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Abstract

The physical principles of dual-energy computed tomography (DECT) are as old as computed tomography (CT) itself. To
understand the strengths and the limits of this technology, a brief overview of theoretical basis of DECT will be provided.
Specific attention will be focused on the interaction of X-rays with matter, on the principles of attenuation of X-rays in CT
toward the intrinsic limits of conventional CT, on the material decomposition algorithms (two- and three-basis-material
decomposition algorithms) and on effective Rho-Z methods. The progresses in material decomposition algorithms, in com-
putational power of computers and in CT hardware, lead to the development of different technological solutions for DECT
in clinical practice. The clinical applications of DECT are briefly reviewed in relation to the specific algorithms.
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Introduction

“...Itis possible to use the machine for determining approxi-
mately the atomic number of the material within the slice.
Two pictures are taken of the same slice, one at 100 kV and
the other at 140 kV. ... One picture can then be subtracted
from the other by the computer so that areas containing high
atomic numbers can be enhanced. ... For example, tests car-
ried out to date have shown that iodine (Z=53) can be read-
ily distinguished from Calcium (Z=20). ...” [1]. Sir G.N.
Hounsfield while describing his new computerized axial
tomography system observed that elements with atomic
number (Z) can be easily recognized and distinguished one
each other. This was the first empirical observation of mate-
rial decomposition in computed tomography (CT) opening
a new research field: material decomposition in dual-energy
computed tomography (DECT) [2, 3]. This technology
remained secondary to conventional CT until 2005, with
the introduction of the dual-source DECT (dsDECT) [4]. In
the following years, several technologies have been devel-
oped and the applications of DECT are more widely spread
in the clinical routine.

This review will provide a brief overview on theoretical
principles behind DECT (better understood after reviewing
the interactions of X-rays with matter), the available tech-
nologies and the main clinical applications.

X-rays: interaction with matter

The polychromatic spectrum (photons with different wave-
lengths and energies) of X-rays produced by the tube inter-
acts and exchange energy with the biological matter with
a combination of several phenomena: Rayleigh scattering,
photoelectric absorption, Compton scattering, and pair pro-
duction. The probability of each of them, expressed as cross
section (o), is related to the energy of the incident photon
and properties of the material [5]. The Rayleigh scattering
(R) and the pair production give minor contribution to X-ray
attenuation and are considered of minor relevance at ener-
gies used in CT [5].

The photoelectric absorption (7) involves the electrons
of the inner shells (K or L). The energy is completely trans-
ferred from the photon to the electron which is ejected; the
vacancy is filled by an electron from outer shells with emis-
sion of characteristic radiation or an Auger electron. The
probability of photoelectric interaction as linear attenuation
coefficient (. see the next section) follows the rule:

pZ*
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where £ is a constant depending on the electron shell, p is the
density, Z is the atomic number of the target, A the atomic
weight, A is the Planck’s constant, v is the speed of photon,
and E is the energy of the incident photon. The photoelec-
tric interaction greatly increases with the atomic number
of the target (¢Z™%). When the photon energy reaches the
binding energy of the electron, there is a peak in the prob-
ability of photoelectric absorption (absorption edge, k-edge
if an electron in the k-shell is involved). For energies above
the absorption edge, the probability of interactions rapidly
decreases (*1/E%) [5, 6].

The Compton scattering (c¢) involves the electrons in the
outer shell. The incident photon exchanges part of the kinetic
energy with the electron; the electron is ejected, and the
scattered photon continues the travel with a lower energy
and a scatter angle. The probability of Compton scattering is
proportional to the electron density (number of electrons per
gram, n,), which is quite constant for most materials except
for hydrogen. For most of biological tissues, the electron
density is proportional physical density p. The probability
of Compton scattering, described as linear attenuation coef-
ficient (u¢), can be approximated as proportional to the elec-
tron density and inversely proportional to the X-ray photon
energy [7]:

pe < nE™! (2)

Limits of computed tomography (CT)
and physical principles of dual-energy CT
(DECT)

Experimentally, when a monochromatic (one specific
energy) X-ray beam with an energy E and intensity /, is
attenuated by a homogeneous material, the residual intensity
after at a thickness x (,) follows the Lambert-Beer’s law:

I, =Ile™ = [()e_”(p’Z’E)x 3)

where e is th Euler’s or Napier’s constant and the linear
attenuation coefficient u (the fractional attenuation of the
X-ray beam per unit thickness of the attenuating material)
is a function of the energy of the X-ray beam (E), the atomic
number (Z) and the physical density (p) of the material [8].
In CT, the linear attenuation coefficient of each scanned
voxel (r, the considered unit volume) can be derived from
the CT number (CT#) in the Hounsfield’s equation [1, 9]:

) = Huaer 1000 @)

H water

CT# =

The linear attenuation coefficient is related to the phys-
ical density p, and its application in the attenuation of
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biological tissues can be less convenient. Indeed, each uni-
tary volume of biological tissues is composed by a mixture
of different compounds present at variable relative quanti-
ties. The physical density p of the attenuating material is
influenced by the physical state of the matter; however, the
energies involved in photon—electron interactions are much
greater than the energies involved in molecular bindings;
thus, the linear attenuation coefficient u can be consid-
ered approximately proportional the physical density p and
Eq. 3 can be written as:

HZ.E)

I, =10e‘[ 22 &)

where u/p can is the mass attenuation coefficient [8]. In the
case of a mixture of materials, such as biological tissues,
the mass attenuation coefficient can be approximated as the
sum of the mass attenuation coefficients of each compound:

-2, ©

where w; is the weight fraction of each compound of the mix-
ture [8]. This is the mathematical expression of the intrinsic
limits of CT: considering the attenuation of a mixture with

two known materials at unknown proportions, Eq. 6 has no
solution because it is an equation in two unknowns (w; and
w,) and one solution (y, or CT#) [8, 9]. Since the CT number
refers to the total linear attenuation coefficient of a mix-
ture (biological tissue) composed by different compounds
at unknown densities (but known attenuation curves), it can
be impossible to differentiate the different materials present
in the compound (Fig. 1). It is common experience that the
iodine and calcium present at different densities (concen-
trations) may have the same attenuation (i.e., the same CT
number), such as microcalcifications in an enhancing mass
(Fig. 2). However, different materials, such as iodine and
calcium, have different attenuation curves (linear attenua-
tion coefficients as function of energy), and if scanned at
different energies, they can be differentiated (Figs. 1 and
2). Starting from this problem, the algorithms of material
decomposition in dual-energy CT were developed [10].
Returning to Eq. 6, the mass attenuation coefficient of a
given material exposed to X-ray at a given X-ray energy can
be expressed as the sum of the cross sections of each attenu-
ation phenomenon or the sum of the relative mass attenuation
coefficients of each phenomenon, being the most relevant
the photoelectric and the Compton interactions [8, 11, 12]:

Linear attenuation coefficients of Ca and | at different densities
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Fig. 1 Linear attenuation coefficients, the limits of CT, and principles
of dual energy CT. The plot shows the linear attenuation coefficient
(u total) of iodine at different densities (p=0.1 g/cm®, light blue;
p=0.01 g/cm?, dark blue) and calcium (p=0.1 g/cm?, red) as func-
tion of energy of the incident X-ray photon. Approximating the X-ray
beam in CT to monochromatic, the colored curves are a representa-
tion of the CT numbers (u total) of a given material at a given density
when irradiated with a given energy. The attenuation curve is char-
acteristic of the material and models the Compton and photoelectric
interactions: the blue curves of iodine at two different densities are
equal with the same absorption edges; the value of linear attenuation
coefficient (u total) is function of energy (the shape of the curve) and

—Ilodine, rho=0.1g/cm3

——Calcium, rho = 0.1 g/cm3

of density (light and dark blue curves of iodine). If iodine at 0.01 mg/
cm?® (dark blue) and calcium at 0.1 g/cm® (red) are irradiated with
an energy of ~75 keV (black solid line), they will provide the same
linear attenuation coefficients and thus the same CT number and can
be indistinguishable (empty arrow). If the same materials at the same
densities are scanned at a different energy levels (e.g., 10 keV, black
dashed line), the linear attenuation coefficients and the CT numbers
are clearly different (black arrowheads). By knowing the attenuation
curves, a couple of materials can be characterized and quantified if
scanned at two energy levels (i.e., material decomposition in dual-
energy CT). Data from the U.S. National Institute of Standards and
Technology (https://www.nist.gov/; accessed on October 8, 2019)

@ Springer


https://www.nist.gov/

1284

La radiologia medica (2019) 124:1281-1295

Fig.2 CT and dual-energy CT. Female, 58 y.o., metastasis from colo-
rectal cancer, arterial phase. Dual-energy acquisition (third-genera-
tion dual-source CT), 90/150 Sn kVp, arterial phase. a Mixed image
(0.5). In the mixed images, the CT numbers in each pixel pixels are a
weighted sum of the correspondent CT numbers in the low- and high-
energy reconstructed images and can be considered as similar to con-

Ep=Pm+Lm+ Bo~Le+LEwm g
p p P P P P

This principle is at the basis of the first two-basis-mate-
rial decomposition algorithm developed by Alvarez and
Macovski. This demonstrates that when using a conven-
tional X-ray beam, the effective attenuation coefficient can
be calculated from the contribution of Compton and photo-
electric interactions modeled on the effective p.4 (density)
and Z.4 (atomic number) of the material:

Bt By~ EC ) + 22 (B) = pog(B) ~ peff<@<E> + ﬁ(E))
Peir p p p p

Z%
= Heft = Peft o )t Bfxn(E)
(8

where a and f are constants, d=3 -4, g~ 3 —3.5 and fiy(E)
is the Klein—Nishina function. The right term of the third
part of Eq. 8 is the linear combination, respectively, of the
photoelectric [a(Z% /E#)] and Compton [ffyy(E)] inter-
actions. Conversely, after obtaining two measurements of
attenuation coefficient with two different X-ray energies,
any material can be characterized in terms of p g and Z;.
The work of Alvarez and Macovski is at the basis of the
Rho-Z (pZ) algorithms for material decomposition and the

W By = 10 (4) B+ - (£) @® R
u(r, E); = py(r) - (f)l(E)+p2(r) . <§

IH = / IO,H(E) . e[_él(%)l(E)_éz(%)2(E)]dE
>2(E) Il = fIO,Z(E) . e[—(sl(f)I(E)—éz(f)z(E)]dE

ventional CT. In a, the enhancing arteries within the lesion (light blue
arrowheads) have density similar to intralesional calcifications (red
arrowhead). b Material labeling. The material decomposition evalu-
ates the different attenuation curves of the basis materials, allowing
for material labeling (iodine: blue map and arrowheads; calcium: red
map and arrowheads)

two-basis-material decomposition in the projection domain
(raw data) (Fig. 3) [2, 3].

Starting from the work of Alvarez and Macovski,
Kalender et al. defined the mass attenuation coefficient of
a given mixture, as function of energy [(u/p)(E)], with a
linear combination of the mass attenuation coefficients of
two hypothetical known basis materials (1 and 2) present
at different mass densities (p; and p,, see also the weight
fractions w; in Eq. 6) at the spatial location r:

u(r,E) = py(r) - <ﬁ> (E) + po(r) - (ﬁ> (E) ©)
P/ P/

The linear attenuation coefficient at a given spatial loca-
tion u(r,E) (i.e., the measured attenuation in CT) is the sum of
two known materials with known mass attenuation coefficients
[(1/p); 5] present at unknown mass densities within the voxel
(unknown p ,); the equation has no solution when a single
X-ray spectrum is used [13].

If we measure the attenuation coefficients after irradiation
with two X-ray energies (high and low, H and [, I;; and I)),
Eq. 9 can be solved as a system of two equations with two
solutions (u(,E)y 1) and two unknowns (p ,). This concept
transferred to CT imaging with polychromatic X-ray beams by
the implementation of the line integral over the linear attenu-
ation coefficient for each X-ray projection, and by the defini-
tion of the area densities (8, ,), which are calculated from the
unknowns p , (see Egs. 3, 5 and 9):

(10)
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A DECT post-processing in Projection Domain
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Fig.3 Processing and reconstruction of dual-energy datasets. a
Example of material decomposition in projection domain in the fast
kVp switching scanner. The material decomposition is performed
on the projections to obtain information on basis materials. These
data are used to reconstruct energy-selective and material-selective
images. The scanner also provides a 140-kVp image from the respec-

with

5 = / pi(r)dx.

The application of this algorithm allows for obtaining
material-selective images, where the basis materials (e.g.,
calcium and iodine) are detected, labeled, quantified, dis-
played or subtracted (e.g., the iodine maps or the virtual
non-contrast images) (Fig. 3) [13].

After calculation of the effective densities of the basis
materials (p; and p,), the linear attenuation coefficient of
the mixture u(r,E), thus the CT numbers, can be calcu-
lated by simulating the irradiation with a virtual mono-
chromatic beam in a wide range of energies even out of
the energy range effectively used. These images are called
virtual monoenergetic images (VMI) (Fig. 3). VMI at low
keV are useful for highlighting focal lesions in condition
of low contrast (e.g., in liver or pancreas) (Fig. 4) or for
improvement of the contrast-to-noise ratio and reduction of
the administered contrast material [14]. Conversely, VMI
at high keV are useful for reduction of proton-starving and
beam-hardening artifacts in the presence of metallic objects
at the expense of contrast (Fig. 5) [15]. A drawback of some

QY

B DECT post-processing in Image Domain
Dual Source DECT

Image
Reconstruction

90 kVp Sn150 kVp

Material
Decomposition

Mixed 0.7

Monochromatic /mms - VNC

Rho/z
Energy-selective

Material Labelling
Material-selective

lodine Map

tive projections. b Example of material decomposition in image
domain in the dual-source scanner. The two datasets (high energy and
low energy) are reconstructed and are used for material decomposi-
tion (energy- and material-selective images, as well as for producing
mixed images (where the CT numbers in each pixel are a weighted
sum of the corresponding CT numbers in the two datasets)

VMI algorithms is the increasing noise at lower energies;
this problem has been addressed with the introduction of
noise-corrected VMI (MonoPlus, Monoenergetic Plus,
Siemens Healthineers) [16]. The theoretical advantage of
the approach in the projection domain is the avoidance of
beam-hardening artifacts: the linear attenuation coefficient is
obtained from the attenuation coefficient of the basis materi-
als at the calculated mass densities [13].

A critical issue of the projection domain approach is the
large amount of data processed and the high computational
power required: the post-processing of dual-energy data
could be easier on reconstructed images (Fig. 3) [13]. Equa-
tion 8 can be defined as the linear combination of the mass
attenuation coefficients of two basis materials present in the
mixture with fractional masses of m+m,=1 (being m,=1I-
my). Also, the effective linear attenuation coefficient (p.g)
can be calculated from the CT numbers (CT#) as in Eq. 4:

d
CT# Zesr
Hetr = ( 1000 + 1)Mwater = Peff | & E;cg + ﬂfKN(E)

12)

o 2) ()]
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Fig.4 Male, 70 y.o., follow-up for neuroendocrine tumor. Third-
generation dual-source CT (Somatom Force, Siemens Healthineers).
a Dual-energy acquisition, 80/150 kVp, mixed 0.8, arterial phase;
arrowheads: liver metastases. b Monoenergetic Plus (MonoPlus, Sie-

Fig.5 Female, 68 y.o., right
hip prosthesis. Third-generation
dual-source CT (Somatom
Force, Siemens Healthineers).
a, b Dual-energy acquisitions
100/150 kVp, mixed 0.8, venous
phase, soft-tissue window (a)
and bone window (b). Marked
beam-hardening and photon-
starving artifacts are present
close to the prosthesis (arrow-
heads) limiting the evaluation
of the soft tissues (a) and the
cortical bone (b). *: left femoral
vessels. ¢, d Monoenergetic
Plus reconstructions (Mono-
Plus, Siemens Healthineers),
130 keV, soft tissue (¢) and
bone (d) window. The artifacts
are reduced, the visualization
of pelvic soft tissues (c¢) and the
cortical bone (d) are improved
(empty arrowheads) at the
expense of contrast (*)

The effective linear attenuation coefficient is calculated
from the CT number (CT#), it is a function of photoelec-
tric and Compton interaction of a mixture with an atomic
number Z; but can also be defined as a function of two
unknowns: the effective mass density (p.g) and the fractional
mass of one basis material (m;). The CT acquisition with
two different X-ray energy spectra (H and [) provides two
datasets of reconstructed images that can be processed to
obtain the two unknowns:

@ Springer

mens Healthineers), 55 keV. Despite the strong weighting of the low
voltage on image a, the monochromatic plus reconstruction allows
for better visualization of a higher number of liver metastases (empty
arrowheads)

CT# _ u u
( 100(1; + 1)/4water = Peft m1<;>1,H + (1 - m1)<;)2,H:|

CT#
<FO(; + 1)/’lwater = Pett WH(%)L1 + (1 _ml)(%>2’l]

This is the concept behind the material decomposition on
image domain. In this case, since the reconstructed images
are used, the beam-hardening artifacts are not automatically
removed and need to be corrected [17]. Maas et al. proposed
a hybrid algorithm with a pre-processing in the projection
domain to reduce beam-hardening artifacts [18].
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An interesting point is that any material with different
atomic number than the chosen basis material variably
contributes (and is characterized as) to the attenuation of
each of the basis material in all of these algorithms [13].
Theoretically, the more the basis materials are included, the
more accurate it is in quantification of basis materials. A
classical case was the calcium quantification in osteoporo-
sis with dual-energy acquisitions of vertebral bones, with a
mixture of calcium, fat (yellow marrow) and water or soft
tissue (red marrow). A two-basis-material decomposition
algorithm will not be accurate enough for calcium estimation
due to the significant differences in attenuation of soft tis-
sue and fat. A three-basis-material decomposition algorithm
would be a more accurate model. The easier way comes from
Goodsitt et al. [19]. The authors started from the hypothesis
that the effective linear attenuation coefficient in function
of X-ray energy y .4(E) comes from the sum of the mass
attenuation coefficients of each basis material (i) multiplied
by their concentrations (the concentration c; is defined as the
product between the fractional volume V; and mass density
p;), similarly to what expressed in Egs. 6, 9, 10, 12, and 13:

(E
pe(E) =) <?>c (14)

i l

If the linear attenuation coefficients in Eq. 14 are sub-
stituted as in Eq. 4 and the conservation of volumes is
respected, a system of three equations in three unknowns
(fractional volumes V;) can be solved after CT acquisition
at two energies (H, [):

IODINE

CT# (low)

TISSUE

\ 4

CT# (High)

Fig.6 Three-basis-material decomposition (a) and labeling (b) with
vectorial methods. In a, the dashed line is used for the evaluation of
contrast enhancement (i.e., iodine quantification on iodine maps). In

CT(H) = V,CT#,(H) + V,CTé,(H) + V,CT#,(H)
CT() = V,CT#,() + Vo,CTH#, (1) + VsCT (1) (15)

where CT#,(E) are the CT numbers of pure basis materials
at the given X-ray energy, previously obtained (e.g., calcium
hydroxyapatite as a model for bone). This model allows for
calculation, in the image domain, of relative quantities (frac-
tional volumes) of three basis materials, by two measure-
ments (acquisitions at two different energies) with a third
condition (the conservation of volume). The model cannot be
generalized because the conservation of volume is not always
respected (e.g., salt in water or iron in fat or soft tissue).

A more generalized model was proposed by Liu et al.
[20], based on conservation of mass. In the first step of the
model, the dual-energy datasets are used to calculate the
Peir and Z 4. In the second step, the p g is used in a system
of three equations where the fractional masses of the three
materials are the unknowns and the conservation of mass
is respected:

Heiis = Pest | [’m(f)l(E)+m2(f>2(E)+m3<f)3(E)]dE
e = v [ [ (£) @+ my(£) B+ s (%) B)]dE

my+my+my=1

(16)

This is the concept behind the three-basis-material (or
multimaterial) decomposition algorithms. Nowadays, the
material decomposition and labeling algorithms on the dif-
ferent scanners may use algorithms with graphic vectors

B a

IODINE

Separation Line

CALCIUM

CT# (low)

SOFT
TISSUE

v

CT# (High)

b, the blue dot over the separation line is the pixel labeled as iodine,
while the red dot is the pixel labeled as calcium (see also Fig. 2)
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~90-95°
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Tube B
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0.4-0.6mm

Ultra-Fast Ceramic -
Stellar Detector

Detector A

D Tube E

Detector

Fig.7 DECT scanner design. a Dual source: two tubes working at
different voltages and two asymmetrical detectors are mounted with
an offset of nearly 90°, increased in the latest generation to improve
the FOV of system B up to 35.5 cm. The tin filtration for better spec-
tral separation is possible with these scanners. b Fast kVp switching.
The X-ray tube switches between 80 kVp and 140 kVp while rotating,
allowing for the acquisition of DECT datasets. The Gemstone detec-

based on equations described in this section (Fig. 6) [21,
22].

Dual-energy CT: the technology

Five different technologies are available for acquisition
of DECT datasets: dual-source, fast kVp switching, layer
detector, twin beam and consecutive scans (Fig. 7).

Dual-source dual-energy CT (dsDECT)

The dsDECT was the first technology introduced in clini-
cal routine since 2006 by Siemens Healthineers (Forch-
heim, Germany) with the three generations of Somatom
scanners (Definition [1st], Flash [2nd], and Force [3rd]).
The scanners have two independent X-ray tubes coupled
with two independent detectors; each set is mounted within
the gantry with an offset of ~90°. The main purpose of this
architecture was of achieving a temporal resolution accept-
able for cardiac studies (< 100 ms: 65-85 ms) with both

@ Springer

140 kVp

Tube: fast kVp switching C

Tube
.. Rotation
RN

Layer Detector

Detector

Detector

tor allows for a rapid response. ¢ Layer detector. The detector is com-
posed of two layers sensitive to different energy levels of the incident
beam; the spectral separation is performed only by the detector. d
Split filter. A filter composed of tin and gold filtrates, respectively, the
lower and higher parts of the X-ray spectrum, thus splitting the X-ray
beam. e Consecutive acquisitions: two consecutive acquisitions, spiral
or sequential, at two different energy levels, are performed

tubes working (Flash or TurboFlash acquisition, Siemens
Healthineers); the dual-energy mode with the two tubes
at different kVp is a natural corollary in these scanners
[4, 23].

Due to engineering issues (balance and space in the gan-
try), the two detectors are asymmetrical with the smaller
detector B limited to a field of view (FOV) of 266 mm in the
first generation (thus limiting the FOV for material decom-
position). This drawback was improved in the second and
third generations by increasing the offset and allowing for
bigger detector B (FOV up to 355 mm in Force) (Fig. 7).

A second important point is the tube technology. The
Straton tube in the first generation was capable of 20 kV
steps between 80 and 140 kV in the first generation, allowing
for the combination of 80/140 kV in dual-energy acquisi-
tions. In the second generation, a tin filter (0.4 mm) was
added to improve the spectral separation (the robustness of
material decomposition algorithms is proportional to sepa-
ration of the two X-ray spectra) allowing for two combina-
tions in dual-energy acquisitions (80/140 kV; 100/140 Sn
kV) [24]. In the third generation, the Vectron tube was
introduced: it is capable of 10 kV steps between 70 kV and



La radiologia medica (2019) 124:1281-1295

1289

150 kV with a maximum current of 1300 mA at 70 kV. This
technology allows for (1) a more frequent use of low volt-
ages (contrast and dose reduction) and (2) better spectral
separation (70-100 kV/140-150 Sn kV). Moreover, the
higher power allows for a more aggressive filtration at high
voltages (0.6 mm tin) with further improvement of spectral
separation (Fig. 7) [25].

With the newer generations, the rotation speed was
improved (up to 0.25s) with no limitations for dual energy,
together with the Z-axis coverage and the introduction of
integrated Stellar detectors (the lower noise in the stellar
detectors improved the material decomposition). Iterative
reconstructions can be used with both tubes [25].

This technical solution requires the material decomposi-
tion to be performed on image domain (due to ~90° offset
of the projections), and adequate algorithms are imple-
mented to reduce the cross-scattered radiation between the
two systems. Besides the material decomposition, virtual
monochromatic and Rho-Z methods, the scanner provides
the blended (mixed) images for reading and reporting, in
which the pixels are a weighted sum of the CT numbers
from the high- and low-energy datasets, without any material
decomposition performed (Fig. 3) [23].

Fast kVp switching

In the fast kVp switching scanners (Discovery CT 750 HD
and Revolution, GE Healthcare, Milwaukee, WI), the X-ray
tube switches between 80 and 140 kVp in less than 0.2 ms,
thus acquiring high- and low-energy projections within the
same rotation with almost no-temporal mismatch and at a
full FOV of 50 cm.

Regarding the X-ray tube, the spectral separation (and
the material decomposition) is affected by the ramp-up and
ramp-down of the tube voltages while switching. At low
voltage, the photon output is lower and the noise increases:
higher current and longer exposure time are necessary at
low kV (typical exposure ratio: 80/140 kVp =60%/40%); the
automatic current modulation is not feasible in this configu-
ration, and the dose reduction is implemented only with the
iterative reconstructions. A too fast rotation speed reduces
the number of projections acquired with poor quality of data-
sets; the rotation time is limited to 0.5s.

A detector with adequate response is also necessary: the
Gemstone Clarity detector (GE Healthcare, Milwaukee WI)
has a primary decay faster than and an afterglow signifi-
cantly lower than Gd-based scintillators (Fig. 7).

The small offset between the projections at high and low
energies (<0.5°) allows for material decomposition in pro-
jection domain (Fig. 3) [26].

Dual-layer detectors

In the iQon Spectral (Philips Healthcare, The Netherlands)
the tube gives a polychromatic X-ray beam (120 or 140
kVp), and the spectral separation is performed by the layer
detector and not by the tube.

The layer detector is composed of two layers: the inner
one, with ZnSe crystals, is sensitive to low energies, while the
external one (with GdOS detectors) is sensitive to the higher
energy of the spectrum (Fig. 7). A challenge for the detector
is the presence of high-attenuation objects reducing the lower
component of the spectrum for the internal layer. The rem-
nant X-ray beam arriving at the external layer results from a
strong filtration of internal layer. Other challenges in detector
design are the position of the photodiodes and the necessary
presence of an antiscatter grid reducing the optical sensitivity
when compared to conventional detectors with photodiodes
below the scintillator. Moreover, scattering may cause cross
talk between layers.

The dual-energy datasets are acquired at a full FOV with
no limits in rotation speed. The material decomposition is per-
formed in the projection domain thanks to the null offset of the
projections (Fig. 3). Conventional CT images are reconstructed
by weighted summation of the high- and low-energy datasets;
iterative reconstructions can be used for dose reduction [22].

The split filter

The split filter in the Somatom Edge TwinBeam (Siemens
Healthineers, Forchheim, Germany) is composed of two dif-
ferent metals: tin and gold, which, respectively, filter the
low and high components to split a polychromatic X-ray
beam. The dual-energy datasets are acquired with each half
of the detector receiving the split beam. This allows for dual-
energy information at full FOV of 50 cm with no limitations
in rotation speed. Potential drawbacks are the short pitch val-
ues (0.3-0.5), the necessary high power of the tube because
of filtration, with potential limitations in larger patients, and
the limited spectral separation (Fig. 7) [27].

Consecutive acquisitions

This method does not require a dedicated hardware. How-
ever, the low temporal resolution and related motion artifacts
limit the application to non-contrast studies or to anatomi-
cal districts without significant movements. Dose reduction
techniques, such as automatic current modulation, can be
used (Fig. 7) [28].

@ Springer



La radiologia medica (2019) 124:1281-1295

1290

JSENUOO-UOU [eNMIA :DNA ‘1D AS1oue-Tenp :1DH( ‘poriodar are suorn
-eordde qeorurpo jo sordurexo owos pue ‘paure[dxa s1 swypLIo3[e Jo ssed yoes puryeq jdeouod ayJ, ‘syeserep 1.DHJ Jo Sursseoord-jsod J0j d[qe[reAe SWYILIOI[e JO UOTJBOYISSE[O B JUIMOYS [qR],

'[89] se1poq uF1210J JO UONBZLIANORILYD PUB UOTIII(] sonodoid [enoads umouun yjm aIny
¢{[6S] suopud) pue saSe[nIed Jo uonen[eAg e -XIUW PAUULRDS ) JO JoqUINU (UOIOI[Q) SN0 AIND [enoads
[69] souols[eS oyIo[ed-UoN e QATIORJJO pue AJISUSP ATIOJJQ JO UOHEN[EA  PUR SPOYIoW Z-0Uy

uonoNpaI JoBIiIe 10§ I0
‘[S1] sosoyisoid [ejow :sUOONPAI 10BN @  [BLIAJRW SISBQ dY) JO UONBZI[BNSIA AY) 9OURYUD
{[€9—-19] (Jeuriopqe) paInionms pajda[as Ul JSenuod paroldw] e 0} ‘s[eLIJRW SISBq ) JO yead uonenualje woly
[99—9 ‘¢ 1] SeIpNIS JB[NOSBAOIPIRD IeJ 10 9SO[0 ‘(SOI3IouQ 9[qe[IeAR d} JO INO IO soSew onew
pue wsrjoquie Areuownd :[erIojew JSENUOD JO ISOP JO UOHIONPIY @ uryiim) A31ous wreaq Jenornied g Jo UOIO9[AS -OIYOOUOW [BNIIA  SOSBWI AT)OQ[IS-ATIoU
‘[86 LG] BWAP3 QUOQ JO UONEN[BAD (WNIO[EI-UOU [BNJIIA @
‘[9¢
‘G¢] uowny Je[noseA JO UOTEN[BAD PUB (WNIO[ED) uoroenqns anbed e
{[9¢] (wnio[es) SaIpn)s Je[NISBA I0J [BAOWAI dUOY e
[9¢—P¢€] wniored
AIeuo10o Sururejurew dUIPO] JO UONOLIGNS JANII[AS :2I00S WINIJ[E)) @
*[09 ‘6S ‘Tr—8¢]
(Sorpnys [I9[ASO[NOSNW PUE IB[NOSBA ‘[RUIIOPgR) uonismboe
[eseq SuIproAe £q UONONPAI 9SOP PUB UONIBIIQNS UIPO] :DNA @ [eLIO)EW SISBQ B JO UONORNQNS JANII[RS  uonoenqgns [eLIBA
‘(€G] 19AT] Ut vOnROYNUEND UOIT °
{[16] (ourpor) siayowered uorsnyiad jo ae3orng e
[0S] (urpor) 1oen [eunsajuIonses
ur suois9[ donsejdoau pue Ie[noseA ‘KI0jeWWEPUI JO UOEN[BAY ©
‘[6t—L¥] oyeadn
QuIpoT Ul sa3ueyod I0 s1S0103u :AdeI1ay) 0 asuodsar jusunean owng, e
{[91] (SuIpor) UONEBZLIAIOBILYD UOISY] @
{[GH] (QuIpOT) O1SAD SNSIOA PI[OS JUIWIOUBYUD JSENUOD UOISA] @
{[¢] (aurpoy) uorsnjiad [eIPIBOOAIN
{[¢€ ‘z€] (u0ydA1o ‘uouax) uorsnyrad Jung e [eLI)RW SISeq B JO A)ISUOP Y} JO UOne uon
(1€ ‘0€] (surpor) uorsnyrad pue wisijoquid Areuowng e -neAd dAnEINUERND pue (sdew paiojod) aaneend) -eoynuenb [eLIRIA
‘[6S “pG] (uoir) SHIAOUAS JR[NPOUO][IA UI S)ISOdOp ULIOPISOWIH e
¢[SS ‘6] (no3 pue Aein) saryiedoryire Ul UONBZLIAIOBIBYD [BISKID) @
¢[zS] (e3eIn-uou ‘s 9jein) uonisodwod duols A1eurin) e
[L¢] syuauod

-wod o1pIdI] pue 91010 ‘SNOIQY ‘WNIO[ED :UONRZIId)OeIeYd anbel e sontadoxd
162l [enoads JuaIoyIp Inq uorenudye dwes fenusjod uonisod
(UOII "SA QUIPOI) SUOISI[ JIFLYLIOWIY PUL JUSWIOULYUD JSLIIUO)) @ )M S[BLISJRW JUIQYIP OM] JO UOHRNUIHI] Surjoqe] [eLINJRIA  SASBWI JAT)OJ[OS-[BLIOIR]N  -UIOJP [BLISJRIA
suonesrdde [eoruryod jo sojdwexy 1doouo) w3y

suoneordde 1eoturyo jo sojdwexa pue sydoouod ‘swyirode :syeselep [ DHJ Jo Surssaoord-1sod | ajqel

pringer

Qs



La radiologia medica (2019) 124:1281-1295

1291

Fig.8 Female, 82 y.o., pulmo-
nary embolism scanned with

a dual-source CT (Somatom
Force, Siemens Healthineers). a
CT angiography of pulmonary
artery showing an embolus on
the right (arrowhead); high-
pitch, TurboFlash mode (Sie-
mens Healthineers), 80 kVp.

b Iodine map (red) showing

a perfusion defect (*) in the
right lower lobe close to the
pulmonary embolus (arrow-
head); dual-energy acquisition
90/150 Sn, iodine overlay—CT

Dual-energy CT: post-processing and clinical
applications

The applications of dual-energy can be divided in material-
selective and energy-selective. The former includes material
decomposition with material labeling, quantification (dis-
tribution maps) and subtraction (VNC); the latter includes
the monoenergetic imaging, effective atomic number and
effective electron density (Rho-Z maps). Table 1 provides
an overview of the algorithms and main clinical application
dual-energy techniques.

Material-selective images: material subtraction,
quantification and labeling

With material-selective images, a given basis material is
detected, labeled and subtracted: iodine, calcium or other
known materials (e.g., monosodium urate) are frequently
used as basis material.

In neuroradiology, the main application of material
decomposition is the material labeling and quantification of
iodine in the presence of hemorrhagic material. The evalua-
tion of contrast enhancement of a hemorrhagic brain lesion
may be challenging in both CT and in magnetic resonance
(MRI), while DECT is able to distinguish the different spec-
tral characteristics of iodine and iron. Kim et al. [29] demon-
strated a significantly higher sensitivity of iodine maps fused
with virtual unenhanced images for detection of enhancing
hemorrhagic brain lesions.

In thoracic imaging, iodine maps allow for the evaluation
of perfusion defects in pulmonary embolism, beyond the
CT angiography, in acute and chronic setting (Fig. 8) [30,
31]. Gases with high atomic number, such as xenon or kryp-
ton, have been used for the evaluation of lung ventilation.
Promising results have been recorded both with single-phase
acquisitions and with dynamic studies [32, 33].

In cardiovascular imaging, the iodine maps are useful for
the evaluation of myocardial perfusion while the selective

subtraction of iodine in virtual non-contrast (VNC) images
provided good results for the calcium score [34-36]. Cal-
cium labeling and subtraction with dual energy is useful for
bone removal and plaque removal, improving the evaluation
of vascular studies and the evaluation of vascular lumen [35,
36]. An interesting application of material decomposition
is the characterization of the atherosclerotic plaque. Obaid
et al. recorded an improved diagnostic accuracy with DECT
in characterization lipidic, necrotic, fibrous components and
calcium in atherosclerotic plaques [37].

An application of material decomposition in abdomi-
nal and oncological studies is the VNC reconstructions
with avoidance of basal acquisitions and dose reduction,
particularly relevant in selected populations (e.g., pedi-
atric population) [38—42]. It has to be pointed that small,
often unimportant, differences in attenuation values need
to be accounted when using virtual non-contrast images
in abdomen (Fig. 9) [43, 44]. The role of iodine maps is
qualitative and quantitative. The evaluation of iodine maps
allows for accurate discrimination between enhancing and
unenhancing lesions: this may be relevant in complicated
cystic lesions of the kidney [45]. The quantitative evalu-
ation of iodine maps may be helpful for lesion charac-
terization: Lv et al. [46] found significant differences in
iodine uptake between hepatic hemangioma and hepa-
tocellular carcinoma. Regarding treatment response, the
iodine quantification showed promising results: changes
in iodine uptake are a more accurate indicator of treatment
response to target or antiangiogenic agents than morpho-
logical criteria [47—49]. The evaluation of iodine maps has
demonstrated their utility in the evaluation of the gastro-
intestinal tract, improving the detection of inflammatory,
vascular (ischemic) and neoplastic lesions [50]. Skornitzke
et al. [51] tried to investigate the role of iodine uptake
as surrogate of perfusion parameters, but the results are
still under debate. Material labeling has been successfully
implemented for the evaluation of urinary stone composi-
tion or for the labeling of iodine and calcium (Fig. 2) [52].
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Fig. 9 Female, 62 y.o., cholangiocellular carcinoma. Third-generation
dual-source CT (Somatom Force, Siemens Healthineers). a Basal
scan, 120 kVp. b Dual-energy acquisition, venous phase (90-150 Sn
kVp), 3-basis-material decomposition (Liver VNC, Siemens Health-

Fig. 10 Third-generation dual-source CT (Somatom Force, Sie-
mens Healthineers). Male, 73 y.o., gout. a Dual-energy acquisi-
tion, 80/150 Sn kVp, mixed 0.5, coronal; arrowheads on hyperdense
deposits on the right and left knees. Material decomposition allows

In liver imaging, the iron quantification with DECT is an
important tool when MRI is contraindicated [53].

In musculoskeletal radiology, material labeling is use-
ful for the quantification of monosodium urate crystals in
gout and differentiation with other crystal arthropathies
(Fig. 10) [54, 55]. Moreover, DECT allows for demonstra-
tion of hemosiderin deposits in pigmented villonodular
synovitis [56]. The evaluation of bone marrow disorders,
typically evaluated with MRI, is an expanding application
of material decomposition: DECT is useful for depiction
of bone marrow edema and bone lesions (three-material
decomposition and virtual non-calcium) [57, 58]. VNC
and iodine subtraction are also useful in the case of intra-
venous contrast injection or in CT arthrography [59, 60].

@ Springer

ineers), virtual non-contrast. Virtual non-contrast acquisitions are of
good quality, may be useful for avoiding basal acquisitions, but some-
times present variable differences in attenuation when compared to
basal acquisitions

V(<0): 4.57 cm?®

for labeling of monosodium urate crystals in green on coronal (b) and
volume rendering (VR) reconstructions (c¢) (arrowheads) with volu-
metric estimation

Energy-selective applications: virtual
monoenergeticimages and Rho-Z methods

VMI are produced with the linear attenuation coefficients of
basis materials obtained from the material decomposition,
with the possibility of reconstruction of simulated images
in a wide range of energy levels, within or out of the ranges
effectively used. The utility in clinical practice relies in the
use of a monochromatic beam close to the k-edge of a basis
material (e.g., iodine) resulting in improved visualization of
that given material (e.g., better contrast). Conversely, the use
of a virtual monochromatic beam far for the attenuation edge
of a given material may be helpful for reduction of proton-
starving and beam-hardening artifacts [15, 61].

VMI at low keV improves the detection of low-enhancing
lesions, particularly in organs with relatively poor contrast
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(Fig. 4). The VMI reconstructions have demonstrated
promising results for the evaluation of pancreatic adeno-
carcinomas, focal liver lesions (Fig. 4) or for the extension
of endometrial adenocarcinomas [61-63]. Another field
of applications is the optimization of contrast, similarly
to acquisitions at low voltages (not always possible), with
potential reduction of the dose of contrast material, in par-
ticular in cardiovascular imaging, and in the evaluation of
pulmonary embolism [14, 64—66]. VMI at high keV simu-
late the use of high-energy X-ray beams and are useful for
attenuation of beam-hardening artifacts at the expense of
contrast (Fig. 5) [15].

A material or a mixture with unknown attenuation coef-
ficients can be semiquantitatively assessed on the spec-
tral curve and highlighted; this is the case of biliary non-
calcific stones or foreign bodies, such as in drug mules
[67-69].

Finally, the Rho-Z methods still have more limited imple-
mentation: interesting applications in tissue characterization,
mainly in cartilages and tendons [59].

Conclusion

In this review, we have provided a brief overview on physi-
cal and theoretical principles, and clinical applications of
dual-energy CT, which is a growing technique with expand-
ing applications.
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