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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
CT

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-
ríguez-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 (Rodríguez-Granillo et al. 2010a, b).
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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;
Wu 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).

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
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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 Iodine Mapping and Quantitative
Measurement of Myocardial perfusion
with Rapid kVp Switching Dual-Energy
CT

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

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

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

and 140 kVp single-energy CT. c, 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
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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,

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.

Fig. 3 Myocardial perfusion
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
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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. 2c, 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

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

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, top row, and the
corresponding images in transverse axial plane, bottom row a average

map, b material decomposition of water, and c 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
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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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