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Abstract

Recent technological advances in computed tomography (CT) technology have fulfilled the 

prerequisites for the cardiac application of dual-energy CT (DECT) imaging. By exploiting the 

unique characteristics of materials when exposed to two different x-ray energies, DECT holds 

great promise for the diagnosis and management of coronary artery disease. It allows for the 

assessment of myocardial perfusion to discern the hemodynamic significance of coronary disease 

and possesses high accuracy for the detection and characterization of coronary plaques, while 

facilitating reductions in radiation dose. As such, DECT enabled cardiac CT to advance beyond 

the mere detection of coronary stenosis expanding its role in the evaluation and management of 

coronary atherosclerosis.
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Introduction

Coronary artery disease (CAD) is still the leading cause of death despite improvements in 

prevention and treatment strategies. As such, the accurate detection and diagnosis of CAD is 

of upmost importance. In symptomatic patients, the purpose of cardiac imaging is not only 

the identification of coronary atherosclerosis, but also more importantly, the depiction of 

myocardial ischemia.[1] Considering the role of noninvasive cardiac imaging as a 

gatekeeper to the catheterization laboratory,[2] ischemia rather than the mere presence of 

atherosclerosis should prompt referral to invasive procedures.[3] Although coronary 

computed tomography angiography (CCTA) is recognized as a powerful diagnostic imaging 

tool that is capable of ruling out obstructive disease with unequalled certainty,[4] due to its 

nature, conventional CCTA is unable to assess the pathophysiological consequences of a 

given coronary stenosis.[5,6] In comparison to conventional CT, the exploitation of two 

different photon energy levels by dual energy CT (DECT) holds great promise for improved 
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tissue characterization and CT-based myocardial perfusion imaging (MPI),[7] thus 

overcoming the limitations of conventional cardiac CT. Rapid developments in CT hardware 

have fulfilled the prerequisites for the cardiac application of DECT imaging, broadening the 

horizons of cardiac CT and expanded its role in the evaluation and management of coronary 

atherosclerosis. The present review will provide an outline of the current status of cardiac 

DECT imaging.

Dual energy CT methods

Conventional CT is performed at a fixed tube potential with polychromatic energy levels of 

photons set to 120 or 140 kVp, while the photon energy levels exploited by DECT are 

typically 80 and 140 kVp for the acquisition of low- and high-energy-dependent tissue 

attenuation profiles, respectively. As such, DECT allows for the acquisition of two image 

datasets of the same anatomical region of interest, providing information related to the 

change in energy-dependent attenuation of tissues when exposed to two different photon-

energy levels (Figure 1), hence improving tissue characterization. Although the concept is 

similar, there are different manufacturer-specific approaches by which DECT images can be 

obtained. The exploitation of two polychromatic energy spectra by DECT can be achieved 

by at least three different methods: two x-ray source and detector pairs with each source 

operating at a different tube voltage; a single source-detector pair with an x-ray tube capable 

of rapidly switching between low and high tube potential or by switching tube potential 

between gantry positions; and an x-ray source operating at constant tube voltage with a 

double-layer detector capable of differentiating between low- and high-energy photons.

DECT using two x-ray sources and two x-ray detectors

One approach for DECT acquisition is the use of a dual-source x-ray system with two 

corresponding detectors (Figure 2, Table 1). This system has been first implemented in the 

Siemens’ SOMATOM Definition Flash and now the Siemens SOMATOM Definition Force 

(Siemens Healthcare, Erlangen, Germany). The Siemens Definition is composed of two x-

ray tube-detector pairs arranged at an angular offset of 94° on the same rotating gantry, with 

one tube operating at 80 kV or 100 kV and the other at 140 kV.[8–10] Due to the utilization 

of two sources and two detector arrays, the space in the gantry is insufficient to allow for the 

incorporation of two detector arrays of the same size. Therefore, the field of view for each 

detector is not similar and only one detector can cover the full available acquisition field of 

view (50 cm), while the other detector covers a smaller field of view (35 cm). However, for 

cardiac imaging, the smallest field of view that can be covered by one detector is sufficient 

for imaging the entire heart. A potential problem with this method is increased scatter 

radiation caused by crossing photons from the two rotating x-ray tubes (Table 2), which may 

result in a lower contrast-to-noise ratio as well as image artifacts. The latest dual-source CT 

systems measure and correct cross-scatter radiation by using specific detector elements. 

Moreover, movement of the scanned object (e.g., a beating heart) may impede accurate 

tissue characterizations due to a mismatch in projection views between low and high tube 

voltage projections. This may potentially lead to suboptimal correction of beam hardening 

artifacts. A limitation of dual-source CT is the use of two moderately broad energy spectra, 

restricting tissue and material discrimination.[11] However, this problem can be partly 
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corrected for by filtering the high-energy beam.[12] An advantage of this system is the 

freely adjustable tube voltage. The tube current can be adjusted for each photon energy level 

separately (Table 2).

DECT using single source x-ray and detectors with rapid switching of x-ray 

tube potential

A second approach for obtaining DECT images is rapid switching of tube potentials, which 

occurs as rapidly as 0.25 ms, based on single-source CT (Figure 2, Table 1).[13,14] This 

system has been incorporated by General Electric Healthcare in the Discovery CT750 HD 

and now GE Revolution (GE Healthcare, Waukesha, WI, USA).[15] Due to rapid switching 

(0.25 ms) of tube potentials, image acquisition of low- and high-kV-derived images is 

almost from the same angle, which allows a theoretically more accurate beam-hardening 

correction, rendering it less prone for potential motion artifacts (Table 2). However, a 

disadvantage of this technique is the increased rotation time. Gantry rotation time must be 

increased to account for rapid changes in tube voltage and to account for acquisition of 

additional projections from the two tube voltages. This is especially limiting for imaging of 

fast-moving organs such as the heart. Another drawback of this approach is the discrepancy 

in photon output between the two tube voltages, resulting in noisy images for the low tube 

voltage projections. In order to achieve similar photon output, the tube current should be 

increased during low tube voltage acquisitions. However, the short time period between tube 

voltage switches impede adequate tube current adjustment, resulting in image noise. Due to 

these limitations, application of radiation dose-reducing techniques such as tube current 

modulation is hampered (Table 2), resulting in relatively high radiation dose levels. In 

addition, since there is only one x-ray source, filtering is applied to both energy outputs. 

Consequently, improving spectral separation is not feasible with filtration (Table 2).

Single-source CT with energy-sensitive dual-layer detectors

Image reconstruction based on the detection of low- and high-kV-energy levels is another 

approach to obtain spectral data with a single x-ray tube. This technique has been 

implemented by Philips in its IQon Spectral CT (Philips Healthcare, Best, The Netherlands) 

and involves a detector-based approach capable of differentiating low- and high-kV-photon-

energy levels with a single tube operating at a constant voltage (Figure 2, Table 1). 

Compared to other techniques, an energy-sensitive sandwich detector allows the 

simultaneous registration of low- and high-energy photons for each projection.[16,17] The 

principle of a dual-layer (sandwich) detector is based on a single detector composed of two 

different scintillating materials that differentiate between low- and high-energy photons. 

High-energy photons pass through the top layer and are detected by the bottom layer, 

whereas low-energy x-ray photons are attenuated and absorbed in the top layer.[16,17] A 

merit of this approach is that the acquired images are less prone to motion artifacts, since the 

differentiation and registration of the different x-ray energy spectra occur simultaneously for 

each view (Table 2). In addition, it allows material decomposition to be performed in the 

raw projection space domain. Furthermore, with the dual-layer detector, all information is 

obtained during a single scan obviating the need of two separate acquisitions. As a 

consequence, spectral data are always available without adjustment of scan protocols (Table 
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2). Furthermore, patients are not subjected to additional radiation exposure to obtain DECT 

datasets. A potential disadvantage, however, may be the less accurate separation of the 

different energy levels compared to the systems utilizing distinct x-ray tube voltages.[18] 

The energy overlap is larger than scanning with two different tube voltages, especially due 

to high-energy photons overlapping the low-energy spectrum (Table 2). Moreover, similar to 

the rapid-kVp-switching approach, filtering will not improve spectral separation.[12,19]

Single-source CT switching voltages between gantry rotations

The acquisition of DECT data with single-source-CT using fast tube voltage switching 

between gantry rotations has been implemented by Toshiba in its Aquilion ONE (Toshiba 

America Medical Systems, Tustin, CA, USA). The tube potential alternates between low 

and high for every gantry rotation (Figure 2, Table 1). The acquisition is performed with 80 

and 135 kV using two gantry rotations (gantry rotation time is 275 ms) to obtain low- and 

high-energy datasets.[20] An advantage of this approach is perfect alignment of the 

subsequent images (Table 2), allowing material decomposition to be performed in the raw 

projection space domain. Another application of this technique is two sequential acquisitions 

at a low and a high tube voltage. The drawback of two sequential acquisitions, however, is 

the time difference between the two scans allowing for cardiac motion to occur (Table 2). 

Furthermore, contrast material distribution may be different between sequential acquisitions, 

which would be an important disadvantage for cardiac CT (Table 2).

DECT for the assessment of myocardial perfusion: static perfusion imaging

Similar to single-energy computed tomography (SECT), evaluation of myocardial perfusion 

by DECT is acquired by either a static or dynamic imaging approach. With regard to the 

static acquisition, a single snapshot of the myocardial iodine attenuation profile, which is 

obtained from the entire left ventricle over several heartbeats, allows for a qualitative visual 

estimate of myocardial perfusion. Compared with SECT, DECT may allow better tissue 

characterization and therefore enhanced visualization of myocardial perfusion defects, thus 

encouraging its use for ischemia assessment. By harnessing the unique features of DECT to 

allow for differentiation of iodine attenuation characteristics when it is exposed to low- and 

high-energy photon levels, DECT allows for the mapping of iodine distribution in the 

myocardium as a quantitative, albeit surrogate, marker for perfusion and blood volume 

based on the per-voxel amount of the iodine tracer.[21,22] Typically color-coded maps of 

iodine distribution are generated and superimposed on the virtual non-contrast CT data,[23] 

rendering the perfusion defects easier to appreciate by visual assessment. Indeed, a recent 

study by Koonce et al. using a phantom model demonstrated the (semi)quantitative 

evaluation of perfusion on static single-phase DECT imaging to exhibit a higher accuracy 

when compared to standard visual grading.[21] For the routine qualitative assessment, 

myocardial attenuation of the ischemic area is compared to that of a normal remote territory. 

A drawback of this approach, however, is the necessity of a normally perfused area to act as 

a reference standard; hence, balanced ischemia may go undetected when utilizing qualitative 

DECT imaging. Although there is a large body of evidence showing the clinical feasibility 

of a DECT myocardial perfusion protocol as a supplement to the anatomical evaluation of 

the coronary arteries by CCTA, the majority of these studies used a DECT device in single 
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energy mode, disguising the potential improvement in image quality (i.e., increasing contrast 

conspicuity and reduction of beam hardening artifacts) by the exploitation of two energy 

datasets. However, static CT perfusion techniques are associated with some important 

limitations. Firstly, depending on the CT device and acquisition techniques, coverage of the 

entire left ventricle is obtained over multiple heartbeats resulting in a base to apex 

attenuation gradient. In addition, “snapshot” imaging possess the risk of mistiming the 

contrast bolus, [24] hence the peak of contrast attenuation may be missed, which may mask 

areas of hypoperfusion.

DECT for the assessment of myocardial perfusion: dynamic perfusion 

imaging

Dynamic CT MPI is the only approach allowing for a quantitative assessment of myocardial 

blood flow. Dynamic CT perfusion relies on time-resolved imaging of the passage of a 

perfusion tracer (i.e., iodine for CT-based perfusion) through the myocardium.[25] The 

creation of time-myocardial attenuation curves requires the coverage of the entire 

myocardium. A high spatial resolution is, therefore, an important prerequisite for dynamic 

CT perfusion imaging. In contrast to nuclear imaging techniques, ECG-gated acquisitions 

enable CT to reliably differentiate between sub-endocardial and subepicardial myocardial 

blood flow.[26] Currently, only dual-source devices meet the technical requirements (i.e., 

sufficiently high spatial and temporal resolution) for the DECT-based dynamic evaluation of 

myocardial perfusion. Third-generation dual-source systems have a higher spatial coverage 

of 105 mm allowing for whole-heart coverage within one cardiac cycle, whereas second-

generation dual-source devices apply a “shuttle table mode” moving the table back and 

forward to allow for rapid coverage of the entire heart during first pass [27–30]. This will 

result in sufficient coverage of the heart during contraction when the length of the heart is 

shorter. An additional benefit of “systolic imaging” is the relatively constant length of the 

systolic phase, while at the same time the myocardial images are less prone to beam-

hardening artifacts due to the lower amount of ventricular contrast. [31] Despite the benefits 

of CT-based dynamic imaging, it is associated with a substantial increase in radiation 

exposure compared to static imaging.

DECT for the assessment of myocardial perfusion: diagnostic performance 

of DECT myocardial perfusion imaging

The majority of investigations have compared DECT MPI against a background of rest-

stress single-photon emission computed tomography (SPECT), cardiac magnetic resonance 

or invasive coronary angiography.[32–37] Figure 3 shows the clinical feasibility of DECT 

MPI for evaluation of myocardial perfusion in the diagnosis and management of CAD. 

Weininger et al. found stress-rest first-pass myocardial perfusion DECT to detect 

myocardial perfusion defects on cardiac magnetic resonance with a sensitivity and 

specificity of 93% and 99%, respectively.[27] When compared against cardiac magnetic 

resonance as a reference standard, Ko et al. [35] found that stress-rest first-pass myocardial 

perfusion DECT could detect reversible perfusion defects with sensitivity and specificity of 

89% and 78%, respectively. A recently published study by Carrascosa et al. revealed DECT, 
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albeit using monochromatic imaging, exhibited a higher accuracy compared to SECT MPI 

when refereed against a background of SPECT as reflected by a higher area under the curve 

of 0.90 vs. 0.80 (p < 0.001), respectively.[38] Notably, beam-hardening artifacts did not 

seem to reduce DECT’s diagnostic performance, whereas beam hardening resulted in a 

substantial increase of false-positive findings for the SECT acquisition.[38] When refereed 

against a background of invasive coronary angiography, first-pass myocardial perfusion 

DECT revealed the diagnosis of significant CAD with a sensitivity and specificity of 89% 

and 78%, respectively.[35]

DECT for the assessment of myocardial perfusion: DECT myocardial 

perfusion as an adjunct to coronary computed tomography angiography

It is projected that the combination of DECT perfusion with coronary CCTA will afford 

complementary information and augment diagnostic accuracy through improvements in 

specificity. To this end, several studies have documented the incremental diagnostic value of 

combining DECT MPI with coronary CTA when refereed against invasive angiography with 

SPECT and SPECT, respectively.[36,39] Ko et al. [39] demonstrated that the addition of 

DECT perfusion to coronary CTA resulted in improvements in sensitivity, specificity, 

negative predictive value and positive predictive value, as compared to invasive coronary 

angiography, from 91.8%, 67.7%, 87.7% and 73.6% to 93.2%, 85.5%, 91.4% and 88.3%, 

respectively. Whereas Wang et al. [32] observed no differences in sensitivity and negative 

predictive value (e.g., both remained at 100%), they did report that specificity significantly 

improved from 37.5% to 75.0% through the combination of DECT perfusion imaging with 

coronary CTA using invasive coronary angiography with a concomitant perfusion defect on 

SPECT as a reference standard. A recently published study confirmed the incremental value 

of DECT perfusion imaging as a useful adjunct to coronary CTA, which lowered the number 

of false-positive results on coronary CTA, as reflected by improvements in both specificity 

and positive predictive value (i.e. from 56% to 79% and from 55% to 71%, respectively). 

Subsequently, the hybrid approach improved accuracy considerably from 69% to 82%. [40] 

These results imply that MPI with DECT may reduce the number of false-positive results on 

coronary CTA, which seems fitting with the observations found for hybrid positron emission 

tomography and SPECT as well as coronary CTA. Despite the notion that combined 

physiologic-anatomic evaluation by DECT provided incremental diagnostic value, Wang et 

al. [32] observed a negligible effect of MPI with DECT when added to coronary CTA for 

measures of diagnostic accuracy, with a compromised increase in sensitivity from 82% to 

90% at the loss of specificity (from 91% to 86%) for the detection of hemodynamic 

significant CAD as defined by a significant stenosis on ICA with a concomitant perfusion 

defect on SPECT. Correspondingly, a recently published pilot study documented that MPI 

with DECT improved the precision of coronary CTA alone, but the combination of these 

two tests resulted in lower performance compared with DECT perfusion imaging alone 

when refereed against SPECT.[41] Several important considerations of MPI with DECT 

have been discussed and need to be considered for the optimization of MPI protocols. 

Among the early studies of MPI with DECT, there has been some variability regarding when 

to perform the “rest” portion and “stress” portion, with many contending that vasodilator 

stress is important to perform first in order to reduce the likelihood of residual contrast that 
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may confound perfusion defects. Others advocate for a rest-first protocol, thereby 

maintaining the significance of coronary artery evaluation by coronary CTA as the foremost 

information to be acquired from the study. With regard to the latter, rest DECT has been 

found to permit the detection of perfusion defects that are otherwise not visible on rest 

SPECT,[32,37] thus implying its use as a promising adjunct to traditional evaluation with 

coronary CTA. This finding may be due to a myriad of reasons, including the higher spatial 

resolution of CT, which may encourage the detection of subtle perfusion abnormalities that 

are not detectable on SPECT.[32,37,42] Nevertheless, a recent study by Ko et al. [40] 

reported stress MPI with DECT to convey higher accuracy for the detection of ischemia as 

compared with rest DECT perfusion imaging against a background of invasive coronary 

angiography with cardiac magnetic resonance imaging as a reference standard. However, in 

light of these early studies emphasizing the utility of DECT to provide complementary 

information on CAD, MPI with DECT is somewhat regarded as being in its infancy, with 

published studies to date limited by small sample sizes, referral bias and the lack of a 

suitable reference standard.

Coronary atherosclerotic plaque characterization by dual-energy CT

Current strategies for the diagnosis and treatment of CAD are essentially aimed at detecting 

obstructive coronary stenoses and subsequent relief of symptoms. However, such a strategy 

often fails to identify subjects at risk for developing an acute coronary syndrome (ACS). 

Defects to the surface of frequent non-significant coronary plaques may eventually lead to 

plaque rupture that provoke acute coronary thrombosis, which is the most important 

mechanism underlying the sudden onset of ACS. To this end, in recent decades, tremendous 

efforts have been made to identify ruptureprone “vulnerable plaques”. From prior invasive 

and pathologic evaluations, several anatomical characteristics have been implicated as 

crucial to the pathogenesis of ACSs, amongst others, thin cap fibroatheroma, micro 

calcifications and a necrotic lipid-rich core.[43–45] Given their importance, these plaque 

features have been extensively investigated by SECT, given the relative ease with which 

SECT can reliably separate calcified and non-calcified plaques. Yet, conventional CT faces 

a significant challenge in differentiating the various anatomical components of non-calcified 

plaques (e.g., lipid-rich vs. fibrous). Identification of different atherosclerotic plaque 

components is rather challenging and several studies showed considerable overlap in 

Hounsfield units between lipid-rich and fibrous-rich non-calcified plaques attributable to the 

spatial resolution of CT and a variable intra-plaque uptake of iodine contrast agents. [46–48] 

Owing to its capability of tissue decomposition, DECT may overcome these limitations and 

allow for improved plaque differentiation. However, prior studies have reported ambiguous 

results. CT-attenuation-based characterization of non-calcified plaques using DECT has 

been examined by an ex vivo study of 15 human arteries, which showed discriminatory 

improvement with DECT over conventional SECT.[49] In contrast, a recently published 

study by Obaid et al. among patients undergoing virtual histology-intravascular ultrasound 

(VH-IVUS) and CT, reported DECT to exhibit a similar sensitivity compared to SECT (45% 

vs. 39%, respectively) for necrotic core detection.[50] Considering the large overlap in 

Hounsfield Units between the different plaque types, DECT is to date limited in the accurate 

detection of necrotic core plaque components when compared to VH-IVUS. [51] For the 
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detection of thin-cap fibroatheroma, one is still reliant on invasive coronary techniques. 

Moreover, when using post-mortem samples wherein image quality was not governed by 

body habitus or motion, DECT had a similar accuracy as SECT for the attenuation-based 

characterization of coronary plaques.[50,52] These observed mixed findings may be 

attributable to an array of issues, including scanning protocols as well as DECT image 

visualization. By exploiting DECT’s ability to perform material basis decompositions, 

plaque visualization will arguably be improved. However, the precise material basis pair 

and/or level of monochromatic energy required to achieve a benefit in plaque 

characterization remains to be established in forthcoming studies.

Radiation dose aspects of dual-energy CT: radiation dose of cardiac dual-

energy CT

Despite the great value of CT, a major disadvantage is the inevitable exposure to ionizing 

radiation, which is considered an issue of great concern. In recent years, substantial 

reductions in radiation doses have been achieved with the implementation of ECG-guided 

tube modulation, prospective-ECG gated imaging (step-and-shoot mode), and low tube 

voltage imaging in selected populations. Due to its use of two photon energy levels to 

acquire one given anatomical area, questions have been raised as to whether the use of 

DECT comes at a cost of increased radiation dose compared to SECT. In an earlier small 

clinical study, Kerl et al. reported that dual-source CT in single-energy mode (4.54 ± 1.87 

mSv) and DECT (9.8 ± 4.77) delivered less radiation than regular 16-slice multi-detector 

CCTA (12 ± 3.59 mSv) within a routine clinical setting comprising patients with low and 

stable heart rates.[53] Further still, in a clinical setting, Halliburton and colleagues compared 

dual-source and 32-slice CT with regard to radiation exposure, and reported no 

differentiation in radiation doses for coronary imaging between the two modalities.[54] In a 

prospective randomized trial among 102 patients, coronary angiography by DECT (rapid-

kV-switching) was shown to deliver comparable dosage levels as contemporary CCTA (e.g., 

2.31 vs. 2.23 mSv, respectively). [55] To date, no study has investigated the radiation dose 

generated by double-layer technology scanners for cardiac imaging – presumably these 

devices will produce radiation doses similar to single-energy CT, most likely owing to their 

use of one-time acquisitions to obtain spectral data. Notably, to allow sufficient separation 

of low- and high-energy photons, data are acquired at 140 kVp, which is a relatively high 

tube potential for most cardiac imaging studies. Arguably, lowering tube current will 

stabilize the effects of high tube voltage imaging without impacting spectral separation. 

However, clinical studies using dual-layer technology for coronary imaging are still 

warranted.

Radiation dose aspects of dual-energy CT: high-pitch scan protocols

Another potential approach to lessen radiation dose is by increasing pitch value. Dual-source 

CT devices have fulfilled the prerequisites for the implementation of high-pitch scan 

protocols up to pitch values of 3.0 and higher due to their unique geometry.[56–58] The 

dual-source detector pair permits the acquisition of one cross-sectional image by utilizing 

only one-quarter of the gantry rotation. Subsequently, the use of high-pitch values will avoid 

overlapping radiation exposure, allow for shorter scan times and, as a consequence, reduce 
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effective radiation dose. High-pitch protocols can cover the entire heart in the diastolic 

phase of one cardiac cycle.[56] Clinical feasibility studies have shown promising results, 

reporting radiation dosages below 1 mSv for a coronary imaging study.[56–64] Noteworthy, 

the temporal resolution is a major bottleneck for the use of high-pitch protocols for the 

assessment of coronary anatomy. Due to the fact that the image data have to be acquired 

during the diastasis of one heartbeat, the temporal resolution is extremely crucial to ensure 

low radiation exposure and sufficient image quality. Provided the length of the heart is 

approximately 12 cm, second-generation dual-source devices (acquisition speed 458 mm/s 

and temporal resolution of 75 ms at a gantry rotation time of 282 ms) typically require 250 

ms for its entire coverage. Therefore, the high-pitch scan mode is only confined to patients 

with a low heart (<65 bpm) and regular heart rate in order to match the required long image 

acquisition window.[56–61,63] With the introduction of third-generation dual-source CT 

devices, temporal resolution has improved to 66 ms and recently published pilot studies 

demonstrated the clinical feasibility of high-pitch coronary imaging protocols in patients 

with a heart rate up to 75 bpm with sub-mSv radiation dose, without jeopardizing image 

quality.[64–66] Of importance, the achievement of coronary imaging below 1 mSv is not 

only attributable to high-pitch protocols, but is rather a combination of multiple dose-saving 

strategies such as prospective ECG-triggering, low tube voltages and iterative image 

reconstructions. The application of low-tube voltage imaging comes at a cost of increased 

noise.[64,65,67] Iterative reconstruction techniques mitigate image noise derived from low-

photon counting, while improving image quality in order to preserve images of sufficient 

diagnostic quality.[64–66] A recently published study by Hell et al. in 26 patients with low 

heart rates reported effective radiation doses to be 0.3 mSv, albeit in a selected population 

with body weights <100 kg, with low tube voltage imaging (70 kVp) using a third-

generation dual-source device.[64] Similarly, a small-scaled clinical study by Schuhbaeck 

and colleagues managed to reduce effective radiation dose below 0.1 mSv without 

sacrificing image quality using a high-pitch spiral acquisition mode with low tube voltage 

(80 kVp) in conjunction with low tube voltage and iterative image reconstructions.[65] In 

addition, iterative reconstructions allow for a sufficiently high diagnostic CCTA quality, 

despite sub-mSv dose delivery to patients, yielding CCTA to exhibit a sensitivity and 

specificity of 95.7% and 94.1%, respectively, while using ICA as a reference standard.[68] 

However, the initial experience of this type of imaging is limited to centers with high 

expertise and is currently not widely available. Also, highly selected patient populations 

were investigated who do not represent the heterogeneity of patients seen in daily clinical 

practice. Arguably, the inclusion of non-obese patients with low and stable heart rates might 

have enhanced the results, and, therefore, large clinical studies are warranted to investigate 

the incremental value of iterative image reconstructions in clinical patients. Finally, it should 

be acknowledged that all high-pitch dual-source CT studies were performed in single-energy 

mode, disguising the advantages of dual-energy imaging with regard to the assessment of 

CAD. Nevertheless, by harnessing the advantages of dual-source CT devices combined with 

low voltage imaging and iterative image reconstructions, a coronary CT examination can be 

achieved with sub-mSv radiation doses.
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Radiation dose aspects of dual-energy CT: virtual unenhanced imaging

Another way of reducing radiation exposure is through the generation of virtual unenhanced 

images (VUE) using post-imaging reconstructions that are unique to DECT. As such, VUE 

may substitute for real unenhanced images, thus reducing image acquisition time and 

effective radiation dose. [12,69] For example, a coronary artery calcium (CAC) scan may be 

derived from a CCTA can, obviating the need for a separate non-contrast CAC-scoring CT. 

A point of concern is whether the amount of coronary calcium based on VUE coincides with 

the true CAC score as determined on true unenhanced images considering the large overlap 

in Hounsfield units between these two materials. Pursuant to this, several studies 

demonstrated the feasibility of CAC-scoring on VUE by showing a good agreement of the 

CAC score derived from VUE with true non-contrast CAC-score scans.[70,71] Interestingly, 

Yamada et al. revealed that DECT coronary angiography using VUE for calcium scoring 

resulted in a substantial radiation dose reduction of 20% compared to conventional CCTA 

with a prior separate non-contrast CAC scan,[71] while in a recently published study, an 

average dose reduction of 51% was seen by replacing separate CAC-score scans by VUE 

imaging for quantification of CAC score.[72] Although promising, the technique is still in 

its infancy and further validation and more sophisticated correction algorithms are warranted 

to avoid underestimation of CAC burden by incorrect subtraction of calcium content 

mimicking iodine contrast agents.

Conclusions

Recent improvements in CT hardware have fulfilled the prerequisites for the clinical 

application of DECT imaging. By exploiting the attenuation profile of materials when 

exposed to two energy spectra, DECT enables the evaluation of both coronary anatomy and 

myocardial perfusion in one imaging session. As such, DECT may become a hybrid tool in 

its own right. To date, beam-hardening artifacts are hampering the diagnostic performance 

of DECT MPI. However, with the continuous technical developments, sophisticated 

correction algorithms will be developed, facilitating its clinical application. In addition, 

DECT possess the potential to improve coronary plaque characterizations and differentiate 

more accurately between plaque components. Altogether, DECT technology has broadened 

the horizons of cardiac CT; however, its cardiac application is still in its infancy and 

substantial barriers need to be overcome before DECT is fully embraced in clinical practice.

Expert commentary

The potential to evaluate coronary anatomy and myocardial perfusion during one single scan 

session has advanced cardiac CT beyond the mere detection of CAD. Static CT perfusion 

imaging by conventional CT also enables perfusion assessment; however, DECT allows for 

the mapping of iodine distribution providing a semi-quantitative measure of myocardial 

perfusion, which arguably improves detection of subtle perfusion defects. Although studies 

showed DECT to exhibit high accuracy for the detection of myocardial ischemia, studies 

using fractional flow reserve (FFR) as a reference standard are so far lacking. DECT 

perfusion imaging will be confined to the sideline of the clinical arena if its performance is 

not refereed by FFR. It is anticipated that the Dual Energy CT for Ischemia Determination 
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Compared to “Gold Standard” Non-Invasive and Invasive Techniques (DECIDE-Gold) 

study will provide important evidence with regard to the accuracy of DECT MPI for the 

depiction of lesion-specific ischemia. Also, the characterization of coronary plaque 

composition by dual-energy technology appears to accurately fail to delineate necrotic core 

tissue. However, the full capabilities of DECT have not been exploited yet. In this regard, 

material basis pair images may allow for a more sophisticated lesion characterization. To 

date, the exact energy and/or material basis pair that optimizes plaque visualization has not 

been systematically evaluated. Future studies will be required to determine the exact 

material basis pair for plaque characterization by this emerging technology.

Five-year view

Dual-energy CT will be commonly used in clinical practice, since all modern CT devices 

have the ability to acquire dual-energy datasets. However, quantitative K-edge imaging, also 

referred to as spectral CT, will become commercially available and find clinical application. 

Every manufacturer has a spectral CT device in development and the clinical application of 

spectral CT will be a game-changer in the field of cardiology, providing an unprecedented 

noninvasive characterization of coronary plaque composition, resembling virtual histology. 

Although the use of iodinated contrast for K-edge imaging is challenging, new techniques 

integrating contrast injectors in the CT will overcome some of these limitations.
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Key issues

• Dual-energy computed tomography (DECT) allows for the acquisition of two 

image datasets of the same anatomical region of interest, providing information 

related to the change in energy-dependent attenuation of tissues when exposed 

to two different photon-energy levels, hence improving tissue characterization.

• DECT imaging can be achieved by at least three different methods: two x-ray 

source and detector pairs; rapid switching of tube potentials based on single-

source CT or by switching tube potential between gantry positions; and one x-

ray source operating at constant tube voltage with a double-layer detector.

• DECT allows for the mapping of iodine distribution in the myocardium as a 

quantitative, albeit surrogate, marker for perfusion.

• Myocardial perfusion imaging by DECT exhibits high diagnostic accuracy when 

refereed against single-photon emission computed tomography, magnetic 

resonance imaging and invasive coronary angiography.

• Evaluation of myocardial perfusion by DECT reduced the rate of false-positive 

coronary computed tomography angiography scans, hence improving diagnostic 

accuracy.

• By exploiting DECT’s ability to perform material basis decompositions, plaque 

visualization will arguably be improved enabling the accurate assessment of 

high-risk coronary plaque features.

• DECT is not associated with increased radiation exposure to patients, but DECT 

rather facilitates further reductions in radiation dose due to its unique 

characteristics.

Danad et al. Page 16

Expert Rev Cardiovasc Ther. Author manuscript; available in PMC 2016 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. With dual-energy CT, unknown materials are reflected as a composition of basis 
materials X and Y allowing for improved tissue characterization compared to single-energy CT
Reprinted with permission from the American College of Cardiology, Journal of the 

American College of Cardiology: Cardiovascular Imaging.[7]
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Figure 2. Schematic illustration of four different vendor-specific approaches for obtaining dual-
energy Information
(A) Dual source–detector pairs with each tube operating at a different voltage. Each x-ray 

source covers a different scan field. (B) Single source–detector pair with the source capable 

of rapid voltage switching (0.25 ms) in a single gantry rotation. (C) Single source–detector 

pair with a dual-layer detector made of two different materials capable of differentiating 

between low-energy (upper layer) and high-energy (bottom layer) photons, with the source 

operating at constant tube voltage allowing for dual-energy data during conventional CT 

scanning. (D) Single source–detector pair with tube voltage alternating between high and 

low kV with each gantry rotation. Reprinted with permission from the American College of 

Cardiology, Journal of the American College of Cardiology: Cardiovascular Imaging.[7] 

(Figures 2A, B, and C, Courtesy Philips Healthcare, Best, the Netherlands).
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Figure 3. A 61-year-old man referred for chest pain and after an equivocal stress ECG. A rest-
stress dual-energy CT (DECT) using 80–140 kVp switching was performed for the simultaneous 
evaluation of coronary anatomy and myocardial perfusion
The exam showed a chronic total occlusion (CTO) of the left anterior descending (LAD) 

coronary artery due to a non-calcified plaque (A and B, arrows) without significant 

perfusion defect (A and C). After the administration of intravenous adenosine, a large 

perfusion defect of the anterior wall was seen during stress conditions, representing 18% of 

the left ventricular myocardium (D–F, arrows). The patient underwent CTO 

revascularization by percutaneous coronary intervention with the placement of three DES 

implantations. Three days later, the stress DECT study was repeated showing patency of the 
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LAD stent (G and H, arrows) and restoration of myocardial blood flow with a reduction of 

the previous defect (1.8% of myocardial mass) (G, circle, and I). Reprinted with permission 

of Oxford University Press.[73]
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Table 2

Characteristics of the current available dual-energy CT devices.

Device Advantages Disadvantages

SOMATOM 
Definition Force 
(Siemens Healthcare, 
Erlangen, Germany)

Freely adjustable current in each tube enables 
optimal image quality.
In single-energy mode, dual-source CT allows for 
high-pitch protocols and low radiation imaging by its 
high temporal resolution and unique geometry. 
Spectral separation can be improved by filtering. 
High temporal resolution allows for motion-free 
imaging and enables coronary imaging in patients 
with high heart rates (only in single-energy mode).

Increased scatter radiation from the two rotating x-ray tubes.
Possible mismatch in projection views between low and high 
tube voltage projections and therefore a suboptimal correction 
of beam hardening artifacts. When in dual-energy mode, 
imaging with regard to temporal registration is limited 
because the low- and high-energy datasets are obtained at 
slightly different time points.

GE Revolution (GE 
Healthcare, 
Waukesha, WI, 
USA)

Image acquisition of low- and high-kV-derived 
images is almost from the same angle.
Theoretically a more accurate beam-hardening 
correction due to the use rapid kV-switching.

Increased rotation time to account for acquisition of 
additional projections from the two tube voltages is especially 
challenging for fast moving organs such as the heart.
Short time period between tube voltage switches impede 
adequate tube current adjustment, resulting in image noise.
Improving spectral separation is not feasible with filtration.

IQon Spectral CT 
(Philips Healthcare, 
Best, The 
Netherlands)

Perfect alignment of low- and high-energy datasets, 
rendering images less prone to motion artifacts. 
Accurate beam-hardening correction.
Provides conventional and dual-energy datasets with 
one single scan without adjustments of the clinical 
workflow.

Less accurate separation of the different energy levels 
compared to the systems utilizing distinct x-ray tube voltages.
Filtering cannot be applied to improve spectral separation.

Aquilion ONE 
(Toshiba America 
Medical Systems, 
Tustin, CA, USA)

Near to perfect alignment of subsequent low- and 
high-voltage images.
Coverage of the whole heart in the diastole of one 
single heartbeat.

Time difference between the two scans allows for cardiac 
motion to occur.
Contrast material distribution may be different between 
sequential acquisitions, which may hamper cardiac imaging.
Temporal registration is limited because the low and high 
datasets are obtained at two different times.
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