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Abstract Dual-energy computed tomography (DECT) ex-
ploits the continuous energy distribution of x-rays to improve
differentiation of tissues beyond what is possible with single-
energy CT (SECT). DECT often uses smaller volumes of
iodinated contrast agent and lower radiation doses than SECT.
Clinical applications of DECT in cardiovascular imaging are
emerging and include myocardial perfusion imaging, myocar-
dial infarct and viability imaging, coronary plaque character-
ization, coronary stent assessment, and myocardial iron quan-
tification. In this review, we discuss the available methods for
acquiring and processing DECT data, the current status of
DECT in cardiovascular imaging, and its impact on the dose
of radiation and contrast agent.

Keywords Cardiac - CT - Dual energy - Radiation dose -
Contrast agent dose

Introduction

The principles of dual-energy computed tomography (DECT)
are well known, but this technique has only recently been used
for cardiovascular imaging. Diagnostic x-ray spectrums have
a continuous energy distribution, with the highest energy
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determined by the peak tube potential. The dominant mecha-
nisms of an x-ray photon’s interaction with tissue vary with
the energy of the photon, resulting in energy-dependent tissue
attenuation. Higher-energy photons predominantly interact
with tissue via Compton scattering, which is governed by
tissue density. Lower-energy photons predominantly interact
with tissue via the photoelectric effect; this interaction is
largely governed by tissue atomic number. Differences in x-
ray attenuation at higher versus lower energies are greatest in
denser tissues; for example, iodine and calcium show large
differences in dense tissues but the differences in soft tissue
are minimal. In traditional single-energy CT (SECT), a single
polychromatic x-ray beam interacts with tissues and the atten-
uated x-rays are integrated by solid-state detectors, preventing
spectral differentiation of data. With DECT, two spectrally
distinct datasets are obtained from the same region of interest,
enabling differentiation of tissues based on atomic number
and physical density [1].

In this review, we discuss available methods for acquiring
and processing DECT data, the accuracy of DECT for specific
cardiovascular applications, and the impact of DECT on the
dose of radiation and contrast agent.

Acquisition of DECT Data

Four different technologies are currently available for DECT.
Dual-source CT systems (Siemens Healthcare, Erlangen, Ger-
many) are the most established. These systems use two x-ray
tubes and two detector arrays mounted about 90° apart on the
same gantry to simultaneously acquire two sets of attenuation
data [2]. The tubes are operated at different peak tube potentials:
one at 80 or 100 kVp, the other at 140 kVp. Two spectrally
distinct datasets can also be acquired using a single-source
system (GE Healthcare, Waukesha, WI) that quickly (0.2 ms)
alternates the peak tube potential from 80 to 140 kVp for
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successive x-ray projections [3]. Dual-energy data can also be
acquired with a single tube operating at a fixed tube potential
and using two layers of detectors to record spectrally distinct
data (Philips, Cleveland, OH) [4]. The upper and lower detector
rows acquire attenuation data from low-energy and high-energy
photons, respectively, with photons of higher energy passing
through an additional filter to the deeper layer. Finally, wide-
detector CT systems (Toshiba Medical Systems, Tustin, CA) can
be used to acquire two spectrally distinct datasets with two
consecutive 270° rotations around the same anatomic region at
different peak potentials (80, 135 kVp) [Se].

Image Creation from DECT Data

Dual-energy images can be created using either an image-
based or a projection-based approach. The projection-based
approach requires both low-energy and high-energy data ob-
tained from the same, or nearly the same, view angle. The
projection-based approach is used for data acquired with rapid
tube potential switching between projection views and
switching between rotations, as well as for dual-layer detec-
tors. The image-based approach must be used for datasets
acquired with a dual-source scanner. The image-based ap-
proach is easier to implement because raw projection data
are not required; however, this approach is more limited by
beam hardening in both high-energy and low-energy images,
which can result in artifacts in derived images [5¢].

Mixed (i.e., combined, average-weighted) images (Fig. 1a)
are created with variable contributions from low-energy and
high-energy data reconstructed as two separate SECT image
sets. A mixed image with 70 % contribution from 140-kVp
images and 30 % from 100-kVp images yields images equiv-
alent to conventional 120-kVp SECT images. Mixed images
with a higher percentage of lower-energy data will have higher
contrast but higher noise, whereas images with a higher per-
centage of higher-energy data will have lower image contrast
and lower noise.

Virtual monochromatic images can be generated from dual-
energy data to display tissue attenuation properties similar to
those that would result from imaging with a monochromatic
beam at a single energy level (Fig. 1b). With a projection-

Fig. 1 Example images created
from dual-energy data in a subject
with normal cardiac morphology
and function: a mixed image
resembling single-energy image
at 120 kVp; b virtual
monochromatic images at
selected energies from 40 to

200 keV
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based approach, data are first postprocessed to minimize
beam-hardening artifacts, and density projections of water
and iodine are then used to reconstruct water-equivalent and
iodine-equivalent density images. Monochromatic images are
obtained from a linear combination of water and iodine im-
ages at the desired x-ray energy level [5¢]. With the image-
based approach, monochromatic images are created from a
linear combination of low-energy and high-energy image sets
with the weighting required to achieve the desired x-ray
energy level [4].

Differentiation of tissues depends on differences in attenu-
ation measured at two energy levels [1]. A basis material
decomposition process is used to divide (decompose) un-
known tissue within a voxel into selected materials (e.g.,
iodine and water) with known attenuation properties at high
and low tube potentials. The identification of iodine using this
method allows the generation of a blood-pool image
displaying only iodine or a virtual noncontrast image
displaying no iodine. Iodine maps can be depicted as gray-
scale conventional images or superimposed as a color overlay
on mixed images.

Cardiovascular Applications
Performing Myocardial Perfusion Imaging

Coronary CT angiography is well-established for evaluation
of coronary artery stenosis, especially in patients with low to
intermediate probability of coronary artery disease (CAD),
because of its high negative predictive value (NPV) and
sensitivity. However, its specificity is not high, especially in
patients with intermediate grades of stenosis (30 — 80 %), as
CT does not help determine which stenotic lesions are hemo-
dynamically significant. In other words, coronary CT angiog-
raphy alone is not effective in predicting myocardial ischemia.
However, CT can provide physiological information
(perfusion) and anatomic information (luminal stenosis), giv-
ing it a unique advantage over other techniques.

A stress-perfusion CT protocol typically has three phases:
stress perfusion (adenosine/regadenoson); rest perfusion,
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which includes coronary CT angiography after premedication
with beta-blockers and sublingual nitroglycerin; and delayed
(10 — 15 min) enhancement to evaluate for myocardial infarct
and viability. Perfusion imaging can be performed either in a
static mode (during the arterial phase of contrast enhance-
ment) or in a dynamic mode (at different time points after
contrast agent administration), the latter with an increased
radiation dose but allowing quantification of perfusion. Ische-
mia is diagnosed when there is a defect under stress but not
under rest perfusion; infarct is diagnosed when there is a
defect under both stress and rest perfusion.

Although SECT is most commonly used for CT myocar-
dial perfusion imaging, DECT offers the advantage of de-
creased beam hardening at the interface between the ventric-
ular blood pool and endocardium; beam hardening can give
rise to heterogeneous attenuation that may be confused with
pathology. Several studies have demonstrated the utility of
DECT in the evaluation of myocardial perfusion, particularly
DECT-derived iodine maps representing the myocardial blood
pool superimposed on a grayscale anatomic multiplanar refor-
mat (MPR) of the myocardium in short-axis, long-axis, and
four-chamber orientations, in comparison to MRI or SPECT.

Kang et al. found that DECT had 84 % sensitivity, 95 %
specificity, and 92 % accuracy in detecting fixed perfusion
defects on a per-segment basis, and 93 % sensitivity, 99 %
specificity, and 97 % accuracy in detecting reversible defects
compared with MRI [1]. Kim et al. found that DECT iodine
maps had 77 % sensitivity, 94 % specificity, 53 % positive
predictive value (PPV), and 98 % NPV for detecting myocar-
dial perfusion defects compared with MRI, with a 5 % false-
positive rate due to motion, beam hardening, image recon-
struction errors, or malalignment [6]. In a study of patients
with acute chest pain, Weininger et al. found that DECT
(SPECT) had 93 % (94 %) sensitivity, 99 % (98 %) specificity,
92 % (88 %) PPV, and 96 % (94 %) NPV in detecting
perfusion defects compared with perfusion MRI on a per-
segment basis [7¢¢]. These results are comparable to those
seen with real-time dynamic perfusion SECT (versus
SPECT), which demonstrated 86 % (84 %) sensitivity, 98 %
(92 %) specificity, 94 % (88 %) PPV, and 96 % NPV (92 %)
compared with perfusion MRI in the detection of perfusion
defects [8e]. In a study of 47 patients, Arnoldi et al. found that
DECT-based iodine maps are more effective in visual detec-
tion of perfusion defects than high-energy, low-energy, and
mixed images when compared with SPECT, with 93 % sen-
sitivity, 98 % NPV, and 88 % accuracy compared with SPECT
in the detection of fixed perfusion defects, and 91 % sensitiv-
ity, 97 % NPV, and 93 % accuracy in the detection of mixed
perfusion defects, and the highest area under the curve (AUC)
values (0.84 — 0.93). However, single-energy and mixed im-
ages had higher specificity (84 — 98 %) for perfusion defects
[9]. Meinel et al. found that DECT perfusion iodine maps had
99 % sensitivity and 97 % specificity in the detection of

myocardial perfusion abnormalities compared with SPECT
[8<°]. However, of the reversible defects detected on SPECT,
45 % were misclassified by rest-stress CT as fixed defects.

Several studies have examined the potential of extracting
both perfusion and luminal stenosis data from a single CT
image set. Ruzsics et al. found that DECT iodine maps had
84 % sensitivity, 94 % specificity, and 92 % accuracy in the
detection of ischemia compared with SPECT. CT angiography
from the same DECT data demonstrated 98 % sensitivity,
88 % specificity, and 92 % accuracy in the detection of
>50 % stenosis compared with coronary catheterization [10]
(Fig. 2). In a subsequent study, DECT iodine maps were
shown to have 92 % sensitivity, 93 % specificity, and 93 %
accuracy in the detection of perfusion defects seen on SPECT,
and 90 % sensitivity, 94 % specificity, and 93 % accuracy for
the detection of >50 % stenosis seen on coronary angiography
[11]. DECT iodine maps identified 96 % of fixed defects and
88 % of reversible defects, but DECT was not able to further
differentiate between myocardial infarction and reversible
ischemia in all patients [7e¢].

Several studies have shown that adding DECT perfusion
data to SECT coronary CT angiography can reduce false-
positive results, resulting in a higher accuracy than seen with
SPECT alone and a higher specificity than seen with CT
coronary angiography alone. Wang et al. found that DECT
had 68 % sensitivity and 93 % specificity compared with
SPECT in the detection of perfusion defects; the accuracy
improved from 86 % for coronary CT angiography alone to
88 % for coronary CT angiography plus DECT perfusion, as
compared with invasive coronary angiography [12]. In two
studies, Ko et al. found that DECT iodine maps identified
89 % of reversible defects seen on MRI with 82 % specificity
on a per-segment basis and 91 % sensitivity, 72 % specificity,
and 83 % accuracy on a per-vessel basis compared with stress
MRI [13] (Figs. 3 and 4). DECT iodine maps also had a
sensitivity of 89 % and specificity of 76 % for identifying
vascular territories with significant stenosis on coronary angi-
ography. When DECT perfusion was added to coronary CT
angiography, the per-vessel sensitivity increased from 92 % to
93 %, specificity increased from 68 % to 86 %, and PPV
increased from 74 % to 88 % in comparison with coronary
angiography alone [14]. Meyer et al. found that DECT had
90 % sensitivity and 71 % specificity in the detection of CAD
compared with MRI [15].

Radiation dose is a concern with DECT myocardial perfu-
sion imaging because of the requirement to acquire multiple
phases. However, even with rest DECT, 88 % of reversible
perfusion defects seen on SPECT can be detected with DECT
iodine maps [16]. Rest CT perfusion imaging has also been
found to display an enhancement pattern due to diminished
capacitance of microvessels in the subendocardium during
systole in patients with ischemia [17]. Meinel et al. found that
delayed DECT can be omitted in a stress protocol without
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Fig. 2 Contrast-enhanced
retrospectively ECG-gated helical
DECT study in a 74-year-old
woman with abnormal SPECT. a,
b Coronary angiogram (a) and
corresponding coronary CT angi-
ography reconstruction image
based on mixed energy spectra (b)
show subtotal occlusion (arrows)
of the first diagonal branch (D1)
by predominantly calcified ath-
erosclerotic plaque. ¢, d The
myocardial iodine content is ana-
lyzed based on 140 kVp (c) and
80 kVp (d) x-ray spectra recon-
structions. e, f The color-coded
“iodine map” representing the
myocardial blood pool is
superimposed onto virtually
nonenhanced short-axis reformats
(e) and delineates a blood pool
deficit (arrows) in the anterolat-
eral myocardial D1 territory in
good correlation with the fixed
perfusion defect seen on the
SPECT image (f). With kind per-
mission from Springer Science+
Business [10]

losing accuracy: rest-only DECT showed 92 % sensitivity and
98 % specificity, whereas stress-only, rest-stress, stress and
delayed DECT, and a combination of all three demonstrated
99 % sensitivity and 97 % specificity; there was no increased
accuracy with the addition of a delayed DECT phase [14].
Mean effective radiation doses for rest, stress, and delayed
DECT were 5.6, 7.1, and 4.6 mSy, respectively.

Myocardial perfusion quantification requires dynamic im-
aging, which largely has not been explored with DECT. Beam
hardening can interfere with myocardial perfusion quantifica-
tion due to distortion of arterial and myocardial time—density
curves used to estimate perfusion. DECT-generated images,
particularly monochromatic images at a higher energy (keV),
offer the potential to reduce beam-hardening artifacts, thereby
improving the accuracy of myocardial perfusion quantifica-
tion compared to SECT.

@ Springer

A dynamic scan performed in a porcine model using
rapid tube potential switching DECT demonstrated accurate
iodine time—density curves and myocardial perfusion with
virtual monochromatic 70-keV images [3]. In a myocardial
phantom model scanned using the same technique, 70-keV
images derived using a projection-based approach provided
more uniform enhancement throughout normal myocardium
during the first pass, with consistent time-delay curves from
different parts of the myocardium, in comparison to SECT
and image-based DECT. This method also achieved the
highest contrast-to-noise ratio (CNR), reduced beam hard-
ening, and improved myocardial perfusion quantification
[3]. Decreases in beam hardening with virtual monochro-
matic 69-keV images obtained again with rapid tube poten-
tial switching have also been demonstrated in ex vivo
imaging of human hearts [18].
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Fig. 3 Images from a 66-year-old man with dyspnea and chest pain. a
Coronary CT angiogram shows moderate stenosis with mixed calcified
and noncalcified plaque in the proximal segment of the left anterior
descending (LAD) coronary artery (arrow). b Conventional coronary
angiogram does not reveal significant stenosis in the corresponding
segment of the LAD artery (arrow). ¢ The rest CT perfusion dual-source

The physiological significance of coronary stenosis can
also be assessed by evaluating coronary artery flow during
the DECT stress phase; a coronary enhancement ratio (CER)
can be calculated by dividing mean attenuation in the proxi-
mal and distal portions of a coronary artery by attenuation in
the aortic root. In one study, the CER determined from dual-
source DECT was found to be lower in ischemic territories
detected by stress perfusion imaging and in stenosed coronary
arteries identified by coronary CT angiography [19]. This
approach had a sensitivity of 86 % and specificity of 75 %
for separating ischemic and nonischemic territories compared
to stress perfusion imaging. CER decreased with the progres-
sion of coronary stenosis as determined from coronary angi-
ography. Lower CER (<0.8) correlated negatively with the
physiological significance of CAD [16].

Assessing Myocardial Infarction and Viability

In patients with established myocardial infarction, MRI or
positron emission tomography is often used to assess for the
presence of viable myocardium and determine suitability for
revascularization procedures. Delayed-enhancement MRI is
performed to identify infarct and nonischemic causes of car-
diac failure. CT is an alternative imaging modality that may be
used to diagnose myocardial infarction. Myocardial infarcts

CT image does not show any perfusion defects in the left ventricular (LV)
myocardium. d The dual-energy CT-based iodine map during adenosine
infusion reveals a perfusion defect in the apical anterior and anteroseptal
LV myocardium (arrows). The false-positive finding in the apical anterior
and anteroseptal wall is related to the beam hardening artifact. With kind
permission from Springer Science+Business [13]

present as hypoattenuating tissue on rest scans (either standard
or perfusion scans). Alternatively, infarcts may enhance on
delayed scans.

Arterial Phase Imaging

Infarcts are more conspicuous on DECT-generated iodine
maps or low-keV monochromatic images than on polychro-
matic images. In a canine infarct model with histopathology as
the gold standard, Peng et al. found that evaluation of DECT
myocardial iodine maps in addition to SECT from a dual-
source scanner were comparable to rest SPECT myocardial
perfusion imaging for detection of acute myocardial infarction
and superior to SECT alone [20]: the sensitivity, specificity,
PPV, NPV, and accuracy were 88 %, 93 %, 81 %, 93 %, and
93 %, respectively, for SECT plus iodine maps, and 83 %,
90 %, 75 %, 94 %, and 88 % for SPECT. CT values of
infarcted myocardium were significantly lower than those of
noninfarcted myocardium on 80-kVp, 140-kVp, and average-
weighted 120-kVp images [19].

In a porcine infarct model, arterial phase DECT iodine
maps from a dual-source scanner were more effective than a
100-kVp images, showing 72 % sensitivity and 88 % speci-
ficity compared with 78 % sensitivity and 92 % specificity for
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Fig.4 Images from a 55-year-old
woman with angina. a, b
Conventional coronary
angiograms show significant
stenosis (arrows) in the left main
mid-segment of the left anterior
descending and the proximal
segment of the left circumflex
coronary arteries (a) and the
proximal segment of the right
coronary artery (b). ¢ The CT
perfusion image at rest does not
show any perfusion defects in the
left ventricular (LV) myocardium.
d The dual-energy CT-based
iodine map during adenosine
infusion reveals a concentric
perfusion defect in the mid-LV
myocardium. e, f The findings in
d are in good correlation with
cardiac MRI findings acquired at
rest (e) and stress (f), which reveal
reversible subendocardial
perfusion defects in the same
myocardial areas. g Delayed
enhanced cardiac MRI image
does not show any delayed
enhancement along the mid-LV
myocardium. With kind
permission from Springer
Science+Business [13]

delayed-enhancement MRI, with histopathology as the gold
standard [21].

Similar results have been seen in clinical studies. In one
study, hypoattenuation on iodine maps from rest perfusion
DECT data had 90 % sensitivity for the detection of infarct
seen on SPECT [7ee, 9]. In patients undergoing CT angiogra-
phy for coronary bypass graft patency, Bauer et al. found that
mixed images from arterial phase DECT demonstrated the
best results overall, with 77 % sensitivity, 97 % specificity,
85 % PPV, 96 % PPV, and 94 % accuracy for the detection of
myocardial infarct compared to 3-T cardiac MRI [22]. How-
ever, 100-kVp grayscale images had the highest sensitivity
(80 %) for the detection of myocardial scar; iodine maps were
prone to artifacts, especially from sternal wires, which reduced
sensitivity to 70 % [21].

Delayed Phase Imaging

Enhancement on CT images acquired 10 to 15 min after
injection of contrast medium, either in a subendocardial or
transmural pattern in a vascular distribution, is also an indica-
tor of myocardial infarction. Iodine-based contrast medium
accumulates in the expanded extracellular space of the myo-
cardium (myocardial infarct) or fibrosis (cardiomyopathy).

@ Springer

Although CT can be used for delayed imaging, it has a lower
signal-to-noise ratio and CNR than MRI, making it less sen-
sitive. DECT iodine maps offer improved conspicuity of
delayed enhancement compared to SECT.

In a porcine infarct model, late-enhancement DECT using
iodine maps superimposed on grayscale MPRs had per-
segment sensitivities of 77 % to 92 % compared to histopa-
thology; 100-kVp images had 62 % to 97 % sensitivity, and
delayed-enhancement MRI had 79 % to 94 % sensitivity.
There was no significant difference in diagnostic accuracy
among late-enhancement DECT, 100-kVp late-enhancement
DECT, and MRI (90 %, 89 %, and 90 %, respectively) [23]. A
study in patients with CAD demonstrated 82 % sensitivity,
98 % specificity, 95 % NPV, 89 % PPV, and 95 % accuracy for
detecting infarcts with delayed-enhancement DECT compared
with delayed enhancement MRI [1]. There was a close, linear
correlation between MRI and late-enhancement DECT for the
percentage of infarct area on a per-section basis.

Characterizing Coronary Artery Plaque

Coronary artery calcium quantification is used in risk stratifi-
cation for cardiovascular disease, and improves the accuracy
of current multivariate risk factor models. Noncontrast CT is
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typically performed to quantify coronary calcium, whereas
contrast-enhanced CT is performed to evaluate coronary arte-
rial luminal stenosis. The estimation of calcium burden from
coronary CT angiograms is sometimes desired but is limited
by extensive overlap of attenuation values for calcium and
iodine.

DECT has demonstrated the potential for separating calci-
um from contrast-enhanced lumen. Material decomposition
has been used to generate virtual noncontrast images suitable
for calcium scoring from arterial phase DECT data. One study
using dual-source DECT showed an excellent correlation
between calcium volumes quantified from virtual and true
noncontrast images on a per-patient and per-vessel basis,
although the overall calcium volumes from virtual noncontrast
images were lower [24]. It is unclear whether the lower
volume of calcium on virtual noncontrast images was a more
accurate measure of calcium because of less beam hardening
and blooming artifact or if the lower volume was less accurate
because of removal of iodine and calcium during the genera-
tion of the virtual noncontrast images. Another study using
fast-switching tube potential DECT demonstrated a good
correlation between virtual noncontrast-derived and true
noncontrast-derived Agatson, mass, and volume calcium
scores, both in phantoms and in patients [25]. Boll et al. also
found improved coronary plaque quantification with contrast-
enhanced images obtained with dual layer detectors: calcified
plaque size was overestimated in low-energy images and
underestimated in high-energy images, but was accurately
estimated using combined images, with optical coherence
tomography as the gold standard [26].

Of greater interest than identifying coronary calcium is
identifying noncalcified coronary plaques, as identification
of these plaques is essential for initiation of treatment to
prevent plaque rupture, the cause of acute coronary events.
Although attempts have been made to classify plaques based
on attenuation measurements with SECT, this has largely only
been successful in distinguishing between calcified and
noncalcified plaques only, not in distinguishing among
noncalcified plaque components, because of significant over-
lap in attenuation values [27].

Although combined attenuation data from DECT has great-
er potential for plaque characterization than SECT, results
from initial DECT studies have not been encouraging. Barreto
et al. [28] scanned excised human coronary arteries consecu-
tively at 80 and 140 kVp and identified plaques based on
histology. There was higher attenuation of densely calcified
and fibrocalcified plaques, but not fibrous and lipid-rich
plaques, at 80 kVp. Tanami et al., in another ex vivo study,
scanned human coronary arteries at 80, 100, 120, and 140 kVp
and correlated the results with histology. Again, the attenua-
tion of lipid-rich and fibrous plaques at all energy levels
overlapped. However, the AUC for differentiating lipid-rich
plaques from fibrotic core was higher at 80 and 100 kVp than

at 120 or 140 kVp. In addition, the AUC for the ratio of
attenuation at 80 and 140 kVp was better than the AUC for
attenuation at any single energy. Hence, performance was
improved at lower tube potentials and by combining high-
attenuation and low-attenuation data [29]. However, Henzler
et al. [30] performed dual-source DECT and SECT in excised
hearts with histopathology as the gold standard and found no
significant differences in mean attenuation values among the
various plaque types with the different scan techniques. These
studies suggest that differences among noncalcified coronary
plaques may not be large enough to produce significantly
distinct attenuation values within the diagnostic energy range.

Assessing Coronary Stents

Patients with coronary artery stents may experience in-stent
restenosis or complications related to the stents. Stent evalu-
ation is challenging on CT because of overlap in the attenua-
tion values of stent struts and iodinated blood as well as
artifacts. Partial volume averaging causes the metal stent and
any areas of calcium to appear larger than they are in reality,
resulting in an artificially smaller lumen. Additionally, beam
hardening distorts the CT density adjacent to the stent—lumen
interface. Luminal narrowing from these artifacts can be as
much as 62 % to 94 % [31]. Studies to date have provided
mixed results regarding DECT’s potential to improve stent
assessment.

Boll et al. found that DECT using dual-layer detectors
enabled evaluation of the stent lumen and mesh beyond what
is achievable with SECT [32]. Four stents ranging in size from
2 to 5 mm filled with contrast medium were evaluated longi-
tudinally and axially in a moving anthropomorphic heart
phantom. Data were postprocessed using an enhancement
algorithm based on high-energy and low-energy absorption
profiles. Stent lumen depiction and stent mesh delineation
were quantified in terms of CNR and kurtosis, respectively.
For smaller stents, CNR and kurtosis were higher for imaging
in the axial plane with a lower peak potential and with appli-
cation of the enhancement algorithm to 80-kVp data. Lower
energies increased attenuation of the contrast medium, which
improved luminal depiction, but at the expense of higher
noise. For larger stents, CNR and kurtosis were higher when
stents were imaged at higher potentials in the longitudinal
plane and with the enhancement algorithm applied to 140-
kVp data. Higher energies are required for larger stents to
overcome blooming artifacts and noise associated with more
stent mesh material.

Halpem et al. found that stents could not be easily distin-
guished from iodinated contrast medium using a dual-layer
detector [31]. Stents of various sizes were filled with iodinated
contrast medium and submerged in water. Stent lumens were
underestimated by 50 % on combined-energy images (equiv-
alent to clinical CT images). A 24 % decrease in strut
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thickness and 25 % increase in stent luminal diameter were
demonstrated on high-energy images relative to low-energy
images based on observer measurements. However, with full-
width half-maximum measurements based on automatic edge
detection, no significant changes in stent luminal diameter or
strut thickness were detected, suggesting no true improvement
at higher tube potentials.

Higher-keV monoenergetic images generated from DECT
data may improve evaluation of stents by reducing beam-
hardening artifacts [33]. A patient study by Secchi et al.
demonstrated a significant decrease in the diameter of artifacts
arising from coronary stents at a higher energy (5.9 mm at
40 keV, 2.7 mm at 120 keV) [34].

Detecting and Quantifying Myocardial Iron Deposition

Detection of myocardial iron is essential in patients who have
cardiac iron overload caused by transfusion therapy, so that
early chelation can be initiated and cardiac failure avoided. This
assessment is typically performed with MRI, using a multiecho
T2-weighted gradient echo sequence to calculate myocardial
T2*. A T2* value <20 ms is associated with cardiac failure.
DECT offers the potential to identify and quantify myocardial
iron and may provide an alternative to MRI.

Imaging of agarose phantoms at various iron concentra-
tions with DECT using two sources (80 or 100/140 kVp)
demonstrated a strong correlation between iron content and
attenuation and between iron content and attenuation differ-
ences at different energy levels and a moderate correlation
between iron content and attenuation ratios (except 80/
140 kVp) using MRI as the reference standard [35]. In another
study, Hazirolan et al. performed DECT over a 30-mm range
at the mid-level of the heart using two sources in 19 patients
with thalassemia [36]. Attenuation values of the septum and
paraspinal musculature were measured on 80-kVp, 140-kVp
and weighted-average (30 %, 80 kVp; 70 %, 140 kVp) images
and correlated with T2* MR images. T2* values had a signif-
icant negative correlation with attenuation of septal muscle,
strong for 80-kVp and weighted-average images and good for
140-kVp images, but no correlation with attenuation of
paraspinal muscle. The mean DECT dose was 0.71 mSv.

Evaluating Aortic Disease

CT is routinely used for the evaluation of aortic disease.
Noncontrast scans, in addition to arterial and venous scans,
are sometimes required. For example, a noncontrast scan is
performed in patients with suspected acute aortic syndrome for
the evaluation of intramural hematoma or intimal calcification.
In patients evaluated for follow-up of aortic endovascular stent
grafts, a noncontrast phase is required for evaluation of calci-
fications, which may be confused with endoleaks on
postcontrast scans [37]. DECT data obtained during the arterial
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or venous phase can be used to generate virtual noncontrast
images, obviating the need for a noncontrast scan and thus
minimizing the radiation dose [38—42] (Fig. 5).

In a study of 30 patients after endovascular stent graft
repair, Numburi et al. compared arterial DECT using two
tubes (80/140 kVp) and venous SECT (120 kVp) with a
standard triple-phase protocol obtained at different time points
in the same patient [38]. Tissue attenuation characteristics
were similar on virtual and true noncontrast scans except for
stent struts and calcium; decreased stent and calcium attenu-
ation was noted on some virtual noncontrast scans as a result
of overlap between their attenuation values and the attenuation
values of iodine. An additional limitation of virtual
noncontrast scans noted in this and other studies [43] was
the presence of pulsation artifacts visible because of insuffi-
cient iodine removal. Still, virtual and true noncontrast images
were shown to provide equivalent diagnostic information,
suggesting that a SECT noncontrast and SECT arterial phase
acquisition could be replaced with a DECT arterial phase
acquisition, achieving a 31 % reduction in radiation dose [38].

Chandarana et al. found that mean radiation dose was re-
duced by 60 % (28 to 11 mSv) using only virtual noncontrast
images generated from dual-source DECT imaging during the
venous phase to evaluate possible endoleaks; this technique
achieved high sensitivity for endoleak detection compared with
a triple-phase criterion standard [39]. Stolzmann et al. achieved
similar results with only delayed-phase dual-source DECT im-
aging, with an accuracy, sensitivity, specificity, NPV, and PPV of
96 % to 100 % for endoleak detection compared to triple-phase
studies [41]. Similar results have been shown for DECT with
rapid tube potential switching technology. In a study of 78
patients with endovascular stent grafts, the sensitivity (reader
1/reader 2) for endoleak detection with virtual noncontrast im-
ages created from DECT arterial phase data was 83 %/75 % and
with virtual noncontrast images generated from DECT venous
phase data was 96 %/88 %, suggesting that a 40 % dose
reduction could be achieved by eliminating a true noncontrast
phase or a 64 % dose reduction could be achieved by eliminat-
ing both a noncontrast and arterial phase imaging [42]. Maturen
et al. also demonstrated that sensitivity for endoleak detection
and overall endoleak conspicuity rankings were higher on
monoenergetic 55-keV images than on 75-keV images (equiva-
lent to 120 kVp images) generated from DECT data obtained
using rapid tube potential switching [44], suggesting routine
reconstruction of lower-energy monochromatic images for
endoleak surveillance.

Radiation Dose Requirements

For dual-source technology, several studies have shown no
increase in radiation with dual-energy compared to single-
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Fig. 5 Example of an endoleak
(arrow) in a patient with
abdominal aortic aneurysm
treated with an endovascular stent
graft with a side stent to the right
renal artery. Shown are the three
acquired image phases (a
nonenhanced phase, b arterial
phase, ¢ venous phase) and d the
virtual nonenhanced phase

C — arterial phase

energy scans. In a phantom study, Schenzle et al. demonstrat-
ed similar radiation doses for 80/140 kVp on a first-generation
dual-source system (2.6 mSv), 100/140 kVp on a second-
generation dual-source system (2.7 mSv), and 120 kVp SECT
on a dual-source CT system (2.7 mSv) at comparable noise
levels [45]. A patient study showed a lower dose with DECT
coronary angiography (4.5+£1.9 mSv) than with SECT (9.8+
4.8 mSv), with higher CNR and comparable diagnostic image
quality [46].

DECT on a dual-source scanner has also been shown to
reduce radiation dose by replacing a SECT arterial or venous
phase scan and eliminating one or more phases of a triple
contrast phase study in patients evaluated after endovascular
stent graft repair [40—42]. Similarly, the dose for myocardial
perfusion CT can be reduced by limiting evaluation to DECT
data acquired during stress and rest phases only [15].

Only limited, inconclusive information is available regard-
ing radiation dose requirements for DECT with rapid tube
potential switching technology [47]. As with dual-source
CT, DECT with tube potential switching has demonstrated
dose reduction through elimination of one phase of a triple
contrast phase study [41]. Radiation dose requirements for

A — acquired non-enhanced image

v

B — virtual non-enhanced

D - venous phase

DECT with dual-layer detectors are not yet established. With
dual-layer detectors, DECT data are acquired at 140 kVp,
which represents an increase in tube potential in most cardio-
vascular patients. It may be possible, in practice, to compen-
sate for the increase in tube potential by reducing the tube
current, but further study of this practice is needed. As with
other approaches to DECT, the potential exists to eliminate
one or more phases of a multiphase study using dual-layer
technology.

Contrast Dose Requirements

The inclusion of lower-energy data in a DECT-based image
can permit the use of less iodinated contrast medium because
the attenuation of iodine is higher at lower x-ray energies
(iodine attenuation is approximately 70 % higher for CT
imaging at a peak tube potential of 80 kVp than at
140 kVp). The inclusion of low-energy data leads to higher
CNR of coronary arteries when the contrast medium dose is
held constant [45]. This supports the idea that DECT may be
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used to decrease the amount of contrast medium used in the
evaluation of coronary arteries.

Conclusions

DECT is useful in several cardiovascular indications without a
radiation dose penalty. DECT images improve the conspicuity
of myocardial perfusion defects, which enables identification
of hemodynamically significant coronary lesions. This tech-
nique also improves detection of scar on delayed-
enhancement images. DECT data acquired from coronary
arteries during an arterial phase can be used to create virtual
noncontrast images useful for quantifying coronary calcium.
DECT has some potential for coronary plaque characteriza-
tion, particularly in distinguishing between calcified and
noncalcified components. Artifacts from stents can be de-
creased by using higher-energy monochromatic images.
DECT arterial or venous phase data can be used to create
virtual noncontrast images and reduce overall radiation dose
by eliminating acquisition of noncontrast data for evaluation
of'the aorta. The value of DECT is gradually being established
for specific cardiovascular CT indications and its use is ex-
pected to increase as dual-energy capable CT scanners become
more widely available.
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