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Abstract: Dual-energy computed tomography has been proposed for enhancing the evaluation of coronary

artery disease in many fronts. However, the clinical translation of such applications has followed a slower

pace of clinical translation. This paper will review the evidence supporting the use of dual-energy computed

tomography in coronary artery disease (CAD) and provide some practical illustrations, while underscoring

the challenges and gaps in knowledge that have contributed to this phenomenon.
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Introduction

Despite recent advancements in prevention and therapy,
heart disease is still the leading cause of death in the
United States (1). Coronary artery disease (CAD) alone
was responsible for the death of 365,914 individuals in
2017 (2). Thus, it is imperative that current methods
and strategies for diagnosing CAD continue to evolve.
Noninvasive coronary imaging with computed tomography
gained significant importance for diagnosing patients with
CAD in the last decades. At the secondary prevention
level, CT coronary artery calcium scoring (CTCACS) can
provide guidance for statin therapy in certain individuals
with 10-year atherosclerotic cardiovascular disease risk
between 7.5% and 20% (3). In addition, current guidelines
of the National Institute for Health and Care Excellence
in the UK {NICE, clinical guideline [CG95], updated in
2016} (4) established CT coronary angiography (CTCA)
as the first-line diagnostic tool in patients with typical or
atypical anginal chest pain, or in those with non-anginal
pain and abnormal 12-lead resting ECG. CTCA can also
provide a unique opportunity to noninvasively evaluate
features of coronary atherosclerotic plaques that were
found to predispose to acute coronary events (5-9). More
recently, CT'CA-derived fractional flow reserve and CTCA
myocardial perfusion have proven value in assessing the
hemodynamic significance of coronary atherosclerotic
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plaques (10-13).

Despite the introduction of dual-energy CT (DECT)
scanners more than a decade ago (14) and the many potential
applications already described in cardiovascular imaging (15),
there has been some latency in the full and widespread
clinical incorporation of this technology, especially in
practice guidelines. Several limiting factors could explain
this phenomenon, including decreased availability of
DECT scanners in comparison with single-energy CT
(SECT) scanners, lack of extensive clinical validation, and
paucity of outcome studies suggesting superiority over
standard imaging methods. Notwithstanding, studies have
shown the potential of DECT to improve many aspects
of CCTA, such as optimizing image quality and luminal
assessment of the coronary arteries, decreasing the amount
of iodinated contrast load, eliminating the need for a non-
enhanced phase for CTCACS or aortic valve calcium
scoring purposes, characterizing atherosclerotic plaque, and
evaluating myocardial ischemia. The fact that some scanners
allow one to fully benefit from DECT data without the
need for changing scanning parameters (e.g., dual-layer
DECT) has allowed us to test some of these applications
in clinical practice without departing from our standard of
care. Photon-counting CT scanners are also emerging in
this dynamic scenario, adding other potential applications,
such as multi-material contrast agent imaging and high-
resolution stent and coronary imaging. The goal of this
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paper is to review the literature about the applications of
DECT for coronary imaging. After a brief introduction to
the technical aspects, we will present the rationale, scientific
background, and current status of knowledge. Last, we
will provide some future perspectives with the early
development of photon-counting CT.

Technical aspects of DECT

Different techniques have been developed by CT
equipment manufacturers for obtaining DECT data.
Several publications previously described the principles
of image acquisition, reconstruction, and post processing;
for example, McCollough et /. (16) provides an excellent
introduction to the topic. Table 1 summarizes the main
approaches, standard nomenclature (17), techniques, and
currently commercially available clinical DECT scanners.
Material decomposition is the method by which DECT
is capable of extracting material density maps from the
imaging object. Most commonly, a set of two or three
materials with known theoretical attenuation profiles at low
and high X-ray energy levels are selected a priori to derive
specific material density images, either on the sinogram (e.g.,
as in rsDECT) or image (e.g., as in dsDECT) space. These
density measurements can be displayed as color overlays
on top of standard CT, or serve as basis for quantitative
imaging on advanced post processing (14,16,18-20). For
example, phantom measurements of iodine density obtained
in first and second generation dsDECT scanners are
found to be accurate against nominal values (21). Other
algorithms have also been proposed for decomposition on
the image space for three or more materials on DECT,
which are based on additional model constraints, such as
volume or mass conservation and iterative best model fitting
(22,23). Physically, K-edge properties of contrast materials,
such as iodine (K-edge energy of 33.2 keV), facilitate their
separation from molecules constituted of low-Z-number
elements (e.g., water and proteins) (24). Therefore, iodine
is a commonly selected material for DECT, and has been
applied as surrogate for tissue perfusion given that its
distribution matches that of first passage of blood after
contrast injection (25-27). While material decomposition
allows for iodine-only imaging, it also provides means to
generate virtual non-contrast (VNC) images by the same
procedure, synthetically subtracting the iodine attenuation
component from the CT attenuation number (16). As
a result, VNC imaging could obviate the need for pre-
contrast acquisition, thus reducing radiation dose. Similarly,
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specific decomposition of calcium has led to removal of
bones and calcified component of atherosclerotic plaques in
CT angiography (16).

Another post-processing capability of DECT is
generating synthetic images at specific monoenergetic levels,
also known as virtual monoenergetic imaging (VMI), from
two spectral X-ray projections (28). The main advantage
of VMI is eliminating beam-hardening artifacts, which are
inherently present in standard spectral X-ray projections.
This method is theoretically advantageous when imaging
structures near areas with higher X-ray attenuation, as is the
case of coronary luminal assessment with stents or highly
calcified plaques, and in myocardial perfusion imaging near
the diaphragm.

DECT data can also be used in less common ways for
coronary imaging. For instance, effective atomic number
and electron density imaging (29), as well as the ratio
between CT numbers measured on high- and low-energy
images (DECT ratio, DER) (16), have also been proposed
for tissue characterization, and will be discussed in details
ahead. Table 2 summarizes theoretical applications of DECT
to coronary imaging, and the following sections will review
the current scientific status in each application.

Coronary artery calcium scoring from post-
contrast scans

Clinically, a pre-contrast ECG-gated cardiac CT is usually
obtained before a CTCA for calcium scoring purposes.
Data from the Prospective Multicenter Imaging Study for
Evaluation of Chest Pain (PROMISE) trial revealed that
CTCACS obtained prior to CTCA had discriminatory
power for identifying patients at risk for major adverse
cardiovascular events, which was comparable to that of
functional testing (30). In addition, a meta-analysis focused
on the prognostic value of a CTCACS of zero, in the
setting of acute chest pain without ischemic ECG findings
or troponin elevation, revealed a pooled negative likelihood
ratio of 0.07 31). VNC has been proposed as a method to
quantify the CTCAS without the necessity of obtaining
a pre-contrast phase, which could result in radiation dose
savings. In a feasibility study, Yamak ez a/. (32) investigated
if material decomposition of calcium and iodine by DECT
could allow for the quantification of coronary artery
calcium. Using a phantom with 29 postmortem calcified
atherosclerotic plaques for calibration and iz vive data
from 6 subjects undergoing both pre- and post-contrast
cardiac CT in rsDECT, the authors determined cutoff
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Table 1 Dual-energy CT, technical approaches
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Nomenclature Abbreviation Technique

Scanners

Two X-ray tubes and two set of detectors
offset by 90°-95°—tubes operate at

Single X-ray tube with dual-layer
detector—superficial layer detects and

SOMATOM Definition DS, SOMATOM
Definition Flash, and SOMATOM
Definition Force (Siemens Healthcare,
Erlanger, Germany)

Single X-ray tube rapidly switches between Revolution CT and Discovery 750HD
energy levels within the same gantry

(GE Healthcare, Waukesha, WI, USA)

IQon Spectral CT (Philips Healthcare,
Best, Netherlands)

filters low-energy photons, while deep
layer detects high-energy photons

Dual-source DECT dsDECT

different peak energies
Single-source Rapid-switching DECT rsDECT

rotation
Dual-layer DECT dIDECT
Single-source Sequential DECT seqDECT
Single-source Twin-beam DECT tbDECT

respectively
Single-source Helical DECT (helDECT) helDECT

Spectrum of a single X-ray tube is split
into two beams by Au and Sn filters,

Two sequential helical scans at different
peak energies

Single X-ray tube switches between energy Aquilion ONE and Aquilion Prime
levels during each rotation, either for
volume or helical mode scanning

(Cannon Medical Systems, Tochigi,
Japan)

SOMATOM Definition Edge,
SOMATOM Definition AS/AS+

(Siemens Healthcare, Erlanger,
Germany)

SOMATOM Perspective (Siemens
Healthcare, Erlanger, Germany)

DECT, dual-energy CT.

points of calcium concentration in Calcium (Iodine) images
corresponding to the CT-number threshold of 130 HU for
plaque calcification, as defined by the Agatston method (33).
In vivo measurements of coronary calcium mass obtained
from post-contrast rsDECT in this small sample were
highly correlated with the Agatston score obtained on true
non-contrast (TNC) scans (r=0.98). Schwarz et al. (34)
prospectively studied 36 subjects undergoing TNC cardiac
CTCACS, followed by dsDECT CTCA. Comparisons
were made between VNC images generated from CCTA
and TNC. There was high correlation between coronary
artery calcium volume between the two methods (r=0.942
—-0.948); however, calcium volumes measured on VNC
were significantly lower than those measured on TNC
(Figure 1). The authors developed and tested the predictive
value of VNC-derived calcium volume to predict TNC
CTCACS using linear modeling with leave-one-out
cross-validation. The intraclass correlation coefficient
(ICC) between VNC-predicted and reference CTCACS
were 0.696 (95% CI: 0.479-0.832), corresponding to an
ICC of 0.909 (95% CI: 0.829-0.952) after conversion to
population percentile strata using data from the Multiethnic
Study of Atherosclerosis (35). In a later study, Yamada er
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al. (36) investigated if a VINC algorithm based on three-
material decomposition in rsDECT could predict the TNC
CTCACS in a cohort of 27 subjects. Although synthetic
CTCACS and volumes on VNC were highly correlated
with TNC values (respectively, r=0.93 and r=0.94, both P
value <0.001), numbers were significantly lower on VNC.
Linear models built on the log-transform of the calcium
measurements predicted true CTCACS and calcium
volumes with respective ICC of 0.93 (95% CI: 0.84-0.97)
and 0.92 (95% CI: 0.81-0.97). All subjects with CTCACS
>400 and 93% of the subjects with CTCACS >0 and <400
were correctly predicted by the model-adjusted VNC
method. The authors conclude that a statistically significant
decrease in patient dose could be achieved by means of a
single rsDECT scan when compared with pre- and post-
contrast conventional CT scans (respectively 4.3£0.3 mSv versus
5.4+0.7 mSv, P value <0.0001). Fuchs ez /. (37) performed a
similar study to Yamada ez 4/. (36) in 52 subjects also using a
rsDECT scanner; the main difference between the studies
was the use of a “low-radiation-dose” rsDECT CCTA
protocol by Fuchs et al., with an estimated effective dose of
1.70+0.53 mSv (versus 4.3+0.3 mSv used in Yamada et 4l.).
Although both groups reached similar general conclusions
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DECT Processing method Application

Advantages

Disadvantages

VNC imaging

Calcium subtraction

Obtain calcium artery calcium
scoring from post-contrast
scans

Enhance luminal visualization
by subtracting calcified
component of atherosclerotic

Reduce radiation dose by
eliminating pre-contrast phase

Improve accuracy, inter-reader
agreement, and confidence for
assessing the degree of vessel

Different calibrations equations between
VNC and TNC published across platforms

Limited validation across platforms

plaque stenosis

lodine density imaging Assess myocardial perfusion

defects

Improve confidence for
assessing myocardial perfusion

Need for specific post-processing tools

Limited number of studies comparing the
effectiveness against established MPI
modalities

Provide semi-quantitative
assessment of myocardial

perfusion

VMI Eliminate beam hardening,
improving assessment of
myocardial perfusion near the
diaphragm

Improve signal and contrast-
to-noise ratios

Eliminate beam hardening,
improving luminal
visualization in stents and
heavily calcified plaques

Boost the signal of contrast
media, allowing use of lower
iodine load

Dual-energy Index

composition features

Improve overall image quality

Assess atherosclerotic plaque Identify vulnerable plaque

Earlier VMI algorithms could suffer from
excessive image noise

Improve accuracy for assessing
degree of stenosis

Improve accuracy for detecting
myocardial perfusion defects

Diverse results in the literature and no clear-
cut advantage in comparison with SECT

DECT, dual-energy CT; VNC, virtual non-contrast; TNC, true non-contrast; MPI, myocardial perfusion imaging; VMI, virtual monoenergetic

imaging; SECT, single energy CT.

about VNC-derived CTCACS using similar CT scanners,
differences in the calibration equations derived from linear
models are noted between studies. Furthermore, in a
more recent study including 20 subjects, Nadjiri ez a/. (38)
found that VNC-derived CTCACS values predicted from
dIDECT had to be multiplied by a factor of 2.3 to correct
for systematic biases between VNC and TNC images.
Other feasibility studies also found similar results when
comparing CTCACS and aortic valve calcium scoring
obtained from VNC and TNC in pre-transcatheter
arterial valve replacement CT scans (39) and CTCACS
measurements from non-ECG-gated chest DECT (40).
Therefore, although many independent feasibility studies
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have shown the potential value of VNC imaging for
substituting TNC imaging for CTCACS purposes, further
research including a larger number of subjects is still
necessary to determine the specific calibration parameters
for correction of systematic biases existing between the two
methods.

In summary, VNC has the potential to act as a substitute
for TNC in calcium scoring; however, further validation is
required. The Society of Advanced Body Imaging guidelines
acknowledged the promising role of VNC imaging for
substituting TNC CTCACS, but was cautionary about
its readiness for clinical use, recommending additional
multicenter and multivendor clinical trials for determining
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Figure 1 True versus virtual non-contrast images. (A) True non-contrast (TINC) ECG-gated image of the heart shown as a 20-mm thick

maximum intensity projection (MIP) slab. Note the presence of calcified plaques in the left main (LM), left anterior descending (LAD),
left circumflex (LCx), and diagonal branches (arrows); (B) CT angiogram of the heart obtained after (A) in a dual-layer DECT (dIDECT)
scanner, using a 20-mm thick MIP slab at the same level; (C) virtual non-contrast image obtained from (B) using a 20-mm thick MIP slab at

the same level. Note the underestimation of the calcified plaques in the LM, LAD, and LCx (arrows). The algorithm also did not detect the

calcium in the diagonal branches. Incidental consolidation of the right lower lobe (*).

externally validated conversion algorithms and consistent
interpretability of results (41). Although our group is
investigating potential applications for coronary artery
calcium segmentation using DECT, we do not currently use
this technique for routine coronary or aortic valve calcium
scoring purposes in clinical practice.

Subtracting calcium

Severely calcified atherosclerotic plaques are a known
limitation of CTCA, mainly secondary to the effects of
blooming and beam hardening artifact (42). By using
material decomposition, DECT is capable of subtracting the
calcified component of the plaque, thus improving luminal
visualization. De Santis et a/. (43) tested the performance of
a research software designed to subtract calcifications based
on a modified three-material decomposition model (calcium,
soft tissue, and iodine) in a retrospective cohort of 29
subjects undergoing CTCA in a third-generation dsDECT.
They found that calcium-subtracted images provided better
visibility of the coronary lumen, improving inter-reader
agreement and diagnostic confidence when compared with
standard linear blended non-subtracted image, without
compromise of image quality or contrast-to-noise ratio.
Similarly, Andreini ez 4l. (44) determined improvements of
vessel evaluation and diagnostic performance for detection
of >50% stenosis in iodine(calcium) images obtained by
two-material decomposition in rsDECT. Currently, the
use of calcium-subtracted DECT images for coronary
assessment is experimental and needs further multi-center
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and multi-vendor validation. In our experience, calcium
subtraction can increase diagnostic confidence for assessing
coronary artery stenosis (Figure 2), but clinical translation
of the technique still depends on the availability of widely
validated diagnostic tools.

Assessing myocardial perfusion

If on one hand prospective multi-center trials using current
CCTA technology confirmed high sensitivity (85-99%)
and moderate to high specificity (64-90%) for diagnosing
coronary stenosis >50% in subjects with suspected CAD
compared to invasive coronary angiography (ICA) (45-47),
on the other, recent evidence has suggested that coronary
revascularization strategies should rely more on information
about myocardial ischemia than degree of coronary stenosis.
The Fractional Flow Reserve (FFR) versus Angiography for
Multi-vessel Evaluation (FAME) study showed that choosing
revascularization for CAD based on FFR as surrogate for
myocardial ischemia was not only clinically (48-50), but
also economically (51) superior to the therapeutic strategy
based on the degree of luminal narrowing. It is known that
estimation of luminal narrowing by CT'CA and ICA are only
weakly correlated with FFR (52).

Computed tomography FFR (CT-FFR) and dynamic
myocardial CT perfusion (CTP) are techniques developed
in parallel with the aim to improve the specificity of CTCA
for determining functional significance (i.e., myocardial
ischemia) caused by atherosclerotic plaques. CT-FFR uses
computational fluid dynamics simulations based anatomical
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Figure 2 Subtraction of calcium from coronary plaques using dual-energy CT (DECT). (A) Sagittal oblique view of dual-layer DECT

(dIDECT) coronary angiography through the origin of the right coronary artery (RCA) showing a heavily calcified plaque near the ostium

(arrow); (B) same view as in (A) using calcium subtraction on iodine density images. Note the improved visibility of the severe stenosis at the

RCA ostium, which is confirmed on conventional angiography (C).

information directly available from CTCA, which shows
good correlation with invasive FFR (10-12). In contrast,
CTP protocols assess ischemia by determining dynamic
changes in the myocardial distribution during the first
pass of iodinated contrast under rest and stress (caused
by a vasodilator, such as adenosine or regadenoson) (53).
Rather than being competitive methods, there is emerging
evidence that CT-FFR and CTP may be complementary to
each other (54). Different DECT techniques, such as iodine
density imaging and VMI, have been proposed to enhance
the performance of myocardial CTP. DECT methods
leverage this post-processing techniques for improving
sensitivity and specificity for iodine detection, and
elimination of beam hardening artifacts, therefore differing
from the classic dynamic myocardial CTP approach by
using a single post-contrast phase (instead of multiple time-
resolved acquisitions).

Ruzsics er al. (55) evaluated the diagnostic performance
of rest dsDECT myocardial perfusion imaging to detect
ischemia using iodine density (56) as a surrogate for tissue
perfusion (Figure 3). In an analysis of 30 subjects undergoing
both dsDECT CTCA and single-photon emission
tomography (SPECT), the authors found respective per-
segment/per-patient sensitivities of 88%/100%, specificity
of 89%/67%, and accuracy of 89%/89% for detecting fixed
or reversible myocardial perfusion defects on SPECT.
However, it is debatable if rest dsDECT myocardial
perfusion has any additional diagnostic value to CTCA
in subjects with low-to-intermediate risk for obstructive
CAD (57), although newer evidence suggest that objective
quantitative analysis of rest dsDECT myocardial perfusion
maps could provide more accurate results than visual
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analysis (58). In subjects with acute myocardial infarction,
segmental hypoperfusion detected on rest dsDECT
were highly correlated with infarcted areas as defined by
ICA, troponin I elevation, and ECG changes (59). In our
experience, DECT has increased diagnostic confidence for
diagnosing chronic and acute ischemia, especially in the
inferior and inferolateral left ventricular segments, which
are commonly affected by beam-hardening artifacts. We
speculate that DECT could have an important role in the
detection of ischemia on CCTA obtained at the emergency
department for assessment of acute chest pain (Figure 4).

A combination of rest and stress dsDECT perfusion can
increase the sensitivity for myocardial ischemia (60). Ko ez
al. studied 51 subjects with known CAD, undergoing stress
dsDECT myocardial perfusion, cardiac magnetic resonance
perfusion (CMR-P), and ICA (61). They respectively found
sensitivity, specificity, and accuracy of 89%, 78%, and 82%
for detecting reversible myocardial ischemia on CMR-P,
and 89%, 76%, and 83% for detecting hemodynamically
significant CAD on ICA. Kim et a/. (62) also compared
stress single-phase dsDECT myocardial perfusion against
CMR-P in 50 subjects with clinically suspected CAD;
sensitivity and specificity of dsDECT myocardial perfusion
were 77% (95% CI: 67-87%) and 94% (95% CI: 92-95%),
respectively. Multiple other studies have confirmed the
incremental diagnostic value of stress dsDECT myocardial
CTRP, for identification of hemodynamically significant CAD,
over CTCA alone (63-67).

The inherent ability of VMI to reduce beam hardening
artifacts in the myocardium, especially near the diaphragm,
has been investigated in a series of studies determining the
potential advantage of using DECT for CTP. Experimental
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Figure 3 Myocardial ischemia shown by dual-energy CT (DECT) on rest perfusion. Same patient from Figure 2. (A) Curved multiplanar
reconstruction of dual-layer DECT (dIDECT) coronary angiography showing the right coronary artery with a predominantly calcified
plaque at the ostium causing >90% stenosis (arrow); (B) iodine density map overlaid (hot metal map) on standard 2-chamber view of the
left ventricle shows hypoperfusion in the basal inferior left ventricular segment (arrow), which is confirmed on rest perfusion single-photon

emission computed tomography (arrow).

Figure 4 Potential application of dual-energy CT (DECT), detection of myocardial ischemia in acute chest pain. Patient with low risk for
atherosclerotic cardiovascular disease presenting to the emergency department with typical angina and elevated serum troponins. (A) Curved
planar reconstruction of the right coronary artery showing no evidence of obstructive disease. Other coronary arteries (not shown) were
also normal; (B) upon review of the myocardium, there was a questionable area of hypoattenuation in the mid inferior left ventricular wall;
beam hardening artifacts and myocardial ischemia/infarct with normal coronary arteries were considered differential causes (MINOCA); (C)
cardiac magnetic resonance with late gadolinium enhancement obtained on the following day confirmed avid transmural enhancement in the
corresponding segment and (D) ischemia on first-pass rest perfusion (arrows). Findings were consistent with MINOCA. DECT could have

been used in this scenario to increase the confidence for diagnosing ischemia on CT.
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Figure 5 Detection of remote infarcts enhanced by virtual monoenergetic imaging (VMI). Short-axis views through the and base-mid left

ventricle (A,B) show very subtle subendocardial hypoattenuation in the inferior left ventricular segments on conventional reconstructions

of dual-layer DECT (dIDECT) cardiac angiography (arrows). Use of monoenergetic imaging at 40 keV at the same levels (C,D) helps

confirming the remote infarct in this patient with obstructive three-vessel disease (arrows). Also note an unsuspected area of hypoattenuation

at the insertion of the right moderator band (C, arrowhead), best noted using VMI.

data using phantoms and animal models showed the
technical utility of rsDECT with VMI at energy levels >70
keV for reducing beam hardening in myocardial perfusion
imaging (68,69). VMI imaging has been shown to decrease
beam hardening artifacts especially in the basal inferolateral
segment (70). Carrascosa et al. (71) examined the diagnostic
performance of stress CTP in patients undergoing both
rsDECT with VMI and SECT, using SPECT myocardial
perfusion as standard of reference. The area under the curve
for detecting segmental perfusion defects was 0.90 (95%
CI: 0.86-0.94) for VMI versus 0.80 (95% CI: 0.76-0.84)
for SECT (P value =0.0004). Noticeably, the performance
continued to be superior even when only segments known
to be affected by beam-hardening artifacts were included
in the analysis. Use of low-energy VMI (40-70 keV) may
provide better discrimination of hypoperfusion segments
on rest and stress CTP on rsDECT (72) (Figure 5). Last,
VMI can also provide ways of minimizing variability in
quantitative myocardial perfusion analysis (68).

In summary, myocardial perfusion imaging on CCTA
may benefit from DECT techniques such as iodine density
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imaging and VMI, although most of the evidence has
originated from relatively small single center studies. The
Society of Advanced Body Imaging guidelines support the
use of rest DECT myocardial perfusion imaging in patients
with high likelihood of myocardial ischemia or infarct (41).
Current technique requisites and detailed imaging protocols
for performing myocardial perfusion with DECT have been
published elsewhere (56,73). Future studies are still needed
to determine the comparative effectiveness of stress CTP
across multiple centers and platforms versus established
and emerging methods for detecting myocardial ischemia,
such as SPECT and CT-FFR. For instance, an ongoing
study have been designed to compare the diagnostic
performance of dAIDECT, stress CT perfusion, CT-FFR,
and deep learning to increase specificity using anatomical
and functional imaging (74).

Improving image quality

Several studies have addressed the advantages of DECT
for improving signal-to-noise and contrast-to-noise ratios
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Figure 6 Virtual monoenergetic imaging used for decreasing blooming and beam hardening artifacts. Multiplanar reconstruction of dual-

layer DECT (dIDECT) coronary angiography focused on the proximal left anterior descending artery using standard reconstruction (A),

and virtual monoenergetic imaging (VMI) at 75 keV (B) and 120 keV (C), at the same level. Note the progressive improvement in the

blooming and beam hardening artifacts with the use of VMI, especially at 120 keV. However, high-energy VMI shows lower contrast in

comparison with lower-energy VML

(SNR and CNR, respectively) in CT'CA. For example, in
an early ex vivo feasibility study, Boll ez al. (75) assessed
sequential scanning of coronary artery specimens at 90
and 140 kVp in a 16-slice MDCT. The authors used a
weighted logarithmic subtraction between the high and
low energy scans (“K-edge” imaging), finding improved
CNR between the coronary lumen, the vessel wall, and
fibromuscular component of the coronary plaque. In
another study, Scheske et /. found that VMI at 60-80 keV
could significantly improve SNR and CNR in the
myocardium and coronary arteries when compared to
SECT (76). In a different sample of 20 subjects undergoing
rsDECT CCTA, VMI reconstructions from 65 and 75 keV
combined with 40%- to 80%-blending of adaptive iterative
reconstruction and filtered back projection improved
subjective image quality, CNR and SNR in comparison
with conventional polychromatic images, while keeping low
radiation dose (1.8+0.7 mSv) (23452997). In another study,
Ohta et al. (77) determined that VMI at 70 keV yielded the
best CNR between coronary plaque elements and lumen
when compared to other VMI levels.

Improvements in image quality may result in better
diagnostic performance by providing more precise
delineation of atherosclerotic plaque and adjacent
arterial lumen. For instance, elimination of blooming
and beam hardening artifacts were shown to improve
the size estimates of calcified plaques in a phantom study
using dIDECT (78) (Figure 6). Alike, Symons et al. (79)
conducted a study to determine the effect of various DECT
reconstruction methods on image quality for assessing
coronary atherosclerotic plaque. The authors prospectively
enrolled 51 subjects undergoing CTCA in a single center
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using a 3rd generation dsDECT scanner, comparing SNR,
plaque CNR, and quantitative plaque assessment between
conventional linearly-blended reconstructions, conventional
VMI, and noise-optimized VMI. Noise-optimized VMI
at 40 keV had the highest signal-to-noise ratio, while 40-
70 keV noise-optimized VMI had better coronary plaque
CNR when compared with conventional linearly-blended
images. Another study carried out in a single center using
a 3rd generation dsDECT also found improved subjective
and objective measurements of image quality in CCTA
reconstructed at 40 keV using noise-optimized VMI in
comparison with VMI series at 70 keV and conventional
linearly blended images (80). However, plaque volume
quantified on 40 keV noise-optimized VMI images can be
significantly higher than those measured on conventional
images, which could have impact on serial comparisons
using different techniques (79). In another study, Stehli ez
al. (81) found that different VMI levels can provide better
accuracy for diagnosing stenoses depending on the plaque
composition. For example, their results showed that 90 keV
may provide the best luminal evaluation for calcified and
mixed plaques, while non-calcified plaques could benefit
from evaluation at 140 keV (Figure 7).

In summary, there is robust evidence showing that VMI
can be used to improve image quality, plaque and luminal
visualization, potentially resulting in improved diagnostic
confidence and inter-reader agreement. As a result, VMI
has been routinely incorporated in our clinical practice. Our
pipeline consists of routine reconstruction of 40 keV images
at the scanner, which are stored in the Picture Archiving and
Communication System in addition to conventional (i.e.,
linearly blended) reconstructions and source spectral base
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Figure 7 Virtual monoenergetic imaging used for improving luminal assessment. Multiplanar reconstruction of dual-layer DECT (dIDECT)

coronary angiography focused on the proximal left circumflex (LCx) artery with virtual monoenergetic imaging obtained at (A) 40 keV and

(B) 90 keV. Mixed plaque at the proximal LCx causing severe stenosis, which is more confidently appreciated on image (B). Findings were

confirmed on (C) left coronary conventional angiography (arrow).

images (AIDECT) or high- and low-kVp images (dsDECT).
When necessary, source images can be retrieved for further
post-processing on dedicated workstations, generating VMI
at different energy levels, VNC, or material density maps.

Assessing stent patency

Generally, assessment for stent restenosis is challenging
due to beam hardening artifacts caused by the metallic
composition of the struts. As previously discussed, VMI has
been successfully used to decrease beam hardening artifacts.
However, there is conflicting scientific data on the potential
advantages of DECT over SECT for stent imaging (82,83).
VMI does not appear to provide significant improvements
for stent imaging as compared to SECT; on the contrary,
low-energy VMI (i.e., 50 keV) should be actually avoided as
luminal diameters may be underestimated by up to 90% (84).
At least one phantom study using a 3rd generation dsDECT
and noise-optimized VMI showed improved luminal
visibility in stents <3 mm when compared to standard VMI
and SECT, particularly with the use of 130 keV noise-
optimized VMI (85) (Figure §).

In summary, although cited as appropriate for limited
use with stents by the Society of Advanced Body Imaging
guidelines (41), VMI does not appear to provide a clear-cut
benefit for stent imaging. The use of DECT for improving
stent imaging may be considered mostly experimental
at this time, and stent-related factors (e.g., diameter,
metallic strut composition) may significantly impact the
results. Therefore, our group does not routinely use VMI
techniques for improving stent imaging. As discussed next,
improved spatial resolution obtained with photon-counting

© Cardiovascular Diagnosis and Therapy. All rights reserved.

CT scanners could be more advantageous for this task.

Reducing iodinated contrast volume

Despite recent debate about the actual role of iodinated
contrast agents in contrast-associated kidney injury (86),
cautious administration of these agents and supplemental
hydration is still recommended for subjects with acute
kidney injury or estimated glomerular filtration rate
<30 mL/min/1.73 m’ (87). Therefore, in such population,
one must limit the iodinated contrast volume to as low as
reasonably achievable. VMI at levels near the K-edge energy
of iodine (e.g., 40 keV) have been used to boost the signal of
contrast agents, allowing for reductions in the iodine load
(Figure 9). For example, in a single-center, double-blinded,
prospective study, Raju er 4/. (88) enrolled 53 subjects to
SECT CTCA using standard contrast agent dose (80 mL of
iodixanol 320 mgl/mL) and 49 subjects to low-iodine dose
rsDECT CCTA (35 mL of iodixanol 320 mgl/mL). CNR
and adjusted SNR were not different between protocols.
Although subjective image quality on the standard contrast
agent dose group was better than the low-iodine dose in the
opinion of one of the two readers, agreement in diagnostic
interpretability were comparable between both groups (96%
versus 91%, respectively). In another study, 36 patients
were initially scanned using a 50% reduction in the iodine
dose using rsDECT, followed by a full iodine dose SECT.
Although SNR and CNR were lower on DECT scans,
detection of stenosis >50% was not compromised (89). In
a head-to-head comparison of rsDECT with half iodine
dose and SECT with standard iodine dose sequentially
performed in the same subjects, there were no differences in
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Figure 8 Stent visualization using monoenergetic imaging. Multiplanar reformats through the mid left anterior descending artery at 50 keV/

(A) and 130 keV (B). A patent stent without signs of restenosis is noted. No clear improvement in luminal visualization is observed between

the two energy levels; however, the reconstruction at 130 keV seems to eliminate some of the blooming caused by the metallic stent strut.

Figure 9 Boosting blood pool contrast with virtual monenergetic imaging. Axial dual-layer DECT (dIDECT) coronary angiography images

obtained at the same level and with similar window/level settings. Standard reconstruction shown in (A) and virtual monoenergetic imaging

at 50 keV shown in (B). Note the global improvement in the contrast agent signal within the blood pool.

the detection of significant coronary stenosis (89).

In summary, despite the lack of current recommendations
by the Society of Advanced Body Tomography, it is reasonable
to propose the use of reduced iodine dose protocols in
high-risk subjects (those in acute kidney injury or with
estimated glomerular filtration rate <30 mL/min/1.73 m’)
undergoing CTCA if a DECT scanner and low-energy
VMI are available, until new evidence finally settles the
controversy about the existence of any link between the
contemporary generation of iodinated contrast agents and
kidney injury. In our practice, we have used low-keV VMI
as a “rescue” action for improving image quality in studies

with limited opacification of the coronary artery lumen.
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Assessing coronary plaque composition

Different histopathologic components of coronary plaques
have distinct prognostic implications and have been used as
targets for invasive and noninvasive imaging (90). There are
many features identified on conventional CTCA that have
been associated with instability and risk for acute coronary
syndrome, such as positive remodeling, low-density core,
spotty calcification, and napkin ring sign (6-9,91-95). More
recently, studies have also tried to assess if DECT could
enhance plaque characterization in comparison to SECT,
based on the observation that soft tissue discrimination is
improved with the former technique (96).

"To determine the potential role of DECT in differentiating

Cardiovasc Diagn Ther 2020;10(4):1090-1107 | http://dx.doi.org/10.21037/¢dt.2020.04.04



Cardiovascular Diagnosis and Therapy, Vol 10, No 4 August 2020

coronary atherosclerotic components, Barreto et al. (97)
conducted an ex vivo study of seven human coronary arteries
obtained from autopsies. A total of 14 atherosclerotic
lesions were examined from the specimens using hel DECT.
Densely calcified atherosclerotic plaques and fibrocalcific
plaques, as confirmed by histologic study, had significantly
different attenuation values between non-contrast images
obtained at 80 and 140 kVp, an observation that was
absent in fibrous or lipid-rich plaques. A dual-energy
index (DEI) devised to capture differences in attenuation
between the two energy levels could discriminate densely
calcified plaques from other subtypes, but overlap was
noted between fibrocalcific, fibrous, and lipid-rich plaques.
In the same study, plaques with a fibrous component (i.e.,
fibrocalcific and fibrous plaques) showed significant differences
from pre- to post-contrast images at both energy levels. The
small sample size was a limitation in this preliminary study.
Henzler er al. (98) also found that coronary atherosclerotic
plaque quantification based on CT attenuation numbers
using weighted reconstructions (70% or 140 kV and 30% of
100 kV) was at least comparable to standard SECT CTCA,
using histopathology as standard of reference. Instead of
looking at the weighted CT numbers, Tanami et a/. (2010) (99)
studied the CT numbers measured in coronary plaques
at four energy levels (i.e., 80 kVp, 100 kVp, 120 kVp,
and 140 kVp) using helDECT. In 93 coronary plaques
extracted from postmortem specimens of 15 subjects, the
authors found that, despite large overlap between CT
numbers of lipid-rich and fibrous plaques, the ratio between
measurements made on 80 kVp over those made at 140 kVp
images were capable of discriminating those two types of
plaques with area under the receiver operating curve of 0.952
(standard error: 0.029), which significantly outperformed
single measurement obtained on 120 kVp. In a later study,
Obaid ez al. (100) assessed the discriminatory performance
of dsDECT CTCA in identifying different atherosclerotic
plaque components as compared with virtual histology
extracted from intravascular ultrasound. The analysis of 138
plaque samples in 20 subjects showed that the DEI initially
proposed by Barreto ez 4/. could differentiate necrotic
core from fibrous and calcific plaque components (P value
<0.0001). In an ex vivo validation of the findings in a sample
of seven coronary arteries, the DEI showed specificity of
98% (95% CI: 89-100%), similar to that using a cutoff of
<37 HU for necrotic core on single-energy CT; however,
the sensitivity using DEI tended to be significantly higher
(64%, 95% CI: 44-81%) than that using the same threshold
on single-energy CT (25%, 95% CI: 11-45%).
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Haghighi er al. (101) studied the feasibility of using
two physical parameters measured on noncalcified
coronary atherosclerotic plaques using dsDECT, namely
electron density (p,) and effective atomic number (Z).
Their method requires specific scanner calibration using
phantoms with known p, and Zeff, followed by conversion
of CT numbers obtained from 100 kVp and 140 kVp
images using coefficients of inversion determined by
mathematical modeling. Although p, and Z define specific
material properties, allowing for potential differentiation
between lipids and fibrous tissue in atherosclerotic plaques,
its clinical effectiveness for determining plaque composition
in vivo remains to be determined. In a subsequent ex vivo
study, Mandal ez a/. (102) established the higher Zeff values
in vulnerable plaques as compared to stable plaques. X-ray
spectroscopy of plaques suggest that this observation is
explained by the ability of a lipid core to bind to high Z
elements (calcium, P, Mg), presenting decreased protein
content (lower Nitrogen wt%) in comparison with versus
thick fibrous plaques (higher Nitrogen wt%).

In summary, coronary plaque characterization with
DECT is still an ongoing field of investigation, and
further studies determining the comparative effectiveness
of newer biomarkers against the classic CT'CA features of
vulnerability (i.e., positive remodeling, low-density core,
spotty calcification, and napkin ring sign) are still necessary
before translation into clinical practice. Developments in
quantitative imaging and machine learning may be tools
that will leverage tissue characterization capabilities of
DECT. For example, Yamak ez #/. (103) showed that an
ensemble of supervised machine learning algorithms could
be used to differentiate lipid-rich from fibrous plaques in a
rsDECT system. In our practice, we do not routinely used
DECT data for plaque characterization, relying on classic

signs for plaque vulnerability described on SECT.

Future perspectives

Multi-energy CT is at the forefront of medical imaging
research, and photon-counting CT scanners hold the
promise to take this exciting field to the next level (104).
The main difference between photon-counting and energy-
integrating scanners (i.e., those currently used in clinical
practice) resides at the detector level. All X-ray photons
reaching the energy integrating detectors are transduced to
light photons at the scintillation layer; subsequently, these
photons are integrated by light detectors that convert the
information into electric signals, which are proportional
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to the amount of energy deposited. Differently, photon-
counting detectors are usually made from silicon or a
combination of cadmium, zinc, and telluride (CZT),
materials with properties that allow direct detection of
incident X-ray photons, which are in turn converted into
electric signals. Not only do these detectors register the
number of incident photons, but they can also discriminate
their energies into two to eight different bins (104). There
are many theoretical benefits for photon counting CT,
including decrease in noise levels, which in turn allows
for better image quality or decreased radiation doses and
elimination of beam hardening artifacts. Thinner detectors
also allow for high-resolution images, with preliminary
data showing promising results in stent imaging (105).
Increased precision in measuring different energy levels
leads to decreased noise in material-specific and weighted
images (106). Photon counting scanners also facilitate
multi-material decomposition (107). In addition, multiple
parameters provide more inputs than conventional dual-
energy CT, which can be used for more precise modeling
of material-specific images, especially when decomposing
images for K-edge materials (108), potentially improving
the capabilities of multi-energy CT to image different
combinations of contrast agents, including nanoparticles
agents targeting atherosclerosis (109). Although photon-
counting CT holds a great promise for the future, its
access is currently limited to a few centers, and many
technical challenges still need to be overcome prior to wide
implementation (104).

Conclusions

Several applications of DECT have been developed and
tested in the last decade for coronary imaging, which has
been proposed as a one-stop-shop modality for investigation
of CAD. Improvements in image quality are the main
benefit gained with DECT scanners, as consistently
shown in the literature. Although there are many other
potential uses, including coronary plaque characterization,
myocardial perfusion imaging, and VNC calcium scoring,
future studies are still needed to ensure wide external
validation and existence of incremental clinical value when
compared to already established diagnostic methods.
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