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C. Roberts, MS2, Zhen J. Wang, MD1, Margaret J. Wong, MD, M.eng.1, and Peter J. 
Bonitatibus Jr., PhD2

1Department of Radiology and Biomedical Imaging, University of California San Francisco, 505 
Parnassus Ave, San Francisco, CA 94143-0628

2General Electric Global Research, One Research Circle, Niskayuna, New York 12309

3GE Healthcare Life Sciences, The Grove Centre, White Lion Road, Amersham, 
Buckinghamshire, United Kingdom HP7 9LL

Abstract

The introduction of spectral CT imaging in the form of fast clinical dual-energy CT enabled 

contrast material to be differentiated from other radiodense materials, improved lesion detection in 

contrast-enhanced scans, and changed the way that existing iodine and barium contrast materials 

are used in clinical practice. More profoundly, spectral CT can differentiate between individual 

contrast materials that have different reporter elements such that high-resolution CT imaging of 

multiple contrast agents can be obtained in a single pass of the CT scanner. These spectral CT 

capabilities would be even more impactful with the development of contrast materials designed to 

complement the existing clinical iodine- and barium-based agents. New biocompatible high-

atomic number contrast materials with different biodistribution and X-ray attenuation properties 

than existing agents will expand the diagnostic power of spectral CT imaging without penalties in 

radiation dose or scan time.

Graphical Abstract

Conventional CT (A, in rabbit) with intravascular and enteric contrast material provides high-

resolution depiction of anatomy, but the two contrast materials are indistinguishable except by 

anatomic context. Modern dual-energy CT (DECT) can improve the conspicuity of contrast 

agents, but since only iodinated and barium-based agents are clinically available, the enteric and 

intravascular agents cannot be distinguished from each other, even with DECT. If contrast 

materials with non-iodine/non-barium reporter atoms are developed, then material decomposition 

of DECT scans simultaneously enhanced with currently available and the new materials (B, in 
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rabbit) could allow each contrast agent to be differentiated without added radiation dose. In this 

example case, bismuth enteric contrast material is color coded in green, vascular iodinated contrast 

is red, and soft tissues are blue.

Keywords

dual energy CT; CT contrast material; X-ray contrast material; heavy metal contrast material; 
spectral CT

1. Introduction

Computed tomography (CT) provides high-resolution anatomic diagnoses for a broad range 

of disease such that over 85 million CT scans are performed annually in the USA[1] alone, 

and approximately half of these are performed using intravenous (IV) injected contrast 

agents. The development of safe radiopaque contrast materials for CT imaging 

revolutionized the value of this imaging modality for highlighting internal organ lesions and 

vascular anatomy. Contrast-enhanced CT imaging was quickly adopted as the first-line test 

for a wide range of critical clinical decisions. As examples, contrast-enhanced CT is 

essential for patient triage in the emergency setting [2], and also for accurate high-resolution 

anatomic staging and treatment monitoring of cancer [3], systemic diseases, and vascular 

disease [4, 5], among others.

Despite the undisputed benefit of contrast material for most clinical CT scanning 

indications, no substantively new CT contrast material has been approved for clinical use in 

two decades. Although novel radiodense contrast agents have been proposed in the past 

decades, the golden age of CT contrast material development appears to have passed. The 

pace of approvals for CT contrast materials now lags far behind that of radiolabelled agents 

for positron emission tomography (PET) and single-photon emission computed tomography 

(SPECT), magnetic agents for magnetic resonance imaging (MR, MRI), and ultrasound 

(US) contrast agents. The clinical CT contrast agents we use today are all based on tri-

iodinated benzene rings (Fig. 1) or colloidal or micronized barium sulfate, and were largely 

developed in the prior century for general X-ray imaging for fluoroscopic and angiographic 

use. These agents gained substantially more value when they were adopted for use in CT, 

which has roughly 40 times the sensitivity of fluoroscopic imaging for radiodense contrast 

material and provides cross-sectional display of anatomy. Rapid improvements in CT 

scanner speed, spatial resolution, and radiation dose reduction further expanded the ability of 

contrast agents to depict lesions in individual organs and the associated blood vessels.

The value of iodinated and barium-based agents was subsequently improved in several ways. 

Better understanding of contrast material pharmacokinetics[6–10] allowed physicians to 
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adjust contrast injection rates and CT imaging scan delays to improve the conspicuity of 

various pathologies. Refinements in the hydrophilic substituents and structure of iodinated 

agents[11] improved their clinical safety and patient tolerance [12]. However, the 

fundamental chemical structures of the contrast agents – the tri-iodinated benzene ring and 

the barium sulfate particle – remained unchanged.

Recently, a fundamental shift in CT technology occurred with the introduction of dual-

energy CT (DECT) into every day clinical CT scanners. This groundbreaking technology is 

FDA approved and every major CT scanner manufacturer now sells clinical scanners with 

the ability to image objects with two X-ray energy spectra. DECT and photon-counting, 

energy-discriminating (PCED) CT are two major types of “spectral” CT, in which the 

unique, energy-dependent attenuating characteristics of materials can provide new 

diagnostic information[13]. The most-published benefits of spectral CT are reduced image 

artifacts [14–16], differentiation between tissue compositions [17], and improved detection 

and quantification of iodine- and barium-based contrast material concentrations [3] with a 

single pass of the CT scanner. The medical community is gradually embracing DECT for 

these benefits.

A key to unlocking the capabilities of clinical spectral CT lies in the introduction of new 

contrast agents designed specifically for these emerging diagnostic imaging technologies. 

DECT, and future generations of spectral CT scanners, provide the ability to not only detect 

a given reporter element such as iodine [4], but also to distinguish between different reporter 

elements when multiple contrast agents with different reporter elements are delivered 

simultaneously or near-simultaneously into the body [18–22]. Our review will cover the 

basics of DECT and PCED CT technology and the rapidly changing understanding of 

contrast material usage with DECT, summarize published research on non-iodinated and 

non-barium agents that could become profoundly useful in the new age of spectral CT, and 

explore patient-safety challenges that new CT contrast agent development will face.

2. CT technology

2.1. Basics of CT and spectral CT

All CT systems in clinical use today include one or two X-ray source(s) and X-ray 

detector(s) positioned on a rotating gantry. The X-ray source is activated during rotation of 

the gantry, and X-ray transmission measurements are collected by the detector at multiple 

view angles around the scanned anatomical section. The measured data are used to 

reconstruct cross-sectional images of the scanned anatomy. State-of-the-art CT systems 

perform a complete rotation of the gantry in 0.25 – 2.0 s, provide 4 – 16 cm of axial 

coverage (Z-coverage; longitudinal coverage on the patient) per gantry rotation, and acquire 

~1000 angular views (projections) of the anatomy during each rotation.

X rays are produced by a large vacuum tube with a rotating tungsten anode. The X-ray 

energy spectrum that is produced includes a continuum of X-ray energies with a maximum 

energy (keV) that corresponds to the peak operating voltage (kVp) of the X-ray tube 

(typically from 80 kVp to 140 kVp), and a minimum energy of approximately 30–40 keV 

(Fig. 2). The lower energies are typically filtered out before reaching the patient, because 
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they would not penetrate the patient and thus would contribute to patient radiation dose 

without contributing to image quality[23]. We emphasize the distinction between the terms 

“kVp” and “keV”, as both units are common in CT imaging terminology. The integral of the 

individual photons is termed the X-ray photon fluence; similarly, the integral of the energies 

of all photons in the spectrum is the energy fluence. The photon fluence determines the 

quantum noise in the CT image (the second important noise source in CT images is 

electronic noise from the X-ray detector). The energy fluence, in combination with the 

energy-dependent attenuation of the materials in the patient, determines the CT image 

contrast as well as the radiation dose to the patient. Typical clinical CT X-ray spectra were 

estimated using XPECT software[24] and are shown in Fig. 3A, and are plotted in terms of 

energy fluence. These curves were produced by simulation using typical CT system 

parameters and a typical patient diameter; however, the same X-ray tube current (mA) was 

used to simulate the spectra at each kVp. Clearly, the higher kVp spectra produce 

dramatically more energy (per mA) than the lower-kVp spectra; therefore, it is critical for 

the radiologist to carefully adjust both kVp and mA in order to use the lowest radiation dose 

that is required to obtain the necessary diagnostic information, in light of the patient size and 

clinical task. When evaluating CT system performance at different kVp and using different 

contrast materials, it is often convenient to normalize the spectra to equal integrated energy; 

Fig. 4A are the same data as Fig. 3A, but normalized.

During imaging, X-rays are attenuated by the tissue along the paths from the X-ray source to 

each picture element (pixel) in the X-ray detector. The attenuation depends on the mass 

attenuation coefficient[25] (MAC; μ/ρ cm2/g) and the density (ρ g/cm3) of all materials on 

that path, and the path lengths through each material. The MAC of each material is the linear 

attenuation coefficient (LAC; μ; cm−1) per unit density. The MAC is unique for each 

material and is a function of energy. The MAC decreases monotonically with increasing 

energy unless the material contains an element with a K-edge within the X-ray spectrum. 

(The K-edge refers to the minimum energy required to liberate a K-shell electron from the 

atom.) Typically, no such K-edges are present within biological tissues for the diagnostic 

imaging X-ray spectra (40 to 140 keV). The K-edge energies for iodine (I), barium (Ba), and 

gadolinium (Gd) are 33 keV, 37 keV, and 50 keV respectively[26] and are near the low end 

of X-ray spectra used for clinical CT. However, some proposed contrast agent elements have 

K-edge energies well within clinically-used X-ray spectra; we will discuss these later. Fig. 

3B shows the MACs for three elements that are reasonable to consider for use in CT contrast 

agents from a cost and availability perspective; these are chosen for illustrative purposes 

because their K-edges span the range of the clinical spectra.

As X-rays pass through the patient, they are attenuated according to the Beer-Lambert Law:

which can be re-written as
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where IT is the intensity of the X-rays transmitted through the patient, IA is the attenuated 

intensity (not transmitted through the patient), I0 is the incident intensity, μ is the LAC of the 

material, and I is the path length through that material. Note that IA, I0, and μ are energy 

dependent. The Beer-Lambert Law applies to each discrete energy, and the total attenuation 

obtained with a polychromatic energy source as is used with clinical CT is the integral over 

energy. For simplicity, we have omitted the notation (E) from these quantities in the above 

and subsequent equations. To best understand how a particular X-ray spectrum interacts with 

a certain material, it is important to appreciate that the material’s attenuation is an 

exponential function of its attenuation coefficient. We can more directly evaluate the 

attenuation of a material if we calculate an attenuation factor

where F is the attenuation factor, μ/ρ is the MAC, ρ is the material’s density, and I is the path 

length through the material. For purposes of illustration, in Fig. 4B, we have plotted this 

attenuation factor for the materials shown in Fig. 3B, using ρ = 0.01 g/cm (approximating a 

contrast agent’s clinically-relevant active element concentration of 10 mg/mL) and I = 2 cm 

(approximating a large vessel).

With the curves of Fig. 4A and Fig. 4B, we can appreciate the attenuation of specific spectra 

by selected materials, by direct multiplication. Fig. 4C and Fig. 4D are examples using the 

80 kVp and 140 kVp spectra, respectively. Fig. 4E shows the CT image contrast that results 

from the effects illustrated in Figures 4C and 4D. Because iodine’s k-edge energy is well 

below the mean energy of both spectra shown in Figs 4C and 4D, the image contrast 

produced by iodine when using a 140-kVp tube potential is substantially reduced (by 

approximately half) compared with that obtained when using 80 kVp. Due to the effects of 

bismuth’s L-edge when using 80-kVp tube potential and its kedge when using 140 kVp, 

bismuth has somewhat similar image contrast at these tube potentials, but does exhibit 

approximately 13% lower image contrast when using 140 kVp versus 80 kVp. Tantalum 

produces nearly equal image contrast at these two tube potentials because its k-edge energy 

occurs at 67 keV, which is near the center of the clinically-relevant X-ray energy range.

To date, all commercial CT systems use energy-integrating X-ray detector technology: the 

detected signal is the integral of the energy converted from detected photons at all X-ray 

energies. Within the detector, a scintillator converts X-ray energy to visible light energy, 

which illuminates a photo-diode to generate an electric charge, which is digitized. Using the 

measured projection data, the LAC of the material within each volumetric picture element 

(voxel) in the imaged anatomy is reconstructed. The numerical values assigned to each voxel 

in CT images are referred to as CT numbers, in Hounsfield Units (HU), and are defined as 

the LAC of the material in the voxel, normalized to the LACs of water and air (as calibrated 

on that system), such that air is assigned a CT number of −1000 HU and water assigned 0 

HU[27]:
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The underlying principle of DECT involves exploiting the unique relative differences in X-

ray attenuation of individual materials when imaged at low versus high X-ray tube voltages, 

as a means to distinguish between materials in CT images. This is different from 

conventional single-energy CT (SECT), which provides images based on the X-ray 

attenuation at one X-ray tube voltage, and as such is unable to distinguish between different 

materials that are present – only the effective LAC can be estimated; this cannot be separated 

into the LACs of specific constituents that may be present in a given voxel.

This concept of dual-energy CT for material characterization was realized early in the 

development of CT. In fact, Godfrey Hounsfield described the use of dual-energy CT to 

distinguish iodine from calcium in the original paper describing CT[28]. Soon after this 

initial description of CT several potential applications were outlined[29–33], and clinical 

application of DECT was initially reported in 1978[34]. Since early CT scanners required 

substantial time between acquisition of imaging data using different tube potentials, DECT 

imaging of contrast material which may change rapidly in distribution after injection was not 

feasible. As such, initial clinical dual-energy applications focused on unenhanced scans, 

such as to quantify bone mineral density[35], liver iron content[36, 37] or to characterize the 

mineral composition of unenhanced tissues[38]. However, unlike single-energy CT 

applications, none of the early DECT applications gained widespread use, likely due to the 

limit of added diagnostic value of quantitative tissue composition characterization compared 

to the rich anatomic data that is provided by simple single-energy CT, particularly with 

contrast material enhancement; the cumbersome approach to DECT which required 

substantial manual effort to make computations; and the poor image co-registration of the 

low- and high-kVp images.

Modern clinical DECT scanning overcomes the early limitations by providing rapid 

sequential or simultaneous acquisition of CT datasets that represent the attenuation 

associated with two different X-ray spectra, one with a lower mean photon energy (usually 

obtained by operating at 80 kVp) and one spectrum with a high mean energy (usually 

obtained by operating at 140 kVp). The datasets are then compared through automated or 

semi-automated post-processing algorithms to generate material-specific images. In DECT, 

an additional X-ray filter is sometimes used to tailor the high-kVp spectrum in order to 

provide improved separation between the two spectra.

To understand the physics that enable DECT, we must consider the MAC in more depth. For 

a more complete resource on x-ray interaction physics, we refer the reader to Beutel, Jacob, 

Harold L. Kundel, and Richard L. Van Metter. “Handbook of Medical Imaging, volume 1: 

Physics and Psychophysics.” (2000). Chapter 1 pp 17–57 [39], from which the following 

paragraphs are summarized. The MAC of a material depends on its physical density, due to 

Compton scattering, and on its effective atomic number, due to the photoelectric effect. 

Compton scattering is an inelastic scattering phenomenon whereby a photon interacts with 

and displaces an outer shell electron, losing energy and being deflected in the process. The 
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probability of this interaction depends on the electron density of a material, which is 

dependent on its physical density but independent of its atomic number (Z). Compton 

scattering is largely independent of X-ray energy over the diagnostic energy range, which is 

approximately 40–140 keV.

On the other hand, the photoelectric effect is an inner electron (K or L)-shell interaction, 

whereby an incident X-ray photon is completely absorbed, and a photo-electron is ejected. 

For this effect to occur for a K-shell electron, the incident photon requires energy greater 

than or equal to the discrete binding energy of the K-shell electron. This binding energy is 

characteristic for each element, and results in a step increase in X-ray attenuation at the so-

called K-edge energy, at or above which photons can be absorbed by the K-shell. K-edge 

energies are expressed in keV, and have a large effect on attenuation, particularly for 

elements with high atomic numbers. This is the case for current elements used in CT 

contrast agents, whose K-edge energies are just below the typical CT spectrum. In addition 

to providing high image contrast at SECT, this dependency can be harnessed for use at 

DECT. For instance, the K-edge energy of iodine is 33 keV, nearer to the mean photon 

energy of the low-kVp spectrum (~56 keV) than that of the high-kVp spectrum (~76 keV) 

[40]. This results in a large attenuation in the low-kVp image, and a much lower attenuation 

in the high-kVp image. The difference is sufficient in the case of iodine to produce a nearly 

two-fold difference in CT number at DECT[41]. As a second example, the K-edge of 

tantalum is 67 keV, near the mean photon energy of the high-kVp X-ray spectrum. This 

increases the attenuation in the high-kVp image, and when combined with the other photon 

interactions, results in a similar CT numbers at low- and high-kVp images[42]. The relative 

difference in low- to high-kVp CT number ratios allow for the contribution of two different 

materials to be determined at DECT material decomposition post-processing[19, 43].

By using the LACs of selected materials in the CT image processing software, both CT 

numbers and material concentrations can be assigned to the reconstructed data. The greater 

the difference in LAC profiles between two materials, the higher the fidelity of these 

material-specific images, and the more accurate the separation at DECT[42]. Contrast 

materials with a greater difference in LAC profile compared to those of soft tissue or bone 

are more readily differentiated from tissue or bone, respectively, than contrast materials with 

an LAC profile closer to those of soft tissue or bone.

A complementary capability of DECT is the reduction of artifacts such as beam-hardening 

artifacts. Beam hardening is a phenomenon where low-energy photons are attenuated to a 

greater extent than are higher-energy photons as the X-ray beam traverses the imaged 

object[44]. This preferential loss of lower-energy photons increases the mean photon energy 

of the spectrum (“hardening” the beam), particularly for thick portions of anatomy or when 

highly-attenuating material is imaged. The hardened X-ray spectrum results in lower-than-

expected CT numbers, which reduces the accuracy of quantitative measurements. The effect 

is more pronounced in larger patient sizes since the X-ray spectrum is more highly 

attenuated when it traverses longer path lengths[45]. Interestingly, since beam hardening 

occurs for all materials roughly proportionally, beam-hardening artifacts do not substantially 

affect material decomposition at DECT. Also, since beam hardening is an energy-dependent 

phenomenon that can be modeled in dual-energy data analysis, beam hardening can ideally 
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be eliminated in the image formation process[46]. As an extension, metal artifacts caused by 

beam hardening have also been successfully mitigated using DECT.[47]

2.2. Types of clinical DECT scanners

Five types of clinical DECT scanners have been realized since practical DECT was first 

introduced clinically in 2006. Each implementation presents a fundamentally different 

hardware design approach with distinct advantages and limitations (Fig. 5).

The most straightforward design uses a rotate-rotate acquisition and is offered by GE 

(Revolution CT, GE Healthcare, Milwaukee, WI, USA), Siemens (Somatom Definition 

Edge, Siemens Healthcare, Forchheim, Germany) and Toshiba (Aquillon One, Toshiba, 

Tochigi, Japan) [48]. With this technique, an acquisition using a low-kVp spectrum is 

performed, followed by a second acquisition using a high-kVp spectrum (Fig. 5A). Rotate-

rotate systems require no hardware modification and can thus be implemented on standard 

SECT systems. However, they are limited by the long inter-scan delay required between the 

two separate scans. Inter-scan delay may result in substantial changes in the distribution of 

intravenous contrast material and may result in image co-registration issues since visceral 

organs commonly move, and depth of respiration may change between scans. As such, 

rotate-rotate DECT acquisitions are generally limited to exams that do not require 

administration of contrast material and where the location of viscera is relatively fixed, such 

as kidney stone characterization, musculoskeletal uric acid deposition evaluation, or for the 

reduction of metal artifacts [40, 49]. Since modern CT scanners provide wide Z-coverage 

(up to 16 cm) and fast rotation time (down to 0.25 s), the limitations of rotate-rotate DECT 

acquisitions such as voluntary and involuntary patient motion may be somewhat mitigated, 

although contrast-enhanced imaging still remains difficult, particularly during the arterial 

phase where the extent and location of contrast enhancement changes rapidly.

Second, Dual Source CT (DSCT; Siemens Somatom Definition, Flash and Force) employs 

two separate X-ray source-detector pairs, mounted ~90° apart in the CT gantry, operating 

simultaneously at different kVp (Fig. 5B). Separation between the low- and high-kVp 

datasets is excellent as the two X-ray sources can be optimized and filtered independently. 

However, purchase and operating costs are high due to the two separate source-detector 

pairs. Furthermore, physical space in the gantry limits the acquisition field of view (FOV) of 

one of the two X-ray source and detector pairs[50, 51]. This FOV was restricted to 26 cm in 

the first-generation DSCT scanner (compared to 50 cm or more for a standard CT scanner), 

but has since increased to 33 cm and now 35 cm in more recent versions. Temporal 

resolution is sufficient for all types of acquisition, however the ~90° angular difference 

between the source-detector pairs still implies a 71–95 ms time delay between matched 

images, which may cause some misregistration artifacts that result from general patient or 

internal organ motion[49]; the artifacts arise from slightly different positions of the same 

anatomy during acquisition of low- and high-kVp projections.

Third, rapid-kVp-switching DECT (GE Discovery CT 750HD; Revolution HD) uses a single 

X-ray tube that switches between low and high kVp at sub-ms intervals to acquire dual-kVp 

data with a single rotation of the gantry (Fig. 5C). The temporal correlation between low- 

and high-kVp projections is excellent due to the minimal time interval between low- and 
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high-kVp acquisitions. It is difficult to increase the spectral separation by use of a tin filter in 

this type of scanner because it is impractical with present technology to insert and remove 

such a filter in synchronism with the kVp switching, as the kVp alternates many hundreds of 

times per second. Furthermore, it is technically difficult to apply high tube current for the 

low-kVp projections and low tube current for the high-kVp projections, as would be 

preferred. This can be mitigated by modifying the detector signal integration interval for the 

low- and high-kVp X-ray projection data acquisitions; however, difficulties may remain for 

obese patients, where low-energy X-rays are excessively attenuated.

Fourth, multilayer detector CT (IQon; Philips Healthcare, Eindhoven, The Netherlands) 

utilizes a single-spectrum X-ray source and a “sandwich” type, two-layer detector (Fig. 5D). 

The front layer of the detector (closest to the patient) is relatively thin and predominantly 

absorbs the low-energy photons to acquire the low-mean-energy projection data, while the 

back layer of the detector is highly efficient and absorbs the remaining high-energy photons. 

With simultaneous acquisition of low and high-mean-energy projections, the temporal 

correlation between low- and high-mean-energy projections is perfect. This single, non-

switching implementation allows for straightforward DECT use in standard clinical practice 

without the need to “turn on” dual-energy mode because the dual-energy data are acquired 

for all scans. However, spectral separation may be less robust due to the fixed nature of the 

design and substantial spectral overlap between the low- and high-mean-energy projections.

Finally, split-beam CT (Siemens Somatom Definition Edge) uses a single X-ray source 

operating at 120 kVp, and a two-part X-ray filter mounted along the Z- (patient length) axis 

(Fig. 5E). One part of the filter, composed of gold, preferentially blocks high-energy X-ray 

photons due to its K-edge of 81 keV, resulting in a reduced mean X-ray energy for half of 

the beam. The other part of the filter is composed of tin and preferentially blocks low-energy 

X-ray photons, resulting in a relatively high mean energy for the other half of the beam. By 

using a low-pitch helical scan trajectory, a given anatomical region sees incident X-rays 

from both the low- and high-mean-energy parts of the beam during a scan, and both sets of 

images can be reconstructed. This implementation is the simplest of the three types of 

simultaneous acquisition systems, but as with multi-layer detector DECT, the two energy 

spectra are not well separated due to the single-kVp X-ray source that is used. In addition, 

the temporal correlation between low- and high-mean-energy projections is not ideal 

because the projections corresponding to the same anatomy are nominally one rotation apart. 

Finally, the split beam reduces the system’s Z-coverage, which reduces the speed of 

scanning.

2.3. Material decomposition

The main breakthrough in DECT that would benefit from high-Z contrast material 

development is material decomposition (MD), which refers to digital processing of the 

DECT data to represent the scanned anatomy as fractions of two or more “basis” materials. 

Material decomposition first requires knowledge of the LACs of the chosen basis materials 

at the relevant X-ray energy range, approximately 40–140 keV. These are common physical 

properties, available from the National Institute of Standards and Technology (NIST) for all 

elements and many common compounds. With knowledge of the X-ray spectra at low- and 
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high-kVps and the LACs of the basis materials, the relative attenuation of these materials in 

the low- and high-kVp data can be calculated. There are two general methods for performing 

MD. Material decomposition can be performed on reconstructed images (image-based MD) 

for all DECT implementations. Material decomposition is performed on projection data 

(projection-based MD) for DECT implementations in which low- and high-mean-energy 

projections are temporally and spatially co-registered – e.g. multilayer-detector DECT; 

photon-counting, energy-discrimination CT (to be discussed later), and, to a practical extent, 

rapid-kVp-switching DECT. The primary advantage of projection-based MD is that LACs of 

each material can be more accurately incorporated into the MD model, and therefore image 

quality can be improved, i.e., ideally, beam-hardening artifacts can theoretically be 

eliminated entirely. In projection-based MD, the decomposed projection data are used to 

generate material density images, which can be combined to generate virtual monochromatic 

(VM) images, as if CT data had been acquired with an X-ray spectrum comprising a single 

energy. In image-based MD, the low- and high-kVp projection data are used separately to 

reconstruct images, and MD can be performed from those images. Alternatively, the relative 

attenuation difference between the low- and high-mean-energy CT numbers for of a 

material, known as the dual-energy ratio (DER), can be used to identify and quantify the 

presence of the material in the image data.

Two-material decomposition models the attenuation of the object as being composed of 

varying proportions of exactly two predefined constituent materials. It is commonly used for 

its simplicity and sound physical principle; with the information available from two X-ray 

spectra, the fractions of two materials can be ascertained. However, materials that are not 

one of the basis materials are assigned (fractionally) to both basis-material images; this can 

lead to ambiguous results for some materials. Multi-material decomposition is also a 

common processing technique, but requires the assumptions that image voxels are 

characterized by combinations of constituent materials and a volume conservation 

constraint, that is the sum of the volumes of the constituent materials must equal the volume 

of the overall mixture. For dual-energy analysis, this gives three known conditions for three 

unknown materials, and is thus solvable as a simultaneous equation.[52] For more than three 

materials, exact analytical solutions do not exist, and numerical optimization methods are 

used.[53]

Material decomposition is typically performed automatically by the scanner software 

through two-material decomposition, resulting in material-image pairs that represent basis 

material concentration, or material-image triplets through three-material decomposition. A 

typical basis-material pair includes water and the administered contrast material, usually 

iodine. With its K-edge energy at the lower end of the DECT X-ray spectra, iodine has a 

very high DER when analyzing low- and high-mean-energy reconstructions, and can thus be 

readily separated from most biological tissues, the exception being calcium-containing 

tissues such as bone and calcium deposits. This is because the LAC of calcium lies between 

those of iodine and water. Both the “water” and the “iodine” basis-material-concentration 

images have diagnostic uses. Water-only images (with the iodinated contrast material 

suppressed) can be used as virtual unenhanced images and in some cases can eliminate the 

need for a true non-contrast exam phase, saving both patient radiation dose and exam time.

[54–56] The iodine-only images (with the background water suppressed) highlight the 
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distribution of the contrast material and also enable quantification of iodine concentration in 

mg/mL. This increases diagnostic power compared to standard metrics based on CT 

numbers alone.[57] Iodine-only images are also able to highlight low concentrations of 

iodine that may be difficult to detect in SECT images. Other common basis-material pairs 

include calcium/water, which allows visualization of gout crystals,[58] and iron/water, 

which allows quantification of iron in the liver or other visceral organs.[59] Three-material 

decomposition has been implemented with basis-material-triplets such as iodine/calcium/

water for coronary plaque evaluation,[60] and iron/iodine/water for the quantification of 

liver fat.[61]

Other material decomposition basis-material-pairs and -triplets are currently of less clinical 

benefit. Notably, the currently available CT contrast agents based on iodine and barium 

cannot be separated from each other at DECT because their LACs are nearly identical. This 

is because iodine and barium have nearly the same atomic number (53 and 56, respectively). 

As such, these agents are not complementary at DECT and, much like with conventional 

SECT, the similar attenuation properties of iodine and barium confound unique 

identification of these agents in reconstructed images and may cause diagnostic ambiguity. 

Development of contrast materials with reporter elements that attenuate X-rays strongly and 

which have substantially different LACs than iodine and barium would allow DECT to 

provide high-resolution images of each contrast material with a single pass of the CT 

scanner[42]. Such images promise to provide substantially greater diagnostic value than is 

possible with current agents, at equal or possibly lower radiation and/or contrast agent dose.

2.4. Potential DECT upgrades

The clinical adoption of DECT continues to grow. Some tradeoffs are seen with different 

DECT platforms, and include increased beam-hardening image artifacts, limitations in 

material decomposition, reduced temporal resolution for system types with compromised 

temporal correlation, and issues with workflow due to large amounts of image data. 

Nevertheless, future improvements promise to improve the capabilities of DECT on many 

levels. These improvements can be broadly divided into hardware and software 

improvements, and the following aspects could improve the overall fidelity of DECT 

imaging:

1. High-resolution imaging to enable classification of smaller features;

2. Concurrent low- and high-mean-energy acquisitions for perfect temporal and 

spatial registration of acquired data;

3. Improved spectral separation between low-energy and high-mean-energy 

measurements to improve the fidelity of the material decomposition process;

4. Transparent collection of energy-dependent imaging information, using standard 

imaging protocols (same X-ray tube voltage and current) and dose reduction 

techniques (X-ray tube current modulation), to use clinically as needed; and

5. Enhanced material decomposition and reconstruction algorithms to reduce noise 

and improve the accuracy of the material density estimates.
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2.4.1. Hardware upgrades—Several technical advances in CT hardware will likely 

improve the performance of DECT imaging over the next few years. Although potential 

hardware improvements depend in part on the type of DECT implementation for a given 

system, future hardware improvements include improved separation of the low- and high-

kVp X-ray spectra, faster CT gantry rotation speeds, and advances in anti-scatter grid 

technology.

First, improved selective filtration of the X-ray spectra would enable superior spectral 

separation of two or more X-ray spectra, and in turn offer improved fidelity of material-

specific images. Aggressive filtration of the X-ray spectrum to limit the transmission of low-

energy photons in the high-kVp spectrum is achieved by one manufacturer using tin as the 

filtration material. (Fig. 6) In addition to offering improved spectral separation when using 

80- and 140-kVp X-ray spectra,[62] additional tin filtration could also provide good spectral 

separation with improved image quality when using 100 kVp rather than 80 kVp for the low-

kVp source of a dual-source DECT scanner.[63] This option mitigates the possibility of 

insufficient X-ray penetration of the low-kVp radiation through large patients, and may offer 

lower image noise with adequate spectral separation in many DECT applications; however, 

this solution also reduces the separation between the low- and high-kVp spectra[64].

Second, the increased rotation speed of modern CT gantries will improve temporal 

resolution, temporal correlation of the low- and high-kVp projections for rotate-rotate, dual-

source, and split-beam CT implementations, and reduce motion artifacts[65, 66]. The current 

fastest gantry rotation times are approximately 0.27 seconds per revolution for all CT 

manufacturers, and a rotation time of 0.2 s is planned by at least one manufacturer. 

Combined with the increased Z-coverage, currently up to 16 cm, this implies very fast 

imaging of large anatomical sections. For example, complete cardiac scans are now possible 

using a single axial rotation during the diastolic phase of one heartbeat[67]. Although these 

high-speed scan protocols are not always achievable at DECT due to tube current 

limitations, advances in tube power may soon make these ultrafast scans available for all 

protocols.

Third, advances in anti-scatter grids directly in front of the detector could improve the 

signal-to-noise properties of the CT projection data and improve image quality[68]. Anti-

scatter grids, also called post-patient collimators, are geometrically aligned with the X-ray 

source and thus attenuate scattered photons coming from other angles, which are detrimental 

to the image formation[69]. Traditionally, these grids were simple in design; however, with 

the advent of wide-collimation scanning of up to 16 cm, the increased proportion of 

scattered photons has required careful consideration[70]. Focused, two-dimensional (2D) 

anti-scatter grids have therefore been introduced, which have septa running parallel to both 

detector rows and columns[71, 72]. These are especially important for DSCT, where the 

simultaneous output of the two source-detector pairs produces a greater amount of scattered 

radiation[73]. Continued optimization of these grids will lead to improved signal-to-noise 

properties in the CT image data.
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Finally, improvements in X-ray tube performance in the rapid-kVp-switching architecture 

could reduce noise in DECT images by increasing the X-ray tube current used for the low-

kVp projections.

2.4.2. Software upgrades—Several software technologies are in development that will 

further enhance the diagnostic capabilities of DECT. First, more sophisticated material 

decomposition techniques will enable separation of more materials than the current basis-

material-pairs or -triplets approach. Care must be taken with this multi-material 

decomposition due the absence of exact, analytical solutions; however, the ability to 

determine more than three materials will likely expand and enhance the information 

provided by DECT.

Further technical advances that are being developed for CT in general will also benefit 

DECT. These include refinement of automatic exposure control (AEC) and iterative 

reconstruction (IR) technologies. AEC has enabled CT dose reduction of up to 50% by 

tailoring the X-ray tube current to an individual patient’s anatomical and attenuation 

properties. Within the last five years, automatic selection of the X-ray tube voltage, in 

addition to the tube current, has also been introduced. Eventually, this automatic tube 

voltage selection may extend to DECT protocols, with patient-specific selection of 70–100 

kVp for the low-kVp source, and 140–150 kVp for the high-kVp source, with or without 

additional beam filtration. This will improve both dose optimization and material separation 

capabilities of DECT, moving it towards the patient-specific protocol definition that 

currently remains the preserve of SECT.

Recently, clinical implementation of IR can allow CT dose reduction of 50% compared to 

conventional filtered back projection reconstructions[74]. All CT manufacturers now offer 

one or more IR packages, some of which are more effective than others. This technology can 

also be leveraged for dual-energy CT imaging, providing a framework to enable joint 

estimation of basis material density information. These approaches could reduce imaging 

noise, while improving the fidelity of material characterization by incorporating appropriate 

physical models in the image reconstruction process. The ultimate benefit of these 

approaches will be more accurate basis-material density estimates, taking us one step closer 

to quantitative CT. A long-term goal has been for reconstructed CT numbers (HU) to be 

more quantitative, i.e. characteristic of disease detection and assessment, irrespective of the 

type of CT system used to acquire the data. A common limitation with IR remains its 

reconstruction time, and with increases in the computational power available, more 

sophisticated IR methods that model more aspects of CT physics will continue to improve 

image formation.

Improvements in image display and speed of image reconstruction will address current 

concerns of reduced clinical throughput. Automation in image reconstruction as well as 

innovations in the graphical user interface for workstations and clinical picture archiving and 

communications software (PACS) are needed, and will decrease the time required to read 

and interrogate the rich data from DECT scans.
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These ongoing hardware and software advances will continue to ensure that DECT requires 

equal radiation dose or lower dose than SECT, eliminating one of its main disadvantages 

when first introduced. Though several technical upgrades have been outlined here, they all 

represent incremental advances of an already established technology. A profound technical 

advancement of DECT beyond those discussed above is likely to come in the form of true 

spectral discrimination, such as with photon-counting, energy-discriminating CT.

2.5. Photon-counting, energy-discriminating CT

The first investigational CT systems based on photon-counting energy-discriminating 

(PCED) detectors was evaluated almost a decade ago[75, 76]. More recently, whole-body-

sized PCED-based systems are now being evaluated[77, 78]. A conceptual representation of 

this approach is shown in Fig. 7. Although PCED detectors remain experimental, they 

promise to reduce radiation dose and improve material decomposition at CT by addressing 

fundamental limitations of the energy-integrating (EI) detector currently used in all clinical 

CT systems. Since EI detectors sum all of the energy deposited in each of the detector’s 

pixels, high-energy photons are inherently weighted as more important in measurement data 

since they contain more energy; however, for materials that do not have a K-edge within the 

X-ray spectrum being used, high-energy X-ray photons carry less contrast information given 

the linear attenuation coefficient of low-Z materials, which decrease monotonically with 

energy.

An alternate X-ray detection mechanism that has been in development for over ten years is 

PCED detector technology. This type of detector uses a monolithic sensor of a direct-

conversion material, typically cadmium telluride (CdTe) or cadmium zinc telluride (CZT) 

crystal. As suggested by its name, a direct-conversion material converts X-ray energy 

directly into electric charge (without the intermediate conversion to visible light as with EI 

detectors). Biased electrodes then collect the electric charge on the surfaces of the sensor. In 

ideal circumstances, a PCED detector detects each photon that is incident upon the detector, 

determines its energy (proportional to the detected electric charge), and records the event by 

incrementing a counter representing one of N energy bins. Using the multi-energy 

information, novel weighting schemes can be used to improve the contrast-to-noise ratio 

(CNR) of materials in reconstructed images. As mentioned above, EI technology inherently 

weights high-energy X-ray photons as more important; but these photons carry less contrast 

information when low-atomic number (Z) contrast agents are used. However, the photon 

counts in the N energy bins acquired with PCED detectors can be weighted as appropriate to 

maximize the imaging contrast-to-noise ratio. As such, X-ray photons can be weighted 

depending on the energies that are important for the contrast agent in use.

PCED detectors offer several other benefits when compared to their EI counterparts. First, a 

low-energy threshold can be chosen below the diagnostic energy range (i.e. below ~40 keV). 

Electronic noise in the detector would produce the same signal level as photons in this low-

energy range, but because there are no transmitted photons in this energy range, we can 

exclude this range entirely and essentially eliminate electronic noise. This results in superior 

low-signal performance - a must for low-dose screening protocols. Unlike EI detectors 

where each individual detector pixel is separately fabricated and coated with a reflector 
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material, direct-conversion materials use patterned electrodes on the surface of a monolithic 

sensor; this characteristic results in improved detection efficiency, enabling use of detectors 

with at least twice the spatial resolution of existing EI detectors. Another benefit of PCED 

detectors is the ability to characterize the energy of each detected photon. This information 

enables reconstruction of not only the LAC of the material in each voxel, but, like DECT, 

provides the ability to estimate the material composition within each voxel. As discussed 

above, EI detectors are typically used at DECT to acquire projections at two kVps, enabling 

characterization of the materials in each voxel as a linear combination of two specified basis 

materials, such as bone and water, or iodine and water. However, PCED detectors can 

acquire projection measurements for three or more energy bins; hence, it becomes possible 

to characterize the composition of each voxel as a combination of three or more basis 

materials, such as water, bone, and iodine, or water, iodine, and another contrast agent, 

without the assumption of volume conservation or use of numerical optimization. As such, it 

becomes possible to devise novel imaging protocols that better discriminate between 

multiple contrast materials to improve disease diagnosis.

In summary, PCED detectors offer the benefits of (1) higher spatial resolution for visualizing 

smaller features, (2) better X-ray detection efficiency and low-signal performance to enable 

population radiation dose reduction, (3) multi-energy information to facilitate novel schemes 

to reduce required contrast material dose or improve material characterization, and (4) 

material information that is always available using existing optimized data collection 

protocols (dose modulation protocols) without a priori intent. The key challenges that need 

to be met for photon-counting CT to expand its breadth of imaging applications include 

improvements in detector stability and count rate capability, and reduction in cost of the 

detectors.

2.6. Phase-contrast CT

Current clinical X-ray-based imaging displays the magnitude of the X-ray attenuation 

caused by a portion of the patient’s anatomy. But, X-rays are nothing more than a form of 

electromagnetic radiation, just as are radio waves and visible light. As is the case with all 

electromagnetic radiation, X-ray photons exhibit both particle and wave properties, the latter 

comprising both a magnitude and phase. Phase-contrast CT exploits the wave property of X-

rays and, for example, estimates the phase difference between acquisitions with and without 

an object placed in the X-ray beam.

While the technical basis for estimating X-ray phase differences is beyond the scope of our 

review, phase-contrast CT is of interest because of its ability to distinguish between 

materials [79, 80]. Unlike standard X-ray attenuation imaging that depends on both the 

electron density and effective atomic number of materials in the X-ray path, X-ray phase 

information enables direct estimation of the electron density only of the materials in the X-

ray path – providing a distinct contrast mechanism. As such, one can envision scenarios 

where materials are indistinguishable in standard attenuation imaging due to combined 

effects of electron density and effective atomic number, but are easily separated with phase 

contrast information. (The reverse scenario is also possible.) Although research is underway, 

phase-contrast CT technology currently is limited to very small imaging fields of view, does 
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not operate at clinical CT energies (up to 140 keV), and requires additional acquisitions to 

obtain the requisite data, which may increase dose and/or extend the data collection time 

[79, 81].

3. DECT visualizes contrast material differently than does SECT

Two only two active elements used in current CT contrast agents are iodine (Z=53) and 

barium (Z=56); these elements have very similar MAC curves, with good X-ray attenuation 

at lower energies (see iodine’s MAC in Fig. 3B). This means that iodine and barium are 

much more effective when imaged at lower kVp (e.g. 80 or 100 kVp) rather than 120 or 140 

kVp. In light of this, the recent trend in SECT has been to use lower kVp when possible. 

However, lower-energy X-ray photons are less able to penetrate through thick body parts, 

and therefore, when imaging average-sized and larger adult patients, lower-kVp scanning is 

not feasible.

The primary benefit of low-kVp CT and DECT is the improved detection of iodine and 

barium contrast material. The CT number of any given concentration of iodinated or barium 

contrast agent is approximately 70 to 90% higher when imaged at 80 kVp than when imaged 

at 140 kVp, and this difference can be even greater on DECT iodine density maps or low-

keV image reconstructions. The increased conspicuity of iodinated contrast material when 

using DECT or low-kVp SECT allows physicians to select among the following potential 

benefits:

1. Reduced contrast material dose without sacrificing contrast material conspicuity;

2. Superior lesion detectability (improved CNR) with standard contrast material 

dose;

3. Reduced radiation dose without loss of CNR in the CT image; or

4. A combination of these benefits.

Each of these approaches is a topic of active clinical investigation. In addition, DECT is 

commonly utilized to provide virtual unenhanced CT images, with the contrast material 

digitally suppressed.

3.1. DECT using reduced iodine dose

The most common clinical consideration that limits the use of intravenous iodinated contrast 

material for CT imaging is the fear of contrast-induced nephropathy (CIN) or contrast-

induced acute kidney injury (CIAKI), which is a worsening of renal function that occurs 

within 48 hours of intravascular contrast material injection. The prevalence and severity of 

CIN remains under intense investigation[82], but is traditionally believed to occur at a rate of 

between 7 to 11%, with a higher incidence seen in patients with poor renal function[83]. 

While most cases of CIN are transient and do not result in chronic renal failure, a fraction of 

patients may develop complete renal failure that requires dialysis treatment with associated 

poor clinical outcomes. Smaller doses of intravascular iodinated contrast material are 

associated with a lower risk of CIN.
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Since DECT and low-kVp SECT enable improved detection of iodine contrast material 

compared with conventional SECT, smaller doses of iodinated agents may be used in routine 

or high-risk patients. Dual-energy CT utilizing smaller doses of iodinated contrast material 

is desirable for angiographic studies where the primary goal is to assess arterial patency and 

anatomy. In part, this success is related to the relatively small size of the intra-arterial 

volume. For example, a successful application of DECT using lower contrast dose is DECT 

pulmonary angiography to evaluate for potentially deadly pulmonary embolic disease[84]. 

For such scans, DECT provides high image contrast from iodinated contrast material within 

blood vessels to define the size, shape and distribution of 2- to 12- mm diameter 

intravascular embolic thrombi. In addition, DECT can also display the much larger 20- to 

150-mm wedge-shaped pulmonary parenchymal perfusion defects that result from the 

arterial occlusions[85]. Similarly, myocardial and intracranial perfusion defects are more 

readily identified at contrast-enhanced DECT than SECT. Reduced iodine dose at DECT 

angiography is also valuable to patients with aortic and peripheral vascular disease because 

such patients frequently have co-existing renal disease, as is the case in diabetics, patients 

with a history of smoking, and those with advanced atherosclerotic disease. Current DECT 

angiographic protocols that use reduced contrast material may require as little as half the 

contrast material dose required for SECT[86].

3.2. Improved lesion conspicuity

DECT enables improved disease detection by improving the conspicuity of lesions that 

otherwise have low contrast to surrounding organ parenchyma. For example, the detection of 

hypervascular liver lesions is critical for the diagnosis of hepatocellular carcinoma. These 

lesions may take up only slightly more iodinated contrast material compared to surrounding 

liver parenchyma. Use of iodine density images or virtual mono-energetic low-keV images 

allows one to amplify the iodine signal and improve the sensitivity of scans for these tumors 

(Fig. 8). Conversely, lesions that are slightly hypovascular to that of the surrounding organ 

parenchyma, such as pancreatic adenocarcinomas or hypovascular liver masses, may become 

more conspicuous since the organ parenchymal signal may be emphasized at DECT.

A substantial benefit of DECT is to reduce radiation dose by potentially obviating the need 

for an unenhanced CT scan that is frequently needed as a baseline to assess lesion 

enhancement by intravascular iodinated contrast material. For example, lesions in the kidney 

that show moderately high CT attenuation on a contrast-enhanced SECT scan are often 

ambiguous for malignancy versus a benign hyperdense cyst. If the lesion shows 

enhancement by iodinated contrast material, it is more than 85% likely to represent a 

malignancy[87]. If, instead, the lesion has intrinsic high CT attenuation and does not take up 

iodinated contrast material, then it is a benign cyst and does not require further evaluation or 

follow-up (Fig. 9). The unenhanced SECT scan is valuable to provide a baseline in order to 

evaluate for potential increase in contrast-enhanced attenuation; a substantial increase in 

contrast enhancement in a lesion compared to surrounding parenchyma would indicate 

vascularity and potential tumor tissue. However, the extra unenhanced CT scan doubles the 

radiation dose required to characterize the lesion properly. Unlike SECT scans, the images 

from DECT exams can be analyzed with material decomposition to generate both virtual 

unenhanced images and iodine density maps to determine whether or not iodinated contrast 
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enhancement is present, indicating tumor, or not present, which indicates a benign cyst – the 

need for an unenhanced CT scan is frequently not needed.

Dual-energy CT can also distinguish iodinated contrast material from other radiodense 

material. Radiodense calcified material commonly can be confused with enhancement by 

contrast material at SECT imaging. At DECT, this pitfall is mitigated because the signal of 

calcium may be distinguished from that of iodine by material decomposition. Currently, 

separation of the iodine signal from the calcium signal is less robust than from soft tissue 

signal, because the LACs of calcium and iodine are nearly identical at some concentrations, 

whereas the LACs of these elements at concentrations found in CT scans are generally very 

different from the LACs of soft tissues. Nevertheless, this separation is clinically valuable, 

for example to distinguish calcified vascular plaque from iodine-contrast enhanced vascular 

lumen at DECT. With DECT, active extravasation of iodinated agents can be differentiated 

from pre-existing calcifications that may mimic active bleeding at SECT. Virtual 

unenhanced CT images allow determination of contrast material enhancement versus 

unenhanced but highly attenuating soft tissue, or to characterize tissues for fat content 

without the need for a separate unenhanced CT scan.

3.3. DECT using multiple contrast agents

While current clinical CT imaging is of high value, certain prominent limitations remain. 

These limitations include the fact that, at SECT, different contrast materials introduced into 

different body compartments are not distinguishable from each other except by anatomic 

context alone. For example, enteric contrast material in the bowel lumen prevents evaluation 

of bowel wall vascular enhancement at SECT because the vascular and enteric contrast 

material may show similar signal (Fig. 10). Also, to perform a multiphase exam, such as for 

evaluation of liver, pancreatic, or renal lesions, repeated SECT scans need to be obtained as 

contrast material redistributes from the arteries to the organ parenchyma, to the veins, and 

then to the excretory systems. Multiphase exams result in high radiation doses to patients 

and separate image acquisitions are difficult to co-register with one another due to 

differences in breath-hold depth and the pulsation, rotation, and peristalsis of viscera 

between scans.

Several groups have demonstrated the possibility of simultaneous administration of two or 

more contrast materials with different reporter elements at DECT to exploit the ability of 

material decomposition to create separate material density maps for each contrast material. 

Initial studies were performed in a colon phantom and showed excellent separation of 

bismuth enteric contrast material from iodinated contrast material on a commercial dual-

source DECT scanner[88]. A subsequent series of experiments by a different group in 

rodents showed the feasibility to deliver simultaneous bismuth enteric contrast and 

intravenous contrast material to provide high-spatial-resolution co-registered images of the 

bowel lumen and vasculature with a single DECT scan[19]. This group also showed that 

injection of a tungsten cluster contrast agent, followed by intravenous injection of iodinated 

contrast material, allowed for a single DECT scan to provide an arterial phase CT angiogram 

with the iodinated agent as well as a concurrent portal venous phase CT with the composite 

contrast materials. Staggered contrast material delivery for a single CT scan, rather than 
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staggered scan delays with a single contrast agent injection, effectively cut the radiation dose 

in half for a dual-phase arterial and venous phase exam, and also provided excellent image 

co-registration of the arterial and venous anatomy[19]. Another study using enteric bismuth 

and intravenous iodinated contrast agents at rapid-kVp-switching DECT was performed on 

rabbits with sharp penetrating abdominal trauma. This study showed that the accuracy of 

DECT was higher than that of conventional CT for determining whether contrast material 

leakage was from bowel perforation versus bleeding, and the addition of DECT allowed 

radiologists in training (residents) to perform as well or better than experienced trauma 

radiologists at this task[18].

Additional rabbit studies were performed to assess the image quality of scans of the bowel, 

obtained with conventional CT versus a DECT scans with tungsten, tantalum, or bismuth 

enteric contrast material and intravenous iodinated contrast material. These three enteric 

contrast agents provided excellent positive opacification of the bowel lumen, and DECT 

allowed for the subtraction of the enteric signal to allow visualization of the iodine vascular 

contrast material signal in the capillary beds of the bowel wall. In this study, subtraction of 

the tungsten and tantalum enteric contrast material from the iodine signal was excellent, 

while bismuth enteric contrast, which showed greater difference in the 80 to 140 kVp X-ray 

attenuation, showed poorer subtraction. In general, reporter elements that are more easily 

separated from each other by material decomposition are those with greater differences in 

their relative X-ray attenuations when imaged at low- versus high-kVp settings (Fig. 11)[43].

Dual-energy micro-CT at 40 and 80 kVp allowed the signal from intravascular iodinated 

contrast agent in the liposomal blood pool to be separated from that of gold nanoparticles 

that had passively accumulated into sarcoma tissue[89] or into lung tumors[21]. Using a 

prototype photon-counting, energy-discriminating CT system with four detector energy bins, 

another study showed that iodine and barium contrast material could be separated in a mouse 

carcass embedded in resin, despite the fact that iodine’s and barium’s K-edge energies are 

only 4 keV apart[90].

Future contrast material development could focus on agents that opacify different 

compartments of anatomy and which have low-mean-energy to high-mean-energy X-ray 

attenuation properties that are complementary to currently-available intravascular iodinated 

and enteric iodine- and barium-based agents. Examples of agents with different 

biodistribution include those that primarily distribute in the blood pool, in the hepatobiliary 

system, the reticuloendothelial system, the pulmonary airways, or that target specific tissues.

3.4. Targeted versus general agents

Currently no truly targeted contrast materials have been approved for CT imaging. A 

particular problem with the development of targeted agents for CT is the relatively poor 

sensitivity of CT for the detection of contrast materials. A concentration of approximately 2 

mg of reporter element per cm3 tissue is required for confident visualization of contrast 

materials at CT imaging. While DECT could reduce this requirement to approximately 1 

mg/cm3, the need to achieve high concentrations of retained reporter elements at target sites 

remains challenging from both practical and safety standpoints.
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To address this challenge, targeted CT contrast agents must utilize strategies that allow a 

large amount of reporter element to bind to the target sites. Examples of described 

approaches include 1) branched polymeric structures that incorporate many atoms of the 

reporter elements into each molecule [91]; and 2) nanoparticles or liposomes [92] which 

allow for dense packing of the reporter element within a shell bound to ligands (Fig. 12)[93, 

94]; and 3) the targeting of molecules that are present in high concentrations in the tissue of 

interest.

Despite the challenges to develop targeted CT agents, many preclinical examples have been 

described and summarized in prior reviews[95]. More recent examples include silica-coated 

ytterbium nanoparticles bound to calcium chelators which bind to damaged bone[96]. 

Unfortunately, most of these targeted agents are far from being practical for clinical 

translation and are limited mostly to preclinical research.

Clinical contrast materials currently in use that can be loosely considered to be targeted 

agents include the hepatobiliary contrast materials which show delayed uptake by 

hepatocytes and partial excretion via the biliary system[97]. A second class of contrast 

materials that could be considered semi-targeted are the oil-based agents, such as ethiodized 

oil, which may be delivered locally via transarterial chemoembolization to liver tumors. 

Ethiodized oil undergoes macrophage elimination in normal liver tissue, but shows 

prolonged retention in tumor tissues which lack macrophages[98].

Potentially translatable contrast materials include contrast material that may provide blood 

pool distribution, such as liposomal nanocarriers of existing iodinated agents which were in 

clinical phase 2 trials (NCTX™, Marval Pharma), perfluorooctylbromide emulsions[99], 
dendrimers, and biodegradable macromolecular agents[100]. Along with blood pool 

imaging, these agents enhance the reticuloendothelial system, and may show passive 

targeting of tissues with that show relatively high permeability of tumor microvessels to 

macromolecules[101].

4. Choice of elements for spectral CT contrast material

4.1. Critical considerations

The few contrast materials that dominate in CT usage today were not initially developed 

specifically for CT. Rather, these agents were initially developed as safe agents for 

fluoroscopic and plain-film radiography, and then later adopted for use with CT. With few 

exceptions, each of the agents shows similar enhancement at CT imaging. Now that DECT 

is available and can potentially distinguish between different “colors” (energy-dependent 

attenuation characteristics) of contrast agents, it is reasonable to revisit the periodic table to 

identify high-value reporter elements that could be developed into valuable clinical spectral-

CT contrast materials. Future research on contrast materials for spectral CT benefits from 

the rich history of publications on potential non-iodinated X-ray contrast materials[102].

From a patient safety perspective, an ideal contrast agent must contain elements that are 

non-toxic, are formulated with physicochemical properties (viscosity and osmolality) that 

are compatible with high-concentration delivery into the body, and are cleared from the body 
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in a short time, i.e., a large fraction of the intravenously delivered material must be renally 

excreted in a timeframe of minutes to hours. For targeted agents, off-target binding must be 

very low, in light of the large amounts of agent (and requisite high target to background 

ratio) that needs to be present to be visible at CT imaging.

From a practical perspective, the elements used in general-purpose CT contrast agents must 

be available in large quantities and at low cost. Given that there are upwards of 40 million 

intravenous contrast-enhanced CT exams performed each year in the U.S. alone, and each 

exam requires approximately 30 grams of the contrast-producing element, over 1000 tons of 

that element would be required to meet the total annual U.S. demand, at a maximum raw 

materials price of a few dollars per 30 g dose. The global demand for material to produce 

contrast agents for CT can be estimated to be approximately 3,000 tons per year, assuming 

30 g/CT scan and 90 million contrast-enhanced CT scans/year word wide. However, it is 

highly likely that iodinated agents will continue to meet at least two-thirds of that demand, 

even with the introduction of new agents based on high-Z elements. Therefore, we will 

consider the requirement to be approximately 1,000 tons of the required element annually. 

Of course, the use of that element for contrast agents should only be a fraction of the global 

production, but if there is increased demand, we would anticipate that production would 

increase in order to meet the demand, if sufficient reserves are available.

From an imaging efficacy perspective, an ideal element for use as a conventional CT contrast 

agent would be one that provides high image contrast (i.e., high contrast-enhanced HU 

compared to soft-tissue HU) on a per-mass-concentration basis. To best complement the 

existing iodine- and barium-based contrast agents, which have large differences in HU when 

imaged at low- versus high-kVp settings, excellent DECT agents would have dramatically 

different attenuation properties than these agents across the kVp settings used for clinical 

imaging, for example, having a constant HU across the kVp settings. Similarly, the ideal 

material would be one that has a substantial difference in HU compared to calcium, which is 

commonly seen in atherosclerotic plaques, bone, or diseased tissues. Because the CT 

number of calcium decreases with increasing kVp settings, an excellent contrast material for 

use near calcified structures would have constant or increasing HU with increasing kVp. The 

primary physical X-ray attenuation mechanism that produces differentiated HU as a function 

of photon energy is the K-edge energy of the contrast-producing element. If there are 

multiple contrast-producing elements in the contrast agent, the overall kVp-dependent HU 

depends on the weighted effects of the K-edge energies of the contrast-producing elements 

in the contrast agent.

We can evaluate the potential applicability of each element for use as a CT contrast agent by 

reviewing the periodic table (Fig. 13) and some basic characteristics of the candidate 

elements[103–106] summarized in Table 1.

Iodine (shown in light green background in Fig. 13 and Table 1) is currently the only 

element used as an intravascular (IV) contrast agent at CT. Iodine is particularly efficacious 

when imaged at lower-kVp settings (i.e. 70 kVp – 100 kVp), such as for children and small- 

to medium-sized adults. However, the X-ray attenuation of iodine diminishes rapidly at 

higher-kVp settings required to image large sized body parts; therefore, large contrast 
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material doses are needed to maintain a similar contrast-to-noise ratio at high-kVp settings. 

Use of higher atomic number (higher-Z) elements which do not lose as much X-ray 

attenuation at higher-kVp settings may allow for improved imaging at high-energy spectra 

without increased contrast material dose. Furthermore, within the diagnostic X-ray energy 

range, iodine’s and calcium’s similar MACs both monotonically decrease with increasing 

energy, limit the accuracy of distinguishing iodine contrast material from calcium at spectral 

CT. Higher-Z elements could improve the ability to distinguish contrast agents from calcium 

at spectral CT.

All elements with atomic numbers (Z) below that of iodine (Z=53) are marked in brown and 

are excluded from further consideration because they would produce even lower HU than 

iodine, and therefore would offer no advantage.

We can eliminate (marked in red) gases, known toxins, radioactive elements, and 

synthesized elements.

All elements between Z=75 (Rhenium) and Z=79 (gold) are impractical for general-purpose 

agents (marked in orange) because they are either produced in minimal quantity or cost far 

more than practical for a general-purpose contrast agent (see Table 1). Of these, gold is 

marked with a dark green background because it may have some potential niche applications 

in medical imaging and radiation therapy. Nevertheless, targeted agents could potentially use 

more expensive elements.

A number of elements (shown in black and white) are worthy of consideration as the basis 

for contrast materials because they show efficient X-ray attenuation at CT. However, the 

total annual production of many of these, particularly Z=62 (samarium) through Z=72 

(hafnium), is currently too small to satisfy the market need for the active element in a 

general-purpose contrast agent. On the other hand, those in the range of Z=57 (lanthanum) 

through Z=60 (neodymium) are produced in sufficient quantity at low-enough cost to at least 

partially satisfy the market demand for a general purpose contrast agent. Furthermore, these 

elements would provide CT image contrast that would be a substantial improvement over 

iodine; therefore these are worthy of further investigation.

All elements that are marked with a green background are either currently in use as contrast 

agents, or have been reported in the literature as potential candidates for new contrast agents. 

These are discussed in more detail in the next section.

There are two main reasons to develop new clinical CT contrast agents. The first reason is to 

provide some technical or image quality advantage over the current iodinated agents. The 

technical disadvantages of iodinated agents have been described in previous sections. The 

second reason would be to offer an improved or substantially different safety profile that 

would benefit patients with poor renal function or history of reactions to iodinated agents. 

An ideal contrast agent might satisfy both properties, but safety will always be of paramount 

importance. In the following sections we review key elements that have been studied for CT 

and X-ray imaging and that show promise as spectral CT contrast agents. Several excellent 

review articles have been published on radio-opaque agents especially with nanoparticle 

constructs[107–112]. Several recent academic papers have shown the potential for 
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multimodal use; such studies would include theranostic agents which provide a combination 

of diagnostic and therapeutic functions[113].

We note that the majority of the X-ray contrast agents based on the elements discussed in the 

following sections have not been evaluated comprehensively (or at all) for biocompatibility 

and safety at the dose required for CT contrast agents, nor have they been rigorously 

evaluated for CT imaging efficacy. Notable exceptions are iodine, which has been 

extensively developed and studied and is in current use as an IV-injected agent, barium, 

which has also been in long use as an orally-administered CT contrast agent; gadolinium, 

which is in use as an IV-injected MR contrast agent and has in the past been used off-label at 

CT; tantalum, which among experimental agents in the literature, has been reported the most 

comprehensively as a potential element for use in a general-purpose nanoparticle-based CT 

contrast agent; and gold, which has been reported even more comprehensively, but due to 

cost considerations, is practical as an element for use only as a niche-application 

nanoparticle-based CT contrast agent.

Furthermore, we note that among the experimental nanoparticle-based agents that have been 

reported, most are large nanoparticles (tens or even hundreds of nanometers), and therefore 

clearance times are long and via the liver; very few are in the size range required for fast 

renal clearance (approximately 3–4 nm or smaller) and of those, there have been almost no 

rigorous safety studies reported.

In many articles that explore the use of experimental elements for X-ray contrast agents, in 

vitro (phantom) and in vivo (small animal) imaging results are shown. While these reports 

confirm that the imaged elements do attenuate X rays, the results should be interpreted with 

some caution for a number of reasons. First, the mass concentration of the active element 

and the composition of the solvent that is used are often unspecified and/or uncontrolled, 

and may not be realistic for clinical use. Second, the imaging conditions are often 

unspecified or not clinically relevant. In particular, as described in section 2, the X-ray 

spectrum is a critical factor in the resulting image quality and so the kVp needs to be similar 

to that of a clinical CT scanner. Furthermore, the subject size plays an important role in 

shaping the spectrum. Other concerns related to experimental design include vial size and 

measurements statistics for in vivo studies, and biological safety and clearance mechanism 

for in vivo studies. The authors encourage the reader to explore the literature with interest, 

and to consider these and other concerns when evaluating the potential clinical feasibility of 

a given material.

4.2. Main group elements

Elements drawn from the non-lanthanide, non-transition metals portion of the periodic table 

are considered first, because they include the most commonly used clinical contrast reporter 

elements, iodine and barium.

4.2.1. Iodine/Barium—Iodine (Z=53) is the only element approved for intravascular (IV) 

administration for X-ray/CT scans. These agents are almost universally based on a tri-

iodinated benzene ring with additional substituents to confer the desirable properties of 

safety, viscosity and osmolality. Iodinated agents have an excellent safety record[114, 115] 
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but small subsets of patients may be susceptible to injury[116]. Dimeric agents were 

developed in order to produce potentially safer iso-osmolar agents and more recent studies 

have focused on producing more physiological formulations through lowering viscosity or 

the addition of electrolytes to hexaiodinated compounds[117–120].

Since the available iodinated contrast agents are relatively small molecules approximately 

1.3 – 2.1 nm in size[121], a variety of strategies have been developed to generate longer-

circulating materials as blood-pool agents (agents that reside in the vasculature for longer 

periods of time)[122]. These include polymeric constructs[100, 123] (including 

dendrimers[124]), emulsions[125, 126], micelles[127], liposomes[122] and 

nanoparticles[128–130] One variant employs a liposomal iodinated agent for high-resolution 

imaging with a blood pool contrast agent[131]. A coated version of polymeric iohexol has 

also been employed to exploit the longer retention in the body[129]. The biodistribution of 

iodinated agents is sensitive to specific chemical constructs; iodinated monoglycerides 

exhibited significant uptake in the liver (17% of dose) at 24 h, followed by a decline; 

whereas iodinated vitamin E climbed to almost 80% in the liver with very slow elimination 

kinetics[126].

Barium (Z=56) has been used primarily as an oral agent with a focus on delineating the 

bowel lumen. The specific compound is usually barium sulfate, which is an inert nano- or 

microparticle. Barium sulfate has been used clinically for over 50 years, and US FDA new 

drug application clearance was obtained in 2016. Barium is used cautiously in cases of 

potential bowel perforation because leakage of the agent outside of the intestines may cause 

or worsen inflammation. There has been interest in investigating barium as one component 

of a multiple-agent contrast-enhanced DECT exam protocol to improve diagnostic 

capability[132, 133]. Barium sulfate nanoparticles have also been prepared for animal 

research[134]. Another paper reported the synthesis of barium carbonate nanoparticles 

coated with D-glucuronic acid which were imaged in mice[135]. A number of examples of 

combinations of barium in conjunction with rare earth elements have been reported such as 

BaYbF5[136, 137] and BaHoF5[138].

4.2.2. Xenon—Xenon (Z=54) is a noble gas between iodine and barium in the periodic 

table, and as such it has a similar LAC to these elements; however, because xenon is a gas 

and cannot be administered by IV injection, it is difficult to compare with iodine and 

barium. Furthermore, gaseous xenon has a low density; therefore, its MAC as a gas is much 

lower than those of iodine and barium. Although xenon does not have US FDA approval, it 

has been explored as an inhalational agent that dissolves into blood for human patients in a 

number of applications[111]. Some recent explorations on xenon studied blood flow[139] 

and neurochemistry[140]. Xenon has been shown in several studies as an effective dual-

energy inhalational contrast material to reveal pulmonary ventillation abnormalities[141, 

142]. Potentially, xenon could be used in conjunction with other complementary agents at 

spectral CT for multiple-agent contrast-enhanced scans.

4.2.3. Gallium—Gallium (Z=31) is a metal, but liquid gallium has been reported for use in 

X-ray imaging of vascular networks for in vitro depiction of organ anatomy and was 

suggested for use in vivo under localized conditions[143]. However, the very low atomic 
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number of gallium results in an inefficient X-ray attenuation that is substantially lower than 

that of iodine.

4.2.4. Bismuth—Bismuth (Z=83) has been used for over 100 years as an over-the-counter 

remedy for gastrointestinal problems[144]. Bismuth has the highest K-edge energy (91 keV) 

of all the elements under consideration and as a result, it shows less change in CT number 

across different kVp settings compared to iodine and barium. Bismuth sulfide is inert and 

has been described as a nanoparticle contrast agent[145]. Platelets of Bi2S3 were coated with 

polyvinylpyrrolidone (PVP) and imaged both in vitro and in vivo; the authors stressed the 

importance of the PVP coating for biocompatibility. More recent work with bismuth sulfide 

has considered Pluronic coatings[146] and dendrimer stabilization[147]. A targeted bismuth 

sulfide nanoparticle was generated with a label for breast cancer in mice[148]. Sailor and co-

workers showed a significant increase in contrast agent uptake in tumors using the labeled 

nanoparticles (8% compared to 3% of injected dose) but there were clearance issues with 

substantial retention in the spleen. Other researchers have explored bismuth oxide[149], 

bismuth oxychloride[150] and even elemental bismuth[151] as core materials for contrast 

agents. Another example use of bismuth employs a molecular species, bismuth decanoate, 

that is ultimately encapsulated by phospholipids[152]. These authors exploited the K-edge 

energy of bismuth to more clearly differentiate contrast agent from calcium than could be 

obtained using traditional contrast agents. Bismuth suspensions were employed in a similar 

manner for studies at DECT directed toward metal artifact reduction[133].

In multi-modality imaging (i.e., use of more than one imaging modality with the same 

contrast agent), FeBi nanoparticles that were visible at both MRI and CT imaging have been 

described[153, 154]. Similarly, MRI and CT can be used to visualize nanoparticles 

synthesized using bismuth surfactants in the precipitation of iron oxide[155]. Silica-coated 

bismuth sufide nanorods were shown to provide image contrast enhancement at CT imaging 

and also provide enhancement at photoacoustic tomography[156].

4.3. Transition metal elements

4.3.1. Lutetium—Lutetium (Z=71) appeared in a recent publication employing PEGylated 

nanoparticles[157]. Another paper has reported the use of PEGylated NaLuF4 which allows 

for the combination of fluorescence and X-ray imaging[158].

4.3.2. Tantalum—The oxide form of tantalum (Z=73), Ta2O5, is chemically inert[159], 

biocompatible[160], and shows good radiopacity[161] as evidenced by historic use as a 

water-insoluble powder for tracheobronchial[162, 163] and gastrointestinal[164, 165] 

imaging. In recent years, nanoparticles of tantalum oxide have been synthesized and 

formulated with coatings to permit intravenous injection for imaging. One formulation of 

tantalum oxide nanoparticles used organofunctional siloxane-based coatings[166–168] to 

impart biocompatibility and promote renal clearance, while others followed with PEGylated 

coatings on larger nanoparticles[169, 170].

Some authors of this review have worked to develop a new nanoparticle-based general-

purpose contrast agent that could be concentrated (240–320 mg Ta/mL) and formulated to be 

iso-osmolar with blood (~290 mOsm/kg) while maintaining low viscosity (~5–7 mPa s at 
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37°C). It was thought an agent featuring these physicochemical properties would be a 

reasonable solution for a vascular imaging agent, with tantalum serving as a novel reporter 

element to enable new imaging applications and advantages over currently-available 

iodinated contrast media. While initial endeavors with coatings derived from either 

PEG[171] or phosphonate esters[166] yielded highly viscous solutions at moderate tantalum 

concentrations (≤190 mg Ta/mL), more recent zwitterionic forms of tantalum oxide 

nanoparticles were found to dramatically reduce viscosity of concentrated solutions, 

significantly decrease tissue retention of injected tantalum in rat dosing studies, and 

eliminate a pathological response in rat kidneys previously observed with a coating derived 

from a phosphonate ester[167, 172].

In 2015, a single-ligand (intramolecular) zwitterion-coated tantalum oxide nanoparticle was 

shown to have a very promising safety profile at an anticipated clinical dose of 400 mg 

Ta/kg[172]and retention was found to be comparable to that of a clinical iodinated contrast 

agent as observed in rat dosing studies[11, 118, 173]. A recent report shows that a contrast 

agent based on these zwitterionic-coated tantalum-oxide nanoparticles has CT imaging 

performance that exceeds that of an iodinated agent, and exhibits the best physiochemical, 

clearance, and safety profiles compared to any proposed new contrast agent in the 

literature[121]. Therefore, these experimental agents show promise as the next generation of 

clinical intravascular contrast agents.

In other work, tantalum oxide nanoparticles have been encapsulated into polypyrrole as a 

composite and used for CT/photoacoustic imaging-guided photothermal ablation of 

tumors[174]. Small molecule cluster compounds of tantalum have been proposed as contrast 

agents based on increased X-ray attenuation properties of clusters compared to iodinated 

contrast agents, however to date these formulations lack biocompatibility[161, 175].

4.3.3. Tungsten—Adjacent to tantalum in the periodic table, tungsten (Z=74) would be 

expected to provide similar performance as a contrast element. One recent example employs 

polymer-coated tungsten-oxide nanoparticles[176]. An alternative coating of poly(ethylene 

glycol) has been studied for both imaging and photothermal therapy[177, 178]. Sodium 

tungstate nanoparticles coated with D-glucuronic acid have been reported and imaged[135]. 

Manganese tungstate has been used as a multi-modality agent – useful both for CT and MRI 

imaging[179]. Studies also include tungsten as an agent with potentially useful 

characteristics for advanced methodologies[19, 133] such as at DECT for metal artifact 

reduction.

4.4. Coinage metals

4.4.1. Gold—Gold (Z=79) has a rich history in nanomaterials development dating at least 

to Roman times with the use of gold colloids for dyes[180]. Since then, an extensive 

chemistry has developed related to gold nanoparticles, including various bio-applications 

such as CT imaging[181]. There are probably more publications about gold nanoparticles 

than there are about all the rest of the elements combined. A recent review was entirely 

devoted to gold nanoparticles as contrast agents[182]. Although the high price of gold may 

make it impractical for use as a general-purpose intravascular contrast agent, there certainly 
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may be specific applications for which the use of gold is potentially cost effective, for 

example as targeted contrast agents for oncology, or for theranostic contrast agents. 

Moreover, key knowledge developed from investigation of gold nanoparticles may be 

transferred to other elements, such as the formulation of coating modifications, and 

bioconjugation.

The concept of gold nanoparticles as X-ray contrast material dates back at least to 2004[181, 

183]. There are several advantages of gold as an active element in a contrast agent. Gold is 

known to be relatively inert and it is possible to make the core comprised totally of gold 

atoms such that the mass concentration of gold in the nanoparticle is very high. Such 

properties allow for the preparation of concentrated gold solutions that have low viscosity 

and low osmolality. However, the mass-concentration-normalized CT X-ray attenuation of 

gold is below that of every other element that was considered in a fairly comprehensive 

study[106] ; to some extent this offsets the benefit of the high mass concentration that can be 

achieved in gold nanoparticles.

A group of articles have appeared which combine gold nanoparticles in a dendrimer 

framework[184–188]. One potential advantage of this strategy is to bring multiple 

nanoparticles to a target such as a carcinoma by modification of the dendrimer with a 

targeting moiety.

Recent work has demonstrated a variety of materials that have multi-modal capability. One 

example uses gold nanoparticles modified by silica to enable both CT and fluorescence 

imaging[189]. Another paper used gold nanoparticles with both X-ray and fluorescent 

imaging for brain gliomas[190]. Yet another example combines MRI with CT imaging by 

synthesis of a composite structure with both gadolinium and gold[191].

4.4.2. Silver—Silver (Z=47), which has lower Z- and K-edge energies than iodine, has 

been explored in a modest number of publications as a reporter element for CT. One 

publication suggests that silver may have advantages in dual-energy X-ray 

mammography[192]. Another study prepared a contrast agent from 9- to 23-nm 

nanoparticles of silver stabilized with dendrimers which was then compared with iodine-

based agents[193]. One group considered taking advantage of the anti-bacterial properties of 

silver nanoparticles while also imaging at CT for inner ear applications[194].

4.5. Lanthanide elements

The atomic numbers of lanthanides range from Z = 57 to 71 and these elements have slightly 

higher K-edge energies than do iodine and barium. The lanthanides have been explored as 

potential imaging agents, though there has been more attention to MRI and optical imaging 

than CT[195]. The chemistry of these elements is dominated by oxidation state III, so for 

example the oxides would be La2O3.

4.5.1. Gadolinium—Gadolinium (Z=64) compounds have been used extensively as MRI 

agents[196] typically as complex chelates. While earlier work used the MRI agents at 

elevated doses[197], more recent work has considered a variety of nanomaterials[191, 198–

200]. One example employed PEGylated gadolinium hydroxide nanorods[201]. A number of 
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studies have included gadolinium as part of a multi-modal agent; these include PEG-

modified BaGdYF5[202] and a europium doped gadolinium oxide[199]. Since 

approximately 40 times higher dose of gadolinium is needed for effective contrast 

enhancement at CT imaging than for MR imaging, potential safety concerns are prominent 

when considering gadolinium agents for CT. These concerns include possible nephrogenic 

systemic fibrosis in patients with severe renal insufficiency, and recent findings that 

gadolinium may be retained in the brain and bones of patients following gadolinium 

contrast-enhanced MR imaging[203–205].

4.5.2. Ytterbium—Using ytterbium (Z=70), one study specifically designed to take 

advantage of spectral CT imaging used a trivalent ytterbium complex as the core of a 

nanocolloid[206]. Pan and coworkers determined in a mouse model that approximately 90% 

of the injected dose showed bioelimination within seven days, with most of the remaining 

ytterbium found in the liver. A variety of ytterbium-based contrast materials have been 

considered [202, 207–209], many designed for multimodal diagnostic capabilities. One 

example contrast material designed for both CT and fluorescent imaging showed 

approximately 75% bioelimination within a week and concentrations reduced to near the 

level of detectability within 30 days[209].

5. General biological and regulatory hurdles

No substantially novel radiographic contrast agents have been approved in over 20 years. 

This is due, in part, to the many challenges of shepherding a new agent through the 

regulatory approval process, which is generally governed by the same regulations that apply 

to standard therapeutic pharmaceuticals. In particular, existing imaging contrast agents show 

very low risk for substantial injury[12, 210]. To be efficacious as a new rapidly-eliminated 

intravenous CT contrast material, very high single doses of the new material must be safe for 

rapid administration to produce relatively high concentrations in the body at the time of 

imaging; the dose requirement is on the order of 30 g of the active element for a typical 

adult; the dose is typically injected intravenously in approximately 10–30 seconds. 

Alternatively, slowly eliminated contrast materials such as blood pool or targeted agents 

must demonstrate a high safety profile despite prolonged exposure to the substantial quantity 

of material required to be visible at CT. Therefore, the safety requirements for new CT 

contrast materials are very demanding.

Magnetic resonance imaging and ultrasound contrast media are used at doses of ~30 mg/kg 

bodyweight (BW) and ~1 mg/kg BW, respectively. CT contrast media, in comparison, are 

used at doses beginning at ~100 mg/kg BW, and are frequently used at substantially higher 

doses up to approximately 2000 mg/kg BW. The impact of these required doses on the 

process of ensuring the safety of the drug is profound. In addition to routine toxicological 

considerations, contrast agents administered at such high doses may have an impact on 

clearance organs[211]. Rapid and complete clearance of contrast agents is conceptually 

related to preferable safety profiles. Low residence time equates to limited total systemic 

exposure. Paradoxically, low residence time also creates an increased burden on the 

clearance organs, usually the kidneys.
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As for a standard pharmaceutical, any putative new CT contrast material will have to 

undergo routine safety toxicological testing at higher doses than used in the clinical setting. 

Nonclinical safety studies required for the registration of new pharmaceuticals, including 

contrast media, usually involve the administration of doses to animals that are orders of 

magnitude above the efficacious clinical dose. This testing is intended to determine the dose 

at which adverse effects, defined as any effect that would be unacceptable in the clinical 

setting, occur in animal models (usually in two species, one rodent and one non-rodent). The 

highest doses tested without adverse effects (termed the no-observed-adverse-effect-level, 

NOAEL) is then compared with the maximum intended clinical dose to give a margin of 

safety, which accounts for potential uncertainty related to species differences and variation 

between individual patients. For standard pharmaceuticals, this is often on the order of 10 to 

100 times the clinical intended dose. The challenge with CT contrast media relates to the 

very high doses used in the clinic. Since contrast media are often formulated at near to their 

limit of solubility and there are volume limitations recommended for the administration of 

substances to laboratory animals[212], there is a limit to the maximum dose that is possible 

to test in animals (termed the maximum feasible dose, MFD). When this maximum feasible 

dose is compared with the high doses used clinically, margins of safety can often be less 

than 10. When evaluating potential iodine-based agents, trial designs can somewhat 

compensate for this limitation by relying on comparison to historical safety data from the 

drug class, which is well established and understood. A hurdle for novel molecular entities is 

the absence of historical knowledge to help guide their development and focus on specific 

risks. As an example, a liposomal agent based on iodine showed no adverse effects at 10–30 

mg I/kg, but there were issues at 70–100 mg I/kg in a phase-I clinical trial[213]. Lack of 

historical data raises the burden of proof required to demonstrate safety. Understanding the 

biodistribution and clearance of the novel contrast materials within the body helps focus 

safety trials on the most relevant endpoints.

The required rapid rate of administration of CT contrast materials presents a second 

physiological challenge for the development of novel agents. In order to achieve the 

concentrations necessary to effectively attenuate X rays, the concentrations of injected 

contrast material generally need to be in the hundreds of mg active element / mL of solution. 

To provide sufficient concentrations in the target anatomy, especially in vascular 

applications, CT contrast materials are administered at very high rates (e.g. 5 mL/second) for 

a high total volume (e.g. 100 mL) using a power injector. The high concentrations of such 

agents generally mean that solutions are often hyperosmolar with respect to blood, as well as 

being more viscous than blood. The combination of the physicochemical characteristics of a 

contrast agent solution and the high rate of administration brings with it a host of potential 

adverse physiological responses. Patients can often feel pain at the site of injection and 

generalized nausea with rapid injection of contrast media having a substantially higher 

osmolality than blood. Anaphylactoid reactions may also occur with histamine release via a 

poorly understood pathway[214]. In addition, X-ray contrast media are commonly injected 

directly into arteries, such as the coronary arteries during interventional angiographic 

procedures. Such injections expose target organs, such as the heart, to extremely high local 

concentrations of contrast material. A more physiologically-compatible formulation is 

particularly desirable for such applications to limit potential side effects on heart function. 
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One advantage of currently available contrast materials is that, after numerous iterations on 

the common tri-iodobenzene motif, contrast materials have been identified that have 

relatively low viscosity and low osmolality. Some agents are iso-osmolar with blood, even at 

concentrations in excess of 600 mg/mL. In order to be a viable clinical candidate, any new 

general-purpose CT contrast agent must meet or at least approach these physicochemical 

parameters. Unfortunately, many experimental compounds that provide excellent 

opacification at CT fail to meet the required physicochemical requirements when 

concentrated to clinically-useful levels. The solubility required to make sufficiently-

concentrated solutions are often a challenge as well, as many promising compounds are not 

soluble to the desired degree.

Finally, among the most daunting regulatory obstacles for new contrast materials are the 

contrast agents that already exist. The current agents, all of which are based on the common 

tri-iodobenzene core, either in monomeric or dimeric form, are incredibly safe. Since the tri-

iodobenzene ring was first introduced over 50 years ago, the manufacturers of these agents 

have successively improved the hydrophilic substituents onthe contrast-generating core to 

reduce toxicity. The current agents are well-tolerated and inexpensive, with known safety 

profiles and relatively low risk of adverse events. In order to be considered for widespread 

use, a new agent would need to meet or improve upon these existing safety profiles at the 

very high doses discussed above, and also provide evidence of some benefit in contrast 

enhancement or performance. Of note, CT contrast agents are used in patients with a wide 

range of disease, meaning that their required safety profile is more rigorous than might 

otherwise be the case. Unlike specialized therapeutic agents which may be permitted to have 

some degree of toxicity if their therapeutic benefit is large, general-purpose diagnostic 

contrast material must be extremely safe in order to be accepted clinically. Potential 

approaches to mitigate safety concerns include developing contrast agents for delivery into 

less sensitive bodily compartments, such as the bowel or bladder, or developing targeted 

agents that may be given at lower doses than would a general agent. However, the market for 

such specialized agents is substantially smaller than for more general agents and the 

commercial development of any new agent requires careful consideration of economic 

feasibility.

In summary, the regulatory challenges for any new contrast material are in part due to the 

large mass concentration needed to attenuate X-rays, and in part due to the mature nature of 

the current generation of agents. However, the possibility of spectrally active contrast 

material – those whose active contrast-enhancing elements can interact specifically with X-

rays in the CT energy range – may change the balance of the cost-benefit equation for new 

agents; spectrally active contrast material may enable rapid and more specific clinical 

diagnoses with lower radiation dose to patients. Agents that could have such profound 

impact on patient outcomes may justify the long and difficult process required to develop 

and certify a new agent.

6. Summary

Clinical CT scanners now commonly provide dual-energy capability that can increase the 

sensitivity to existing iodine- and barium-based contrast material and also can differentiate 
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these agents from other radiopaque materials. This latter capability of spectral CT has 

created the opportunity to develop new non-iodine-based contrast materials that differ in X-

ray attenuation properties from current clinical contrast agents. Thoughtfully designed 

contrast materials that exploit untapped capabilities of spectral CT may introduce profound 

diagnostic advantages at spectral CT and therefore may be worth long-term investment. 

Given the established history of proven safety and efficacy of current X-ray contrast 

materials, it is imperative that any new contrast material be thoroughly vetted to minimize 

patient risks and ensure its benefit to society.
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Fig. 1. 
Iodinated contrast material examples. (Top row:) All current general purpose CT contrast 

materials are based on the 1,3,5 tri-iodinated benzene core. (Middle row:) Ionic contrast 

materials, such as diatrizoate, showed higher osmolality and toxicity than (Bottom row:) 

Nonionic contrast materials which had lower osmolality. Dimeric tri-iodobenzene contrast 

materials allowed for even lower osmolality such that formulations could be iso-osmolar to 

blood.
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Fig. 2. 
The X-ray spectra for CT X-ray tube voltages of 80 and 140 kVp of a clinical CT scanner. 

The maximum photon energy for the 80 kVp tube voltage setting is 80 keV, and that for 

140kVp is 140 keV.
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Fig. 3. 
(A) The X-ray spectra for X-ray tube voltages (kVp) most commonly used at CT are 

depicted. These were simulated using typical CT system parameters, constant X-ray tube 

current (mA), and a medium-large patient size; the spectra represent the energy at the 

detector. Note that at the same mA, the higher-kVp spectra contain much more energy than 

the lower-kVp spectra. The substantial drop in fluence above approximately 69 keV is due to 

the self-filtration of the tungsten anode of the X-ray tube; the K-edge of tungsten causes a 

sharp increase in attenuation of X-ray photons above tungsten’s 69-keV K-edge energy, and 

a corresponding decrease in X-ray energy leaving the anode. (B) The mass attenuation 

coefficients (MAC; μ/ρ; cm2/g) are shown for three representative materials. Iodine’s K-

edge energy (33 keV) is at the lower limit of all of CT’s energy spectra; tantalum’s 67-keV 

K-edge energy is within all of the CT spectra; bismuth’s 91-keV Kedge energy is too high to 
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produce good attenuation with the 80- and 100-kVp spectra, but it is within the 120- and 

140-kVp spectra. However, bismuth’s L-edge at 16 keV increases its low-energy attenuation 

above that of iodine and tantalum, until the K-edges of the latter elements boost their 

attenuation above that of bismuth.
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Fig. 4. 
(A) The X-ray spectra of Fig. 3A, shown normalized to constant integrated energy. (B) The 

“attenuation factor” 1-e−(μ/ρ)ρL, for active element concentration (ρ) of 10 mg/mL and path 

length (L) of 2 cm. (C) The product of the 80-kVp spectrum from (A) and the attenuation 

factors from (B), representing the energy attenuated by those elements when the 80-kVp 

spectrum is used. The total attenuated energy is highest for iodine, but the large increase in 

tantalum’s attenuation at its 67-keV K-edge results in a total attenuation that is similar that 

of bismuth. (D) The product of the 140-kVp spectrum from (A) and the attenuation factors 

Yeh et al. Page 48

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from (B), representing the energy attenuated by those elements when the 140-kVp spectrum 

is used. The total attenuated energy is highest for tantalum, but the large increase in the 

attenuation of bismuth due to its 91-keV Kedge results in a total attenuation that is higher 

than that of iodine. With the 140-kVp spectrum, iodine has a lower attenuation than tantalum 

or bismuth. (E) The empirically-measured CT image contrast that results from the examples 

presented above. The material concentration was 10 mg of active element per milliliter of 

aqueous solution, with the sample placed in the center of a 32-cm CT dose index phantom. 

Data from Fitzgerald et al, Radiology 2016.

Yeh et al. Page 49

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Schematic diagram of the operating principles for the different clinical dual-energy CT 

platforms currently available. A) Rotate-rotate CT, where sequential low- and high-energy 

acquisitions are obtained. B) Dual Source CT, where low- and high- energy data is acquired 

using two X-ray source and detector pairs. C) Rapid-kVp-switching CT, where the tube 

potential of a single X-ray source is rapidly switched between low- and high-energies. D) 

Multilayer detector CT, where the front layer of a sandwich detector preferentially absorbs 

low-energy X-ray photons, while the back layer absorbs the remaining high-energy X-ray 

photons. E) Split-beam CT, where a two-part filter mounted along the patient axis length 

modulates the X-ray spectra into a high- and low-energy spectrum for each half of the beam 

from a single non-switching source.
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Fig. 6. 
Typical X-ray spectra used in medical CT. Representative spectra at 70, 80, 100, 120, and 

140 kVp, after standard pre-filtration, are shown. Their mean energies range between 47 and 

69 keV. The Sn kV spectrum is obtained after pre-filtration with 0.4 mm Sn (tin) to 

preferentially remove lower energy X-ray quanta and shift the mean energy of the spectrum 

to higher values. Image from page 4 of [215].

Yeh et al. Page 51

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yeh et al. Page 52

Adv Drug Deliv Rev. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
A) Conceptual diagram of the operating principle of a CT system that incorporates a photon-

counting, energy-discriminating (PCED) detector. In order to generate energy-specific 

projection data, PCED detectors ideally detect each individual incoming X-ray photon, 

characterize the photon’s energy, and increment a counter associated with a specific energy 

range (or bin) encompassing the energy of the photon. In this figure, the corresponding 

colors in the B) spectrum and the A) detector represent ranges of energies associated with 

the detector’s energy bins. To be clear, PCED detectors are not physically layered, but do 

record the number of detected photons within one of several energy bins. Therefore, the 

precision of energy discrimination is superior to that of multilayer-detector CT.
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Fig. 8. 
Intravenous contrast-enhanced DECT scan of the liver. A) A subtle hyperenhancing focus 

(arrow) is faintly seen on the standard transverse CT image reconstruction. B) The lesion is 

more conspicuous on the virtual monoenergetic low keV (52 keV) image and C) iodine 

density map. These types of DECT reconstructions improve lesion detection for both hyper- 

and hypovascular lesions.
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Fig. 9. 
Kidney mass imaged at DECT. a) Portal venous phase coronal CT image shows a high 

density renal mass (arrow) that is ambiguous for enhancing tumor versus a hemorrhagic 

cyst. The DECT scan material decomposition images show B) high density in the lesion on 

the water / virtual unenhanced image without high density in the C) iodine density image. 

These findings confirm that the lesion does not enhance with intravenous contrast material 

and is not a renal cell carcinoma. Instead, the lesion is diagnosed as a benign hemorrhagic 

cyst and requires no further follow up. Were it not for the material decomposition images, 

additional imaging workup would have been required for this patient to assess for 

enhancement.
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Fig. 10. 
Double contrast-enhanced DECT scan with tungsten enteric and intravenous iodinated 

contrast material in rabbit with sharp abdominal trauma. A) Standard CT reconstruction 

shows a leak of contrast material (asterisk *) in the lower abdomen and another in the pelvis 

(large arrow), ambiguous for perforated bowel versus bleeding. B) Tungsten image from 

same scan shows contrast opacification of bowel lumen (small arrows) and in the pelvic 

leak, confirming a bowel perforation. No oral contrast is seen in the abdominal leak. C) 

Iodine density map shows the blood vessels (arrowheads) well, and confirms that the 

abdominal leak is due to bleeding rather than leaked bowel contents, and also shows 

bleeding into the pelvic leak. Such clarity for the diagnosis of injury is not possible with 

conventional SECT. S=stomach
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Fig. 11. 
Simulated dose-weighted contrast-to-noise ratio (CNRDrel) and measured CNRDrel of 

iodine versus hafnium and tungsten in an adult liver phantom and an obese adult liver 

phantom at different kVp in a clinical CT scanner. Image from [216].
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Fig. 12. 
Potential biocompatible constructs for non-iodinated contrast materials. A) X-ray 

attenuating elements can be tightly bound in a small molecule cluster configuration, such as 

this W3S4 tungsten cluster. Much like tri-iodinated benzene rings, such clusters may be 

linked to targeting moieties to change their biodistribution. B) Densely packed nanoparticles 

of X-ray attenuating elements provide high X-ray attenuation since thousands of X-ray 

attenuating atoms may be present per particle. Biocompatible coatings are generally applied 

to these nanoparticle contrast materials to improve their safety profiles and to link the 

nanoparticles to targeting moieties.
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Fig. 13. 
Potential of chemical elements for use as general purpose DECT contrast materials. Also, 

see corresponding Table 1.

Red: Low potential due to toxicity, radioactivity, or gaseous phase.

Brown: Low practical potential due to low X-ray attenuation, poorer than that of iodine and 

similar to that of biological tissues.

Orange: Little practical potential due to limited world production or high cost.

Gray: Moderate potential, but patient safety, availability, and cost for the anticipated 

composition and application needs to be explored.

Green background (all shades): Varying degrees of moderate to high potential; have been 

used clinically or are reported in the literature as candidates for consideration as CT contrast 

materials.

Light green (iodine): The only current clinical general purpose CT contrast material.

Medium green (tantalum): Currently under investigation as a general purpose CT contrast 

material.

Dark green: Have important limitations such as potential toxicity or low world production 

quantity that may prohibit widespread use as a general-purpose CT agent.
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