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Abstract

Computed tomography (CT) evolved into a powerful diagnostic tool and it is impossible to 

imagine current clinical practice without CT imaging. Due to its widespread availability, ease of 

clinical application, superb sensitivity for detection of CAD, and non-invasive nature, CT has 

become a valuable tool within the armamentarium of the cardiologist. In the last few years, 

numerous technological advances in CT have occurred—including dual energy CT (DECT), 

spectral CT and CT-based molecular imaging. By harnessing the advances in technology, cardiac 

CT has advanced beyond the mere evaluation of coronary stenosis to an imaging modality tool 

that permits accurate plaque characterization, assessment of myocardial perfusion and even 

probing of molecular processes that are involved in coronary atherosclerosis. Novel innovations in 

CT contrast agents and pre-clinical spectral CT devices have paved the way for CT-based 

molecular imaging.
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INTRODUCTION

Since the advent of 64-detector row computed tomography (CT) in 2005, coronary CT 

angiography (CCTA) has been demonstrated as a promising non-invasive technique for 

evaluation of coronary artery stenosis (1,2). In the last few years, numerous technological 

advances in CT have occurred—including dual energy CT (DECT), spectral CT and CT-

based molecular imaging. Early studies of these methods have been largely promising and 

showed improved cardiac and coronary evaluation. An understanding of these advanced CT 

principles is required to fully appreciate the promise of the applicability of these 

technologies for the evaluation of individuals with cardiac and coronary disease.

The Principles of Dual Energy Computed Tomography

Improvements in CT, while rapid in recent years, are nevertheless constrained by the 

physical principles underlying this technology that are a function of x-ray attenuation 

detected from multiple orientations around an imaged object. From a basic sense, these 

principles are generally two-fold, and include the photoelectric and Compton effects when 

considering x-ray photons within the diagnostic energy range (Figure 1). The former is 

highly dependent on the photon energy level and is related to the atomic number and photon 

energy level, whereas the latter is independent of the photon energy level but rather related 

to material density. For proper grasp of the advances in dual energy and spectral CT, a basic 

understanding of these principles is required.

The photoelectric effect is the ejection of an electron from the innermost shell of an atom 

(K-shell) by a photon with a greater energy than the binding energy of the K-shell. As a 

result, the total energy of any incoming photon is absorbed (Figure 1). The binding energy 

of electrons in the K-shell is material specific and is proportional to the atomic number (Z). 

For a given photon energy, the photoelectric effect scales on a magnitude order of Z3. 

However, this does not imply that an element with Z = 100 yields an 8 times greater 

attenuation than a material with Z = 50. This can be explained by the spike in attenuation 

seen related to a maximal photoelectric effect (the K-edge), this occurs when the photon 

energy levels is just greater than the electron binding energy of the K-shell of an atom. The 

K-edge value varies for each material and is higher with increasing atomic numbers. 

Paradoxically, the photoelectric effect is maximal at K-edge of the absorber and is reduced 

with increasing photon energy levels, inversely proportional to the photon energy cubed 

(1/E3). Therefore, the probability of the photoelectric effect is dependent on both the atomic 

number and the photon energy level according to Z3/E3.

The Compton effect is the collision of photons with valence electrons of the outermost shell 

of an atom. In contrast to the photoelectric effect, the energy of the incoming photon is not 

totally absorbed giving rise to photon scattering (Figure 1). Compton scattering is dependent 

on the density of electrons and since all elements have approximately the same amount of 

electrons per unit mass, the atomic number is of less relevance for the occurrence of 

Compton scattering. Dual-energy CT principles are largely based on the photoelectric effect 

and can be achieved by exploiting the energy dependent attenuation of materials when 

exposed to two different photon energy levels. These physical principles can be exploited 
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for in vivo human imaging, as DECT is based on dissimilar tissue characteristics with 

respect to their energy-dependent x-ray attenuation. Subsequently, DECT enables the 

distinct differentiation between two basis materials (Figure 2). These materials can be 

chosen arbitrarily, as long as their K-edges are sufficiently different (i.e. attenuation 

profiles), such as water and iodine. Any other material with an attenuation spectrum 

different than that of the chosen basis materials will be reflected as a combination of the two 

basis materials (Figure 3). As such, exploiting differences in energy-related attenuation of 

tissues, DECT provides information about tissue composition that is unobtainable with 

conventional single-energy CT (SECT).

The advantage of using different energy x-ray levels for decomposition of tissues has been 

known for a long time and was even mentioned by Hounsfield in his original paper on CT 

four decades ago: “Two pictures are taken of the same slice, one at 100 kV and the other at 

140 kV so that areas of high atomic numbers can be enhanced. Tests carried out to date 

have shown that iodine (Z = 53) can be readily distinguished from calcium (Z = 20) (3).” 

However, this approach at that time was suffering from technological limitations and was 

therefore abandoned.

Dual Energy CT Methods

While SECT imaging is typically performed with polychromatic energy levels of photons 

set to 120 or 140 kVp, energy levels of photons with DECT are typically 80 and 140 kVp for 

the acquisition of low and high-energy dependent tissue attenuation profiles, respectively. 

The exploitation of two polychromatic energy spectra by DECT can be achieved by at least 

3 different methods (Figure 4): 1) two x-ray source and detector pairs with each source 

operating at a different tube voltage; 2) 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 3) an x-ray source operating at constant tube voltage 

with a double-layer detector capable of differentiating between low and high-energy 

photons.

Clinical Applications of Dual-energy CT: Myocardial Perfusion Imaging

As compared to SECT, DECT may allow for better tissue characterization and therefore 

enhanced visualization of myocardial perfusion defects and thus, encourage its use for 

ischemia assessment. Given the unique feature of DECT to allow for differentiation of 

iodine attenuation characteristics when it is exposed to different photon energy levels, 

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

albeit surrogate, marker for perfusion and blood volume (4) (Figure 5). There is an early 

body of evidence showing the clinical feasibility of a DECT myocardial perfusion protocol 

as a supplement to CCTA anatomic evaluation of the coronary arteries (5–7). The majority 

of these investigations have compared DECT to rest-stress SPECT, cardiac MRI (CMR) or 

invasive coronary angiography (ICA) as reference standard (5,7–11). In a small study (n = 

20) by Weininger et al., stress-rest first-pass myocardial perfusion DECT (DEFPCT) 

detected myocardial perfusion defects on CMR with a sensitivity and specificity of 93% and 

99%, respectively (12). Also against a CMR reference standard, Ko and colleagues found 
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that stress-rest DEFPCT could detect reversible perfusion defects with a sensitivity and 

specificity of 89% and 78%, respectively (9). While DEFPCT alone revealed the diagnosis of 

ischemia corresponding to a ≥ 50% stenosis on ICA with a sensitivity of 89% and specificity 

of 76% (9), it is conjectured that a hybrid approach—namely combining DECT perfusion 

with CCTA—may enhance the diagnostic accuracy of physiologic coronary artery disease 

assessment through improvements in specificity (13).

In this regard, three studies have demonstrated the incremental diagnostic value of 

combining DECT myocardial perfusion imaging (MPI) with CCTA (6,10). Ko et al showed 

that the addition of DECT perfusion to CCTA resulted in an improvement of sensitivity, 

specificity, negative predictive value and positive predictive value from 91.8%, 67.7%, 

87.7%, and 73.6% to 93.2%, 85.5%, 91.4% and 88.3%, respectively (6). While Wang and 

colleagues found no differences in sensitivity and negative predictive value (both remained 

100%), they reported specificity to significantly improve from 37.5% to 75% by the 

combination of DECT perfusion imaging with CCTA (10). A recently published study 

confirmed the incremental value of DECT perfusion imaging as an adjunct to CCTA, which 

decreased the number of false-positive CCTA results as reflected by an improvement in both 

specificity and positive predictive value, 56% to 79% and 55% to 71%, respectively. As a 

consequence, the hybrid approach improved accuracy significantly from 69% to 82% (14).

These results suggest that DECT MPI may decrease the number of false-positive CCTAs, 

which is in line with the observations seen for hybrid positron emission tomography and 

SPECT/CCTA studies (15). Despite the notion that combined physiologic-anatomic 

evaluation by DECTP, a study by Wang and colleagues observed a negligible effect of 

DECT MPI when added to CCTA for measures of diagnostic accuracy, with a compromised 

increase in sensitivity from 82% to 90% at the loss of specificity (91% to 86%) (5). 

Similarly, a recently published pilot-study reported DECT MPI to improve accuracy of 

CCTA alone, however, the combination of these two tests resulted in a lower performance 

compared to DECT perfusion imaging alone (16). Several important considerations of 

DECT MPI imaging have been discussed, and require attention for optimization of MPI 

protocols. Among the early studies of DECT MPI, there has been variability of when to 

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

stress is important to perform first to reduce the chance of residual contrast that may 

confound perfusion defects. In contrast, others have argued for a rest-first protocol, 

maintaining the importance of coronary artery evaluation by CCTA as the foremost 

information to be garnered from the study. Pertaining to the latter, rest DECT has been 

reported to allow for detection of perfusion defects not visible at rest SPECT imaging (5,11), 

and suggests it as a possible adjunct to traditional CCTA evaluation. This finding may be 

due to a myriad of reasons, including the higher spatial resolution of CT that may encourage 

the detection of subtle perfusion abnormalities that are not visible on SPECT (5,11,17). 

However, a recent study by Ko and colleagues reported stress DECT MPI to convey a 

higher accuracy for the detection of ischemia compared to rest DECT perfusion imaging 

(14). Despite these early studies that emphasize the potential of DECT to provide 

complementary information on coronary artery disease, DECT MPI may be regarded as 

being in its infancy, with published studies to date limited by small sample sizes, referral 

bias and the lack of a proper reference standard.
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Clinical Applications of Dual-energy CT: Coronary Atherosclerotic Plaque 

Characterization

From prior invasive and pathologic evaluations, several coronary atherosclerotic plaque 

features have been implicated as crucial to the pathogenesis of acute coronary syndromes, 

and include measures of plaque burden, thin cap fibroatheroma, inflammatory infiltration, 

intraplaque hemorrhage, micro calcifications and a necrotic lipid-rich core (18–20). 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 different components of 

non-calcified plaques (e.g., lipid-rich versus fibrous). Several studies showed considerable 

overlap in Hounsfield units between lipid-rich and fibrous-rich non-calcified plaques 

inherent to the spatial resolution of CT and a variable intra-plaque uptake of iodine contrast 

agents (21–23).

It has been posited that DECT may overcome these limitations owing to its capability of 

tissue decomposition, although early results have been mixed. CT-attenuation based 

characterization of non-calcified plaques using DECT has been examined by an ex vivo 

study of 15 human arteries, with discriminatory improvement with DECT over conventional 

SECT (24). In contrast, in a small prospective study of individuals undergoing IVUS and 

CT, DECT had an almost similar sensitivity compared to SECT (45% versus 39%, 

respectively) for necrotic core detection (25). Even when using post-mortem samples 

wherein image quality is not governed by body habitus or motion, DECT misclassified 21% 

of non-calcified plaques (26).

The mixed findings observed to date may be due to an array of issues, including scanning 

protocols as well as DECT image visualization. As indicated above, DECT may allow for 

both monochromatic energy imaging as well as material basis decomposition. To date, the 

exact energy and/or material basis pair that optimize plaque visualization have not been 

systematically evaluated. Future studies will be required to determine the proper methods for 

plaque characterization by this emerging technology.

Minimizing Image Artifacts using Dual-energy CT

Image quality is particularly challenging when it comes to a moving organ such as the heart. 

Sufficient diagnostic image quality is highly dependent on patient’s heart rate. Therefore, 

heart rate control is mandatory when performing CT-based coronary angiography. 

Alternatively, dual-source CT is less susceptible to artifacts as a result of high or irregular 

heart rates due to its high temporal resolution. Scheffel et al demonstrated dual-source CT to 

provide high diagnostic accuracy for the detection of CAD in patients with extensive 

calcifications (50% had an Agatston score > 400) and without heart rate control, a 

population that is often considered challenging for conventional CCTA (27). Additionally, 

in a recent meta-analysis dual-source CT in patients with atrial fibrillation yielded similar 

diagnostic value as standard CCTA in patients with stable and regular heart rates (28). The 

improved performance of dual-source CT in this specific population is attributable to the 

high temporal resolution of dual-source CT (66 – 75 ms) that allows for less motion artifacts 
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to occur (28). Further, the unique features of the DECT dataset allows for the generation of 

virtual monochromatic images, which are analogous to conventional SECT images. Albeit, 

monochromatic images depict a scanned object at a single X-ray energy level, rendering 

these images less susceptible to beam-hardening and blooming artifacts (29–31). Due to the 

polychromatic nature of the x-rays used in conventional CT, imaging of high-density objects 

will result in substantial absorption of lower energy photons giving rise to a shift towards a 

high-energy x-ray beam. This alteration of the photon-energy spectrum leads to distortions 

in the reconstructed image of high-attenuation tissue or objects such as, amongst others, 

coronary stents, high concentrated contrast and/or calcium. Indeed, coronary calcifications 

and metal artifacts from coronary stents are known for hampering the diagnostic value of 

CT-based coronary artery imaging. Interestingly, monochromatic images at high-energy 

levels suffer less from blooming and beam-hardening artifacts. Therefore, analyzing mono-

energetic high-energy images carries with it the potential to reduce these artifacts (32). It has 

been demonstrated that calcium blooming and beam-hardening artifacts that impair accurate 

delineation of stenosis degree are significantly reduced at high-energy levels using phantom 

models (33,34). Another phantom study showed improved enhancement of coronary stent 

lumen, beyond that achieved with traditional CT, using DECT technology based on a dual-

layer detector (33). A recently published feasibility study performed in 21 patients, revealed 

that single-source DECT (rapid kV switching) with monochromatic image reconstructions 

below 80 keV were associated with an increase in stent-related blooming artifacts, causing 

an underestimation of stent diameter (35). Similarly, Secchi et al evaluated artifact size in 35 

patients and reported substantial reductions of high-attenuation artifacts, resulting from 

metal artifacts (coronary stents, bypass clips, and sternal wires) and concentrated contrast in 

the vena cava, by using monochromatic images at high energy levels (36). With stress 

myocardial perfusion CT, beam-hardening arising from high-density iodinated contrast 

hampers accurate assessment of myocardial perfusion. Studies using ex vivo hearts and 

phantom models demonstrated improved detection of myocardial perfusion defects by 

reduction of beam-hardening artifacts mimicking perfusion deficits using fast-switching kVp 

DECT technology (37,38). A clinical study by So et al showed rapid kV-switching 

projection-based DECT to improve ischemia detection by elimination of beam-hardening 

artifacts (4). Notably, DECT data obtained with a rapid kV-switching DECT device allows 

for the generation of monochromatic images from projection-space, theoretically providing a 

more sophisticated beam-hardening correction over the image-based method (38–40). 

However, clinical studies on this topic are currently lacking.

Radiation Dose Aspects of Dual-energy CT

Despite the fact that cardiac CT provides invaluable information regarding diagnosis and 

patient management of patients evaluated for CAD, the exposure to ionizing radiation is of 

concern with CT-based imaging. In recent years, substantial reductions in radiation dose 

have been achieved with the implementation of ECG-guided tube modulation, prospective-

ECG gated imaging (step-and-shoot mode), and body-mass-index based tube voltage 

reductions. As a consequence, dose reductions by more than 60%, and even 90% in some 

studies, have been achieved without a sacrifice in both image quality and diagnostic 

performance (41–44). Nevertheless, the question rises whether cardiac imaging using dual-
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energy CT comes with a radiation dose penalty as compared to SECT. In an early small 

clinical study, dual-source CT in single-energy mode (4.54 ± 1.87 mSv) and DECT (9.8 ± 

4.77) were shown to deliver less radiation than regular 16–slice multi-detector CCTA (12 ± 

3.59 mSv) in a routine clinical setting in patients with low and stable heart rates (45). 

Halliburton and colleagues compared in a clinical setting dual-source and 32-slice CT with 

regard to radiation exposure, and they showed no difference in radiation doses for coronary 

imaging between the two modalities (46). Similarly, in a head-to-head prospective 

randomized clinical trial evaluating 102 patients, DECT based on rapid-kV-switching 

enabled coronary CTA examinations at dosage levels comparable with contemporary multi-

detector CCTA, 2.31 vs. 2.23 mSv, respectively (47). Although no study has evaluated the 

radiation dose of DECT devices based on double-layer technology for cardiac imaging, 

presumably these devices will produce similar radiation doses overall to single-energy CT, 

since there is no double irradiation of tissue to obtain low and high-energy datasets. 

However, these data are acquired at 140 kVp, which is a high tube potential for most cardiac 

imaging. Arguably, lowering tube current will balance the effects of high tube voltage 

imaging without impacting spectral separation, but data are to date lacking.

Radiation dose in cardiac CT is closely related to the pitch value, whereby a pitch value < 1 

implies overlapping image slices (table movement is less than one detector width during one 

gantry rotation) and a pitch greater than 1 indicates gaps between radiation beams. 

Interestingly, dual-source CT systems have enabled the implementation of high-pitch spiral 

acquisition protocols with pitch values of 3.0 and higher, avoiding overlapping radiation 

exposure, allowing for shorter scan times, and thus reducing effective radiation dose (48–

50). Notably, high-pitch spiral acquisition are only possible with dual-source CT owing to 

its unique geometry of a dual-source detector pair providing, amongst others, a high 

temporal resolution by utilizing only a quarter of the gantry rotation time to obtain one 

cross-sectional image. The tube-detector pair allows for fast table movement, whereby 

image gaps in the trajectory of the first detector are covered by the second detector. As such, 

the dual-source high-pitch mode allows coverage of the entire heart in the diastolic phase of 

one cardiac cycle, which is referred to as prospective ECG-gated spiral scanning. This 

approach has markedly reduced radiation doses to sub-millisievert fractions, albeit in single-

energy mode (48–56). Clinical feasibility studies investigated the diagnostic accuracy of 

high-pitch protocols and found that CT-based coronary angiography could be performed 

with effective radiation doses averaging 1 mSv, without a penalty in terms of diagnostic 

accuracy and image quality (48–56). Although high-pitch scanning holds great promise, a 

drawback of this mode is that the image data of the entire heart needs to be acquired during 

the diastasis of one heartbeat. Consequently, with the second-generation dual-source devices 

(acquisition speed 458 mm/s and temporal resolution of 75 ms at a gantry rotation time of 

282 ms) coverage of the entire heart (≈ 12 cm) requires typically 250 ms. Therefore, the 

high-pitch mode is only restricted to patients with a low (< 65 bpm) and regular hear rate in 

order to match the required long image acquisition window (48–52,55). Recently, pilot-

studies demonstrated the feasibility of high-pitch coronary examinations using third 

generation dual-source CT devices (acquisition speed 737 mm/s and a temporal resolution 

66 ms owing to a gantry rotation time of 250 ms) to obtain good quality images at heart rates 

up to 75 bpm with sub-millisievert radiation dose (53,56).
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Notably, the achieved sub-millisievert radiation doses were achieved via a combination of 

multiple dose saving strategies such as prospective ECG-triggering, low tube voltages and 

iterative image reconstructions. The increased image noise resulting from low voltage 

imaging is offset by the application of iterative reconstruction techniques (54,57,58). These 

novel reconstruction algorithms have reduced image noise derived from low-photon 

counting, while increasing image quality. A recently published small-scaled clinical study of 

26 patients, revealed effective radiation doses to be 0.3 mSv using a third generation dual-

source device capable of producing a high tube current at a tube voltage of 70 kVp without a 

sacrifice in image quality, albeit in a selected body weight population (<100 kg) with low 

heart rates (54). Similarly, Schuhbaeck and colleagues managed to reduce effective radiation 

dose below 0.1 mSv in 21 patients using a high-pitch spiral acquisition mode with low tube 

voltage (80 kVp) in conjunction with low tube voltage and iterative image reconstruction 

(57). In addition, diagnostic performance of sub-millisievert CCTA examinations is high, 

using ICA as a reference, despite the low radiation dose delivered to patients (59). By 

harnessing the advantages of dual-source CT devices combined with low voltage imaging 

and iterative image reconstructions, radiation dose of a coronary CT study is only a fraction 

of 1 mSv, which is comparable to the dose of a mammogram (0.4 mSv).

Another application of DECT for further radiation dose reduction is the generation of virtual 

unenhanced (VUE) images through the utilization of post-imaging reconstructions that are 

unique to DECT. These VUE images are generated from contrast-enhanced scans by virtual 

iodine subtraction using three-material decomposition algorithms and may replace true 

contrast-enhanced scans (60,61). Subsequently, coronary artery calcium (CAC) scoring and 

a standard contrast CCTA can all be gleaned from one single scan, obviating the need for a 

separate non-contrast CAC-scoring CT. In this way, scan acquisition time, costs and 

radiation to the patient may be decreased. Several studies already 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. Yamada et al revealed that DECT 

coronary angiography using VUE for calcium scoring resulted in a 20% dose reduction 

compared to conventional CCTA with a prior separate non-contrast CAC scan (62), 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 coronary calcium deposits (63). 

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.

Iodinated-contrast Dose Requirements

Contrast-enhanced CT imaging bears the risk of inducing an acute deterioration in renal 

function, particularly in patients with pre-existing kidney disease. Although the incidence of 

contrast-induced nephropathy is low, it is associated with significant morbidity and even 

death (64). However, lowering contrast volume comes at the cost of lower image quality due 

to impaired contrast-to-noise and signal-to-noise (65). Nonetheless, previous studies 

observed increased conspicuity of iodine-based contrast agents achieved with low tube 

voltage, while facilitating reduction of iodine load and radiation dose (30,66,67). In a recent 

study, Scheske et al reported improved signal-to-noise and contrast-to-noise ratios in both 
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the myocardium and coronary arteries with low-energy monochromatic imaging as 

compared with polychromatic CT (29). Therefore, an optimal difference in contrast 

attenuation between normally perfused myocardium (high attenuation) and ischemic 

myocardium is anticipated with low-energy monochromatic imaging, considering the low K-

edge of iodine. In a prospective randomized clinical study of 102 patients, Raju et al 

evaluated the feasibility of DECT associated with reduced iodine load, and they found that 

monochromatic images at 60 keV provided signal- and contrast-to-noise ratios comparable 

to SECT coronary angiography with full iodine load, while preserving diagnostic 

interpretability (47). Interestingly, this was accomplished despite a more than 50% reduction 

in iodine load for CT angiography with DECT. Similarly, a recently published study 

revealed that monochromatic images at 50–60 keV allow for a iodine volume reduction up 

to 60% without compromising image quality as reflected by similar contrast- and signal-to-

noise ratios as those obtained with standard CCTA using full iodine load (68).

CT-based Molecular Imaging: Nanoparticle Contrast Agents

Iodinated contrast and barium suspensions are currently the only approved CT contrast 

agents, and are employed for their ability to enhance visualization by increased attenuation 

of x-ray photons. Recently, nanoparticle contrast agents—tiny particles within the range of 1 

to 100 nm—have received considerable interest (Figure 6). Several of these nanoparticles 

have been approved for therapeutic and diagnostic applications in the field of oncology 

(69,70). This is due to a number of reasons, including longer circulatory half-lives obviating 

the need for repeated injections, and modifiable properties that offer tissue specificity (71–

76).

One of the nanoparticle CT contrast agents with promising preliminary results is compound 

N1177. This is a suspension composed of crystalline iodinated particles dispersed with 

surfactant and has high affinity for activated macrophages (77). Upon injection, increased 

densities of N1177 contrast are detectable in atherosclerotic plaques that correspond to 

macrophage infiltration in post-mortem samples (77). Referenced against a histopathologic 

reference standard, N1177 demonstrates high affinity to aortic atherosclerosis in animal 

models, and high correlation to FDG-uptake, a known surrogate marker for macrophage 

density (78). In a related study by Cormode et al, a gold-core high-density lipoprotein 

particle targeted at macrophages was found to accumulate in atherosclerotic plaques in aorta 

walls of a mouse model as detected by microCT (76). Rabin and colleagues developed a 

long circulating bismuth sulphide nanoparticle agent for CT (79). X-ray absorption was 

fivefold better than iodine, circulation times were longer than 2 hours in vivo and the 

efficacy and safety profile was comparable or better than iodinated contrast agents (79). Pan 

et al evaluated another heavy metal called Ytterbium, which was developed to complement 

spectral CT (80). The specific goal of these particles would be detection of non-occlusive 

micro thrombus associated ruptured plaques within the coronary arteries. It is notable to 

mention, however, that these encouraging findings have been validated in animal studies 

alone, with human evaluation currently lacking.
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Spectral CT imaging

Similar to DECT, spectral CT—often referred to as “multicolor CT”—exploits the energy 

dependent attenuation of x-ray photons, and may be coupled to nanoparticles to potentially 

offer improved atherosclerosis evaluation. In contrast to DECT, which is performed with 

only two photon energy levels, spectral CT utilizes multiple energy levels to provide more 

detailed tissue information based upon their behavior at different x-ray spectra (information 

that is disguised by the usage of only two x-ray spectra). The principle of spectral CT relies 

on an energy sensitive photon counting detector that enables differentiation of photons from 

multiple energy levels. In this configuration, when a photon collides with an x-ray detector, 

a current pulse is generated proportional to the energy of the detected x-ray photon. 

Subsequently, the detected photon is allocated to energy bins representing several electron 

voltage intervals. A specific element can be more easily detected with the limits of the bins 

placed at the K-edge of the material of interest. As such, simultaneous sampling of multiple 

photon energy levels allows for a more sophisticated characterization of tissues based on K-

edge behavior of multiple materials. To date, only pre-clinical data based on phantom 

models and post-mortem samples are available on coronary plaque imaging using photon-

counting CT devices. Nevertheless, this technique holds great potential allowing for the 

precise detection and quantification of contrast agents and enables its extraction and 

separation from tissue components (81). Different approaches for spectral CT are being 

developed. One of those is the MARS CT scanner that incorporates a MARS camera with a 

Medipix3 spectroscopic photon counting detector (82). A single polychromatic x-ray tube is 

used in this system with an energy discriminating photon counting detector with selectable 

thresholds (83). So far, these scanners are used in the pre-clinical setting. DxRay developed 

another photon counting detector that was evaluated on a LightSpeed VCT scanner (GE 

Healthcare, Waukesha, WI, USA). This detector is based on cadmium telluride and 

cadmium zinc telluride arrays (84). In vivo patient CT images were acquired and the spectral 

technique was used to remove calcium from the images, resulting in a good image quality 

(84). Siemens Healthcare developed another approach, a prototype scanner with a photon 

counting technique implemented in the context of a clinical CT system (85). This prototype 

system is equipped with both a cadmium telluride photon counting detector and a 

conventional detector from a clinical CT scanner. Using both approaches allows for direct 

comparison of image quality between photon counting and conventional detectors. A chess 

pattern configuration for energy level thresholds enables a virtual number of four energy 

bins. Image acquisition of an anatomical phantom demonstrated increased Iodine contrast 

allowing for a potential radiation dose reduction up to 32%. Finally, Philips Healthcare 

developed a preclinical spectral CT scanner (86). This animal CT system is equipped with a 

single-line photon counting cadmium telluride array that allows for measurements of six 

energy bins (87). Feuerlein and colleagues reported that this preclinical spectral CT system 

improved coronary luminal depiction by effectively isolating gadolinium agents from 

contrast-free calcified plaques and stent material using a phantom model (87). A recently 

published study by Boussel et al is the first study, albeit in vitro, about human coronary 

plaque analysis with the preclinical photon counting spectral CT system (88). They reported 

promising results regarding its capability to differentiate distinct coronary plaque 

components based on differences in spectral attenuation and iodine-based contrast 
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concentrations. Of note, the absorption of low-energy photons by the human body renders 

the use of K-edge imaging with iodine challenging given its low K-edge energy of 33.2 keV. 

Therefore, to harness the full benefits of K-edge imaging using photon-counting CT, 

contrast materials with higher K-edges such as gadolinium (50.2 keV), gold (80.6 keV), and 

bismuth (90.5 keV), are preferable (Figure 7). However, the potential toxicity of these 

agents limits their use in humans. Nevertheless, the potential application of gold-based 

targeted nanoparticles in combination with spectral CT to improve tissue differentiation at 

the cellular level, albeit in phantom and animal models, has been explored. In a phantom 

study, Cormode and colleagues demonstrated the feasibility and accuracy of the preclinical 

spectral CT scanner to simultaneously distinguish between iodine and gold-based contrast 

agents, tissue and calcifications (75). In addition, the authors showed in an animal model the 

potential of this preclinical spectral CT system for imaging intra-plaque inflammation using 

targeted gold-labeled high-density lipoproteins targeting activated macrophages (75). These 

preliminary results illustrate the potential of CT based molecular imaging using spectral CT 

in conjunction with nanoparticle contrast agents, to provide valuable information on 

coronary atherosclerosis anatomy while providing important physiologic data at molecular 

and cellular level.

Conclusion

In recent years, there have been rapid advances in cardiac CT technology, with progression 

of conventional SECT to DECT, spectral CT and CT-based molecular imaging. Initial 

studies of these technologies have been promising, and suggest their potential for improved 

cardiac and coronary atherosclerosis evaluation.
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Figure 1. Schematic illustration of the photoelectric (A) and Compton (B) effect
Photoelectric effect (A): An incoming photon collides with an electron and its energy is 

totally absorbed. If the kinetic energy of the photon is greater than the binding energy of the 

electron this will result in its ejection out of the K-shell (innermost shell of an atom). An 

electron from another layer moves to occupy the vacancy left in the inner layer by the 

ejected electron. This transition is accompanied by the release of x-ray photons.

Compton effect (B): This is a radiation scattering event, whereby the incoming x-ray photon 

ejects an electron from the outermost shell of an atom and is scattered. Due to its loss of 

kinetic energy, the wavelength of the incoming photon becomes longer and the photon can 

become red shifted (red light has the longest wavelength).
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Figure 2. Mass-attenuation coefficients for iodine (red), calcium (green), and water (blue) at 
different photon energies
Please note the attenuation peak of iodine (Z=53) at 33 keV. This peak represents the k-edge 

of iodine.
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Figure 3. Linear attenuation coefficients of materials X and Y
With dual-energy computed tomography, unknown materials are reflected as a composition 

of basis materials X and Y.

Danad et al. Page 20

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Schematic illustration of four different approaches for obtaining dual-energy 
information (Courtesy of Philips Healthcare, Best, The Netherlands)
(A) Dual source-detector pairs with each source operating at a different tube voltage. Each 

x-ray source covers a different scan field. (B) Single source-detector pair with the source 

capable of rapid voltage switching 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 (upper layer) and high-energy photons (bottom layer) with the source operating 

at constant tube voltage. (D) Single source detector pair with tube voltage switching 

between sequential gantry rotations.
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Figure 5. A 77-year old woman with hypertension, hypercholesterolemia, and atypical angina 
chest pain
(A) Curved MPR of the left anterior descending artery shows a calcified plaque with 

significant stenosis. (B–D) Both assessment of CT perfusion (B) myocardial blood flow map 

(C) revealed an anterior perfusion defect (arrow, B and C), which was confirmed by SPECT 

(arrow, D).
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Figure 6. A gold based nanoparticle and spectral CT for atherosclerotic plaque composition
(A) Structure of a CT gold-high-density-lipoprotein (HDL) nanoparticle contrast agent 

targeted at macrophages. (B) Spectral CT image of a phantom model of an artery using gold 

nanoparticles. Adapted from Cormode et al (reference 43) with permission of the publisher. 

Copyright © 2010, Radiological Society of North America.
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Figure 7. Mass-attenuation coefficients for iodine (red), gadolinium (black), gold (yellow), and 
bismuth (green) at different photon energies
The lower energy photons of the spectrum are almost totally absorbed by surrounding 

tissues, rendering K-edge imaging using iodine contrast agents a challenging task.
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