI and its ability to risk-stratify patients with
suspected or documented CAD in a variety of clinical set-
tings. Primarily, in patients with stable coronary artery
disease, the number of ischemic myocardial segments has
been shown to be a strong predictor for cardiac events
(Brown et al. 1983; Ladenheim et al. 1986). Hachamovitch
et al. studied 5,183 consecutive patients who underwent
stress/rest SPECT and were followed up for the occurrence
of cardiac death or myocardial infarction over a mean
period of almost 2 years (Hachamovitch et al. 1998). The
presence of mildly abnormal, moderately abnormal, or
severely abnormal perfusion defects was associated with an
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Fig. 8 Relationship between
transmural extent of LGE on
CMR before surgery and
likelihood of increased regional
function after surgery in all
dysfunctional segments (left) and
in all segments with severe
hypokinesia, akinesia, or
dyskinesia. From Selvanayagam
et al. (2004)

Fig. 9 Annualized event rates
associated with findings on
SPECT myocardial perfusion
imaging. From Hachamovitch
et al. (1998)

annualized event rate of 2.7, 2.9, or 4.2 %, respectively (see
Fig. 9). There is more recent data from another large-scale
study of 2,225 women, who were followed for almost
4 years (Cerci et al. 2011). Similar to the earlier results, the
presence of any perfusion abnormality was associated with

Improved contractility (%)

Event Rate (%)

100 7

a significantly higher event rate of 14 %.

All Dysfunctional
Segments

Segments with Severe
Hypokinesia, Akinesia, or
Dyskinesia

~
S
&
=~
(\'\
%)
N
=~
&
)
Q
=
o
NS

|
| N
| Q}r{?
|

Q 1 530 1‘: o0
,\;’l 'l.b %\: 1 61\

S N \]
’\3'6 1]53’6 ;_.;\'1

Transmural Extent of Hyperenhancement (%)

27
0.8
0‘3 0b5 .
2946 884
Normal Mildly
Abnormal

2.9
2.3
455 898
Moderately Severely
Abnormal Abnormal

Conversely to the risk associated with perfusion abnor-
malities, there is even stronger evidence that normal myo-
cardial perfusion presents a very low risk for cardiovascular
events, approximately 1 % the annual cardiac event rate
(Berman et al. 2006). In the study by Hachamovic et al.,

subjects with a normal MPI study had an annualized event
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Fig. 10 Kaplan-Meier survival 1.00-
curves demonstrating differences
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rate for cardiac death and myocardial infarction of less than
0.5 and 0.3 %, respectively (Hachamovitch et al. 1998).
A more recent meta-analysis by Shaw et al., pooling 19
studies with more than 39,000 patients with a mean follow-up
of 2.3 years, demonstrated an event rate of 0.6 % in associ-
ation with a negative SPECT perfusion study (Shaw and
Iskandrian 2004). In a number of subgroups, such as patients
scheduled for non-cardiac surgery, the presence of reversible
ischemia has been found to be a significant predictor of per-
ioperative cardiac events (Leppo 1995).

Similar to SPECT, CMR-detected myocardial perfusion
defects are predictive of events; however, CMR is the
younger of the two technologies and there is less prognostic
data available at the time of this writing. In 420 patients with
known or suspected CAD, Bodi et al. found that the presence
of a perfusion defect on CMR was associated with a 17 %
event rate (Bodi et al. 2007). In contrast, subjects without any
perfusion deficit on CMR had a significantly lower event rate
(5 %). In subjects with acute chest pain (n = 135), none of
the subjects with a normal CMR experienced a cardiac event
during a 1 year follow-up (Ingkanisorn et al. 2006).

Therefore, there is strong evidence that the identification
of myocardial perfusion deficits and more importantly the
absence of any defects have overwhelming prognostic value.

5.4 Hemodynamic Relevance of Coronary

Artery Stenosis by FFR

Catheter-based invasive flow measurement for FFR has
established itself as a complement to invasive angiography.
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FFR can be performed once a morphological coronary
stenosis has been detected and may provide important
functional information regarding the indication for an
interventional procedure.

In a landmark trial, the Fractional Flow Reserve versus
Angiography for Multivessel Evaluation (FAME), 1,005
subjects scheduled for stent revascularization were
randomized to either a standard or interventional approach,
dependent on whether the FFR measurement indicated
ischemia (Tonino et al. 2009; Pijls et al. 2010). The 1-year
event rate for major adverse cardiovascular events was
18.3 % in the angiography group and 13.2 % in the FFR
group, while the recurrence of angina was similar between the
two groups; this demonstrates the clear benefit of using an
FFR-guided policy (Tonino et al. 2009). Also, as shown in
Fig. 10, after a 2-year follow-up, there was a significant dif-
ference in rate of mortality or myocardial infarction, with a
rate of 8.4 % for the FFR-based strategy versus 12.9 % in the
angiography alone group (p = 0.02) (Pijls et al. 2010).

6 Conclusions and Consequences
for Cardiac CTA

It is well recognized that functional information with regard
to ischemia or flow impairment are key features determin-
ing the indication for revascularization procedures in
patients with CAD. The large body of evidence accumu-
lated over the last few years demonstrates without doubt
that the benefit associated with stent placement or CABG is
directly related to information provided by functional
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imaging modalities, such as SPECT, CMR, stress echocar-
diography, or FFR measurement, provided the expected
outcome improvement outweighs the risk associated with
an intervention. This appears to only be the case if the
degree of ischemia is sufficiently high enough to be mea-
surable by functional imaging modalities.

The established paradigm has been challenged by the rapid
development and advancement of cardiac CTA, which is
increasingly reaching clinical practice. However, the value of
cardiac CTA rests in the morphological assessment of coro-
nary artery disease and per se does not provide any functional
information. Although there is an overlap of morphological
changes and their functional relevance, i.e., with high degree
lesions being more likely to cause perfusion defects, clini-
cians should be aware of the discordance between a mor-
phological attest and a functional test.

There has been an increasing effort to extend the ability
of cardiac CTA toward a functional imaging procedure,
which would provide a highly attractive combined imaging
modality. Substantial advances have been made in the field
of CT perfusion and viability imaging through different
techniques and approaches, and there is no doubt that
cardiac CTA can be used to assess left and right ventricular
function as well. This new development and field of
research is critical as the wide applicability for various
patient populations will depend on the ability to combine
functional and morphologic information in a single relevant
examination. Only such a noninvasive test may enable us to
accommodate the predicted rise in the prevalence of CAD
over the coming decades.
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Abstract

The purpose of this book chapter is to provide an
overview of novel technical advances and persistent
challenges of coronary CT imaging targeting the eval-
uation of myocardial perfusion.

1 Introduction

A large body of the literature has demonstrated the ability of
coronary computed tomographic (CT) imaging to diagnose
substantial coronary artery stenosis, suggesting the use of
this test as a noninvasive alternative to conventional cardiac
angiography in the work-up of patients suspected of having
coronary artery disease (CAD) (Hoffmann et al. 2012; Litt
et al. 2012). With use of the latest CT technology, it is now
possible to image the entire heart during a single heartbeat,
with substantial reduction of patient radiation exposure and
motion artifacts. High-quality coronary CT studies yield a
high level of diagnostic accuracy for the detection of CAD.
In addition, recent evidence suggests that compared to a
standard stress test evaluation, coronary CT may accelerate
the diagnostic work-up of patients with acute chest pain in
the emergency department.

In addition to the anatomic assessment of the coronary
artery lumen, another intriguing clinical application of
coronary CT is the possibility of quantitative assessment of
myocardial perfusion, allowing for a global anatomic and
functional assessment of the heart in patients with CAD.
Analysis of myocardial perfusion has important clinical
implications for stratification of patients with acute CAD
into different risk and management categories. For example,
in patients with acute myocardial infarction the presence of
areas of microvascular obstruction (i.e., areas of hypoden-
sity relative to the surrounding myocardium during the early
perfusion phase) and the extent of infarct size (defined by
areas of delayed enhancement) correlate with an increased
risk of complications, including the development of adverse
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left ventricular remodeling. When combined with the
assessment of regional function, analysis of the early and
late contrast-enhancement patterns also provides valuable
information on tissue viability, and hence the likelihood of
functional recovery after revascularization. Finally, myo-
cardial perfusion assessment may provide the only valuable
indicator for the identification of flow-limiting coronary
artery stenoses in patients with limited quality coronary
CTA due to motion artifacts and/or coronary calcifications.

In this chapter, we will briefly review important techni-
cal advances and persistent challenges for the application of
coronary CT in the assessment of myocardial perfusion. The
following chapters of this book will elucidate additional
details of the individual strategies of different vendors for
the assessment myocardial perfusion.

2 Improvements in Temporal Resolution

Coronary artery motion, which becomes particularly detri-
mental at increased heart rates (above 75 beats per minute),
is a leading cause of suboptimal or clinically nondiagnostic
coronary CT exams. To minimize the risk of cardiac
motion, coronary CT should be performed using the best
possible temporal resolution allowed by the CT scanner.
Several strategies are available to reach this goal (Primak
et al. 2006). One of the most effective strategies to decrease
CT acquisition time is to minimize the number of projec-
tions used to reconstruct the image, including only those
projections gathered in the shortest possible time window
for image reconstruction. The minimum amount of data
required to reconstruct a CT image is 180° plus the angle (in
degrees) of the X-ray beam in the plane of the image
(known as the fan angle). The effective data acquisition
time—to acquire the necessary data to reconstruct an image
of a single section—is therefore directly proportional to the
rotation time of the gantry. However, faster gantry rotation
requires a slower pitch in cardiac acquisition mode to avoid
discontinuities in the anatomic coverage of the heart
between images reconstructed from consecutive cardiac
cycles. In addition, significant development efforts are
needed to account for the substantial increase in mechanical
forces (~17 G for 0.42 s rotation time, ~28 G for 0.33 s
rotation time) and increased data transmission rates using
faster gantry rotation times. For example, rotation times of
less than 0.2 s (mechanical forces >75 G), which are
required to provide a temporal resolution of less than
100 ms independent of the heart rate, appear to be beyond
today’s mechanical limits.

One option to partially overcome the technical limita-
tions for CT image reconstruction, while improving tem-
poral resolution for coronary CTA, is the development of a

scanner design with multiple X-ray sources and detectors.
The dual-source CT systems (SOMATOM Definition and
SOMATOM Definition Flash, Siemens Healthcare, Forch-
heim, Germany) are the first and second generation of these
new concept designs. Equipped with two X-ray tubes and
two corresponding detectors mounted onto the rotating
gantry with an angular offset of approximately 90°, dual-
source CT systems can combine the data from the two
separate X-ray sources and detectors, virtually eliminating
the need for multisegment reconstruction techniques for
coronary CT (Petersilka et al. 2008; Flohr et al. 2006). With
dual-source CT technology, the half-scan sinogram using a
standard parallel geometry of a conventional single-source
CT system can be split up into two quarter-scan sinograms,
which are simultaneously acquired by the two acquisition
systems in the same relative phase of the patient’s cardiac
cycle and at the same anatomical level due to the ~90°
angle between both detectors. The two quarter-scan seg-
ments are appended by means of a smooth transition
function to avoid streaking or other artifacts from potential
discontinuities at the respective start and end projections
(transition angle 30°). With this approach, constant tem-
poral resolution equivalent to a quarter of the gantry rota-
tion time is achieved in a centered region of the scan field of
view. Data from one cardiac cycle only are used to recon-
struct an image, thus minimizing the risk of motion artifacts
between consecutive heartbeats. This approach is radically
different from that of other conventional single-source CT
systems, which can theoretically provide similar temporal
resolution by means of multisegment reconstruction
approaches. With these approaches, temporal resolution
strongly depends on the heart rate; a stable and predictable
heart rate and complete periodicity of the heart motion are
required for adequate performance.

Dual-source CT systems are also compatible with mul-
tisegment reconstruction techniques, which may result in
interesting applications in particular clinical settings. Using
a two-segment reconstruction, the quarter-scan segments
acquired by each of the two detectors are independently
divided into smaller sub-segments acquired in subsequent
cardiac cycles—similar to two-segment reconstruction in
conventional single source CT. The temporal resolution of
multisegment reconstruction techniques is directly affected
by the patient’s heart rate, with an average temporal reso-
lution of 60 ms using a 0.33-s gantry rotation time (mini-
mum temporal resolution 42 ms). While multisegment
reconstruction techniques using a dual-source CT are gen-
erally not recommended for coronary CTA examinations,
this approach may be beneficial for advanced functional
analysis, such as the assessment of myocardial wall perfu-
sion, wall motion abnormalities, or the determination of
cardiac function indices, such as cardiac chambers volu-
metric analysis and ejection fraction evaluation.
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The recent introduction of second generation of dual-source
CT systems with the use of two 128-section detector rows have
further improved temporal resolution for coronary CTA,
introducing new strategies for faster acquisition times. Using
previously unexplored high pitch settings (beam pitch up to
3.4, corresponding to a table speed of 458 mm/s), this new
system allows ultrafast CT acquisition, allowing prospective
ECG-triggered scanning of the heart within a single heartbeat
with continuous movement of the table during scanning (Flohr
et al. 2009; Achenbach et al. 2009). The high pitch acquisition
technique also yields substantial reduction of patient radiation
dose, due to virtual elimination of partial overlap during spiral
CT acquisition (Achenbach et al. 2010). While very promising,
the high pitch technique may not be adequate for larger patient
populations or highly attenuating anatomical areas, such as the
abdomen and pelvis. This is based on the technical limitations
in the maximum tube current output of the currently available
X-ray tubes using high pitch settings, which in turn may result
in increased image noise and clinically unacceptable image
quality.

Recently, a novel vendor-specific motion-correction
algorithm (SnapShot Freeze; GE Healthcare, Waukesha,
Wis) has been developed that uses information from adja-
cent cardiac phases within a single cardiac cycle to char-
acterize and correct for cardiac motion. By using
information obtained from adjacent pixels, this approach
may correct for the complex and elastic motion deforma-
tions in the heart and coronaries during the cardiac cycle.
This effect may result in potentially motion-free, high
quality coronary CT images. Preliminary phantom studies
suggest that blurring secondary to cardiac motion can be
decreased by a factor of six with this new motion correction
algorithm, which would correspond to an effective gantry
rotation speed of 0.058 s (58 ms) (Scott Schubert 2012).
Additionally, early clinical experience demonstrates that
this motion correction algorithm significantly improves
image quality, interpretability, and diagnostic accuracy of
coronary CTA studies without the use of rate control
medications (Leipsic et al. 2012).

3 Dual-Energy CT Applications

For decades, dual-energy imaging has been used for tissue
differentiation with several X-ray-based imaging modali-
ties, exploiting the fact that the tissues in the human body
show different absorption characteristics when penetrated
with different X-ray energy spectra at different kV settings
of the X-ray tube (Coursey et al. 2010). The ability to
separate different materials using dual-energy may sub-
stantially improve the interpretation of myocardial perfu-
sion CT studies by providing enhanced information on
iodine distribution within the myocardium with the

additional help of color-coded iodine distribution maps.
These techniques may result in improved diagnostic accu-
racy for the detection of areas of decreased or absent per-
fusion caused by flow-limiting coronary stenosis (Ruzsics
et al. 2008, 2009).

Although early work in the 1970 and 1980s demon-
strated that dual-energy CT technology improved tissue
characterization, its utility was limited because of noise in
the low-kilovoltage images and the amount of time required
for data acquisition, which led to misregistration. Newer CT
technologies allow for more rapid data acquisition and have
sparked renewed interest in dual-energy applications.
Manufacturers continue to improve dual-energy CT scan-
ners, and those that are currently available differ in terms of
the number of X-ray tubes, the number and arrangement of
detector arrays, the energy of fan beams, and the rotation of
X-ray tubes and detector arrays. Current dual-energy CT
scanners also offer improved temporal resolution, which is
helpful for coronary CT applications, and increased photon
flux, which is critical for imaging diagnostically challenging
larger patient populations.

The dual-source CT scanners (SOMATOM Definition
and SOMATOM Definition Flash, Siemens Healthcare,
Forchheim, Germany) allow operation of both X-ray tubes
at different kV and mA settings, with the possibility of
acquiring closely co-registered dual-energy data. Another
major advantage of using a dual-source approach for dual-
energy acquisition is the possibility of using different fil-
tration for independent shaping of the two X-ray spectra
(Primak et al. 2009). The X-ray spectra generated at low
(80 kV) and high (140 kV) peak tube potentials have a high
degree of spectral overlap, resulting in a separation between
the average energies of the two spectra much less than the
60 keV difference in peak potential. The ability of DECT to
discriminate between two materials relies primarily on the
difference between the energy ratio of the materials, which
is determined by the separation between the high- and low-
energy spectra and the difference between the effective
atomic numbers of the evaluated materials. The smaller the
spectral separation, the harder it is to discriminate between
two materials, especially for materials with close atomic
numbers (e.g., calcium and iron).

Using additional filtration for one or both tube potentials
(kV) can increase spectral separation, resulting in increased
dual-energy contrast between different materials (Leschka
et al. 2010; Primak et al. 2010). This effect can significantly
enhance the performance of dual-energy material
decomposition algorithms designed to discriminate between
different materials, such as calcium (e.g., bone or calcified
plaque) and iodinated contrast material. This effect may
result in improved sensitivity of a dual-source dual-energy
CT technique for detecting areas of different myocardial
perfusion due to ischemia. In addition, improvements in
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material decomposition using dual-energy may also result
in better discrimination between calcium and iron, which
are indistinguishable using conventional magnetic reso-
nance imaging (MRI) and single-energy CT techniques.
Detection of iron deposition within a coronary plaque has
important clinical implications as intraplaque hemorrhage
has been advocated as an early indicator of plaque vulner-
ability, possibly allowing lesion early intervention before
acute plaque complications and myocardial infarction.

Finally, another important clinical benefit of differential
filtration of the X-ray spectra using a dual-source dual-
energy technique is the possibility of greater customization
of the peak tube voltage settings for the lower energy tube.
This capability may substantially reduce the number of
nondiagnostic dual-energy CT scans in large patients due to
unacceptable noise in the 80 kV images. In these patients,
the tube voltage of the lower energy X-ray tube could be
increased from 80 to 100 kV, resulting in a much larger
photon flux. At the same time, the energy separation
between the two X-ray spectra can be increased by appro-
priate selection of the filtration. This approach cannot be
used with single-source dual-energy techniques because the
separation between the 100 and 140 kV spectra is too small
to produce sufficient dual-energy contrast using fixed fil-
tration settings.

Another innovative vendor’s approach to dual-energy
CT using a single-source CT scanner involves the use of a
fast kilovoltage switching technology—also known as
dynamic switching. This technique exploits recently
developed detectors with a new scintillator material with a
chemically replicated garnet crystal structure (Gemstone
Detector, GE Healthcare, Waukesha, Wis). The light
emission speed of the scintillator is markedly faster than
that of gadolinium oxysulfide, which is the standard scin-
tillator material used in conventional CT systems. The
afterglow is also reduced with the garnet crystal scintillator.
The fast light emission and low afterglow of the scintillator
enable faster data sampling. These technological advances
result in minimal delay between paired 80- and 140-kVp
projections (less than 0.25 ms apart in time), without limi-
tations in the scanned field-of-view. In addition, the fast
kilovoltage switching technology allows more efficient
beam-hardening correction from the projection data using
information collected from two different kilovoltage peaks
with the same projection angle. This approach increases
accuracy of calculated material density images and mass
attenuation coefficients. In addition, due to the nearly
perfect spatial co-registration of the two X-ray energy
datasets, synthesized virtual monochromatic spectral ima-
ges can be generated across a broad range of energy values
(from 40 to 140 keV). These images have the potential to
virtually eliminate beam-hardening artifacts, which occur
secondary to preferential absorption of low-energy photons

as the polychromatic X-ray beam penetrates an object.
Beam hardening artifacts are responsible for substantial CT
number inaccuracies in diagnostic CT, representing a well-
known source of error during assessment of myocardial
perfusion. The latter effect is caused by substantial hard-
ening of the X-ray beam as it penetrates the high iodine
concentrations of contrast material in the ventricular
chambers and large vessels of the mediastinum, yielding
regional areas of artificially low attenuation within the
myocardium. While conventional beam-hardening correc-
tion algorithms used in abdominal CT imaging for the past
several decades have been specifically optimized to correct
for beam-hardening artifacts resulting from bone, these
algorithms have not been implemented for correction of
beam-hardening effects from iodinated contrast material in
the cardiovascular system. It is conceivable that virtual
monochromatic spectral imaging with or without the addi-
tional help of recently developed reconstruction algorithm
specifically developed for cardiac applications will sub-
stantially mitigate the detrimental effect of beam hardening,
resulting in more accurate and reproducible quantitative
assessment of myocardial perfusion using CT.

Another important advantage of virtual monochromatic
spectral images is the potential for decreased noise, with
simultaneous increase in contrast-to-noise ratio in the car-
diovascular system (Matsumoto et al. 2011). This beneficial
effect has been demonstrated using a relatively narrow
range of synthesized monochromatic energy values. Radi-
ologists should be aware of a progressive increase in noise
with the use of monochromatic energies away from the
optimal spectrum. This increase in image noise is inversely
proportional to the energy separation of the low and high
kVp incident spectra, thus emphasizing the importance of
having well-separated energy spectra for optimal dual-
energy imaging (Matsumoto et al. 2011).

The third innovative approach for dual-energy CT is the
use of a double-layer detector technology to simultaneously
and equi-directionally collect information regarding indi-
vidual photon energy values during single-source CT
acquisition at standard radiation dose. Information regard-
ing the different energy photons within the X-ray spectrum
may increase the quantitative potential of CT. CT numbers
do not accurately reflect the linear attenuation coefficient of
tissue owing to imprecise assumptions regarding photon
energies. Furthermore, CT numbers cannot always help
differentiate between different types of tissue. For example,
a tissue composed of higher atomic number elements may
have the same CT number as a tissue composed of lower
atomic number elements if the former tissue is not very
dense and the latter tissue is sufficiently dense. The inability
of energy-integrating detectors to differentiate between
photons of different energies still presents major limitations.
First, the differences in soft-tissue X-ray attenuation are
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smaller at higher energies than at lower energies. However,
higher energy photons dominate the measured signal,
resulting in relatively poor soft-tissue contrast. Second, to
visualize these subtle differences in soft-tissue contrast,
image noise must be kept low, requiring larger X-ray
exposures.

4 Radiation Dose-Reduction Strategies

One of the most important limitations for the widespread use
of coronary CT in the evaluation of the coronary arteries and
myocardial perfusion is the potential hazard to the patient
from ionizing radiation exposure. Scientific evidence has
suggested that the risk of radiation-induced cancers in indi-
vidual patients is small (although real) at the doses relevant to
CT (3.5-25 mSyv for a standard CT examination (Sodickson
et al. 2009; Brenner and Hall 2007).

In response to concerns over mounting radiation expo-
sure, the radiological community (i.e., radiologists, tech-
nologists, medical physicists, and CT manufacturers) has
been striving during the past decade to develop imaging
strategies that deliver the lowest dose necessary to obtain
the desired information with CT. Besides the obvious
importance of avoiding medically unnecessary imaging
tests, many technological and operator-dependent advances
have been implemented, leading to a substantial decrease in
the radiation dose from a given CT examination. This
includes the use of: (a) solid-state scintillating detectors
with high absorption efficiency, (b) more powerful X-ray
tubes and generators that enable more efficient filtration of
low-energy photons, (c) beam-shaping filters (also known as
bow-tie filters) that vary the X-ray intensity depending on
the patient cross-section, and (d) automated adjustment of
scanner output according to the patient size. Other dose-
reduction techniques that are gaining widespread use
include: (a) the use of in-plane bismuth breast shields to
decrease breast dose in female patients, (b) the reduction of
scan range along with the use of adaptive section collima-
tion that minimizes unnecessary exposure owing to over-
scanning, (c) the implementation of CT protocols that limits
the number of acquisition phases in multiphasic studies
without penalizing diagnostic information, and (d) the
appropriate selection of dose-efficient tube potential set-
tings. More recently, iterative reconstruction techniques and
algorithms for reconstruction of virtual nonenhanced ima-
ges from contrast material-enhanced dual-energy CT data-
sets are emerging as promising strategies for additional
control of CT radiation dose.

Additional effective strategies are also available to
decrease patient radiation dose in cardiac CT examinations.
These strategies include modulation of the X-ray current
with respect to the cardiac phase (i.e., the so-called ECG

pulsing), adaptation of the pitch factor to the patient’s heart
rate, and sequential cardiac CT data acquisition (prospec-
tive triggering). The latter approach, although very effective
for minimizing radiation dose, entails a non negligible risk
of misregistration between successive acquisitions due to
breathing or other motion. Finally, the use of high pitch
acquisition techniques using a dual-source CT system has
been recently introduced as a new and effective way to
decrease patient’s radiation exposure, as detailed above
(Achenbach et al. 2010).

5 Optimization of Tube Voltage Selection

Selection of the optimal tube potential and filtration is currently
an active area of research. Studies have shown that the most
dose-efficient tube potential depends not only on the diagnostic
task but also the patient size (Guimardes et al. 2010). The use of
lower tube voltages significantly decreases radiation dose due
to the approximately quadratic relationship between kV and
radiation dose. To cite an example, using a constant tube cur-
rent—time product, a drop in tube voltage from 140 to 80 kV
yields a reduction in radiation dose by 68 % [1 — (80/
140)*> = 0.68]. Another advantage of selecting lower tube
voltage settings is the possibility of improving image quality, if
kVp changes are accompanied by appropriate increase in tube
current—time product parameters. This scanning method—
often referred to as a low-tube voltage, high-tube current CT
technique—improves the magnitude of iodine contrast
enhancement (by a factor of two, for example, when tube
voltage is decreased from 140 to 80 kVp) due to the greater
likelihood of photoelectric interactions at lower tube voltages.
In most patients, this improvement comes with only a small to
moderate increase in noise (which is inversely related to image
quality on CT) due to a compensatory increase in tube output
settings. Several studies focussing on reduced 100 or 80 kVp
with higher tube current—time product settings for CT angi-
ography have reported significantly lower radiation dose and
similar image quality compared to a standard 120 kVp tech-
nique. This may be explained by the increased attenuation of
vividly enhancing arterial structures compared to poorly
enhancing adjacent tissues, resulting in a greater contrast-to-
noise ratio at lower tube voltages (Szucs-Farkas et al. 2009;
Leschka et al. 2008; Wintersperger et al. 2005). Another
benefit of the low-tube voltage technique for CT angiography
is the potential for reducing the volume of iodinated contrast
material. A contrast medium volume of 45 mL (370 mgl/mL)
may be sufficient for thoracoabdominal CT angiography at
80 kVp in intermediate-size patients. Although the use of low-
tube voltage CT settings is appealing, it remains to be deter-
mined which clinical applications and patient group would
benefit the most from this technique. At our institution, we
believe this CT technique should be preferred for everyone,
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assuming at least equivalentimage quality to be consistent with
the As Low As Reasonably Achievable (ALARA) paradigm.
Automatic kV selection tools will soon be available to assist
radiologists in the selection of optimal tube voltage settings,
with consideration of the patient’s body size and diagnostic
task (Guimardes et al. 2010; Yu et al. 2010). In addition,
improvements in X-ray tubes and generators will continue to
increase generator power levels to allow higher tube current
values for use with lower tube potentials.

6 Filtration

Optimization of the composition, shape, and thickness of
the X-ray filter will allow delivery of X-ray intensities that
are matched to the patient attenuation profile and will nar-
row the spectrum of energy photons within the X-ray beam.
In addition, the use of high power levels also allows for
more aggressive beam filtration, which reduces the number
of low-energy photons in the beam and results in a decrease
in patient dose.

7 Adaptive Noise Reduction Filters
and Iterative Reconstruction Algorithms

Filtered back-projection (FBP) algorithms are currently the
standard reconstruction technique in CT. Although fast and
robust, filtered back-projection techniques may accentuate
image noise and result in streak artifacts. In an attempt to
foster the use of low-radiation dose CT protocols, CT
manufacturers have been investigating new strategies to
decrease noise on CT images. One promising approach is the
use of adaptive noise reduction filters (Szucs-Farkas et al.
2011; Kalra et al. 2004). By applying a post-processing two-
dimensional smoothing technique in all three dimensions of
space, along with an edge detection algorithm, these filters
allow significant reduction of noise while preserving the
spatial resolution and contrast information of digital imaging
and communications in medicine (DICOM) data. Preliminary
experience has indicated a potential for substantial reduction
in radiation dose, using a prototype noise reduction filter.
Another promising strategy for decreasing noise and
artifacts on CT images comes from the recent implementa-
tion of new iterative reconstruction techniques (Silva et al.
2010). Based on their level of sophistication and image
reconstruction velocity, these techniques can be categorized
as: (a) iterative reconstructions performed from the image
data alone (Iterative Reconstruction in Image Space, Siemens
Medical Solutions, Inc.), (b) iterative reconstructions per-
formed from both the projection and image data (Adaptive
Statistical Iterative Reconstruction [ASiR], GE Healthcare,
Inc.; Sinogram Affirmed Iterative Reconstruction [Safire],

Siemens Healthcare Solutions, Inc.; iDose, Philips Health-
care, Inc., AIDR 3D, Toshiba Medical Systems), and (c)
iterative reconstruction performed from projection data alone
(MBIR or Veo, GE Healthcare, Inc.). Iterative reconstruction
algorithms may be used to either reduce the amount of image
noise (and thus improve image quality) in large patients, or
maintain diagnostically adequate noise while decreasing
radiation dose in nonobese patients. Accumulating evidence
in the literature again suggests a substantial potential for
reduction in radiation dose while preserving diagnostic
image quality using ASiR with a standard CT technique
(120 kVp) (Leipsic et al. 2010a, b).

In the management of CT radiation dose, the role and
combination of different strategies for radiation dose
reduction cannot be overemphasized. The radiation dose for
a routine single-phase CT scan of the abdomen and pelvis
could decrease from the average value of 10 mSv to less
than 1 mSv (submillisievert levels), with the appropriate
use of multiple DOSE-reduction strategies. This would
result in a radiation dose exposure to the patient that is only
one-third of the average annual dose from background
radiation sources such as radon and cosmic rays.

8 Conclusions

In conclusion, rapid advances in technology have greatly
enhanced the effectiveness of coronary CT as a noninvasive
imaging modality for obtaining combined anatomic and
functional information in patients with CAD. Most recent
and clinically relevant technologic advances include the
remarkable improvements in temporal resolution and
development of new motion correction algorithm for better
modeling of cardiac motion and potential correction of
motion-related artifacts. In addition, the widespread use of
dual-energy CT techniques has increased the diagnostic
sensitivity, accuracy, and precision of the myocardial per-
fusion assessment, further consolidating the role of CT in
cardiac imaging. Although radiation dose remains the major
barrier for the widespread acceptance of cardiac CT in daily
clinical practice, the combined use of different strategies for
radiation dose reduction has the potential to synergistically
decrease the radiation burden of coronary CT, with the ulti-
mate goal of achieving submillisievert effective dose levels.
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Abstract

Cardiac CT has evolved into a useful clinical tool
assessing the morphology of the coronary arteries non-
invasively. However, the diagnostic accuracy can still be
limited. Especially in stenoses with unclear hemody-
namic significance, morphological assessment of the CT
coronary angiography tends to overestimate disease,
leading to false-positive results. Recent technical devel-
opments offer the opportunity to assess myocardial
perfusion, combining morphological with functional
information. In this chapter, single-source CT techniques
providing perfusion information on the myocardium, i.e.,
both single-shot and dynamic multiphasic acquisition
techniques, will be explained and discussed.

1 Introduction

Assessment of myocardial viability and myocardial perfusion
plays a critical role in the evaluation of patients suffering from
coronary artery disease (CAD), as patterns of myocardial
perfusion are associated with short- and long-term prognosis
and the hemodynamic relevance of a coronary artery stenosis
(Hendel et al. 2009). Cardiac CT, which has evolved as a
useful tool for the assessment of obstructive and nonob-
structive CAD, has mainly been limited to the morphological
assessment of CAD, i.e., CT coronary angiography (Budoff
et al. 2006). However, imaging of myocardial viability and
quantification of myocardial perfusion would greatly com-
plement noninvasive coronary CT angiography. Within
recent years, a number of studies have focused on the dem-
onstration of myocardial “perfusion” deficits using multi-
detector (MD-)CT. However, most of the studies used either a
single volume data acquisition during the angiographic phase
or double exposure with the acquisition of an additional
delayed phase dataset. However, this approach is based on
static imaging rather than on dynamic imaging. Therefore,
these kinds of datasets represent a more kind of blood volume
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distribution (early phase) and a delayed contrast agent dis-
tribution, i.e., an approach similar to delayed imaging in
magnetic resonance imaging (MRI) reflecting myocardial
viability (Koyama et al. 2004). However, real dynamic
myocardial perfusion imaging (MPI) with CT techniques
would be based on the dynamic visualization of a contrast
agent during its first pass through the cardiac chambers,
coronary arteries, and myocardium. Such CT techniques
would offer the benefit of providing linearity of contrast
concentration and density and would potentially allow the
quantitative calculation of myocardial perfusion for a reliable
assessment of hemodynamically significant vessel changes.
Given the great promise of a combined cardiac CT exami-
nation to assess morphology and function, much research has
been recently focused on the development of CT-based MPI
techniques. In this chapter, recent developments in cardiac
CT with respect to MPI will be reviewed, with a special focus
on single-source, single-energy dynamic perfusion CT.

2 Technical Aspects, Acquisition Protocol,
and Radiation Dose

Time resolved whole-brain perfusion CT is a well-estab-
lished quantitative technique in assessing various perfusion
parameters, such as cerebral blood flow, cerebral blood
volume, mean time transit, and time to peak, with an
acceptable mean X-ray exposure of typically 5-7 mSv
(Orrison et al. 2011). Translation to the myocardium, how-
ever, is challenging due to its inherent rapid motion, and
represents a novel approach that is currently under investi-
gation. A dynamic approach is based on sequential CT
acquisitions of the myocardium, to determine the myocardial
enhancement over a defined period of time. Derived time-
tissue-attenuation curves can be used to estimate myocardial
blood flow (MBF), similar to ischemic brain imaging.

Up to now, the technical challenges of time-resolved CT
MPI have been substantial. A long acquisition time, i.e., a
long temporal coverage of the myocardial contrast passage,
has to be ensured, resulting in a mandatory imaging time of
approximately 3040 s. High temporal resolution is
required for (semi-)quantification of perfusion data, and
therefore the interval between imaging at identical positions
should not exceed one or two heartbeats. While with earlier
CT generations (e.g., 64-slice CT), the anatomical coverage
was limited to the detector width of a given CT system
(typically around 4 cm coverage for 64-slice CT), and thus
only parts of the myocardium could be covered in a
dynamic fashion (Kido et al. 2008), recent technical
developments have changed this paradigm.

Today, there are two technical options to cover the whole
myocardium for dynamic perfusion imaging. First, CT with
wide detectors, e.g., 256- or 320-slice CT, cover up to 16 cm

without table movement (Gramer et al. 2012; Hsiao et al.
2010). And second, the latest generation of dual-source CT
systems, enabling a so-called “shuttle mode”, composes two
adjacent slabs of myocardium of 4 cm each, resulting in
nearly 8 cm of myocardial coverage in a dynamic fashion
(see Table 1, Fig. 1) (Bamberg et al. 2010).

Overall, a perfusion sequence on MDCT is comparable to
an ECG-triggered test bolus technique. To obtain a reasonable
signal-time curve with a modest amount of contrast agent,
high speed injections with a saline flush technique are pref-
erable to acquire good quality signal-time curves (e.g., ~40-
50 ml of contrast agent injected at a flow rate of about 5-8 ml/
s). While all previous efforts in CT MPI were typically region-
of-interest (ROI) based, i.e., measuring the time-density
curves in a small portion of the myocardium defined by a ROI,
recent studies have extended these principles into quantitative
three-dimensional (3D) imaging techniques. It was shown that
regional MBF can be derived in patients in combination with
CT-based morphological assessment of CAD, i.e., CTCA
(Bamberg et al. 2010, 2011; Wang et al. 2012).

There are many technical aspects that need further
optimization in cardiac CT perfusion imaging. Even if
modern techniques for reduction of radiation exposure are
applied, typical study protocols employed for dynamic 3D
imaging of the myocardium will still result in a comparably
high total radiation exposure of an approximately 10—
13 mSv-equivalent radiation dose (including the perfusion
imaging and a prospective CTCA). On the other hand, this
radiation exposure is similar to that of established retro-
spective CTCA examinations on 64-slice CT (with a
reported median of 12 mSv in a large multicenter study)
(Hausleiter et al. 2009) and comparable to or lower than
nuclear perfusion imaging, the clinical standard for the
assessment of myocardial perfusion (radiation exposure for
stress-only 99 m technetium [Tc] sestamibi is approxi-
mately 10.0 mSv, but that for 2-day 99 mTc sestamibi or
201T1 is 20.0 mSv or higher) (Einstein et al. 2007).

Further technical research will be necessary in CT MPI, to
develop strategies to reduce radiation exposure and determine
the impact of heart rate and different injection protocols on
image quality, diagnostic accuracy, and radiation exposure.
Independent of the technical acquisition protocol used (sin-
gle-source dynamic, single-source static, and dual-source/
dual-energy static), the protocol includes the administration
of adenosine as a stressing agent to better depict myocardial
perfusion defects due to the induced “steal-effect” caused by
the vasodilatation. Adenosine is a short-lasting vasodilator,
and continuous ECG monitoring is mandatory. Contraindi-
cations for administration of adenosine include Wolff-Par-
kinson-White (WPW) syndrome, atrio-ventricular (AV)
block, and sick-sinus syndrome as well as asthma. Finally,
besides the development of dose-reduction algorithms and
optimized contrast agent injection protocols for dynamic MPI
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Table 1 Example for a dynamic CT perfusion acquisition protocol
using a second-generation dual-source CT scanner

Scanner 2nd gen. DSCT
Myocardial 7.3 cm
coverage

Scan type Shuttle mode

30 s
Test bolus —4 s
200 mAs, 100 kV

Scan duration
Contrast timing

Tube current and
tube voltage

Contrast
application

50 cc, 370-400 mg Iodine, 5 ml/s

Stressing agent Adenosine, 140 pg/kg BW

Temporal
resolution

<63 bpm: every heartbeat >63 bmp: every
second heart beat

e.g., in a HR of 100 bpm: 12 acq. In 30 s,
temporal resolution = 2.5 s

Radiation dose ~ 10 mSv

Comprehensive Cardiac CT Protocol
apyn

Perfusion

Prospective
CTA 80 ml

~10 mSv

Preparation
Topogram
Testbolus 15 ml

| Adenosin |t

Total: 145 ml of contrast (370-400mg), ~12-13 mSv

Fig. T A comprehensive cardiac CT protocol in patients with
suspected coronary artery disease (CAD) could comprise a morpho-
logic CT angiography of the coronary arteries and a dynamic perfusion
scan of the myocardium. According to published data, the combination
of CTA plus CT perfusion could increase the diagnostic accuracy in
the detection of hemodynamically significant coronary artery stenosis,
namely reducing the number of false-positive findings by CTA. Today,
the typical total amount of contrast volume and radiation dose for such
a protocol amounts to ~ 145 ml of contrast agent and 12-13 mSv-
equivalent dose, respectively. In the future, technical improvements of
the acquisition techniques will help to further reduce these values

by CT, work on dedicated reconstruction algorithms such as
iterative reconstruction techniques that optimize the contrast-
to-noise ratio (CNR) might help further reduce radiation
exposure (Gramer et al. 2012).

2.1 Static or Dynamic Imaging for Cardiac

CT Perfusion?

As compared to the rather challenging dynamic CT perfusion
protocol, a single acquisition after contrast administration

and adenosine stress may represent a promising alternative
option to define myocardial contrast distribution at a prede-
fined point in time at a relatively low level of radiation
exposure. Given the high image quality of the latest high-
pitch acquisitions, potentially resulting in radiation exposure
of less than 1 mSyv, it can be assumed that multiple scans,
performed at different timing, may extend the small diag-
nostic window for delayed contrast distribution using such
single-shot techniques. However, static imaging at one given
time point—be it by single-source/single-energy or by dual-
source/dual-energy techniques—will only allow for depic-
tion of iodine distribution in the myocardium at a given time.
Hence, the analysis of myocardial attenuation acquired at a
single phase of arterial contrast enhancement without con-
tinuous time-resolved image acquisition enables detection of
myocardial blood pool deficits but does not allow quantifi-
cation of perfusion (George et al. 2006, 2007; Ko et al.
2012a, b; Blankstein et al. 2009).

As a perspective for these kinds of acquisition protocols,
using the specific spectral characteristics of iodine and
myocardium when exposed to different X-ray energy levels,
Dual-energy acquisitions have been suggested as an alter-
native to quantify myocardial iodine concentration (Ruzsics
et al. 2009a, b). It remains unclear at which point in time the
acquisition should be triggered, as the inflow of contrast is
clearly dependent on many factors. Using the data derived
from dynamic, time-resolved CT perfusion datasets, Bisc-
hoff and colleagues have specifically defined the most valid
acquisition time for the detection of ischemia, comparing
opacification of ischemic versus nonischemic myocardium
over time (Bischoff et al. 2012). Under pharmacological
stress using adenosine, a maximum mean HU difference
between ischemic and nonischemic myocardium (ranging
from 17.7 to 22.5 HU) was observed 24-32 s after injection
of contrast medium. Still, the optimal time point for a sin-
gle-shot acquisition will certainly still be dependent on
contrast injection, cardiac output, and scan parameters.

2.2 Do We Need a Quantitative Myocardial

Perfusion Analysis?

The main advantage of time-resolved dynamic CT imaging
of the myocardial perfusion yields the promise of absolute
perfusion quantification. As outlined above, first-pass
acquisitions are limited either to the pure visual assessment
of hypo-enhanced myocardial areas and/or density/iodine
uptake measurements, and do not allow an exact quantifi-
cation of myocardial perfusion. The typical quantitative
parameters that can be calculated from a dynamic time-
density curve as acquired by a dynamic perfusion protocol
are the MBF and the myocardial blood volume (MBV) (see
Fig. 2). The MBF scale units are ml/min/g, and the MBV
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Fig. 2 The multiplanar reformat of a patient with suspected coronary
artery disease (CAD) of the right coronary artery (RCA) shows a
potentially hemodynamically significant stenosis in the middle
segment (a, arrow). A dynamic perfusion scan (color-coded parameter
map) of the same patient depicts a perfusion defect under Adenosine

scale units are ml/g. As 3D dynamic acquisition of the heart
has recently become possible, the question must be raised,
is absolute quantification of myocardial perfusion by CT
needed at all, given the fact that these protocols are tech-
nically more challenging and less radiation dose effective as
compared to single-phase protocols? Ultimately, the goal
for cardiac perfusion imaging is to improve diagnostic
accuracy for identifying flow-obstructing stenosis compared
with CTA and CT perfusion alone and to provide infor-
mation on the hemodynamic functional relevance of
detected lesions.

In a clinical setting, the hemodynamic significance of a
given coronary artery stenosis should be defined with
invasive fractional flow reserve (FFR) measurements using
a flow wire, representing the currently accepted standard for
assessing the hemodynamic significance of coronary artery
stenotic lesions (Tonino et al. 2009; Serruys et al. 1997).
While CT provides a useful noninvasive technique to
evaluate coronary artery anatomy, the functional signifi-
cance of many coronary artery CT findings is often unclear
and may lead to increased downstream test utilization (e.g.,
radionuclide perfusion imaging, stress MR imaging, or
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stress in the RCA territory (b, arrow). From these data, time-density
curves can be derived for under perfused (¢, upper curve) and normal
myocardium (¢, lower curve), and quantitative perfusion values, such
as the myocardia blood flow (MBF), can be calculated

FFR) to help guide treatment decisions (Tonino et al. 2009;
Shaw et al. 1999; Blankstein et al. 2010). Specifically,
Meijboom et al. (2008) showed on the one hand that the
diagnostic accuracy of a quantitative assessment of coro-
nary artery stenosis with CT was highly correlated with
angiographic findings. However, for the detection of
hemodynamically significant coronary artery stenosis, as
assessed with FFR, CT angiography only had a sensitivity
of approximately 50 %. Thus, the combination of mor-
phologic imaging with perfusion CT could ameliorate this
diagnostic insufficiency of morphologic CT imaging alone
(Bamberg et al. 2011).

Still, until dynamic myocardial CT perfusion imaging
can be introduced to clinical routine, a number of questions
need to be answered; such as, can a single perfusion scan
under stress conditions differentiate between nonviable
myocardium and reversible ischemia? Recent publications
on dynamic cardiac CT perfusion imaging have acquired
data at stress only and have not included additional dynamic
perfusion imaging at rest, as protocols are designed to
minimize the total radiation exposure. Acquiring two
dynamic acquisitions, radiation dose would often exceed
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20 mSv equivalent dose per patient. A solution to this
missing rest perfusion dataset could be to use the dedicated
coronary CT angiographic acquisition under resting condi-
tions to assess first-pass myocardial perfusion. In this
acquisition, a perfusion deficit would typically reflect non-
viable myocardium or a high-grade stenosis inducing per-
fusion defects even at resting conditions. The second stress
perfusion dynamic dataset would allow for identification of
perfusion defects induced by significant stenosis not leading
to myocardial iodine filling defects under resting conditions.
Further, focused research will be necessary to determine
which optimized combination of CT protocols will allow
for differentiation between infarcted and ischemic myocar-
dium by using either first-pass “static,” dynamic rest per-
fusion imaging, or delayed enhancement acquisitions
(Vliegenthart et al. 2012).

Another question to be solved is which cut-off value of a
quantitative parameter, such as MBF, should be used to
optimize the differentiation of normal myocardium from
myocardium with reduced perfusion. In a recent publication
by Bamberg et al., an MBF of 75 mL/100 mL/min was
determined as an ideal cut point, on the basis of maximi-
zation of the area under the curve (ROC analysis, detection
of significant coronary artery disease as defined by FFR) as
a criterion (Bamberg et al. 2011). However, this factor may
need further validation across different patient populations.
For instance, in subjects with an average MBF higher than
this threshold level, findings could be incorrectly catego-
rized as having a nonhemodynamically significant stenosis,
even if the stenosis might be significant, i.e., leading to
false-negative results. This fact could potentially lead to a
decreased negative predictive value (NPV) for dynamic
stress perfusion imaging. Thus, the optimal MBF threshold
might be depending on the individual overall myocardial
perfusion and should be adapted individually.

The inherent advantages of dynamic CT perfusion
imaging over static imaging or established imaging
modalities, such as scintigraphic techniques, are obvious.
On the one hand, dynamic CT perfusion imaging might still
be helpful in patients suffering from a multi-vessel CAD, as
quantitative parameter maps comprising the whole myo-
cardium in a 3D dataset should help to correctly identify
disease by low MBF values in several vessel territories.
Here, static single-shot techniques displaying only the rel-
ative iodine distribution in the myocardium might result in
false-negative findings, as iodine contents in several areas
of the myocardium could be homogeneously decreased in a
multi-vessel CAD. Furthermore, smaller perfusion defects
due to small vessel disease have been reported to be visible
on dynamic CT perfusion datasets but cannot be seen
scintigraphically or in imaging of the large vessels (with
either catheter angiography or CTA) (Schuijf et al. 2006; De
Bruyne et al. 2001). This high spatial resolution of CT

perfusion is an inherent advantage, however, in a scientific
setting comparing CT perfusion to other established imag-
ing techniques, this fact may cause a real CT perfusion
defect to appear as a false-positive result. E.g., although
SPECT imaging is well established for the evaluation of
myocardial perfusion, it may not detect subendocardial,
nontransmural perfusion abnormalities because of the lim-
ited spatial resolution of approximately 10 mm, and some
of the apparent “false-positive” CT perfusion studies may
show perfusion abnormalities that may be below the reso-
lution of nuclear MPI (Kido et al. 2008).

In conclusion, investigators who perform further
research will need to determine the added value of
“dynamic” imaging with MBF quantification to “static”
imaging (i.e., a single set of images obtained during early
myocardial perfusion) and to determine whether the added
radiation exposure associated with dynamic imaging can be
offset by improved detection of ischemia, e.g., in patients
suffering from multi-vessel CAD.

3 Available Study Data on Dynamic
Cardiac CT Perfusion Imaging

Several publications have reported on the diagnostic value
and technical optimization of dynamic cardiac perfusion CT
(see Table 2). In the first animal work involving five pigs with
an induced 80 % LAD stenosis and using a dual-source CT
with shuttle mode for dynamic perfusion imaging, Mahnken
et al. showed the possibility of quantifying perfusion values
and found significant differences between ischemic (related
to an 80 % coronary area stenosis) and nonischemic myo-
cardium (74.0 £ 21.9 versus 117.4 & 18 mL/100 mL/min, p <
0.002) (Mahnken et al. 2010). If a scan situation in patients is
to be simulated using an animal model, given their biological
characteristics, the porcine model is known to be most similar
to humans (Swindle et al. 1988). The weight of a pig’s heart is
in a similar range, and injection of contrast material can be
performed at a comparable rate to that used in humans,
resulting in a similar opacification pattern of the left ventricle
and myocardium. Accordingly, Bamberg et al. performed
another in vivo animal study including seven pigs (Bamberg
et al. 2012). Using different degrees of flow wire—adjusted
induced coronary stenosis and different fluorescent colors,
Bamberg et al. were able to simulate different perfusion
conditions, both under rest and stress, demonstrating that a
dynamic acquisition and derivation of MBF can depict dif-
ferences in the tributary coronary artery territory similar to
the distribution of microspheres in the corresponding histo-
pathological correlation (i.e., 72 vs. 53 % for 75 % stenosis,
rest versus stress) (see Fig. 3). The derived quantitative per-
fusion values were in line with early research on cardiac MRI
(Patel et al. 2010).
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Table 2 Available clinical study data on dynamic cardiac CT perfusion

Author Total ~ Scanner and Predictor of Gold standard Diagnostic ~ Quantitative Radiation dose
(n) technique interest accuracy myocardial blood (perfusion
flow (MBF) values  scan)
(ml/100 g/min)
Animal studies
Mahnken 5 60 s dyn. Induced 80 %  Microspheres n.a Non-ischemic area  17.7 & 3 mSv.
et al. (pigs)  perfusion 2nd stenosis rest 98 £+ 19
(2010) gen. DSCT rest Non-ischemic area
and stress stress: 134 £ 40
Ischemic area rest:
99 + 14
Ischemic are stress:
74 £ 22
Bamberg 7 30 s dyn. Variable Microspheres and n.a Non-ischemic area  11.3 + 2
et al. (pigs)  perfusion 2nd induced pressure wire (FFR) rest: 80 + 28
(2012) gen. DSCT rest  stenosis (50— Non-ischemic area
and stress 75 %) stress: 110 £ 25
Ischemic area rest:
71 £ 24
Ischemic are stress:
53 £ 19
Patient studies
Bamberg 33 30 s dyn. Hemodyn. Catheter CTA plus Non-ischemic area  10.0 &+ 2
et al. perfusion 2nd sign. stenosis angiography plus MBF per stress: 105 £ 34
(2011) gen. DSCT (FFR < 0.075)  pressure wire (FFR)  segment: Ischemic are stress:
stress scans sens. 91 73 £ 26
only spec. 98
PPV 78
NPV 99
Bastarrika 10 30 s dyn. Perfusion Cardiac MRI (rest CT perf. Non-ischemic area  10.3 + 2
et al. perfusion 2nd defects under perfusion, stress versus MR stress: 122 & 49
(2010) gen. DSCT adenosine perfusion, delayed perf: Ischemic are stress:
stress scans stress enhancement) per 96 + 27
only segment
sens. 86
spec. 98
PPV 94
NPV 96
Wang 21 30 s dyn. Perfusion SPECT MPI CTA plus Non-ischemic area 9.5 + 1.3
et al. perfusion 2nd defects under MBEF per stress: 143 + 31
(2012) gen. DSCT adenosine vessel: Ischemic are stress:
stress scans stress sens. 90 90 + 23
only spec. 81
PPV 58
NPV 97

In two subsequent patient studies involving an adapted
dynamic scan protocol with shuttle mode on a second-
generation dual-source CT, Bamberg et al. were able to
combine sufficient anatomical coverage, i.e., the whole
myocardium, with a sufficiently high temporal resolution
and stability of HU values, testing for stress-induced
hypoperfusion in patients with known CAD (Bamberg et al.
2010, 2011). Including 33 subjects in the final analysis, an
MBF cut point of 75 mL/100 mL/min provided the highest
discriminatory power (C statistic, 0.707; p < 0.001). While
the diagnostic accuracy of CT for the detection of ana-
tomically significant coronary artery stenosis (>50 %) was

high, it was low for the detection of hemodynamically
significant stenosis as compared to invasive FFR (positive
predictive value, PPV, and per coronary segment = 49 %).
With use of estimated MBF to reclassify lesions depicted
with CT angiography, 30 of 70 (43 %) coronary lesions
were correctly re-graded as not hemodynamically signifi-
cant, which significantly increased PPV to 78 % (see
Fig. 4). 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).
In another patient study on dynamic whole heart cardiac CT
perfusion, Bastarrika et al. scanned 10 patients with known
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Fig. 3 In an animal model under
controlled conditions, inducing
various degrees of LAD (left -,
anterior descending coronary e
artery) stenosis by a stent, a
balloon, or a pressure wire,
dynamic CT perfusion is able to
depict, quantify, and differentiate
various degrees of stenosis under
resting and stress conditions
(modified from (Bamberg et al.
2012))

69.3+20 ml/100ml/min

or suspected CAD (Bastarrika et al. 2010). All patients
underwent both stress/rest perfusion and delayed-enhance-
ment MRI, as well as a cardiac CT protocol comprising
prospective electrocardiogram-triggered coronary CT angi-
ography, dynamic adenosine-stress myocardial perfusion
imaging using a shuttle mode on a DSCT system, and
delayed enhancement acquisitions. For semi-quantitative
evaluation, CT- and MRI-derived myocardial to-left ven-
tricular upslope indices were compared. Additionally,
absolute MBF was quantified based on dynamic perfusion
CT and correlated with semi-quantitative CT measure-
ments. Sensitivity, specificity, and positive and negative
predictive values for detection of myocardial perfusion
defects using CT compared with MRI were 86.1, 98.2, 93.9,
and 95.7 %, respectively. Semiquantitative analysis of CT
data showed significant differences between ischemic and
nonischemic myocardium with a signal-intensity upslope
that was comparable with MRI-derived values. Moderate
correlation was observed between absolute CT quantifica-
tion of MBF and semiquantitative CT measurements.
Recently, Wang et al. performed a prospective study
including 21 patients, comparing the diagnostic accuracy of
a combined stress CT perfusion and CTA examination
versus nuclear MPI, for the detection of hemodynamically
significant stenosis (Wang et al. 2012). Again, a second-
generation dual-source CT scanner with shuttle mode was
applied. There was a significant difference in MBF values
between normal (142.9 + 30.6 mL/100 mL/min) and hyp-
operfused (90.0 + 22.8 mL/100 mL/min) segments

79.2+23 ml/100ml/min

70.6+15 ml/100ml/min

50% Stenosis
61.3+10 ml/100ml/min

75% Stenosis

Stress

(p < 0.001). With nuclear MPI results as a comparison, the
sensitivity, specificity, positive predictive value, and nega-
tive predictive value of CT perfusion for identifying seg-
ments with perfusion defects were 0.85, 0.92, 0.55, and
0.98, respectively. On a per-vessel basis, sensitivity, spec-
ificity, positive predictive value, and negative predictive
value for detecting flow-obstructing stenosis were, respec-
tively, 1.00, 0.757, 0.541, and 1.00 for CT perfusion; 0.90,
0.514, 0.346, and 0.947 for CTA; and 0.90, 0.814, 0.581,
and 0.966 for CT perfusion combined with CTA. Thus, it
could again be shown that CT perfusion combined with
CTA improves the diagnostic accuracy for identifying flow-
obstructing stenosis compared with CTA alone.

Despite the fact that these initial data on a dynamic basis
are promising, further validation of the technique is strongly
warranted. To date, it remains unclear whether the CT
estimates are a true measure of MBF; this needs to be
addressed in greater detail in experimental animal studies
using appropriate gold standards, such as fluorescent
microspheres or invasive measurement of FFR. While there
is early evidence that CT may allow the assessment of
transmural perfusion defects (George et al. 2009), further,
more systematic research is necessary to establish a reliable
CT-based quantification of MBF and to increase the preci-
sion of the modeling algorithm. Finally, further validation
studies in larger patient cohorts need to be carried out with
standardized procedures for CT myocardial perfusion
imaging to prove the robustness and reproducibility of the
technique. Comparisons using adequate gold standards
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Fig. 4 In this patient with suspected coronary artery disease (CAD),
multiplanar reformats of the coronary CT angiography datasets show
several stenoses with unclear hemodynamic significance in both the
left and right coronary arteries (a, arrows). Such patients would
typically have to undergo further functional testing (e.g., scintigraphic
myocardial perfusion imaging, MPI, or stress-perfusion magnetic
resonance imaging, MRI). Adding information from a dynamic CT
perfusion dataset (b), showing a normal and homogenous myocardial
perfusion, the significance of these questionable stenoses could be
excluded. Invasive catheter-based angiography confirmed these find-
ings with no significant stenosis to be found. (modified from (Bamberg
et al. 2011))

(fractional flow reserve, MRI, or SPECT) are warranted to
fully determine the diagnostic accuracy of cardiac CT for
the quantification of myocardial perfusion defects in a
blinded fashion. If confirmed, larger randomized diagnostic
trials will be necessary to determine whether myocardial
perfusion imaging by CT will be beneficial compared with
established options using appropriate, clinically relevant
endpoints. Also, to prove the usefulness of a combined CT
approach implementing CTCA with CT myocardial perfu-
sion imaging, information on myocardial viability is of
major importance to differentiate between hypoperfused-
but-viable from hypoperfused-but-necrotic myocardium.
Hence, a third CT acquisition for CT late enhancement
might be mandatory in such a comprehensive CT approach.

4 Conclusions

Given the great promise of a combined assessment of
morphology and function with a single imaging modality,
recent cardiac CT research has focused on several technical
approaches to assess myocardial perfusion and viability. A
single acquisition after contrast administration and adeno-
sine-stress—performed as a single-energy or dual-energy
approach—represents a promising option to define myo-
cardial contrast distribution at a predefined point in time
with relatively low radiation exposure. As a second prom-
ising acquisition strategy, dynamic multiphasic protocols
may enable absolute quantification of myocardial perfusion
values. Initial data suggest that MBF estimation by dedi-
cated dynamic CT-based stress perfusion imaging permits
accurate identification of hemodynamically significant
coronary artery stenosis. Furthermore, even the detection of
perfusion differences with respect to varying degrees of
coronary stenosis may be possible. Systematic research is
necessary to reliably and reproducibly established CT-based
quantification of perfusion parameters. Other technical
limitations that will need further attention include the
reduction of the total acquisition time, correction of
breathing motion artifacts, increased coverage, and ade-
quate radiation dose-saving strategies. Ultimately, clinical
trials including prospective cohort studies and eventually
randomized diagnostic trials are warranted to determine the
cost-effectiveness as well as the incremental value of CT-
based perfusion imaging in terms of patient outcome and
prognosis.
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Abstract

An ECG triggered high pitch (3.2) spiral CT scan acquired
8-16 seconds after the administration of contrast media
and achievement of 100 HU in the ascending aorta best
displays the difference in enhancement between ischemic
/infarcted and remote myocardium. If this CT scan is been
performed under pharmacological stress and repeated at
rest, reversible ischemia may be distinguished agains
infarcted myocardium. In our experience, regadenoson is
superior to adenosine to provoce stress induced ischemia.
The rest scan with beta blockage may be performed before
the stress scan to avoid image distorsion by motion
artifacts when diagnosing the coronary arteries. This scan
protocol is associated with much less radiation compared
to dynamic CTA. The total amount of radiation for a stress
and rest scan is in the range of 2 mSv and may be sufficient
to diagnose clinically relevant ischemia myocardial
ischemia. However, this approach does not allow for
quantitate assessment of myocardial blood flow and is
therefore not suited to follow for changes in myocardial
perfusion under treatment.

Cardiac CT primarily reveals coronary atherosclerosis.
However, the degree to which coronary atherosclerosis
impairs myocardial blood flow is uncertain (Rocha-Filho
et al. 2010). For instance, in patients with bypass grafts or
stents in the coronary arteries, coronary CT lacks the ability to
predict sufficient blood flow to the myocardium particularly if
the patient is under exercise.

Recently, CT has begun to offer the ability to determine
myocardial blood flow at rest and exercise through perfusion
imaging (Blankstein et al. 2009). Quantitative assessment of
the myocardial blood flow requires repetitive scanning of the
myocardium while the contrast media passes through it. This
technique, described in the prior chapter, however, has three
major drawbacks. First, even under optimal conditions the
radiation exposure is high, compared to a regular coronary
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CT examination. Second, this dynamic image acquisition
requires breath holding for 30—40 s. For many patients
holding their breath for such a long period of time is quite
challenging. Third, the scan range depends on the detector
width. At least 7-8 cm is needed to cover the entire myo-
cardium in the z-direction. Alternatively, with a smaller
detector width, the table needs to alternate between two
positions every-other or every-second heartbeat to increase
z-coverage (Bamberg et al. 2010). However, this approach
results in a reduced temporal resolution and is susceptible to
extrasystole and arrhythmia.

The maximum enhancement difference between ische-
mic and normal myocardium may be seen only during a
short period of time while the contrast medium is passing
through the myocardium; therefore, the myocardium is
acquired only during this particular time frame. This results
in significantly reduced radiation exposure when compared
with conventional CT perfusion imaging. Although the
difference in enhancement between ischemic and normal
myocardium may be measured in Hounsfield units, single
time-point acquisition does not allow for quantitative
assessment of the myocardial blood flow (Blankstein et al.
2009). The information revealed from a single acquisition
scan of the myocardium is comparable to the myocardial
blood volume imaging derived for a perfusion study.

Reviewing CT perfusion time-density curves reveals that
maximum differences in contrast enhancement between
ischemic and nonischemic myocardium during stress may
be expected about 8-16 s after contrast enhancement of the
ascending aorta exceeds 100 HU. This time point may of
course depend on a variety of physiological parameters,
particularly cardiac output. Optimization and visualization
of ischemic versus normal myocardium require provocation
by a stress agent, such as adenosine. Adenosine, a vasodi-
lator, improves blood flow in remote myocardium supplied
by unaffected coronary vessels. However, in diseased cor-
onary arteries, adenosine will cause a steal phenomenon,
detouring the blood and contrast. As a result, blood and
contrast flow may be further reduced in myocardial terri-
tories that are supplied by coronary arteries with signifi-
cantly impaired blood flow caused by high-grade stenoses
(Blankstein et al. 2009). Adenosine is administered intra-
venously at an amount of 140 mcg/kg/min for 3 min until
the investigation is initiated. A second intravenous line is
then required for the administration of the contrast media.
The vasodilative effect is terminated immediately upon
discontinuation of adenosine injection. Regadenoson is a
selective A2A receptor agonist and acts as an alternative for
adenosine. The selective receptor binding properties of
Regadenoson seem to improve the visualization of ischemic
versus remote myocardium. The safety profile of Regade-
noson allows administration even in patients with chronic
obstructive pulmonary disease. Patel et al. reported that

Fig. 1 Seventy-three-year-old female patient with coronary artery
disease treated with several bypass grafts. CT scan revealed an
occluded graft to the right coronary artery (arrowhead), a patent graft
to the left anterior descending coronary artery (arrow) but an
inconsistent course of the peripheral original vessel (star)

prospectively triggered stress CT perfusion with Regade-
noson may allow detection of myocardial perfusion deficits
even if radiation exposure is substantially reduced (Patel
et al. 2011). As of this writing, the use of Regadenoson has
not been reported in the scientific literature for the single
scan acquisition of myocardium perfusion imaging as it is
described here.

Initial attempts to image the myocardial blood volume
were performed with retrospective ECG gating technique.
Comparing the detection of coronary artery stenoses greater
than 50 % by CT blood volume imaging to cardiac catheter,
Blankstein et al. reported a sensitivity and specificity of 67
and 83 %, respectively (Blankstein et al. 2009). Moreover,
Rocha-Filho et al. reported additional incremental sensi-
tivity (83-91 %) and specificity (71-91 %) for CT blood
volume imaging over CT angiography of the coronary
arteries for the detection of significant stenoses (Rocha-
Filho et al. 2010). However, the radiation exposure with the
technique used as reported in these two papers was in the
range of 10 mSv.

Prospective ECG triggered scan acquisition is far more
radiation dose efficient when compared with retrospective
ECG gating technique. Depending on the detector width,
this technique allows covering the myocardium within 2-3
heartbeats. However, when using CT systems with a
detector width not covering the entire heart, different areas
of the myocardium are scanned at different time points
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Fig. 2 The CT scan at stress with Regadenoson reveals an area of hypo-attenuation in the sub-endocardial region of the apex (arrowheads) that
is substantially less pronounced in the scan performed at rest

stress

Fig. 3 Corresponding to CTP, SPECT reveals a stress-induced myocardial hypoperfusion in the left ventricular apex (arrowheads)

during the passage of contrast medium resulting in differ- effective way to image the myocardium with low radiation
ences in myocardial contrast enhancement that may possi- exposure is the use of a prospectively ECG triggered high
bly mimic areas of myocardial hypoperfusion. The most pitch spiral mode with second-generation dual-source CT.
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In the high pitch spiral mode, the effective table feed is
approximately 48 cm/s. With the typical scan range for the
myocardium being 8-10 cm, this range may be acquired
within a single heartbeat in roughly 200 ms. The radiation
exposure for this protocol may be in the range of 1 mSv.
As of this writing, only one paper is available on the use of
this technique for myocardial blood volume imaging. Feu-
chtner et al. reported incremental additional overall accu-
racy (84-95 %) for the detection of high-grade stenosis with
high pitch perfusion imaging over coronary CT angiography
(Feuchtner et al. 2011).

If single scan acquisition for the assessment of ischemic
myocardium is to be used, it is mandatory to compare the
scan at stress with the scan at rest. Ischemic myocardium
may be identified by reduced enhancement compared to
remote myocardium at stress and equalized enhancement at
rest. Alternatively, myocardial infarction may not enhance
under any condition. Preferably, the scan at stress is per-
formed during the contraction of the myocardium in the
systole, while the scan at rest is performed in the diastolic
phase to allow visualization of the coronary arteries within
the same acquisition. A contrast volume of 60 ml is injected
with a flow of at least 5 ml/s to achieve sufficient
enhancement of the myocardium (Feuchtner et al. 2011).

The order in which these two scans, rest and stress,
should be performed is unclear. Option one is to perform the
stress scan first and then proceed with the rest scan. Here,
the advantage is that ischemic myocardium may not be pre-
enhanced by a prior contrast application. Discontinuation of
adenosine may allow for immediate continuation with the
rest scan. Regadenoson has several advantages over aden-
osine. It is more efficient and selective and may also be used
in patients with COPD (Thomas et al. 2008). However, the
vasodilative effect of Regadenoson persists for 15-20 min.
Therefore, when using Regadenoson instead of adenosine,
either the time interval between the stress and rest scans
should be at least 15 min or intravenous administration of
theophylline should be used to terminate the effect of
Regadenoson.

The rest scan may alternatively be performed prior to the
stress scan. It is logical to begin with the rest scan, because
such an acquisition permits assessment of the coronary
arteries. In case coronary artery disease of indeterminate
value is discovered, the stress investigation with Regade-
noson may be performed right after. As one important
consideration, animal studies have shown that beta blocker,
typically given to reduce the patient’s heart rate during the

rest scan in order to improve visualization of the coronary
arteries, can interfere, to a minor degree, with Regadenoson
if it is given immediately afterward (Zhao et al. 2012). The
effect of myocardial pre-enhancement by the rest scan
would appear to be insignificant due to the small amount of
contrast media given, especially if there is a period of
several minutes between rest and stress imaging.

Myocardial ischemia, which typically occurs in the sub-
endocardium, may be detected by comparing the images
acquired at rest and stress. If the perfusion deficit is
exclusively detected during the acquisition performed at
stress or a major difference is observed between the scans at
rest and stress, the area of the myocardium is likely been
affected by reversible ischemia (Figs. 1-3). Conversely, if
the hypo-attenuated myocardium is seen in both phases,
stress and rest, it likely corresponds to a myocardial
infarction scar. As of this writing, the clinical value of CT
low dose blood volume image acquisition has yet to be
established.
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1 Introduction

Dual-energy computed tomography (DECT) was initially
introduced for the purpose of spectral differentiation of
material through the utilization of two X-ray spectra;
however, technical limitations have prevented the clinical
application of this concept for more than two decades
(Chiro et al. 1979; Millner et al. 1979). The advent of dual-
source CT, with two acquisition systems (two X-ray tubes
and two detector arrays) mounted in the same gantry and
operated independently with respect to voltage and current
settings, has allowed for the analysis of energy-dependent
changes in the attenuation of different materials (Flohr et al.
2006; Johnson et al. 2007; Petersilka et al. 2008). The dif-
ferentiation of iodine in tissue can be of clinical diagnostic
value. In addition to the Hounsfield unit (HU) attenuation
values, DECT perfusion provides further information based
on the specific absorption characteristics of iodine for high-
and low-energy X-rays, facilitating specific tissue charac-
terization and mapping of the iodine distribution. This
“iodine distribution map” depicts myocardial blood vol-
ume, or perfusion status. With this depiction, one can easily
visualize blood pool deficits and detect hemodynamically
significant coronary artery stenoses. Recently, several sin-
gle-center studies applying DECT have reported a strong
correlation with single-photon emission computed tomog-
raphy (SPECT) studies for the detection of decreases in the
myocardial blood supply. Through the utilization of multi-
ple postprocessing techniques, a single DECT acquisition
may potentially detect obstructive coronary artery disease
(CAD) and simultaneously provide information concerning
the hemodynamic consequences of the detected lesions on
myocardial perfusion (Ruzsics et al. 2008, 2009; Wang
et al. 2011). DECT examination can also be performed
during adenosine stress, improving the diagnostic accuracy
for the detection of myocardial ischemia; this also adds
incremental value to a coronary computed tomography
angiography (CCTA) in the detection of hemodynamically
significant coronary stenoses (Ko et al. 2011, 2012a).
In recent practice, dual-source DECT of the heart has
emerged as an attractive imaging modality for the evalua-
tion of myocardial perfusion, with or without adenosine
administration. This chapter provides a protocol setup and

First
generation

dual-
source CT

Fig. 1 Diagram of a dual-source DECT scanner. Dual-source CT
with two X-ray tubes and two corresponding detector arrays mounted
in the same gantry operates independently at different voltage settings
(140 kV and 80/100 kV) and simultaneously acquires two data sets
showing different attenuation levels

the characteristic features of dual-source DECT, and derives
its benefits and limitations for DECT myocardial perfusion.

2 Principles of Material Decomposition
in Dual-Energy CT

With dual-source CT in dual-energy mode, two X-ray tubes
are operated independently at different voltages (80 or
100 kV and 140 kV), simultaneously acquiring two image
datasets in the same anatomic location with two different
X-ray spectra (Fig. 1). How does dual-source DECT obtain
additional information regarding the elementary chemical
composition of a scanned material? Material differentiation
in CT is based on X-ray attenuation, as quantified in HUs.
At low photon energies, X-ray attenuation is dominated by
photoelectric absorption; at high photon energies, Compton
scattering prevails. Low atomic number materials, such as
fat and muscle, are affected by Compton scattering and
show a small degree of reduction in the HU value when
photon energy increases. On the contrary, higher atomic
number materials, such as bone and iodine, are affected by
the photoelectric absorption and show rapid decrease of HU
value when photon energy increases (Fig. 2).

Iodine is a commonly used CT contrast agent; clinical
observation has shown that iodine contrast agents have
stronger enhancement at lower tube voltage settings. In
dual-source DECT, we observe a greater photoelectric
absorption by iodine at 80 kV than at 140 kV. This phe-
nomenon occurs because the mean photon energy of the
80 kV beam (53 keV) is closer to the K-edge of iodine
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Fig. 2 Basic concept of DECT for material differentiation. Iodine has
its maximum attenuation at 80 kV but its CT attenuation markedly
decreases with increased voltage. The CT attenuation of bone changes
much less when it is scanned with low kV as compared to high kV

(33 keV) than that of the 140 kV beam (71 keV). Accord-
ingly, iodine-containing structures are more attenuating
at 80 kV than at 140 kV. Dual-source DECT can allow
material differentiation on the basis of such energy-depen-
dent attenuation characteristics (Johnson et al. 2007).

Material-specific imaging in dual-source DECT is based
on a mathematical algorithm termed “3-material decom-
position.” This method is capable of measuring the relative
concentrations of three pure constituent materials in scan-
ned tissue by evaluating the attenuation properties of each
voxel and by comparing these values with the attenuation
coefficients of the three pure constituent materials at low
and high kV. In the heart, the 3 materials usually analyzed
are soft tissue, fat, and iodine. In addition, an iodine dis-
tribution image, or iodine distribution map, is produced via
material decomposition along with virtual non-contrast
images in which the iodine content has been subtracted
from the contrast-enhanced images (Johnson et al. 2007;
Vlahos et al. 2010).

3 Configuration of Dual-Source
Dual-Energy CT

3.1 First Generation Dual-Source Dual-Energy

CT (Siemens Definition)

Dual source CT is equipped with two orthogonally mounted
X-ray tubes and two corresponding detector systems. The
field of view of the B tube array is smaller (26 cm in
diameter), compared with the A tube (50 cm in diameter),
due to space limitations on the gantry of the dual-source CT
scanner (Fig. 3a). Each detector comprises 40 detector
rows, the 32 central rows having a 0.6-mm collimation slice
width and the 4 outer rows on either side having a 1.2-mm

examination. The CT attenuation of fat increases as the kV setting is
increased. Accordingly, changing the X-ray tube’s kV setting results
in a material-specific change of attenuation (Reproduced with kind
permission from Siemens Healthcare)

collimated slice width. Using the z-flying focal spot tech-
nique, each detector acquires 64 overlapping 0.6-mm slices
per rotation. The shortest gantry rotation time is 330 ms.
There is an 8 ms interval between the image acquisitions of
the 2 tubes in the same plane. The two X-ray tubes are
operated independently with respect to their voltage and
current settings, allowing simultaneous acquisition of high
and low X-ray energy spectra within a single scan, e.g., one
tube (B tube) is operated at 100 kV while the other (A tube)
is operated at 140 kV. The tube current can be adjusted
separately for each kV level (e.g., 100 mAs/rotation at
140 kV and 165 mAs/rotation at 100 kV), permitting noise
level matching the two datasets (Flohr et al. 2006; Peter-
silka et al. 2008; Kang et al. 2010).

Second Generation Dual-Source Dual-
Energy CT (Siemens Definition Flash)

3.2

The latest dual-source CT has several major technical
improvements, including faster gantry rotation of 280 ms,
increasing the scan field of the detector (increased detector
z-coverage), increasing the field of view for detector B from
26 to 33 cm, high-pitch modes for rapid helical acquisition,
and pre-patient filtration (Fig. 3b). Of these, pre-patient
filtration is arguably the most important. This technical
advance improves the discrimination of materials by mini-
mizing the overlap of the two energy spectra. With pre-
patient filtration, the lower-energy photons in the 140 kV
beam are removed by a tin filter placed at the X-ray tube
(Sn140 kV), resulting in a higher mean beam energy. This
filtration increases the energy separation by minimizing the
overlap of high and low kV spectra and, therefore, improves
both the material differentiation and decomposition. In
addition, radiation dose is reduced as the low-energy
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Fig. 3 Schematic illustration of first (Siemens SOMATOM Defini-
tion) and second (Siemens SOMATOM Definition Flash)- generation
dual-source DECT systems. The first-generation dual-source CT
system (a) has the A tube, which is associated with a 50 cm field of
view for detector A and is operated at 140 kV, and the B tube, which

photons are removed from the high-energy X-ray tube
spectrum. Pre-patient filtration facilitates the use of a
100 kV low-energy beam, which enables greater tissue
penetration and less image noise, compared with 80 kV
(Kang et al. 2010).

4 Methodology for Dual-Energy CT Image
Acquisition
4.1 Image Acquisition of Rest Dual-Energy CT
DECT acquisition can be performed using the following
parameters: 330-ms gantry rotation time, heart rate adaptive
pitch of 0.2-0.43, 32 x 2 x 0.6-mm collimation with
z-flying focal spot technique, and 165-ms temporal resolu-
tion. One tube of the dual-source CT system is operated
with 82—114 mAs/rotation at 140 kV, the second tube with
165 mAs/rotation at 80 kV for slim (<140 1bs) individuals,
and 165 mAs/rotation at 100 kV for average-sized
(<200 1bs) and larger patients (Ruzsics et al. 2008). With
the scout image, the anatomic range extends from 2 cm
below the level of the tracheal bifurcation to the diaphragm
in a craniocaudal direction. Oral f-blocker administration is
given if the resting heart rate is higher than 70 beats per
minute. The retrospectively gated scan uses electrocardi-
ography (ECG)-based tube current modulation with the

| 2nd system

directon

()

is associated with a 26 cm field of view for detector B and is operated
at 80/100 kV. The second-generation dual-source CT system (b) has a
larger 33 cm field of view for detector B, achieved by increasing the
angle between the X-ray tubes and detectors from 90° to 94°
(Reproduced with kind permission from Siemens Healthcare)

Mindose protocol. Wider full-dose pulsing window (i.e.,
35-75 %) is applied for faster and irregular heart rates, and
narrow full dose windows (i.e., 60-80 %) for slower and
more regular heart rates. Tube current reduction to 4 % was
applied outside the adjusted pulsing windows.

DECT examinations are contrast enhanced, using the
routine clinical contrast agent injection protocol, which is
controlled by either the test-bolus or bolus-tracking tech-
nique. With the test-bolus technique, the time delay
between the start of contrast injection and the start of data
acquisition is determined by an injection of 20 ml of a non-
ionic contrast agent at 6 ml/s through an 18-gauge intra-
venous antecubital catheter, followed by 30 ml of saline,
using a dual-head power injector. The peak time of the test
bolus enhancement, as measured by a repetitive scanning at
the level of the aortic root, is used as the delay time. Actual
contrast agent enhancement is achieved by injecting an
initial bolus of undiluted contrast agent, which is then fol-
lowed by a constant 50 ml volume of a 70 %/30 % saline/
contrast agent mixture, and finally 30 ml of pure saline, all
injected at 6 ml/s. The initial iodine bolus volume is com-
puted per CT examination using the following formula:
volume (milliliters) = duration of CT data acquisition
(seconds) x 6. If the duration of CT data acquisition is less
than 10 s, a minimum of 60 ml of contrast medium is
required (Ruzsics et al. 2008). There is no established
optimal scan protocol (amount and speed of contrast



CT Evaluation of the Myocardial Blood Supply

83

A tube (140 kV)
image data

Merged images for
CCTA analysis

B tube (80/100 kV)
image data

R

K,

DECT material-decomposition
software (heart PBV)

Virtual noncontrast

N

lodine distribution

images

(overlay) images

Merged images
for myocardial
perfusion
analysis

Fig. 4 Diagram of image postprocessing of DECT for analysis of
myocardial perfusion. Merged images, which are produced by mixing
140 kV and 80/100 kV datasets at a ratio of 7:3, respectively, are
equivalent to coronary CT angiography images obtained at approxi-
mately 120 kV. Using dual-energy material decomposition software,
the iodine component is separated from the images obtained from high

administration, scan delay time, etc.) with a bolus-tracking
technique. In our center, with the bolus tracking technique,
the region of interest is placed into the aortic root, and
image acquisition is started seven seconds after the signal
density level reaches the predefined threshold of 120 HU.
For DECT examinations, a dual-head power injector is
used to administer a 3-phase bolus at a rate of 4.5 ml/s.
According to scan time and patient’s body mass index, 60—
80 ml of undiluted contrast agent is injected, followed by
45 ml of 70 %/30 % contrast agent/saline mixture, and
finally 45 ml of saline (Ko et al. 2011).

4.2 Image Acquisition of Stress Dual-Energy

cT

Patients undergoing stress DECT perfusion are instructed
not to drink coffee or tea, and not to have oral fi-blockers for
at least 24 h prior to the examination. Two intravenous lines

(A tube) and low (B tube)-energy X-ray spectra and is displayed in
color-coded iodine distribution (overlay) images. Grayscale virtual
non-contrast images are generated by removing iodine from the source
images. Final images are obtained by mixing iodine distribution
images and virtual non-contrast images, typically at a ratio 7:3, for
assessment of the myocardial blood pool

are inserted (18-gauge for contrast medium delivery;
20-gauge for adenosine infusion). Before the examination,
the heart rate of each patient is measured. Beta-blockers and
nitroglycerine are avoided because of their impact on
myocardial perfusion. Stress DECT perfusion is performed
using the same imaging parameters as the rest DECT. Blood
pressure, standard ECG, and clinical symptoms are care-
fully monitored during the adenosine infusion and after
imaging. Any adverse side effect (e.g., severe tachycardia,
tachyarrhythmia, allergic reaction) is grounds for termina-
tion of the examination. Adenosine infusion is started at a
constant rate of 140 pg/kg/min over six minutes. Retro-
spectively gated imaging with ECG-based tube current
modulation (Mindose protocol) and pitch adaptation is
obtained four minutes after the initiation of the adenosine
infusion. In our center, contrast agent administration with
the bolus tracking technique is the same as that in rest
DECT, except that image acquisition starts nine seconds
after the signal density level reaches the predefined
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Fig. 5 Normalization of iodine
distribution map. a Color-coded
“iodine distribution map,” which
is superimposed on grayscale
“virtual non-contrast image”
multiplanar reformat of the
myocardium. Because of a broad
range of iodine concentration
within the myocardium, the map
must be normalized to an area of
normal myocardial perfusion b,
the right ventricle ¢, or the left
ventricle d. Usually, areas of
highest iodine content in the
myocardium are recommended
for normalization of the iodine
distribution map

80kv

140KV
Mean: 373 (HU) 223.8 (HU)

threshold of 120 HU at the aortic root for increasing dif-
ferences in contrast enhancement between ischemic and
non-ischemic myocardium (Ko et al. 2011).

4.3 Image Reconstruction of Dual-Energy CT
The data sets for the assessment of coronary artery and
myocardial perfusion are reconstructed during the phase
that depicts the fewest motion artifacts within the full-dose
window, usually in the mid-diastolic phase, with recon-
struction windows set at 60—75 % of the R-R interval. The
recently implemented automatic phase finding algorithm
(BestPhase™) is useful for identifying optimal recon-
struction phases during systole and diastole without user
interaction.

Standard DECT cardiac scan protocol includes a series
of different image reconstructions from the same contrast
enhanced DECT scan. The first set of transverse gray-scale
images is reconstructed using a B26f kernel with a temporal
resolution of 165 ms, slice thickness of 0.75 mm, and slice
increment of 0.4 mm, for each tube-detector array. By
merging 70 % of the high (140 kV) X-ray spectrum and
30 % of the low (80/100 kV) X-ray spectrum, a series of
grayscale images is created that is similar to an image

80kV  140kV
Mean: 623 (HU) 329 (HU)
Contrast enhancement: 346 (HU)

obtained using a single-energy CT at 120 kV. This series
aims at optimizing the spatial and contrast resolution, and is
used for clinical cardiac CT interpretation of coronary
artery morphology and stenoses. For the analysis of myo-
cardial perfusion, high-voltage and low-voltage data are
reconstructed separately using a dedicated dual-energy
convolution kernel (D26f or D30f) with a temporal reso-
lution of 330 ms, slice thickness of 0.75 mm, and an
increment of 0.4 mm (Ruzsics et al. 2008; Ko et al. 2011;
Schwarz et al. 2008). Ruzsics et al. used a 1.5-mm slice
thickness and a 0.5-mm increment to optimize the signal/
noise ratio (Schwarz et al. 2008).

4.4 Post-Processing, Display, and Analysis

A single DECT data acquisition can be used to generate a
virtual non-contrast image, two single-energy images based
on high (140 kV) and low (80 or 100 kV) X-ray spectra, a
dual-spectrum merged image, and an iodine distribution
image; the iodine distribution can also be superimposed in
color over the merged image (merged image with color-
coded iodine distribution) (Fig. 4). The reconstructed high-
and low-voltage data sets, obtained with DECT, are loaded
into a dedicated algorithm, heart perfusion blood volume
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Fig. 6 Comparison of stress
DECT perfusion and myocardial
perfusion SPECT for balanced
ischemia. The CT perfusion
image at rest (a) does not show
any perfusion defects in the left
ventricular (LV) myocardium.
DECT-based iodine distribution
mapping during adenosine
infusion (b) reveals concentric
blood pool deficits (arrows) in
mid LV myocardium. Findings
are not correlated with
myocardial perfusion SPECT
acquired at rest (c) and stress (d),
which reveal limitation of
myocardial perfusion SPECT for
balanced ischemia. Conventional
coronary angiogram (not shown)
reveals significant stenoses at the
left main coronary artery and the
3 major epicardial coronary
arteries

(heart PBV), for the evaluation of myocardial perfusion.
The heart PBV algorithm is incorporated in the dual-
energy-image post-processing software application of the
Syngo-Multimodality Workplace (syngo Dual Energy,
Siemens). Differences in the attenuation of iodine at the two
different energies allow for the computation of the iodine
distribution within the myocardium and the generation of
virtual non-contrast images. The attenuation of epicardial
fat on the merged reconstruction is measured for fat cali-
bration of the heart PBV algorithm. In addition, the broad
range of iodine concentrations that this study produces
requires normalization of the iodine distribution map to the
areas of normal myocardial perfusion (Schwarz et al. 2008).
Areas with high iodine content, including the myocardium
or any cardiac chamber, can be chosen for this process; we
primarily normalize using the right ventricular lumen
(Fig. 5). The color-coded iodine distribution maps are
superimposed onto a grayscale multiplanar reformats of the
myocardium. We employ a 70 % overlay of the iodine
distribution map over the merged reconstruction with 5-mm
thick multiplanar-reformatted short and long axis views for
the evaluation of myocardial perfusion. Myocardial blood
pool deficits on DECT-based iodine distribution maps are
defined as contiguous, circumscribed areas of decreased or

absent iodine content within the left ventricular (LV)
myocardium, relative to the remote normal myocardium.
Myocardial blood pool deficits are assessed quickly and
accurately by visual analysis because DECT-based iodine
distribution map highlights the areas of decreased iodine in
the LV myocardium. Accordingly, visual analysis is mainly
used over quantitative analysis for the detection of myo-
cardial blood pool deficits. The AHA/ACC-segmental
model (17 segment model) is used to report the findings at
perfusion analysis (Schwarz et al. 2008).

5 Overview of Imaging Modalities
for Coronary Artery Disease

Conventional coronary angiography (CCA) is considered as
the established, anatomic gold standard for the diagnosis of
CAD by direct visualization and grading of coronary ste-
nosis. However, CCA is invasive, costly, and not without
risk. In addition, anatomical assessment of the hemody-
namic significance of coronary stenosis, determined by
CCA, correlates poorly with functional assessment of the
fractional flow reserve (FFR) (Chandrasekar et al. 2001;
Meijboom et al. 2008). SPECT myocardial perfusion
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Fig. 7 Representative example
of single-energy CT perfusion
identifying single-vessel disease.
Curved multiplanar reformatted
coronary CT angiographic image
(a) shows total occlusion with
non-calcified plaque (arrow) in
the middle segment of the right
coronary artery (RCA).
Conventional coronary
angiogram (b) confirms the
subtotal occlusion (arrows) in the
middle RCA. Rest (¢) and stress
(d) single-energy CT perfusion
images reveal reversible
transmural perfusion defects
(arrows) in the mid inferoseptal
and the inferior left ventricular
myocardium. Findings are in
good correlation with cardiac MR
acquired at rest (e) and stress (f),
which reveal reversible
subendocardial perfusion defect
(arrows) in the same myocardial
areas

imaging (MPI) is an accepted clinical standard for the
detection and quantification of myocardial ischemia. How-
ever, SPECT has the disadvantages of poor spatial resolu-
tion, radiation exposure, and attenuation artifacts. In
addition, SPECT does not detect subclinical, non-obstruc-
tive coronary atherosclerosis and consistently underesti-
mates the true extent of multivessel CAD (balanced
ischemia) (Hachamovitch et al. 1996; Heller et al. 2009)
(Fig. 6). Recent technical advances and improvements in
cardiac CT have allowed for the non-invasive detection of
significant coronary stenosis with high diagnostic accuracy.
In addition, CCTA visualizes the coronary vessel wall,
thereby, providing plaque composition and size, and

vascular remodeling (Miihlenbruch et al. 2007; Vanhoe-
nacker et al. 2007). However, CCTA has a tendency to
overestimate the severity of CAD in patients with high
pretest probability of CAD. Furthermore, in its current
form, CCTA does not provide information regarding the
hemodynamic significance of coronary stenosis. Determin-
ing the hemodynamic significance of a morphologically
intermediate stenosis (50-70 % lumen reduction) remains
crucial before a referral for the revascularization treatment
(Meijboom et al. 2008; Gaemperli et al. 2008). Conse-
quently, there is great interest in combining non-invasive
CCTA with SPECT-MPI. However, the hybrid imaging
system requires the cost associated with combining two
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Fig. 8 Representative example of rest DECT perfusion identifying
multivessel disease. Coronary CT angiograms (a—d) show significant
stenoses with mixed calcified and non-calcified plaques (a, arrow) in
the middle segment of the left anterior descending coronary artery
(LAD), non-calcified plaque (b, arrow) in the proximal segment of the
left circumflex artery (LCx) and the first diagonal branch (D1, arrow in

imaging modalities and increases the radiation burden to
the patient (Santana et al. 2009; Gaemperli et al. 2007).
Recently, cardiac magnetic resonance (MR) with adenosine
stress has been established as a non-invasive diagnostic
modality with a high diagnostic accuracy for inducible
perfusion defect, without radiation exposure or attenuation
artifacts. In particular, cardiac MR has superior spatial
resolution over SPECT, and thereby allows for a depiction
of subendocardial perfusion defects in patients with
microvascular disease. However, adenosine stress cardiac
MR perfusion can be limited by availability, claustrophobia,
obesity, poor gating, motion artifacts, and contraindications,
such as pacemaker or defibrillators (Nandalur et al. 2007;
Watkins et al. 2009).

¢) and calcified plaque (d, arrow) in the ramus intermedius (RI).
DECT-based iodine distribution mapping at rest (e) reveals blood pool
deficits (arrows) in the mid anteroseptum, anterior and anterolateral
left ventricular myocardium. Conventional coronary angiograms
(f, g) confirm the presence of significant stenoses in LAD (short
arrow), D1 (long arrow), Rl (arrowhead), and LCx (middle arrow)

6 Overview of Single-Energy CT Perfusion
Imaging

Myocardial perfusion is strictly defined as the flow of blood
to the myocardium and is often used as a relative myocar-
dial blood volume or regional level of myocardial iodine
enhancement. CT myocardial perfusion images are obtained
using a static (single-phase first-pass myocardial enhance-
ment imaging) or dynamic acquisition (quantitative time
resolved myocardial perfusion imaging). Several CT-based
MPI studies in animal models have demonstrated that the
concentration of iodinated contrast agent in myocardium
is directly proportional to the measured CT attenuation
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Fig. 9 Comparison of coronary
CT angiography, rest DECT
perfusion, myocardial perfusion
SPECT, and conventional
coronary angiography. Coronary
CT angiograms (a—c) show
significant stenoses with non-
calcified plaque (arrow) in the
proximal segment of the left
circumflex artery (a) and mixed
calcified and non-calcified
plaques (arrow) in the middle
segment of the right coronary
artery (RCA) and subtotal
occlusion with non-calcified
plaque (arrowhead) in the distal
segment of RCA (b). Severe
calcification (arrows) can render
the proximal left anterior
descending coronary artery
(LAD) uninterpretable regarding
the presence of significant
stenosis (¢). DECT-based iodine
distribution mapping at rest
(d—f) reveals blood pool deficits
in the apical to mid anterior and
apical septum (arrowheads) and
mid to basal inferior (arrows) left
ventricular (LV) myocardium.
Myocardial perfusion SPECT at
stress (g) and rest (h) show
partially reversible perfusion
defects (arrows) in inferior and
inferolateral LV myocardium,
corresponding to old myocardial
infarction in RCA territory.
However, SPECT images do not
detect ischemic perfusion defects
in LAD territory which is shown
on rest DECT perfusion images.
Conventional coronary
angiograms (i, j) confirm the
presence of significant stenoses
in the proximal LAD (i, short
arrow), D1 (i, long arrow),
middle RCA (j, arrowhead), and
distal RCA (j, middle arrow)
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Fig. 10 Rest DECT-based iodine distribution map compared with
single-energy CT spectra. Better visualizes blood pool deficits
(arrows) in the apical anterior and lateral left ventricular (LV)
myocardium compared to reconstruction images using 80-kV CT
spectra (a), 140-kV CT spectra (b), and merged data (¢). DECT-based

number; that iodinated contrast agent has similar pharma-
cokinetics to gadolinium-based contrast agents used for
stress cardiac MR perfusion; that adenosine stress CT per-
fusion imaging correlates well with microsphere-derived
myocardial blood flow; and, that ischemic myocardial per-
fusion defect can be diagnosed by an adenosine-induced
stress CT perfusion imaging (George et al. 2006, 2007).
Studies using adenosine-induced stress CT perfusion
imaging have shown good diagnostic accuracy for the
detection of ischemic myocardium caused by hemody-
namically significant coronary artery stenosis, and incre-
asing the value of CCTA through the detection of
hemodynamically significant CAD (Blankstein et al. 2009;
Rocha-Filho et al. 2010; Ko et al. 2012b) (Fig. 7). More
recently, dynamic CT perfusion has provided results com-
parable to cardiac MR perfusion for the differentiation
between normal and ischemic myocardium. Dynamic CT
perfusion has also provided an incremental diagnostic value
for the detection of hemodynamically significant coronary
stenosis by quantifying myocardial blood flow (Bamberg
et al. 2011). With the technical advances of multidetector
computed tomography (MDCT), including dual-source CT
and wide-area detector CT, CT has grown increasingly
capable. By combining direct visualization and grading of
coronary stenosis and plaque visualization obtained by
CCTA with myocardial perfusion imaging provided by CT
perfusion, CT is a single technological modality advanta-
geously poised to provide a potential one-stop shop for the
coronary risk assessment and possibly the approach to
coronary intervention.

iodine distribution map at rest (d). Stress (e) and rest (f) perfusion and
delayed contrast-enhanced (g) cardiac MR images confirm subendo-
cardial myocardial infarction with peri-infarct ischemia (arrows) in the
apical anterior and lateral LV wall

7 Dual-Energy CT Perfusion Imaging
7.1 Dual-Energy CT at Rest for Myocardial
Perfusion

Rest DECT perfusion is acquired using retrospective
ECG-gating with tube current modulation and a single-
phase first-pass contrast enhancement protocol. With two
synchronous CT acquisitions at different tube voltages,
DECT allows for the assessment of myocardial perfusion
status (or myocardial blood volume) by analyzing the iodine
distribution within the myocardium (Fig. 8). The clinical
evidence supporting the accuracy and feasibility of rest
DECT for the assessment of myocardial perfusion deficits
comes from three published single-center studies. Ruzsics
et al. (2008) performed the first systematic investigation
into the usefulness of cardiac DECT for diagnosing CAD
and myocardial ischemia; they demonstrated that DECT
had 91 % sensitivity and 91 % specificity with 91 %
accuracy, in comparison with SPECT, for detecting any
type of myocardial ischemia on a segmental basis; com-
pared to CCA, DECT was found to have 92 % sensitivity,
79 % specificity, and 90 % accuracy for detecting the
myocardial blood pool deficits on a segmental basis. In a
recent study by Ruzsics et al. (2009), 36 patients with
equivocal or incongruous SPECT results underwent single-
phase, contrast-enhanced DECT at rest. DECT correctly
identified 85 of 89 (96 %) fixed perfusion defects, and 60 of
68 (88 %) reversible myocardial perfusion defects. Overall,
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Fig. 11 Representative example
of stress DECT perfusion.
Curved multiplanar reformatted
coronary CT angiographic image
(a) shows severe stenosis with
non-calcified plaque (arrow) in
the proximal segment of the left
anterior descending coronary
artery (LAD). Conventional
coronary angiogram (b) confirms
the presence of severe stenosis
(arrow) in the proximal LAD.
DECT-based iodine map during
adenosine infusion (¢) reveals
transmural blood pool deficits
(arrows) in the apical septum,
anterior and lateral left
ventricular (LV) myocardium.
The rest CT perfusion image

(d) does not show any perfusion
defects in the LV myocardium.
Cardiac MR images acquired

at stress (e) and rest (f) show
reversible subendocardial
perfusion defects (arrows) in the
apical septal and anterior LV
myocardium. The extent of
stress-induced myocardial
perfusion defect is larger on
stress DECT than on stress
cardiac MR

DECT had a sensitivity of 92 % and a specificity of 93 %
with an accuracy of 93 % for type-independent detection of
myocardial perfusion defects seen on SPECT. Interestingly,
rest DECT is able to depict reversible perfusion defects only
seen on stress SPECT images (Fig. 9). Although DECT
iodine distribution maps at rest had a sensitivity of 88 %, a
specificity of 89 %, and accuracy of 89 % for the detection
of reversible perfusion defect, performance of rest DECT
was substantially lower for the detection of reversible per-
fusion defects than that of mixed and fixed perfusion defects
(Ruzsics et al. 2009). The physiological mechanism behind
such a concordance remains controversial as DECT was not
performed under stress. Possible explanations for DECT

detection of reversible perfusion defects, as hypothesized by
Ruzsics et al. (2008, 2009), include the superior spatial
resolution of CT for smaller areas of ischemia compared
with SPECT, an intrinsic vasodilatory effect of the iodinated
contrast agent, and different myocardial distribution kinetics
of the iodinated contrast agent compared with the radio-
pharmaceutical tracers of SPECT.

Most recently, Wang et al. (2011) demonstrated on a per-
vessel basis that sensitivity, specificity, and accuracy of
DECT coronary angiography without DECT perfusion were
82, 91, and 86 %, respectively; with the addition of DECT
perfusion, an overall improvement to 90, 86, and 88 %,
respectively, was observed. This study demonstrated an
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Fig. 12 Example of stress DECT perfusion for multivessel coronary
artery disease. Curved multiplanar reformatted coronary CT angio-
graphic images (a—c) show significant stenoses with non-calcified
plaque (a, arrow) in the proximal segment of right coronary artery
(RCA) and mixed calcified and non-calcified plaque (b, arrow) in the
ostia of the left circumflex artery (LCX) and the left anterior coronary
artery (LAD) (¢, arrow). The CT perfusion image at rest (d) does not
show any perfusion defects in the left ventricular (LV) myocardium.

incremental value of DECT on the detection of CAD
(Fig. 9).

DECT-based color-coded iodine distribution map might
be more sensitive to the detection of hypoperfused myo-
cardium than single-energy CT-based gray scale image
(Fig. 10). Arnoldi et al. (2011) compared the performance
of cardiac CT on the basis of single-energy image recon-
structions, merged image reconstructions, and DECT iodine
distribution maps for the detection of reversible and fixed
myocardial perfusion deficits seen on SPECT. They dem-
onstrated that the four image reconstruction strategies had
relatively similar, high specificity for the detection of per-
fusion deficits on SPECT. However, sensitivity, negative

DECT-based iodine distribution map during adenosine infusion
(e) reveals concentric blood pool deficits (arrows) in mid LV
myocardium. Findings are in good correlation with cardiac MR
acquired at rest (f) and stress (g), which reveal a reversible
subendocardial perfusion defect (arrows) in the same myocardial
areas. Conventional coronary angiogram findings (h, i) confirm the
presence of significant stenoses in LAD ostium (h, arrowhead), LCx
ostium (h, arrow), and proximal RCA (i, arrow)

predictive value, and accuracy for mixed perfusion deficits
were highest with DECT iodine maps and were 91, 97, and
93 %, respectively. In addition, DECT iodine distribution
maps had highest area under the curve values (0.84-0.93)
for both observers in the detection of purely fixed and
mixed perfusion defects seen on SPECT. These results
might be explained by the distribution map of iodinated
contrast material, based on DECT-based material decom-
position, is better suited than visual analysis in the
differences in CT attenuation values between ischemic and
non-ischemic myocardium. DECT may be helpful to
improve the specificity of myocardial single-phase first-pass
enhancement CT imaging.
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Fig. 13 Example of stress
DECT perfusion for
microvascular angina. DECT-
based iodine distribution
mapping during adenosine
infusion (a) reveals
subendocardial blood pool
deficits (arrows) in the mid
anterior, septal, and lateral left
ventricular (LV) myocardium.
The rest CT perfusion (b) does
not show any perfusion defects in
the LV myocardium. Cardiac MR
images acquired at stress (c) and
rest (d) reveal a reversible
subendocardial perfusion defect
(arrows) in the entire mid LV
myocardium. Extent of stress-
induced myocardial perfusion
defect is larger on stress cardiac
MR than on stress DECT.
Conventional coronary
angiogram finding (e) shows the
left coronary dominance without
any significant stenoses. These
findings are consistent with
microvascular angina

These studies can be summarized as follows: (1) DECT
allows analysis of the iodine distribution within the myo-
cardium by exploiting the absorption characteristics of
iodine at different X-ray energies, (2) DECT allows the
reproducible differentiation of iodine distribution within the
myocardium to detect myocardial blood pool deficits in a
good correlation with a clinical reference standard, such as
SPECT, (3) DECT acquired at rest is able to detect areas of
reversible, stress induced perfusion deficits as seen on
SPECT, (4) DECT iodine distribution maps have good
diagnostic performance for the detection of fixed and mixed
myocardial blood pool deficits compared with single-energy
CT spectra, and (5) rest DECT perfusion may improve
the diagnostic performance of the detection of CAD

(synergistic clinical value). Accordingly, DECT imaging of
the heart enable the integrative assessment of the coronary
artery morphology and the myocardial blood supply in
patients with known or suspected CAD.

7.2 Dual-Energy CT Under Stress

for Myocardial Perfusion

Rest DECT perfusion had a much lower positive predictive
value (26 %) for the detection of purely reversible perfusion
defects than that of the mixed (85 %) and fixed (59 %)
perfusion defects on per-myocardial segmental analysis
(Arnoldi et al. 2011). The result suggests that DECT
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Fig. 14 Example of rest and
stress DECT perfusion for stent
evaluation. Curved multiplanar
reformatted coronary CT
angiographic images (a—d) show
a patent stent (arrow) in the big
first diagonal branch (D1, a) and
the distal segment of the right
coronary artery (RCA, b) but
significant in-stent restenosis
(arrows) in the proximal and
distal segments of the left
circumflex artery (LCx, ¢). In
addition, significant stenosis
(arrow) is noted at the ostium of
the first obtuse marginal branch
(OM1, d). DECT-based iodine
distribution map at rest

(e) reveals blood pool deficits
(arrows) in the mid anterior LV
myocardium. Stress DECT-based
iodine distribution map (f) shows
blood pool deficits (arrows) in
the mid anterior, inferoseptal,
inferior, and lateral LV
myocardium. Findings are in
good correlation with cardiac MR
acquired at rest (g) and stress (h),
which reveal reversible
subendocardial perfusion defect
(arrows) in the same myocardial
areas. Conventional coronary
angiograms (i, j) show significant
stenosis (arrow) in the ostium of
the left anterior descending
coronary artery (i) and also
significant intent restenosis
(arrowhead) in the proximal LCx
stent (i). There are no in-stent
restenosis in the big D1 stent

(i) and distal RCA stent (j)
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8.

Fig. 15 Example of stress DECT perfusion for stent evaluation.
Curved multiplanar reformatted coronary CT angiographic image
(a) shows significant stenosis with mixed calcified and non-calcified
plaques (arrow) in the ostium of the left circumflex artery (LCx).
Conventional coronary angiogram finding (b) confirms the presence of
significant stenosis (arrow) in LCx ostium. DECT-based iodine
distribution mapping during adenosine infusion (c) reveals concentric
blood pool deficits (arrows) in the mid LV myocardium. The patient

perfusion with administration of pharmacologic stressors is
more physiologically acceptable and feasible than DECT at
rest in detecting reversible myocardial ischemia because
adenosine increases the difference in myocardial perfusion
between the ischemic and normally perfused myocardium.
The rationale that an adenosine stress DECT-based iodine
distribution map might be sensitive for the detection of
hemodynamically significant stenosis causing a reversible
myocardial perfusion deficit is supported by the advantages
of the combined application of DECT and adenosine-
induced stress CT perfusion imaging (Figs. 11, 12, 13, 14,
15). The clinical evidence supporting the accuracy and
feasibility of stress DECT for the assessment of myocardial
perfusion deficits comes from two published single-center

underwent percutaneous coronary intervention with stent implantation
in the LCx ostium. Conventional coronary angiogram (d) shows
restoration of the expected normal lumen diameter of LCx ostium
(arrow). DECT-based iodine distribution map during adenosine
infusion (e) reveals disappearance of previously noted blood pool
deficits in the mid lateral, inferior, and inferoseptal LV myocardium
but shows persistent blood pool deficits (arrows) in the mid anterior
LV myocardium

studies. Adenosine stress DECT perfusion was first evalu-
ated in 41 patients with known CAD identified on CCTA,
which were scheduled to undergo CCA. We demonstrated
that stress DECT perfusion had a sensitivity, specificity, and
accuracy of 89, 78, and 82 %, respectively, for the detection
of myocardial segments with reversible perfusion deficits;
adenosine stress cardiac MR perfusion, performed in 28
patients, was the gold standard for comparison. Compared
with CCA, stress DECT perfusion had a sensitivity, speci-
ficity, and accuracy of 89, 78, and 82 %, respectively, for
the detection of vascular territories with ischemic perfusion
defects that were supplied by a vessel with >50 % stenosis
on CCA (Ko et al. 2011). Most recently, we evaluated the
incremental value of stress DECT perfusion in 45 patients
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Fig. 16 Example of stress DECT perfusion identifying peri-infarct
ischemia. Curved multiplanar reformatted coronary CT angiographic
image (a) shows total occlusion with mixed calcified and non-calcified
plaques (arrow) in the proximal segment of right coronary artery
(RCA). The rest CT perfusion image (b) reveals thinned mid inferior
left ventricular (LV) myocardium without perfusion deficit (arrow).
DECT-based iodine distribution mapping during adenosine infusion

with known CAD, confirmed on CCTA, who were sched-
uled for CCA (Ko et al. 2012a). We illustrated that the
stress DECT perfusion, compared with CCA, had a sensi-
tivity of 89 %, specificity of 74 %, PPV of 80 %, and NPV
of 85 % for the detection of vascular territories with myo-
cardial perfusion defects, supplied by significant coronary
stenosis. Sensitivity, specificity, positive predictive value,
and negative predictive value of the CCTA on a per-vessel
basis, before stress DECT perfusion, were 92, 68, 74, and
88 %, respectively, and after stress DECT perfusion were
93, 86, 88, and 91 %, respectively, for the detection of
significant coronary stenoses. We demonstrated that the
combination of CCTA and stress DECT perfusion had
incremental diagnostic value over CCTA alone for the
detection of CAD (Ko et al. 2012a). These two studies can
be summarized as follows: (1) stress DECT perfusion
allows good diagnostic accuracy in detecting stress-induced
myocardial perfusion deficits, as seen on stress cardiac MR
perfusion, (2) that stress DECT perfusion plays a comple-
mentary role to enhance the diagnostic accuracy of CCTA
for detecting CAD and (3) the clinical impact and the
incremental value of DECT perfusion need to be evaluated
in larger cohorts and multicenter studies.

(c¢) reveals subendocardial blood pool deficits (arrows) in the mid
inferior and inferoseptal LV myocardium. Delayed iodine uptake
(arrows) representing myocardial infarction is noted on delayed-phase
DECT (d). These findings (arrows) are in good correlation with rest
(e) and stress (f) perfusion and delayed contrast-enhanced (g) cardiac
MR images, corresponding to old subendocardial myocardial infarc-
tion with peri-infarct ischemia at RCA territory

7.3 Comparison Between Rest Dual-Energy
CT and Stress Dual-Energy CT Perfusion

Imaging

Both rest and stress DECT perfusion use a single acquisition
of volume data during the first-pass enhancement phase for
the assessment of myocardial blood volume distribution.
Rest DECT is focused on the morphological and functional
assessment of coronary stenoses during a single cardiac
examination. However, stress DECT perfusion is primarily
aimed to detect myocardial perfusion abnormalities
(Fig. 16). Accordingly, contrast agent injection protocol
needs to be modified for stress DECT perfusion imaging,
while rest DECT uses the same protocol as routine CCTA.

The clinical evidence on utilizing iodine distribution
maps for the assessment of myocardial blood-pool deficits
has generally demonstrated good agreement between rest
DECT perfusion and SPECT findings. More importantly,
rest DECT perfusion has the potential to identify myocar-
dial segments with stress induced ischemia, seen on SPECT.
Accordingly, rest DECT has been considered to be a rev-
olutionary tool for myocardial perfusion imaging, particu-
larly in light of its utility for the detection of myocardial
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Fig. 17 Example of the superiority of stress DECT perfusion imaging
when compared to rest DECT perfusion imaging identifying reversible
perfusion defects. DECT-based iodine distribution maps at rest
(a) shows blood pool deficits (arrows) in the mid anteroseptal,
anterior, and lateral left ventricular (LV) myocardium. Stress DECT
iodine distribution map (b) shows blood pool deficits (arrows) in the
mid anterior, lateral, inferoseptal, and inferior LV myocardium. Rest
(c) and stress (d) cardiac MR perfusion images reveal reversible

ischemia without the need for pharmacologic vasodilator
agents. The combination of morphologic imaging of coro-
nary arteries and functional imaging of myocardial perfu-
sion may be a powerful non-invasive imaging method that
provides comprehensive information, for CAD diagnosis
and treatment planning. However, only a few studies are
available to date and these have typically included too few
patients. In addition, there has been a tendency for selection
bias due to the specific recruitment of patients with

perfusion defects (arrows) in the mid anterior, lateral, inferoseptal, and
inferior LV myocardium. Conventional coronary angiogram (not
shown) reveals significant stenoses in the ostium of the left anterior
descending coronary artery, first diagonal branch, first obtuse marginal
branch, posterior descending coronary artery, and the posterolateral
branch. Stress DECT perfusion is more sensitive for the detection of
reversible myocardial blood pool deficits, than rest DECT perfusion

abnormal SPECT results, which leads to the overoptimistic
assessment and false positives of rest DECT perfusion
results. In addition, the mechanism of rest DECT perfusion
for the detection of subtle differences in myocardial perfu-
sion without the administration of a pharmacologic stressor
needs to be more systematically investigated for clinical
applications. Stress DECT perfusion might be more sensi-
tive for the detection of myocardial blood pool deficits,
especially reversible perfusion deficits, than rest DECT
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Fig. 18 Example of correlation among rest and stress DECT
perfusion and cardiac MR. DECT-based iodine distribution maps at
rest (a) and stress (b) show blood pool deficits (arrows) in the thinned
mid inferolateral and inferior left ventricular (LV) myocardium. Rest
(¢) and stress (d) cardiac MR perfusion images reveal partially
reversible subendocardial perfusion defects (arrows) at the corre-
sponding left circumflex artery (LCx) territory. Delayed-phase cardiac
MR image (e) shows delayed transmural hyperenhancement (arrows)

perfusion. Furthermore, stress DECT perfusion may be
better at detecting small areas of myocardial ischemia and
balanced myocardial ischemia in multivessel disease or
microvascular disease, compared to rest DECT perfusion
and SPECT (Figs. 14, 17). Although the results of clinical
trials using stress DECT perfusion are promising, the pub-
lished studies come from a single center and have included
a limited number of patients. In addition, stress DECT
perfusion is rather susceptible to cardiac motion artifacts,
which degrade image quality and affect diagnostic accuracy
for the detection of myocardial ischemia. Given the tem-
poral resolution of 280 or 330 ms associated with the dual-
source DECT, it is not feasible to accurately identify cor-
onary stenoses with stress DECT. Thus, prospective studies
with a direct comparison of rest DECT and stress DECT in
the same patient are needed to systematically determine
the exact performance of rest DECT and stress DECT,
compared with the clinical reference standards, such as
adenosine stress cardiac MR perfusion, SPECT or FFR.
(Fig. 18)

in the corresponding myocardium. Stress DECT iodine distribution
map (b) reveals stress-induced blood pool deficits (arrowheads) in the
mid anterior and anteroseptal LV myocardium. Reversible perfusion
defect (arrowhead) is only noted in the mid anteroseptum of LV
myocardium on rest (c¢) and stress (d) cardiac MR perfusion images.
Conventional coronary angiogram (f) shows significant stenoses in the
ostium (short arrow) and proximal segment (arrowhead) of the left
anterior descending coronary artery and distal LCx (long arrow)

8 Challenges, Pitfalls, and Limitations
of Dual-Energy CT Perfusion

8.1 Radiation Dose

Patient’s exposure to ionizing radiation is a major concern
in DECT perfusion. Recent studies have demonstrated that
rest DECT can be performed with radiation doses similar to
the single-energy CCTA (mean of 12 mSv), using the
conversion coefficient of 0.014 mSvemGy ' cm™" (Ruzsics
et al. 2008, 2009; Wang et al. 2011; Hausleiter et al. 2009).
DECT scans routinely rely on ECG-dependent tube current
modulation, but cannot use prospective ECG-triggering or
high-pitch factor ECG-synchronized spiral mode like sin-
gle-energy CCTA or stress CT perfusion due to limitations
of the contemporary dual-source CT in dual-voltage mode.
However, rest DECT has significantly lower radiation dose
compared with the combination of CCTA or CCA and
SPECT. The average stress DECT perfusion effective
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Fig. 19 Beam-hardening
artifacts. Rest DECT iodine
distribution maps (a, b) show
blood pool deficits (arrows) in
the apical anterior and septal (a)
and basal inferolateral left
ventricular (LV) myocardium
(b). These lesions are not seen in
the myocardial perfusion SPECT
at stress (¢) and rest (d). Fixed
perfusion defects (arrows) seen
on SPECT (c, d) are probably
associated with attenuation
artifacts in the basal inferior and
inferolateral LV myocardium

radiation dose using 80/140 kV (5.8 mSv) was lower than
that of single-energy CT perfusion (9.5 mSv) and SPECT
under stress (9.2 mSv) in the recent study (Blankstein et al.
2009). The average effective radiation exposure for com-
bined protocol of retrospective CCTA and stress DECT
perfusion (14.5 mSv) was comparable with or even higher
than combined single-energy prospective CCTA rest/stress
CT protocol (12 mSv) and rest/stress SPECT (13 mSv)
(Ko et al. 2011, 2012a; Blankstein et al. 2009). However,
prospective ECG-gating permits radiation dose reductions
for routine CCTA, allowing combined prospective CCTA/
stress DECT perfusion to be performed with radiation doses
comparable to or lower than rest/stress SPECT and com-
bined single-energy CCTA/stress CT perfusion. Accord-
ingly, stress DECT perfusion has the potential to become an
attractive alternative to standard SPECT for the detection of
myocardial ischemia, considering its relatively low radia-
tion exposure, simple study protocol, short examination
time, and high spatial resolution.

8.2 Artifacts

The recognition of differences in iodine concentration
between ischemic myocardium and normally perfused
myocardium is crucial in DECT perfusion. An iodine

distribution map contains a very broad range of iodine
concentrations within the myocardium (normal variation in
CT attenuation in different myocardial areas) and may be
compromised by artifacts, such as beam hardening, cardiac
motion, reconstruction, and misalignment. Normal LV
myocardial enhancement, using a 320-slice MDCT coro-
nary angiography, demonstrated that the lateral wall had
significantly lower HU values when compared with the
anterior, septal, and inferior walls in healthy patients
without identified CAD (Crossett et al. 2011). Therefore,
normal non-uniform attenuation values within the LV
myocardium may be misinterpreted as perfusion defects on
CT perfusion. Beam-hardening artifacts are commonly
noted in CT perfusion and create focal areas of hypoatten-
uation in the myocardium, mainly seen in the LV basal
inferior, apical anterior, and apical inferior walls (Figs. 19,
20). Beam hardening is caused by the selective absorption
of low-energy photons by bony structures (spine, sternum,
ribs), the contrast filled LV cavity, or the descending tho-
racic aorta (Rodriguez-Granillo et al. 2010; Mehra et al.
2011). DECT perfusion is prone to cardiac motion artifacts,
particularly with the elevated heart rates required for the
stress phase acquisition. In dual-energy mode, temporal
resolution of dual-source CT is reduced, preventing freezing
of cardiac motion as would be possible in single-energy
mode, and thereby causing heart motion artifacts in DECT-
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Fig. 20 Example of true and false positive rest DECT perfusion.
DECT-based iodine distribution maps at rest (a, b) reveal blood pool
deficits (arrows) in the apical to mid anterior and inferior and apical
septum of left ventricular (LV) myocardium, corresponding to
significant stenoses in the left anterior descending coronary artery
(LAD) and the right coronary artery (RCA). Curved multiplanar
reformatted coronary CT angiographic image (c¢) shows severe stenosis
with mixed calcified and non-calcified plaques (arrow) in the proximal

based myocardial iodine distribution maps (Ko et al. 2011,
2012a). Cardiac motion artifacts cause hypoenhanced or
hyperenhanced areas that can mimic or mask perfusion
defects (Fig. 21). Accordingly, stress DECT perfusion is not
preferred in patients with high or irregular heart rates.

Multiphase evaluation helps to differentiate a true per-
fusion defect, an area of hypoattenuation that persists
through all cardiac phases, from a cardiac motion artifact,
which often disappears or changes location. Cone-beam
artifact is the most common reconstruction artifact and
presents as hypo- and hyperattenuation bands that most
often affect the LV inferior wall. These artificial bands
continue outside the cardiac silhouette across the entire field
of view and can be differentiated from true perfusion
defects, which are confined to the cardiac silhouette. Mis-
alignment artifacts are based on the limited scan coverage
of the dual-source DECT scanner, requiring the heart to be
imaged over several heart beats. The temporal difference or
non-uniformity in the cardiac position in any given heart
beat gives rise to relative attenuation differences between
the LV anterior and inferior walls (Mehra et al. 2011).

segment of LAD. Three-dimensional volume-rendered reconstruction
image (d) reveals right coronary dominance without stenoses in RCA
branches. Myocardial perfusion SPECT at stress (e) and rest (f) show
fixed perfusion defect (arrows) in the apical anteroseptum of LV
myocardium. Conventional coronary angiogram (g) confirms the
presence of severe stenosis in the proximal LAD (arrow). The false
positive finding of DECT in the apical to mid inferior LV wall is
related to the beam-hardening artifact

9 Summary and Conclusion

Contrast-enhanced rest DECT perfusion enables the evalu-
ation of changes in the status of the myocardial blood
supply. The rest DECT iodine distribution map makes
hypoperfused myocardial areas more conspicuous and per-
mits the identification of areas of reversible myocardial
ischemia when compared with stress DECT results.
Therefore, rest DECT has expanded the clinical application
of MDCT as a “one-stop shop” imaging modality to
identify both CAD and myocardial blood pool deficits in a
single examination. Stress DECT perfusion has the potential
to become a robust clinical tool for the detection of myo-
cardial ischemia. The combined approach of CCTA and
stress DECT perfusion allows identification of hemody-
namically significant coronary lesions in high-risk patients
with a large calcified plaque burden or stents, and thereby,
provides useful information in assessing the need for CCA
and revascularization procedures (Fig. 22). The radiation
exposure for stress DECT perfusion is lower than stress
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Fig. 21 Cardiac motion
artifacts. Cardiac motion during
image acquisition distorts the
image and creates bands that
appear to have reduced iodine
uptake, possibly mimicking or
masking myocardial blood pool
deficits. Short axis (a) and two-
chamber (b) views of stress
DECT iodine distribution maps
reveal severe cardiac motion
artifacts due to a high heart rate
(mean heart rate of 88 beats per
minute), leading to inability to
assess perfusion abnormalities.
Short axis (¢) and two-chamber
(d) views of rest DECT iodine
distribution maps show band-like
blood pool deficits (arrow) in the
mid anterior left ventricular (LV)
myocardium, corresponding to
cardiac motion artifact due to a
heart rate of 78 beats per minute.
Subendocardial blood pool deficit
(arrowheads) is noted in the mid
anterolateral LV myocardium on
rest DECT iodine distribution
map (c). Stress cardiac MR
perfusion image (e) reveals
stress-induced perfusion defects
(arrows) in the mid-anteroseptal
and mid-lateral LV myocardium.
Conventional coronary
angiogram (f) shows significant
stenoses in the proximal segment
of the left anterior descending
coronary artery (arrow) and the
left circumflex artery
(arrowhead)

SPECT. Despite these promising results, however, stress
DECT perfusion imaging is relatively less well known and
less performed than a single-energy stress CT perfusion
imaging. At present, most clinical data on DECT perfusion
imaging are based on small diagnostic, single-center stud-
ies. Cardiac motion artifacts and beam hardening artifacts
are major causes of false positive results when evaluating
DECT-based myocardial iodine distribution maps for the
detection of perfusion abnormalities. Diagnostic perfor-
mance of rest DECT perfusion imaging needs to be vali-
dated with a direct comparison between the rest DECT and
stress DECT perfusion by using adequate gold standards,

such as stress cardiac MR perfusion. Stress DECT perfusion
requires technological advances and optimized acquisition
and reconstruction protocols to enhance the diagnostic
accuracy of CT perfusion with reduced radiation exposure
to patients. In addition, the clinical impact and the incre-
mental value of DECT perfusion need to be further evalu-
ated in larger cohorts and multicenter studies. These efforts
can promote the use of DECT perfusion in clinical practice.
In conclusion, DECT of the heart is the promising com-
plementary perfusion imaging technique in the diagnosis of
CAD and has the potential to provide a new paradigm to the
non-invasive assessment of CAD (Fig. 22).
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Fig. 22 Combined approach of a
coronary CT angiography and
stress DECT perfusion. Curved
multiplanar reformatted coronary
CT angiographic images (a,

b) show heavily calcified plaque
(arrows) in the proximal segment
of the left anterior descending
coronary artery (LAD) and
significant stenoses (arrowheads)
with non-calcified plaque in the
middle LAD (a) and first
diagonal branch (D1, b). Rest CT
perfusion image (c) and stress
dual-energy CT-based iodine
distribution map (d) does not
show blood pool deficits in the
left ventricular (LV)
myocardium. Rest (e) and stress
(f) cardiac MR perfusion images
confirm no stress inducible
perfusion defects in the LV
myocardium. Conventional
coronary angiogram finding

(g) confirms the presence of
significant (75 % lumen
reduction) stenosis in the ostium
of D1 (arrowhead) and
insignificant stenoses in proximal
and middle LAD (arrow). The
patient did not undergo
percutaneous coronary
intervention treatment for D1
stenosis because of the results
of the DECT and cardiac MR
perfusion studies
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Abstract

Cardiovascular computed tomography (CT) has under-
gone significant technical developments over the past
decade. The introduction of multi-detector row com-
puted tomography (MDCT) with wider detector cover-
age, faster gantry rotation speed, multiple X-ray sources,
electrocardiographic (ECG)-based tube current modula-
tion, and integration of new iterative reconstruction
algorithms has allowed for tangible improvements in
diagnostic accuracy. Utilizing these technical advance-
ments, recent attempts have been made to develop CT
myocardial perfusion (CTP) imaging strategies. More-
over, the evaluation of myocardial perfusion defects on
routine coronary CT angiography (cCTA) has been
shown to be of additional value above that of assessing
coronary anatomy alone, particularly in the acute chest
pain setting. Unfortunately, there are many limitations
that currently hinder CT perfusion with single-energy CT
imaging, including artifacts. This chapter provides an
overview of the role of single-source dual-energy CT in
the evaluation of the myocardial perfusion and the
current state of Rapid-kVp switching dual-energy CT.

1 Introduction

Coronary CT angiography (cCTA) is an established nonin-
vasive modality that has shown a high diagnostic accuracy
for the detection or exclusion of coronary artery disease
(CAD) (Meijboom et al. 2008b). Although highly accurate in
estimating the degree of luminal stenosis, cCTA has a limited
role in determining the hemodynamic significance of detec-
ted CAD. This limitation is not surprising, as invasive cor-
onary angiography (ICA) shares similar limitations, largely
to the same degree. This unreliable relationship between
anatomical stenosis and both global and lesion specific
ischemia has raised concerns that the use of cCTA may
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encourage unnecessary ICA and coronary revascularization.
Prior multicenter randomized trials have delineated the
clinical and economic effectiveness of an integrated ana-
tomic-physiologic approach to CAD by invasive methods, as
compared to an anatomic approach alone. Incremental to
stenosis assessment by ICA, the addition of fractional flow
reserve (FFR) for physiologic determination of lesion-spe-
cific ischemia improves identification of patients who benefit
from coronary revascularization by restricting revasculari-
zation to individuals with severe stenosis that specifically
cause ischemia. In the Fractional Flow Reserve versus
Angiography for Multicenter Evaluation (FAME) trial of
patients with anatomically obstructive CAD, a combined
diagnostic approach of stenosis- and ischemia-guided
revascularization by ICA and FFR, respectively, was supe-
rior to stenosis-guided revascularization alone for enhancing
event-free survival (Harvey and Hecht 2009; Meijboom et al.
2008a; Schuijf et al. 2011).

In addition, the FFR-guided group had shorter length of
hospitalization, thereby leading to lower healthcare costs
and similar or improved post-procedural quality of life
(Pijls et al. 2010). On the basis of this date the ability to
combine both anatomical and functional evaluation of CAD
utilizing a single noninvasive modality is highly desired in
clinical practice. Such noninvasive testing offers the
potential to improve the selection of patients with CAD who
may benefit from invasive testing and revascularization
(Shaw et al. 2008; Brian et al. 2011; Pijls et al. 2010;
Tonino et al. 2010).

2 Clinical Background

Cardiovascular computed tomography (CT) has undergone
tremendous technical developments over the past decade.
The introduction of multi-detector row computed tomog-
raphy (MDCT), wider detector coverage, faster gantry
rotation speed, multiple X-ray sources, electrocardiographic
(ECG)-based tube current modulation, and integration of
new iterative reconstruction algorithms have allowed
improvements in diagnostic accuracy and have enabled
progressive radiation dose reduction (Hsiao et al. 2010;
Entrikin et al. 2011; Beckmann 2006; Goldman 2008).
Utilizing these technical advancements, recent attempts
have been made to develop CT myocardial perfusion (CTP)
imaging strategies. Several single center studies have shown
that CTP imaging has good diagnostic accuracy as com-
pared to single-photon emission computed tomography
(SPECT), cardiac magnetic resonance (CMR), and FFR.
(Gaemperli et al. 2008; Melikian et al. 2010).

Moreover, the evaluation of myocardial perfusion
defects on routine coronary CTA has been shown to be of
additional value above that of assessing coronary anatomy

alone, particularly in the acute chest pain setting. (Tops
et al. 2008; Weininger et al. 2010). While these early results
are promising, significant improvements still need to be
made to overcome associated technological limitations.

3 Limitations of CTP with Single-Energy
CcT

Myocardial hypoperfusion manifests as an area of hypoat-
tenuation (i.e., myocardial perfusion defect) on intravenous
(IV) contrast-enhanced CT studies. Different qualitative and
quantitative strategies have been used to detect areas of
myocardial perfusion defects during the first-pass diffusion
of contrast material into the left ventricular myocardial
segments (Brian et al. 2011). Unfortunately, there are many
limitations that currently hinder CT perfusion with single-
energy CT imaging, including artifacts, radiation exposure,
and contrast load. The most commonly encountered artifact
is that of beam-hardening (Kitagawa et al. 2010). Beam
hardening is inherent in single-energy CT acquisitions that
produce an X-ray beam composed of photons with a wide
range of energy levels (i.e., polychromatic beam). As the X-
ray beam is transmitted through a high-density object,
preferential absorption of lower-energy photons occurs,
creating a filtered beam containing high-energy photons.
This can distort myocardial Hounsfield units (HU, i.e.,
attenuation units), with both artificial reduction and eleva-
tion of these values being possible, depending on the path of
the X-ray beam. This artifactual distortion of myocardial
attenuation can act to confound CT assessment of myo-
cardial perfusion (Kitagawa et al. 2010; Zatz and Alvarez
1977).

The issue of beam-hardening is particularly problematic
in CTP imaging, as the high iodine concentration in the
aorta and cardiac chambers contributes a high burden of
artifact. These artifacts are most commonly identified in the
apical and inferobasal left ventricular myocardial segments,
where HU measurements are typically reduced Fig. 1. In
addition, paradoxically increased HU measurements in the
ventricular septum are commonly encountered as a result of
the same phenomenon having an opposite result. These
artifacts not only reduce reader confidence, but can also
result in erroneous iodine quantification in dynamic CTP
imaging using dual-source single-energy technology (Rod-
riguez-Granillo et al. 2010a; So et al. 2009).

In a recent study evaluating asymptomatic patients
without history of or CT findings for obstructive CAD,
beam-hardening related differences between the inferobasal
myocardial segment and the reminder of the myocardium
were identified in 72 % of patients, mimicking a perfusion
defect (Rodriguez-Granillo et al. 2010a, b).
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Fig. 1 A 58-year-old female
patient with no prior cardiac
history. Single-energy CCTA
reconstructed in a basal two-
chambers short-axis, and b basal
four-chambers transverse axial
plane. The images demonstrate
transmural hypo-attenuation in
the inferobasal left ventricular
myocardial segment (arrow)
consistent with beam-hardening
artifact in this region in the
absence of significant coronary
artery disease. Normal
attenuation is identified in the
remaining of the myocardium

4 Technical Background of Dual-Energy
technique in Myocardial perfusion

Dual-energy CT has been recently introduced into clinical
practice offering the potential to help reduce these artifacts
and their impact on image quality and diagnostic accuracy of
CTP imaging. Currently, dual-energy CT has been com-
mercially introduced with two separate mechanisms. One
method implements a dual-source system, in which two X-
ray tube-detector pairs are mounted onto the same rotating
gantry at an angular offset of 90° (or 94° for the 2nd gen-
eration scanner), with one tube operating at a peak kilo-
voltage (kVp) of 80 or 100 kVp, and the other operating at
140 kVp (So et al. 2011; Karcaaltincaba and Aykut 2010).

A second approach has been more recently introduced,
which generates single-source dual-energy X-rays based on
ultrafast, submillisecond kVp switching (Ko et al. 2012;
Silva et al. 2011). The fundamental basis of rapid kVp
switching is the acquisition of two different tube voltages
alternating on a view-by-view basis with a minimal delay
between low (e.g., 80 kVp) and high (e.g., 140 kVp) pro-
jections during a single x-ray gantry rotation. This offers the
potential for precise temporal registration of views, thereby
minimizing the misalignment error from cardiac motion.
This technique also relies on new detector and scintillator
materials that have ultrafast decay times, enabling the
reduction of image noise between projection views. The
reduction in noise allows both high- and low-energy data
sets to be acquired simultaneously for axial and helical
acquisitions at the full 50 cm field of view (Chandra 2011;
Wau et al. 2009).

5 Material Decomposition

In diagnostic imaging, X-ray photons interact with different
tissues by two distinct mechanisms: the photoelectric effect
and Compton scatter. The total attenuation of photons

through a specific material is dependent on the contributions
of these two effects. Depending on the tissue attenuation
coefficient and the energy of the photons delivered, the
relative contribution of these interactions to image genera-
tion will vary. Compton scatter predominates as the photon
energy increases. On the other hand, the photoelectric
interaction predominates when lower-energy photons
interact with large atomic number materials such as iodine
based IV contrast material. Thus, CT numbers (i.e., atten-
uation values, HU) will vary dramatically with high atomic
number materials, whereas with soft tissues, blood and
collagen, the CT numbers tend to be less variable and
therefore display similar behavior at different photon ener-
gies. Recognizing different tissue atomic numbers, attenu-
ation coefficients, and their behavior with variable photon
energies, material differentiation can be achieved through
spectral monochromatic photon energy (Johnson et al.
2007; Ko et al. 2012).

Owing to the tightly synchronized acquisition, dual-
energy single-source/detector CT offers the potential of pro-
jection-based monochromatic imaging. To do this, the alter-
nating 80 and 140 kVp raw data (i.e., projection views) are
transformed into density (or amount) of the two selected basis
materials: water and iodine (So et al. 2011), which can then be
reconstructed into corresponding water and iodine images.
These two materials are selected owing to their abundance in
the typical imaged field of view and due to the significant
differences in the way they interact with variable X-ray
energy levels. From these material density images, projec-
tion-based monochromatic energy images can be generated
from their linear combination (Matsumoto et al. 2011).

This process of converting the measured attenuations into
density projections, reconstructing the density images, and
further processing to obtain a monochromatic attenuation
coefficient at any desired photon energy is known as “material
decomposition”, which offers the potential for material
quantification and characterization and may allow for dynamic
quantified myocardial perfusion Fig. 2a, b (So et al. 2012).
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Single energy 140 kV

Fig. 2 Transverse axial images of a myocardial phantom consisting
of two inner chambers filled with contrast representing the ventricular
chambers and a contrast-filled cylinder for the aorta. a, b Beam-
hardening artifact became evident within the myocardial area when the
images of the phantom were obtained with 80 kVp single-energy CT

Importantly, these monochromatic images are recon-
structed from raw projection data, which is unique to the
single-source dual-energy platform. In addition, the pro-
jection-based technique applied in single-source dual-
energy CT requires the 80 kVp and 140 kVp projection sets
to be obtained from the same angle, which is only possible
for single-source dual-energy systems (So et al. 2012).

Essentially, each monochromatic dataset is a represen-
tation of how the imaged object would appear if the X-ray
source produced only monochromatic X-ray photons.

6 lodine Mapping and Quantitative
Measurement of Myocardial perfusion
with Rapid kVp Switching Dual-Energy
CcT

Initial experiments in both phantom and animal models
have shown great promise for the reduction of beam-hard-
ening artifacts utilizing single-source rapid-kVp-switching

Projection-based 60 keV

Projection-based70 keV

and 140 kVp single-energy CT. ¢, e The same artifact was constant
with image-based reconstructing mono energies at 60 and 70 keV. d, f
However, the hypo-attenuation area became less evident at projection-
based reconstructing mono energies of 60 and 70 keV, which show
homogenous enhancement of the myocardial phantom

dual-energy scanning. Additionally, there is the capacity for
material density imaging from dual-energy data to quantify
iodine as a surrogate for myocardial blood, facilitating
quantification of myocardial perfusion. Ting Lee and col-
leagues recently used a myocardial phantom consisting of
two inner chambers filled with contrast, representing the
ventricular chambers, and a contrast-filled cylinder for the
aorta to evaluate the efficacy of single-source dual-energy
scanning to reduce beam-hardening artifacts Fig. 3 (So
et al. 2011). Using the phantom, a region of simulated
ischemic defect was placed in the basal lateral wall of the
left ventricle. Both chambers and the aortic cylinder were
placed in water-filled or diluted contrast-filled rings. The
images were acquired with two single-energy techniques at
80 and 140 kVp using the dual-energy scan protocol with
rapid kVp switching, allowing projection-based recon-
struction monochromatic energy imaging.

Projection-based dual-energy CT showed significantly
greater uniformity of the mean attenuation throughout
the myocardium suggesting a significant reduction of
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Fig. 3 Myocardial perfusion a
map in a nonatherosclerotic
swine a using 140 kVp single-
energy CT and b perfusion map
of projection-based single-source
dual-energy 70 keV. Note the
significant reduction in beam
hardening (arrows) at 70 keV as
compared to the other
reconstructions

beam-hardening. Subsequently, this same group performed
similar experiments using a Gammex tissue characterization
phantom then followed this experiment to determine opti-
mal imaging parameters for iodine sensitivity detection or
contrast-to-noise ratio. Rather than using a single iodine
concentration, this phantom model consisted of multiple
iodine-filled chambers of variable concentrations of iodine
solutions. Using the same imaging techniques that were
applied to the myocardial phantom, projection-based
monochromatic energy imaging (i.e., 70 kilo electron volt
‘keV’) showed the highest sensitivity for iodine detection
and also achieved the highest contrast-to-noise ratio com-
pared to imaged-based single-energy or dual-energy tech-
niques (So et al. 2011).

Building on this, additional studies have been performed
with a porcine model, in which normal (non-ischemic) pigs
were scanned and evaluated with rapid kVp switching dual-
energy CT with the use of a Discovery CT750 HD scanner
(GE Health care, Waukasha, WI). Two scans were performed,

140 kVp average map b

70 KeV average map

using 140 and 80 kVp alternating at 0.2-ms intervals,
630 mA, and 0.5-s gantry rotation period initiated at 3—4 s
after IV contrast injection Fig. 4. The projection-based dual-
energy 70 keV images and the corresponding 140 kVp single-
energy imaging sets were then analyzed using CTP software.
Myocardial average attenuation maps and corresponding
aortic and myocardial time-density curve perfusion maps and
values were derived and calculated across the maximal cross
section of the left ventricular lateral, apical, and septal walls,
as well as the aorta. Beam-hardening artifacts were greatly
reduced, with the projection-based dual-energy 70 keV
images resulting in uniform enhancement throughout the
myocardium; this allowed more robust and accurate time-
attenuation curve derivation and ultimately accurate quanti-
fication of myocardial perfusion defects.

These initial experiences suggest that projection-based
monochromatic energy imaging is superior to polychro-
matic imaging and image-based monochromatic imaging in
reducing beam-hardening and in iodine quantification.
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Fig. 4 A 62-year-old patient known to have hypertension, dyslipide-
mia, and diabetes mellitus came with atypical chest pain. Recon-
structed short-axis views of the basal left ventricle, fop row, and the
corresponding images in transverse axial plane, bottom row a average

7 Early Human Experiences

Early human experiences with rapid kVp switching dual-
energy CT have shown promising results. While the degree
of beam-hardening reduction is not as profound as noted in
the in vitro studies, there was a significant reduction
observed, particularly in the basal inferior wall and the mid
septum. In a matched cohort of 30 patients without
obstructive CAD who underwent both a clinical single-
energy coronary CTA and an experimental rapid kVp
switching CT, there was 50 % reduction in beam-hardening
artifact in the basal inferior wall and mid septum at 80 keV
Fig. 2¢c, d, and e. In a larger cohort of 49 patients under-
going dual-energy CT alone, contrast-to-noise and signal-
to-noise ratios were found to be optimized at 70-80 keV for
the myocardium and 65 keV for coronary analysis (Leipsic

map, b material decomposition of water, and ¢ material decomposition
of iodine equivalent density images. Reconstructed images obtained
with d 60 keV, e 70 keV, and f 80 keV. The beam-hardening effect
was significantly reduced in the 70 keV map

et al. unpublished data). At the time of the submission of
this chapter, experiences with the use of rapid kVp
switching CT in the assessment of pathological perfusion
cases were extremely limited, precluding any comment on
the potential impact on the diagnostic accuracy of CTP
imaging using such a technique.

8 Future Outlook: the Potential
for Clinical Application

Single-source dual-energy CTP imaging has only recently
moved beyond the phantom and animal experiment sphere
and is now being utilized in patients. As stated above, initial
human experiences have supported the prior data from both
phantom and animal experiments, showing a reduction in
beam-hardening and consistent ability to routinely quantify
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Fig. 5 Example of the application of DECT monochromatic imaging
in a 63-year-old asymptomatic patient with risk factors. Separation of
calcium from iodine has been demonstrated in the left main coronary
artery allowing more accurate luminal assessment

iodine in the myocardium. Continued study is needed to
evaluate the impact, if any, of this beam-hardening reduc-
tion on the diagnostic accuracy of CTP. Additionally, future
trials are needed to investigate the potential of material
decomposition to characterize and more robustly segment
coronary artery plaques Fig. 5. Initial experiences suggest

that projection-based monochromatic imaging might reduce
partial volume averaging of calcified plaque, allowing more
accurate luminal assessment in the setting of calcified pla-
ques. However, this experience remains limited and further
studies involving larger multicenter cohorts with invasive
angiographic, and likely, intravascular ultrasound correla-
tion is needed to confirm these findings.
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disease (CAD) is estimated at 16,300,000 (7.0 %) individu-
als, about 7 % adults above the age of 20 (8.3 % for men and
6.1 % for women). In 2008, in the United States alone, CAD
mortality was 405,309 (216,248 males and 189,061 females),
of whom 133,958 adults (72,447 males and 61,511 females)
died of myocardial infarction (Roger et al. 2012). Current
observations point toward significant decay in cardiovascular
disease mortality mainly due to substantial improvements
in prevention and medical management (Rosamond et al.
2008). Undoubtedly, advances in noninvasive imaging
strategies are playing a significant role in this field.

To date, conventional invasive coronary angiography
remains the standard of reference for establishing coronary
artery atherosclerosis and to assess the degree of CAD. In
2009, an estimated 1,072,000 cardiac catheterizations were
performed for inpatients in the United States. Even if this
procedure is generally safe, it was predicted that in-hospital
death rate was approximately of 0.9 % (Roger et al. 2012).

In an effort to avoid unnecessary complications related to
procedures performed for diagnostic purposes of CAD only,
the last decade has seen exponential growth in noninvasive
diagnostic imaging modalities. Among those, multidetector
computed tomography (MDCT), in particular, has shown to
be an attractive alternative for accurately detecting CAD.
This technology has emerged as a powerful diagnostic tool
that enables robust anatomical imaging of the heart and
coronary vasculature. With latest scanner generations, there
is increasing evidence that MDCT can replace conventional
coronary angiography in various clinical settings (Taylor
et al. 2010). Coronary CT angiography (cCTA) is widely
used to aid in the diagnosis of CAD, particularly when
other tests reveal equivocal results (Miller et al. 2008;
Vanhoenacker et al. 2007; von Ballmoos et al. 2011).
Moreover, the results of a number of studies have shown that
coronary MDCT angiography bears independent prognostic
information over conventional clinical risk factors in
patients known or suspected to have CAD, particularly when
no disease is detected (Min et al. 2007, 2011; Bamberg et al.
2011a). Thus, cCTA-derived information is very useful for
the initial diagnosis of CAD (i.e. visualization and quanti-
fication of coronary artery plaques and stenosis) and suc-
cessful planning for revascularization. The cCTA-based
approach, however, may be insufficient if CAD requires
complete assessment. As said, cCTA provides a restricted
perspective of CAD. Proper assessment of the disease
requires not only knowledge of the coronary anatomy and
morphology, but also information about the status of myo-
cardial vascularization (King et al. 2008). In fact, the latter
becomes critical as myocardial perfusion itself defines the
actual functional relevance of a certain coronary stenosis,
represents a strong determinant for choosing the appropriate
therapy, and determines a patient’s prognosis (Shaw et al.
2008; Tonino et al. 2010). In regular clinical practice, the

physiological significance of coronary artery stenosis is
established by means of myocardial perfusion imaging
(MPI) modalities during exercise-induced or pharmacolog-
ically-induced hyperemia/stress, or by estimating the frac-
tional flow reserve (FFR) during conventional coronary
angiography. Vasodilator stress can be induced with aden-
osine, dipyridamole, or novel selective adenosine A2A
receptor agonists (regadenoson) (Buhr et al. 2008). Even if
such pharmacological “stress” is not physiologically
equivalent to the stress produced by physical exercise itself,
it appears to have similar diagnostic and prognostic effects,
as shown by nuclear MPI modalities. Single photon emission
computed tomography (SPECT) is the most widely available
and most extensively validated MPI modality (Hendel et al.
2009); although, due to a higher spatial resolution, cardiac
magnetic resonance (CMR) imaging (Hendel et al. 2006) has
demonstrated its superiority over the latter for detecting
nontransmural perfusion defects (Schwitter et al. 2008).
Other MPI modalities include positron emission computed
tomography (PET) (Dorbala et al. 2009) and contrast-
enhanced echocardiography (Arnold et al. 2010). A recent
meta-analysis has shown that CMR seems to be superior for
the diagnosis of obstructive CAD compared with echocar-
diography and SPECT, while echocardiography and SPECT
demonstrate similar diagnostic performance (de Jong et al.
2012). In another meta-analysis, SPECT, CMR, and PET all
yielded a high sensitivity, with the PET technique achieving
the highest diagnostic performance (pooled sensitivity of
84 % and pooled specificity of 81 %). According to this
study, CMR may provide an alternative to PET with similar
diagnostic accuracy yet without ionizing radiation (Jaarsma
et al. 2012). Finally, estimation of the FFR during conven-
tional coronary angiography has been shown to allow
depiction of ischemia-producing coronary artery lesions.
Routine measurement of this parameter in patients with
multivessel CAD who are undergoing percutaneous coro-
nary intervention with drug-eluting stents has shown to
significantly reduce the rate of the composite end point of
death, nonfatal myocardial infarction, and repeat revascu-
larization at 1 year (Tonino et al. 2009).

The added clinical value of CT in the context of coronary
artery stenosis and MPI is undergoing vigorous investiga-
tion. Besides the context of hybrid imaging modalities
(Flotats et al. 2011), CT-based approaches are gaining
increasing relevance. Just from a morphological perspec-
tive, the comparison between CAD as shown by cCTA and
as shown by SPECT has revealed information that is
complementary. One study demonstrated that only 45 % of
patients with an abnormal cCTA had abnormal MPI; in this
contribution, even in patients with obstructive CAD on
cCTA, 50 % still had a normal MPI, revealing that normal
myocardial perfusion did not exclude the presence of cor-
onary atherosclerosis (Schuijf et al. 2006). Moreover, the



Dynamic, Time-Resolved CT Imaging

113

combined noninvasive approach of cCTA and MPI has been
shown to have excellent accuracy for the detection of flow-
limiting coronary stenosis and may be used as a gatekeeper
for conventional coronary angiography, avoiding redundant
revascularization procedures (Gaemperli et al. 2009).
Besides morphological imaging, the value of CT itself as
standalone modality for MPI has been investigated using
single-energy (George et al. 2006, 2007, 2009; Blankstein
et al. 2009) and dual-energy CT techniques based on dual-
source CT (DSCT) technology (Ruzsics et al. 2008, Ruzsics
2009), with promising results.

Consequently, given the fact that DSCT shall provide
both morphological and anatomical information of the
heart, most recent research has focused on evaluating its
ability to provide a comprehensive assessment of cardiac
anatomy, function, perfusion, and viability within the same
examination (Bastarrika et al. 2009). The recently intro-
duced second-generation DSCT enables real-time dynamic
perfusion imaging by means of a dedicated “shuttle” mode
that captures the passage of a contrast medium bolus
through the myocardium. The system is equipped with two
128-section detectors that provide greater detector coverage
compared with first generation DSCT (Lell et al. 2009;
Leschka et al. 2009) and allow fast prospectively ECG-
triggered image acquisition at two alternating table posi-
tions during contrast medium infusion (Bastarrika et al.
2010a; Bamberg et al. 2010). Animal models (Mahnken
et al. 2010; Bamberg et al. 2012) and preliminary human
studies (Bamberg et al. 2011b; Bastarrika et al. 2010b;
Wang et al. 2012; Ho et al. 2010) have shown that first-pass
myocardial perfusion with DSCT is feasible and may be a
suitable tool for myocardial perfusion imaging.

2 Rationale Behind Dynamic,
Time-Resolved Myocardial DSCT
Perfusion Imaging

Recent developments in cardiac CT imaging have focused
on the integrative assessment of CAD, including detection
of coronary artery stenosis and the appraisal of its hemo-
dynamic significance for cardiac function, perfusion, and
viability (Bastarrika et al. 2009; Vliegenthart et al. 2012).

The idea of CT evaluation of myocardial perfusion with
characterization of microvessel responses to vasoactive
substances was originated in the era of electron beam CT
(Wolfkiel et al. 1987; Bell et al. 1999; Gould et al. 1988;
Lerman et al. 1999). Later, with newer generation MDCT
systems, preclinical studies investigating CT image acqui-
sition under adenosine-induced stress demonstrated the fea-
sibility of detecting reversible ischemia and accurately
measuring myocardial blood flow during first-pass contrast-
enhanced CT comparable to stress nuclear MPI examinations

(George et al. 2006, 2007). George et al. (2009) evaluated the
transmural extent of perfusion abnormalities to predict ath-
erosclerosis causing myocardial ischemia by adenosine stress
with 64- and 256-row MDCT in patients with a history of
abnormal myocardial perfusion SPECT. For the purpose of
their study, they compared the combination of cCTA and
myocardial CT perfusion imaging with the combination of
SPECT and quantitative coronary angiography as the refer-
ence standard in the detection of obstructive atherosclerosis
causing perfusion abnormalities. Authors reported sensitiv-
ity, specificity, positive and negative predictive values in the
per-patient analysis as 86, 92,92, and 85 %, respectively, and
79, 91, 75, and 92 % in the per-vessel/territory analysis.
According to the authors, this study demonstrated that the
combination of cCTA and CT perfusion imaging can detect
atherosclerosis causing perfusion abnormalities when com-
pared with the combination of quantitative coronary angi-
ography and SPECT (George et al. 2009). In another study,
Blankstein et al. (2009) sought to determine the feasibility of
performing a comprehensive cardiac CT examination
incorporating stress and rest myocardial perfusion imaging
together with cCTA in 34 patients, with respect to nuclear
stress test and conventional coronary angiography (Blank-
stein et al. 2009). In this study, on a per-vessel basis, CT
perfusion alone had a sensitivity of 79 % and a specificity of
80 % for the detection of stenosis greater than 50 %, whereas
SPECT MPI had a sensitivity of 67 % and a specificity of
83 %. For the detection of vessels with 50 % or greater ste-
nosis and a corresponding SPECT perfusion abnormality, CT
perfusion had a sensitivity of 93 % and a specificity of 74 %.
According to these authors, adenosine stress CT can identify
stress-induced myocardial perfusion defects with diagnostic
accuracy comparable to SPECT and with the advantage of
providing information on coronary stenosis (Blankstein et al.
2009).

One potential disadvantage of the single spiral acquisition
mode for demonstrating the true hemodynamic significance
of coronary artery stenosis via myocardial perfusion is that
this acquisition mode simply provides a one-time static
snapshot of the state of the myocardial blood supply during
the time the respective portion of the myocardium is scan-
ned. Consequently, more cranial portions of the heart may
eventually be imaged during a different perfusion phase than
the most caudal portions. Further, this approach cannot
capture all phases of myocardial contrast kinetics and thus
may provide only limited information regarding the extent of
microvascular disease (Bastarrika et al. 2010b).

Recently introduced dynamic, time-resolved myocardial
DSCT perfusion fulfills the principle of real-time perfusion
imaging, as it demonstrates the actual wash-in and wash-out
dynamics of iodinated contrast material in normal and dis-
eased myocardium. This approach relies on dynamic time-
resolved image acquisition at multiple time points during
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contrast medium passage through the myocardium. A few
years ago, animal experiments demonstrated the feasibility
of this concept with MDCT and showed the potential for
visual and semiquantitative assessment of first-pass myo-
cardial perfusion (Mahnken et al. 2006). Nevertheless, with
the limited coverage provided by the detectors of those early
MDCT systems, the acquisition had to be restricted to a
single transaxial image. More advanced volume-CT sys-
tems, such as 256-MDCT (George et al. 2009), 320-MDCT
(George et al. 2012), and second-generation DSCT, enable
dynamic time-resolved perfusion imaging with greater vol-
ume coverage along the z-axis of the heart (Bastarrika et al.
2010a; Bamberg et al. 2010). The second-generation DSCT
has 73 mm volume coverage and can acquire perfusion data
at two alternating table positions in ECG-triggered mode
during end systole with rapid back-and-forth CT scanner
table movements (“shuttle mode”), thus being a suitable tool
to establish real-time passage of contrast through the myo-
cardium. It could be said that dynamic, time-resolved
myocardial DSCT perfusion imaging resembles the CMR
imaging model. The tissue kinetics of iodine contrast agents
and gadolinium chelates are similar (Gerber et al. 2006).
Therefore, myocardial ischemia or infarction will appear as
an area of hypoattenuation in first-pass imaging and myo-
cardial infarction will be shown as a subendocardial hyper-
attenuating area in delayed-enhancement images (Lardo
et al. 2006). Moreover, CT dynamic first-pass perfusion
imaging combines high spatial and temporal resolution in a
similar fashion as CMR and allows comparable results in
terms of estimation of transmurality of myocardial perfusion
defects (Nagel et al. 2009). Contrary to CMR perfusion
using gadolinium-based contrast agents, in CT there is a
linear relationship between myocardial contrast medium
enhancement by the myocardium and iodine concentration, a
feature that enables proper direct quantification of myocar-
dial blood flow (Mahnken et al. 2006).

As said, the main advantage of volumetric myocardial
DSCT perfusion is that it offers unprecedented ability to
obtain quantitative measurements of tissue blood flow in
healthy and diseased myocardium, far beyond mere
assessment of two-dimensional region of interest-based
density measurements or single slice-based time-attenuation
curves. Further, combined with coronary DSCT angiogra-
phy, the protocol appears as an appealing approach to the
integrative assessment of CAD.

3 Imaging Study Protocol
3.1 Patient Preparation

Appropriate selection of patients suitable for myocardial
DSCT perfusion is the cornerstone for diagnostic, high-

quality examinations. Inadequate inclusion of obese
individuals or patients with severe arrhythmia will lead to
nondiagnostic tests. The study should not be performed in
patients with hemodynamically and clinically unstable
conditions, known contrast media allergy, severe arrhyth-
mia, impaired renal function (creatinine > 1.5 mg/dl),
inability to perform a 30-second breath hold, and pregnant
or breastfeeding women. Individuals with contraindications
for adenosine including 2nd or 3rd degree atrioventricular
block, sick sinus syndrome, long QT syndrome, severe
hypotension, and severe asthma should be excluded.
Patients need to be in supine, feet-first position. Any
treatment with beta-adrenergic blocking agents and/or
nitrates should be discontinued prior to the scanning. Two
antecubital 18-gauge size intravenous lines are required,
one for intravenous contrast administration and the other for
adenosine infusion. After placement of ECG electrodes and
clear identification of QRS complex, detailed explanation of
the imaging procedure has to be given to patients so as to
obtain their maximum cooperation.

3.2 Acquisition Protocol

Exams are acquired in cranio-caudal direction with simul-
taneous recording of the ECG signal (Fig. 1). As a general
rule, the acquisition should be planned over a previously
acquired cCTA reconstructed during systole at 250 ms after
the R-peak, in order to ensure appropriate coverage of the
whole heart during the first-pass myocardial perfusion
acquisition. Studies are obtained in end-inspiration with a
standardized acquisition time of 30 s. If patients cannot
hold their breath for 30 s, they shall be instructed to slowly
release their breath and continue breathing shallowly.

The stress dynamic acquisition mode is started 3—4 min
after the beginning of the infusion of intravenous adenosine
(dose of 140 pg/kg/min). Myocardial perfusion CT data are
acquired every other R-R’ interval at two alternating table
positions in ECG-triggered mode at end systole (250 ms
after the R-peak), with the table shuttling back-and-forth
between the two positions during image acquisition (table
acceleration: 300 mm/s?). A complete dataset of the whole
cardiac volume is acquired every ~ 2.8 s. Given a detector
width of 38 mm and a 10 % overlap between the two
acquisition ranges, the anatomic coverage of this imaging
technique is 73 mm. Recommended image acquisition
parameters are 100 kV tube voltage and 300 mAs. The
image acquisition sequence should be initiated 4 s prior to
the arrival of the contrast medium bolus front as determined
by the initial test bolus injection in order to ensure baseline
acquisition of noncontrast images prior to the onset of first-
pass perfusion. The myocardial DSCT perfusion examina-
tion requires 50 ml of contrast agent followed by 50 ml of
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Fig. 1 Comprehensive cardiac DSCT protocol for the assessment of
coronary artery disease (CAD) using a second-generation DSCT
system. The protocol comprises coronary artery calcium scoring,
morphological coronary CT angiography (cCTA), and functional
assessment by time-resolved myocardial DSCT perfusion and delayed-

saline, injected at 6 ml/s. The estimated radiation dose
provided to patients with this dynamic stress-DSCT perfu-
sion acquisition mode is approximately 10 mSv.

3.3 Data Reconstruction, Postprocessing,

and Evaluation

To maintain CT value stability and high temporal resolution
of the images, myocardial perfusion datasets are recon-
structed using an approach that combines the results of two
reconstructions into one final image stack. The high
frequency components that predominantly contain the
anatomical information (e.g. edges) are taken from a dual-
source cardiac partial reconstruction providing 75-ms tem-
poral resolution, whereas the low frequency components
that predominantly contain the contrast information are
taken from a 360° reconstruction providing 0.28-s temporal
resolution (Bruder et al 2009).

For image analysis, myocardial perfusion datasets are
reconstructed with 3 mm slice thickness every 2 mm with a
medium sharpness convolution algorithm. Studies are pro-
cessed using a dedicated software tool (Volume Perfusion
software, syngo VA31, Siemens). Dynamic stress CT per-
fusion may be evaluated using qualitative, semiquantitative,
or quantitative approaches. For qualitative analysis, it is
recommended that dynamic stress-DSCT perfusion images
are interpreted visually in conjunction with delayed-
enhancement CT images. This approach may help to dif-
ferentiate fixed from reversible myocardial perfusion
defects (Bastarrika et al. 2010b).

enhancement imaging. If the proposed entire cardiac DSCT study is
considered, including all four scans, the estimated radiation dose is
approximately 18 mSv (Bastarrika et al. 2010b). A detailed description
of scan parameters, medication, and contrast medium administration is
shown in Table 1

For the semiquantitative perfusion analysis, dynamic
stress CT perfusion image datasets need to be reformatted
into 10 mm slice thickness, short-axis multiplanar reformats
representative of basal, mid, and apical portions of the left
ventricular myocardium so as to reproduce the 16-segment
American Heart Association model (Cerqueira et al. 2002).
Semiquantitative perfusion analysis is based on computing
the upslope of the signal intensity over time curve from
unenhanced myocardium to maximum signal intensity dur-
ing the myocardial first-pass of the contrast agent, according
to the “myocardial-to-left ventricular upslope index” method
(Christian et al. 2004). In order to obtain the respective
curves, epicardial and endocardial borders of the myocar-
dium have to be defined with the aid of software. All perfu-
sion parameters are usually normalized to blood pool signal
intensity curves (Christian et al. 2004; Nagel et al. 2003).

For absolute myocardial perfusion quantification, a
dedicated parametric deconvolution technique based on a
two compartment model of intra- and extravascular space is
used to fit the time-attenuation curves (Mahnken et al.
2010). In order to increase the precision of the fit, double
sampling of the arterial input function (AIF) is performed.
The input function is sampled in the descending aorta at
every table position and combined into one AIF that pos-
sesses twice the sampling rate of the tissue time-attenuation
curve (TAC). The algorithm then determines the maximum
slope from the fit model curve for every voxel and calcu-
lates myocardial blood flow (MBF) according to the fol-
lowing relationship: MBF = Max Slope (TissueTAC)/
Maximum (AIF), where the maximum slope reflects the
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Fig. 2 Quantitative and
semiquantitative assessment

of myocardial perfusion using
dynamic, time-resolved DSCT
perfusion imaging in a 53-year-
old male with abnormal ECG.

a Short-axis, color-coded
perfusion maps (blood flow, BF)
for quantitative assessment. The
blue and green colored sections
in the inferior wall reveal an area
of hypoperfusion during the
first-pass myocardial DSCT
perfusion imaging. In contrast,
the predominantly red colored
wall segments represent
normally perfused areas.

b Semiquantitative assessment
of myocardial perfusion. As
shown, graphs demonstrate
changes in HU values over time
measured by ROI analysis in the
myocardial segment of interest
(each corresponding image is
depicted above). The normally
perfused segment (left) shows a
higher maximum HU value

(60 HU vs. 15 HU) and there is
delayed wash-in and wash-out
of contrast in the hypoperfused
segment (right). ¢ Short-axis
stress perfusion SPECT imaging.
The perfusion defect in the
inferior wall on SPECT closely
matches the CT perfusion map

tissue TAC and the maximum (AIF) indicates the maximum
AIF value (Bamberg et al. 2010) (Fig. 2).

4 Integrative Cardiac DSCT Protocol
for the Assessment of Coronary Artery
Disease

A suggested study protocol for comprehensive assessment
of CAD using a second-generation DSCT system, including
coronary artery calcium quantification, coronary DSCT
angiography, first-pass myocardial perfusion, and delayed-
enhancement imaging should be performed as follows
(Table 1) (Bastarrika et al. 2010c).

4.1

Single Heart-beat, High-pitch CT Calcium
Scoring

2 x 64 x 0.6 mm detector collimation (2 x 128 x
0.6 mm sections) by means of the z-flying focal spot tech-
nique, 280 ms gantry rotation time, 120 kV tube potential,
and 73 mAs per rotation tube current time product.

4.2 Prospectively ECG-triggered Coronary CT

Angiography

With 2 x 64 x 0.6 mm detector collimation (2 x 128 x
0.6 mm sections), 280 ms gantry rotation time, and
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Table 1 Comprehensive cardiac DSCT protocol for the assessment of coronary artery disease

Coronary Calcium®  Coronary CT angiography” Dynamic DSCT Delayed
perfusion enhancement®
Current Voltage (kVp) 120 120 100 80
Current (mAs) 73 320 300 320
Modulation 70 % R-R’ Max. 70 %; min. 30-90 % R-R’ 250 ms post R 70 % R-R’
(R-R’ int.)
Acquisition Collimation 2 x 64 x 0.6 2 x 64 x 0.6 2 x 64 x 1.2 2 x 64 x 0.6
(mm)
Sections 2 x 128 x 0.6 mm 2 x 128 x 0.6 mm 2 x 128 x 1.2 mm 2 x 128 x 0.6 mm
Rotation time 280 280 280 280
(ms)
Reconstruction ~ Thickness/ 3/1.5 0.75/0.3 3/2 0.75/0.3
Incr. (mm)
Algorithm B35 B26f (B46f if calcification or B23f B26f
stent)
Medication Adenosine - - 140 pg/kg/min -
Test Region of - Ascending aorta - —
interest
Test bolus - 15/50 ml at 6 ml/s - -
(CM/S/F)
Delay Test bolus - Peak time + 4 s 4 s prior to the arrival  —
of the CM bolus front
Contrast Concentration — — High iodine concentration (370—400 mg I/ml) =
(mg I/ml)

Protocol (ml) -

6 ml/s
Modified from Bastarrika et al. (2010c)

70 ml CM + 50 ml mixture
(30 % CM/70 % S) + 30 ml S at

S0mlCM 4+ 50mlS -
at 6 ml/s

Note: kVp kilovolt peak, mAs milliampere per second, R—R'int R-R’ interval, mm millimeters, ms milliseconds, CM contrast medium, S saline,
F flow, mg I/ml milligrams if iodine per milliliter, m! milliliter, max maximum, min minimum, s seconds, ug/kg/min microgram per kilogram per

minute
? Acquired with single heart-beat/high-pitch (3.4)
® Acquired with prospective ECG-triggering

¢ Acquired with prospective ECG-triggering or with single heart-beat/high-pitch (3.4)

320 mAs per rotation tube current time product, 120 or
100 kV tube potential should be used for patients with
body mass index greater than 25 kg/m” or less than 25 kg/
m?, respectively. Full radiation dose window should be set
at 70 % of the R-R’ interval in patients with heart rates at
or below 70 beats/min (bpm), and at 40 % of the R-R’
interval in patients with a heart rate above 70 bpm. If
functional information is desired, adaptive prospective
ECG-triggering may be used with the reduced dose (20 %
of the nominal tube current) applied between 30 and 90 %
of the R-R’ interval. Intravenous contrast is administered
using a triphasic injection protocol with injection of 70 ml
of pure, undiluted, high iodine concentration contrast
material followed by a constant volume of 50 ml of a
70:30 % saline-to-contrast medium mixture, and finally

30 ml of pure saline, all injected at 6 ml/s. The study
acquisition delay time may be estimated using the bolus
tracking technique or the test bolus technique. For the
latter, injection of 15 ml contrast medium at 6 ml/s, fol-
lowed by 50 ml of saline is recommended. The actual
delay time is calculated as the time of peak contrast
medium attenuation in a region of interest in the ascending
aorta plus 4 s. For coronary artery evaluation, datasets are
reconstructed using 0.75 mm section thickness and
0.3 mm reconstruction increment at 40 or 70 % R-R’
depending on the heart rate (described above). An addi-
tional reconstruction during systole at 250 ms after the
R-peak is recommended to plan the coverage range
of the dynamic, time-resolved stress-DSCT perfusion
acquisition.
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4.3 Dynamic, Time-Resolved First-Pass

Myocardial DSCT Perfusion

(Described Above)

4.4 Delayed-Enhancement Imaging

This last acquisition is performed 6 min after the first-pass
myocardial DSCT perfusion study using a regular pro-
spectively ECG-triggered mode with image acquisition at
70 % of the R-R’ interval, 2 x 64 x 0.6 mm detector
collimation (2 x 128 x 0.6 mm sections), 280 ms gantry
rotation time, 80 kV tube voltage, and 320 mAs per rota-
tion tube current time product. Single heart-beat high-pitch
DSCT acquisition may also be used for delayed-enhance-
ment imaging in order to save radiation dose.

5 First-Pass Myocardial DSCT Perfusion
Imaging: Preclinical Studies

Early studies performed to address feasibility of first-pass
myocardial perfusion imaging using MDCT were performed
in animal models. The major restriction of these initial
studies was that they were limited by the width of the CT
detector, so they could only aim at obtaining images corre-
sponding to a specific section of the heart (George et al.
2007; Mahnken et al. 2006; Daghini et al. 2007). In the first
study, evaluating the feasibility of myocardial first-pass
perfusion imaging with MDCT, Mahnken et al. (Mahnken
et al. 2006) included five pigs with acute myocardial
infarction and compared dynamic contrast-enhanced MDCT
results with the extension of the myocardial infarction after
sacrifice. The authors concluded that MDCT allowed for the
differentiation of infarcted myocardium (shown as hypop-
erfused area) and normal myocardium, and that MDCT had
the potential for visual and semiquantitative assessment of
first-pass myocardial perfusion (Mahnken et al. 2006).
George et al. (2007) conducted another study on the ability
of dynamic 64-row MDCT to provide an accurate mea-
surement of myocardial blood flow during first-pass MDCT,
using semiquantitative and quantitative analysis methods. In
their study, myocardial perfusion was analyzed using a
model-based deconvolution approach and two upslope
methods. Results were compared with the microsphere-
derived myocardial blood flow measurements. The authors
concluded that measurement of myocardial blood flow
provided by MDCT using upslope and model-based decon-
volution methods correlated well with microsphere myo-
cardial blood flow (George et al. 2007). Finally, in a different
study, Daghini et al. (2007) assessed the ability of electron
beam computed tomography and 64-row MDCT to evaluate

indices of endothelial function and microvascular perfusion
as determined by the myocardial microvascular permeabil-
ity-surface area product and the fractional vascular volume.
Obtained time-attenuation curves were analyzed using
indicator-dilution and Patlak models. The authors concluded
that the assessments obtained by 64-row MDCT were not
reliable when using indicator-dilution analysis, likely due to
the method’s sensitivity to scan duration, but the quantifi-
cations obtained using the Patlak model were feasible
(Daghini et al. 2007).

With the advent of second-generation DSCT technology
with higher temporal resolution, broader detectors, extended
coverage, and implementation of a new scan mode that
allows for dynamic scanning with a z-coverage of twice the
detector width so as to include the whole heart in the acqui-
sition, research on myocardial CT perfusion imaging has
been invigorated (Haberland et al. 2010). In the first inves-
tigation of feasibility, preliminary animal experience study
Mahnken et al. (2010) quantified differences in regional
myocardial perfusion by assessing volumetrically myocar-
dial blood flow, first-pass distribution volume, and intravas-
cular blood volume in pigs with 80 % stenosis of the left
anterior descending coronary artery. They observed that the
amount of myocardial blood flow in the post-stenotic myo-
cardium was significantly lower than the quantity of myo-
cardial blood flow in the remaining normal myocardium, thus
concluding that myocardial perfusion with DSCT is able to
demonstrate the hemodynamic effect of high-grade coronary
artery stenosis (Mahnken et al. 2010). In a more recent study,
Bamberg et al. (2012) determined the accuracy of DSCT
dynamic stress myocardial perfusion imaging to estimate
myocardial blood flow in a porcine animal model with vari-
able degrees of induced coronary artery stenosis in compar-
ison with microsphere-derived myocardial blood flow. In this
study, 50 and 75 % diameter luminal narrowing of the left
anterior descending coronary artery were achieved after stent
placement and balloon catheter inflation. Animals underwent
adenosine-stress and rest myocardial DSCT perfusion with
the described “shuttle mode” acquisition technique. Authors
concluded that myocardial blood flow estimated by DSCT at
rest and stress showed a valid difference with varying degrees
of coronary stenosis. However, they noted that DSCT over-
estimated the amount of myocardial blood flow compared
with microsphere-derived myocardial blood flow quantifi-
cation (Bamberg et al. 2012).

6 First-Pass Myocardial DSCT Perfusion
Imaging: Clinical Studies

In the clinical setting, the first technical note on dynamic
first-pass myocardial DSCT perfusion published by
Bamberg et al. (2010) detailed the principles of using
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model-based determination of regional myocardial blood
flow by DSCT and demonstrated its in vivo applicability.
After this proof of concept, the same group conducted a
study in 33 patients who were suspected of having or were
known to have CAD so as to determine the feasibility of
dynamic, first-pass myocardial DSCT perfusion imaging to
detect hemodynamically significant coronary artery stenosis
(Bamberg et al. 2011b). In this study, the FFR was con-
sidered as the standard of reference. Authors observed that
the diagnostic accuracy of DSCT for the detection of ana-
tomically significant coronary artery stenosis was high, but
had a low positive predictive value for the detection of
hemodynamically significant stenosis. With the use of
DSCT-derived myocardial blood flow quantification, almost
50 % of the coronary lesions were graded as not hemody-
namically significant, a fact that significantly increased the
positive predictive value of the test from 49 to 78 %.
According to these authors, the presence of a coronary
artery stenosis with a corresponding myocardial blood
flow less than 75 ml/100 ml/min had a high risk for
hemodynamic significance (Bamberg et al. 2011Db).

Using a similar cardiac DSCT perfusion imaging protocol,
Bastarrika et al. (2010b) provided the first clinical evidence
revealing that dynamic first-pass DSCT perfusion imaging
under adenosine stress may enable the evaluation of quali-
tative and semiquantitative perfusion parameters in a com-
parable fashion as CMR. In this study, sensitivity, specificity,
and positive and negative predictive values for detection of
myocardial perfusion defects at DSCT compared with MRI
were 86.1, 98.2, 93.9, and 95.7 %, respectively. Semiquan-
titative analysis of DSCT data showed significant differences
between ischemic and nonischemic myocardium with a sig-
nal intensity upslope that was comparable to MRI-derived
values. Authors found moderate correlation, however,
between absolute DSCT-derived quantification of myocar-
dial blood flow and semiquantitative DSCT measurements
(Bastarrika et al. 2010b). The same group expanded their
observation to 30 consecutive patients who underwent
dynamic myocardial CT perfusion imaging under regade-
noson stress and compared myocardial perfusion defects on
DSCT with respect to CMR and SPECT, leading to similar
conclusions (Weininger et al. 2011) (Fig. 3).

Wang et al. (2012) evaluated the feasibility of adenosine-
stress dynamic myocardial perfusion imaging with second-
generation DSCT for detecting myocardial ischemia in
comparison with conventional catheter coronary angiogra-
phy and SPECT in 30 patients. Authors quantified DSCT-
derived myocardial blood flow and compared this value with
the ones obtained for stress and rest SPECT. Sensitivity,
specificity, and positive and negative predictive values for
myocardial DSCT perfusion for the identification of

segments with perfusion defects with respect to SPECT were
85, 92, 55, and 98 %, respectively. On a per-vessel basis,
sensitivity, specificity, and positive and negative predictive
values for detecting flow-obstructing stenosis were, respec-
tively, 100, 76, 54, and 100 % for DSCT perfusion; 90, 51,
35, and 95 % for cCTA; and 90, 81, 58, and 97 % for DSCT
perfusion combined with cCTA. According to the authors,
myocardial DSCT perfusion combined with cCTA improves
diagnostic accuracy for identifying flow-obstructing stenosis
compared with cCTA alone (Wang et al. 2012).

In another study, Ho et al. (2010) assessed the ability of
DSCT myocardial perfusion imaging to detect abnormal
flow reserve and infarction in comparison with SPECT in 35
patients who underwent myocardial DSCT perfusion under
dipyridamole stress. Authors correlated perfusion defects
detected on DSCT to coronary stenosis visualized on cCTA
and conventional coronary angiography. Sensitivity, speci-
ficity, and positive and negative predictive values of
dynamic DSCT perfusion for identifying segments with
perfusion defects were 83, 78, 79, and 82 %, respectively.
Compared with conventional coronary angiography, sensi-
tivity, specificity, and positive and negative predictive
values of dynamic DSCT were 95, 65, 78, and 79 %,
respectively. The authors concluded that vasodilator-stress
myocardial DSCT perfusion imaging may be feasible at a
radiation dose similar to SPECT (~9 mSv). Dynamic
DSCT perfusion identified areas of abnormal flow reserve
and infarction with a high degree of correlation to SPECT,
as well as to stenosis detected in cCTA and conventional
coronary angiography (Ho et al. 2010).

Finally, there is not much clinical evidence about the
use of dynamic, time-resolved myocardial DSCT perfu-
sion imaging in the setting of patients with acute chest
pain. Weininger et al. (2012) detailed their initial expe-
rience performing myocardial stress perfusion DSCT in
20 consecutive patients who presented with acute chest
pain and were clinically referred for stress/rest SPECT
and CMR. Individuals were randomly assigned to aden-
osine-stress dynamic, real-time myocardial perfusion
DSCT or adenosine-stress first-pass dual-energy myocar-
dial perfusion CT. According to their results, real-time
perfusion DSCT (versus SPECT) had 86 % (84 %) sen-
sitivity, 98 % (92 %) specificity, 94 % (88 %) positive
predictive value, and 96 % (92 %) negative predictive
value in comparison with perfusion CMR for the detec-
tion of myocardial perfusion defects. Authors concluded
that compared to both CMR and SPECT, dynamic, real-
time perfusion CT and first-pass dual-energy perfusion
CT showed good agreement for the detection of myo-
cardial perfusion defects in patients with acute chest pain
(Weininger et al. 2012).
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Fig. 3 Assessment of myocardial perfusion using a dynamic, time-
resolved DSCT protocol in a 69-year-old male with history of prior
myocardial infarction in 1970s, status post coronary artery bypass graft
(CABG) in 1999, and percutaneous coronary intervention in 2001.
a Short-axis overlay image of a color perfusion map on a morpho-
logical grayscale image. The blue and green colored section in the
inferolateral wall (yellow arrow) indicates an area of hypoperfusion
during first-pass myocardial DSCT perfusion imaging. In contrast, the

7 Limitations of Dynamic, Time-Resolved
Myocardial DSCT Perfusion Imaging

There are a number of limitations inherent to the technique
itself that need to be addressed before dynamic, time-
resolved myocardial DSCT perfusion imaging is fully
established in clinical practice. Dynamic adenosine-stress
acquisitions are long and complex examinations that require
exhaustive medical supervision and considerable patient
collaboration. Besides a relatively low temporal resolution,
the acquisition coverage is of 73 mm along the z-axis of the
patient, which may be insufficient for encompassing the
entire heart, particularly in patients with dilated cardiomy-
opathy (Bamberg et al. 2011b). Therefore, end-systolic
triggering is recommended for myocardial DSCT perfusion
with the second-generation DSCT system. The advantages
of this approach include a smaller left ventricular coverage
requirement, fewer beam-hardening artifacts due to a
reduced amount of intraventricular contrast, a thicker

Immifdiv

predominantly red colored wall segments represent normally perfused
areas. b Short-axis stress perfusion SPECT imaging. The perfusion
deficit in the inferolateral wall (yellow arrow head) correlates with CT
findings. Rest perfusion SPECT images (not shown) also demonstrated
a corresponding perfusion deficit in that area, indicating nonreversible
perfusion defect/infarction. ¢ 3D-volume rendered image showing
complete occlusion of the right coronary artery (blue arrow), which is
the cause of the perfusion defect and patency of the adjacent CABG

myocardial wall so as to provide a more robust basis for
assessing perfusion deficits, and a reduced susceptibility to
extrasystolia (Bamberg et al. 2010). Further improvements
in CT technology should aim at providing greater coverage
along the z-axis to approach that of latest generation single-
source 320-row CT systems (George et al. 2012).

The generalized clinical use of first-pass myocardial
DSCT perfusion will require further decreasing radiation
exposure. The dynamic CT perfusion acquisition mode per
se aims at quantifying myocardial perfusion and does not
allow proper evaluation of the coronary tree, for which a
regular prospectively ECG-triggered cCTA is required.
Further, radiation dose also increases if coronary artery
calcium quantification and delayed-enhancement acquisi-
tion protocols are added. According to recently available
data, the total amount of radiation a patient receives with
the perfusion protocol described here is within the range of
values depicted for routine retrospectively ECG-gated
cCTA (Stolzmann et al. 2008), and is similar to the radia-
tion dose from SPECT examinations (Ho et al. 2010;
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Gerber et al. 2009)—around 10 mSyv. If the proposed entire
cardiac CT protocol is considered, including coronary artery
calcium quantification, prospectively ECG-triggered cCTA,
dynamic CT perfusion imaging, and delayed-enhancement
acquisition, the radiation dose reaches approximately
18 mSv (Bastarrika et al. 2010b). Similarly, radiation dose
will raise if rest perfusion imaging is acquired in addition to
the stress perfusion scan (George et al. 2009). Current
trends in nuclear (Chang et al. 2010) and MRI myocardial
perfusion imaging (Krittayaphong et al. 2009) dictate,
however, that the stress perfusion only provides sufficient
information regarding myocardial ischemia. A potential
approach to avoid rest perfusion imaging may be to use the
cCTA obtained prior to stress perfusion as a substitute for a
dedicated rest perfusion acquisition. Hence, considering the
high amount of radiation given in those studies, develop-
ment of strategies to reduce radiation exposure becomes
necessary. In this sense, the recently introduced iterative
reconstruction algorithms may play an important role.

Another limitation that should be mentioned relates to
the presence of artifacts that may hamper quantitative
assessment of myocardial perfusion defects. Beam-harden-
ing artifacts, caused by an adjacent bone or by large con-
centrations of iodine in the ventricle and the descending
aorta, may be the reason for apparent reduction in attenu-
ation in the myocardium. This can lead to incorrectly esti-
mate myocardial perfusion parameters (Kitagawa et al.
2010). As conventional segmentation algorithms fail to
clearly distinguish between iodine and bone, sophisticated
algorithms based on the calculation of the time-dependent
iodine distribution by analyzing the voxel changes of a
cardiac perfusion examination are being developed (i.e.
dynamic iterative beam-hardening correction algorithm). As
a result of the latter, there is a reduction in the beam-
hardening artifacts induced by the contrast agent dynamics,
as well as those due to bone, thus allowing for an improved
assessment of contrast agent uptake in the myocardium
(Stenner et al. 2010). Moreover, perfusion imaging depends
on stable CT values, which are best achieved using data in
360° symmetry. The conventional partial scan reconstruc-
tions used to achieve high temporal resolution do not fulfill
this criterion and are prone to artifacts. Angular position of
data acquisition depends on the correlation between rotation
time and heart rate, which conducts to random image arti-
facts when partial scan reconstructions are employed
(McCollough et al. 2008). Therefore, sophisticated image
reconstruction techniques need to be applied so as to avoid
these artifacts (Bruder et al 2009).

Finally, myocardial DSCT perfusion protocols should be
tailored to patient requirements, and guidelines for the
appropriate use of the technique should be stated. Further,
there is lack of large validation studies proving the clinical
usefulness of dynamic, time-resolved myocardial DSCT

perfusion imaging. Few studies have shown its potential by
obtaining comparable results to those offered by CMR or
SPECT. Further research is warranted to fully determine the
diagnostic accuracy of myocardial DSCT perfusion imag-
ing. In the mean time, cardiac DSCT perfusion may become
an option for patients with CMR contraindications and for
patients in whom simultaneous assessment for coronary
artery stenosis is desired.

8 Conclusion

An integrative cardiac CT acquisition protocol including
dynamic, time-resolved myocardial DSCT perfusion imag-
ing seems to be promising for overall assessment of CAD.
Myocardial perfusion imaging together with cCTA and
delayed-enhancement CT acquisition may respond to the
major clinical questions in any given individual with sus-
picion of CAD. However, myocardial first-pass DSCT
perfusion is still at its early stages and further investigation
and development is required, first, to establish the accuracy
DSCT-derived myocardial perfusion parameters, and sec-
ond, to overcome limitations inherent to this innovative
myocardial perfusion imaging mode. Reduction of the total
acquisition time, increased heart coverage, development of
new radiation dose saving strategies, correction of artifacts,
and appropriate selection of patients are strongly encour-
aged. Dynamic, time-resolved first-pass myocardial DSCT
perfusion imaging is an attractive approach to CAD, but it
still remains to be seen whether myocardial perfusion
imaging by this technology will be beneficial compared
with already established imaging modalities and clinical
standards.
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Abstract

Historically, myocardial perfusion scintigraphy (MPS)
has been used to assess myocardial perfusion. Magnetic
resonance imaging (MRI) has been used to assess both
myocardial perfusion and delayed enhancement (viabil-
ity). However, computed tomography (CT) has advanta-
ges over MPS and MRI in terms of spatial resolution,
availability, simplicity, and shorter test time. CT can
assess myocardial perfusion as increased myocardial
contrast density. Adenosine triphosphate (ATP) or aden-
osine stress perfusion CT is comparable to MPS and MRI
for the assessment of myocardial perfusion reserve
(ischemia). When dynamic (first-pass) data are acquired,
absolute myocardial blood flow (MBF, ml g ~'min~")
can be measured by analyzing the time—density curve of
myocardium and blood pool. Using wide-range multislice
CT (256- to 320-slice CT) for dynamic acquisition,
whole-heart regional MBF can be measured. In this
chapter, the potential of 256-slice CT in the assessment of
myocardial perfusion and viability is illustrated.

Abbreviations

ATP Adenosine triphosphate
MDCT  Multidetector-row CT
MPS Myocardial perfusion scintigraphy
MRI Magnetic resonance imaging
CABG Coronary artery bypass grafting
CT Computed tomography
LDA Low-density area
MBF Myocardial blood flow
ED End-systole
ES End-systole
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1 Introduction

We proposed the potential of single-helical computed
tomography (CT) for coronary imaging in 1999 (Mochizuki
et al. 1999). Presently, the coronary arteries and plaque are
evaluated wusing noninvasive multidetector-row CT
(MDCT). An assessment of coronary artery stenosis and
myocardial perfusion is essential for determining a treat-
ment strategy for patients with coronary artery disease.
Myocardial perfusion has usually been assessed with
myocardial perfusion scintigraphy (MPS). Nuclear medi-
cine has also been useful for the detection of myocardial
ischemia and for the determination of viability and prog-
nosis for patients with coronary artery disease (Hacha-
movitch et al. 2003, 2005). Recent reports have shown
advantages of myocardial perfusion MRI over MPS
(Sakuma et al. 2005). MRI is also reported to assess myo-
cardial perfusion and delayed enhancement (i.e., assessment
of myocardial ischemia and viability) better than CT
(Nieman et al. 2008). However, CT has advantages over
MRI in terms of spatial resolution, availability, simplicity,
and shorter test time. We proposed the potential of single-
helical CT for the assessment of myocardial perfusion
(Mochizuki et al. 1999). With the use of wide-range mul-
tislice CT (256- to 320-slice CT), the whole heart can be
scanned in 1 rotation, enabling whole-heart dynamic
acquisition. In this chapter, the potential of CT (mainly 256-
CT) for the assessment of myocardial perfusion and via-
bility will be illustrated.

Ischemia, here, means “the reduction of myocardial
perfusion reserve,” which can be depicted as a low-density
area (LDA) on an adenosine triphosphate (ATP) or adeno-
sine-loaded scan.

2 Protocols

The protocol for performing full cardiac CT, including
perfusion CT, is shown in Fig. 1. Myocardial perfusion CT
can be performed alone (Kurata et al. 2005); however,
coronary CT angiography is supplemented in most cases,
with an added option for the delayed scan to assess myo-
cardial viability. Because the time when myocardial ische-
mia is visible as an LDA is short, timing is very important
to ensure that the scan shows the myocardial ischemia. To
achieve the best timing, we use a test injection of 20 %
diluted contrast medium (i.e., 10 ml of contrast medium is
diluted to 50 ml), which is the same volume as the real scan.
This test injection protocol provides a similar time—density
curve, although the peak is low. Using this protocol, the
timing can be adjusted easily to obtain the best result.
Perfusion CT can be acquired at 1 point or dynamically.

The best timing for myocardial enhancement is about 5 s
later than that for coronary CT angiography. A standard
ATP-stress protocol for myocardial perfusion scintigraphy
(Miyagawa et al. 1995) can be applied to the ATP-stress
perfusion CT.

The use of dynamic (first-pass) acquisition allows the
best timing to depict ATP-induced ischemia as LDA. For
the dynamic data acquisition, the use of low kilovolts and
milliampere setting and iterative reconstruction are recom-
mended to reduce radiation dose. The dynamic data
acquisition allows quantification of myocardial blood flow
(MBF), which is discussed later.

Perfusion CT should be done first to avoid polluting the
dynamic data by the prior injection of contrast medium.
Coronary CT angiography is performed later. Although the
best scan timing for myocardial enhancement is about 5 s
later, the acquisition for CT angiography can be used for the
rest perfusion data. This method is considered not to
increase the patient’s radiation dose.

Finally, as an option when the patient may have had a
myocardial infarction, a delayed enhancement scan should
be performed to assess myocardial damage (i.e., to assess
viability).

3 Patterns (Normal, Ischemia, Infarction)

Enhancement patterns of stress/rest (or delayed scan) are
illustrated in Fig. 2. The normal pattern is normal/normal
(no delayed enhancement), the ischemic pattern is LDA/
normal (no delayed enhancement), and the myocardial
infarction pattern is LDA/LDA (delayed enhancement). In
patients with myocardial infarction history, myocardial
thinning is often seen, demonstrating scar formation.

Angina pectoris in a patient with triple-vessel disease
before and after coronary artery bypass grafting (CABG) is
shown in Fig. 3. In this case, ATP-induced ischemia is seen
as subendocardial LDA in the septum, the inferior wall, and
in the lateral wall before CABG. CABG was performed in
which the left internal mammary artery was used to bypass
the proximal left anterior descending artery, a saphenous
vein graft was placed in the left circumflex artery, and no
grafting was done to the right coronary artery. Ischemia
(LDA on ATP-stress) in the septum and lateral wall was
diminished following CABG, but ischemia remained in the
untreated inferior wall. The ischemia can be seen clearly
with high spatial resolution.

A patient with old myocardial infarction is shown in
Fig. 4. In this case, subendocardial to transmural LDA is
seen on both ATP-stress and rest scans with delayed
enhancement. Myocardial wall thinning is also seen in the
old myocardial infarction.
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Fig. 1 a Study protocol for a
full cardiac computed
tomography (CT) scan, including
perfusion CT scan, is illustrated.
Scan #1 is a test injection, scan
#2 is an adenosine triphosphate
(ATP)-stress dynamic (first-pass)
perfusion CT, scan #3 is a rest
(non-ATP) perfusion CT
(coronary CT angiography),

and scan #4 is a delayed scan. 0}

B Test
Injection

Ut diluted test injection
350

b Dynamic (first-pass)
acquisition protocol for 256-slice
computed tomography. Because
the z-axis coverage is 8 cm, the
end-systolic (ES) phase is

' 3
Scan#|"|| !;l

a Protocols for perfusion CT

@ arp

Perfusion

El Delayed
Scan

Bl rest
Perfusion + CTA

targeted to cover whole heart in 1 5min = :
rotation. For accurate 10min 57min
quantification of myocardial Contrast
blood flow (ml g~" min™"), 1 Medium I 10ml (20%, 50mi) [ [50ml (no dilution) |8 | 50ml (with dilution)
rotation image (270 ms) is used Injection >
to reduce artifacts. Scan 350/370mg-mL. + Saline 40ml + Saline 40ml + Saline 40ml
parameters are optimized for
256-slice CT
b
Parameters
100 kV/ 80 mAs
360° Full recon@ RR40%
1.25 mm x 64 slices
10.4mSv
270ms @ RR40%
“ 30 beats >
1st pass dynamic data of 30 consecutive beats at the ES phase
4 Dynamic (First-Pass) Data Acquisition findings by observing the cine (paging) of the dynamic

Dynamic data acquisition during injection of the contrast
medium enables visualization of the myocardial perfusion
as an increase of density (Hounsfield units), although this
requires an increase in radiation dose. Myocardial infarction
is depicted as subendocardial or transmural low-density arc.
Ischemic lesions can be depicted as low-density arcs on
ATP-stress or adenosine stress acquisition. The advantage
of dynamic acquisition over one-point acquisition is that it
increases the detectability of a LDA, which appears only for
a short period. Motion artifacts are distinguished from true

images. Moreover, dynamic acquisition provides a time-
density curve of myocardium and the aorta or left ventricle,
enabling quantification of MBF.

5 Quantification of MBF

Absolute MBF (ml g ~'min~") has been quantified by 'O
H,O or 13N—NH3 dynamic (first-pass) positron emission
tomography (PET) (Iida et al. 2000; Herzog et al. 2009). If
similar dynamic data are obtained with CT, then MBF can
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Fig. 2 Enhancement patterns of
stress/rest and delayed scans are
illustrated. In patients with
ischemia, the low-density arc is
seen only on adenosine
triphosphate (ATP)-stress. In
patients with myocardial
infarction, the low-density arc is
seen on both the ATP-stress and
the rest scan, and the high-
density arc is seen on the delayed
scan

Fig. 3 A case of angina pectoris
with triple-vessel disease before
and after coronary artery bypass
grafting (CABG). This patient
had 50 % stenosis in the left main
trunk (LMT), 90 % stenosis in the
right coronary artery (RCA), and
90 % stenosis in the left
circumflex (LCX) artery.
Adenosine triphosphate (ATP)-
induced ischemia is seen as a
subendocardial low-density area
(LDA) in the septum, the inferior
wall, and the lateral wall before
CABG. After CABG, in which
the left internal mammary artery
(LITA) was used to bypass the
left anterior descending (LAD)
artery, a saphenous vein graft
(SVG) was placed to the LCX,
and no grafting was done to the
RCA, ischemia (LDA on ATP-
stress) in the septum and lateral
wall diminished, whereas
ischemia remained in the
untreated RCA territory

ATP(+) ATP(-) Delayed Scan

Ischemia @ @ @
Infarction @ @ .
a  ATP-201T|  3hr REST b  Coronary Territory

(1)

before CABG d

be generated (Kido et al. 2008; Bamberg et al. 2011). chronic total obstruction of the left anterior ascending artery
Assessing MBF before and after CABG allows better with collaterals. In this case, in addition to the improvement
evaluation of the outcome of CABG (Shikata et al. 2010). of MBF reserve on ATP-stress scan, the motion of the
Figure 5 demonstrates a patient with angina pectoris with anterior wall improved from akinesis to normokinesis. In
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Fig. 4 A patient with old
myocardial infarction.
Comparable adenosine
triphosphate (ATP)-stress/3 h
rest 2°"T1 scan shows fixed defect
(fixed severe hypoperfusion) in
the anterolateral wall (a).
Magnetic resonance (MR)-
delayed enhancement is seen in
the infarction (b). In the ATP-
stress dynamic computed
tomography (CT), perfusion
defect is seen in same
anterolateral wall (c¢) and the old
myocardial enhancement is seen
in the delayed scan (d)

Fig. 5 A patient with angina
pectoris showing chronic total
obstruction of the left anterior
ascending artery (LAD) with
collaterals on the computed
tomography image. Before
coronary artery bypass grafting
(CABG), ischemia is seen as low
myocardial blood flow (MBF)

in the akinetic anterior wall on
adenosine triphosphate (ATP)-
stress. After CABG, the MBF
on ATP-stress is improved.
Accordingly, MBF improved and
wall motion also improved from
akinesis to normokinesis
(Revised from Fig. 3 in the
reference: Shikata et al. Am
Heart J 2010;160: 528-534)

a b MR-delay
ATP 201T| early ATP 20'T| 3hr ’

v J

r'g

d CT-delay

Before CABG

\ (ml/ig/min) |

b

most cases, after successful CABG surgery, an increase of A wide-range detector such as 256-slice CT or 320-slice
MBF was observed on the ATP-stress scan (Fig. 6). There CT can cover the whole heart in one rotation, enabling
several methods to generate MBF from the dynamic data dynamic acquisition of the whole heart (Fig. 7) and allow-
(Patlak et al. 1985; Lee et al. 2009; Slomka et al. 2012; Pack ing regional MBF of the whole heart to be generated.

et al. 2008).

However, our 256-slice CT has actually 128 detector rows,



130

T. Mochizuki et al.

Fig. 6 MBF assessment before
and after coronary artery bypass
grafting (CABG). In most cases,

w

after successful CABG, E E

myocardial blood flow (MBF) ° S

increased on adenosine i' E

triphosphate-stress (Shikata et al. 221 32

Am Heart J 2010;160: 528-534) 3 %
@ 2
g I
?a 11 g 1
S S
= p=

1.95+0.49
1.39+0.49

Pre-CABG Post-CABG

Total MBF

Pre-CABG Post-CABG

P <0001 P=.0024
—
34 34
T E
£ =
° 2
E £
z, | z,1
&* &
§
= k)
B 2,
g g
< =
2.0240.53 1.954+0.52 1.88+0.45
1.5140.55 1.210.34 1.46+0.54

Pre-CABG Post-CABG Pre-CABG Post-CABG

RCA LAD LCX

Mean MBF comparison shows significant improvement after versus before CABG.

Fig. 7 Whole-heart dynamic
(first-pass) perfusion 256-slice
computed tomography scan.
Blood flow is observed as
contrast enhancement at the mid-
left ventricular (LV) level in the
transaxial image (a) From these
images, gapless whole-heart short
axial images can be generated
throughout the 30 beats (b—d)

30 beats at Mid-LV (transsexual images)

covering 8 cm in the z-axis. To cover the whole heart, we
target the systolic phase when the left ventricle is small and
the respiratory phase when the heart is in a more horizontal
position than a vertical position, which can reduce scan
range.

In our protocol, 30 consecutive systolic phases (beats)
were acquired to obtain detailed input, which provides more
accurate quantification. To reduce the radiation dose, thin-
ning out the acquisition betas with interpolation is an option
that may result in enough input being retained to measure
MBF. Figure 8a, b show anterolateral ischemia on ATP-
stress with both dynamic perfusion CT and MRI. As shown
in this figure, ischemia is observed as LDA in a short per-
iod. The MBF generated by the 256-slice CT is comparable

to that generated by MRI. The MBF of the whole heart can
be expressed by concentric circles (Fig. 8c, d).

6 Delayed Enhancement

Viability assessment and delayed enhancement are descri-
bed in detail in another chapter. Here, the delayed scan is
described as an additional option for the perfusion CT
protocol. Gadolinium-enhanced delayed MRI highlights
myocardial infarction with higher contrast than CT (Nieman
et al. 2008). However, CT has advantages over MRI in
terms of spatial resolution and easy availability. Figure 9
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triphosphate (ATP)-stress
computed tomography (CT) scan
of a patient with anterolateral
ischemia. Flow dynamics
demonstrates transient ischemia
as a low-density area (a).
Comparable ATP-stress dynamic
magnetic resonance imaging
(MRI) shows the matched
transient hypointense area in the
same region (b). From the time-
density curve of the whole-heart
dynamic data, regional
myocardial blood flow (ml/

100 g/min) can be generated.
This data can be graphically
depicted using a Bull’s Eye map
(c). Comparable MRI values are
illustrated in d

Fig. 8 An adenosine a ATP perfusion CT b ATP perfusion MR

CT MBF MR MBF
ml/100g/min) d (ml/100g/min)

Fig. 9 Delayed enhancement
images in a patient with inferior
myocardial infarction.

a Gadolinium (Gd)-enhanced T1,
b original computed tomography
(CT) using delayed enhancement,
¢ CT using delayed enhancement
with denoiser filter. By using the
sophisticated denoiser filter,
delayed enhancement can be
highlighted as clearly with CT as
with magnetic resonance imaging
(MRI)

CT CT

b (Original) (Denoiser)

demonstrates delayed enhancement in a patient with old References
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Abstract

Cardiac Computed Tomography has progressed beyond
providing a purely detailed anatomical description of
coronary disease, to a comprehensive demonstration
of anatomic-physiological disturbance that forms the
basis of a “one stop shop” for assessment of coronary
disease. The 320MDCT wide area detector provides a
unique capability to assess the whole heart during a
single gantry rotation. This chapter outlines the scientific
advances made using the 320MDCT: in animal models
of cardiac ischemia followed by translational work in
human subjects; initially with discussion of single centre
trials followed by introduction of the Core 320 multi-
centre trial.

1 Introduction

Computed tomography coronary angiography (CTCA)
provides an accurate and non-invasive imaging tool for
exclusion of significant coronary artery disease (CAD).
However, the presence of arterial disease on CTCA corre-
lates poorly with perfusion abnormalities noted on myo-
cardial perfusion imaging (MPI) (Hacker et al. 2005;
Schuijf et al. 2006; Klocke et al. 2003). Myocardial per-
fusion imaging (MPI) lacks the anatomical resolution of
CTCA for coronary disease but is established as a useful
tool in the diagnosis and prognosis of patients with CAD
(Klocke et al. 2003). Therefore there has been considerable
interest in providing a “one stop” comprehensive cardiac
assessment with computed tomography (CT) by combining
the high spatial resolution images of coronary artery anat-
omy provided by CTCA with myocardial perfusion indices
from CT perfusion (CTP). As dipyridamole or adenosine
induced coronary vasodilatation has been demonstrated to
provide equivalent cardiac stress as compared to exercise
stress testing with single-photon emission tomography
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(SPECT) in diagnosing CAD (Nguyen et al. 1990; Parodi
et al. 1991; Coyne et al. 1991; Nishimura et al. 1992; Gupta
et al. 1992), these agents have been incorporated into CTP
protocols.

The purpose of this chapter is to highlight advances in
myocardial perfusion and viability imaging using the
Aquilion CT series (Toshiba Medical Systems, Otawara,
Japan) culminating in the Aquilion ONE, 320 multi detector
row computed tomography (320MDCT) scan unit.

CT perfusion image acquisition is performed during first
pass myocardial perfusion of iodinated contrast medium
(CM) through the blood pool and the left ventricular (LV)
myocardium. Regions of interest (ROIs) are prescribed in
the blood pool and LV myocardium to create time attenu-
ation curves (TACs) from which the myocardial blood flow
(MBF) can be calculated. Accurate data analysis relies on
the validity of several assumptions including: (1) there is
complete mixing of the iodinated contrast with the blood
before it arrives in the heart, (2) there is minimal recircu-
lation of the iodinated contrast, (3) the measured CT
attenuation number (in Hounsfield Unit, HU) accurately
corresponds to the concentration of the iodinated contrast,
(4) the volume of iodinated contrast is negligible compared
to the blood volume, (5) the iodinated contrast does not
induce physiologic or hemodynamic changes during cardiac
transit, and (6) the iodinated contrast remains within the
intravascular compartment during first pass perfusion
(Rumberger and Bell 1992; Rumberger et al. 1987).

An initial investigation into myocardial viability
assessment by computer tomography was performed using
32MDCT in canine and porcine models (Lardo et al. 2006).
Ten anesthetised and mechanically ventilated canines had
induced occlusion of the proximal left anterior descending
(LAD) coronary artery by inflating a 3-mm angioplasty
balloon for 90 min. Quantification of MBF was performed
by measurement of injected neutron activated microspheres
into the LV cavity before, during, and after LAD occlusion.
Cardiac CT was administered, the animals were sacrificed,
and post mortem analysis was performed. Similarly, LAD
occlusion was performed in seven anesthetised and
mechanically ventilated pigs that had inflation of a 3-mm
balloon in the mid LAD for 60 min. The animals recovered
for 8 weeks and then had cardiac CT performed under
sedation. The pigs were subsequently sacrificed and post
mortem analysis was performed. Cardiac CT was performed
using a detector collimation of 32 x 0.5 mm, tube potential
of 135 kV, tube current of 420 mA, gantry rotation of
400 ms, and a pitch of 7.2. The heart rate was controlled to
less than 100 bpm by using 2-5 mg of intravenous pro-
pranolol, and post infarct arrhythmias were suppressed by
using intravenous lidocaine. A 150 mL bolus of intravenous
CM containing 320 mg-mL~' iodine was injected and
image acquisition was triggered at a density threshold of

150 HU in the ascending aorta. Retrospectively gated car-
diac imaging was performed at first pass and every 5 min
for 40 min. Axial 0.5-mm images were reconstructed at
75 % of the R-R interval with additional image recon-
structions for functional analysis. Image analysis was per-
formed with proprietary cardiac software (Toshiba Medical
Systems) that performed automated border detection with
delineation of endocardial and epicardial borders. Qualita-
tive and quantitative analysis revealed peak myocardial
attenuation at 5 min following injection of CM with
decrease in attenuation over 40 min. Areas of hyper- and
hypo-attenuation were manually traced and represented
infarcted myocardium and areas of microvascular obstruc-
tion respectively. The MDCT assessment of infarct size and
depth correlated well with post mortem assessment. This
study demonstrated that 32MDCT can accurately determine
myocardial viability by delineating and characterising acute
and chronic myocardial infarction.

Early validation of first-pass, contrast-enhanced helical
64MDCT imaging was used to detect a myocardial flow
deficit due to an induced stenosis in the left anterior
descending (LAD) coronary artery during adenosine stress
imaging (George et al. 2006). The research was performed
using a canine model in which a 50 % LAD artery stenosis
was induced. Baseline and post-stress MBF were measured
using neutron-activated microspheres that were injected into
the left atrium and sampled in the descending thoracic aorta.
Intravenous propranolol (5-20 mg) was used to maintain
a heart rate below 100 bpm. Intravenous adenosine was
infused for 5 min at 140-210 mcg-kg™'-min~". Intravenous
CM containing 320 mg iodine-mL™' was injected at
2.5 mL-s~' for 40 s. Automated threshold-triggered image
acquisition was initiated at a density threshold of 180 HU in
the descending thoracic aorta using retrospective ECG gat-
ing, detector collimation of 32 x 0.5 mm, tube potential of
120 kV, tube current of 400 mA, a gantry rotation of 400 ms,
and a helical pitch 6.4-8.8. Segmented image reconstruction
was performed at 10 % phase intervals of the acquired R—R
cycle. The 80 % phase was chosen for image reconstruction
and 4-mm LV short axis images were reconstructed. ROIs
were located through LV wall segments in the LAD territory
and remote myocardium. Measurement values from the
remote myocardium were used to define the mean and stan-
dard deviation (SD) of attenuation (in HU) for normal-per-
fused myocardium. Therefore, under-perfused myocardium
was defined as one SD below this threshold. The results in
seven canine models demonstrated significant differences in
qualitative assessment and semi-quantitative assessment of
perfused (180.4 = 41.9 HU) and under-perfused (92.3 £
39.5 HU) myocardium. Calculations of flow reserve in
perfused (7.3 £ 4.7) and under-perfused (0.17 £ 0.07)
myocardium also showed significant differences. This study
demonstrated that first-pass, contrast-enhanced helical
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64MDCT imaging can detect significant LAD territory flow
disturbance using adenosine stress; and that MDCT derived
parameters of LV myocardial perfusion have good correla-
tion with microsphere-derived absolute MBF.

Subsequent research prompted evaluation of myocardial
perfusion with dynamic CTP in six canines with induced
50 % LAD stenosis (George et al. 2007). Image acquisition
relied on a stationary table during gantry rotation and
injection of iodinated contrast material (CM) in order to
record changes in tissue attenuation over time. This allowed
TAC to be plotted and enabled quantification of absolute
MBF.

Each canine was positioned such that the mid to distal
LV was in the scan plane. Intravenous adenosine
(140 mcg-kg™"-min~") was infused for 5 min followed by
30 mL of intravenous CM containing 320 mg iodine-mL ™"
injected at 10 mL-s~'. Image acquisition occurred using a
detector collimation of 8 mm x 4 mm, tube potential of
120 kV, tube current of 150 mA, a gantry rotation time of
400 ms, and a scan time of 70 s. Intravenous metoprolol
(5-20 mg) was used to maintain a heart rate below
100 bpm; respiratory motion was suppressed using pancu-
ronium (0.1 mg-kg™"). The MBF was measured during
adenosine infusion, by injecting neutron-activated micro-
spheres into the left atrium and performing quantitative
measurements in the proximal descending aorta. Short-axis
images through the LV were reconstructed using 8 mm
slice thickness and ROIs were located through the target
anterior LV wall and the remote inferior and lateral walls to
create TAC. The TAC was normalised for the arterial input
function (AIF) by using the ratio of the LV blood pool
upslope to the LV blood pool peak enhancement. A dual
compartment deconvolution method was applied to the
myocardial upslope-to-LV-upslope and myocardial ups-
lope-to-LV-max ratio to evaluate dynamic MDCT myo-
cardial perfusion. This analysis demonstrated a strong
correlation between the semi-quantitative CT imaging
results and the microsphere MBF measurements. This study
confirmed the accuracy of 64MDCT perfusion using the
myocardial upslope normalized to the LV blood pool ups-
lope or the maximum LV attenuation density, and also the
application of model-based deconvolution analysis to
dynamic MDCT TAC.

Although dynamic CTP analysis was shown to be
accurate for myocardial perfusion, the limited scan cover-
age with 64MDCT required adaptation of the technique
with helical acquisition for whole-L'V assessment. The next
stage in evolution of CTP utilized a combination of
dynamic image acquisition; incorporating images acquired
during bolus tracking to acquire the AIF curve together with
ECG-gated helical acquisition of the entire LV myocardium
(George et al. 2010). The technique was initially validated
in four healthy canines scanned on 64MDCT using bolus

tracking and a helical scan mode during injection of
iodinated (320 mg iodine-mL™") CM at 4 mL-s™' using a
triphasic protocol: an initial 16 mL of 100 % CM followed
by 40 mL of 30 % CM-70 % normal saline mixture, and a
final 50 cc of 100 % normal saline. A retrospective ECG-
gated acquisition was used with 64 x 0.5 mm detector
collimation, 120 kV tube potential, 400 mA tube current,
400 ms gantry rotation time, and a helical pitch of
14.4-16.2. The bolus tracking data were reconstructed at
400 ms intervals using a 2 mm slice thickness, ROIs were
prescribed in the aortic root to create the TAC for the early
part of the AIF. Helical images were then reconstructed at
80 % of the R-R interval using a 4 mm slice thickness and
a ROI prescribed in the intravascular blood pool from the
aortic root through the LV outflow tract to the LV apex.
The signal intensity of the blood pool was correlated with
the time of image acquisition for the axial slices and the
data used to construct the latter part of the TAC of the AIF.
The TAC was adjusted for baseline attenuation. After a
washout period of 10 min, the canine hearts were re-scan-
ned during injection of iodinated intravenous CM; a
dynamic MDCT scan was performed for 60 s through the
aortic root using the same X-ray tube exposure parameters
as for the helical scan with and a detector collimation of
4 x 8 mm. Images were reconstructed at 8 mm slice
thickness and 400 ms intervals. A ROI was prescribed in
the aortic root and plotted against time for a TAC. Data
values were corrected for baseline attenuation. The bolus
tracking and helical acquisitions were repeated in seven
canines that had induced LAD stenosis. Neutron activated
microspheres were injected following the helical acquisition
and sampled in the descending thoracic aorta in order to
measure the myocardial blood flow. The AIF was calculated
from the bolus tracking and helical acquisitions and myo-
cardial perfusion was measured in the left ventricle. This
study demonstrated that the early and late phases of the
TAC of the AIV could be calculated using available data
from the automated bolus tracking threshold trigger in
cardiac CT and that the helically acquired MDCT images
had good correlation with microsphere generated indices of
MBF (R2 = 0.86, P < 0.001).

Increased appreciation of LV myocardial blood flow,
specifically the differential blood supply to the LV wall with
increased perfusion to the subendocardium compared with
the subepicardial segments, created interest in evaluation of
a transmural perfusion ratio (TPR) (George et al. 2009). In
this study, 40 patients with documented abnormal SPECT
MPI had CTCA and CTP within 60 days. Patients were
randomized to stress/perfusion cardiac CT with either
64MDCT or with 256MDCT. All patients received similar
preparation with oral/intravenous metoprolol to maintain a
heart rate below 65 bpm and intravenous hydration with
250-500 mL normal saline. All patients had an infusion of
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intravenous adenosine (140 mcg-kg™'-min~") for 5 min

prior to injection of 90-95 mL of CM containing
370 mg-mL™" iodine injected at 5 mL-s™' followed by
30 mL of normal saline. Patients scanned with 64MDCT
had image acquisition triggered automatically at a threshold
of 150 HU in the LV blood pool. The retrospectively ECG-
gated acquisition was performed using 64 x 0.5 mm
detector collimation, tube potential of 120 kVp, tube cur-
rent of 400 mA, gantry rotation of 400 ms, and a pitch that
varied with heart rate. Images were obtained for a combined
stress CTCA-CTP study. Patients scanned with 256MDCT
had an initial test bolus injection of 20 mL CM (370 mg
iodine mL™") at 5mL-s™' to determine peak arterial
enhancement. For CTP imaging, a triphasic intravenous
protocol was used at 5 mL-s~': 50 mL of 100 % contrast
(370 mg iodine ranl), 20 mL of 50 % contrast and saline,
and 30 mL normal saline. The detector collimation was
128 x 1.0 mm, tube potential was 120 kV, tube current
was 200 mA, gantry rotation was 500 ms, and scan time
was 1.5 s. A 10-min rest/wash-out period was required after
acquisition of the stress CTP images prior to a second
injection of 60 mL iodinated CM at 5 mL-s™' to obtain a
diagnostic CTCA and rest perfusion images using a detector
collimation of 256 x 0.5 mm, a tube potential of 120 kV, a
tube current of 350 mA, a gantry rotation of 500 ms, and a
scan time 1.5 s. Cardiac perfusion analysis was performed
for all patients using contiguous 3-mm images orientated in
the short axis of the left ventricle from end diastolic phases
(80-100 % R-R) by using an automated border detection
algorithm to define the subendocardial, mid-myocardial,
and subepicardial borders in a 16-segment LV anatomical
perfusion model. The TPR was defined as the attenuation
ratio of the subendocardium to the subepicardium and was
calculated separately for each segment. Invasive catheter
coronary angiography and quantitative coronary analysis
were performed in 27 patients. In patients without CAD, the
mean TPR was 1.12 £ 0.13 with good interobserver vari-
ability for rest (k = 0.72, 95 % CI, 0.63-0.802) and stress
(k =0.63, 95 % CI, 0.56-0.70) images. The TPR
decreased with increasing luminal stenosis and measured
1.09 £ 0.11 for 30-49 % stenosis, 1.06 = 0.14 for a
50-69 % stenosis, and 10.91 £ 0.10 for a high grade ste-
nosis (=70 %). This study demonstrated a significant
inverse relationship between the TPR and the severity of
luminal stenosis.

Increased experience of CTP analysis reinforced the
importance of standardising image assessment in order to
understand the range of normal appearances and to mini-
mise misinterpretation of artifacts. For qualitative image
analysis, a narrow window (W200-300) and level setting
(L100-150) is recommended for stress, rest, and delayed
enhancement images (Ko et al. 2011). Typical values of
attenuation for non-enhanced myocardium ranges from 40
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Fig. 1 Short-axis reconstruction through the left ventricle illustrating
locations of ROI and corresponding LV myocardium attenutation
values (in HU)

to 60 HU, and normal myocardium enhances from 100 to
120 HU (Valdiviezo 2010). The regional distribution of LV
wall enhancement was evaluated in consecutive patients
who had cardiac CT performed using 320MDCT without
vasodilator stress (Crossett et al. 2011). Image acquisition
was performed using a detector collimation of
240-320 x 0.5 mm, a tube potential of 100-135 kV, a tube
current of 400-580 mA, a gantry rotation of 350 ms, and a
temporal exposure window of 70-80 % of the R-R interval.
Oral metoprolol (50-100 mg) with supplementary intrave-
nous metoprolol (5-30 mg) was administered to maintain a
heart rate below 65 bpm. Sublingual nitrates (40 mcg) were
given followed by a dual phase injection of iodinated CM
containing 350 mg-mL~" iodine with an initial bolus of
75 mL at 6 mL-s™" followed by 50 mL of normal saline at
the same rate. Image acquisition was triggered at a thresh-
old of 300 HU in the descending thoracic aorta. Twenty-one
patients had normal epicardial arteries. In these patients,
5-mm thick short axis images were reconstructed through
the left ventricle at basal, mid, and apical regions. Eight
identical rectangular ROIs were placed in the mid myo-
cardium, covering all segments but not restricted to the
American Heart Association 17-segment model (Fig. 1).
Analysis of the LV myocardium enhancement demon-
strated that the lateral myocardial LV wall has a mean
attenuation of 79.4 HU (42.3-162.7 HU) in the mid ven-
tricle compared with the inferior, septal, and anterior LV
wall segments at this level, which demonstrate a mean
attenuation of 103.9 HU (11.4-159.6 HU). This study
suggested that there is differential enhancement of the left
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ventricle myocardium at rest in patients with normal epi-
cardial coronary arteries as demonstrated on 320MDCT.

Assessment of CTP using 320MDCT and vasodilator stress
was performed in a cohort of patients without documented
CAD (Kiihl et al. 2012). This prospective study recruited
healthy subjects to one of three groups, each with 14 subjects as
follows: group 1a had MPI at rest using '*NH3-PET, group 1b
had rest CTCA—CTP, and group 2 had rest CTCA-CTP and
stress CTP using adenosine infusion at 140 mcg-mL ™" -min~".
LV analysis was performed using a 16-segment AHA model
(apex excluded). The myocardium was divided into three
layers: the sub-endocardium, the mid-myocardium, and the
sub-epicardium; the relative TPR was calculated for each
segment. The results confirmed the differential segmental
perfusion of the LV myocardium that had been previously
demonstrated on CTP; the highest values were measured in
anteroseptal segments, 1, 2, 3,7, 8, 9, while the lowest values
were observed in the lateral wall in segments, 5, 6, 11, 12, and
16. This pattern of perfusion was mirrored by '*’NH3-PET. At
rest, sub-endocardial perfusion was higher than for the mid-
myocardium and the sub-epicardium. With vasodilator stress,
there was a 21 and 23 % increase in perfusion to the mid-
myocardium and the sub-epicardium, respectively, which
eliminated any significant density gradient between these
layers. Similarly, the overall increase in myocardial perfusion
due to vasodilator stress also led to a significant reduction in
segmental variation of relative perfusion values. This study
demonstrated that segmental differences in LV myocardium
perfusion seen with 320MDCT in healthy subjects are mirrored
using '*NH3-PET imaging and that this may be a true physi-
ological phenomenon rather than artifact. In addition, vasodi-
lator stress significantly increases overall myocardial perfusion
and decreases the segmental and transmural variation in LV
perfusion.

However, motion and beam hardening artifacts can
influence the relationship between the measured CT attenu-
ation number and concentration of iodinated contrast (Mehra
et al. 2011a, b). Motion artifact are minimized through the
use of beta blockers during combined CTCA and CTP pro-
tocols. Beam hardening artifacts occur when there is pref-
erential absorption of low-kV photons as the X-ray beam
passes through the iodinated CM. The resulting higher
energy emergent X-ray beam produces beam-hardening
artifacts which simulate perfusion defects in the LV myo-
cardium (Brooks and Di Chiro 1976; Zatz and Alvarez 1977).

The characteristics of beam hardening artifacts were
evaluated in a phantom study using the 320MDCT (Kitag-
awa et al. 2010). An anthropomorphic LV urethane phan-
tom was constructed with and without lesions that simulated
perfusion defects that measured 50 % of the LV wall
thickness in depth and 90 ° in circumference. An 18-mm
syringe simulated the thoracic aorta and both were placed in
an anthropomorphic chest phantom, which had water bags

placed within the thoracic cavity and around the chest
phantom. The phantom was scanned with a 320MDCT unit
using the following imaging protocol: collimation of
320 x 0.5 mm, tube voltage of 120 kV, tube current of
500 mA, and gantry rotation time of 350 ms. Half-recon-
struction 3-mm thick images orientated along the L'V short
axis were reconstructed using a standard body kernel, FC13,
without beam hardening correction (BHC); another set of
images were reconstructed using the standard body kernel,
FCO03, but with BHC. The LV cavity and syringe were filled
with water, scanned, and then filled with iodinated CM and
re-scanned. The BHC correction algorithm compared the
degree of beam hardening from areas of high contrast
(iodinated contrast) to those from areas of water density in
order to produce a corrected image (Olson et al. 1981). The
attenuation of the “normal” perfused myocardium was
measured without BHC. Beam hardening was defined if the
measured attenuation was less than 2 SD of this value. The
algorithm was then tested in a canine model with an induced
50 % reduction in hyperaemic flow either in the LAD or left
circumflex (Cx) coronary arteries. The animal was placed in
a 256MDCT such that the scan range covered the entire
heart. Intravenous metoprolol (5-30 mg) was given to
achieve a heart rate below 100 bpm and pancuronium
(0.1 mg-kg™") to minimise respiratory motion artifacts. An
infusion of intravenous adenosine (0.14 mg-kg '-min~")
was given over 5 min during which time intravenous CM
containing 370 mg iodine-mL ™" was injected at 4 cc-s~! for
6 s. Image acquisition was performed using a dynamic
volume CT scan mode with a detector collimation of
256 x 0.5 mm, a gantry rotation time of 500 ms, tube
potential of 120 kV, tube current of 100 mA, and a scan
time of 60 s. Short axis 0.5 mm images were created
through the mid ventricle using a mid-diastolic phase and
multi-segmented reconstruction, with and without BHC.
ROIs were drawn in the LV wall and in the left and right
ventricular cavities; TACs were calculated for each ROI.
Upslope analysis was performed by comparing the TAC for
the LV blood pool to the peak enhancement in myocardium,
normalized by the peak LV blood pool enhancement.
Assessment of MBF was compared with injected micro-
spheres. The phantom data confirmed that beam hardening
artifacts interfered with the demonstration of perfusion
defects. However, the BHC algorithm effectively improved
the demonstration of the true defects and accounted for the
presence of iodinated CM in the LV cavity and descending
thoracic aorta. The BHC had a variable influence on
improving the upslope perfusion analysis in the canine
model with an unpredictable performance in the interven-
tricular septum. This study demonstrated that beam hard-
ening artifact is an important confounder in CT assessment
of myocardial perfusion and that it can be partially cor-
rected in vivo using a BHC algorithm.
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Table 1 Per vessel territory diagnostic accuracy of computed tomography coronary angiography, computed tomography myocardial perfusion
imaging, and quantitative coronary angiography compared with fractional flow reserve (n = 86)

CTA Perfusion CTA DS >50 % and CTA DS >50 % or QCA QCA
DS>50% defect on CTP  perfusion defect on CTP perfusiondefect on CTP DS>50 % DS>70%

True positive 38 31 28 41 29 11

()

False positive 18 7 1 24 17 1

()

True negative 27 38 44 21 28 44

()

False negative 3 10 13 0 12 30

()

Sensitivity (%) 93 76 (62-89) 68 (54-83) 100 (89-00) 71 (55-87) 27 (12-41)
(84-100)

Specificity (%) 60 (43-77) 84 (73-96) 98 (93-100) 47 (31-63) 62 (47-78) 98

(93-100)
PPV (%) 68 (53-82) 82 (67-96) 97 (89-100) 63 (49-77) 63 (46-80) 92
(72-100)

NPV (%) 90 79 (65-93) 77 (64-90) 100 (81-100) 70 (54-86) 59 (48-71)
(79-100)

Kappa statistic ~ 0.52 0.60 0.67 (0.52-0.82) 0.52 (0.37-0.68) 0.33 0.25
(0.35-0.69) (0.43-0.77) (0.13-0.53)  (0.10-0.40)

Accuracy (%) 76 80 84 73 66 64

Intracoronary pressure-derived fractional flow reserve
(FFR) is the clinical gold standard for assessing the need for
revascularization of a discovered coronary artery stenosis
(Pijls et al. 1996). The utility of CTP and combination
CTCA/CTP with 320MDCT for evaluating patients under
consideration for revascularization was compared with FFR
in 42 patients who presented with chest pain and had greater
than 50 % luminal stenosis on coronary angiography (Ko
et al. 2012). All patients had FFR, CTA, CTP, and delayed
contrast enhanced cardiac CT within 14 days of the catheter
coronary angiography. Of this study cohort, 31 out of 42
(74 %) patients had perfusion abnormalities on CTP, 22
patients (52 %) had a single-vessel territory perfusion
defect and 9 (21 %) had two-vessel territory perfusion
defects. The majority (60 %) of perfusion defects were
located in the LAD territory. All perfusion defects on CTP
were reversible. FFR was performed in 68 % of all vessels
and when compared with CTA, CTA had a sensitivity,
specificity, PPV, and NPV of 93, 60, 68, and 90 % for
significant coronary artery disease. In comparison with
FFR, CTP had the following performance; sensitivity 76 %,
specificity 84 %, PPV 82 %, and NPV 79 %. The combi-
nation of a stenosis >50 % on CTA and a perfusion defect
on CTP had a sensitivity of 68 %, NPV 77 %, specificity
98 %, and PPV of 97 %. These results are illustrated in
Table 1.

Interestingly, the combination of stenosis greater than
50 % on CTCA and a corresponding perfusion defect on
CTP had 84 % accuracy for predicting ischemia, whereas a
stenosis of greater than 50 % on CTA without a perfusion
defect had 100 % accuracy for excluding a significant ste-
nosis. The combination of CTCA and CTP was superior to
QCA in predicting the need for coronary revascularization.
However, discordant findings remained problematic as 37 %
of vessels with a normal CTP and greater than 50 % stenosis
on CTCA were above the ischemic threshold on FFR, and
67 % of vessels with greater than 50 % stenosis on CTCA
and a perfusion defect had normal FFR. The likely expla-
nation for the false positive CTP results was beam hardening
or motion artifacts; false negative findings were likely due to
a small perfusion defect or motion artifact.

As the majority of patients referred for assessment of
CAD will initially have non-invasive cardiac imaging under
physiological stress, and in most cases this will be single
photon emission computed tomography (SPECT MPI), there
is increased interest in comparing the performance of CTCA
and CTP against SPECT-MPI. A prospective study of 50
patients (36 males) with intermediate-to-high pre-test prob-
ability for CAD and a clinically indicated SPECT-MPI had a
research 320MDCT scan performed within 60 days (George
et al. 2012). Patients with a heart rate above 65 bpm were
given oral or intravenous metoprolol. All patients were given
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Fig. 2 Outline of a comprehensive cardiac computed tomography (CT) protocol for coronary artery calcium scoring (CACS), rest CT
angiography and perfusion (CTA), stress CT perfusion (CTP), and delayed enhanced CT (DECT)

Table 2 Diagnostic accuracy of myocardial computed tomography perfusion and coronary computed tomography angiography (using >50 and
>70 % diameter stenosis thresholds) to diagnose reversible ischemia compared with the reference standard single photon emission computed

tomography myocardial perfusion imaging

CTP versus SPECT

Per patient analysis versus

SPECT

Sensitivity 72 (46-89) 13/18
Specificity 91 (74-98) 29/32
PPV 81 (54-95) 13/16
NPV 85 (68-94) 29/34
AUC 0.81 (0.68-0.91)

P < 0.001
Per vessel analysis vs SPECT

Sensitivity 50 (32-68) 16/32,
Specificity 89 (82-94) 105/118
PPV 55 (35-73) 16/29
NPV 87 (79-92) 105/121
AUC 0.70 (0.62-0.77)

P < 0.001

SPECT indicates single photon emission computed tomography
CTP computed tomography myocardial perfusion imaging

CTA computed tomography coronary angiography

PPV positive predictive value

NPV negative predictive value

AUC area under the receiver operator characteristic curve

intravenous hydration with 250-500 mL normal saline. The
protocol is shown in Fig. 2.

Analysis of rest and stress CTP were performed on a
dedicated workstation (Myoperfusion, Toshiba Medical
Systems, Otawara, Japan). 3 mm short axis images through
the LV were analyzed using a 16-segment model (apex
excluded) and by dividing the L'V wall into the subendo-
cardium, mid-myocardium, and subepicardium. The mean
attenuation of each myocardial layer for each segment was
calculated. The ratio of the subendocardial attenuation to

CTA Stenosis >50 % versus
SPECT

56 (31-78) 10/18
75 (56-88) 24/32
56 (31-78) 10/18
75 (56-88) 24/32
0.65 (0.51-0.78) P = 0.07

25 (12-44) 8/32

85 (77-90) 100/118

31 (15-52) 8/26

81 (72-87) 100/124

0.55 (0.47-0.63) P = 0.40

CTA Stenosis >70 % versus
SPECT

39 (18-64) 7/18

91 (74-98) 29/32

70 (35-92) 7/10

73 (56-85) 29/40

0.65 (0.50-0.78) P = 0.08

22 (10-40) 7/32

96 (90-98) 113/118

58 (29-84) 7/12

82 (74-88) 113/138

59 (0.51-0.67) P = 0.13

the subepicardial attenuation for each segment was calcu-
lated to represent the transmural perfusion ratio (TPR).
A ratio of less than 0.99 was recorded as abnormal. Coro-
nary CTA analysis was performed using a 19-segment
model for vessels larger than 1.5 mm in diameter; unin-
terpretable segments were excluded from analysis. A lumi-
nal stenosis over 50 % was taken as abnormal with a
secondary analysis based on luminal stenosis greater than
70 %. 19 patients had coronary angiography. The mean
Agatston score was 170 & 281 (0-1148), CTCA
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Fig. 3 55-year-old with
exertional chest pressure. a Short
axis, horizontal, and vertical long
axis myocardial perfusion images
from single photon emission
computed tomography
demonstrating a reversible
perfusion deficit in the basal to
midinferolateral wall consistent
with myocardial ischemia (white
arrows). b and ¢ An intermediate
severity stenosis (50-69%) in the
mid LAD artery and a severe
stenoses in the left circumflex
(70-99%) and obtuse marginal
branch (70-99%; white arrows).
d The quantitative analysis of rest
computed tomography perfusion
(CTP) using a 16-segment polar
plot, with blue representing
normal perfusion (transmural
perfusion ratio [TPR]_0.99).

e Adenosine stress CTP. The
16-segment polar plot and images
demonstrate abnormal perfusion
in the inferolateral and distal
anterior wall (white arrow).
Abnormal TPR (_0.99) is
displayed in yellow, orange,

and red
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Table 3 Diagnostic accuracy of myocardial computed tomography perfusion to diagnose reversible ischemia in the presence of obstructive
atherosclerosis (using >50 % and >70 %) diameter stenosis thresholds

Per patient analysis versus CTA/SPECT
Sensitivity

Specificity

PPV

NPV

AUC

Per vessel analysis versus CTA/SPECT

Specificity
PPV

NPV
AUC

CTA indicates computed tomography coronary angiography
SPECT single photon emission computed tomography

CTP computed tomography myocardial perfusion imaging
PPV positive predictive value

NPV negative predictive value

AUC area under the receiver operator characteristic curve

Fig. 4 Overall enrollment
strategy of CORE320
Multicenter study. All patients
enrolled with clinical indication
for invasive coronary
angiography will undergo either
clinical or research SPECT study
at validated site, MDCT
angiography and perfusion study,
and invasive coronary
angiography within 60 days of

CTP versus CTA Stenosis
>50 % + SPECT

100 (60-100) 8/8

81 (65-91) 34/42

50 (26-74) 8/16

100 (87-100) 34/34

0.91 (0.79-0.97) P < 0.001

Sensitivity 100 (60-100) 8/8
85 (78-90) 121/142

28 (13-47) 8/29

100 (96-100) 121/121

0.93 (0.87-0.96) P < 0.001

CTP versus CTA Stenosis
>70 % + SPECT

100 (56-100) 7/7

79 (64-89) 34/43

44 (21-69) 7/16

100 (87-100) 34/34

0.90 (0.78-0.96) P < 0.001

100 (56-100) 7/7

85 (77-90) 120/142

25 (11-44) 7/28

100 (96-100) 121/121

0.92 (0.87-0.96) P < 0.001

Symptomatic Patient
Referred for Conventional
Coronary Anigiography

!

Prior SPECT

each other {

SPECT =60 days and
< 6 months or < 60 days
at a nonvalidated site

Yes [ | No
i + 1
SPECT < 60 days Research
at a validated > 6 months SPECT
site

:

| '

Ineligible

CT angiogram

CT perfusion

CT angiogram
and and
CT perfusion

demonstrated luminal stenosis greater than 50 % in 18 out
of 50 (36 %) patients and greater than 70 % stenosis in 10
out of 50 (20 %) patients. CT perfusion (CTP) demon-
strated perfusion abnormalities in 36 % (18 out of 50)

—>| Conventional corenary angiogram |~—

Follow-up
(30 day, 6 month, and 2 year)

patients and 21 % (32 out of 150) vascular territories, 75 %
(24 out of 32) of which were reversible defects and 22 % (7
out of 32) were partially reversible. Figure 3 illustrates a
case example of perfusion defects seen on 320MDCT.
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The sensitivity, specificity, PPV, NPV, and AUC for
50 %-lesions on CTCA to predict a perfusion deficit on
SPECT-MPI was 56, 75, 56, 75, and 0.65 %, respectively.
The corresponding values for lesions constituting greater
than 70 % luminal stenosis on CTCA were 39, 91, 70, 73,
and 0.65 % (Table 2).

Using CTP in isolation, the sensitivity, specificity, PPV,
NPV, and AUC improved to 72, 91, 81, 85, and 0.81 %,
respectively; when CTP was compared to a combination of
CTCA and SPECT, there was a significant improvement in
performance characteristics (Table 3).

The study was limited with a suboptimal per-vessel sen-
sitivity of CTP compared with SPECT, it was theorized that
this could be due to false-positive SPECT studies or inac-
curacies in TPR analysis due to motion, beam hardening, and
reconstruction artifacts, all of which could result in under-
estimating the presence of ischemia. The total radiation dose
from the calcium score (CACS), rest, stress, and delayed
cardiac CT was 13.8 & 2.9 mSv, comparable to that for a
rest-stress MPI 13.1 &= 1.7 mSv. This study demonstrated
the utility of 320MDCT to perform combined CT angiogra-
phy and perfusion imaging in intermediate to high risk CAD
patients, and to provide accurate data of myocardial ischemia
at a radiation dose comparable to SPECT MPL

The encouraging results from this single center study
using the 320MDCT are being evaluated in an international,
multicenter study with 16 participating hospitals located in
eight countries, the CORE320 trial (George et al. 2011;
Vavere et al. 2011). This collaborative effort aims to test the
accuracy of CTCA in demonstrating >50 % coronary artery
stenosis and a corresponding perfusion defect on CTP in
comparison with (a) QCA-determined >50 % stenosis and a
corresponding perfusion defect on SPECT MPI, and with
(b) QCA-determined >50 % stenosis. The study outline is
illustrated in Fig. 4.

The study will enroll 400 patients with suspected CAD,
who have been referred for coronary catheterization, and
who have a research or clinical SPECT MPI performed
within 60 days of the coronary catheterization. A research
CTCA and CTP will be performed using the protocol out-
lined in Fig. 2 without the delayed enhanced CT acquisi-
tion. The anticipation is that this study will provide
sufficient clinical data to evaluate the utility of combined
320MDCT coronary angiography and myocardial perfusion
for comprehensive assessment of myocardial viability and
ischemia in comparison to established clinical standards
which in turn could lead to a change in clinical practice
towards the use of 320MDCT as a first line assessment in
appropriate patients.

The use of 320MDCT facilitates through-plane temporal
homogeneity of image acquisition with a significant
reduction in radiation dose and significant improvement in
image quality for cardiac CT compared to 64MDCT

acquisitions (Torres et al. 2010; Abadi et al. 2011). The
utility of performing both anatomical assessment of CAD
and functional evaluation of myocardial perfusion is a
powerful combination for non-invasive imaging assessment
of myocardial viability (Williams et al. 2011; Nasis et al.
2010). It is conceivable that stable patients with a clinical
suspicion of CAD and no contraindications to cardiac CT
would have an initial CTCA performed at rest. Patients with
evaluable coronary artery segments larger than 1.5 mm in
diameter and coronary artery stenosis greater than 50 %
would require no further imaging, whereas other patients
could proceed to have CT myocardial perfusion assessment
using vasodilator stress. This combination of imaging with
320MDCT could potentially effectively triage the majority
of patients with suspected CAD.
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Abstract

Myocardial perfusion computed tomography (CTP) is a
promising imaging technique on the verge of expanding
the capabilities of CT. Especially, the capability of CTP
to enable quantitative evaluations may provide a more
accurate assessment of the hemodynamic significance of
CAD. Two different approaches currently used are
discussed in this chapter: 1. Dual energy CT 2. Dynamic,
time-resolved quantitative imaging.

Abbreviations

CAD Coronary artery disease

cCTA  Coronary CT angiography

CTP Myocardial perfusion computed tomography

DECT  Dual-energy computer tomography

FFR Coronary fractional flow reserve

ICA Invasive coronary angiography

MBF Myocardial blood flow

MRPI Magnetic resonance myocardial perfusion
imaging

SPECT Single photon emission computed tomography

1 Introduction

To date, non-invasive coronary CT angiography (cCTA)
has been shown to be a safe and accurate alternative to
invasive coronary angiography (ICA) in patients with a low-
to-intermediate pretest likelihood for coronary artery dis-
ease (CAD), thus justifying its inclusion in current CT
guidelines (Leber et al. 2007; Taylor et al. 2010). In such
patient cohorts, cCTA is a strong method for ruling out
CAD but is restricted to anatomic informations. In patients
with coronary lesions, especially when calcified plaques are
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present, the diagnostic accuracy of this approach is severely
hampered; this is largely due to beam hardening artifacts.
Therefore, a pure anatomic perspective of such patients
often has limited utility in the absence of additional
assessments.

In the last decade, strong evidence has been generated
underlining the importance of functional assessments such
as magnetic resonance myocardial perfusion imaging
(MRPI) at 1.5 and 3.0 T, and the invasive measurement of
coronary fractional flow reserve (FFR) for the evaluation of
hemodynamic relevance of coronary lesions (Hamon et al.
2010; Tonino et al. 2009; De Bruyne et al. 2012). The
FAME-study was able to demonstrate that coronary inter-
vention guided by FFR functional assessment results in a
superior outcome with significantly lower mortality after
one and two years (Tonino et al. 2009). The observed effect
was mainly due to a systematic overestimation of the
hemodynamic severity of intermediate lesions when relying
on anatomic information of angiography alone; this resulted
in a subsequent higher number of index PCIs in the non-
FFR group. Other studies have focused on the promising
diagnostic performance of MRI first-pass perfusion imaging
using FFR as the gold standard (Hamon et al. 2010).

In light of technical developments, myocardial perfusion
computed tomography (CTP) is a promising imaging tech-
nique on the verge of expanding the capabilities of CT.
Initial studies demonstrated a good correlation with single
photon emission computed tomography (SPECT) and ICA
in the diagnosis of myocardial perfusion defects (Bamberg
et al. 2011; Wang et al. 2012; Ruzsics et al. 2009). Given
the possibility of myocardial blood flow (MBF)/myocardial
blood volume quantification in the context of existing
anatomic information, CTP is highly attractive and may
lead to a further improvement of diagnostic accuracy and
an expansion of the indications for appropriate use of car-
diac CT.

2 Pathophysiological Background

Previous chapters have extensively described the feasibility
of CTP provided by the enormous technical developments
in this sector. In contrast with other imaging modalities, CT
offers the opportunity to assess both morphology and
function within a single session. Therefore, hemodynami-
cally relevant stenoses can be identified by matching visible
coronary plaques with perfusion defects in the corre-
sponding myocardial segments. In general, a perfusion
deficit is defined as an imbalance between myocardial
oxygen supply and demand. According to the so-called
ischemic cascade, it is considered an early, often persistent,

measurable sign of ischemia, even before metabolic disor-
ders, ventricular dysfunction, or infarction occur (Nesto and
Kowalchuk 1987). Whereas an even inflow of blood in
healthy myocardium homogeneously distributes iodinated
contrast medium resulting in a uniform pattern of attenua-
tion, a perfusion deficit results in myocardial hypoen-
hancement caused by decreased or absent iodine content
within the affected myocardial area (Nikolaou et al. 2005).
It has to be mentioned that myocardial hypoenhancement is
not specific for ischemia but can also be found in infarction
or other cardiac diseases that cause inhomogeneous myo-
cardial perfusion, such as cardiomyopathy. As the evalua-
tion of viability is described in later chapters, let us leave
infarction aside as we focus on the assessment of myocar-
dial perfusion deficits caused by ischemia.

3 Definition of Quantitative Assessment
of Myocardial Perfusion

The preceding chapters have discussed different approaches
to a qualitative assessment of CTP in great detail. However,
a quantitative evaluation may provide a more accurate
assessment of the hemodynamic significance of CAD. In
contrast with other non-invasive imaging modalities, such
as MRI or PET, CT has the advantage of a linear relation
between contrast enhancement and contrast media (iodine)
concentration. This permits the direct quantification of MBF
without the need for correction methods.

In literature, the term “quantitative” is not uniformly
used in the context of myocardial perfusion imaging, even
with respect to CTP. In particular, when non-dynamic—
usually arterial-phase—CT protocols are used, a quantita-
tive assessment of perfusion deficits refers to HU mea-
surements in hypoenhanced (hypoperfused) versus healthy
myocardium (Cury et al. 2008; Nagao et al. 2008). These
studies have demonstrated that myocardial perfusion defi-
cits show significantly lower HU values. However, there is a
substantial variance of measured HU because myocardial
contrast enhancement depends on a number of independent
variables, e.g., contrast injection protocol or cardiac output.
In addition, the timing of the scan is a crucial influencing
factor, particularly in single-phase first pass CTP (Bischoff
et al. 2012). Therefore, this hampers the establishment of a
cut-off (an absolute HU value) to differentiate between
normal and hypoperfused tissue.

In addition, first experiences have shown that electron
beam CT (Rumberger et al. 1987; Wolfkiel et al. 1987) as
well as multi-detector CT (George et al. 2007; Mahnken
et al. 2006) can provide quantitative time-resolved infor-
mation on myocardial perfusion, mostly defined by MBF.
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However, this technique is more sophisticated, requiring an
understanding of contrast material kinetics. Whereas healthy
myocardium demonstrates a rapid wash-in and wash-out of
iodinated contrast material, ischemic myocardium is char-
acterized by a relatively depressed wash-in and noticeably
slower wash-out (George et al. 2006, 2007; Mahnken et al.
2006). The associated CT protocols and initial experiences
are discussed in a later section of this chapter. First, the use
of dual-energy CT (DECT) for quantitative assessment of
myocardial perfusion is introduced.

4 Dual-Energy CT Technique

The basic principle of DECT is extensively described by Ko
(CT evaluation of the myocardial blood supply -
Dual-source dual-energy CT). In short, iodine shows spe-
cific absorption characteristics for X-rays of different
energy levels. Exploiting this property, DECT allows for
the computation of iodine distribution within the myocar-
dium as a visualization of the myocardial blood volume
(Kang et al. 2010).

The actual, clinically feasible CT protocols consist of a
contrast enhanced, single- or triple-phase dual-energy
acquisition during the arterial phase post contrast media
injection. Technical details can be found in various chap-
ters. In brief, DECT raw data are typically reconstructed as
four different image sets: (1) high energy CT spectrum
(140 kV), (2) low energy CT spectrum (80, 100 kV), (3)
merging data (30 % of the low and 70 % of high energy CT
spectrum), and 4. DECT-based overlay of iodine distribu-
tion on “virtual non-contrast” images.

5 Dual-Energy CT in Quantitative
Assessment of Myocardial Perfusion

At the time of this chapter’s submission, quantitative CTP
using dual-energy techniques is still in an experimental
stage. Besides characterization of iodine distribution, DECT
offers the ability to reduce beam-hardening artifacts by
monochromatic image calculation. Beam hardening is
caused by the polychromatic nature of the X-rays used in
CT imaging and by energy-dependent attenuation, pre-
senting quite a challenge to quantitative perfusion imaging
(Brooks and Di Chiro 1976). The mean energy level of the
polychromatic CT spectrum is altered due to the absorbance
of lower-energy X-rays as they pass through the contrast
media-filled heart chambers (So and Lee 2011). Initial
results of animal studies are promising, with a reduction of
beam hardening artifacts providing more accurate mea-
surements in dynamic CTP protocols (So et al. 2011, 2012).
Moreover, new algorithms have been published to improve

the temporal resolution of dual-source CT in dual-energy
mode (Nance et al. 2011). In light of this background, we
can expect further developments in dynamic quantitative
CTP using DECT (Fig. 1).

6 Dynamic, Time-Resolved Quantitative
Imaging

As the basis of dynamic, time-resolved CT imaging and its
acquisition protocols are discussed at length in previous
chapters, this section will lay its focus on the clinical
implications of the semi-quantitative data generated.

Due to technical advances, including higher temporal
resolution, broader detectors, and acquisition techniques
that allowed for whole heart coverage, dynamic perfusion
imaging has become feasible and the focus of ongoing
investigations (Fig. 2). Preliminary animal studies in pigs
were able to quantify MBF during rest and adenosine
induced hyperemia using the “shuttle mode” at 2 alternat-
ing table positions. MBF was shown to be significantly
reduced in pigs with an induced 80 % coronary stenosis
underlining the potential of CT to assess functional
parameters as well (Mahnken et al. 2010). In an initial
clinical experience, Bamberg et al. (2010) demonstrated the
feasibility of a model-based semi-quantitative determina-
tion of MBF using dynamic myocardial stress CTP imaging
in a female patient with myocardial ischemia. These results
were further strengthened by Bastarrika’s working group,
who were able to recruit 10 patients and showed compa-
rable results (Bastarrika et al. 2010). Larger, single-center
cohorts followed and confirmed the prospect of using
dynamic CTP to expand existing CT capabilities (Fig. 3).
Dynamic CTP has been evaluated against FFR, and an MBF
cut of point of 75 mL x 100 mL~' min~' has been sup-
ported as the best discriminatory value to detect a signifi-
cant coronary lesion (Bamberg et al. 2011). A recent study
by Wang et al. showed dynamic CTP in good correlation to
SPECT and catheter angiography; this study also docu-
mented an improvement in diagnostic accuracy for identi-
fying flow-obstructive coronary stenosis when compared to
CTA alone (Wang et al. 2012). However, in this study, an
MBF cut-off value of 90 mL x 100 mL™' min~' was
introduced, underlining that caution is in order when solely
relying on quantitative values. Larger clinical trials are
warranted to observe the influence of factors such as gender,
race, BMI, and severity of coronary disease. If scientifically
supported properly, quantitative values hold a certain
attractiveness. Given the ever-growing emphasis on evi-
dence-based medicine, the clinical arena would surely
appreciate quantitative values for guiding decision-making
and therapy.
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Fig. 1 Detection of myocardial perfusion defects by dual energy CT.
45-year-old man with LAD stenosis. Images a and ¢ were acquired at
rest, whereas images b and d were obtained during pharmacological
stress. DECT (a, b) showed normal iodine concentrations of 3.4 mg/
ml during rest. During stress imaging, quantitative iodine
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Fig. 2 Standard cardiac perfusion maps. Visualization of MBF on a
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(b). Note: incomplete volume coverage in segments 1 and 2 is seen on
the manual 2D visualization (a)
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Fig. 3 Detection of myocardial perfusion defects by myocardial
blood flow (MBF). Quantitative assessment of perfusion defects on
2D-perfusion map with decreased MBF (mean 74.79 mg/ml) at the
low-to-mid cavity level (a) confirmed by SPECT imaging at stress (b);
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Fig. 4 Detection of myocardial perfusion defects by myocardial
blood volume (MBV). Qualitative assessment of perfusion defects on
2D-perfusion map with hypoenhancement in the inferoseptal myocar-
dium (a). 3D-Visualization: the 17-segmented polar map of MBV

A current draw-back of quantitative assessments is the
time consuming post processing of myocardial perfusion
data sets, which relies on two-dimensional region-of-
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3DVisualization: the 17-segmented polar map of MBF (c) shows
correlating positive perfusion defects mainly in the inferior wall
(segment 4: mean 79.3 mg/ml; and segment 10: mean 73.9 mg/ml)

/ MAX Enhancemaent

(b) shows correlating positive perfusion defects with 11.8 ml/ 100 ml-
13.5 ml/ 100 ml. Note: insufficient volume coverage of anterobasal
segments

interest measurements. This laborious evaluation regimen
is hardly compatible with clinical work-flow. However,
recently introduced semi-automated evaluation software
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shows a significant time saving potential when compared
to manual assessments and could integrate quantitative
measurements into clinical practice (Fig. 4).
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Abstract

The number of patients with left ventricular (LV)
dysfunction due to coronary artery disease is increasing,
as more patients now survive with acute myocardial
infarction (MI) through primary reperfusion therapy.
Severe LV dysfunction after MI, especially in combina-
tion with heart failure, is associated with a poor
prognosis. Differentiation between reversible and irre-
versible LV dysfunction is important, as in the first
situation, surgical revascularization improves prognosis.
In case of reversible LV dysfunction, the myocardium
can be stunned or hibernating. These principles are
described. Myocardial viability assessment by noninva-
sive imaging techniques are indicated for this purpose.
The different established imaging modalities for myo-
cardial viability assessment are discussed in this chapter.

Abbreviations

ACS Acute coronary syndrome

ABG Coronary artery bypass grafting
CAD Coronary artery disease

CHF Congestive heart failure

DSE Dobutamine stress echocardiography
FDG Fluorine-18-labeled deoxyglucose
LGE Late Gadolinium enhancement

LV Left ventricular

MI Myocardial infarction

MVO Microvascular obstruction

NPV Negative predictive value

PET Positron emission tomography

PCI Percutaneous coronary intervention
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SPECT Single photon emission computed tomography
Tc Technetium
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1 Background

The number of patients with congestive heart failure (CHF)
related to left ventricular (LV) dysfunction is rising. Also,
the incidence of CHF-related mortality has increased con-
siderably in the last decades (Deedwania 2003). An
important cause of the rising prevalence of LV dysfunction
is the improved ability to treat acute coronary syndrome
(ACS), decreasing the initial mortality from ACS. In the
developed world, about two-thirds of LV dysfunction cases
result from coronary artery disease (CAD) and (chronic)
ischemic heart disease (Gheorgiade and Bonow 1998).
Following myocardial infarction (MI), a process of infarct
expansion and subsequent increase in LV volume can be
observed. LV remodeling occurs due to a progressive
increase in end-diastolic and end-systolic volumes at an
initially maintained ejection fraction. An increase in LV
end-diastolic volume of at least 20 % compared to baseline
is often used to define infarct remodeling (Bolognese et al.
2002; Savoy et al. 2006). This remodeling can affect the LV
systolic function and the patient’s prognosis. The occur-
rence of severe LV dysfunction after MI, especially if
combined with clinical CHF, is associated with a poor
prognosis. These patients are at high risk of cardiac death
and have high probability of recurrent hospitalizations due
to CHF. In addition, they frequently have severe impair-
ment of exercise capacity and daily activities. The estimated
annual treatment cost for CHF in the United States is over
10 billion dollars (Abraham and Bristow 1997). In recent
years, there have been considerable advances in medical
therapy for LV dysfunction and the resulting symptoms of
CHF (SOLVD investigators 1991; Pitt et al. 2000; Cohn
et al. 1986; Pitt et al. 1999; Colucci et al. 2000; Abraham
and Hayes 2003). However, the prognosis for CHF patients
remains poor. For example, the Framingham Heart Study
showed a 5-year mortality rate of 45 % in women and 59 %
in men (Levy et al. 2002). Although medical therapy can be
very beneficial, the best therapy in an appropriately selected
patient is revascularization. Already by the 1970s, myo-
cardial regions with abnormal wall motion by echocardi-
ography were found to frequently recover function after
coronary artery bypass grafting (CABG) (Chatterjee et al.
1973; Rees et al. 1971). Clinical trials have shown
improved survival in patients with multivessel CAD and LV
dysfunction after revascularization (Rahimtoola 1985).

LV dysfunction is not always the result of irreversible
myocardial necrosis and scarring. After an initial ischemic
injury, various processes can occur that lead to LV dys-
function, apart from myocyte death. These processes are to
a certain extent reversible and include LV remodeling,
impairment of energy metabolism, and myocyte dysfunc-
tion (Dilsizian 2003). In case of dysfunction due to

myocardial necrosis and fibrotic replacement of myocar-
dium, no recovery is to be expected after revascularization.
However, if the LV dysfunction is due to myocardium that
is jeopardized by ischemic injury but still viable, recovery
may be possible. In these patients revascularization can
result in better long-term survival, symptomatic improve-
ment, and improved LV function (Baker et al. 1994;
Bounous et al. 1988). Patients with LV dysfunction caused
by CAD have, however, higher peri-operative risk com-
pared to patients with normal ejection fraction. Therefore,
appropriate selection of candidates for surgical revascular-
ization is key: patients with dysfunctional but viable myo-
cardium who are expected to show functional recovery
(Blitz and Laks 1996). It is crucial to determine the risk-
versus-benefit ratio for the individual patient with LV
dysfunction due to CAD (Buckley and Di Carli 2011). Also,
apart from viability, clinicians are often interested in whe-
ther there is presence of ischemia. If complete revascular-
ization is not an option, detection of ischemia may assist in
targeting the coronary artery that is likely to provide the
most benefit. Noninvasive imaging of the myocardium
provides essential information to derive the best clinical
decision.

2 Concepts in Myocardial Viability

Prolonged ischemia of the myocardium triggers a cascade
of events including edema and myocardial cell death
(mainly necrosis). Infarcted myocytes lose cellular integrity
by rupture of cell membranes. Infarcted myocardium does
not benefit from revascularization. During the first days
after acute coronary occlusion, the infarct volume can
almost double in size, even without additional cell death.
This is caused by an increase in edema and cellular ele-
ments (Reimer and Jennings 1979). Conversely, during the
next 4-6 weeks after MI, infarct volume can diminish to
about 25 % of its size in the acute phase as necrotic myo-
cytes are replaced by scar tissue. In the months after acute
MI, wall thinning of the infarct area and adjacent myocar-
dium can be observed (Ganame et al. 2011). Even after
restoring coronary flow in the acute phase, an area of
residual myocardial perfusion abnormality may remain,
called microvascular obstruction (MVO). The presence of
MVO results in a more extensive final infarct size, LV
remodeling, and lack of functional recovery (Bogaert
et al. 2007), and is related to a worse prognosis (Ito et al.
1996; Wu et al. 1998; Lepper et al. 2000). In chronically
infarcted myocardium, the necrotic and apoptotic myocytes
have been replaced by collagenous scar tissue. This scar
tissue has a small intracellular space and a large effective
extracellular volume. Just like necrotic myocardium,
scarred myocardium does not regain functionality after
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revascularization. The size of the final infarct is related to
the extent of LV remodeling and LV dysfunction (Lund
et al. 2007; Orn et al. 2007).

The outcome of ischemic injury in the typical clinical
setting is not clear-cut. Not always does ischemic injury
result in infarct and irreversible LV dysfunction. Sometimes
the result is partly or completely reversible LV dysfunction.
In those cases, revascularization can lead to improved
contractile function. In such cases of reversible LV dys-
function, two states of the myocardium are important,
myocardial stunning and hibernation.

2.1 Myocardial Stunning

Myocardial stunning refers to reversible contractile dys-
function that can occur in the setting of restored coronary
blood supply, after a brief period of impaired coronary
perfusion (Heyndrickx et al. 1978; Braunwald and Kloner
1982). In myocardial stunning after reperfused ACS, coro-
nary blood flow has been restored but contractility has not
returned to baseline, which means that there is a mismatch
in perfusion and contractility. Stunning can also develop
after a period of unstable angina or exercise-induced
ischemia. Episodes leading to stunning can be single or
multiple, brief or prolonged, but by definition are not severe
enough to cause myocardial necrosis. Stunned myocardium
shows prolonged but transient dysfunction, that can last for
hours to weeks (Kloner et al. 1998). In case of myocardial
stunning, the myocardium is dysfunctional and viable. In
the 1980s, small studies were already investigating myo-
cardial functional recovery after thrombolytic treatment of
ACS (plus coronary angioplasty in some cases) (Topol et al.
1985). After revascularization there was no immediate
improvement in contractility. However, 10 days after the
myocardial infarction, 85 % of reperfused infarct zone
segments demonstrated improved wall motion versus 30 %
of non-reperfused segments. The exact pathogenesis of
myocardial stunning is still unclear. A variety of factors can
be involved, including the presence of oxygen-free radicals
(Schwaiger and Schricke 2000). In imaging, stunning is
visible as a normally perfused, hypokinetic region that
shows improvement under dobutamine.

2.2 Myocardial Hibernation

Myocardial hibernation is described as a condition of
chronic contractile dysfunction due to severe CAD and
chronically reduced rest perfusion (Rahimtoola 1989). The
LV dysfunction associated with hibernation may be a pro-
tective response of the myocardium to meet the reduced
supply of oxygen and substrates. Myocytes affected by this

chronic low flow are thought to down-regulate their meta-
bolic needs, and thus their energy demand. This limits cell
death by preserving cell membrane integrity and glucose
metabolism, but comes at the expense of contractile func-
tion (Rahimtoola 1982; Kloner et al. 1998; Baker et al.
1991; Gewirtz et al. 1994; Ragosta et al. 1993; Shavalkar
et al. 1996; Dispersyn et al. 1999; Wilson 1999). A new
balance in perfusion and contractility is reached (Braunwald
and Rutherford 1986). Myocyte function can be restored to
normal—partially or completely—if the myocardial oxygen
supply—demand relationship is improved, either by
increasing blood flow and/or by reducing demand
(Rahimtoola 1989). The time course of functional recovery
of hibernating myocardium may vary considerably and
depends on several factors, such as the severity and duration
of myocardial ischemia, the timing and completeness of
myocardial revascularization, and the extent of micro-
structural changes in the dysfunctional myocardium
(Vanoverschelde et al. 2000).

Recently, the concept that chronically reduced perfusion
of the myocardium results in hibernation has been ques-
tioned. Studies have shown that resting blood flow in
hibernating myocardium is not decreased to the extent that
would account for the degree of contractile dysfunction.
Rather, the myocardial perfusion reserve is significantly
decreased (Conversano et al. 1996; Vanoverschelde et al.
1993; Marinho et al. 1996). The idea has arisen that stunning
and hibernation may not be discrete entities but instead may
exist on a continuum. Hibernation is likely a manifestation
of chronic stunning due to repetitive, intermittent ischemic
episodes (Braunwald and Kloner 1982; Marinho et al.
1996). Observations suggest that hibernation could develop
during a time of repetitive stunning, with initial (near-)
normal flow but reduced flow reserve, and with decreased
resting flow in a later phase (Bax et al. 2003). Over time,
microstructural changes in the myocardium can also occur,
including changes in structural proteins, metabolism chan-
ges to a more fetal form, and apoptosis (Balliga et al. 2000;
Vanoverschelde et al. 2000). In imaging, hibernating
myocardium is diagnosed by an area of reduced contractility
with improvement under low-dose dobutamine, normal or
increased metabolism, and decreased perfusion.

3 Clinical Importance of Assessing
Myocardial Viability

LV function is a well-established and strong prognostic
factor after ACS (Burns et al. 2002). The development of
LV systolic dysfunction after MI, especially if associated
with clinical CHF, is associated with poor survival. For
example, in the Coronary Artery Surgery Study, medically
treated patients with an LV ejection fraction below 35 %
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had a 10-year survival of only 30 %, compared to a survival
of 60 % for patients with an ejection fraction of 35-49 %,
and a survival of approximately 90 % for those with an
ejection fraction of at least 50 % (Emond et al. 1994).
The surgical treatment for ischemic heart failure
(STICH) trial studied 1,212 patients with an ejection
fraction of 35 % or less and CAD amenable to CABG, who
were randomized to optimal medical treatment alone or
with CABG. The trial showed that CABG resulted in 19 %
lower risk of cardiovascular death, although overall
mortality was not lower compared to medical treatment
alone (Velazquez et al. 2011).

As described above, LV dysfunction can be due to an
irreversible process, such as infarction, necrosis, or scarring,
but also due to myocardial hibernation or stunning, in which
case the LV dysfunction is partly or completely reversible.
Differentiation between reversible and irreversible causes of
LV dysfunction has important implications. Revasculariza-
tion can result in survival benefit, symptomatic improve-
ment, and improved contractile function in patients with
reversible causes of LV dysfunction, i.e., hibernating myo-
cardium (Baker et al. 1994). The main goal of myocardial
viability assessment is to identify patients whose symptoms
and prognosis may improve after revascularization. Among
patients with reduced LV function, those with hibernating
myocardium have the worst prognosis if not referred for
revascularization. In contrast, patients with LV dysfunction
predominantly due to scarring do not seem to benefit from a
revascularization procedure, but fare better with medical
treatment. In a meta-analysis of more than 3,000 patients
with reduced ejection fraction who underwent myocardial
viability assessment, the annual mortality rate for patients
with viable myocardium who were treated medically was
16 %, compared to 3 % for those undergoing revasculari-
zation (Allman et al. 2002). Revascularization improved
survival of patients with viable myocardium by approxi-
mately 80 %. In contrast, there was a trend towards increased
mortality in patients without viable myocardium who
underwent revascularization, 7.7 % versus 6.2 %. No sig-
nificant difference in predictive power was found between
nuclear techniques and dobutamine echocardiography. In a
nonrandomized subgroup of the STICH trial, myocardial
viability was assessed by single-photon emission computed
tomography (SPECT) and/or dobutamine stress echocardi-
ography (DSE). In this selected cohort, a survival benefit of
CABG on top of medical treatment in the case of viable
myocardium could not be demonstrated (Bonow et al. 2011).
Due to issues with the study design, conclusions need to be
drawn with caution. The findings suggest that viability
assessment on its own may not be the only determinant of
outcome in patients with LV dysfunction.

In selecting patients for revascularization, the identifi-
cation of potentially reversible LV dysfunction should not
be the only consideration. Many factors influence the clin-
ical outcome, such as comorbidity, patient frailty, prior
revascularization, and extent of LV remodeling (Buckley
and Di Carli 2011). The clinical decision to revascularize is
generally easy in cases of severe LV dysfunction, debili-
tating anginal symptoms, mild LV remodeling, adequate
target vessels for revascularization, and minimal comor-
bidity (Baker et al. 1994). Survival benefit in these patients
likely results from revascularization of myocardial territo-
ries at risk, including areas of ischemia. However, in
patients with estimated high-risk revascularization, clinical
decision making can be more difficult, involving careful
weighing of the risks and benefits of a revascularization
procedure. In both settings, myocardial viability assessment
is crucial to determine the optimal clinical management for
the individual patient.

4 Noninvasive Imaging Approaches
to Evaluate Myocardial Viability

According to current guidelines and appropriateness criteria
documents, there is a choice in noninvasive imaging tech-
niques that can be applied to assess myocardial viability
(Klocke et al. 2003; Hendel et al. 2006, 2009; Beanlands et al.
2007a; Sicari et al. 2008; Douglas et al. 2011). Options
include single photon emission computed tomography
(SPECT), fluorine-18-labeled deoxyglucose (FDG)-positron
emission tomography (PET), dobutamine echocardiography,
and MRI. Different principles underlie the assessment of
viability by these modalities. Nuclear imaging techniques
rely on intact cellular membranes for uptake and retention of
radiotracers (thallium-201, technetium-99m), as well as
intact glucose uptake (FDG). Dobutamine echocardiogra-
phy/MRI investigates contractile reserve of dysfunctional
myocardium based on the inotropic effect of low-dose
dobutamine. Delayed contrast enhancement MRI can assess
the presence and extent of myocardial infarction in the acute
and late phase after MI (dependent on rupture of cell mem-
branes in necrosis and increased interstitial space in scar
tissue, respectively). While all techniques above are accepted
modalities for myocardial viability assessment, dobutamine
echocardiography is the first choice technique for evaluating
wall motion abnormalities in most patients. On the other
hand, MRI provides optimal tissue characterization for
assessment of infarct and scar composition. Computed
tomography has only recently entered the stage of myocar-
dial viability assessment. Computed tomography for this
indication is the focus of the chapters by Kerl and by Ruszics.
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Table 1 Overview of established noninvasive imaging techniques for viability assessment, with test characteristics for prediction of

improvement in regional contractility after revascularization

Imaging Criteria for viability Sens  Spec

technique

SPECT

Thallium-201 Perfusion/redistribution, 87 54
>50 % peak levels

Technetium-99m Perfusion, >50 % peak 83 65
levels

FDG-PET (Perfusion/) Metabolism, 92 63
>50 % peak activity

Echocardiography

LV wall thickness ED wall thickness >6 mm 94 48

Dobutamine contractile reserve® 80 78

MRI

LV wall thickness ED wall thickness >5.5 mm 96 38

LGE <50 % transmural LGE 95 51

Dobutamine contractile reserve 81 91

67

74

74

53
75

71
69

PPV NPV  Advantages Disadvantages

Available Radiation

79 Reproducible Spatial resolution
Extensive experience Long acquisition

76 protocols

87 High accuracy Not widely available
Quantitative measures Expensive
Available Operator dependent

93 Cheap Suboptimal image quality

83 in 20 %
Spatial resolution Not possible in case of

85 Tissue characterization intracardiac devices and

90 infarct size claustrophobia

75

93

Sens is sensitivity; Spec is specificity; PPV is positive predictive value; NPV is negative predictive value; SPECT is single-photon emission
computed tomography; FDG is fluorine-18-labeled deoxyglucose; PET is positron emission tomography; LV is left ventricle; ED is end-diastolic;
MRI is magnetic resonance imaging; LGE is late gadolinium enhancement.

 Preferable biphasic response.

Test characteristics for echocardiography LV wall thickness based on Cwajg et al. (2000), for MRI based on meta-analysis by Romero et al.
(2012), for other imaging techniques based on meta-analysis by Schinkel et al. (2007).

It is important to consider the mechanism being targeted
for viability assessment in order to understand advantages
and limitations of each modality. In response to myocardial
hypoperfusion, metabolic changes occur first, while sub-
sequent steps lead to changes in myocardial contractility
(Taegtmeyer 2010). Thus, modalities that make use of intact
cell membrane function, a process that is affected early in
the cascade, show a low probability of recovery post-
revascularization if viability is absent (high sensitivity),
while modalities that assess contractile function, a process
that is affected only later, show a high probability of func-
tional recovery if viability is present (high specificity).
Apart from differences in diagnostic accuracy, modalities
differ with regard to spatial resolution, availability, cost,
radiation dose, and versatility. An overview of character-
istics of the noninvasive modalities is provided in the
included Table 1.

4.1 Nuclear Techniques

4.1.1 Single-photon Emission Computed
Tomography

SPECT imaging uses single photon emitting radioisotopes
to study the viability of the myocardium. The uptake of the
radionuclide perfusion tracers depends on myocardial blood
flow and the integrity of the cell membrane. Myocardial
segments with maintained radiotracer uptake at rest are
viable. However, segments with reduced radiotracer uptake

may or may not be viable. In the latter cases, myocardial
viability can be assessed by imaging myocardial metabo-
lism or contractile reserve. A strong point of SPECT is the
extensive clinical experience as well as the multitude of
studies showing the ability of SPECT to predict viability.
Also, SPECT imaging is widely available, easy to perform,
and highly reproducible. However, due to the limited spatial
resolution of SPECT, detection of small non-transmural
infarcts is difficult. Additionally, both thallium-201 and
technetium-99m studies are subject to attenuation artifacts
from the diaphragm and breasts, although this can generally
be solved by attenuation corrected SPECT. Finally, a dis-
advantage compared to MRI and DSE is the associated
radiation burden.

4.1.1.1 Thallium-201

Thallium-201, one of the earliest radionuclide tracers, is
actively extracted from the blood across the myocyte cell
membrane via the sodium potassium-adenosine triphos-
phate pump. This transport system is unaffected by hypoxia
unless irreversible injury is present. Images obtained early
after radiotracer injection represent blood flow, whereas
retention and redistribution of thallium over a 4-24 h period
reflect intact cell membrane function, and thus, viability.
Areas of LV dysfunction with thallium-201 activity >50 %
of peak levels early after radiotracer injection are consid-
ered to be viable. Patients who have segments with < 50 %
of peak levels undergo redistribution imaging after 4 or
24 h. Thallium-201 redistributes over time into viable cells
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independent of the extent of first-pass perfusion. It has been
shown that imaging 4 h after stress injection can underes-
timate the presence of viable myocardium as compared to
imaging results at 24 h (Perrone Filardi et al. 1996) and
compared to metabolic imaging with FDG-PET (Brunken
et al. 1992). Modified protocols that involve reinjection of
radiotracer (Bonow et al. 1991; Dilsizian et al. 1990) were
found to improve the detection of viable myocardium.
Zimmerman et al. (1995) showed that regional thallium-201
activity in redistribution and reinjection images is propor-
tional to the mass of preserved viable myocytes in jeopar-
dized myocardium. Images are often interpreted visually,
but relative quantification of regional radiotracer uptake
may provide more objective and accurate results (Qureshi
et al. 1997). The most common protocols used for viability
detection with thallium-201 are: (1) stress-redistribution-
reinjection imaging, which provides information about
inducible ischemia and cellular viability (Dilsizian et al.
1990); and (2) rest-redistribution imaging, which provides
information about myocardial blood flow at rest and cellular
integrity (Ragosta et al. 1993). The probability of functional
recovery post-revascularization decreases as regional thal-
lium-201 uptake declines. Areas with little or no thallium-
201 uptake are unlikely to recover function after revascu-
larization (Perrone Filardi et al. 1996). In a meta-analysis of
40 studies, the weighted mean sensitivity of thallium-201
imaging was 87 %, specificity 54 %, positive predictive
value (PPV) 67 %, and negative predictive value (NPV)
79 % (Schinkel et al. 2007). Thallium-201 was found to
provide important long-term prognostic information in
patients with severe LV dysfunction who underwent CABG
(Gurserer et al. 2002). Disadvantages of thallium-201
include a long half-life (73 h) which leads to a relatively
high radiation dose, and suboptimal image quality in the
cases of obesity and large breasts, which can result in false-
positives.

4.1.1.2 Technetium

In recent times, Technetium (Tc)-99m has become the
preferred SPECT radiotracer. 99mTc-labeled agents emit
higher energy photons than thallium-201, yielding better
image quality. Also, the shorter half-life time of 99mTc
allows the administration of a higher dose. Flow tracers
such as 99mTc-sestamibi and 99mTc-tetrofosmin are lipo-
philic and positively charged. Unlike thallium-201, Tc-
99m-sestamibi and Tc-99m-tetrofosmin are passively
transported via the sarcolemmal membrane and bind to the
inner membrane of mitochondria (Piwnicka-Worms et al.
1994). Uptake and retention of 99mTc-sestamibi and
99mTec-tetrofosmin is dependent on cell membrane integrity
and mitochondrial function (Travin et al. 2005). Regional
99mTec-sestamibi and 99mTc-tetrofosmin activity is closely
correlated with the results obtained in thallium-201 imaging

(Udelson et al. 1994; Matsunari et al. 1997). The use of
nitrates prior to the injection of Tc-99m-labeled tracers
enhances collateral flow and thus myocardial uptake in
areas of resting hypoperfusion (Aoki et al. 1991). This
improves the evaluation of myocardial viability. Another
method to enhance the detection of viability is simultaneous
assessment of LV function using gated SPECT imaging,
which allows assessment of contractility. An example
patient is shown in Fig. 1. In combination with low dose
dobutamine infusion, gated SPECT imaging can be used to
evaluate contractile reserve (Iskandrian et al. 1998). Like in
thallium-201 imaging, apart from visual analysis, quantifi-
cation of tracer uptake can be performed in Tc-99m SPECT
imaging. Dysfunctional myocardial segments with >50 %
of peak levels are considered viable and have a good
probability of functional recovery after revascularization. In
contrast, segments showing <50 % tracer uptake at rest
have poor viability and a much lower probability of
improved function after revascularization. In addition to
viability imaging, rest SPECT images can be used for
assessment of infarct size (Gibbons et al. 2005). In the
previously mentioned meta-analysis, the reported weighted
mean sensitivity for technetium-99m SPECT was 83 %,
specificity 65 %, PPV 74 %, and NPV 76 % for predicting
regional functional improvement after revascularization
(Schinkel et al. 2007). Most of the 26 studies in the meta-
analysis applied Tc-99m-sestamibi as tracer. Tc-99m
SPECT imaging with use of nitrates resulted in better
specificity and NPV than without nitrates, with comparable
sensitivity and PPV.

4.1.2 Positron Emission Tomography

In PET imaging, radiotracers are used that emit positrons.
Upon encountering an electron, the positron annihilates
together with the electron, resulting in the production of a
pair of 511 keV photons that travel at 180° from each other
(Slart et al. 2006). PET imaging consists of detection of
these photons when they hit the detectors within a pre-
specified time interval (coincidence detection). The radio-
tracer is then assumed to be positioned directly between the
two detectors. A low-resolution CT or a radionuclide
transmission image is performed together with PET to
correct for attenuation of photons. PET imaging can be
applied to assess viability by the measurement of myocar-
dial perfusion and/or metabolism (Fig. 2). Myocardial
perfusion is assessed using rubidium-82 or N-13 ammonia.
Commonly, myocardial metabolism is assessed by FDG, a
glucose analog. The high temporal and spatial resolution of
PET (Bacharach et al. 2003) combined with the attenuation
correction allows quantification of small amounts of radi-
otracer uptake and estimation of myocardial blood flow (Al
Mallah et al. 2010). Due to the very short half-life of most
radiotracers (a few minutes), PET protocols are fast and
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Fig. 1 Gated single-photon emission computed tomography myocar-
dial perfusion scintigram in a patient with a history of inferoseptal
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radiation exposure is lower than for SPECT. FDG has a 2-h
half-life that allows transport to sites without an on-site
cyclotron. Disadvantages of PET include the high costs of
the technology and the limited availability of PET scanners
and radiotracers.

The typical FDG PET viability study consists of FDG
PET images paired with resting myocardial perfusion ima-
ges, which can be obtained using SPECT or PET. In viable
but dysfunctional myocardium, FDG uptake increases due to
a shift to anaerobic metabolism and a preference for glucose
rather fatty acid metabolism (Dilsizian et al. 2008). The
specific pattern of regional perfusion and metabolism allows
classification of myocardium as normal, hibernating, or scar.
A myocardial area with a severe perfusion and metabolism
defect (termed a flow-metabolism “match”), indicates a
transmural or nearly transmural infarct. A territory with a
less severe, matched perfusion and metabolism defect rep-
resents a non-transmural infarct without viability. Segments
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with reduced perfusion and normal or increased glucose
metabolism (mismatch) indicate jeopardized, viable myo-
cardium. In myocardial areas with repetitive stunning,
myocardial perfusion is normal or nearly normal, FDG
uptake is normal or reduced, but stress perfusion, if per-
formed, is typically reduced. FDG imaging can theoretically
miss viable tissue in regions of thinned myocardium due to
partial volume effects (Kuhl et al. 2006).

PET has a high accuracy for the prediction of functional
recovery after revascularization (Tillisch et al. 1986; vom
Dahl et al. 1994). The accuracy of PET remains high even
in patients with the most severe left ventricular dysfunction
(LVEF < 25 %) (Marin-Neto et al. 1998). In a meta-anal-
ysis of 24 studies (Schinkel et al. 2007), PET had a
weighted mean sensitivity of 92 %, specificity of 63 %,
PPV of 74 %, and NPV of 87 %. FDG-PET has been
considered the reference standard for viability imaging
given the extensive clinical experience, the considerable
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Fig. 2 Positron emission tomography examination. Polarmaps of the
left ventricle showing absolute quantification of myocardial perfusion
and FDG metabolism. The upper-left polarmap shows rest '°N-
ammonia perfusion, the upper right polarmap depicts dipyridamole
stress '°N-ammonia perfusion, the lower polarmap shows FDG
metabolism. The color scale of the polarmaps ranges from red (good
perfusion/viability) to blue (no perfusion/viability). The stress '°N-

research data, and its relatively high accuracy for predicting
functional recovery following revascularization. Exercise
and functional capacity have been found to improve to a
greater extent in patients with multiple areas of intact via-
bility by FDG-PET, compared to patients with less viable
myocardium (Di Carli et al. 1995; Marwick et al. 1992).
The extent of perfusion-metabolism PET mismatch, in
particular, identifies patients who will have the largest
improvement in heart failure symptoms (Di Carli et al.
1995). PET viability imaging can identify patients with LV
dysfunction who will derive the most prognostic benefit
from revascularization in terms of reduction of cardiovas-
cular events and mortality (Eitzman et al. 1992; Rohatgi
et al. 2001). The value of PET was recently assessed in a
randomized trial, the PET and Recovery Following
Revascularization (PPAR-2) trial. PET-guided management
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ammonia polarmap shows a considerable perfusion defect of the
inferior left ventricular wall, extending to the basolateral wall
(arrows). This defect is largely reversible as shown on the rest '°N-
ammonia polarmap (ischemia), with a small persistent perfusion defect
(arrow). The persistent perfusion defect shows glucose metabolism on
the FDG polarmap, indicating myocardial viability. Courtesy of Dr
RHIJA Slart, University Medical Center Groningen

was compared to routine management of patients with
ischemic cardiomyopathy (Beanlands et al. 2007b). In the
PET arm, recommendations regarding revascularization
were based on the amount of viable myocardium. The study
found that the composite endpoint of cardiac events/hospi-
talizations did not occur significantly less in patients ran-
domized into the PET-based approach compared to the
routine care arm (30 vs. 36 %). However, in patients who
underwent the treatment that was guided by PET results,
there was a significant reduction in mortality rate compared
with the routine care arm. In a sub-study, the number of
viable, ischemic segments (with perfusion-metabolism
mismatch) was strongly related to the prognostic benefit of
revascularization (D’Egidio et al. 2009). The capability to
perform quantitative assessment of perfusion and metabo-
lism is a particular strength of PET.
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4.2 Echocardiography

4.2.1 Morphological Assessment

With echocardiography, myocardial viability can be eval-
uated through measures of LV wall thickness or myocardial
contractile reserve (response to dobutamine infusion). The
simplest type of viability assessment by echocardiography
concerns LV morphology. Patients with a severely dilated
LV are unlikely to show functional recovery after revas-
cularization. The higher the LV end-systolic volume, the
less likely the LV is to show improvement of contractile
function (Bax et al. 2004). For LV volume measurement,
three-dimensional echocardiography is more accurate than
two-dimensional echocardiography (Lang et al. 2006).
Thinned myocardial segments in patients with chronic CAD
typically represent non-viable scar. An LV end-diastolic
wall thickness >6 mm has been used as a marker to predict
functional recovery post-revascularization (Cwajg et al.
2000). Sensitivity was 94 %, specificity—48 %, indicating
that patients who will not benefit from revascularization can
be identified, but that end-diastolic wall thickness does not
predict patients who will recover LV function. In a study by
La Canna et al. (2000), patients with referral for CABG
underwent echocardiography (morphological and dobuta-
mine stress evaluation) and thallium-201 studies. LV end-
diastolic wall thickness >5 mm had higher sensitivity but
lower specificity than viability by dobutamine echocardi-
ography or thallium-201 studies. Myocardial segments with
LV end-diastolic wall thickness <6 mm very rarely have
contractile reserve on dobutamine echocardiography
(Schinkel et al. 2002). Thus, an LV end-diastolic wall
thickness below 5-6 mm makes contractile recovery after
revascularization very unlikely.

4.2.2 Dobutamine Stress Echocardiography

DSE has long been used to assess jeopardized myocardium
for viability. Stress echocardiography relies on dynamic
assessment of myocardial wall thickening and wall motion
during administration of an inotropic agent. The most
extensive experience is available with low-dose dobutamine
(Pierard et al. 1990; Smart et al. 1993; Watada et al. 1994;
Cigarroa et al. 1993; Perrone Filardi et al. 1995; Sicari et al.
2003; Pagano et al. 1998). Dobutamine is a synthetic cat-
echolamine leading to a considerable increase in systolic
blood pressure and heart rate, and an increase in myocardial
oxygen demand. It has both a positive inotropic and a
chronotropic action. The inotropic effect occurs before the
chronotropic effect. This positive inotropic effect, which
occurs at low doses of dobutamine, is applicable in myo-
cardial viability assessment (Kuijpers et al. 2004; Nagel
et al. 1999). DSE is a widely available technique and is
relatively easy to implement. However, DSE involves
subjective assessment of regional wall motion, which makes

the accuracy of the technique operator dependent. Also,
suboptimal echo windows limit its use in approximately
20 % of patients.

To assess myocardial contractile reserve, images are
obtained at baseline and under increasing doses of dobuta-
mine. Dobutamine infusion typically starts at 5 pg kg body
weightf1 min~! for 3 min, increasing every 3 min to 10, 20,
and in some cases, 30, and 40 pcg kg body weight ™' min~".
In case of a low-dose dobutamine stress protocol, 20 pcg kg
body weight ™' min~" is the highest dose used. If ischemia is
tested in the same examination, doses up to 40 pcg kg body
weight ™' min™' (high-dose) are infused. At each stage,
echocardiographic images are reviewed to identify new wall
motion abnormalities and worsening or improvement of pre-
existing wall motion abnormalities.

Dysfunctional myocardial segments can present four
different responses to dobutamine infusion (Nagueh et al.
1997): (1) progressive worsening of function. This likely
represents hibernating myocardium, served by a critically
stenosed coronary artery, or a significant scar. In this case
there is no contractile reserve, and any increase in energy
demand leads to ischemia. (2) No change in LV dysfunc-
tion, indicating scar. (3) Sustained improvement in con-
tractility with increasing dobutamine doses; there is likely
enough coronary flow even at high oxygen demands, for
example in stunned myocardium. (4) A biphasic response in
which a segment shows improvement in contractile function
at low dose (5-10 pg kg™' min~") with worsening at a
higher dose (at least 20 pg kg~' min~"'). Hibernating seg-
ments showing a biphasic response have contractile reserve,
but this reserve is restricted usually due to concurrent cor-
onary stenosis, resulting in ischemia at higher doses. The
benefit of proceeding to higher doses of dobutamine, even if
contractile reserve is demonstrated at lower doses, is to
observe such a biphasic response.

The biphasic response has the best predictive value of the
four possible responses to dobutamine in determining
improvement in LV function after revascularization. Two
studies in this field demonstrated that 72-75 % of dysfunc-
tional segments with a biphasic response showed functional
recovery following revascularization (Afridi et al. 1995;
Cornell et al. 1998). Functional improvement post-revascu-
larization is less likely in cases of worsening function (9-
35 %) or sustained improvement (15-22 %), while recovery
is not to be expected in case of no response to dobutamine (4—
13 %). High-dose dobutamine protocols have a significantly
higher sensitivity and a similar specificity to low-dose
dobutamine protocols (Schinkel et al. 2007), and thus, are
recommended if there are no contraindications to high-dose
dobutamine. In a meta-analysis of 41 studies using DSE to
predict improved ventricular function after revascularization
(Schinkel et al. 2007), the sensitivity and specificity were
80 % and 78 %, respectively, and the PPV and NPV were
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Fig. 3 Magnetic resonance imaging examination in a patient with a
partly reperfused infarction, 1 day after the acute coronary syndrome.
Midventricular short-axis images. The left image shows a focal
perfusion defect during first pass of contrast in the lateral wall,
indicative of impaired perfusion and microvascular obstruction. The

75 % and 83 %, respectively. Only eight of these studies
used a high-dose protocol. The high-dose protocols yielded
slightly higher sensitivity (83 versus 79 %) and NPV (85
versus 82 %) than the low-dose studies. In the comparison of
DSE and nuclear techniques (Schinkel et al. 2007), nuclear
imaging modalities had a higher sensitivity for prediction of
regional LV functional recovery, while DSE had higher
specificity. Nuclear techniques also had higher sensitivity of
global contractile function compared to DSE, at similar
specificity. In general, DSE has a tendency to underestimate
viability while nuclear imaging modalities tend toward the
overestimation of viability. A substantial number of non-
viable segments by DSE will be interpreted as viable by
nuclear imaging (Panza et al. 1995; Cornel et al. 1999). In the
presence of significant myocardial viability on DSE, patients
who undergo revascularization were found to have a much
more favorable prognosis than those treated medically (Af-
ridi et al. 1998; Chaudhry et al. 1999). Conversely, patients
with mostly non-viable myocardium on DSE did not derive
prognostic benefit from revascularization.

4.3 Magnetic Resonance Imaging

4.3.1 Imaging Findings in Acute and Chronic
Situations

Viability imaging with MRI revolves around two approaches:
morphology and function. In acute situations, early after
primary percutaneous coronary intervention (PCI), function
loss and edema are more pronounced; while in the chronic

adolinium enhancement

right image shows late gadolinium enhancement of this area, reflective
of necrosis and edema, with a central hypointense area that represents
microvascular obstruction. On invasive coronary angiography (not
shown), patient had an occluded obtuse marginal branch of the left
circumflex coronary artery that could not be reperfused

situation, more structural changes occur, ultimately also
leading to function loss. Different indices play a role in the
assessment of prognosis after myocardial infarction, such as
infarct size, right ventricular involvement, papillary muscle
involvement, pericarditis, and microvascular obstruction.

T2-weighted imaging (short-tau inversion recovery—
STIR-imaging) can be used to assess the amount of edema,
visible as high signal intensity. Edema is a sign of acute
injury that becomes less pronounced in time. T2-weighted
imaging, especially so-called T2" imaging, can also be used
to detect hemorrhage in an area of high signal intensity due to
edema. Intramyocardial hemorrhage is associated with more
severe infarct-related injury (Kumar et al. 2011).

Another helpful technique is first-pass perfusion imag-
ing. In acute or chronic MI, perfusion images can be nor-
mal. This implies that perfusion status has recovered, which
is a favorable prognostic sign. Prognosis is worse when
perfusion imaging is abnormal, specifically with an area of
reduced myocardial enhancement after the injection of an
intravenous contrast agent (see Fig. 3). This can imply that
there is microvascular obstruction (MVO), also called the
no-reflow phenomenon. Multiple factors have been sug-
gested that play a role in the no-reflow phenomenon,
including microvascular spasm, endothelial dysfunction,
inflammation, edema, embolization of thrombus, and plaque
(Krug et al. 1996; Kloner et al. 1974). To a certain extent,
MVO can also be PCl-procedure related. Taylor et al.
(2006) described that elective PCI immediately impaired
resting function as assessed with cardiac MRI. Because
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Fig. 4 Magnetic resonance
imaging examination. Patient
with history of myocardial
infarction in right coronary artery
territory. Upper row shows
midventricular short axis cine
slice images in end-diastole (left)
and end-systole (right). Left
ventricle dysfunction. Thinning
of the inferior wall (<5.5 mm),
without thickening/contractility
in systole. Vertical long axis
(left) and short axis (right) lower
images show transmural late
gadolinium enhancement in the
inferior wall. Conclusion:
Transmural infarction of the
inferior wall without viable
myocardium

End-diastole

first-pass perfusion imaging is a dynamic technique
involving single-shot acquisition frames, the technique has
relatively low signal- and contrast-to-noise ratios. A recent
study showed that MVO is actually best detectable on
delayed contrast enhancement MRI due to better contrast-
to-noise ratio (see Fig. 3) (Nijveldt et al. 2009). However,
the absence of a non-enhancing core on late enhancement
images does not exclude the presence of MVO, as there is
gradual filling-in of the MVO area with contrast in the
minutes following contrast injection.

Functional cine imaging can be used to assess areas of
hypokinesia, akinesia, or even dyskinesia as an expression
of ischemic damage. In the setting of chronic MI, wall
thinning can occur (Fig. 4). In the literature, an end-dia-
stolic wall thickness of more than 5.5 or 6 mm is mentioned
as the cut-off for myocardium that recovers function after
revascularization (Romero et al. 2012). In a study by Stork
et al. (2007), edema on T2-weighted images and wall
thinning were accurate measures for differentiating acute
from chronic MI, respectively. Delayed contrast enhance-
ment and MVO did not play a role. On the other hand, T2-
weighted imaging can substantially underestimate the
extent of infarct in the presence of MVO.

End-systole

4.3.2 Late Gadolinium Enhancement
One way to assess myocardial viability by cardiac MRI is
the evaluation of late gadolinium enhancement (LGE). In
the LGE technique, a T1-weighted imaging sequence is
performed 8-10 min after the administration of the contrast
agent, Gadolinium. Static imaging is performed, with more
signal averaging and thus a higher signal-to-noise ratio than
first-pass perfusion imaging. The signal from the myocar-
dium is “nulled”, using an inversion recovery pulse. This
results in normal myocardium appearing dark; areas with
LGE will then appear relatively bright. The nulling ensures
optimal visual contrast between normal and abnormal
myocardium. The optimal inversion time for nulling of the
normal myocardium differs per patient and sometimes has
to be optimized during the acquisition of multiple slices.
The LGE technique aims to detect regions with delayed
Gadolinium uptake. It is important to note that in ischemic
cardiomyopathy, delayed enhancement can reflect different
pathologies. In the acute phase of MI, hyperenhancing
myocardium indicates the area of necrosis and edema (see
Fig. 3). Similar to the decrease in infarct size during the first
weeks after MI, the extent of LGE volume in MRI decreases
during the weeks after acute MI in canine models and in
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patients (Rochitte et al. 1998; Fieno et al. 2004; Ibrahim
et al. 2010). In the chronic situation, LGE identifies scarred
myocardium—more factually, increased interstitial space.
Thus, the statement, “bright is dead,” does not accurately
reflect the meaning of LGE. LGE hardly ever only reflects
cell death. In a landmark study by Kim et al. (2000), the
pattern of LGE in ischemic cardiomyopathy was found to
correspond to the myocardial perfusion territory of the
specific coronary artery. It was also shown that recovery of
myocardial function after revascularization depends on the
transmural extent of infarction. Contractile function is very
likely to recover if there is no late enhancement and unli-
kely to recover in the case of more than 50 % transmural
late enhancement (Fig. 4). However, in cases with 1-25 %
transmural late enhancement, the probability of functional
recovery is approximately 65 %; the probability of func-
tional recovery is 43 % if transmurality is 26-50 % (Kim
et al. 2000; Dilsizian 2007). Recovery of function after
revascularization appears to be related to the ratio of viable-
to-scarred myocardium within dysfunctional myocardial
segments. Different cut-off values for transmural extent of
hyperenhancement have been applied to determine whether
or not functional recovery post-revascularization can be
expected, ranging from >0 to >75 % (Romero et al. 2012).
Due to its superior spatial resolution, LGE by MRI is better
than SPECT and PET at identifying regions of subendo-
cardial scar (Klein et al. 2002).

Due to the fact that at least an 8 min waiting time is
mandatory after contrast injection, the DCE technique is
always combined with dynamic perfusion imaging (which
also requires a contrast agent). After contrast administration
and perfusion imaging, typically a stack of short-axis cine
images of the LV are acquired for LV functional parameter
assessment. Cine MRI is considered the reference standard
for measurements of global LV function (Task Force
European Society of Cardiology 1998).

4.3.3 Dobutamine MRI

Wall motion imaging by cardiac MRI provides important
information about global and regional myocardial function.
For adequate wall motion analysis, the entire cardiac cycle
needs to be captured. Additionally, good contrast between
the myocardial wall and the blood pool is needed. Fast
imaging with steady-state free precession sequences results
in improved image quality compared with gradient echo
acquisition techniques (Barkhausen et al. 2001; Plein et al.
2001). The capture of the entire cardiac cycle can be
obtained with retrospective electrocardiographic gating,
allowing for cine-loops to be acquired. Parallel imaging
allows for either reduced acquisition time or improvement
of temporal resolution. The consistently high level of spatial
and temporal resolution with which cine MRI images can be
acquired enables the detection of small alterations of

systolic wall motion up to heart rates of 200 beats per
minute. This allows for analysis of regional function with
dobutamine MRI in multiple slice positions. The rationale
for the use and dosage of dobutamine for evaluation of
myocardial viability is similar in MRI as in echocardiog-
raphy (see Sect. 4.2). Often, improvement in systolic wall
thickening of more than 2 mm is used as cut-off to predict
functional recovery (Romero et al. 2012).

Visual evaluation of changes in myocardial contractility
during infusion of dobutamine can be challenging. Myo-
cardial tagging, a technique using non-selective radiofre-
quency pulses separated by spatial modulation of
magnetization encoding gradients, can be helpful in regio-
nal LV functional analysis. The absence of inward move-
ment of these grid lines can be used to diagnose absence of
viability. Generally, improvement of a rest wall motion
abnormality during low-dose dobutamine is a sign that there
is still functional recovery possible, and can be used as a
sign of viability. Use of myocardial tagging was shown to
facilitate detection of wall motion abnormalities compared
to non-tagged MRI images (Kuijpers et al. 2003).

4.3.4 Diagnostic and Prognostic Accuracy of MRI
While the validation for the DCE-MRI technique has been
particularly extensive, the number of patient studies on
diagnostic accuracy is smaller. A recent meta-analysis
compared the diagnostic accuracy of the three described
MRI methods for assessing viability (Romero et al. 2012).
In total, 24 studies met the inclusion criteria, comprising
698 patients. End-diastolic wall thickness of more than 5.5
or 6 mm (in total four studies) had weighted sensitivity of
96 %, specificity of 38 %, PPV of 71 %, NPV of 85 %, and
overall accuracy of 68 %. For late enhancement (more than
50 % transmurality, 11 studies), these parameters were 95,
51, 69, 90 and 70 %, respectively. For improved systolic
wall thickening on low-dose dobutamine MRI (>2 mm
increase, 9 studies), test characteristics were 81, 91, 93, 75,
and 84 %, respectively. Thus, wall thickness and DCE
showed the highest sensitivity, and low-dose dobutamine
MRI had the highest specificity. Prediction of improvement
of contractile function can be difficult when based solely on
morphological information. Wellnhofer et al. (2004)
showed that DCE and dobutamine MRI can provide com-
plementary information in predicting functional recovery
after revascularization.

So far, only a few studies have been published on the
prognostic value of viability assessment by MRI. In studies
comprising more than 300 patients each, extent and trans-
murality of scar on MRI was found to predict major cardiac
adverse events beyond clinical and functional parameters
(Kwong et al. 2006; Kwon et al. 2009). Gerber et al. (2012)
recently showed that patient survival was considerably
worse when dysfunctional but viable myocardium on DCE-
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MRI was treated medically instead of interventionally.
Medically treated patients with dysfunctional but viable
myocardium on DCE-MRI had a higher mortality than
patients with non-viable myocardium. This is in line with
meta-analysis results by Allman et al. (2002) for echocar-
diography and nuclear techniques. The worse prognosis in
medically treated patients with viable versus non-viable
myocardium is possibly related to increased arrhythmogenic
vulnerability in still-viable myocardium, which can lead to
cardiac death (Fallavollita et al. 2005). Lastly, in medically
treated, chronic MI patients who underwent both DCE-MRI
and dobutamine echocardiography, infarct size on MRI was
a stronger prognostic factor than contractile reserve on
echocardiography (Kelle et al. 2009). However, in the case
of a large myocardial scar, contractile reserve was found to
be more important as predictor of cardiac events.

5 Conclusion

Ischemic cardiomyopathy with LV dysfunction is a major
burden in westernized societies, associated with high mor-
bidity and mortality, and substantial costs. LV dysfunction
can be reversible or irreversible, depending on whether
underlying myocardium is viable or non-viable. Dysfunc-
tional but viable myocardial segments with the potential for
functional recovery are considered to be stunned or hiber-
nating. In the case of reversible LV dysfunction, surgical
revascularization can lead to improved prognosis in
appropriately selected patients. Noninvasive imaging
methods can be used to assess myocardial viability, to assist
patient management optimization. The identification of
viable myocardium differs for the discussed imaging
modalities, and is generally based on morphology (mainly
MRI) and/or function (nuclear techniques, dobutamine
echocardiography, and MRI).
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Abstract

Coronary artery disease is one of the most common causes
of death. Treatment of coronary artery disease and its
sequelae is costly and may pose an unnecessary risk to the
patient if performed needlessly. Imaging of myocardial
viability became well established for optimizing indica-
tion an resource allocation in patients suffering from
myocardial infarction. While myocardial viability imag-
ing is routinely performed using '®*Fluorodeoxyglucose-
positron emission tomography, single photon emission
computed tomography or magnetic resonance imaging,
multislice-spiral computed tomography (MSCT) tech-
niques emerged as new tool for visualization of myocar-
dial infarction. This chapter describes different concepts
of MSCT viability imaging such as unenhanced CT for
assessing calcifications and fatty infiltrations. The focus
will be direct visualization of nonviable myocardium by
depiction of delayed myocardial contrast enhancement.
The clinical relevance of the different MSCT techniques is
described. Basic concepts on how to perform late phase
MSCT are introduced.

Despite advances in prevention and treatment, coronary
artery disease (CAD) remains one of the most common
causes of death. In 2012, about 935,000 US Americans
are expected to suffer myocardial infarction (MI). In 2009,
estimated 1,133,000 percutaneous coronary interventions
(PCI) and an additional 416,000 coronary artery bypass
graft (CABG) surgeries were performed in the US alone.
Mean hospital charges per PCI were US$60,309 and
US$124,404 per CABG. With a total expenditure of
US$190.3 billion, CAD is the most important driver of
direct health expenditure and of major socio-economic
relevance (Roger et al. 2012). Even more important are the
medical hazards associated with PCI and CABG surgery.
With a mean in-hospital death rate of 0.95 % per PCI and
1.75 % per CABG surgery, these procedures introduce
unnecessary risk to the patient when performed needlessly.
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Consequently, strategies for optimizing indication and
resource allocation are needed.

The idea of viability imaging goes back for more than
four decades, when clinical observations in patients with
ischemic heart failure showed recovery of ventricular
function after CABG surgery (Rees et al. 1971). This con-
dition of potentially reversible, chronic ischemic myocardial
dysfunction has been described as hibernating myocardium
(Diamond et al. 1978; Rahimtoola 1985). During the fol-
lowing decades, many experimental and clinical investiga-
tions showed that spatial extent and degree of ischemic
injury could predict the individual patient’s outcome and
long-term survival (Gersh and Anderson 1993). The trans-
mural extent of MI was identified as a particularly relevant
determinant of functional recovery and long-term outcome.
In patients with a transmural extent of MI of less than 25 %,
left ventricular function usually improves after revasculari-
zation. Even with up to 50 % irreversibly damaged myo-
cardium, an improvement of regional function can be
achieved by revascularization therapy (Choi et al. 2001),
whereas functional improvement is rare in MI with a
transmural extent of 75 % or more (Kim et al. 2000). Areas
of completely transmural MI will not recover function at all.
As therapeutic decisions depend on the quality of diagnostic
information, techniques for the direct assessment of myo-
cardial injury were sought. Direct visualization of myocar-
dial viability emerged as the most appealing concept as it
permits prediction of the individual patient’s prognosis as
well as the effect of revascularization therapy. Consequently,
assessment of myocardial viability is essential not only for
risk assessment but also for treatment planning.

Over the past decades, several cross-sectional imaging
techniques were established for assessing myocardial per-
fusion and viability. Well-established techniques for
assessing myocardial viability are low-dose dobutamine
stress echocardiography, single photon emission computed
tomography (SPECT) with **'thallium, or **™technetium-
labeled tracers, '*F-fluorodeoxyglucose (‘*FDG) positron
emission tomography (PET), and magnetic resonance (MR)
imaging. Of these, contrast-enhanced MR imaging has
emerged as the clinically accepted gold standard for the
evaluation of myocardial viability (Wagner et al. 2003). Its
high spatial and temporal resolution permits the detection of
small myocardial scars and allows for differentiating of
transmural and non-transmural infarction. Moreover, MR
imaging provides reliable information on global and
regional ventricular function. This is an essential advantage
compared with SPECT or '"*FDG-PET, which both provide
less spatial and temporal resolution.

Multi-detector row computed tomography (MDCT) is a
more recent addition to viability imaging. While MDCT is
widely being used now for the visualization of the coronary
arteries, it also allows for the assessment of left ventricular

function (Sarwar et al. 2009), myocardial perfusion
(Ho et al. 2010), and myocardial viability (Mahnken et al.
2005). Computed tomography (CT) actually preceded MR
imaging for assessing myocardial viability, with different
CT approaches to the assessment of MI and viability being
developed in the late 1970s (Adams et al. 1976; Higgins
et al. 1978). Electron beam computed tomography (EBCT)
(Hamada et al. 1992) and, as an anecdotal development, the
“dynamic spatial reconstructor” (Scanlan et al. 1980) were
successfully tested for imaging MI. For various reasons none
of these CT techniques became a routine tool in clinical
routine practice. With the introduction of cardiac MR
imaging in clinical routine, radiologists and cardiologists
lost sight of CT for imaging myocardial viability. It took
more than two decades for CT imaging of myocardial via-
bility to reemerge from oblivion. Nowadays robust tech-
nique of coronary CT angiography (cCTA) was the driver of
cardiac CTs rapid development. Although, it is currently not
considered appropriate for imaging of myocardial viability
(Taylor et al. 2010), MDCT holds the unique potential to
become a comprehensive cost-effective imaging strategy
that can assess both myocardial viability and coronary
arteries. Moreover, it offers an alternative to MR imaging for
the ever increasing patient population with implants, such as
cardiac pacemakers or deep brain stimulators.

1 Classification of Ischemic Injury
of the Myocardium

Although a classification may appear somewhat artificial and
some issues in separating the different stages of myocardial
injury are still unresolved, it is important to understand that
there are different types of reversibly and permanently dam-
aged myocardium. Simplified, it comes down to four different
conditions of ischemic myocardium: viable (reversible
injury) and necrotic myocardium (irreversible injury), each
with acute or chronic states. These different categories of
myocardial injury present with more or less unique image
characteristics, which can be accounted for by different
pathophysiology. Thus, understanding the etiology of ische-
mic injury and the response of the myocardium to ischemia is
essential for imaging the ischemically injured heart.

1.1 Reversible: Acute (Stunning)

Myocardial stunning covers a variety of pathologic stages
where contractile dysfunction of viable myocardium per-
sists though the coronary flow is restored (Bolli and Marban
1999). Contractile dysfunction is caused by single or repe-
ated brief periods of myocardial ischemia followed by
restoration of blood flow. Myocardial stunning has been
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described in association with exercise-induced ischemia,
heart transplantation, acute myocardial ischemia, and peri-
infarction dysfunction (Braunwald and Kloner 1982). It is
also thought to be the result of reperfusion injury (Braun-
wald and Kloner 1982). Stunning persists for a variable
time, ranging from 1 h to several weeks, but contractile
function eventually returns to normal after restoration of
myocardial perfusion.

1.2 Reversible: Chronic (Hibernation)
Hibernation refers to chronically dysfunctional but viable
myocardium with a reduced blood flow at rest (Shen and
Vatner 1995). In reaction to a prolonged perfusion deficit,
contractile function is diminished as result of subsequently
reduced myocyte metabolism. Hibernation may in fact be
the result of repetitive episodes of stunning, which have a
cumulative effect, thereby causing prolonged postischemic
dysfunction (Shivalkar et al. 1999). Multivessel disease with
hemodynamically relevant coronary artery stenoses repre-
sents the most common reason for myocardial hibernation.
Consequently, successful revascularization therapy is nee-
ded to improve myocardial function (Tillisch et al. 1986). In
contrast to myocardial stunning, function does not recover
spontaneously in hibernating myocardium. Moreover,
functional recovery takes much longer (Bax et al. 2001).
Hibernation has to be considered as an unstable situation.
Hibernating myocardium is not completely adapted to
chronic malperfusion and longer periods of dysfunction and
more severely reduced myocardial perfusion are thought to
cause more extensive damage to the myocardium. As a
result, chronically hypoperfused myocardium may lose its
potential for functional recovery over time (Schwarz et al.
1998), with an evidence that it will eventually become
irreversibly damaged (Kloner et al. 1998). Despite these
relevant differences, both stunning and hibernating myo-
cardium are clinically covered by the term “viable myo-
cardium”, because both entities require revascularization.

1.3 Irreversible: Acute (Acute MI)

Acute MI is an irreversible myocardial damage where the
loss of the cell membrane integrity marks the point of cell
necrosis. At that point, the intracellular space becomes
accessible for extracellular contrast media. Interstitial
edema further increases the distribution volume for contrast
material. As a result, wash-in and wash-out of contrast
material is markedly delayed when compared with the
intravascular space. These changes represent the patho-
physiological basis for delayed myocardial contrast
enhancement.

In acute MI, cell death does not occur simultaneously in
the entire infarction zone. Most of the myocardial thick-
ening and, therefore, the highest local energy demand
occurs within the endocardial half of the myocardium
(Myers et al. 1986). Consequently, cell death starts in the
subendocardial layer of the myocardium and necrosis
spreads like a wave front toward the subepicardial myo-
cardium (Reimer et al. 1977). While the lateral boundaries
of the infarct zone are defined by the occluded vessel ter-
ritory, the transmural extent of necrosis is a function of the
duration of ischemia. With acute MI starting endocardially,
the development of transmural MI may be prevented by
early coronary artery revascularization. The myocardium at
risk in the mid-myocardial and subepicardial layer might be
salvaged (Kim et al. 2000).

If myocardial ischemia persists for more than 2 h, res-
toration of blood flow in the epicardial coronary arteries
does not necessarily result in restoration of microvascular
flow. As a consequence, so-called microvascular obstruc-
tion (“no-reflow”) occurs. This phenomenon may persist
for more than 4 weeks while major steps of infarct healing
take place. Clinically, it is correlated with an increased
cardiac mortality and a reduced long-term prognosis (Wu
et al. 1998).

1.4 Irreversible: Chronic (Chronic MIl)

In the chronic stage of MI, starting approximately 72 h after
acute MI, remodeling of the myocardium can be observed.
Remodeling is a condition that results in changes in size,
shape, and function of the heart after different types of
cardiac injury. It is a maladaptive alteration in ventricular
geometry and function and will affect both ischemically
injured and uninjured myocardium. Remodeling may occur
in several clinical conditions including MI, pressure, or
volume overload (e.g., valvular disease), myocarditis, and
idiopathic dilated cardiomyopathy. In MI remodeling usu-
ally starts only few hours after the event. First, thinning of
the necrotic myocardium can be observed; within 6 weeks,
the necrotic myocardium is replaced by scar tissue that is
markedly thinner than healthy myocardium. The time
course of this process is defined by the severity of the
underlying disease and the occurrence of secondary events,
such as recurrent MI (Cohn et al. 2000).

2 CT Techniques for Imaging
of Myocardial Viability

A variety of CT approaches have been developed for
assessing the presence or absence of viable myocardium.
These include indirect approaches, such as unenhanced CT
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Fig. 1 67-year-old man with a
history of MI. The unenhanced
CT scan shows fatty metaplasia
of the subendocardial
myocardium of the septum

and left ventricular apex
(arrowheads). This finding is
known to occur in up to 62 % of
patients with a history of MI
and may be used as an indicator
for non-viable myocardium

for assessing fatty infiltrations or calcifications and arterial
phase CT measurement of end-diastolic wall thickness, and
the more important direct approach of late phase contrast-
enhanced CT for depiction of delayed myocardial contrast
enhancement.

3 Left Ventricular Myocardial Fatty
Metaplasia

Histological evaluations suggest that myocardial fat is
common in left ventricular scars with up to 84 % of MI
scars containing mature fat (Su et al. 2004); thus, the
presence of fatty scars may be used as a rough indicator of
previous MI. As the fat is located inside scar tissue, which
by definition represents irreversibly damaged myocardium,
fatty metaplasia may even serve as a surrogate parameter
for viability. On CT, myocardial fat can be detected from
unenhanced as well as arterial phase CT images (Fig. 1). It
has been reported to be present in 22-62 % of patients with
a history of chronic MI (Ahn et al. 2009; Zafar et al. 2008;
Ichikawa et al. 2009). In comparison with **™Tc-sestamibi
SPECT, the detection of fatty metaplasia on unenhanced CT
images showed an excellent sensitivity of 92 % with a
positive predictive value of 77 % for detecting chronic MI
(Gupta et al. 2011). However, it also occurs in about 3 % of
patients without a history of MI (Ichikawa et al. 2009). In
addition, the extent of fatty metaplasia is not related to
infarct size.

Unlike fatty deposits in the right ventricle seen in
arrhythmogenic right ventricular dysplasia (ARVD), the
diagnostic value of fatty metaplasia of left ventricular myo-
cardium has not yet been determined. In relation to viability
imaging, however, one has to be aware of this entity as the
presence of fat in areas of scarred myocardium may affect
interpretation of late phase CT images. Since the attenuation
values of fat are quite low, chronic MI may be visualized as a
substantially lower attenuation area in comparison with
ischemic myocardium as seen on cCTA or CT myocardial
perfusion imaging (Nieman et al. 2006). Furthermore, fatty
metaplasia of the left ventricular myocardium may indicate
the benefit of an additional late phase CT scan in patients
referred for coronary calcium scoring or cCTA.

4 End-Diastolic Wall Thickness

Parallel to resting MR imaging, CT measurement of end-
diastolic wall thickness is a surrogate parameter of myo-
cardial viability. Myocardial segments with an end-diastolic
wall thickness less than 6 mm on CT are likely to represent
scar tissue (Fig. 2a; Nieman et al. 2006). In these segments,
regional function is unlikely to improve after revasculari-
zation. Extreme cases may evolve into ventricular aneu-
rysms, which may also develop myocardial calcifications
(Fig. 3).

While there are no studies on the predictive value of end-
diastolic wall thickness as measured from cardiac CT for
functional recovery after revascularization, it is reasonable
to assume that data from resting MR imaging can be
transferred for interpreting cardiac CT in this respect.
Through MR imaging, it has been shown that a left ven-
tricular wall thickness greater than 5.5 mm in the context of
chronic MI predicts viability and subsequent functional
recovery with a sensitivity of 92 % and a specificity of
56 % (Baer et al. 1995). In acute MI or subacute MI, before
remodeling—wall thinning—is complete, the diagnostic
value of end-diastolic wall thickness is limited. In these
settings, the effects of edema and cellular infiltrates on wall
thickness are thought to contribute to an almost normal wall
thickness. Correspondingly, in subacute MI, no difference
in end-diastolic wall thickness was seen between viable
and non-viable myocardium at 3 weeks after the event
(Sandstede et al. 1999).

5 Delayed Myocardial Contrast
Enhancement

Unenhanced CT only indirectly indicates the presence of
scar tissue, while arterial phase CT visualizes areas of
reduced contrast enhancement, which may represent
reduced perfusion, microvascular obstruction, myocardial
necrosis, or a combination of these entities. To overcome
this restriction, CT techniques specific to myocardial via-
bility have been sought.

In the late 1970s, Carlsson et al. and Higgins et al.
developed the concept of late phase CT for imaging scar
tissue by delayed myocardial contrast enhancement (Hig-
gins et al. 1978; Carlsson et al. 1977). Electron microscopy
with energy dispersive X-ray analysis demonstrated a sig-
nificant increase in the Na*/K* ratio in regions with delayed
contrast enhancement on late phase CT (Newell et al. 1982).
This observation confirmed delayed contrast enhancement
as a surrogate marker for myocardial necrosis as the
increased Na*/K* ratio indicates the loss of cellular mem-
brane integrity, which is defined as the point of irreversible
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Fig. 2 72-year old female with
chronic MI. Arterial phase CT
shows wall thinning (<6 mm) of
the infero-septal and inferior
segments of the left ventricular
myocardium (a, arrows).
Corresponding to the distinct
wall thinning, transmural delayed
myocardial contrast enhancement
is present, indicating the absence
of viable myocardium (b,
arrows)

Fig. 3 61-year-old man with a
history of chronic MI. The left
myocardium underwent severe
remodeling and the patient
developed an anterior wall
aneurysm. In addition, the
necrotic myocardium presents
some calcifications (arrows)

myocyte injury. These initial observations were followed by
several studies on the use of delayed contrast-enhanced
EBCT for the assessment of MI (Naito et al. 1990; Masuda
et al. 1984). However, CT imaging of MI was superseded
by MR imaging and became forgotten.

Over the past decade, a variety of animal and patient
studies have shown the feasibility of scar imaging using
late-phase CT (Fig. 2b; Buecker et al. 2005). These studies
demonstrated delayed myocardial contrast enhancement in
acute and chronic MI. In acute and subacute MI, delayed
myocardial contrast enhancement is due to myocyte
membrane dysfunction. Myocyte membrane, if damaged,
becomes permeable to contrast material, resulting in a
marked increase in distribution volume. In addition, there is
a slower wash-in and wash-out infarcted myocardium, fur-
ther reenforcing delayed myocardial contrast enhancement.
In chronic MI, myocytes are replaced by scar tissue with an
increased extracellular space between loosely distributed
collagen fibers. Despite these different pathophysiological
mechanisms, acute and chronic MI both show delayed
myocardial contrast enhancement.

In the subendocardial center of MI, myocytes become
necrotic due to the obstruction of the microvasculature, also
known as “no-reflow phenomenon”. This is a multifactorial
process including vasoconstriction, distal embolization, and

interstitial edema. On late phase CT imaging, this region
remains hypoattenuated and is surrounded by a hyperen-
hanced rim of infarcted myocardium.

Delayed myocardial contrast enhancement is typically
assessed from a second CT scan obtained 5-15 min after a
routine cCTA (Gerber et al. 2006; Baks et al. 2006). The
latter basically represents a first-pass arterial phase pro-
viding morphological information on perfusion. Myocar-
dium showing reduced contrast enhancement during arterial
phase may represent hypoperfusion due to coronary stenosis
or occlusion, MI, microvascular obstruction, lipomatous
metaplasia, or any combination thereof. While the use and
diagnostic value of arterial phase imaging is discussed
elsewhere (see CT imaging of myocardial viability:
experimental and clinical evidence), one has to be aware
that it has to be interpreted together with late phase images,
if available, as different combinations of early hypoen-
hancement and delayed hyperenhancement have different
meanings and vary in prognostic relevance (Koyama et al.
2005).

As contrast kinetics in iodinated- and gadolinium-based
extracellular contrast materials are almost identical, CT
suffers the same limitations as MR imaging. Thus, delayed
myocardial contrast enhancement on CT is not specific for
MI. Recent studies demonstrated delayed myocardial con-
trast enhancement in other pathologies, such as dilated
cardiomyopathy, myocarditis, and sarcoidosis (Kaminaga
et al. 1994; Smedema et al. 2006; Dambrin et al. 2007).

5.1 How to Do Late Phase CT Imaging

One of the keys for successful late phase CT imaging for the
assessment of delayed myocardial contrast enhancement is
the contrast injection protocol. Both the total amount of
iodine as well as its administration are critical factors.



178

A. H. Mahnken

In order to achieve sufficient contrast enhancement, up to
1 g iodine/kg bodyweight has been administered in animal
studies. In a 75 kg patient, this would equal 250 mL of
contrast material with 300 mg iodine mL™" (e.g., iopromide
300). In a 105 kg patient, 350 mL of the same contrast
material would be needed. For several reasons, including
the potential risk of acute kidney injury, less contrast
material should be used. From our experience, approxi-
mately 0.5-0.6 mg iodine/kg bodyweight is sufficient to
achieve adequate delayed myocardial contrast enhance-
ment. This still results in a total volume of approximately
120-175 mL of contrast material. Considering scanner
technology at the time of this writing, where coronary CT
angiograms can be obtained with as little as 50 ml of con-
trast material, the acquisition of late phase CT images must
be planned prior to contrast injection or different contrast
injection strategies are needed to avoid unnecessary expo-
sure of patients to contrast material.

Traditionally, the total amount of contrast material is
administered in a single bolus injection after the proper
delay time for coronary imaging has been determined by a
test-bolus injection or by using the bolus tracking technique.
A different approach is to administer a smaller bolus for
coronary imaging, followed by low flow injection (0.1-
0.3 mL s~ ') for several minutes with or without a sub-
sequent wash-out phase (Fig. 4). A wash-out phase will
help to improve the contrast between blood pool and hy-
perenhancing myocardium, as it allows the contrast material
to become eliminated from the blood pool. Without a wash-
out phase, the relatively high concentration of contrast
material in the blood pool may obscure small areas of
subendocardial hyperenhancement. The use of a multi-
phasic injection protocol also permits for more sophisti-
cated approaches toward viability imaging by means of CT
as it allows for reacting on the findings from the arterial
phase scan. Thus, in patients scheduled for cCTA, it would
be feasible to add a late phase CT in the presence of seg-
ments presenting with hypoattenuation and/or reduced wall
thickness. With a single bolus technique, these patients
would need a second appointment for a dedicated work-up
of pathologic CT findings in the myocardium.

There are also some technical considerations regarding
the late phase scan itself. While typical delays range from 5
to 15 min after contrast injection, there are some animal-
research data indicating that approximately 6 min appears to
be the optimal delay after a single bolus injection of a
monomeric contrast agent (Mahnken et al. 2009). Dual
phase injection techniques provide the best image quality
about 5-10 min after start of contrast injection, with image
quality depreciating at 15 min (Brodoefel et al. 2007). Given
that iodine attenuation improves at lower tube voltage, the
use of 80 or 100 kV scan protocols—depending on the
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Fig. 4 Different contrast injection protocols are discussed for coro-
nary CT angiography with subsequent late phase imaging for assessing
myocardial viability. Traditionally, the total amount of contrast
material is injected in a single bolus injection and late phase images
are obtained at 5-15 min after contrast injection (a). A different
approach is to administer a smaller contrast bolus for coronary
imaging, followed by slow flow injection (0.1-0.3 mL s ") for several
minutes (b). Adding an additional wash-out phase improves contrast
between blood pool and areas of delayed myocardial contrast
enhancement (c)
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Fig. 5 Visualization of delayed
myocardial contrast is strongly
influenced by tube voltage with
iodine attenuation improving at
lower tube voltage. In this
example of experimental
myocardial infarction in pigs, the
best contrast at single energy CT
is seen at 80 kV (a) and 100 kV
(b). Contrast-to-noise ratio
decreases with 120 kV (c) and is
poor at 140 kV (d). Contrast-to-
noise ratio can be markedly
improved using dual energy CT
with nonlinear image blending
(e). All images are shown with
identical window settings
(W250HU/C150HU). Of note,
there is a large residual perfusion
defect inside the area of
myocardial hyperenhancement
indicating microvascular
obstruction

patient’s body weight—is recommended; however, the tube
current-time product should be increased accordingly to
avoid photon starvation. In fact, 80 kV scans were shown to
provide the best contrast-to-noise ratios with single energy
CT (Fig. 5; Mahnken et al. 2007). Lowering tube voltage,
even with adaptation of the tube current-time product, helps
to reduce the radiation dose of the additional viability scan.
A different approach is the use of dual energy CT for
assessing delayed myocardial contrast enhancement. How-
ever, the potential of improved contrast visualization comes
at the price of a higher radiation exposure when compared

with single energy CT. Finally, prospective ECG-triggering
should be used for all late phase CT scans in order to min-
imize radiation exposure (Wang et al. 2011). As motion
artifacts affect the assessment of the myocardium markedly
less than the coronaries, the use of prospective ECG-trig-
gering appears to be justified even at higher heart rates.

As late phase CT images typically come with a relatively
poor contrast-to-noise ratio of the hyperenhancing myocar-
dium, the proper post-processing will help to improve visu-
alization of the delayed contrast enhancing myocardium. For
reducing image noise, thick multiplanar reformats (5-10 mm
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Fig. 6 Dysfunctional but viable
myocardium may recover
function after revascularization
therapy. Recovery of global and
regional function depends on the
transmural extent of MI. In
subendocardial MI with less than
25 % of the left ventricular wall
thickness being necrotic, global
improvement of left ventricular
function can be expected (a). If
delayed myocardial contrast
enhancement comprises up to
50 % of the transmural extent,
regional function is likely to
improve (b). Segments with more
than 75 % delayed myocardial
contrast enhancement rarely
show functional improvement
(¢). In segments with transmural
hyperenhancement there will be
no functional recovery after
revascularization (d)

section thickness) should be reconstructed along the short
and long axes of the left ventricle using a smooth convolution
kernel. For image reading, the use of narrow window settings
following the so-called ‘half-contour principle’ is recom-
mended (Thompson and Stanford 1994), where the window
center roughly equals the HU values in the area of infarction
with a window width of twice the value of the window center.
In case dual energy CT is used, a nonlinear mixing technique
appears to favorably improve visualization of infarcted
myocardium (Fig. 5).

5.2 Assessment of Late Phase CT Images

Late phase CT data are best assessed using reformats along
the standard short and long axes of the left ventricle (Cer-
queira et al. 2002). The presence and transmurality of
delayed myocardial contrast enhancement is assessed from
these data. For clinical purposes, it appears to be sufficient to
semi-quantitatively (e.g., <25 %, <50 %, >75 %) assess the
transmural extent of delayed myocardial contrast enhance-
ment (Fig. 6). From personal experience, the transmural
extent appears to be somewhat overestimated by CT, in
comparison with MR imaging. Technique and relevance for

QO
OO0

exact quantification of MI size is discussed in chapter
(see “CT Assessment of Myocardial Viability-Quantitative
Imaging”). For a quick clinical workup, the presence of
residual perfusion defects in the infarct core need to be noted.
Like the transmural extent of delayed myocardial contrast
enhancement, these residual perfusion defects correlate with
functional recovery. In fact, they were shown to be the
strongest predictor of persistent myocardial dysfunction
(Kim et al. 2012). However, it needs to be stressed that
arterial phase (early perfusion defects) and late phase CT
(residual perfusion defects and delayed myocardial contrast
enhancement) need to be assessed side by side, as different
enhancement patterns have different prognostic implications
(Fig. 7; Koyama et al. 2005; Ko et al. 2007). Moreover,
arterial phase imaging provides information on the coronary
arteries and areas of delayed myocardial contrast enhance-
ment can be correlated to coronary pathology using dedicated
software for image fusion (Mahnken et al. 2010).

The presence of transmural perfusion defects on arterial
phase CT was shown to be a better predictor of persistent
myocardial dysfunction than transmural delayed myocardial
contrast enhancement (Kim et al. 2012). These findings are
in accordance with Lessick et al., who reported that per-
sistent myocardial dysfunction is clearly related to the
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Fig. 7 Arterial (leff) and late a
phase CT imaging (right) need to
be assessed together, as ischemic
injury presents with different
contrast enhancement patterns.
These patterns are related to
functional recovery after
myocardial infarction. Global left
ventricular function and wall
thickening is likely to improve
if no early perfusion deficit, but
delayed contrast enhancement
(white region) is seen (a).
Prognosis decreases if
hypoattenuating areas (black
regions) are seen during arterial
phase with corresponding areas
of delayed enhancement on late
phase CT images (b). In patients
with early and late phase
perfusion deficits, corresponding
to microvascular obstruction,
poorest results are to be
expected (c¢)

-0
-0

0O-0

presence of both early perfusion defects and delayed myo-
cardial contrast enhancement (Lessick et al. 2007). In an
early study assessing the impact of different contrast pat-
terns on functional recovery, Koyama et al. reported that
global left ventricular function and wall thickness on fol-
low-up examination in MI patients was best in a group with
delayed myocardial contrast enhancement, but without early
or residual perfusion defects (Koyama et al. 2005). In
contrast, results were poorest in groups with early and
residual perfusion defects and delayed myocardial contrast
enhancement. Considering these findings, one may assume
that normal arterial phase CT is a more promising predictor

of a good prognosis, whereas pathologic late phase CT is a
more powerful predictor of poor prognosis.

When interpreting the results of the different CT tech-
niques for imaging of myocardial viability one has to be
aware that there are distinct differences in the sensitivity
and specificity for the prediction of functional recovery as
well as for the estimated extent of the ischemic injury. The
same is true when comparing different imaging techniques
such as SPECT or dobutamine stress MR imaging with CT.
These differences, however, do not indicate one method is
better than another one, but simply indicate that each of
these imaging techniques detects different aspects of viable
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myocardium, e.g., SPECT assesses regions with a reduced
number of viable cells, while delayed contrast enhancement
in late phase CT or MR imaging refers to an increased
extracellular space.

5.3 Late Phase CT After PCI

A completely different approach toward CT imaging of
delayed myocardial contrast enhancement is its use after
coronary angiography and PCI in MI. In this setting, the
intra-arterially applied contrast material from coronary
angiography is utilized for late phase contrast-enhanced
CT without re-injection being needed. As a logistical
challenge, CT imaging needs to be performed reasonably
quickly—usually within 30 min—after the end of the
angiographic procedure. Otherwise wash-out of the con-
trast material may limit image quality and subsequently
the diagnostic value.

This idea has first been applied in 2006 using ungated
chest CT with 5 mm sections obtained at the level of the
mid-ventricle. At that time, the authors did not focus on the
prognostic value of delayed myocardial contrast enhance-
ment but did establish a correlation between delayed myo-
cardial contrast enhancement and myocardial blood flow in
the ischemically injured region as measured in the target
vessel with a Doppler-tipped flow wire (Kato et al. 2006).

The concept was soon adopted for assessing myocardial
viability in acute MI. Applying this technique, Habis et al.
showed 97 % accuracy with 99 % positive and 79 % neg-
ative predictive values for detecting viable myocardial
segments (Habis et al. 2007). Subsequent studies confirmed
the validity of this approach, with transmural delayed
contrast enhancement being associated with higher defect
scores on 2*'Thallium SPECT and markedly poorer recov-
ery of global left ventricular function (Sato et al. 2008).
This technique was also proven reliable in comparison with
delayed contrast enhanced MR imaging (Habis et al. 2009).
While post PCI CT can reliably distinguish transmural from
subendocardial MI, its sensitivity is somewhat worse than
MR imaging for limited acute MI. The latter they usually
has a good prognosis and this drawback may not be of
clinical relevance (Habis et al. 2009). Therefore, this
approach provides an attractive option for assessing the
individual patient’s prognosis immediately after PCI for
acute MI (Sato et al. 2012). Although, sufficient data has yet
to be collected as of this writing, this approach may prove
helpful for very early risk stratification in patients with
reperfused acute MI.

The combination of myocardial viability imaging and
non-invasive cCTA with analysis of end-diastolic wall
thickness offers a comprehensive examination strategy for

evaluation of patients with known or suspected ischemic
heart disease.
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Abstract

The visualization of myocardial viability is one of the
most relevant applications of cardiovascular imaging.
There are several novel techniques to assess myocardial
viability using CT. This chapter will give an overview of
these techniques and detail the supporting experimental
and clinical evidence.

Coronary artery disease and myocardial infarction (MI) are
among the most common causes of morbidity and mortality
in Western societies (Mokdad et al. 2004). Currently, con-
trast-enhanced  multidetector computed tomography
(MDCT) is a promising method for efficient and noninva-
sive detection of coronary artery stenosis (Becker et al.
2002; Hoffmann et al. 2005). Major advances in MDCT
technology are making way for a versatile cardiovascular
imaging technique that could provide information on anat-
omy, function, tissue perfusion, and viability. The visuali-
zation of myocardial viability is one of the most relevant
applications of cardiovascular imaging. It has been shown
that the differentiation between viable and nonviable myo-
cardium is crucial in the decision for further therapy in
patients with acute coronary syndrome. Akinetic but still
viable (hibernating) myocardial segments significantly
benefit from interventional myocardial revascularization.
Comparatively, revascularization does not improve the
function of akinetic, nonviable myocardial segments and
exposes the patient to unnecessary procedural risks (Beek
et al. 2003; Kim et al. 1999). The presence and extent of MI
are important predictors of functional recovery of myocar-
dial contractility after surgical or interventional revascu-
larization (Selvanayagam et al. 2004). Choi et al. reported
that in patients presenting with a first MI involving less than
25 % of wall thickness, successful reperfusion led to
improved global left ventricular function in 67 % of cases.
On the other hand, when myocardial necrosis involved more
than 75 % of wall thickness, functional recovery was
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unlikely (Choi et al. 2001). Similar findings were published
by Kim et al. for patients with chronic, stable coronary
artery disease and reduced left ventricular function after
bypass surgery (Kim et al. 2000). Consequently, rapid time
to reperfusion post-acute MI is vital to ensure maximal
myocardial tissue salvage.

Current modalities used to identify hibernating myocar-
dium include PET, SPECT, MRI, myocardial contrast
echography, intracoronary ultrasound, and dobutamine
stress testing (Brunken et al. 1986; Burt et al. 1995;
Mahrholdt et al. 2002; McFalls et al. 2003; Sicari et al.
1997; Takeuchi et al. 2003). Over the last decade, the
mainstay for differentiating viable from nonviable myo-
cardium and acute from chronic MI has been Ilate
enhancement magnetic resonance imaging (LE-MRI)
(Abdel-Aty et al. 2004).

With advancing technology, MDCT has been shown to
be a promising alternative imaging technique for assessing
myocardial viability and evaluating the transmural extent of
myocardial necrosis after MI. This has important implica-
tions as CT is more widely available than MRI and could be
performed in patients with contraindications to MRI, such
as metallic implants and implantable cardioverter-
defibrillators.

There are several novel techniques to assess myocardial
viability using CT. This chapter will give an overview of
these techniques and detail the supporting experimental and
clinical evidence.

1 First-Pass Arterial Phase Imaging

In several animal studies, contrast-enhanced arterial phase
CT imaging has been shown to be helpful for the detection
of MI (Baks et al. 2006; Buecker et al. 2005; Mahnken et al.
2005; Writing Group et al. 2010). Studies concentrating on
arterial phase imaging report a deficit of contrast in the area
of MI, resulting in hypoenhancement of the corresponding
myocardium (Fig. 1). This is a result of reduced contrast
distribution due to impaired blood flow in the area of MI.
Hoffmann et al. reported that MDCT permits the detection
and further characterization of acute MI in a porcine model
(Hoffmann et al. 2004). In this study, CT detected all areas
of induced infarction; infarcted myocardium demonstrated a
76.1 % reduction in microsphere-determined blood flow
accompanied by a significant reduction of myocardial CT
attenuation in comparison with normal myocardium (Hoff-
mann et al. 2004). Yim et al. also reported on the evaluation
of myocardial viability in a reperfused porcine model with
chronic MI (Yim et al. 2009). In clinical routine, Nikolaou
et al. investigated 106 patients of whom 27 patients had a
proven MI (Nikolaou et al. 2004). MDCT detected 23 of 27
myocardial infarctions resulting in a sensitivity of 85 %,

specificity of 91 %, and accuracy of 90 %. Nikolaou et al.
additionally noted a significant difference concerning the
Hounsfield units (HU) of infarcted versus noninfarcted
myocardium with distinct hypoenhancement in the infarcted
myocardium (Nikolaou et al. 2004). Another study, pub-
lished by Cury et al., reported a sensitivity of 94 % (32 of
34) and specificity of 97 % (66 of 68) for the detection of
acute MI by CT compared to transthoracic echocardiogra-
phy and SPECT (Cury et al. 2008). Similar results were
published by Cheng et al., who compared dual source cor-
onary CT angiography (cCTA) to SPECT both at rest and
during stress. At rest, cCTA was found to have a sensitivity
of 100 % and a specificity of 78 %; during stress, sensi-
tivity, and specificity were found to be 83.3 and 90.3 %,
respectively (Cheng et al. 2010). Hence, imaging the
myocardium for perfusion deficits during arterial phase
cCTA is a promising tool for detection and documenting the
extent of MI, without applying additional radiation dose.
However, the main limitation of first-pass arterial phase
imaging of MI is that hypoattenuation during arterial phase
cCTA is also seen in other conditions that cause impaired
myocardial perfusion. Therefore, it is not yet possible to
differentiate nonviable acute MI from viable hypoperfused
myocardium with a single arterial phase cCTA.

2 Dynamic Myocardial CT Perfusion
Imaging

Assessment of myocardial perfusion CT requires time-
resolved imaging of the myocardial wash-in and wash-out
of iodinated contrast material. The utility of myocardial
perfusion imaging with MDCT has been established in
animal and human trials (Mahnken et al. 2006; George et al.
2006). However, previous CT generations were limited by
restricted volume coverage for time-resolved volume image
acquisition during the infusion of contrast medium. With
the introduction of new generation scanners, including wide
detector array CT and dual source CT (DSCT), research on
dynamic myocardial CT perfusion imaging is once again in
the limelight (George et al. 2009; Dewey et al. 2009; Lell
et al. 2009; Leschka et al. 2009). Bamberg et al. investi-
gated the accuracy of CT dynamic stress myocardial per-
fusion imaging to estimate myocardial blood flow (MBF) in
a porcine animal model with variable degrees of induced
coronary artery stenosis in comparison with microsphere-
derived MBF. The study reported a valid difference but an
underestimated correlation of the MBF in CT in comparison
with microsphere-derived MBF. Bastarrika et al. investi-
gated the use of adenosine-stress dynamic myocardial vol-
ume perfusion imaging with second generation DSCT.
In their study, they evaluated the qualitative and quantita-
tive assessment of myocardial blood flow using CT in
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Fig. 1 48-year-old man with
prior myocardial infarction in
right coronary artery territory.
First-pass perfusion MRI (a) and
first-pass CT images (b) in short
axis view show perfusion deficit
consistent with chronic
myocardial infarction of the
inferior wall of the left ventricle
with myocardial wall thinning

comparison with stress perfusion and viability MRI (Bas-
tarrika et al. 2010). Their sensitivity, specificity, positive
predictive value, and negative predictive value for the
detection of myocardial perfusion defects using CT, com-
pared with MRI, were 86.1, 98.2, 93.9, and 95.7 %,
respectively, on a per-segment basis. Additionally, their
semiquantitative analysis of CT data showed significant
differences between ischemic and nonischemic myocardium
with a signal intensity upslope that was comparable with
MRI-derived values. A similar study by Bamberg et al.
concluded that a combined assessment, including coronary
artery anatomy evaluation by CT angiography and a dedi-
cated dynamic CT-based stress perfusion imaging to esti-
mate MBF, permits accurate identification of
hemodynamically significant coronary artery stenosis
(Bamberg et al. 2011). Comparable results were published
by Ho et al., who reported a sensitivity, specificity, positive
predictive value, and negative predictive value for identi-
fying segments with perfusion defects of 83, 78, 79, and
82 % (Ho et al. 2010). Similar results in studies using
DSCT were reported by George et al., using 256- and 320-
MDCT (George et al. 2006, 2009).

Despite the promising findings for dynamic myocardial
CT perfusion imaging, the modality is still limited by a
comparatively high radiation dose. While latest cCTA
techniques cut the radiation dose down to 1 mSv, the
radiation exposure of a dynamic myocardial CT perfusion
examination was reported around 12—-13 mSv, which is
equivalent to nuclear techniques, e. g., SPECT (Lell et al.
2009; Bamberg et al. 2011). Furthermore, the literature on
dynamic myocardial CT perfusion is sparse and more
clinical trials are needed before it can be adopted into
mainstream clinical use.

3 Delayed Enhancement CT

The presence and transmural extent of an MI are important
predictors of functional recovery after surgical and percu-
taneous revascularization (Selvanayagam et al. 2004).

Nowadays, myocardial late enhancement MRI (LE-MRI) is
considered the gold standard for the evaluation of the
transmural extent of an MI (Kim et al. 1999). Moreover, the
phenomenon of myocardial late enhancement (LE) is con-
sidered to be an evidence for the presence of nonviable
myocardium and is associated with acute as well as chronic
MI (Choi et al. 2001; Mahrholdt et al. 2002; Wu et al.
2001). LE-MRI has proven utility in clinical routine for
differentiating viable from nonviable myocardium and acute
from chronic MI (Abdel-Aty et al. 2004). Myocardial seg-
ments exhibiting greater than 50 % transmural extent of
delayed enhancement can be defined as nonviable, as 90 %
of such segments show no improvement in contractility
after revascularization (Kim et al. 2000). With the intro-
duction of MDCT, LE has also become a focus of CT
research. On LE-CT examination, a segment affected by MI
will show increased attenuation when compared with nor-
mal myocardium (Fig. 2). Several animal studies proved the
reliability of LE-CT in acute and chronic MI in comparison
with MRI, SPECT, and TTC staining (Baks et al. 2006;
Buecker et al. 2005; Lardo et al. 2006). Results of these
studies not only demonstrate the feasibility of LE-CT, but
also a good correlation between the size of an MI in LE-CT
and that observed through LE-MRI or TTC staining (Baks
et al. 2006; Buecker et al. 2005; Lardo et al. 2006; Mahnken
et al. 2007; Brodoefel et al. 2007a). An animal study by
Mahnken et al. found that the reduction in infarct size over
time is a process that can also be demonstrated using CT
(Mahnken et al. 2007). Subsequent human studies published
results with sensitivities between 78 and 97 % and speci-
ficities from 90 to 98 %, in comparison to SPECT and LE-
MRI on a segmental basis (Mahnken et al. 2005; Gerber
et al. 2006; Paul et al. 2005). Therefore, CT imaging may
aid in predicting clinical outcomes, as the presence and size
of both LE and perfusion defects on CT were found to be
predictive of myocardial dysfunction after acute MI
(Lessick et al. 2007; Sato et al. 2012). In addition to MI
size, LE-CT has demonstrated the ability to differentiate
between acute and chronic MI. In the acute phase MDCT,
myocardial infarction showed higher attenuation values
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Fig. 2 53-year-old man with
prior myocardial infarction in
right coronary artery territory.
MRI late enhancement (a) and
CT late enhancement (b) findings
in short axis view are consistent
with chronic myocardial
infarction of the inferior wall of
the left ventricle with myocardial
wall thinning

compared to normal myocardium, while “no-reflow” areas
revealed hypodense regions surrounded by hyperenhanced
myocardium (Buecker et al. 2005). These “no-reflow” areas
represent the core of the MI, which can become necrotic as
a consequence of intense and constant ischemia. Further-
more, the presence of “no-reflow” areas may be the finding
that is most predictive of a residual perfusion defect after
revascularization (Paul et al. 2005). In chronic MI, necrotic
myocardial cells are replaced by scar tissue in reperfused
and occlusive MI presenting with the typical LE. Due to the
development of scar tissue with increased interstitial space,
the increased distribution volume in the peri-infarction zone
might be responsible for the small overestimation of infarct
size seen with LE-CT (Wu et al. 2001; Allard et al. 1988).

With the introduction of the latest MDCT and DSCT
generations, which employ more sophisticated scanning
techniques, LE-CT has become a key focus in the area of
cardiovascular imaging. The reduction in radiation dose
applied during LE-CT must be particularly emphasized. As
radiation dose associated with retrospectively ECG-gated
CT was reported within the range of 4.5 mSv for an LE-
scan, several methods have recently been described to lower
the radiation dose (Nieman et al. 2008). An animal study by
Broedefel et al. investigated the efficacy of low-dose CT
imaging of late enhancement in acute MI. Starting with a
standard protocol using 120 kV and 800 mAs for an LE-CT
examination, the tube voltage was lowered to 80 kV and the
tube current was reduced to 400 mAs; this resulted in
higher contrast for late enhancement and good correlation
with MRI. Additionally, the lower X-ray tube settings
resulted in a radiation dose reduction from 15.6 to 2.8 mSv.
(Brodoefel et al. 2007b). Reimann et al. investigated this
approach in a feasibility study looking at the practicality of
a low dose 80 kV protocol for detecting LE and found
promising results (Reimann et al. 2008). In addition to
lower tube voltages, the introduction of high-pitch DSCT
has permitted further reductions in radiation dose with CT
(Lell et al. 2009; Leschka et al. 2009). Using this method
for LE-CT, Goetti et al. reported radiation doses of
0.7-1.02 mSv with good accuracy when compared to the
gold standard, MRI (Goetti et al. 2011).

Although results from studies using LE-CT to assess
myocardial viability have been promising, there are still
some points of concern. First, as of this writing, there is no
clear agreement on the most appropriate protocol for LE-
CT. Two important protocol variables are the scan delay
and the mode of contrast administration. The optimal scan
delay must allow contrast material to accumulate in
infarcted myocardium over several minutes, yet avoid the
rapid vanishing of the contrast out of the myocardium.
Selection of an ideal scan delay is essential for accurate LE-
CT images. Some publications suggest that the best contrast
between MI and normal myocardium is seen 5—10 min after
injection (Brodoefel et al. 2007b; Deseive et al. 2011).

Although LE-CT does not have a clear place in current
clinical practice, it may have a role in dedicated MI imaging
in patients with contraindications to MRI. Further research
is needed to determine the optimal scan delay and thus
improve accuracy. However, current research has shown
promising results for radiation dose reduction in LE-CT,
which has previously been a major drawback of LE-CT.

4 Dual Energy CT

Dual energy CT (DECT) is one of the latest evolutions in
CT technology. Introduced to the market in 2006, DECT is a
dual source system equipped with two x-ray tubes and
detector arrays mounted in the same gantry, perpendicular to
each other (Flohr et al. 2006). The tubes can be operated
simultaneously and independently, using different potentials
at the same time, generating different X-ray spectra. This has
made it possible to scan the same voxel simultaneously with
two different energy levels. As described elsewhere, some
materials show characteristic levels of CT attenuation (as
measured in HUs), depending on the X-ray spectrum to
which they are exposed; DECT allows material differentia-
tion in clinical routine, notably the separation of iodine
(Johnson et al. 2007). In dual source, single-energy mode,
both X-ray tubes are operated with the same potential,
usually 120 kV, to achieve a temporal resolution as low as
83 ms. When operated in dual energy mode for cCTA, the
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Fig. 3 54-year-old man with prior myocardial infarction in left
anterior descending coronary artery territory. First-pass grayscale CT
images (a) and DECT color coded perfusion map (b) show lateral

tube voltages are typically set to 140 kV on system A and
100 kV on system B (Schwarz et al. 2008). With these
DECT settings, the best achievable temporal resolution is
165 ms, which equals that of a 64-slice scanner—a scanner
generation that has shown consistently high diagnostic
accuracy in the detection of significant coronary artery ste-
nosis compared with cardiac catheterization (Herzog et al.
2007). However, this significant trade-off in temporal reso-
lution comes with the potential benefit of material differ-
entiation using DECT (Johnson et al. 2007). Iodine, which is
used as a contrast material in CTA, has a very unique dual-
energy characteristic (Zatz 1976). This enables the visuali-
zation of iodine distribution in different tissues of the body
and the separation demarcation of various materials. For the
evaluation of myocardial viability, DECT may be used as a
first-pass arterial phase or LE-CT imaging technique
(Fig. 3). Recently, Kerl et al. investigated the feasibility and
performance of DECT during the arterial phase in cCTA for
the detection of chronic infarction, compared with LE-MRI
and histopathology, in a porcine model of reperfused myo-
cardial infarction (Kerl et al. 2011a). In this feasibility study,
they found a sensitivity and specificity for DECT of 72 and
88 %, respectively, compared to 78 and 92 %, respectively,
for LE-MRI, and 60 and 93 %, respectively, for the 100 kV
dataset of the DECT scan, all versus histopathology. This
comparably low sensitivity of all methods might be
explained by the higher heart rate of the piglets, and there-
fore a reduced image quality as well as motion artifacts.
Another study by Zhang et al. found superior results for
DECT in terms of sensitivity and specificity (92 and 80 %)
for detecting acute myocardial infarction in dogs (Zhang
et al. 2010). In the first systematic analysis of the potential
usefulness of DECT for comprehensive CAD imaging in
humans, rest- DECT correctly identified 26 of 29 (90 %)
fixed myocardial perfusion defects observed on SPECT
(Ruzsics et al. 2008). Another investigation comparing

hypoenhancement, indicating myocardial infarction, which is in good
agreement with findings shown on first-pass perfusion MRI (c)

SPECT and DECT in first-pass arterial phase cCTA, Ruzsics
et al. reported an overall sensitivity for DECT of 92 % and a
specificity of 93 %, with 93 % accuracy for detecting any
type of myocardial perfusion defect seen on SPECT. Con-
trast defects seen with DECT correctly identified 96 % of 89
fixed and 88 % of 68 reversible myocardial perfusion
defects (Ruzsics et al. 2009).

In summary, there is emerging evidence for the appli-
cation of DECT first-pass arterial phase imaging as a
comprehensive CAD assessment tool. However, further
research is required to confirm these results.

In addition to DECT first-pass arterial phase imaging,
recent research investigated the use of LE-DECT for
imaging MI and viability (Fig 4). Deseive et al. studied the
performance of LE-DECT, in comparison with LE-MRI, for
the detection of irreversibly damaged myocardium in a
porcine model of reperfused chronic myocardial infarction
using histopathology as the standard of reference (Deseive
et al. 2011). They reported a sensitivity of 76 % and a
specificity of 93 % for LE-DECT compared to a sensitivity
of 62 % and sensitivity of 97 % in 100 kV imaging. These
results are concordant with the results of Bauer et al. (2010),
who investigated DECT-LE in humans matched with
delayed LE-MRI. In this study, 36 patients with coronary
artery bypass grafts were examined with LE-DECT and 3-T
MRI, resulting in a sensitivity of 70 % for LE-DECT.
However, only 22 of the patients (61 %) showed delayed
enhancement on MRI. Again, in this patient population, the
DECT studies suffered from artifacts arising from sternal
wires and implanted metallic devices, affecting sensitivity.
Apart from assessing MI extent and myocardial viability,
DECT has an additional benefit concerning the reduction of
radiation dose during cCTA (Kerl et al. 2011b).

In a nutshell, DECT shows promising results in arterial
phase cCTA as well as in LE-CT. However, DECT imaging
of the myocardium needs further refinement to reduce
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Fig. 4 54-year-old man with prior myocardial infarction in left
anterior descending coronary artery territory. Late enhancement
grayscale CT images (a) and late enhancement DECT color coded

motion and metal artifacts before widespread use can be
expected. If advanced artifact reduction can be achieved,
DECT may become a multipurpose method for compre-
hensive CAD imaging and sophisticated myocardial via-
bility examination.

5 Conclusion

MDCT is an effective and reliable imaging modality for
evaluation of myocardial viability. It is of particular utility
in patients who have contraindications to MRI yet require
assessment post myocardial infarction. Rapidly advancing
technology has increased the appeal of CT as a noninvasive
imaging modality that can obtain accurate information on a
diverse range of chronic heart diseases. Despite this
potential, more studies are needed to refine and validate CT
assessment of myocardial infarction and viability, and to
define appropriate patient populations who may benefit
from these CT applications in terms of diagnostic efficiency
and improved outcome.
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Abstract

Accurate quantification of myocardial-infarct size is
critical for clinical decision making. Transmural extent
of myocardial infarct predicts whether or not a patient
will benefit substantially from revascularization therapy.
To date, delayed-enhancement cardiac magnetic reso-
nance (DE-CMR) imaging is the clinical standard for
quantification of myocardial viability. Multidetector CT
is reported by numerous authors to be a useful tool for
characterizing and, more importantly, quantifying myo-
cardial-infarct size. Thus, cardiac CT is a promising
future tool for a complete coronary artery disease
diagnostic workup. This chapter reviews the role of
different CT-based imaging methods in precisely quan-
tifying myocardial-infarct size.

1 Background
1.1 Myocardial Infarction: Imaging
Perspective

Prolonged myocardial ischemic injury due to significant
coronary artery disease leads to irreversible tissue damage
and myocardial cell loss that manifest as myocardial
infarction (MI). The infarcted-tissue “wave front” extends
from the subendocardium toward the epicardial region.
Visualization and, more importantly, accurate quantification
of the MI extent facilitate clinical planning of therapeutic
management by assessing the risk—benefit ratio of revas-
cularization. Transmurality (i.e., transmural extent of MI) is
dependent on the size and duration of ischemic insult. In the
acute-phase, cell swelling (oncosis) appears with microan-
giopathy and edema in an injury response that ultimately
causes myocardial dysfunction and irreversible injury. The
process of resorption, the recovery of myocardial edema
and condensation of necrosis, replaces the acutely injured/
infarcted necrotic myocardium. Scar formation occurs with
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myocardial thinning as a chronic process of finalizing
infarct remodeling.

The transmural extent of delayed contrast enhancement
(DE) was found to be strongly related to the probability of
improved contractility after revascularization: segments
showing delayed enhancement of more than 75 % of
myocardial thickness are unlikely to benefit from revascu-
larization (Kim et al. 2000). DE-CMR is unsurpassed in its
ability to differentiate viable from nonviable myocardial
tissue, whether in the acute, subacute, or chronic phase of
MI (Perazzolo Marra et al. 2011). Equally important, Sato
et al. (2012) conducted a cardiac CT viability study
involving 102 patients, reporting that myocardial DE size is
a significant, independent predictor of cardiac events.
Myocardial DE size on MDCT, obtained immediately after
primary percutaneous coronary intervention (PCI), may
provide promising information for predicting clinical out-
come in patients with acute MI.

The core of infarct is often the most sensitive area to
ischemic insult. Infarcted core may form an isolated histo-
pathological entity within the infarction that has the highest
edema content that eventually completely blocks microcir-
culation (i.e., microvascular obstruction) and limits iodin-
ated and/or gadolinium-based contrast agent inflow to the
center of infarct. Microvascular obstruction, so-called
no-reflow phenomenon may occur in hemorrhagic infarcts
and with reperfusion injury. A no-reflow zone has important
prognostic implications for future functional recovery and
morbidity. Presence of no-reflow zone predicts LV remod-
eling, late wall thinning, lack of functional recovery, and
poor cardiovascular outcomes (Wu et al. 1998). Besides the
well-supported usefulness of cardiac CT for delineating
and/or excluding coronary artery disease, it is increasingly
becoming a well-established imaging modality for myo-
cardial function, perfusion, and viability. CT assessment of
ischemic, infarcted myocardium (i.e., visualizing myocar-
dial blood supply) uses a premise similar to myocardial
perfusion DE-CMR. Contrast agents for CT and magnetic
resonance imaging (MRI) have similar contrast kinetics that
allows both the assessment of arterial blood supply and the
evaluation of myocardial viability (Gerber et al. 2006).

Iodinated contrast enhancement within MI was first
recognized on CT in the late 1970s (Adams et al. 1976;
Higgins et al. 1978). Delayed-enhancement cardiac viability
magnetic resonance imaging was established in the 1980s
when initial reports confirmed the delayed gadolinium
contrast enhancement on T1-weighted magnetic resonance
images in 1984 (Wesbey et al. 1984; Ordovas and Higgins
2011). Cardiac MR (CMR) imaging, either by delayed
contrast enhancement or by low-dose dobutamine chal-
lenge, is the noninvasive “gold-standard” for evaluating
myocardial viability and infarct morphology (Judd et al.

1995; Kim et al. 1999; Fieno et al. 2000; Dendale et al.
1998; Sandstede et al. 1999; Wellnhofer et al. 2004).

The technological advantages of fast, multislice CT
(MDCT) scanners provide information on myocardial via-
bility and infarct size via accumulated iodine contrast in
patients with MI (Lardo et al. 2006; Nieman et al. 2008). As
of this writing, MDCT protocols for identification and
quantification of infarcted myocardium use early arterial-
phase acquisition and/or delayed MDCT acquisition
(DE-MDCT) with either single or dual energy, utilizing
iodinated or gadolinium-based contrast media with similar
contrast agent myocardial tissue kinetics. DE-MDCT
acquisition, similarly to DE-CMR, differentiates acute,
subacute, and chronic MI. Investigators recently provided
evidence for the use of DE-MDCT shortly after cardiac
catheterization since both X-ray based imaging modalities
use iodinated contrast agents. Without administering addi-
tional contrast material, patients are able to be scanned by
MDCT for reperfusion assessment immediately after cath-
eterization (Habis et al. 2009).

2 Technical Principles of Visualizing
and Quantifying Infarcted Myocardium

Cardiac CT has a rather low signal-to-noise ratio (SNR) but
better spatial resolution and, consequently, a less-pronounced
partial volume effect compared with CMR. CMR, however, is
well-known for excellent soft tissue contrast; further refine-
ment of nulling the healthy myocardium helps to improve
visualization of hyperenhancing, infarcted areas. CT generally
lacks this capability, at least where single-energy techniques
are concerned. Low-kilovoltage (kV) acquisition protocols
have been described to improve the detection of areas of
delayed contrast enhancement within the myocardium
(Mahnken et al. 2007; Brodoefel et al. 2007a, b); however,
image quality is diminished when imaging an obese patient
due to high levels of image noise.

2.1 Contrast Administration

Regardless of whether a mono-, bi-, or triphasic contrast
media injection protocol was used, an amount of approxi-
mately 120-140 mL iodine contrast medium is usually a
prerequisite for the detection and quantification of myo-
cardial hyperenhancement. Although contrast material is
usually administered as a bolus during coronary CT angi-
ography (cCTA) or a dedicated myocardial blood pool
assessment, investigators (Brodoefel et al. 2007a, b)
reported greater dynamic range in attenuation values
between infarcted tissue and normal myocardium when the
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Table 1 Animal experiment studies for quantification of MI

Study Experimental model Single-energy Single-energy Dual-energy Time of MI
arterial-phase delayed- delayed-
imaging enhancement MDCT  enhancement
MDCT
Hoffmann et al.  Porcine model + - - Acute MI
(2004) n=17
Lardo et al. Canine (n = 10) and - + - Actue (90 min) chronic
(2006) porcine (n = 7) (8 weeks)
model
Buecker et al. Porcine model - + - Acute MI
(2005) (n=14)
Baks et al. Porcine model - + = Acute MI (5-7) days
(2006) (n = 10)
Mahnken et al.  Porcine model - + - Acute (day 7), subactute
(2007) n="17) (day 28) and chronic (day
90) MI
Ruzsics et al. Porcine model - + - Acute MI (6-7 days)
(2008) (n=25)
Varga-Szemes Porcine model - (ex vivo Gd DTPA) - Acute MI
et al. (2012) (n=06)
Deseive et al. Porcine model - - + Chronic (61 =+ 4 days)
(2011) (n=238)

bolus is followed by a prolonged, low-flow injection
(30 mL at 0.1 mL s~ ).

Latest technological advantage of high-pitch dual-source
CT enables the use of two separate contrast administrations, a
so-called “split-bolus technique,” with two CT acquisitions
in the same imaging session. It has been reported that a
standard contrast-enhanced cCTA using a high-pitch proto-
col after the administration of an initial bolus of 70 mL
iodinated contrast media can be successfully combined with
a second dose of 70 mL of iodinated contrast media followed
by a high-pitch, delayed CT acquisition for myocardium. In
order to achieve an adequate dose and accumulation of iodine
for the late phase acquisition, the second contrast bolus is
administered 5 min after the first. After a total delay of
approximately 15 min after the first injection, a second high-
pitch delayed-enhancement scan can accurately delineate
nonviable myocardium (Goetti et al. 2011).

2.2 Time of Image Acquisition

The optimal timing of the delayed acquisition is still subject
to debate. The delayed acquisition should be triggered when
the accumulation of iodine contrast is highest in infarcted
myocardium, showing highest absolute attenuation values
in the infarct and delineating differences of contrast
between healthy and infarcted myocardium. A delay time of
5 to 15 min after contrast medium administration is fre-
quently reported (Gerber et al. 2006; Choe et al. 2008;
Jacquier et al. 2008) (Table 1, 2).

2.3 Reconstruction and Evaluation
Parameters

According to a report by Blankstein et al. (2009), in general,
delayed-enhancement CT studies are best viewed as thick
(5 or 10 mm) multiplanar reformations with a narrow
window width and level (e.g., a width of 200 HU and a level
of 100 HU) or as maximum intensity projections.

2.4 Quantification Parameters

Percent-infarct per slice (PIS) is calculated for MDCT
(PISmpcer) or MRI (PISygry) as follows:

PISyper or PISygrr = O L)/ngiee (Kim et al. 2000)
(summation of infarcted voxels over all myocardial voxels v
in the slice)
where ng);. is the number of myocardial voxels in the slice.

Infarction fraction (IF) for MDCT (IFypcr) or MRI
(IFmgy) is calculated as follows:

IF = O L)/(O ngice) (Perazzolo Marra et al. 2011)
(summation of infarcted voxels over all myocardial voxels v
in the heart)
where (3 ng;ce) represents the total number of myocardial
voxels obtained by summing the voxel counts from all
slices.

Tissue mass is determined by taking into account the
specific gravity of myocardium, 1.05 g/cm®. In the same
manner, from IF, the total volume of infarcted tissue is
determined.
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Table 2 Human experimental studies for quantification of MI

Study Study Population Single-energy

Arterial-phase
imaging

Gerbe et al. (2006) Acute MI (n = 16) +

Chronic MI
(n=21)

Acute MI (n = 21) +
Acute MI (n = 19) +
Acute MI (n = 19) -
Acute MI (n = 40) +

Chronic MI
(n = 40)

Acute MI (n = 28) -

Nieman et al. (2008)
Jacquier et al. (2008)
Boussel et al. (2008)
Choe et al. (2008)

Mahnken et al.
(2005)

Kang et al. (2010) Chronic MI -
(n = 26)
3 Cardiac CT: Evidence of Quantification

of Myocardial Viability

Several comparative studies have been published to estab-
lish the role of MDCT for quantification of nonviable
myocardium. MDCT viability studies compared their result
to delayed-enhancement CMR (DE-CMR) as the clinical
reference gold-standard imaging modality for viability
assessment (Gerber et al. 2006; Nieman et al. 2008; Choe
et al. 2008; Jacquier et al. 2008; Habis et al. 2009; Boussel
et al. 2008; Nikolaou et al. 2005; Mahnken et al. 2005).
Most of these studies have proven that DE-MDCT can
identify and quantify infarct size from acute to chronic
phases of infarct injury as a result of iodinated contrast
accumulation induced hyperattenuation.

Histopathological evidence shows that areas of infarct
shrink during the evolution of scarring due to myocardial
remodeling. A significant difference in the area of delayed
enhancement is prominent on DE-MDCT and DE-CMR
images from acute to chronic phases of MI. DE-MDCT has
the ability to accurately monitor microscopic evolution of
scarring, myocardial-infarct remodeling, and reduction of
infarct size (Mahnken et al. 2007). Interestingly, a recent
study showed that peri-infarct edema in large acute Mls can
be assessed on unenhanced CT (Mahnken et al. 2009).

No-reflow phenomenon can be well recognized as a
central area of hypoattenuation within a hyperattenuated
region in DE-MDCT images. In fact, a hypoattenuated core
as seen on CT may be the finding that is most predictive of a
residual perfusion defect 6 weeks after successful reperfu-
sion of acute MI (Paul et al. 2005).

Single-energy Dual-energy Time of DE-
Delayed-Enhancement = Delayed- MDCT
MDCT Enhancement acquisition
MDCT

+ = 10 min

+ = 7 min

+ - 5 and 10 min
+ = 10 min

+ = 10 min

T = 15 min

= F 6 min
3.1 Single Energy for Quantifying Mi

3.1.1 Arterial-Phase Imaging: Quantification
of Area of Hypoattenuation
ECG-synchronized first-pass ¢cCTA allows us to not just
visualize the coronary artery tree and, consequently, grade
coronary stenosis but also to characterize areas of decreased
myocardial blood flow. Decreased perfusion, shown as
hypoattenuated areas on CT images, may be secondary to a
critical coronary artery stenosis or occlusion, microvascular
obstruction, or myocardial scar. Thus, while a differential
diagnosis is difficult to make, the diagnostic value of
delineating the areas with deteriorated blood flow (hypoat-
tenuation) is undeniable (Kramer et al. 1984; Gray et al.
1978; Doherty et al. 1981; Georgiou et al. 1992) Fig. 1.
With contrast-enhanced cCTA, chronic MI can ordinar-
ily be recognized as a hypoattenuated region (>50 % HU
decrease compared with surrounding myocardium)
(Nikolaou et al. 2004) in a subendocardial or transmural
distribution that persists in systole and diastole and is con-
cordant with a coronary territory (Rubinshtein et al. 2009).
It is well established in CMR studies that the transmural
extent of nonviable myocardium determines the success of
functional recovery after revascularization. Thus, accurate
and precise quantification of nonviable myocardium is crit-
ical for planning a revascularization strategy and for helping
the physician assess the risks and benefits of the PCI pro-
cedure and/or coronary artery bypass graft surgery (Kim
et al. 2000; Choi et al. 2001). In 2004, animal experiments
provided evidence of not just delineation but also quantifi-
cation of hypoattenuated area within acutely infarcted
myocardium. Areas of low attenuation within porcine heart
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Fig. 1 Contrast enhanced,
retrospectively ECG-gated dual-
source CT study of a 61-year-old
patient with prior history of acute
coronary syndrome and
myocardial infarct. (a) Coronary
artery tree is shown with
presence of RCA stent (arrow)
(LAD: Left Anterior Descending,
LCx: Left Circumflex, RCA:
Right Coronary Artery).

(b) Coronary artery disease of
RCA is displayed revealing
significant in-stent restenosis
(arrow). ¢ and d delineate MI

as area of hypoattenuation
(arrow) on early arterial-phase
images with (c¢) dedicated short
and (d) long axis view after first-
pass contrast injection

showed good correlation with myocardial blood flow
reduction and absolute MI size (Hoffmann et al. 2004).

Nikolaou et al. reported clinical correlation in 30
patients. First-pass CT angiography was able to detect all
but one (10 out of 11) MI when compared to DE-CMR.
Assuming MI size through blood flow defect quantification
results in a significant underestimation (19 %) compared to
true infarct size determined by DE-CMR.

Differentiation between ischemia and MI is not possible
using first-pass cCTA acquisition alone (Nikolaou et al.
2005). Shapiro et al. (2010) investigated prognostic value of
the extent of hypodense areas in patients with MI. It was
found that the prognostic relevance of hypoperfused areas,
as determined from arterial-phase CT, is unclear and
remains such, because decreased myocardial attenuation on

arterial-phase CT imaging is not necessarily indicative and,
more importantly, not specific for MI. However, patients
with MI often show hypoattenuation after first-pass iodin-
ated contrast injection in the infarcted area.

Mahnken et al. (2005) showed the importance of arterial-
phase detection but the area of hypoattenuation significantly
underestimated the true infarct size compared with cardiac
MRI. PISyr; versus PISypcr were calculated and com-
pared in each patient. Mean infarct size on MRI (PIS) was
31.2 £ 22.5 % per slice compared with 24.5 £+ 18.3 % per
slice for first-pass arterial-phase acquisition on MDCT.
Actual MI on MDCT size was reportedly underestimated by
25 % compared with DE-CMR (k = 0.635). Reported
underestimation and discrepancy in infarct size could be
explained by the observation that parts of the reperfused
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Fig. 2 Semiautomated method for visualizing and quantifying animal
myocardial infarct. a and d display cardiac CT images in short axis
after delayed MDCT acquisition. Accumulated iodine contrast in
infarcted porcine heart is visible in LAD territory, i.e., anterior cardiac
segments (arrow). b and e show corresponding threshold CT images

necrotic area display normal enhancement on first-pass
perfusion but are hyperenhanced on delayed imaging. Thus,
in patients with MI, early hypoattenuated regions represent
only a fraction of MI.

In 42 subjects, Sanz et al. reported that quantified MI size
in arterial-phase CT angiography imaging and DE-CMR
were strongly correlated (r = 0.87, p < 0.0001). MI volume
by MDCT was again proven to be underestimated in com-
parison with DE-CMR (2.7 £ 2.5 vs. 25.9 £ 19.9 mL,
p < 0.0001) (Sanz et al. 2006).

In summary, first-pass iodinated contrast media MDCT
hypoattenuation is not specific and, more importantly, not
an accurate tool for securely diagnosing or quantifying
myocardial infarct. Clinical correlation can help establish-
ing the etiology (e.g., perfusion, MI, microvascular
obstruction) of hypoattenuation on arterial-phase MDCT
images. Quantification of areas with low attenuation sig-
nificantly underestimates true MI size.

with +2 S.D. threshold. Myocardial infarct is delineated as bright pixels
on threshold images (arrow). Within the infarcted area, gray pixels
represent microvascular obstruction (b). e and f show corresponding
histopathological standard, post-mortem TTC images delineating in
good agreement with myocardial-infarct location and size (arrow)

3.1.2 Delayed-Enhancement CT Imaging:
Quantification of Area of Hyperattenuation
The delayed-hyperenhancement phenomenon of CMR is a
well-established and widely-acceptable clinical tool for
detecting and quantifying infarcted, nonviable myocardium.
Contrast-enhanced CMR uses a GdDTPA contrast agent
that has myocardial tissue kinetics that is similar to those of
iodinated contrast agents. In acute MI, myocyte necrosis
results in interstitial edema and membrane rupture, which
allows iodinated contrast agents and gadolinium chelates to
diffuse into the intracellular space (Jennings et al. 1985;
1990). Thus, just as GdADTPA of CMR, iodinated contrast
material accumulates in the infarcted cardiac segments with
a similar late-enhancement phenomenon visualized by
delayed cardiac CT. Late DE-MDCT acquisition after
iodinated contrast agent administration is capable of
delineating MI as an area of hyperattenuation, i.e., myo-
cardial region with high Hounsfield unit values. Usually,
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Fig. 3 Patient is a 49-year-old
woman with known coronary
artery disease and past medical
history of myocardial infarct.
End-systolic (a) and end-diastolic
(b) cardiac MRI images allow
visualization of akinetic apical
segments. Delayed-enhancement
MRI (¢) and MDCT (d) images
in long axis show good
agreement in visualization of
apical infarcted myocardium
(arrows) in the corresponding
akinetic territory. lIodine uptake
on late-MDCT images shows
good correlation with GADTPA
accumulation on late-MRI
images

late-scan acquisition is considered to be 5-15 min after the
administration of contrast agent.

GdDTPA and iodinated contrast agent accumulation is
observed in both acute and chronic myocardial infarcts. In
acute settings, necrosis is identified; in chronic infarcts, a
dense collagen-rich scar is identified. Both histopatholo-
gical entities show expanded extracellular space that delays
washout of contrast media (Gerber et al. 20006).

Transmural extent of MI as detected and quantified with
DE-MDCT predicts the recovery of regional systolic LV

function after revascularization for acute STEMI (ST-
elevation myocardial infarct, as observed on ECG) (Shapiro
et al. 2010).

3.1.2.1 Animal Experiments

Several animal experiments have shown that the area of
delayed enhancement could be not only just visualized but
also quantified on late-MDCT images. Equally impor-
tantly, animal studies have the definite advantage over
human studies through the use of a histological 2,3,5-
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Fig. 4 Patient is a 46-year-old gentleman with past medical history
of MI and inferior q wave on recent ECG. Delayed-enhancement
MDCT image (a) shows the iodinated contrast accumulation as an
area of hyperattenuation in short-axis reconstruction. The correspond-
ing delayed-enhancement CMR image in short-axis view shows good

Triphenyltetrazolium-Chloride (TTC) staining, the ultimate
comparative ex vivo hystopathological reference standard
(Gerber et al. 2006; Lardo et al. 2006) (Table 1, Fig. 2).

The role of MDCT in quantifying nonviable myocardium
was reported in both acute and chronic animal MI. The
transmural extent and volume of infarct by MDCT com-
pared well with TTC staining (acute infarcts, PISypcr:
21.1 £ 7.2 %, compared with PISttc: 20.4 &= 7.4 %, mean
difference of 0.7 %; chronic infarcts, 4.15 £ 1.93 %
(PISmper) compared with 4.92 £+ 2.06 % (PIStrc), mean
difference of 20.76 %). Peak CT attenuation values were
visualized 5 min after contrast agent administration.
No-reflow zones at the center of MIs have also been iden-
tified accurately in acute studies and correlate well with
reduced blood flow determined by microsphere distribution
(Lardo et al. 2006).

Buecker et al. (2005) also quantified MI in porcine
model (n = 14). Spatial extent of infarct was well corre-
lated between TTC, DE-CMR, and DE-MDCT at 5 min
post-contrast injection, with DE-MDCT slightly overesti-
mating the infarct size.

Baks et al. (2006) have demonstrated an excellent cor-
relation of both MRI and MDCT with TTC for quantifica-
tion of subacute infarct in porcine model. Consequently,
DE-CMR and DE-MDCT demonstrated a strong correlation
in determining infarct size.

Mahnken et al. (2007) used a porcine model and per-
formed sequential DE-CMR and DE-MDCT imaging in
reperfused acute, subacute, and chronic MI (day 0, 7, 28 and

agreement with CT findings and delineates inferior myocardial infarct
as a bright area of hyperenhancement. The same volume and area of
infarct are identified by both late-MDCT and -MRI with hand
planimetry (dashed line)

90). No significant differences were observed in infarct size
between DE-MDCT and DE-CMR at all investigated
timepoints. Bland-Altman plots showed good agreement
(—3.4-1.9 %) for infarct size between DE-MDCT and TTC
staining on day 90.

However, these animal studies employed user defined
contour (hand planimetry), a method of semiautomated
infarct detection. With the help of significant attenuation
difference between nonviable myocardium and remote,
healthy myocardium, automated algorithms with minimal
user interface were developed to quantify infarct size; MI
was defined as attenuation value two standard deviations
(S.D.) above the mean healthy myocardium attenuation
value (Ruzsics et al. 2008) (Fig. 2).

In a recently published ex vivo animal study, MI size was
visualized and quantified in swines using GADTPA contrast
medium for both DE-CMR and DE- MDCT imaging. Authors
have proven that accumulation of GADTPA contrast medium
was accurately visualized by MDCT in an ex vivo setting.
Semiautomated quantification using a six-S.D. threshold limit
(healthy myocardium + 6-S.D.) quantified infarct most pre-
cisely compared to TTC (Varga-Szemes et al. 2012).

Submillimeter resolution can be achieved with MDCT,
markedly reducing the partial volume effects that are seen in
MRI. However, this relative advantage of MDCT is to be
taken in the context of certain limitations of the technique
with respect to MRI. These include a relatively restricted
dynamic range of attenuation (i.e., SI values between the
normal and the nonviable myocardium) on MDCT.
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Fig. 5 Summary of dual-energy
DE-MDCT image interpretation
of a 65-year-old lady with
recurrent chest pain. (a) Dual-
energy DE-MDCT image
generated by high tube voltage
(140 kV) accurately delineates
the endo- and epicardial borders
of the myocardium. (b) Dual-
energy DE-MDCT image
generated by low tube voltage
(80 kV) delineates iodine
accumulation, i.e., myocardial
infarct (arrows). Low tube
voltage is more sensitive to
iodine accumulation but less
sensitive to myocardial borders
than high tube voltage within the
heart. (¢) Clinical standard,
contrast-enhanced CMR study
shows hyperenhanced, nonviable
myocardium in basal infero-
lateral segment (arrows).

(d) Corresponding dual-energy
DE-MDCT merged (low and
high voltage) image shows
excellent agreement delineating
infarcted myocardium in the
same territory (arrows)

Therefore, the MDCT contrast-to-noise ratio is lower as
compared to MRI (Nieman et al. 2008).

3.1.2.2 Human Studies

One of the first publications on the accurate quantification
of human MI by cardiac MDCT dates back to early 2000
(Table 2).

Twenty-eight patients with reperfused acute MI under-
went both first-pass and delayed MDTC examination on day
5 post MI (Mahnken et al. 2005). PISyiper versus PISygr;
showed good agreement (k = 0.878), with similar mean
infarct size (33.3 £ 23.8 % per slice, compared with
31.2 £ 22.5 % per slice; p = 0.398). Bland Altmann anal-
ysis also confirmed good agreement between DE-MDCT
and DE-CMR.

Gerber et al. (2006) investigated early and delayed
imaging with both MDCT and CMR in 37 patients with
acute or chronic MI. Assessment of absolute MI size on DE-
MDCT and DE-CMR acquisitions (10 min after contrast

agent administration) showed that infarct mass were highly
correlated (r = 089, p < 0.001).

Similarly, Choe et al. (2008) studied 63 patients with
reperfused acute or chronic MI, reporting a correlation coeffi-
cient of 0.81 (p < 0.0001) between the 5-min-delay MRI and
the late-MDCT. It is also important to emphasize that
DE-MDCT acquired with a 5-min-delay versus DE-CMR

yielded comparable results but significant difference
(259 £ 12.1 % vs. 22.8 £ 11.8 %, relatively) in calculated
infarction fraction.

Excellent correlation between calculated infarction frac-
tion on DE-MDCT versus DE-CMR (IFypct =13 % + 9
vs. IFpyrr = 15 % £ 7) was also reported. DE-MDCT
showed lower contrast-to-noise ratio compared with
DE-CMR, but this finding had no significant influence on the
quantification of MI size Nieman et al. 2008.

Optimizing the SNR and improving the contrast-to-noise
ratio between nonviable and viable myocardium are key to
a successful quantification of MI (Fig. 3). Delayed CT
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Fig. 6 Quantification of dual-energy DE-MDCT images of a 67-year-
old patient with recurrent chest pain. Dual-energy DE-MDCT merged
image (a) delineates infarcted area in lateral myocardial segment,
combined low and high tube voltage information. (1) endocardial,
(2) epicardial, and (3) myocardial-infarct contours are delineated with
hand planimetry. Corresponding DE-CMR image delineates same
lateral myocardial infarct as area of hyperenhancement. Corresponding
hand planimetry of endocardiam, epicardium, and myocardial infarct
also show good agreement

acquisitions 5 and 10 min after contrast injection were com-
pared. It has been found in 19 patients that a 5-min-delay DE-
MDCT yields a significantly higher SNR with overall better
CT image quality than a 10-minute-delay DE-MDCT, but no
significant difference was found in quantification of MI size
between these two acquisition timings (Jacquier et al. 2008).
Similar to experimental animal settings, hand planimetry
performed by multiple independent observers is the most
frequently used tool for quantification of human MI size
(Fig. 4). Significant agreement was found in acute infarct
size using hand planimetry after percutaneous coronary
intervention in 19 patients with acute MI. It has also been
established that accurate visualization and quantification of
MI is achievable with DE-MDCT without the requirement

of an additional iodine contrast bolus injection (Habis et al.
2009; Boussel et al. 2008).

3.2 Dual Energy for Quantifying Ml

Tissues in the human body show different absorption char-
acteristics when penetrated with different X-ray spectra,
which are typically generated by different kV settings of
the X-ray tube. With the help of different energy levels, tissue
differentiation by X-ray-based imaging modalities has been
reported to be possible (Genant and Boyd 1977; Brody et al.
1981; Millner et al. 1979). It has also been recognized that
iodine-based contrast media have unique X-ray absorption
characteristics at different kV levels (Riederer and Mistretta
1977). Early experimental prototypes typically required
the acquisition of two separate CT acquisitions at different
kV levels with subsequent image coregistration, limiting
clinical utility (Chiro et al. 1979; Kalender et al. 1986).
Animal studies demonstrated that identifying and quantify-
ing MI with dual-energy DE-MDCT is feasible (Zhang et al.
2010; Deseive et al. 2011).

Dual-energy acquisition for quantification of MI size in
human infarcted myocardium helps to combine information
of low-kV (80 or 100 kV) fine visualization of contrast
accumulation differences within infarcted myocardium
(Mahnken et al. 2005) and high-kV (140 kV) visualization
of sharp endo- and epicardial borders (Fig. 5).

Kang et al. (2010) reported a close, linear correlation
(r = 0.9) between DE-CMR and DE-MDCT for determining
PIS in human infarcted heart (n = 40). The proposed method
for determining infarct size is to evaluate the low- and high-
voltage data separately. Images generated by the low tube
voltage delineate absolute MI size (Fig. 5). Images generated
by high tube voltage precisely visualize endo- and epicardial
borders but lose sensitivity for depicting iodine accumulation
in the infarcted area. Dual-energy DE-MDCT has also been
shown to represent a good alternative for MI quantification;
correlation statistics yield good agreement in quantification
of infarct size between dual-energy DE-MDCT and DE-CMR
(Fig. 6).

4 Radiation Protection

To date, accurate MI quantification is optimally achievable
with an additional delayed acquisition and thus extra
radiation. Radiation exposure varies between different
equipment and protocols. Early animal experiments using
64-slice MDCT projected a radiation exposure of 15 mSv
for men and 21 mSv for women (Baks et al. 2007).
Dual-source CT technology, the Care dose algorithm, the
widely acknowledged prospective triggering, and FLASH
methods were all developed for the purpose of significantly
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reducing radiation exposure. Acquiring DE-MDCT with
prospective ECG-triggering significantly limits radiation
dose compared with retrospective ECG-gating (Chang et al.
2009). Thus, a delayed CT scan can be obtained at a low
radiation dose of about 1 mSv.

Pushing this limit further, a recent study customized an
ultra-low-dose high-pitch CT protocol (Goetti et al. 2011).
Investigators reported an estimated mean radiation dose as
low as 0.89 £ 0.07 mSv (range: 0.74-1.02 mSv, n = 24).
With the help of latest dual-source CT equipment, this was
achieved using a prospectively ECG-synchronized high-
pitch (3.4 mm) 100 kV CT acquisition.

5 Future Perspective

Viability detection and, equally importantly, precise
quantification are crucial for the management of MI
Evidence-based MDCT approaches for the determination of
MI size are derived from the feasibility and initial accuracy
studies highlighted earlier, most of which are limited by
small, selective patient populations. Nevertheless, MDCT
has been demonstrated as a promising clinical tool of the
future for fully integrative cardiac assessment—not only
coronary stenosis grading and myocardial ischemia/infarc-
tion detection, but also myocardial viability quantification.
Clinical demand for MDCT only increases when a patient,
needing a scan, has MRI-contraindicated pacemakers,
defibrillators, or other metal implants.

Fast CT scanning is able to provide accurate information
for patient viability in combination with acute PCI (Habis
et al. 2009; Boussel et al. 2008). The prognostic value of
quantifying nonviable myocardial area by DE-MDCT
immediately after PCI strongly predicts the functional
recovery and overall clinical outcome of patients with acute
MI (Perazzolo Marra et al. 2011). High-pitch low radiation
MDCT protocols are available and ready for widespread
future clinical use with sub-mSv radiation. Prospective
evidence-based trials with large patient populations are
needed to assess the prognostic significance of these find-
ings and their effect on diagnostic and therapeutic efficacy,
and to establish the quantification of myocardial viability by
MDCT as an integral component of routine, comprehensive
coronary artery disease workup.
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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,
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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

$ leenen[3]

 Exercise ECG/Echo. P ...
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<1 |
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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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Abstract

The notion of evidence-based medicine (EBM) has
transformed the science and practice of medicine
substantially over the past decades. EBM has been
defined as “the conscientious, explicit and judicious use
of current best evidence in making decisions about the
care of individual patients* (Sackett et al. 1996). EBM
thus demands that medical procedures be justified by
objective measures of performance. This general trend in
healthcare has long been ignored by the radiological
field, with the formal concept of evidence-based radiol-
ogy (EBR), only recently established (Evidence-Based
Radiology Working Group 2001; Sheehan et al. 2007;
Collins 2007; Malone 2007; Dodd et al. 2004). At least
in part, this may be explained by the conceptual
framework of EBM, which is primarily designed to
assess the efficacy of therapeutic procedures, such as
pharmacological, surgical, or other interventions. Many
criteria used to assess the quality of studies and levels of
evidence in EBM are not directly applicable to diagnos-
tic imaging.

1 Imaging in the Era of Evidence-based
Radiology

The notion of evidence-based medicine (EBM) has trans-
formed the science and practice of medicine substantially
over the past decades. EBM has been defined as “the con-
scientious, explicit and judicious use of current best evi-
dence in making decisions about the care of individual
patients” (Sackett et al. 1996). EBM thus demands that
medical procedures be justified by objective measures of
performance. This general trend in healthcare has long been
ignored by the radiological field, with the formal concept of
evidence-based radiology (EBR), only recently established
(Evidence-Based Radiology Working Group 2001; Sheehan
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et al. 2007; Collins 2007; Malone 2007; Dodd et al. 2004).
At least in part, this may be explained by the conceptual
framework of EBM, which is primarily designed to assess
the efficacy of therapeutic procedures, such as pharmaco-
logical, surgical, or other interventions. Many criteria used
to assess the quality of studies and levels of evidence in
EBM are not directly applicable to diagnostic imaging.

In an effort to ease the application of EBM theory for
diagnostic imaging, a hierarchical 6-step model has been
developed specifically for radiology that can be used to
classify measures of efficacy in studies investigating diag-
nostic rather than therapeutic procedures (Evidence-Based
Radiology Working Group 2001). In this model, for a
diagnostic test to reach the first level of efficacy (technical
efficacy) requires a demonstration of technical feasibility
and interpretability. At the second level (diagnostic accu-
racy efficacy), a diagnostic test is evaluated for diagnostic
accuracy. The third level (diagnostic thinking efficacy)
describes how helpful a test is for advancing the diagnostic
process of confirming or excluding a diagnosis or narrowing
the spectrum of differential diagnoses. At the fourth level
(therapeutic efficacy), the impact of a diagnostic test on
patient management must be demonstrated. The fifth level
describes the impact of the test on the patient’s outcome
(patient outcome efficacy). Last, the sixth and highest level
of efficacy consists of an overall benefit-cost analysis from a
societal viewpoint (societal efficacy).

The level of efficacy evidence that can be derived from a
diagnostic study further depends on the scientific rigor with
which the study was designed and conducted. On one hand,
many studies in diagnostic imaging have been derived from
case reports, have failed to include a reference standard,
or have investigated a very narrow spectrum of noncon-
secutive patients. The more reliable (and therefore more
valuable) studies were designed with adequate controls in
an appropriate spectrum of consecutive patients using a
suitable reference standard (Evidence-Based Radiology
Working Group 2001).

2 Current Level of Evidence on CT
Imaging of Myocardial Perfusion
and Viability

The current evidence available for CT imaging of myo-
cardial perfusion and viability is largely limited to studies
operating at the lowest two levels of efficacy. As described
throughout this book, the technical feasibility of the various
CT myocardial perfusion imaging techniques is well
established—Ilikewise for delayed enhancement CT imaging
for myocardial viability assessment. There is also a wealth
of level 2 evidence that tests the accuracy of CT myocardial
perfusion and viability imaging techniques against the

established imaging reference standards of catheter angi-
ography with or without FFR measurement, SPECT, and
MRI. To date, these studies have been small, single center
trials with the exception of the CORE320 trial. The
CORE320 trial is a single vendor, multicenter study of the
diagnostic accuracy of combined noninvasive CT angiog-
raphy and single shot myocardial blood pool imaging using
a 320-slice CT system, in comparison with invasive angi-
ography (ICA) and single photon computed tomography-
myocardial perfusion imaging (SPECT-MPI) (Vavere et al.
2011). Preliminary results of this trial suggest that the
addition of CT blood pool imaging to coronary CT angi-
ography may improve the accuracy for the detection of
coronary artery disease and may predict revascularization
within 30 days (Lima and Maurer 2012).

To date, explicit investigations of the impact of CT
myocardial perfusion and viability imaging on diagnostic
and therapeutic management (levels 3 and 4 efficacy) are
lacking. With the exception of one, cost-effectiveness
analysis on dual-energy CT in a limited number of patients
(Meyer et al. 2012), no evidence is available on the higher
level efficacies of CT myocardial perfusion and viability
imaging, i.e., the impact on clinical outcomes and the
associated overall cost-benefit ratio. This is not surprising
given the novelty of the techniques. Development of higher
level efficacy studies for imaging tests are complicated by
the indirect influence of diagnostic tests on patient man-
agement and outcome. It is a therapeutic decision based on
the results of an imaging test that change management and
thus influence outcome. It is difficult to establish the higher
level efficacy of a novel diagnostic test, as this largely
depends upon the extent to which clinicians will accept the
test’s results and factor them into their therapeutic strategy.

3 What Needs to be Done?

Meeting this challenge will require radiologists to look
beyond the realm of imaging to collaborate even more
closely with clinicians. It is imperative that radiologists take
the initiative to educate and update clinicians on novel
technical developments in the field of CT myocardial per-
fusion imaging and the advantages they offer. Similarly,
radiologists will need to depend on clinicians to guide the
development of cardiac perfusion and viability imaging
toward providing clinically valuable information that will
improve patient management. Such an alliance will be
essential for future studies that evaluate the higher level
efficacy of CT techniques for cardiac perfusion and viability
imaging.

As mentioned, the overwhelming majority of published
literature on CT myocardial perfusion and viability imaging
consists of single center studies evaluating a specific
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technique in a small number of patients. In order for a
technique to become clinically viable, the experience
gained in these initial studies must be applied to larger,
multicenter trials. As a first step in this direction, a large
multicenter, multi-vendor CT perfusion registry (PRE-
CEPT) has been initiated, which will pool the existing CT
perfusion studies from participating sites. Patient demo-
graphic information and baseline clinical risk factors as well
as follow-up data and comparative modalities such as
SPECT, cardiac MRI and invasive catheter angiography
will also be collected when available.

It can be anticipated that PRECEPT will significantly
advance our current understanding of CT myocardial perfu-
sion imaging on multiple fronts. First, there exist a number of
technical implementations of CT myocardial perfusion
imaging, the investigations of which have been presented in
detail in chapter III of this book. However, it is largely
unknown whether these many similar techniques are com-
parable in their technical success rate, interpretability, and
diagnostic accuracy. It is hoped that PRECEPT will assist the
technical optimization of CT myocardial perfusion imaging.

Second, with CT myocardial perfusion and viability
imaging being relatively novel techniques, the optimal
method for image interpretation is yet unclear. This is true
for both quantitative and qualitative methods of evaluation.
Qualitatively, a large registry may better identify typical
perfusion patterns and lead to methods for differentiating
these patterns from artifacts and other potential pitfalls.
Quantitative analysis of dynamic CT myocardial perfusion
imaging will almost certainly benefit from a large scale
analysis. The normal ranges of myocardial perfusion
parameters and the optimal myocardial blood flow diag-
nostic threshold have only been investigated in very small
patient populations. Through a large registry, reliable, well-
defined normal limits should be obtainable. Third, a large
registry will be of great value in better defining the diag-
nostic accuracy of CT myocardial perfusion imaging com-
pared to external reference standards. In particular,
comparison can be made to invasive catheter angiography
with fractional flow reserve measurements and cardiac
MRI, the gold standards for the assessment of hemody-
namically significant coronary artery disease, myocardial
perfusion, and viability. Last, if sufficient follow-up data are
available, the pooled data will be very useful in assessing
the prognostic value of CT myocardial perfusion imaging
for predicting future adverse cardiac events.

Registries with retrospectively pooled data, albeit very
useful, have significant limitations. Particularly, with
regards to the potential impact of CT perfusion and viability
imaging on diagnostic differentiation, therapeutic strategy,
patient outcome, and cost-effectiveness, results from a ret-
rospectively pooled registry can only be regarded as
hypothesis-generating and cannot replace evaluation in

prospective, multicenter trials. Prospective trials in which
therapeutic decisions are truly based on the result of CT
myocardial perfusion imaging will be required to define the
role that CT myocardial perfusion imaging may play in
tomorrow’s patient care.

From today’s perspective, CT myocardial perfusion and
viability imaging as a clinical staple may seem a long ways
off, and many questions remain to be answered regarding
patient selection, technique, and interpretation. However,
the experience gained from coronary CTA can serve as a
model and as an encouragement alike. Within just over a
decade, coronary CTA has moved from an experimental
laboratory procedure to a robust technique of clinical rou-
tine, with its role in acute and chronic chest pain clinical
decision making having passed the gauntlet of large, pro-
spective multicenter trials. The next few years will show
whether CT imaging of myocardial perfusion and viability
will be able to make a similar contribution to improving the
diagnosis and management of patients with known or
suspected heart disease.
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contraindications, 27
delayed myocardial enhancement, 27
gadolinium (IV) contrast media, 27
late gadolinium enhancement, 48, 51, 52
myocardial perfusion assessment, 47
single-photon emission computed tomography (SPECT), 48
stress CMR, 50
T1-weighted sequences, 48
wall motion abnormalities, 47

Cardiac motion, 59

Cardiac MR images, 95

Cardiac MR perfusion, 94, 96, 97, 101, 102
contraindications, 89

Cardiac MR perfusion, stress, 95, 96

Cardiac output (CO), 26, 76
calculation, 32

Cardiac pacemakers, 174

Cardiac perfusion imaging, 68

Cardiac phase, 9
Cardiac stress
adenosine, 133
dipyridamole, 133
Cardiomyopathy
dilated, 37
Catheterization, 13
Cell membrane integrity, 175
Cellular membrane integrity, 176
256- and 320-channel systems, 8
Chest pain, 35
Chronically dysfunctional but viable myoardium, 175
Chronically hypoperfused myocardium, 175
Chronic CAD, 50
Chronic ischemia, 35
Chronic malperfusion, 175
Chronic MI, 175-177
Chronic obstructive pulmonary disease (COPD), 37, 76
Chronic, irreversible injury, 174
Chronic, reversible injury, 174
Classification of Ischemic Injury of the Myocardium, 174
Clinical Outcomes Utilizing Revascularization and Aggressive Drug
Evaluation (COURAGE) trial, 50
Clinical risk assessments, 16
CMR, adenosine stress, 94
CMR disadvantages, 48, 49
CMR imaging, 50
CMR perfusion, 92, 93, 98
CMR perfusion imaging, 53
Collateral vessel formation, 5
Compton scattering, 80, 105
Computed tomography coronary angiography (CTCA), 133. See also
cCTA
Computed tomography perfusion (CTP), 139, 140
Computer-aided detection, 9
Computer tomography (CT), 174
acquisition time, 58
fan angle, 58
gantry rotation, 58
image reconstruction, 58
pitch, 58
Conditions of ischemic myocardium, 174
Cone-beam, 84. See also Reconstruction artifact
Congenital heart disease, 26
Contractile dysfunction, 174
Contractile function, 174
Contrast, 67
Contrast agent, 66
Contrast allergy, 27
Contrast-enhanced MR imaging, 174
Contrast enhancement, 76
Contrast-induced nephropathy, 27
Contrast injection protocols, 29
multiphasic, 30
Contrast kinetics, 177
Contrast material, 69, 175
Contrast material enhancement, 14
Contrast media, 75, 76, 175
Contrast-to-noise ratio, 60, 67
COPD, 78
Cor pulmonale, 37
CORE320, 228
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Coronary angiography, 47
late phase contrast-enhanced CT, 182
Coronary artery, 174
anatomic assessment, 57
bypass graft (CABG), 6, 7, 12, 13, 26, 35, 45-47, 50, 51, 53, 58,
75, 91, 101, 104, 138, 173-176, 180, 210-213, 218
calcification, 16
calcified plaque (lesion), 58, 177
calcium scoring (CACS), 16, 139
disease (CAD), 3, 4, 19, 24, 45, 47, 51, 53, 57, 65, 80, 85, 86, 89,
90, 96, 99, 101, 103-105, 108, 133, 136, 138, 142, 173, 209,
210, 216, 221
lesion classification, 15
morphological assessment, 45
motion, 58
revascularization, 26
stenoses, 175
stenosis, 4-6, 12, 26, 45-47, 49, 50, 57, 65, 69, 70, 104, 138, 142
stenting, 35
Coronary artery calcium, 5
Coronary artery calcium scoring, 11
Coronary artery disease (CAD), 25, 29, 35
functional assessment, 47
hemodynamic assessment, 47
morphologic assessment, 46, 54
Coronary artery evaluation, 61
Coronary artery lumen, 7, 9
Coronary artery morphology, 4
Coronary artery perfusion pressure, 5
Coronary artery stenosis
flow-limiting, 58
functional assessment, 46
hemodynamic relevance, 53
hemodynamic significance, 47, 80
morphological assessment, 46, 47, 53
Coronary Artery Surgery Study (CASS), 35
Coronary artery vasodilatation, 4, 7
Coronary atherosclerosis, 75
hemodynamic significance, 47
coronary CT angiography (cCTA), 3, 4, 26, 35, 36, 45, 46, 58, 61, 69,
78, 80, 83, 86-88, 90, 91, 93-95, 98-101, 103-105, 108,
136-138, 142, 174, 176, 178, 209-212, 215, 216, 218-222
contrast injection protocols, 178
high-pitch spiral (“FLASH”), 28
Coronary flow reserve (CFR), 4, 215, 216
Coronary flow velocity reserve, 210
Coronary lumen, 5
Coronary stenoses
hemodynamically significance, 89
Coronary stenosis, 177
Cost-effectiveness, 12, 72, 228
COURAGE trial, 51
Coverage, 72
CT angiography, 61, 76, 126
CT coronary angiography, 65
CT imaging of myocardial viability, 174
CT myocardial perfusion (CTP), 104
CT myocardial perfusion imaging (CTP), 103, 176
CTP, 104, 105, 107, 141, 211, 214, 217-223
contraindications, 220
cost effectiveness, 221
dose, 221
protocol, 220
CTP, dynamic, 214, 221
limitations, 222
CT perfusion (CTP), 1, 101, 133

CT perfusion time-density curves, 76
CTP, static, 221

CT-STAT trial, 12

CT with wide detectors, 66

Current modulation, cardiac phase, 61

D

2-D echocardiography, 39

3D dynamic acquisition, 68

Decreased noise, 60. See also Image noise

64-detector computed tomography, 4

DECT-based iodine map, 90

DECT myocardial perfusion, 80

DECT perfusion, 80, 86, 90, 92, 99, 100
artifacts, 97, 98
limitations, 97

DECT perfusion assessment, 84

DECT perfusion imaging, 86

DECT perfusion, stress, 92, 95, 96

Deep brain stimulators, 174

DEFER study, 210

Degree of stenosis, 15

Delayed contrast agent distribution, 66

Delayed contrast enhanced cmr, 182

Delayed contrast enhanced ebct, 176

Delayed contrast enhancement, 138, 179

Delayed contrast enhancement, spect
transmural extent, 182

Delayed enhancement acquisitions, 69

Delayed enhancement, 57, 130

Delayed enhancement, cmr, 91

Delayed enhancement ct, 139, 142

Delayed-enhancement mri, 71

Delayed hyperenhancement, 177

Delayed myocardial contrast, 179

Delayed myocardial contrast enhancement, 175-178, 180-182
transmural extent, 180

Delayed myocardial enhancement
transmural, 180

Delayed-phase cmr, 97

Derived time-tissue-attenuation curves, 66

Detector coverage, 7

Detector efficiency, 8

Detector width, 8, 76

Diagnostic accuracy, 6, 9, 10, 12, 15, 68, 70, 72

Diagnostic accuracy efficacy, 228

Diagnostic aortogram, 4

Diagnostic imaging validation, 5

Diagnostic value, 69

Diagonstic accuracy, 14

Diastolic dysfunction, 47

Diastolic myocardial stunning, 49

Differentiate between different types of tissue, 60. See also Tissue

differentiation

Dilated cardiomyopathy, 177

Diphenhydramine, 27

Dipyridamole, 220

Direct assessment of myocardial injury, 174

Direct ica, 9

Direct visualization of myocardial viability, 174

Discovery ct750 hd, 107

Disease burden, 15

Distal embolization, 177

Dobutamine stress mr imaging, 181

Double-layer detector technology, 60
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DSCT system, 71
D-SPECT, 48
Dual-energy, 72
dual-source CT, 59
iodine distribution map, 59
material decomposition algorithms, 59
material descrimination, 59, 60
temporal resolution, 59
Dual-energy acquisitions, 67
Dual-energy computed tomography (DECT), 80
Dual-energy CT, 60, 105, 220
applications, 59
image reconstruction, 84
Dual-energy CT imaging, 59
Dual-energy CT perfusion imaging, 89
Dual-energy imaging, 60
Dual phase injection, 178
Dual-source computed tomography (DSCT), 26, 28, 36, 58, 59, 61, 79,
89
multi-segment reconstruction, 58
Dual-source CT systems, 66
Dual-source dual-energy CT, 59, 79, 81, 97, 105
Dual-source scanners, 8
Dynamic adenosine-stress myocardial perfusion imaging, 71
Dynamic CT perfusion, 89
Dynamic CT perfusion analysis, 135
Dynamic CT perfusion imaging, 69
Dynamic CT perfusion protocol, 67
Dynamic CTP, stress, 218
Dynamic multiphasic protocols, 72
Dynamic spatial reconstructor, 174
Dynamic switching, 60
Dynamic time-density curve, 67
Dynamic, time resolved CT perfusion datasets, 67
Dynamic whole heart cardiac CT perfusion, 70
Dyskinesia, 52

E
Early (arterial phase) perfusion defects, 181
Early contrast enhancement, 58
Early hypoenhancement, 177
ECG abnormalities, 47
ECG-based tube current modulation, 82, 83, 103, 104
ECG-dependent tube current modulation, 17
ECG-gated cCTA acquisition, 8
ECG-modulated current, 28, 29
Ecg-modulated tube current, 39
ECG-pulsing, 61
ECG-triggered axial CT acquisitions, 17
ECG triggered scan acquisition, 76
ECG-triggered test bolus technique, 66
Echocardiography, 25-27, 29, 33, 38, 39, 47, 49

2D ultrasound, 49

3D ultrasound, 26

contrast echocardiography, 50

Doppler, 49

Doppler imaging, 26

stress echocardiography, 54

trans-esophageal, 26

transthoracic, 26

wall motion abnormalities, 47
Edema, 175
Ejection fraction (EF), 35, 39

calculation, 32

measurement, 33, 34

Ejection fraction, left ventricular, 26
Electron beam computed tomography (EBCT), 174
Electron microscopy, 176
Emergency department, 47, 57
End-diastolic volume (EDV), 26, 33
gantry rotation time, 27
measurement, 33, 34
End diastolic wall thickness, 176, 182
End-systolic volume (ESV), 26, 33
intermodal, 33, 34
Energy-integrating detector, 60
Enhancement patterns, 126
Entrance and exit angles, 5
Evidence-based radiology, 227
Exercise and pharmacologically stressed echocardiography, 9
Exercise echocardiography (Echo), 222
Exercise electrocardiography (ECG), 9, 222
Exercise-induced ischemia, 175
Exertional ischemia, 4
Extracardiac findings, 16
Extrasystole, 76

F

FAME study, 210

Fast kilovoltage switching, 60, 103

Fat infiltration, 221

Fatty metaplasia, 176

Fatty scars, 176

FFR evaluation, 54

FFR, hemodynamic assessment, 53

8E_fluorodeoxyglucose ('*FDG), 174

Fractional flow reserve (FFR), 46, 70, 85, 97, 104, 135, 138, 210-212,
215, 218, 219, 222

Fibrosis, myocardial, 51

Filtered back-projection (FBP), 62

Filtered back projection techniques, 9

Filtration, photon spectra, 61

Filtration, X-rays, 62

Filtration, X-ray spectra, 60

First-pass arterial phase, 177

First-pass myocardial perfusion, 69

First-pass “static,” dynamic rest perfusion imaging, 69

Fixed myocardial perfusion defect, 51

Flow-limiting coronary stenosis, 59

Flow-limiting lesions, 13

Flow-obstructing stenosis, 68, 71

Flow wire-adjusted induced coronary stenosis, 69

Fluorescent microspheres, 71

Fractional flow reserve, 47, 72

Fractional Flow Reserve versus Angiography for Multicenter Evalu-
ation (FAME) trial, 53, 104

Full cardiac volume acquisitions, 8

Functional endpoints, 6

Functional evaluation CT, 38

Functional flow reserve, 53, 134

Functional imaging, 26, 45, 47, 49

Functional imaging modalities, 47, 53, 54

G

Gadolinium chelate, 48
Gadolinium oxysulfide, 60
Gantry rotation, 8

Garnet crystal scintillator, 60
GE healthcare, 59, 107
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gemstone detector, 60 Intraplaque hemorrhage, 60

snapshot freeze, 59 Intravascular ultrasound (IVUS), 13
GE healthcare, Inc., 62 Intravascular ultrasound with radiofrequency backscatter analysis
Global ventricular function, 174 (“virtual histology” [IVUS-VH]), 14
Graft occlusion, 13 Invasive coronary angiography (ICA), 4, 46, 53, 57, 69, 85, 87, 94, 96,
Grafts, 13 99, 103, 104, 136, 210, 212, 214, 216, 217, 219, 221, 222

Invasive fractional flow reserve (FFR), 68
Invasive measurment of FFR, 71

H Invasive pulmonary vein isolation, 27
Hagen-Poiseuille equation, 4 Todinated contrast, 135
Half-scan reconstructions, 8 Iodinated contrast volume, 61
Heart failure, 12, 39 Todine contrast enhancement, 61

preserved ejection fraction, 39 Iodine distribution, 67, 69
Heart perfusion blood volume (heart PBV), 85 Iodine distribution map, 79-81, 84, 85, 87, 89, 91, 92, 94, 95, 99, 100
Heart rate, 4, 58 Ionizing radiation burden, 17
Heart transplantation, 175 Irreversible
Helical acquisition, 134, 135 acute (Acute MI), 175
Helical CT acquisition, 59 chronic (Chronic MI), 175
Hemodynamic assessment, 45 irreversibly damaged myocardium, 176
Hemodynamic effect, 4 Irreversible myocardial damage, 175
Hemodynamic significance, 46, 79, 210, 222 Irreversible myocyte injury, 176
Hemodynamic significance, CAD, 103 Ischemia, 126
Hemodynamic significance, coronary artery stenosis, 89 Ischemia, myocardial, 48, 50
Hemodynamic significance, coronary stenosis, 86 Ischemic, 76
Hemodynamic significance, stenosis, 213 Ischemic cardiomyopathy, 12, 50
Hemodynamically relevant CAD, 48 Ischemic equivalent chest pain syndrome, 4
Hepatopulmonary syndrome, 37 Ischemic etiology, 6
Hibernating myocardium, 35, 174, 175 Ischemic heart disease, 182
Hibernation, 174 Ischemic heart failure, 174
High-density contrast material, 16 Ischemic injury
High diagnostic accuracy, 13 extent, 181
High-grade stenoses, 76 Ischemic lesions, 127
High pitch acquisition, 58, 61, 67, 81, 97 Ischemic myocardium, 76, 84, 176, 220
High-pitch acquisition, perfusion, 218 Ischemic myocardium assessment, 78
High-pitch acquisition protocol, 17 Ischemic versus nonischemic myocardium, 67
High-pitch (3.4) sprial acquistion, 8 Isophasic dataset, 8
High pitch sprial mode, 77 ITterative reconstruction, 9, 61, 62, 103, 104, 221
Hounsfield units, 76 Iterative Reconstruction in Image Space (IRIS), 62

HU values, 70

Hybernation, 175

Hyperemic microvascular resistance, 210 K
Hyperenhancing myocardium, 178, 179 kV, 61
Hypertension, 39

Hypertrophic cardiomyopathy, 35

Hypo-attenuated myocardium, 78 L
Hypokinesia, 52 Large patients, 60, 62
Hypoperfusion, myocardial, 104 Larger patients, 59

Late contrast enhancement, 58
Late-enhancement CT, 218, 220

I Late gadolinium enhancement, 215-217
Idiopathic dilated cardiomyopathy., 175 Late phase contrast-enhanced CT, 176
iDose, 62 Late phase CT, 176, 178
Image noise, 62 assessment, late phase CT, 180
Image quality, 7, 9, 61 delayed contrast enhancement, 181
Imaging MI, 174 Late phase CT images
Imaging of myocardial viability, 174, 175 window settings, “half countour principle”, 179
Implants, 174 Late phase CT imaging, 177
Incidental findings, 16 Late phase CT scan
Infarcted and ischemic myocardium, 69 technical considerations, 178
Infarcted myocardium, 134, 177 Late phase MR

nonlinear mixing technique, 180 delayed contrast enhancement, 182
In-stent restenosis, 13 Late phase scan
Intermediate severity lesions, 5 contrast injection, 178
Interstitial edema, 177 Late phase viability assessment imaging
Interstitial lung disease, 37 contrast injection protocols, 178

Intraluminal filling defects, 14 Left atrial ablation, 26
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Left atrial function, 26
Left atrial volume, 26
Left atrium, 38
function, 38, 39
normal values, 39
volume, 38, 39
Left heart failure, 39
Left ventricle, 33
function measurement, 33
global function, 35
normal values, 33
regional function, 35
Left ventricular ejection fraction (LVEF), 33
Left ventricular function, 26, 51, 174
beta blockers, 29
Left ventricular hypertrophy, 39
Left Ventricular Myocardial Fatty Metaplasia, 176
Left ventricular remodeling, 58
Left ventricular scars, 176
Left ventricular wall stress, 4
Left ventricular wall thickness, 176
Lipid rich versus fribrous, 15
Lipomatous metaplasia, 177
Liver disease, 37
Liver failure, 26
Low-dose dobutamine stress echocardiography, 174
Low-energy photons, 62
Low-radiation dose CT protocols, 62
Luminal area, 15
Luminal contrast material concentration, 15
Luminal diameter, 4, 15
Luminal narrowing, 14
Luminal stenosis, 136

M

Magnetic resonance imaging (MRI), 25, 27, 28, 45, 47, 60, 66, 72, 174

3-material decomposition, 81

Material decomposition, 80, 81, 83, 91, 105

Material differentiation, 80, 81, 105

Maximum diagnostic value, 7

MBEF, rest, 218

MBEF, stress, 218

MBIR, 62

Median effective dose, 17

Medical therapy, 46, 47, 50

Metabolic state, 5

MI remodeling, 175

Microbubble contrast, 49

Microsphere-derived myocardial blood flow (MBF), 89, 134

Microvascular angina, 92

Microvascular disease, 5, 97

Microvascular obstruction, 57, 87, 134, 175-177, 181
enhancement patterns, 181

Mindose, 28, 82, 83

Minimizing radiation dose, 7

Minimum intensity projection (MinIP), 221

Mitral valve disease, 39

MMWP workstation, 220

Model-based deconvolution analysis, 135

Monochromatic imaging, 105-107, 109

Motion-free imaging, 5, 8

Morbidity and mortality, 16

Morphological imaging, 46

Morphologically significant coronary artery stenosis, 48

Morphologically significant coronary stenosis, 48

Mortality, 16
Motion artifacts, cardiac, 27
Motion correction, 59, 220
MR perfusion imaging (MRP), 210, 211, 215, 222
MR perfusion, rest, 215
MR perfusion, stress, 215
MR-IMPACT II study, 211
MRP, stress, 215
Multi detector-row computer tomography (MDCT), 26, 36, 174
Multi-detector (MD-)CT, 65
Multiphasic injection, 178
Multiplanar and 3D reconstructions, 8
Multiplanar imaging, 9
Multi-segment reconstruction, 8, 33
Multi-segment reconstruction algorithms, 27
Multi-vessel CAD, 69
Multivessel disease, 33, 175
Myocardial blood flow (MBF), 66, 75, 76, 89, 134, 135, 137, 217,
220-222
Myocardial blood pool, 79, 83-85, 89, 91, 96
Myocardial blood volume, 67, 95
Myocardial computed tomography perfusion, 141, 142
Myocardial contractility, 4
Myocardial contrast distribution, 67, 72
Myocardial contrast enhancement, 77
Myocardial CT perfusion
window settings, 136
Myocardial enhancement, 66
Myocardial fat, 176
Myocardial function, 175
Myocardial hibernation, 175
Myocardial hypoperfusion, 77
Myocardial infarct
extent, 57
Myocardial infarction (MI), 4, 27, 33, 48, 49, 51, 53, 60, 78, 95, 126,
173, 176, 210, 215-218, 220
acute, 35
chronic, 35
enhancement patterns, 181
fat infiltration, 218
myocardial fibrosis, 218
residual perfusion defects, 180
subendocardial MI, 180
transmural, 35
transmural extent of MI, 180
Myocardial infarction extent, 51
Myocardial infarction, acute, 134
Myocardial infarction, chronic, 25, 134
Myocardial infarction scar, 78
Myocardial injury
stages, 174
Myocardial ischemia, 4, 46, 47, 49, 79, 80, 87, 92, 95, 97, 103, 104,
106, 138, 140, 142, 175, 210-214, 216, 220, 223
functional relevance, 47
ischaemic cascade, 47
Myocardial ischemia, assessment, 97
Myocardial ischemia, peri-infarct, 99
Myocardial ischemia, reversible, 53, 79, 99, 139
Myocardial ischemic injury, 181
Myocardial necrosis (myocardial infarction; MI), 4, 176
Myocardial perfusion, 46, 57, 60, 61, 65, 80, 83, 84, 95, 103, 126, 137,
141, 174
definition, 87
nitroglycerine, 83
quantitative assessment, 57
rest DECT, 88
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stress DECT perfusion, 85
Myocardial perfusion abnormalities, 47
Myocardial perfusion analysis, 135, 136
Myocardial perfusion assessment, 45, 48, 58, 80, 84, 99, 104, 107, 134,
209
adenosine stress, 94
Myocardial perfusion assessment, CT, 60
Myocardial perfusion CT, 59
Myocardial perfusion defect, 50, 51, 53, 90, 137, 213, 218
Myocardial perfusion defect, 99
Myocardial perfusion defect, fixed, 90, 220
Myocardial perfusion defect, mixed, 90
Myocardial perfusion defect, reversible, 89-91, 94
Myocardial perfusion deficit, 47, 181, 210
Myocardial perfusion imaging (MPI), 5, 46, 72, 133, 139
Myocardial perfusion imaging, SPECT, 52
Myocardial perfusion quantification, 107
Myocardial perfusion scintigraphy examinations, 16
Myocardial perfusion scintigraphy (MPS), 10, 11, 126, 211, 221. See
also SPECT
Myocardial perfusion SPECT, 96, 99
Myocardial perfusion, CT (CTP), 103
Myocardial perfusion, DECT, 83
Myocardial perfusion, fixed
attentuation artifact, 98
Myocardial perfusion, quantification, 106
Myocardial remodeling, 177
Myocardial scars, 174
Myocardial scar tissue, 175
Myocardial segment model, 48
Myocardial stunning, 174, 175
Myocardial thickening, 175
Myocardial
viability, 58
Myocardial viability, 65, 72, 134, 142, 174
Myocardial viability assessment, 41, 45, 50, 134, 181
Myocardial viability imaging, 181, 182
Myocardial wall thickening, 26, 33
Myocarditis, 51, 175, 177
Myocaridal perfusion imaging, 8
Myocaridal perfusion scintigraphy dose, 17
Myocyte membrane dysfunction, 177
Myoperfusion, 139

N
Necrosis, 175
Necrotic myocardium (irreversible injury), 174, 175, 177
Negative predictive value (NPV), 4, 69
Nephrogenic systemic fibrosis (NSF), 27
Neutron-activated microspheres, 134
Newely diagnosed heart failure, 13
Noise reduction filters, 62
Non-coronary cardiac surgery, 13
Non-invasive cCTA, 182
Non-ischemic cardiomyopathies, 25
Non-ischemic cardiomyopathy, 33, 35
arrhythmogenic right ventricular dysplasia, 35
dilated, 35
hypertrophic, 35
restrictive, 35
Tako-tsubo, 36
Non-ischemic cardiomyopathy evaluation, 48
Non-ischemic dilated cardiomyopathy, 12
Non-transmural infarction, 174
Non-viable myocardium, 68, 69, 218

No-reflow phenomenon, 175, 177
Nuclear MPI, 71
Nuclear myocardial perfusion imaging, 45, 47, 48, 218
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Obese patients, 7

Obesity, 39

Obsese patients (quantum mottle, ppor signal to noise ratio), 5

Obstructive CAD, 6, 10

Obstructive coronary artery disease, 47
collateral flow, 47

Obstructive disease, 6, 14

Obstructive plaque, 11

Opacification, 7, 67

Opacification pattern, 69

Optical coherence tomography, 14

Optimal MBF threshold, 69

Outcomes and costs, 9, 11

Outcomes data, 16

Overestimation of stenosis severity, 5

Oxygen demand, 4

P
Partial anomalous pulmonary venous return (PAPVR), 38
Pathogenesis, 4
Patient outcome and prognosis, 72
Patient-specific factors, 7
Percutaneous coronary intervention (PCI), 7, 101, 173, 182, 210, 215,
222

subendocardial MI, 182

transmural MI, 182
Perfusion abnormalities, myocardial, 47
Perfusion CT (CTP), 209
Perfusion defect, myocardial, 104
Perfusion deficit, 174
Perfusion imaging, 49, 75
Perfusion, 4, 177

beta-blockers, 83
Peri-infarction dysfunction, 175
Perioperative cardiac events, 53
Persistent myocardial perfusion defect, 48, 49
Phase finding algorithm, 84
Phase reconstruction, 30, 31
Philips Healthcare, Inc., 62
Photoelectric absorption, 80
Photoelectric effect, 105
Photon collection, 8
Photon starvation, 179
Pitch adaptation, heart rate, 61
Plaque analysis software, 15
Plaque composition, 14
Plaque morphology, 5
Plaque remodeling index, 16
Plaque rupture, 4, 14
Plaque volume, 15, 16
Polychromatic X-ray beam, 60
Porto pulmonary hypertension, 37
Positive predictive value (PPV), 10
Positive remodeling, 15
Positron emission tomography (PET), 26, 27, 35, 50, 174, 222
Post processing, 31
Postischemic dysfunction, 175
Potential optimization, X-ray tube, 61
PRECEPT, 229
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Pre-patient filtration, 81
Pretest probability (PTP), 7
Prognostic value, 9-12, 14, 16
PROMISE trial, 11
Proper patient selection, 12
Propranolol, 29
Prospective ECG-triggering, 59, 61, 97, 179, 218, 222, 223
Prospective electrocardiogram-triggered coronary CT angiography, 71
Prospectively triggered acquisition, 28
Protection I trial, 17
Protection II trial, 17
Protection III trial, 17
Proximal and distal anastomoses, 13
Pulmonary embolism (PE), 36-38
acute, 37
Pulmonary hypertension, 37
Pulmonary vein, evaluation, 27
Pulmonary vein isolation, 26, 39

Q

Quantification programs, 9

Quantifying perfusion values, 69

Quantitative cardiac CTA, 45

Quantitative coronary angiography (QCA), 136, 138
Quarter-scan reconstructions, 8

R

Radiation dose, 9, 17, 59, 61

Radiation dose reduction, 61

Radiation dose-reduction strategies, 61
Radiation dose-saving strategies, 72
Radiation exposure, 6, 61, 67, 75, 76
Radionuclide imaging, 26

Radionuclide perfusion imaging, 68
Radionuclide ventriculography (RVG), 26
Rapid-kVp switching, 106, 107
Rapid-kVp switching dual-energy CT, 103
Rapid kV switching, 105, 108

Real dynamic myocardial perfusion imaging (MPI), 66
Reconstructed axial 2D images, 7
Reconstruction techniques, 15

Reduced myocardial perfusion, 175
Reduced perfusion, 176

Reference standard, 10

Regadenoson, 76, 78, 220

Regional function assessment, 58
Regional MBF, 129

Regional ventricular function, 174
Remodeling, 176

Remodeling of the myocadium, 175
Reperfusion injury, 175

RESCUE trial, 11

Residual (late phase) perfusion defects, 181
Rest CT perfusion, 92

Rest DECT perfusion, 89

Rest myocardial ischemia, 33

Rest perfusion imaging, 136

Rest scan, 78

Restenosis, stent, 210

Resting conditions, 69

Resting MR imaging, 176

Restoration of blood flow, 174
Restoration of myocardial perfusion, 175
Retrospective ECG-gating, 25, 28-31, 76, 82, 83, 89, 134, 135

Retrospectively-gated CT, 35
Revascularization, 4, 6, 35, 45-47, 50, 53, 58, 86, 99, 104, 112, 113,
156-167, 174-176, 180, 185, 187, 188, 193, 194, 196, 199,
210, 228
Reversible
acute (Stunning), 174
chronic (Hibernation), 175
Reversible ischemia, 68, 78, 141
Reversible myocardial perfusion defect, 48, 49, 51
Reversible perfusion defect, 83, 93, 218
Right ventricle, 36
congenital heart disease, 37, 38
evaluation challenges, 36
failure, 38
function, 38
function measurement, 37
hypertrophy, 38
indications for imaging, 36
normal values, 36
volume measurement, 37
volume overload, 38
Right ventricular dysfunction, 37
Right ventricular failure, 26, 27, 37
Ring-like enhancement pattern, 15
Risk assessment, 174
Risk stratification, 51
ROMICAT 1I trial, 12, 47
Rule Out Myocardial Infarction Using Computer Assisted Tomogra-
phy (ROMICAT) trials, 12, 35
RV
LV ratio, 37, 38
RVG
99mTc-labeling, 26

S

Sarcoidosis, 177

Scan acquisition time, 8

Scar tissue, 176

Scarred myocardium, 176

Second-generaton dual-source CT, 70, 77

Segmental stenosis scoring, 11

17 segment model, AHA/ACC, 85

Semiquantitative CT measurments, 71

Semi-quantitative plaque grading schemes, 16

Sensitivity, 10

Septal bowing, 38

Septal defect, 38

Sequential CT acquisitions, 66

Shuttle mode, 70

Sick-sinus syndrome, 66

Siemens Healthcare, 58, 59, 62, 80, 81, 85, 220
SOMATOM Definition, 58, 59, 81, 82
SOMATOM Definition Flash, 58, 59, 81, 82

Siemens Medical Solutions, 28

Signal-intensity upslope, 71

Signal-time curve, 66

Signal-to-noise ratio, 8

Significant stenosis, 13

Simpson’s method, 27, 39

Single acquisition after constrast administration and adenosine-stress,

72
Single-energy CT, 60, 72, 179
Single-energy CT perfusion, 86, 87
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Single photon emission computed tomography (SPECT), 2, 46, 47, 50,
51, 54, 72, 80, 89-91, 100, 104, 133, 135, 138, 140, 141,
174, 211, 216, 217, 219, 221, 222
myocardial perfusion assessment, 47
myocardial perfusion imaging (MPI), 45, 47-49, 51, 53, 85, 87, 90,
98
radiation dose, 48
stress MPI, 50, 51
viability assessment, 181
Single-source dual-energy CT, 60, 105, 106, 108, 109
Single-source, single energy dynamic perfusion CT, 66
Sinogram Affirmed Iterative Reconstruction (SAFIRE), 62
The Society of Cardiovascular Computed Tomography, 9
Solid-state scintillating detectors, 61
Somatom definition, 28
Spatial and temporal resolution, 7
Spatial extent of ischemic injury, 174
Spatial resolution, 5, 8, 16, 69, 174
Spatial resolution, noise filters, 62
Spectrum, X-ray photons, 62
Static imaging, 67
Steal-effect, 66
Stenosis
hemodynamic significance, 218
Stent, 9, 13, 75
diameter, 13
evaluation, 93
location, 13
material, 13
placement, 53
thickness, 13
Strain rate, systolic, 49
Streak artifacts, 30, 32, 62
Stress agent, 76
Stress CMR perfusion, 89
Stress CT perfusion (CTP), 139
Stress DECT perfusion, 86, 90, 101
motion artifact, cardiac, 99
Stress echocardiography, 10, 45, 46, 211, 221
Stress-induced hypoperfusion, 70
Stress-induced myocardial hypoperfusion, 77
Stress magnetic resonance imaging, 9
Stress MR imaging, 68
Stress MRI perfusion (MRP), 216
Stress perfusion, 47
Stress perfusion MR imaging, 210
Stress scan, 78
Stress testing (ECG, echocardiography, or scintigraphy), 11
Stress/rest perfusion MRI, 71
Stroke, 39
Stroke volume (SV), 26
calculation, 32
Stunning, myocardial, 35
Subacute MI, 176
Subendocardial hyperenhancement, 178
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