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Abstract: Dual-energy CT (DECT) imaging has broadened the potential of CT imaging by offering
multiple postprocessing datasets with a single acquisition at more than one energy level. DECT
shows profound capabilities to improve diagnosis based on its superior material differentiation and
its quantitative value. However, the potential of dual energy imaging remains relatively untapped,
possibly due to its intricate workflow and intrinsic technical limitations of DECT. Knowing the
clinical advantages of dual-energy imaging and recognizing its limitations and pitfalls is necessary
for an appropriate clinical use. The aims of this paper are to review physical and technical basis of
DECT acquisition and analysis, to discuss advantages and limitations of DECT in different clinical
scenarios, to review technical constraints in material labeling and quantification, and to evaluate
cutting-edge applications of DECT imaging, including artificial intelligence, qualitative and
quantitative imaging biomarkers, and DECT-derived radiomics and radiogenomics.

Keywords: computed tomography; dual-energy CT; iodine map; material

1. Introduction

Computed tomography (CT) ranks as one of the top five medical developments in the last 50
years. CT imaging has recently been experiencing remarkable growth with advancements in spatial
and temporal resolution, radiation dose reduction, artificial intelligence (Al) integration, and new
clinical applications. As a result, CT scans will continue to be a cornerstone of modern medical
diagnostics and personalized medicine. However, conventional (single-energy) CT has inherent
limitations in soft tissue differentiation. Therefore, dual-energy CT (DECT) imaging (a subset of
spectral CT) tries to overcome these limitations by acquiring data at two energy levels (tube voltages)
allowing the differentiation of materials by using the energy dependence of X-ray attenuation in any
material [1-8]. DECT has been considered as the next phase of CT technology development and has
emerged as a useful tool with many clinical applications that have evolved over time. DECT shows
profound capabilities to improve diagnosis based on its superior material differentiation, but also
show technical constraints that must be considered for proper use in daily practice [8-10]. The aims
of this paper are to review physical and technical basis of DECT acquisition and analysis, to discuss
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advantages and limitations of DECT in different clinical scenarios, to review technical constraints in
material labeling and quantification, and to evaluate cutting-edge applications of DECT imaging,
including artificial intelligence, qualitative and quantitative imaging biomarkers, and DECT-derived
radiomics and radiogenomics.

2. How DECT Imaging Works?

Conventional CT imaging systems uses an X-ray beam that includes a wide range of photon
energies (polychromatic or polyenergetic) for recording the radiation attenuated by the different
densities of tissues, expressed in terms of Hounsfield Unit (HU). CT systems measure the linear
absorption coefficients of different tissues an X-ray beam passes through. Linear absorption
coefficient is a result of the combination of two physical interactions of X-ray photons in the matter:
photoelectric absorption (that is predominant under low energy and strongly depends on Z) and
Compton scattering (CS) (that is predominant under high energy and depends on the electron density
[o] of the material). However, single-energy CT systems show an inherent limitation in soft tissue
differentiation. On conventional CT, the HU value (or CT number) of a voxel entirely depends on the
linear attenuation coefficient (1), a parameter that describes the fraction of attenuated incident
photons in a monoenergetic beam per unit thickness of a material, which has considerable overlap
between different body materials. if two different materials show similar coefficients (hemorrhage
and iodine, for example), the same HU value will be assigned to both materials, and it will be difficult
their differentiation [1,5-8] [Figure 1].

Figure 1. Contrast media extravasation can mimic hemorrhage after endovascular thrombectomy (a)
120 kVp-like brain imaging like conventional single-energy imaging shows a hyperdense area in the
left basal ganglia following thrombectomy in a patient with ischemic stroke. Hemorrhagic
transformation must be rule out (b). Virtual non-contrast (VUE) and color-coded iodine overlay map
evidence that this hyperdense area is not depicted on VUE while remans on iodine map, representing
contrast staining (arrow).

On the contrary, DECT uses two different x-ray spectra (tube voltages) to acquire two image
datasets of the same region allowing the analysis of energy-dependent changes in the attenuation of
different materials. The degree that a material will attenuate the X-ray beam is dependent on tissue
composition (p increases with increasing atomic number and increasing physical density of the
absorbing material) and photon energy level (increasing with lower photon energy). Each type of
material demonstrates a relatively specific change in attenuation between images obtained with a
high-energy spectrum and those obtained with a low-energy spectrum. The influence of the effective
atomic number (Zeff) on the attenuation (HU) at different energy values is fundamental for reliable
material characterization and quantification. Although CS is the dominant interaction on CT imaging,
CS does not depend on photon energy level in the range of photons’ energies used in clinical CT. The
photoelectric effect (PE) predominates at low energy values and strongly depends on Z of the
material as well as on the energy (E) of the photons (probability of photoelectric absorption= Z3/E?).
PE is the fundamental basis of DECT imaging [Figure 2].
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Figure 2. DECT images corresponding to a patient with cholangiocarcinoma (1) evaluated at 40, 60,
74, and keV. Energy level deeply influences many image features (contrast, density values, image
noise, etc.). Materials with high atomic number, such as iodine, are susceptible to the photoelectirc
effect at lower energy levels. Note the differences in the spectral curves of cholangiocarcinoma (1),
peritumoral area with increased enhancement (2), and normal liver parenchyma (3) due to their
different iodine uptake. Furthermore, it is shown that at high energy levels (e.g., 120 keV) it is not
possible to distinguish between them. Density values also change. Cholangiocarcinoma attenuation
values at 120, 74 and 40 keV are 52 HU, 80 HU, and 213 HU, respectively, with increased values at

lower energy.

Materials with high atomic number, such as iodine, calcium, barium, and gadolinium are
susceptible to the PE at lower energy levels, which can be exploited to differentiate those materials.
On the contrary, lighter atoms, such as most atoms in soft tissues and water, do not present much of
a PE in the range of energies used in clinical CT scans. Based on the relatively specific change in
attenuation with two different energies, material composition information can be obtained to allow
tissue characterization [1-9]. In this setting, two materials may have similar attenuation coefficients
at single-energy spectrum but may be differentiated on DECT based on their attenuation properties
at two different energies [Figure 1]. When CT numbers of a material at low- (70-80 kVp) and high-
energy (135-140 kVp) values are plotted along y- and x-axes, the slope is a characteristic of the
material, and the location of the value of a given pixel along this slope depends on density. The higher
the Zeff (iodine, calcium, barium), the steeper the slope (marked increase of HU values at low energy
values). On the contrary, CT numbers of water and soft tissues (which have similar lower Zeff values)
are not energy dependent and will change very little when varying the X-ray beam energy. Therefore,
these elements will remain close to the identity line (or line of equality) that represents values at
which both CT numbers are same. As a result, DECT may differentiate materials if their atomic
numbers differ sufficiently. Besides, by consensus, water and air densities are 0 and - 1000 HU,
respectively, at all kVp and thus lie on the identity line. [9-11] [Figures 3 and 4].
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Figure 3. Energy-dependent x-ray absorption behavior of different materials represented as HU
values using low (y-axis) and high (x-axis) energy x-ray spectra. By consensus, Water and air densities
are 0 and — 1000 HU, respectively, at all kVp, and thus lie on the identity line. Iodine, bone, and
calcium demonstrate higher HU values at lower energy, with measured attenuation increasing as
their concentrations increase, along lines with a characteristic slope, the “dual energy ratio” (the ratio
of the CT number, in Hounsfield units [HU], of the material at low energy to the CT number of the
same material at high energy). On the contrary, lighter atoms, such as most atoms in soft tissues and
water, do not present much of a photoelectric effect and show limited changes in density at low energy
values. Fat and uric acid fall below the identity line, as they demonstrate lower attenuation at lower
x-ray energy. Finally, note that differences in attenuation between materials are scarce at higher
energies (dotted circle, bottom right).
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Figure 4. Comparing the HU value of a voxel at high (140 kVp) and low energy values (80 kVp). The
slope is a characteristic of the material, and the location of the value of a given pixel along this slope
depends on density. The higher the Zeff (iodine, calcium, barium), the steeper the slope (marked
increase of HU values at low energy values). On the contrary, The CT number of water and soft tissues
(which have comparable Zeff values) is not energy dependent. Thus CT numbers of soft tissues will
remain almost constant when varying the X-ray beam energy.
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Finally, it must consider that spectral separation is a fundamental feature for improving DECT
material labeling. Spectral separation depends on the amount of overlap between the low and high-
energy X-ray spectrum. Theoretically, it would be advantageous to use two energy levels as far apart
as possible. However, there are some limitations to the energy levels that can be used on DECT
imaging. So, at peak energies less than 80 kVp, too few photons are generated and a substantial
proportion of them would be absorbed by the body, increasing image noise, and reducing their utility
in imaging. On the other side, voltages higher than 140-150 kVp are typically not available on all
DECT scanners and result in higher dose of radiation with too little soft tissue contrast [11,12].

2.1. How is DECT Able to Characterize and Quantify Materials?

Material decomposition using DECT imaging consider the density (HU) of a voxel with an
unknown composition as a result of a linear combination of two or three (in advanced models)
materials based on the change in attenuation between the two energy levels. Material decomposition
algorithms can be applied to raw data (two-material decomposition) or to the image-space domain
(three-material decomposition).

In material differentiation or labeling, two materials with different dual-energy slopes caused
by different PE effects can be differentiated. Materials with high Z values (such as iodine, calcium, or
barium) can be adequately differentiated from usual body materials (hydrogen, carbon, nitrogen, and
oxygen) that present a weak PE at low energy values. This is the fundamental of materials
decomposition using DECT. The characteristics of several basic materials like iodine, water, calcium,
and fat at different energy levels are well-known and used for analysis. Therefore, it is possible to
characterize an unknown material based on their attenuation plot at different energy levels and
according to its position in relation to these basic materials [5-13]. Decomposition algorithms create
material-specific image pairs. Any two materials can be selected for two material DECT
decomposition, being iodine-water the most useful one [Figure 5]. Nevertheless, the approach of basis
material decomposition differs slightly, depending on the CT system used to acquire the dual-energy
data.
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Figure 5. Two materials decomposition algorithms assume that the entire voxel is composed of only
two preselected materials in different proportions and mathematically transform material attenuation
information into the amount (or concentration) of two-material pairs that would be necessary to
produce the measured attenuation level within each image voxel based on the difference of atomic
numbers of the materials present within the voxel. The two-material decomposition algorithm creates
material-specific image pairs. Any two materials can be selected for two material DECT
decomposition, but water and iodine are the basis pair typically used in clinical practice. Proper
identification of the materials relevant to each application is paramount for accurate characterization,
quantification, and subtraction (e.g., virtual unenhanced [VUE] imaging). Note the differences in a
patient with a solid renal tumor and a simple cyst in water (no iodine), iodine (no water) maps, color-
coded iodine map, and spectral curves that depend on iodine uptake.
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2.2. More Image Types are Available with DECT Than with Single-Energy CT

The main advantage of DECT is the capability of offering material- and energy-selective images.
The former include material decomposition with material labeling, quantification (distribution
maps), and subtraction (iodine, calcium, etc); while the latter include the monoenergetic imaging,
spectral curves, Zeff, and effective electron density (Rho-Z maps) [5,11,14].

2.2.1. Material-Selective Images

A given basis material can be detected, labeled and subtracted using DECT. lodine, calcium,
monosodium urate, or fat are frequently used as basis materials in clinical prctice [11,14,15] [Table 1].

Table 1. Material-selective images.

DECT material

. Advantages
decomposition

Applications Anatomical region

lodine/Water or soft tissue e Virtual removal of iodinated General use throughout Discrimination between enhancing

contrast (virtual non anatomy and non-enhancing lesions
enhanced, VUE)
« Dose reduction based on Lesion characterization
the avoidance of basal

L Response assessment
acquisitions

. e . Possible surrogate marker of
* lodine quantification perfusion parameters (iodine)

lodine/Water or soft e Fat quantification Liver Fatty liver disease

tissue/Fat

Kidney and adrenal
Cardiovascular

Full body composition
Musculoskeletal

Fatty masses (kidney, adrenal, soft
tissues)
Vascular plaque characterization

Iron/Water or soft tissue/Fat

e Iron quantification

Liver
Musculoskeletal

Iron liver deposit
Hemosiderin deposits (e.g., pigmented
villonodular sinovitis)

Calcium/Water or soft tissue

e Virtual non calcium - VNCa
(bone/calcium removal)
images

e Calcium quantification

Musculoskeletal
Cardiovascular
Abdominal
Head and neck

Bone marrow edema

Bone marrow lesions (e.g., myeloma)
Vascular plaque evaluation

Renal stones

Calcium/Hemorrhage

¢ Hemorrhage evaluation

Head and neck

Brain hemorrhage vs calcification

Uric acid/Calcium

® Renal stone composition
* Gout

Abdominal imaging

Musculoskeletal imaging

Differentiate calcific and uric acid-
based renal stones
Gout crystais deposit

Silicone/Soft tissue

¢ Detection of silicone
(silicon. Z value = 14)

Breast
Soft tissue

Breast Implant Leaks
Soft tissue implants

2.2.1.1. Material-Labeling

In material-labeling, two materials with different dual-energy slopes caused by their PE effects

can be differentiated by using a pre-defined separation line. Basis material images selectively display
the material in question in gray scale or with color overlay. The most common images used are iodine
maps, which specifically show iodine distribution in tissues with improved differentiation between
enhanced and non-enhanced lesions. However, many other pairs of basis materials can be analysed
based on DECT, including uric acid/calcium (differentiation of uric acid from calcium in kidney
stones and the monosodium urate crystals in the diagnosis and follow-up of gout patients),
calcium/water or soft tissue, calcium/hemorrhage, and silicone/soft tissue [2,3,15-19]. Furthermore,
multimaterial decomposition algorithms allow quantification of the percentage of fat in a volume of
tissue. Fat quantification based on DECT has been used for measuring liver steatosis, fatty bone
marrow content, or myosteatosis; for evaluating adipose tissue distribution; and for characterization
of adrenal gland lesions [15,16,20] [Table 1].
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2.2.1.2. Material-Subtraction

Iodine may be subtracted from material-specific images, generating virtual unenhanced (VUE)
images. VUE images have shown image quality comparable to true non-contrast (TUE) images,
potentially obviating the need of a TUE acquisition and therefore reducing radiation exposure and
scan time [21].

Virtual non-calcium (VNCa) imaging is able to estimate the amount of calcium on a DECT
dataset and to subtract bone mineral or calcifications from images. Main VNCa clinical applications
are removing of calcified plaques from vessels without subtraction and depicting alterations on the
bone marrow and cancellous bone, including bone tumors or bone marrow edema (BME) [19,22].
VNCa suppress the high attenuation of trabecular bone, thus enabling visualization of subtle changes
in bone marrow. BME images can be used to identify occult fractures. Visualization of BME can be
used to identify fractures or bone focal lesions [19].

2.2.2. Energy-Selective Images

Polychromatic x-ray beams are composed of photons at many energy levels that form the x-ray
spectrum. Due to this material-specific information of DECT, the density of each voxel can be
extrapolated to a certain energy level to generate virtual monochromatic (VMI) series. They can
simulate how CT images would look like if a monochromatic beam of X-rays at a chosen single energy
was used for imaging. This type of images may improve image quality increasing contrast-noise ratio
and reducing artifacts (such as beam-hardening at higher keV values). When using lower energy
levels, the energy level can be shifted close to the k-edge of iodine (36 keV), which may improve the
visualization of contrast-enhanced lesions and reduce of the iodine contrast dose administered. This
feature can be useful in patients with impaired renal function [1-8] [Table 2].

Table 2. Energy-selective imaging with DECT.

DECT application Applications Anatomical region Advantages
Monoenergetic images * Simulate attenuation at a General use throughout -Reduction of proton-starving
chosen single energy anatomy and beam hardening artifacts
* Improved image quality -Optimal image contrast/noise

-Metal Artifact Reduction
-Reduction of iodine load

-Salvage of poor contrast studies -
Improved detection and delineation
of abnormalities

(increasing contrast, reducing
artifacts)

* Reduction of dose of
contrast material

Effective atomic number * Material labeling General use throughout -Radiotherapy planning

(zeff) (evaluation of effective anatomy -Radiotherapy dose calculation
and atomic number (Zeff) and -Stopping power ratio

Electron density maps, (Rho-  electron density (Rho) maps (protontherapy and brachitherapy)
Z) maps allow for the semiquantitative

. -Evaluation of cartilages and tendons
assessment of materials)

-Characterization of Renal masses (?)

DECT imaging also allows calculation of mass density (rho) and Zeff information. Z-eff image
measures the average atomic number of a tissue, which is fundamental in radiotherapy planning [15].
Besides, prelimminary results suggest that atomic numbers could be useful to discriminate non-
enhancing from enhancing renal masses on effective atomic number maps. Mileto, et al [24]
concluded that 8.36 value was the optimal threshold with the enhancing masses showing higher
values.

2.2.3. Polichromatic-like Images

In addition to the material- and energy-specific images, a mixture of the low- and high-energy
acquisitions is used to generate a single set of blended images similar to conventional single-energy
CT images (i.e., 120 kVp-like images) to be used for routine diagnosis. They simulate the standard
120 kVp dataset in polychromatic CT combining high-contrast from low-keV images with lower noise
at higher keV images [1-9].
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2.3. Technical Solutions for Acquiring DECT Imaging

The advance in technology has allowed for the development of different CT scanners in the field
of DECT. Currently, all major vendors offer CT systems capable of DECT acquisition. However,
commercially available DECT platforms have hardware and software differences that may influence
the spectral performance and, consequently, lesion quantification and characterization [4,6,7].

Currently available advanced DECT systems fall into two main categories: source-based or
detector-based.

e  Source-based DECT systems:
- Dual-source DECT with two x-ray tubes/detectors arranged perpendicular to each other.
- DECT with rapid tube voltage switching alternating between high and low energies
multiple times within the same rotation.
e  Detector based DECT systems:
- Dual-layer DECT with a single x-ray tube and two layers of detectors, with a top layer
detecting the low-energy photons and the bottom layer detecting high-energy photons.

Every system shows advantages and disadvantages in clinical practice that must be known [4,6—
10] [Figure 6].
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Figure 6. Differences between main available advanced DECT systems and advantages (PROs) and
disadvantages (CONs) of each of them.

3. Clinical Applications of DECT Imaging: DOs & MAYBEs

Dual-energy/spectral CT imaging can be considered as CT-plus imaging technique and has
evolved into a useful clinical tool. DECT offers numerous advantages over conventional CT such as
image optimization, artifact reduction, and the ability to provide additional information regarding
tissue composition and enhancement. The multiple image types generated from DECT acquisition

had opened a wide range of clinical applications already established. In addition, many new
advanced applications have emerged.

3.1. DOs: Current Clinical Applications of DECT

DECT offers the potential for an improved lesion detection and characterization, superior
determination of material composition, and a more robust quantification. Besides, this technique
enables a decrease in the amount of iodine contrast administered and in radiation dose (eliminating
the need for a non-contrast phase by generating VUE images) and can also reduce CT artifacts (e.g.,
beam hardening). Although a complete review of clinical applications of dual energy imaging is out
of the scope of this manuscript, DECT has demonstrated clear clinical benefits in many different
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anatomical areas and clinical scenarios and offers a “solving-problems” tool allowing for an accurate
characterization of incidental findings and obviating the need for further imaging, which may
potentially reduce healthcare costs. [1-10] [Figure 7].
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Figure 7. DECT imaging may offer clinical value in multiple clinical scenarios at different levels.

3.2. MAYBEs: Advanced Applications of DECT

DECT may offer a “one-stop-shop” imaging approach in various organs such as heart and liver.
In the case of cardiac imaging, dual-energy cardiac CT allows for a global cardiac assesment
combining morphologic and functional analysis. DECT imaging offers high spatial resolution cardiac
morphology, coronary plaque imaging and analysis with calcium scoring (including in post-contrast
scans) and subtraction of calcium, improved evaluation of stent patency, calculation of fractional flow
reserve, dynamic myocardial CT perfusion, assessment of myocardial extracellular space, and
calculation of DECT-derived parameters such as iodine contrast uptake [24-26] [Figure 8]. Besides,
DECT improves image quality and can reduce both radiation and contrast media administration. The
generation of iodine perfusion maps is clearly one of the most attractive contributions of cardiac
DECT imaging. These maps can outline the iodine distribution within the myocardium, improving
the evaluation of perfusion defects in infartc and ischemia. However, it is necessary to emphasize
that iodine maps assess myocardial blood volume at a given time, they are not multiphase
acquisitions such as dynamic perfusion CT [24-26].
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Figure 8. Volumetric Cardiac DECT. “One-beat” spectral acquisition for coronary plaque evaluation.
Cardiac CT morphologic (left), vascular (middle) and functional (right) analysis. Partially calcified
plaque at the origin of the anterior descending coronary artery with intraplaque thrombosis (white
arrows and orange arrowheads) generating severe stenosis (70-99%) with distal repermeabilization.
Iodine map allows to depict the presence of iodine within the stenotic area (blue arrow). Myocardial
iodine maps and polar map where a decrease in anterior and anterolateral midventricular, anterior
and lateral apical uptake is identified (red arrows and blue asterisk, respectively). DECT also allows
for iodine quantification and compariosn to normal myocardium (bottom, right). This alteration is
difficult to assess in conventional images (white asterisk).

Another field of growing interest for the use of DECT is liver imaging. Advanced applications
of liver DECT imaging include the assessment of fat and iron deposits and the calculation of
extracellular volume (ECV) (which is related to the degree of liver fibrosis). Although a non-contrast
scan is preferred, recent studies have shown that DECT can accurately quantify liver fat even on
contrast-enhanced images. In the case of liver iron content, both the attenuation difference of the liver
between the low- and high-energy CT images or using and an iron- or fat-specific material
decomposition algorithm correlate well with the MR-based assessment of iron or fat accumulation
[27-30] [Figure 9]. The major limitations to the routine use of DECT in diffuse liver diseases are
radiation and additional software required for post-processing. Finally, although DECT cannot
directly detect or quantify fibrosis in the liver, the degree of hepatic fibrosis is strongly correlated
with the ECV. The quantification of ECV at a contrast-enhanced delayed phase (4-5 minute) can be
used to estimate the degree of hepatic fibrosis. A normalized iodine concentration of liver
(representing the ratio of iodine concentration of liver compared to that of aorta) may reflect the
amount of fibrosis based on the extent of iodine uptake [31].

Fat Fraction Virtual Iron Content (VIC)

G

[Fe]:1.58 mg/mL

Figure 9. DECT-based assessment of fat and iron deposit. CT images demonstrate a fat fraction of 2%

and a virtual iron concentration of 1.58 mg/mL that rule out fatty infiltration or iron overload in this
patient.

Advanced applications of DECT may also provide quantitative measurements for radiotherapy
planning, such as the Zeff and electron density of tissues for stopping power ratio calculation (SPR).
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DECT improves the accuracy of the SPR with an uncertainty of 1%-2% in proton range. DECT can be
particularly useful for dose delivery techniques with a steeper dose gradient, such as brachytherapy
and proton therapy [32]. In particle therapy, SPR is significant for dose calculations because the
planning target volume (PTV) margin includes the uncertainty determined based on the SPR. Protons
release the maximum energy just before they stop penetration, making an accurate estimation of the
SPR essential for therapy planning. Enhanced tumor visualization and delineation or artifact
reduction using DECT have the potential to improve volume segmentation, and dose calculation for
radiation therapy planning in cancer treatment [Figure 10].

Figure 10. Color-coded electron-density map based on DECT (bottom, left). Histogram analysis of
electron density values at different locations (bladder lumen [water, yellow], muscle [green], and bone
[blue]). Information on electron density is important for radiotherapy treatment planning in order to
optimize the dose distribution and volume delineations. Sagittal fused CT and MR image (50%
transparency) for therapy planning demonstrates the tumor (white arrow, right image).

DECT technology has opened opportunities for new clinical applications, including the
characterization of adrenal nodules, the detection of prostate and breast cancer, and the assessment
of lymph-nodes (LNs), or the study of body composition.

¢ In the case of adrenal imaging, fat fraction had higher sensitivity than VUE attenuation and the
traditional threshold of 10 HU or lower for diagnosing adrenal adenomas. Loonis, et al [20]
reported a threshold of fat fraction > 23.8% with a 100% specificity and 59% sensitivity [Figure
11]. Besides, DECT-derived parameters can be used to differentiate adrenal adenoma from
pheochromocytoma, or metastases based on the effect of lipid components on attenuation [33,34].
Finally, the iodine concentration can also be an imaging marker of dominant adrenal lesions in
functional syndromes [35].
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Figure 11. Adrenal adenoma. Fat fraction of adrenal lesions evaluated with DECT may be an
alternative diasnotic tool to VUE attenuation the traditional threshold of 10 HU or lower in the
assessment of adrenal adenomas. Fat quantification DECT image evidences bilateral lipid-rich
adrenal adenomas with increased fat fraction.

¢ Breast imaging. DECT seems to be a reliable tool for diagnosis and locoregional staging of breast
cancer [36—40] [Figure 12]. Klein, et al [37] found robust cut points for the differentiation of benign
and malignant lesions (Zeff < 7.7, iodine content of <0.8 mg/ml). The DECT quantitative
parameters may also be useful in predicting breast cancer invasiveness and histopathological and
molecular subtypes of breast tumors. In the case of node-staging, the similarity of quantitative
DECT parameters between the primary lesion and axillary LNs may predict axillary metastasis
in breast cancer [40,41].

Figure 12. Breast 120 kVp-like (a) and color-coded iodine map (b) images. Breast lesion detection.
Multicentric left breast invasive ductal carcinoma can easily be detected based on iodine uptake
(dotted circle) compared to 120 kVp-like image, where the diagnosis is challenging.
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e Currently, there is not a widely reported use of DECT in clinical management of prostate cancer.
However, DECT imaging may facilitate the depiction of focal areas of increased enhancement in
the periphery of the prostate at contrast-enhanced CT that may represent a clinically significant
cancer and deserve further workup [42] [Figure 13].
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Figure 13. Prostate cancer (PCa) diagnosis. Incidental detection of a focal area of increased
enhancement in the periphery of the prostate at contrast-enhanced CT may represent a clinically
significant cancer (arrows) and deserves further workup. DECT imaging-based data such as
monoenergetic image at low-energy values (e.g., 45 keV) and color-coded iodine map facilitate its
detection. Biopsy evidenced a prostate cancer Gleason score 3+4.

e LNs characterization is challenging in oncologic imaging. Apart of morphologic criteria, different
DECT parameters have been used including iodine concentration, fat fraction, and similarity to
primary tumor [41,43]. Sauter et al [44] have evaluated standard values for of iodine
concentration for healthy LNs in different anatomic areas that could be used to differentiate
between healthy and pathological LNs. Recent studies have suggested lower iodine
concentration in metastatic LNs compared to benign LNs [45]. However, the value of DECT
imaging in differentiating malignant from non-malignant LNs seems to be limited and depends
on tumor type and technical features such as the used protocols of acquisition and contrast
injection [Figure 14].

Figure 14. Lymp-node (LN) imaging. Color-coded iodine maps of an left (L) axillary malignant LN
(yellow arrow) that shows increased iodine uptake compared to a contralateral right (R) benign LN
(blue arrow).
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e Imaging of body composition is another growing application of DECT imaging that can be used
to improve the evaluation of muscle tissue, visceral adipose tissue (VAT), and subcutaneous
adipose tissue (SAT) compartments. SAT and VAT assessment is of special interest in diseases
related to metabolic syndrome and critically ill patients [46]. Moreover, sarcopenia is associated
with a poorer prognosis in cancer patients [47]. Measuring fat fraction of the skeletal muscle by
DECT is a new approach for the determination of muscle quality, an important parameter for the
diagnostic confirmation of sarcopenia [48]. In the case of bone mineral density analysis, DECT
can provide a more detailed analysis when compared with dual x-ray absorptiometry [49] [Figure
15]. Finally, DECT can also be a useful tool for evaluating silicone implants [Figure 16]. Silicone
contains the heavier element silicon (Z value=14), whereas soft tissue predominantly comprises
lighter elements, depicting the presence of silicone within the soft tissues in cases of silicone gel
breast implant rupture and LNs silicone spread [50].

Figure 15. DECT-based segmentation of intraabdominal fatty tissue (orange areas) (left column) and
segmentation of skeletal muscle volume (right, blue color).

Figure 16. Gluteal silicone injection. Unenhanced CT image (top) shows diffuse increase of density in
both gluteal areas. Silicone deposition is better evaluated in Zeff map (bottom) that separates silicone
(blue areas, asterisks) from edema based on their different atomic numbers (silicon Z=14).


https://doi.org/10.20944/preprints202405.1647.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 d0i:10.20944/preprints202405.1647.v1

15

4. Limitations of DECT Imaging: DON'Ts

DECT offers information about the presence of iodine uptake in tissues, providing valuable
information for key clinical tasks such as the characterization of lesions, assessment of tumor
vascularity and tissues perfusion, and monitoring of treatment response. However, despite the great
advance of dual-energy imaging, current DECT technology is still limited in many aspects.

First, although material decomposition algorithms can decompose unknown tissues into
selected materials, based on their attenuation plot at different energy levels, these assumptions may
also explain many of the clinical limitations of DECT imaging. In the case of two material
decomposition algorithms, they assume that everything within the image is composed of different
proportions of only two materials and mathematically transform attenuation information into the
concentrations of the two preselected materials that would be necessary to produce the measured
attenuation level within each image voxel. Algorithms for material decomposition (characterization)
and quantification may work perfectly when the entire voxel is composed of only two materials, but
human body composition is very heterogeneous and a mixture of different tissues and materialsis
possible in the same voxel. In the clinical setting, human tissues usually contains multiple materials
and we do not know a priori what exactly the number of materials in it is. Besides, material
decomposition algorithms based purely on the physics of the underlying attenuation process have
several limitations [9-11]. It is challenging to separate materials of relatively close Z-values (e.g.,
iodine, barium and bone) [Figure 17]. For adequate differentiation of materials, their atomic numbers
must be differ sufficiently. Moreover, in two-material decomposition algorithms, the presence of
another material can confound assessment. The attenuation of an additional material is assumed to
be composed of different proportions of two materials within the basis pair selected. This feature
explains the visualization of calcium-containing voxels such as bone with iodine and water material-
decomposition maps or in VUE images or the limited value of iodine maps in areas of sclerotic bone.

U 2t high Wvp

Figure 17. Difficult separation with DECT of materials of relatively close atomic number. When you
use iodine and water as basis pairs of materials, elements such as barium or bone can be mistakenly
classified as iodine.VUE image suppresses iodine (Z=53), but also subtract barium (Z=56) contrast and
partially cortical bone. In the case of iodine concentration and Z-effective maps, they include all 3
elements. Algorithms for material decomposition and quantification work perfectly when only 2
material are present (left bottom cubes) but human body composition is heterogeneous (right bottom
cubes) . For example, calcium containing voxels are seen on both material decomposition [iodine] and
VUE DECT images, which artifacts the iodine quantification or subtraction.

Second, main CT vendors have implemented markedly different hardware and software
solutions for DECT imaging. So, there is a significant inter-vendor and inter-scanner variability in
terms of algorithms for material-labeling and quantification, so studies using different scanners
should be interpreted with caution. There are two main mehods of material-decomposition:
projection-based and image-based. Projection-based methods commonly provides better accuracy
and image quality (artifacts reduction). However, these methods need a perfect match of the
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projection datasets derived from both spectrum (i.e., the same lines need to be measured at different
energy levels), which is usually challeging. On the contrary, image-based methods are less
quantitative but are easily applicable to the decomposition of three or more constituent materials.
The variability in material-specific decomposition and quantificaction methods among manufacturers
remains a limitative feature for dual-energy imaging standardization and comparison of results
obtained with two different DECT systems. So, in the case of VUE attenuation values inter-scan
variation was higher in elements with high contrast enhancement such as vessels and kidneys [51]

Third, DECT-derived measurements are relative, not absolute values. It is very important to
consider that the different vendors’solutions do not measure parameters in the same manner because
the physical bases for image generation and analysis differ significantly between them. As a
consecuence, the iodine limit of detection varies across different scanners and vendors [16,52,53]. All
DECT systems are able to depict iodine at concentrations between 0.3 and 0.5 mg/mL and to quantify
at concentrations of 0.5-1.0 mg/mL depending on the phantom size. However, it must be noted that
the limit of iodine quantification (ie, quantifying the amount of iodine present) is greater than the
minimum iodine concentrations detectable (ie, depicting the presence of iodine in a lesion), which
limits the accuracy and the clinical value of iodine quantification. Perhaps, we can use the limit of
detection as a threshold of iodine concentration below which values may not represent true
enhancement; but it would be more clinically relevant to establish the iodine concentration above
which there is definitive enhancement in a lesion [52,53]. These iodine concentration threshold values
for iodine detection and quatification have been calculated based on phantom studies. Although CT
phantoms are tissue-mimicking materials used to simulate and evaluate the interactions of ionizing
radiation with human body tissues, it is very challenging to simulate the complexity of human tissues
with iodine uptake. Therefore, thresholds published in the literature varied significantly between
DECT systems. In the case of renal masses, published iodine content thresholds for renal mass
enhancement varies between 0.5 mg/mL using a dual source DECT system and 2.0 mg/mL with a
rapid kV switching CT [54].

Fourth, the measurement of iodine concentration also depends on the contrast injection protocol,
the time of acquisition or factors from the patient themselves such as cardiac input. The timing of
image acquisition must be considered to avoid false-negative errors based on iodine quantification
in slower and/or lesser enhancing lesions (i.e., papillary renal cancers). lodine quantification is not a
dynamic parameter, it only represents the amount of iodine contrast uptake within an object in a
concrete timing following the administration of iodine contrast [Figure 18].
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Figure 18. Rectal cancer following total neoadjuvant therapy. Screen capture of MRI sequences (a)
including dynamic contrast-enhanced (+C) exam, area-under-the-curve (AUC) parametric map, time-
intensity curve, and axial T2-weighted images demonstrates a residual lesion in the rectum (red
arrow) with markedly hypointensity on T2 and with a type 1 curve of progressive enhancement
suggesting fibrosis. Note secondary inflammatory changes (white arrows) with wall thickening on
the left side of the rectum on T2 and increased signal on the AUC parametric map. DECT imaging (b)
shows increased iodine uptake within the lesion (iodine concentration: 1.85 mg/mL). While DCE-MRI
offers a dynamic assessment of tumor enhancement, iodine quantification is not a dynamic parameter,

it only represents the amount of iodine contrast within an object in a concrete timing.

In this setting, normalization to vessels could be a solution for a quantative assesment of iodine
concentration but the published data are discordant in this regard. Normalization can mitigate
variability reducing physiological fluctuations in iodine distribution by using normalised iodine
calculation, which represents the iodine concentration in an object divided by the iodine
concentration in in a reference vessel such as the aorta [55,56] [Figure 19]. Nevertheless, after
normalization, the scanner type still had a significant effect on iodine variability in the pancreas and
liver. Lennartz, et al [56] reported that iodine concentration also showed differences in variability
between scanner types depending on the organ studied with the least variability in the kidneys and
highest variability in the liver [55,56].
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Figure 19. Breast cancer recurrence treated with hormotherapy and kinase inhibitors evaluated with
DECT pre- (a) and post-therapy (b). A decrease in density and iodine concentration in the lesion is
evident following therapy (b). Also note the different density and iodine concentration of the aorta in
both studies, a difference in enhancement that in many cases might alter the degree of significance of
the changes seen in the lesion.

Fifth, material-labeling and quantification accuracy is also influenced by other factors such as
body habitus size (larger bodies may reduce the number of photons reaching the detectors and
increase the image noise) and artifacts [Figure 20]. Imaging artifacts that downgrade the quality of
material decomposition and quantification and tissue characterization can originate from a wide
range of different sources: technical features of CT acquisition (e.g., slower scanning speeds with
some vendor's DECT modes), image recontruction algorithms, motion artifacts (which cause
temporal misregistration of data from the two energies), or presence of metallic materials [10,57]. In
the case of metallic implants, these devices preferentially absorbs low-energy photons and leaves a
beam composed with higher-energy photons (beam hardening), which disrupts the calculation of the
linear attenuation coefficient and causes streaking (dark bands) and cupping arteficts. Other
important artifacts to consider are photon starvation and pseudoenhancemnet. The former results
from an insufficient number of low-energy photons reaching the detector causing an inadequate low-
kilovoltage data to characterize materials. This artifact may appear in thick parts of the body where
there may not be adequate x-ray penetration, such as the shoulders or pelvis, and areas of overlying
metal. In the case of pseudoenhancement, iodine content may erroneously be suggested in small non-
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enhancing lesions embedded in a background with increased iodine concentration due to a a
combination of beam hardening and partial voluming [10,57,58].

Figure 20. Patient's body habitus and the presence massive ascite downgrade image quality and and
make it impossible to adequately quantify the parameters (e.g., effective atomic numer, Zeff)
obtained.

Sixth, DECT enables computational removal of iodine content from CT images, generating VUE
images. However, algorithms used are not perfect. Attenuation measurements in VUE images may
be higher than those calculated in true unenhanced acquisitions (TUE) (especially in the case of fat
with differences > 10 UH) and non-reproductible among scanners [Figure 21]. These differences
between virtual unenhanced and true unenhanced attenuation values could be problematic in the
case of adrenal lesions limiting the adoption of the usual 10 HU threshold for characterization
purposes [20,21]. Moreover, incomplete iodine removal in cases of very high iodine concentration
may result in false positive findings suggesting malignancy [9-11]. Finally, iodine subtraction
algorithms are prone to inadvertent subtraction of material with high Z-value like calcium.
Calcifications and the size of calcifications tend to be underestimated in VUE images. This feature
can reduce conspicuity of calcification in the pancreatic paenchyma in cases of chronic pancreatitis
or in renal masses, affecting lesion interpretation.

Figure 21. DECT-derived virtual unenhanced images may overestimate attenuation in adrenal
nodules, resulting in low sensitivity for diagnosis of lipid-rich adenomas using the established 10 HU
threshold. Note the different values obtained using true (TUE) (8 HU) and virtual (VUE) (16 HU)
unenhanced images.

Finally, several additional materials, including calcium, fat, and uric acid, can be separated using
DECT, but dual-energy findings are sometimes challenging to interpret:
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e VNCa improves CT sensitivity and specificity to assess bone marrow disorders. On VNCa
imaging, the bone marrow attenuation mainly reflect the water and fat content on it. However,
the optimal cutoff value for discrimination between infiltrated and normal bone marrow
(ranging between -80 and 6 HU in the literature) and calcium suppression indices need to be
defined [Figure 22]. VNCa imaging also shows limitations in evaluating bone marrow
alterations in areas of sclerotic bone (e.g., close to the cortical bone) [22]. Apart of this, any bone
marrow process (focal red marrow hyperplasia, malignant infiltrative lesions, etc.) that increases
its attenuation can be misinterpreted as edema.

Figure 22. Virtul non calcium (VNC) imaging alos the assessment of the bone marrow. However, in
cases of infiltrative tumors with low tumor burden may fail to depict bone marrow involvement.
Color-coded VNC imaging of the lumbar spine was normal in a patient with a low level of infiltration
by myeloma.

e  DECT-derived fat fraction, a quantitative marker of fat content in the liver, correlates with
histopathological exam, the reference standard for steatosis. Pathology assessesment is based on
the fraction of hepatocytes containing fatty vesicles: grade 0 (healthy, <5%), grade 1 (mild, 5-
33%), grade 2 (moderate, 34—66%), and grade 3 (severe, >66%); while DECT evidences a
substantially lower fatty liver content due to the simultaneous presence of fat, water, and soft-
tissue in the voxel. Pathologic data can be correlated with DECT-derived fat quantification and
a conversion factor may aid in the prediction of the histopathological fat fraction based on fat
quantification using DECT [30]. Patients with coexisting hepatic fat and iron overload represent
a clinical challenge. In the presence of multiple material elements in the same voxel, it is still not
clear whether the presence of fat and iron in the same voxel results in reduced performance of
DECT [27].

e In the case of urates, monosodium urate foci may be either undetectable or underestimated by
DECT with low urate burden. This phenomenum has been reported in dense liquid tophi and
calcified tophi due to subthreshold CT attenuation and obscuration of urate by calcium [59].
Concerning kidney lithiasis evaluation, inconsistent characterization may occur in tiny stones,
as a result of decreased signal from the stone which approaches the level of background noise.
Besides, drainage devices composition can also create stone mimics [18,60].

It is therefore necessary to take into consideration the aforementioned limitations in order to get
the most out of DECT technique in clinical practice.

5. The Future of DECT Imaging

Future DECT evolution precises the improvement of dual-energy application workflow for
extending the clinical value of DECT imaging. An evolving technology impacting nearly every aspect


https://doi.org/10.20944/preprints202405.1647.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 May 2024 d0i:10.20944/preprints202405.1647.v1

21

of dul-energy imaging is artificial intelligence (AI). Al will automate many critical aspects of the
DECT process: acquisition (patient positioning, timing of acquisition, dose reduction), generation and
modification of images (Al algorithms for reconstruction, denosing, and increasing resolution), and
automation of time-consuming tasks for radiologists, such as image segmentation and quantitative
analysis [61]. Finally, the development of cross-platform analysis methods may significantly decrease
between-platform variability allowing technical standardization [62]. All these advancements are set
to streamline the routine DECT imaging process.

Another important feature will be the assessment of the relationships between DECT-derived
parameters and biology. DECT provides qualitative and quantitative information about tissue
composition and physiology. In the oncologic field, these parameters may play a pivotal role in tumor
management, including diagnosis, characterization, grading, assessment of tumor invasiveness,
staging, histopathological and molecular typing (ki-67 or PD-L1 expression, HER-2 status, K-RAS
mutations, etc.), prognostic and predictive value, treatment planning, response assessment, and
follow up [63-74]. In this setting, quantitative tumor biomarkers based on DECT include iodine
concentration, Zeff values, and HU values [36,37,75-78].

e Data on physiological iodine uptake is still sparse. Physiologic iodine uptake values of organs
and tissues may change depending on multiple features (body habitus, age, gender, etc.) that
should be considered in the clinical use of DECT [37,78].

e  Significant correlations were found between iodine concentration from DECT and perfusion CT-
derived parameters such as blood volume and blood flow [75,76], although this correlation may
vary at different acquisition times [77]

¢ lodine concentration may be a surrogate marker of changes in tumor perfusion due to therapy
[79]. Different iodine-related parameters have been proposed such as concentration of
intralesional iodine, vital iodine tumor burden, and (lesion volume x iodine concentration) may
be more sensitive than the evaluation criteria based on maximum diameter or change of CT
value.

o  Zeff is also a quantitative index for characterization of composition of a voxel, although a
biological correlation of these changes to tumor microenvironment is challenging.

Moreover, computing advances have also facilitated the development of processes for high-
throughput extraction of quantitative features that result in the conversion of images into mineable
data and the subsequent analysis of voluminous CT image datasets for decision support. Radiomics
and radiogenomics represent an innovative quantitative imaging approach that uses computer
algorithms to extract and analyze a large number of quantitative features from radiological images
[80]. Radiomics- and radiogenomics-based DECT analysis has been investigated for multiple
applications in radiology with a particular focus on oncologic imaging. Despite numerous published
investigations and applications of radio(geno)mics analysis in the literature in various organ systems,
there is so far little to no published data taking advantage of the rich quantitative datasets generated
by DECT scans. The clinical value of DECT-derived radio(geno)mics features has been reported for
diagnosis of malignancy, depicting genetic, molecular, and histological features in different tumor
types; evaluating tumor invasiveness; predicting tumor staging; characterization of malignant lymph
nodes, predicting patient outcome and survival, and predicting and evaluating tumor response in
different tumor types [81-87] [Figure 23].
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Figure 23. Metastatic colon cancer in the liver treated with chemotherapy. Color-coded iodine
concentration map with a superimposed spectral curve (a) of the metastatic deposit (yellow arrow)
compared to normal parenchyma shows no enhancement in the metastasis suggesting extensive
necrosis. Color-coded parametric map of entropy derived from texture analysis of iodine [no water]
map superimposed on VUE image (b) evidences low entropy values in the metastatic deposit
(postprocessing program Olea Sphere, version 3.0; Olea Medical, La Ciotat, Francia).

There are also preliminary data that support the possible value of DECT-derived features as
imaging biomarkers in other non-oncologic applications such as the diagnosis of pulmonary
embolism, type 2 diabetes mellitus, osteoporosis, liver fibrosis, and carotid stenosis, the assessment
of lung interstitial disease or Crohn’s disease activity, or acute pancreatitis, the characterization of
adrenal masses, and the location and analysis of kidney stones [88-96] [Figure 24].
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Figure 24. DECT offers definite advantages over single energy CT to diagnose and assess disease
severity of inflammatory bowel disease, particularly Crohn’s disease. A low energy level (45 keV)
monochromatic reconstruction (a) and a color-coded iodine map (b) images evidence increased
enhancement and higher iodine concentrations, respectively, in the terminal ileum (white arrows)
which correlate with active inflammation in a patient with Crohn’s disease.

The robustness of features has been identified as pivotal for the clinical implementation. In this
setting, it has been established the high repeatability of radiomics features when keeping scan
parameters and reconstruction conditions constant [97,98]. Unfortunately, most authors have
evidenced that, although the repeatability of DECT radiomics features was high between scan-
rescans, the inter-reproducibility of radiomics features between conventional CT and DECT, different
types of images (VUE and monochromatic images), and among DECT platforms was relatively low
[97-100]. Apart of this, algorithms may influence radiomics reproducibility. Zhong, et al [98]
evidenced that the use of deep learning image reconstruction algorithms may alter radiomics features
reproducibility compared to conventional iterative reconstruction algorithms.
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Finally, photon-counting CT (PCCT) represents the next in CT technology. PCCT is an emerging
technique that uses photon-counting detectors to convert single incoming photons directly into an
electrical pulse proportional to the photon’s energy. PCCT has the potential to overcome some of the
limitations of DECT imaging improving material decomposition, allowing the use of multiple
contrast agents, filtering out the electronic noise of the image, and increasing spatial resolution.
Currently, photon-counting technology offers clinical advantages in cardiovascular, thoracic, and
musculoskeletal applications. Besides, the combination of ultrahigh spatial resolution and spectral
capabilities is expected to result in improved performance of PCCT versus DECT for spectral
separation and future applications of this technique to many anatomic regions and clinical scenarios
[101,102].

6. Conclusions

The introduction of DECT in clinical routine has allowed to overcome some of the limitations of
conventional CT. In this setting, the added value of DECT has been widely validated in many clinical
scenarios. DECT technology allows creation of numerous imaging datasets, including material- and
energy-selective images. DECT imaging improves lesion detection and characterization and
facilitates superior determination of material composition and more robust quantification. However,
a comprehensive grasp of the underlying basic principles of dual-energy imaging, its present
technological constraints, and potential pitfalls (particularly artifacts) is imperative for an accurate
interpretation of imaging findings. The potential of DECT imaging remains relatively untapped,
future technical developments might expand the full scope of clinical benefits offered by DECT,
facilitating its seamless integration into the clinical practice.
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