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In x-ray computed tomography (CT), materials with different elemental compositions can have iden-
tical CT number values, depending on the mass density of each material and the energy of the
detected x-ray beam. Differentiating and classifying different tissue types and contrast agents can
thus be extremely challenging. In multienergy CT, one or more additional attenuation measurements
are obtained at a second, third or more energy. This allows the differentiation of at least two materi-
als. Commercial dual-energy CT systems (only two energy measurements) are now available either
using sequential acquisitions of low- and high-tube potential scans, fast tube-potential switching,
beam filtration combined with spiral scanning, dual-source, or dual-layer detector approaches. The
use of energy-resolving, photon-counting detectors is now being evaluated on research systems. Irre-
spective of the technological approach to data acquisition, all commercial multienergy CT systems
circa 2020 provide dual-energy data. Material decomposition algorithms are then used to identify
specific materials according to their effective atomic number and/or to quantitate mass density. These
algorithms are applied to either projection or image data. Since 2006, a number of clinical applica-
tions have been developed for commercial release, including those that automatically (a) remove the
calcium signal from bony anatomy and/or calcified plaque; (b) create iodine concentration maps
from contrast-enhanced CT data and/or quantify absolute iodine concentration; (c) create virtual non-
contrast-enhanced images from contrast-enhanced scans; (d) identify perfused blood volume in lung
parenchyma or the myocardium; and (e) characterize materials according to their elemental composi-
tions, which can allow in vivo differentiation between uric-acid and non-uric-acid urinary stones or
uric acid (gout) or non-uric-acid (calcium pyrophosphate) deposits in articulating joints and sur-
rounding tissues. In this report, the underlying physical principles of multienergy CT are reviewed
and each of the current technical approaches are described. In addition, current and evolving clinical
applications are introduced. Finally, the impact of multienergy CT technology on patient radiation
dose is summarized. © 2020 American Association of Physicists in Medicine [https://doi.org/
10.1002/mp.14157]
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1. INTRODUCTION

This report has been reviewed and approved by the Com-
puted Tomography (CT) Subcommittee, Imaging Physics
Committee, Science Council and Executive Committee of the
AAPM.

The charge for this task group was to prepare a report that
teaches the fundamental principles of multienergy CT,
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describes current manufacturer implementations, introduces
the various clinical applications available on specific systems,
and addresses dosimetric considerations. The AAPM CT sub-
committee commissioned this report to provide an authorita-
tive open-access review of the topic for educational purposes.

The intended audience for this report includes medical
physicists, radiologists, CT technologists, and other interested
parties, including end-users of multienergy CT images, such
as referring clinicians and radiation oncology physicians,
physicists, and dosimetrists.

2. CLINICAL MOTIVATION FOR MULTIENERGY CT

CT scanners form images of a material’s linear attenua-
tion coefficient, normalized by that of water and displayed
in units called Hounsfield Units (HU). The linear attenua-
tion coefficient of a tissue depends on its chemical com-
position (effective atomic number, Z.g), mass density (p),
and the effective energy of the x-ray beam. The mass
attenuation coefficient is defined as the linear attenuation
coefficient of a material divided by its mass density,
and is dependent only on the material’s chemical composi-
tion and effective x-ray energy. Generally, higher atomic
number and higher mass density lead to higher measured
CT numbers at a given x-ray energy. It is possible for two
different materials to have the same CT numbers if one
has a higher effective atomic number but the other has
a higher mass density. However, while the effect of mass
density on CT numbers is independent of energy, the
effect of effective atomic number varies significantly with
photon energy. Thus, if measurements are made at multi-
ple energies it is possible to decouple the influence of
mass density and chemical composition on the CT num-
ber.

The fact that CT scans performed at multiple energies
could be used to provide additional information regarding
material composition is not a new discovery. Indeed, in his
1973 paper, Hounsfield wrote "Two pictures are taken of the
same slice, one at 100 kV and the other at 140 kV. .. so that
areas of high atomic numbers can be enhanced. .. Tests car-
ried out to date have shown that iodine (Z = 53) can be read-
ily differentiated from calcium (Z = 20)”."

For materials with the same effective atomic number as
water, the CT number is independent of energy and quantita-
tively should reflect the density difference between the mate-
rial and water. This is because CT numbers are defined with
respect to the attenuation of water for a given x-ray spec-
trum. For any other material, the CT number will be energy
dependent, making the physical interpretation of the CT num-
ber at a single energy ambiguous, as it could be caused by a
density or chemical composition difference. If one wants to
extrapolate the measured CT number to calculate the attenua-
tion coefficient of the material at another energy, for example
to use for attenuation correction in SPECT or PET or for
dosimetry in radiation therapy, assumptions regarding mate-
rial composition would need to be made, potentially leading
to erroneous results.
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Multienergy CT can decompose the measured attenuation
into quantities that, unlike CT numbers, are independent of
the x-ray energy. For example, materials with a higher effec-
tive atomic number than water will have increased CT num-
bers at lower energies. Conversely, materials with a lower
effective atomic number than water will have lower CT num-
bers at lower energies. This behavior is expected for materials
with low to moderate atomic number (e.g., <50) in the diag-
nostic CT energy range (>30 keV). Higher atomic number
materials can have their K absorption edge (K-edge) within
the measured spectrum, and the discontinuity in their attenua-
tion coefficient at the K-edge can allow very specific mea-
surement of their concentration.

The same physical principle that causes the meaning of
CT numbers at a single energy to be ambiguous also causes
beam hardening artifacts. CT systems use polychromatic x-
ray beams, and the photons at the various energies experience
energy dependent attenuation. Calibration of attenuation with
a single material allows correction for beam hardening as
long as the attenuation was caused by materials of similar
atomic number. When that is not the case (e.g., regions con-
taining both soft tissue and bone), this correction is inade-
quate and artifacts can result. Multienergy CT can better
account for the polychromatic spectrum, allowing for
improved beam-hardening correction.

Thus, the motivation for multienergy CT includes: (a)
characterization of fundamental physical quantities that
determine photon attenuation (mass or electron density and
effective atomic number), (b) separation of materials that
may have the same CT number at a single energy, (c)
improvement in quantitative accuracy, (d) extrapolation of
photon attenuation to other energies (e.g., for attenuation
correction of radionuclide images or radiotherapy treatment
planning), (e) quantitation of contrast agent concentration,
perhaps even for multiple agents simultaneously, (f) charac-
terization of materials for diagnostic specificity or image
segmentation, (g) accurate correction of beam-hardening
effects, and (h) increased conspicuity of iodinated contrast
agent.

3. PHYSICAL PRINCIPLES OF MULTIENERGY CT

3.A. Dependence of x-ray attenuation on Z, density,
and x-ray energy

Multienergy CT relies on the fact that x-ray attenuation
characteristics are energy- and material-dependent. Without
the energy-dependency, attenuation data collected with differ-
ent energy spectra would not provide additional information.
Without the material-dependency, different types of materials
could not be differentiated.

There are three types of interactions of x-ray photons with
matter in the diagnostic energy range: photoelectric effect,
Compton, and coherent scatter. The total mass attenuation
coefficient, (W/p)ww, Of a material is expressed as the
summation of the mass attenuation coefficients of these
interactions:
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The three mass attenuation coefficients have different
dependencies on the input x-ray photon energy. In Fig. 1,

(E) , (ﬂ> , and (E) for muscle tissue
P} Photoelectric’ \P Compton P} Coherent

and cortical bone are plotted individually.” The graph is on a
log-log scale for better visualization of the full dynamic range
of these coefficients. Examining the mass attenuation coeffi-
cients of muscle [Fig. 1(a)], the following observations can
be made. First, the contribution of coherent scatter is rela-
tively small compared to either the photoelectric effect or
Compton scatter in the x-ray energy range of CT. Conse-
quently, this type of interaction is typically ignored in the dis-
cussion of multienergy CT; only photoelectric effect and
Compton scatter are considered in the theoretical derivation
of multienergy CT material decomposition. It is also
observed that the photoelectric effect depends strongly on x-
ray energy, and at the low energy range, this interaction domi-
nates. As the x-ray energy increases, the contribution of the
photoelectric effect reduces quickly. The energy dependence
of Compton scatter over the x-ray energy range used in CT is
much weaker. Thus, as the x-ray energy increases and the
photoelectric interaction decreases, Compton scatter becomes
the dominating interaction. Multienergy CT takes advantage
of these characteristics to perform material differentiation and
decomposition.

The observations made regarding muscle also hold in the
case of cortical bone [Fig. 1(b)]. In addition, there is in gen-
eral a strong dependency of mass attenuation coefficients on
material (or effective atomic number, Z.¢). In comparing the
attenuation characteristics of muscle and cortical bone, note
the difference in the vertical scale between two graphs.

3.B. Requirement for multiple unique energy
measurements

To demonstrate the requirement for multiple unique
energy measurements, the following example is provided.
First, a tissue characterization phantom (Model 467, Gam-
mex, Middleton, WI) with a 10 mg/mL iodine/solid-water
insert was placed at the 12 o’clock position and a 50 mg/mL
calcium/solid-water insert was placed at the 6 o’clock posi-
tion [Fig. 2(a)]. The phantom was scanned with 140 kV; the
reconstructed image is shown in Fig. 2(b). Visually, the two
inserts are indistinguishable. Without prior knowledge, one
would draw the erroneous conclusion that both inserts are
made of the same material. While this experiment was care-
fully designed such that the selected concentrations of iodine
and calcium produced similar CT numbers at 140 kV, it
demonstrates that by relying solely on a single energy image,
it is not always possible to separate two different materials.
Given the energy-dependent nature of x-ray attenuation,
when the same phantom is scanned with 80 kV, the CT num-
bers of the inserts are very different, as shown in Fig. 2(c).
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By examining the same object with two different energies,
one can differentiate materials that might otherwise look
identical.

The selection of 80 and 140 kV for this example allowed
the two x-ray spectra to be different enough to take advantage
of the energy-dependent nature of the mass attenuation coef-
ficient (Fig. 1). If the energy spectra were too similar to each
other, the attenuation difference between two materials might
not be large enough to produce a signal difference that
could be differentiated from the noise.”

3.C. Intuitive description of material decomposition

The example in Fig. 2 clearly shows that by scanning an
object at two tube potentials (different energy spectra), one
can differentiate materials having different effective atomic
numbers. For better visualization of this concept, consider a
coordinate system with the reconstructed CT numbers mea-
sured from images acquired with two different energy spectra
as the x- and y-axis, and each material plotted in this two-di-
mensional space. For example, the reconstructed iodine insert
with 10 mg/mL concentration scanned under 80 kV has a
CT number of 400 HU and under 140 kV a CT number of
194 HU. 10 mg/mL iodine, therefore, has a characteristic
coordinate of (400, 194) in the 80- and 140 kV space (dual-
energy space). If a mixture made exclusively of iodine and a
water-equivalent material is scanned with 80 and 140 kV and
has CT numbers that land on the same coordinate, one can
assert, with relative confidence, that the iodine/water mixture
has a concentration of 10mg/ml. If an unknown material
scanned with 80 kV and 140 kV has CT numbers that land
on the same coordinate, one can assert that the unknown
material has the same attenuation characteristics at all x-ray
energies as iodine with 10 mg/mL concentration.

To determine whether the same material (e.g., iodine), but
having different concentrations, can produce a well-recog-
nized “signature” in this space to allow easy identification of
the material, one could scan iodine inserts of different con-
centrations and plot the results in the dual-energy space, as
shown in Fig. 3. These points form a straight line intersecting
the origin when the background is water-equivalent. Simi-
larly, calcium inserts with different concentrations also form
a straight line. However, the slopes of these lines are differ-
ent. Therefore, by looking at the slope of the line formed by
the measured CT numbers in the dual-energy space, one can
characterize the material of interest. The slope of a line in this
coordinate system is frequently referred to as the CT number
ratio (CTR). When iodine is mixed not with water but with
blood, as in clinical practice, the line will not intersect the
origin; however, the slope of the line will be similar.

To differentiate iodine from calcium, a small zone is
placed around each material’s line so that any point that falls
inside the zone will be classified as the same material, since
noise and other nonideal properties of CT systems will pro-
duce variations in the measured CT values. An example of
this is shown in Fig. 3 (light blue zone for calcium and light
orange zone for iodine). Without a priori information (e.g.,
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system bias), a centerline is typically used to separate the two
zones.

3.D. Mathematical description of material
decomposition

The fundamental mathematical formulation can be traced
back to 1976, with many subsequent developments having
taken place since.””’ Recalling the earlier discussion, the total
mass attenuation coefficient of a particular material, (L/p)otals
can be considered to be the linear combination of the two pri-
mary mechanisms for x-ray attenuation in the diagnostic
imaging energy range: photoelectric effect and Compton scat-
ter. Both effects are functions of the x-ray photon energy E. If
we denote the mass attenuation functions due to the photoelec-
tric effect and Compton scatter by f,(E) and f.(E), respectively,
the total mass attenuation coefficient can be described as:

<D®=%®+m®, ®

where o, and o, represent the energy-independent contribu-

tions of (ﬁ) d (ﬁ> , respectively, to the
P) Photoelectric p Compton

total attenuation. Ignoring the K-edge, f,(E) and f.(E) are
known based on x-ray physics. To determine o, and o, we
need two measurements at two different photon energies: £y,
(low-energy) and Ey (high-energy):

@@F%%H%@,

and

(E) (En) = opfp(En) + oefe(En). 3)

Given two measurements and two unknowns, we can solve
for o, and o.. Each material-of-interest is now uniquely rep-
resented by (o, o) with the photoelectric and Compton
effects as the basis by which to characterize a material.® If the
material’s K-edge has a significant contribution to the mea-
surements, the K-edge effect needs to be included in the
model and additional equations (and measurements) may be
needed to solve for the unknowns.

The parametric fit model described above is known to
have limited accuracy in describing real materials due to the
fact that molecular interactions are ignored.” It can be shown
that accuracy improves by instead using attenuation functions
of real materials. From a routine clinical practice point of
view, decomposition into physical interaction representations
— photoelectric and Compton effects — does not provide a
direct linkage to human anatomy, pathology, or physiology,
making it difficult for a radiologist to interpret the resulting
images. Since one objective of multienergy CT is to provide
an easy way for radiologists to identify different materials, it
is more convenient to use known-material attenuation func-
tions as the basis of representation. For example, if water-
and iodine-attenuation are used as the basis functions, other
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materials are then represented as a mixture or linear combina-
tion of these two materials. This approach is often called
material decomposition.®

To accomplish this, we need to replace the photoelectric
and Compton functions, f,(E) and f(E), by the mass attenua-
tion functions of basis materials A and B, (p/p)a(E) and
(1/p)s(E). From Eq. (2), the two sets of functions are related
by

(;l)A(E) = oapfp(E) + oa ofe(E)

and

il

(5) (B = onah(£) + an ), @
B

where o, 0la ¢, OB,p, and o . Tepresent the contributions of

the photoelectric and Compton effects for materials A and B

respectively. Solving for f,,(E) and f.(E), and substituting back

into Eq. (2), we obtain:

(u) (E) = OpOlB.c — OlcOBp (M) (E)
p XA pOBc — ABpAACc \P/ A

oLCO(A,p B ocPOLA,C (E) (E) (5)
A pAB.c — ABpAAc \P/ B

= By @A(E) + By (%)Bw)-

B4 and By are energy independent, indicating that these coef-
ficients are valid for all energies above the K-edge of both
materials (note that the K-edge effect is ignored in the formu-
lation of f, and f). Equation (5) shows that the mass attenua-
tion coefficient of a material can be represented as the linear
combination of the mass attenuation coefficients of materials
A and B. Materials A and B are often called the basis materi-
als and are selected such that their effective atomic numbers
Z.4 are sufficiently different to ensure different mass attenua-
tion characteristics.

For illustration, consider a simple example of using two
materials (water and iodine) to represent the attenuation char-
acteristics of a third material (calcium). Figure 4 plots the

(a) 10.00

1.00

Mass Attenuation Coefficient

N . Photoelectric

0.01

X-ray Energy (keV)
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mass attenuation coefficients of three materials: iodine, cal-
cium, and water, based on the NIST data.'’ The three curves
look significantly different in terms of their shapes, especially
with the K edges of the iodine and calcium. However, if we
ignore the low-energy portion (orange shaded area of
E < 33.2 keV), the three curves are quite similar. In fact,
the mass attenuation coefficient of calcium can be approxi-
mated by a linear combination of the mass attenuation coeffi-
cients of iodine and water:

(ﬁ) zo.835(5> +0‘064<H> . 6)
P/ caicium p water P/ iodine

Over the energy range of 33.2 keV < E < 150 keV, the
measured and fitted calcium mass attenuation curves overlap
nicely. A significant difference does exist for the energy
range below the K-edge of iodine. However, most low-energy
x-ray photons are removed from the beam by the prepatient
filtration and the patient’s body prior to reaching the CT
detector, hence, the error caused by ignoring these low-en-
ergy photons is small.

Multiplying both sides of Eq. (5) by the mass density p
yields

u(E,)ﬁA<§)A<Is,->p+ﬁB(§)B<E,>p, j=LH.

() e (3 . -1
@)

After acquiring two sets of data, one using a high-energy
spectrum Ey and one using a low-energy spectrum E;, and
reconstructing two images from these data sets, solving
Eq. (7) on a pixel by pixel basis yields images of the mass
densities of materials A and B. This process is often called
image-space material decomposition, since the entire process
is carried out using reconstructed images.

The underlying assumption is that the reconstructed high-
and low-energy images are accurate and are free of confound-
ing effects, such as beam-hardening. Since such assumption
is often violated, image-space decomposition algorithms

(b) 100.00

10.00

1.00

Mass Attenuation Coefficient

X-ray Energy (keV)

FiG. 1. Mass attenuation coefficients for muscle (a) and cortical bone (b). Note the log-log scale and that the range of attenuation values on the y-axis differs

between muscle and cortical bone.
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Fic. 2. Intuitive explanation of material differentiation with dual-energy computed tomography (WW = 500, WL = 100). (a) Model 467 Gammex phantom
built from their “Solid Water®” plastic-like material, 10 mg/mL iodine (12 o’clock), and 50 mg/mL calcium (6 o’clock) inserts. (b) 140 kV image. (c) 80 kV
image. All the other inserts are made of the same material as the background. Courtesy of Jiang Hsieh, PhD, GE Healthcare Technologies.

require that beam hardening and other sources of bias be
carefully addressed during image reconstruction.

One common way to overcome inaccuracies due to effects
such as beam-hardening is to perform the material decompo-
sition in projection space; this is called projection-space
decomposition.*® This process is similar to the image-based
material decomposition except that it is performed using the
measured low- and high-energy projection data. The material
decomposition process here must take into consideration the
input x-ray beam spectral changes due to the presence of
bowtie, beam-hardening effects present in the measured pro-
jections,'" and spectral response of the CT detectors. When
successfully implemented, projection-space material decom-
position may provide improved quantitative accuracy.

Both image-space and projection-space decomposition
techniques require consistency between the high- and low-en-
ergy data, both spatially and temporally. In general, any
motion by or within the subject between the acquisition of
the high- and the low-energy data may introduce artifacts and
quantitative errors.

The discussion and example provided above explains the
process of decomposing a material into two basis materials.
In many clinical situations, however, it is desirable to decom-
pose a mixture into three or more basis materials (often called
three-material decomposition or multi-material decomposi-
tion). It is sometimes wrongly assumed that simply acquiring
data using three different energies (spectra) allows decompo-
sition into three different materials. However, unless one of
the materials has a K-edge in the energy range of interest,
such a decomposition is unstable because the attenuation
curves are dominated by only two physical processes. Three
material decomposition is possible with measurements at two
different energies, but requires the use of additional informa-
tion or supplemental constraints, such as having one material
with a K-edge in the energy range of interest, assuming vol-
ume or mass conservation, or using precalibrated subregions
in the low- and high-energy space.'*"?
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3.E. Challenges to accurate material decomposition

Given the close proximity of the iodine and calcium zones
shown in Fig. 3, it is important that measured CT numbers are
accurate. The area in the dual-energy space between the iodine
and calcium regions decreases substantially as their respective
concentrations are reduced. Additionally, the material classifi-
cation task is impacted by the presence of statistical noise in
the measured CT numbers and the amplification of such noise
in the decomposition process.* Therefore, increased noise in
the low- and high-energy images decreases the accuracy of the
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2 /.
5 iodine | -
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G 400 # /
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200 g
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Fic. 3. Computed tomography number measurements of different concentra-
tions of iodine/solid-water and calcium/solid-water inserts. Iodine concentra-
tions (circles) were 2, 2.5, 7.5, 10, 15, and 20 mg/mL. Calcium
concentrations (diamonds) were 50, 100, 200, and 300 mg/mL. The dual-en-
ergy space is shown here with the low-kV data on the y axis and the high-kV
data on the x axis."”® Courtesy of Jiang Hsieh, PhD, GE Healthcare Tech-
nologies.
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FiG. 4. (Left) Mass attenuation coefficients of water (green), calcium (red), iodine (blue), and the estimated mass attenuation coefficient of calcium using a linear
combination of iodine and water (gray dotted line). Orange shaded area refers to E < 33.2 keV (low-energy portion). (Right) Mass attenuation curves of

P

material separation. Even for a scan taken with high tube-cur-
rent-time-product values and reconstructed with a larger image
slice thickness, the impact of the noise is not negligible.” The
separation of iodine and calcium, and hence the material clas-
sification performance, can be improved by increasing the dif-
ference in the two energies used for measurement, because this
increases the difference between the slopes of the iodine and
calcium lines in Fig. 3."

In addition to noise, other factors can also impact the
accuracy of the material decomposition process. For example,
scatter can bias the measured CT numbers and may lead to
erroneous material classification. Therefore, it is important to
ensure that the impact of scatter is adequately mitigated,
either with software corrections, or hardware designs such as
a two-dimensional focused collimator.

Another dominant source of bias in multienergy CT mate-
rial decomposition is beam-hardening. For single-energy CT,
this phenomenon is well-understood and can be adequately
corrected.” Beam hardening is most pronounced at lower
photon energies, and hence stronger in the low-energy images
compared to in the high-energy images. Since material differ-
entiation performance relies on the accuracy of measured
attenuation values in the individual low- and high-energy data
sets, different amounts of beam hardening between the low-
and high-energy data can result in increased bias in mass
density values in the basis images.

3.E.1. Noise amplification

It can be shown that the material decomposition process
amplifies noise,"” for example, by reducing contrast-to-noise
ratios. This phenomenon occurs regardless of whether projec-
tion-space or image-space material decomposition is per-
formed. For illustration, Fig. 5 shows a Gammex phantom
scanned with 80- and 140 kV, and reconstructed with a fil-
tered back projection algorithm as shown by (a) and (b). The
corresponding water (iodine)- and iodine (water)-density
images are shown in (c) and (d). The material in parentheses
indicates the other material of the basis pair. It is clear that
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(ﬁ) i’ 0.835 (%) +0.064 (%) e’ and their relative errors in the energy range of 33.2 to 150 keV.
calctum water todine

noise has increased significantly after the material decompo-
sition process. Additional processing is typically applied to
the material-specific images to suppress noise.

3.E.2. Noise correlation and opportunities for noise
reduction

It should be pointed out that noise values in the water
(iodine)- and iodine (water)-density images are not indepen-
dent; they are negatively correlated.'” Therefore, noise reduc-
tion processes can take advantage of these characteristics and
avoid unnecessary degradation of spatial resolution. Noise-re-
duced water- and iodine-density images from the above
example are shown in (e) and (f). Significant reduction in
noise is observed. In addition, careful examination of the
edges of the inserts shows minimum impact on the sharpness,
or spatial resolution, of the images.

3.F. Synthetic images from multienergy CT
3.F.1. Virtual monoenergetic images

The results of material decomposition include energy-in-
dependent information that can be used to generate synthetic
monoenergetic images, which are also referred to as virtual
monoenergetic images or virtual mono-chromatic images.
These images emulate the appearance of a CT study per-
formed with a true monoenergetic photon source, for exam-
ple, a synchrotron x-ray source. In principle, virtual
monoenergetic images can be generated at any energy, but
due to image quality limitations and other practical consider-
ations, most multienergy CT platforms provide virtual
monoenergetic images in the range 40 to 200 keV. Virtual
monoenergetic images are available on all commercially
available dual-energy CT platforms.

Virtual monoenergetic images are calculated by first deter-
mining the mass densities of materials A and B, using
Eq. (7). The virtual monoenergetic image at energy E., is
generated by
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Fic. 5. Illustration of material decomposition impact on noise and noise compensation. (a) 80 kV image, (b) 140 kV image, (c) water (iodine)-density image,
(d) iodine (water)-density image, (e) water (iodine)-density image with noise reduction, (f) iodine (water)-density image with noise reduction. Courtesy of Jiang

Hsieh, PhD, GE Healthcare Technologies.

W(Ew) = (g)Awm)pA ¥ (§>B<Em>p3, ®)

where (u/p)a g(Epn) is the mass attenuation coefficient for the
basis materials A and B at energy E,,.

It has also been demonstrated that the monoenergetic
image can be generated by the weighted sum of the low- and
high-energy images, that is,

CT(E,) = w(E,)CT" + (1 — w(E,,))CT", ©)

where “CT” is the CT number in the low (L) energy or high
(H) energy image, and w(E,) is a weighting factor that
depends on the desired monoenergetic energy (E,,) and the
effective energies of the low- and high-energy acquisitions.'

Similarly, for material decomposition using the photoelec-
tric and Compton Effect contributions, the virtual monoener-
getic images can be generated by

W(En) = (pp)fp(Em) + (p)fe(En), (10)

where f,(E) and f.(E) are the functions describing the photo-
electric and Compton mass attenuation coefficients, respec-
tively, and p, and p. are the associated mass densities
determined by the material decomposition.*

Projection space decomposition generates the sinogram of
basis functions, for example, the sinogram of p, and pg in
Eq. (7), or the sinograms of p, and p. in Eq. (10). One can
reconstruct the sinograms to create basis-material mass den-
sity images (pa and pg, or p, and p.) and then convert them
to virtual monoenergetic images in a manner similar to the
image-space method discussed above, that is, Eqs. (8) or
(10). Alternatively, the sinogram of the basis functions can be
directly converted to the sinogram of a virtual monoenergetic
image at energy E,, using
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P(u(E)) = P(py) (ﬁ)Awm) + P(pg) <§>(E> (an

where P(u(E,,)) is the sinogram of the virtual monoenergetic
image; the virtual monoenergetic image is then created via
CT reconstruction."'

Virtual monoenergetic images provide the most accurate
CT numbers at the different virtual energy levels only for the
two basis materials (e.g., water and iodine, or water and
bone), other materials may have with less accurate CT num-
bers. Virtual monoenergetic images usually have different
image noise levels at different energies.'® A low-keV virtual
monoenergetic image, for example, 50 keV, has dramatically
increased noise compared with at higher energy levels, which
can mitigate the benefit of increased iodine contrast in the
low-keV image. CT manufacturers and investigators are con-
tinuing to develop improved algorithms to overcome this
problem and make the noise more constant across the entire
energy range.'”'® A plot of image noise vs. virtual monoener-
getic energy setting (keV value), both with and without (W/
0) energy-domain noise reduction, is shown in Fig. 6.'®

3.F.2. Material-specific or material-removed images

The results of material decomposition, for example, pa
and pg in Eq. (7), is a material-specific image that can be
presented as the distribution map of each material’s mass
density. The correct unit for the pixel values corresponding to
mass density is mg/ml. However, using reasonable assump-
tions regarding material type and measurement energy spec-
tra, some manufacturers convert the density information into
CT numbers, in Hounsfield units, by multiplying the calcu-
lated mass density by the estimated mass attenuation
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FiG. 6. Demonstration of the use of noise reduction to improve noise uniformity in virtual monoenergetic images across different energy (keV) settings. The
dashed line provides more uniform noise values over the evaluated energy range than does the solid line due to the use of an energy-domain noise reduction tech-

nique.'”'® Courtesy of Shuai Leng, PhD, Mayo Clinic.

coefficient to determine the estimated linear attenuation coef-
ficient, and then converting that into Hounsfield units. This
serves two purposes. First, Hounsfield units are more familiar
to the majority of clinical users and second, PACs systems
frequently misinterpret density information and display the
pixel values in Hounsfield units. DICOM Supplement 188
was developed to ensure correct interpretation and display of
multienergy CT data and address this problem. However, it
has not yet been commercially implemented.

Depending on the clinical task, a variety of materials can
be selected to generate material-specific or material-removed
images. Common materials used are iodine and water, and
their material-specific images are often referred to as iodine
or water maps, respectively. Other commonly available image
pairs include calcium and water images. Some manufacturers
refer to images where iodine or calcium signal has been
removed as virtual noncontrast or virtual noncalcium images,
respectively.

In principle, dual-energy CT generates material-specific
image pairs because two separate measurements, i.e., at low
and high energies, are acquired, which is equivalent to solv-
ing for two unknowns using two equations. When there are
more than two materials in the region of interest, either addi-
tional information is required or assumptions have to be made
to solve the equations. Three material decomposition algo-
rithms often have an assumption of volume or mass conserva-
tion, that is

h+h+th=1, 12)

where f;, f,, and f5 are the volume or mass fractions of the
three components.'> Based on volume conservation, the con-
cept of the material decomposition can be intuitively
explained as a geometric illustration (Fig. 7)."
Understanding the nature of the decomposed image is
essential to the correct interpretation of material-decomposed
images. This is particularly important since the naming con-
ventions in commercial systems for material-specific or
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FiG. 7. Geometric explanation of three material decomposition based on vol-
ume conservation. The horizontal axis and vertical axis are the linear attenua-
tion coefficients in the high- and low-energy images, respectively. Points pj,
Wo, and pj3 locate the three basis materials in this space. Aj, A,, and A; are
the areas of the triangles. The unknown material p lies inside the triangle (uy,
Wo, and p3) with volume fractions of (fi, 5, f3), so f; = AJ/(A; + Ay + Aj),
i=1,2,3.

material-removed images imply something that is not physi-
cally accurate, namely that “iodine images” contain only
iodine signal and “water” or “‘soft-tissue images” contain only
water or soft tissue.'® In patients (unlike in simple iodine and
water phantoms), when measured attenuation data have been
decomposed into only two basis images (eg iodine and
water), the resultant signal in a given voxel will contain signal
from materials other than the iodine and water basis materi-
als (eg fat or bone) that are physically present in that voxel. A
common misconception is that measurements of iodine con-
centration in the iodine image are equal to the actual physical
mass density (ie concentration) of iodine. Instead, all materi-
als present, except those having attenuation properties equiv-
alent to water, will contribute some signal to the iodine map.
Likewise, all materials present, except those having attenua-
tion properties equivalent to iodine, will contribute some sig-
nal to the water map.
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Understanding this principle explains why bone is visible
in the “iodine map,” and why the CT number of fat in the
water or soft-tissue image (commercially referred to as a “vir-
tual noncontrast (VNC)” image) is different than in a conven-
tional true noncontrast image.”’ For a water-iodine
decomposition, the presence of bone or fat violates the
assumption that only water and iodine are present in the
image, neither of which are equivalent to bone or fat in terms
of attenuation properties as energy is varied. Thus, bone or
fat attenuation is represented partially in the “iodine-re-
moved” or VNC image and the remaining component of bone
or fat attenuation is represented in the “water-removed”
image. Hence, bone will appear in both the “iodine image”
and the “water or soft-tissue image.” Also, since the VNC
image accounts for only a portion of the fat attenuation, fat in
a VNC image will have a different CT number than fat in a
true noncontrast CT image. Of note, the decomposition may
generate negative mass density values for fat, which although
reasonable from a mathematical perspective, may be difficult
to explain to clinical users. Thus, some CT manufacturers
choose to set negative fat mass density values to zero.

3.F.3. Electron or mass density and effective atomic
number images

The relationship between electron density (p°) and mass
density (p) is defined as

0
pe = A—mZNA’
where Z is the atomic number, A, is the atom mass, and N
is Avogadro’s number.

Effective atomic number (Z.¢) is defined as
Zyp = Wiz,
i

where w{ is the fraction of the total number of electrons of
the i material, Z; is the atomic number of the it material, N
is the total number of materials in the sample, and n is a con-
stant, usually in the range 3—4 in the literature (n = 3.5 in this
report).”*?' Additional definitions of the effective atomic
number from a combination of known materials exist in the
literature. More information is available in reference.”

Using the result of Eq. (10), the mass density and the
effective atomic number can be obtained by solving the equa-
tions,

i=1,N (13)

_ KiZyp n
ap = A Zeﬁ'

, 14
ac = %Zeﬂ' (1

where A is the atomic mass number of the material, and K;
and K, are constants.”*

Material decomposition is not the only path to obtain the
effective atomic number. A common method in dual-energy
CT uses the ratio of linear attenuation coefficients from the
low- and high-energy CT images. This linear attenuation ratio
(LAR) is a function of effective atomic number (Z.g) and its
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Fic. 8. The data points represent linear attenuation ratio between 70 and
120 keV for the elements Z = 5-15. The dashed line and corresponding
equation is the regression result, which can be used to determine the effective
atomic number from the linear attenuation ratio of an unknown material, esti-
mated from multienergy CT.

shape depends on the energy spectra of the images used in
the calculation.

LAR(Zyy) = Z_; (15)

Usually LAR(Z.¢) is determined by calibration or simula-
tion (Fig. 8), and then the LAR(Z.¢) curve is used as a look-
up table for obtaining Z.¢r of an unknown material.'>%!

4. TECHNICAL IMPLEMENTATIONS OF
MULTIENERGY CT

4.A. Detector-based methods

4.A.1. Dual-layer detectors

Description of technology: Acquisition of two spectrally
distinct data sets can be achieved using a single x-ray source
and two layers of energy-integrating scintillator detectors.
The thickness and material of each layer determines the
energy separation and relative noise of the recorded low- and
high-energy datasets. In a commercially available system
(IQon, Philips Healthcare, Cleveland, Ohio), the x-ray tube
generates a polychromatic beam with a maximum photon
energy equal to the peak tube potential selected by the user.
Low-energy photons from the generated x-ray spectrum are
selectively absorbed by the top low-density garnet scintillator
layer, while high-energy photons pass through the top
layer and are absorbed by the bottom G,0,S layer (Fig. 9).

Conventional CT data are also available from every scan by
adding the low- and high-energy data together and reconstruct-
ing using standard techniques such as iterative reconstruction
or filtered back-projection. The resulting images are conven-
tional single-energy CT images, matching those obtained from
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FiG. 9. Simultaneous acquisition of low and high energy x-ray spectra data allows projection-based spectral decomposition of the data into individual basis com-
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a conventional CT scanner operated with a single x-ray tube,
single tube potential, and single-layer detector.

Ideally aligned low- and high-energy data are available
from every scan performed at 120 or 140 kV. Intrinsic regis-
tration of spectral data allows projection domain decomposi-
tion. Reconstruction of basis pairs is performed with a
dedicated spectral algorithm.”> > Material characterization
and decomposition is performed using basis images to create
various spectral image types (Fig. 9).

Strengths: One of the strengths of dual-layer detector
technology is the absence of special protocols for dual-en-
ergy scanning. Routine scan protocols can be used “as is”
without increasing dose or changing workflow. Both conven-
tional and dual-energy data are available from every 120 and
140 kV scan and the need for dual-energy derived images
does not have to be identified a priori. This can be particu-
larly helpful for salvaging studies with suboptimal contrast
enhancement, reducing artifacts on conventional images that
obscure the region of interest, and improving lesion visual-
ization and characterization, including incidentally discov-
ered lesions. A study of 118 patients referred to dual-layer CT
for a variety of clinical indications concluded that spectral
information provided added clinical value in around 80% of
scans, even though only 20% of scans would have been per-
formed as a dual-energy acquisition based on clinical history
and exam indication if an upfront choice had been required.®

Energy separation at the detector level yields low- and high-
energy datasets that are spatially and temporally aligned, per-
mitting projection space decomposition. A benefit of projec-
tion space decomposition is the intrinsic reduction in beam
hardening artifacts. A reduction in beam hardening artifacts on
virtual monoenergetic images created from dual-layer spectral
CT data compared to conventional images has been demon-
strated for head imaging,”> myocardial perfusion imaging,*’
coronary stent imaging,”® and imaging of hip prostheses.*’

This registration of spectral data also allows the identifica-
tion and removal of anti-correlated noise in basis material
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raw data sets, facilitating noise suppression while preserving
signal. Decreased noise in virtual monoenergetic images
compared to conventional images created from the same data
has been achieved using dual-layer technology.”® ' Further-
more, several groups have reported nearly flat noise across
the range of mono-energies evaluated (40 to 200 keV) and an
increase in contrast-to-noise ratio (CNR) with decreasing
keV.?*2%" Spatial and temporal registration of data sets also
offers advantages for moving anatomy, such as the heart,
when low- and high-energy information is combined to create
spectral images. The dual-layer detector design also permits
acquisition of dual-energy data at exactly the same phase of
contrast enhancement.

Another strength of dual-layer detector technology is that
it imposes no constraints on data acquisition related to field-
of-view, gantry rotation time, or the utilization of dose saving
tools such as tube current modulation. Additionally, the thick-
ness and material of each detector layer can be chosen to pro-
vide low- and high-energy data with matching noise levels
across typical patient sizes. This criterion is commonly used
to balance the noise levels between the two data sets, as this
provides a reasonable approach that is relatively robust for
multiple applications. Moreover, the dual-layer solution is
free from additional problems such as patient-induced cross
scatter found in the dual-source approach and the reduction
in spatial resolution due to the view interpolation required in
the tube potential switching approach.

Limitations: The use of dual-layer detector technology
with a single x-ray source has some limitations for dual
energy CT. Because the energy separation of spectral data
sets is limited by the fixed detector design, only scans per-
formed at a tube potential of 120 or 140 kV may be used for
spectral analysis. Routine scans can be performed at 80 or
100 kV, but only a conventional data set is available for
reconstruction. The spectral separation with dual-layer detec-
tors is worse than with approaches using two different tube
potential settings and filtration of one of the beams, which in
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principle will require a higher radiation dose to the patient to
achieve an equivalent CNR in spectral images. This is some-
what mitigated by the removal of anti-correlated noise during
material decomposition in projection space.

Another limitation of dual-layer detectors is the doubling
of electronic noise since each reading is based on two chan-
nels of data. The detector design and operating parameters of
the electronics help to minimize the impact of electronic
noise. The electronic noise contribution typically remains
below the quantum noise contribution such that the latter typ-
ically defines the limits of low dose scans. Finally, detector
cross-talk between layers can occur, whereby photon interac-
tions in one detector pixel result in scattered photons that
interact in a different pixel.

4.A.2. Energy resolving, photon counting CT

Description of technology: Energy integration vs photon
counting: The solid-state scintillation detectors used in
today’s medical CT systems convert x-rays into visible light,
which is detected by photodiodes coupled to the scintillators.
The intensity of the light produced per absorbed x-ray quan-
tum and, as a consequence, the electrical signal produced per
absorbed x-ray quantum, are proportional to the x-ray energy
E. The signal S, in the energy integration detector is the
integral of the signal from all absorbed x-ray flux N(E) over
all energies E, with a weighting factor proportional to E.

S ~ / E - N(E)E (16)
0

Solid-state scintillation detectors do not provide energy-re-
solved signals. Low-energy x-ray quanta, which carry most
of the low-contrast information about an object, particularly
iodine containing tissues, are therefore given less weight than
are high-energy quanta in the integrated signal.

Photon-counting detectors based on semiconductors such
as cadmium-telluride (CdTe) or cadmium-zinc-telluride
(CZT) directly convert the x-rays into an electrical signal.
The absorbed x-rays create electron-hole pairs that are sepa-
rated in a strong electric field (voltage ~ 10° V/m) between
the cathode and pixelated anode electrodes on top and at the
bottom of the detector, respectively (Fig. 10). The moving
electrons induce short voltage pulses, with pulse-heights
approximately proportional to the x-ray energies E, which are
individually counted as soon as they exceed a given energy
threshold.

In a basic operation mode, with just one energy threshold
Ey, all x-ray quanta above this threshold energy are counted
with the same weight, resulting in a detector signal.

Secount = / 1 N(E)dE (17
E;

The absence of the down-weighting of the signal from
low-energy x-ray quanta can improve the CNR of the
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Fic. 10. Schematic drawing of a direct-converting photon counting detector
(top). A semiconductor such as cadmium-telluride or cadmium-zinc-telluride
absorbs the x-rays, which create electron-hole pairs that are separated in a
strong electric field between the cathode and pixelated anodes. In this exam-
ple, four energy thresholds are implemented for data read-out (20, 35, 50,
and 65 keV). The x-ray photons are counted in the respective energy bins as
soon as they exceed the corresponding energy thresholds (bottom).

resultant images, in particular in CT scans using an iodinated
contrast agent.*” Since only signals above the energy thresh-
old are detected, low level electronic noise below the thresh-
old does not affect the count rates in photon counting
detectors. This is a major difference from conventional
energy-integrating detectors, resulting in less image noise
and the potential for dose reduction in scans of obese patients
or in scans acquired at very low radiation dose.*”

As illustrated in Fig. 10, different energy thresholds allow
for the discrimination of photon energy. Photon counting
detectors can simultaneously provide CT data with different
lower energy thresholds E,, E,, to provide spectrally resolved
measurements. Physically, the thresholds are realized by dif-
ferent voltages that are fed into pulse-height comparator cir-
cuits. The pulse heights obtained from the detector are nearly
proportional to the energies of the detected x-ray photons. Up
to six different threshold values have so far been used in pro-
totype settings.

Strengths: By implementing two or more energy thresh-
olds for data read-out, photon counting detectors can provide
spectral (dual- or multienergy) data using standard CT scan-
ners without modifications other than the detector type.**
Spectral information is available in any scan, with no limita-
tions in the choice of scan parameters such as tube potential,
gantry rotation time or pitch, or in the use of anatomical tube
current modulation to adapt the radiation dose to the patient’s
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anatomy. The inherent spatial and temporal alignment of the
CT data at different energy levels benefits scans of moving
organs, such as the heart, and enables the use of projection-
based material decomposition. There is no additional scat-
tered radiation that needs to be taken care of, such as the
cross-scatter in dual source CT. With photon counting detec-
tors, spectral data are routinely acquired, with the images at
the lowest energy threshold used for standard diagnosis (simi-
lar to today’s single energy CT images), and spectral informa-
tion retrospectively available if clinically needed.

A technique refered to as K-edge imaging can be used to
decompose materials into more than two basis materials
(where one undergoes primarily Compton scattering interac-
tions and the other undergoes primarily photoelectric inter-
actions). Specifically, higher atomic number materials that
have K-edges within the diagnostic CT energy range can be
used as additional basis materials because their absoprtion
edge discontinuities differentiate these materials from linear
combinations of non-K-edge materials. Potential clinical
applications include separation of iodine and gadolinium
contrast agents after a multi-phasic injection to differentiate
venous and arterial blood Vessels,35’36 separation of iodine,
gadolinium, and bismuth to differentiate venous blood ves-
sels, arterial bowel wall enhancement, and the contents of the
bowel lumen,”” or the separation of iodine and gold nano par-
ticles to evaluate oncologic and inflammatory diseases.®

Limitations: To date, photon counting detectors have only
been available in research CT systems, which have been
extensively evaluated from both the technical and clinical per-
spective.>3%40

A main limitation of photon counting detectors today is
the finite pulse-width of the detected x-ray pulses, which cur-
rently have a full-width-at-half-maximum (FWHM) of 10 ns
and more. This leads to pulse pile-up at high x-ray flux val-
ues, as is common in medical CT. Pulse pile-up results in
overlapping low-energy pulses being incorrectly registered as
a fewer number of high-energy pulses, or several overlapping
pulses being counted as only one pulse. As a consequence,
photon counting detectors can saturate at high x-ray flux val-
ues, leading to significant quantum losses and increased
image noise.

Another problem is count-rate drift. Nonhomogeneously
distributed crystal defects in the sensor material can cause
trapping of electrons and holes, a build-up of space charges,
and a modification of the electric field distribution. This
changes the characteristics of the signal pulses in the individ-
ual detector elements and may lead to severe ring artifacts in
images at higher flux values. Significant progress has been
made in reducing count-rate drift to acceptable levels.*

The spectral separation of photon counting detectors is
affected by unavoidable physical effects, such as signal
splitting at pixel borders (charge sharing) or energy loss of
the x-ray quanta due to K-escape. K-escape occurs due to
preferential absorption of photon energies near the K-edge(s)
of the detector material and the consequential release of
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characteristic x-rays. Charge sharing and K-escape events
lead to a double counting of x-ray quanta at the wrong ener-
gies and therefore to a reduction in spectral separation.*’

4.B. Source-based methods

4.B.1. Consecutive volume or helical acquisitions
with different tube potentials per rotation

Description of technology: Wide-volume dual-energy
imaging using two consecutive acquisitions takes advantage
of the extended z-axis coverage available in a single axial
rotation with wide-area detectors, such as the 16-cm Aquilion
ONE detector introduced by Toshiba Medical Systems in
2009. In standard imaging applications, a 16-cm detector pro-
vides isotropic volume coverage of entire organs or regions
of interest in a single 0.275-sec gantry rotation. For dual-en-
ergy applications, full organ coverage using two gantry rota-
tions at the same location, each at a different tube potential
value, allows for projection space alignment and projection-
data-based material decomposition. When longer scan
lengths are required, two helical scans performed with the
identical trajectory may also be used. The noise level of the
low- and high-energy acquisitions are controlled indepen-
dently by adjusting the tube current value when the tube
potentials are switched.

Strengths: A strength of the wide-area detector, two con-
secutive rotations approach to dual-energy CT is alignment
of the projection space data, provided that there is no patient
motion between the two gantry rotations. In addition, this
approach lets the user take advantage of the automatic expo-
sure control (AEC) system to adapt the tube current accord-
ing to patient attenuation. This allows the image noise level
to be matched between the low- and high-energy data acquisi-
tions. Finally, this approach has stable tube potential values
over the duration of the acquisition.

Limitations: The main limitation of the two consecutive
acquisition approach to dual energy is motion misregistration
and temporal alignment, as it can take as long as 500 mil-
liseconds to switch from one tube potential to another
between acquisitions. This limits its use in patients who
move between acquisitions, in anatomic regions that undergo
significant movement between acquisitions, such as in car-
diac applications, or for tissues with rapid changes in contrast
concentrations.

4.B.2. Acquisitions with rapid tube potential
switching

Description of technology: The collection of low- and
high-energy data sets by rapidly switching the tube potential
back and forth between the low and high settings is often
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FiG. 11. Illustration of fast-kV switching, material decomposition and image reconstruction process.

referred to as fast-kV switching. The switching of the tube
potential enables the acquisition of data from two different
energy spectra that are closely aligned temporally and spa-
tially,42 The first commercial scanner for routine clinical
imaging using fast-kV switching was introduced by GE
Healthcare in 2008 (Discovery CT750 HD™). In fast-kV
switching, the x-ray tube potential is switched on a view to
view basis. The acquired projection dataset is an interleaved
sinogram, as shown in Fig. 11. Due to the temporal offset of
the low- and high-energy projections, data interpolation is
used to achieve data consistency between the low- and high-
energy projections so that projection-space material decom-
position can be performed. To maintain spatial resolution and
reduce view-aliasing artifacts, the number of views collected
per gantry rotation is more than doubled compared to a single
tube potential scan. At a typical clinical rotation speed, the
tube potentials, and therefore the output x-ray spectra, are
changed within a fraction of a millisecond between 80 and
140 kV.

When more than two thousand views are collected per
gantry rotation, the angular difference between adjacent 80-
and 140-kV projections is smaller than 0.18°. This ensures
that the neighboring views collected with different tube
potentials correspond to the same patient anatomy viewed at
nearly the same orientation. The adjacent views are also col-
lected within a fraction of a millisecond to ensure that patient
anatomy is minimally changed due to patient motion. These
two properties allow the material decomposition to be carried
out in the projection-space.'"*?

The image generation process is as follows. The original
interleaved 80- and 140-kV projections are sorted into two
sinograms: 80 and 140 kV. Projection-space material decom-
position is carried out and water (iodine)- and iodine (water)-
density projections are generated. (On the GE system, the
first material listed is the basis material being displayed and
the material listed within the parenthesis is the other basis
material used for the two-material decomposition). Tomo-
graphic reconstruction is then applied to these projections to
produce water (iodine)- and iodine (water)-density images.
Other images, such as virtual monoenergetic images, differ-
ent basis-material pairs, or effective atomic number images
can be calculated from the water and iodine pair. The entire
process is pictorially depicted in Fig. 11.
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The large change in the x-ray tube potential (60 kV) over
a very short time places a significant technical demand on the
CT system. First, the transition time between the low and high
tube potential settings needs to be much shorter than the kV
switching cycle in order to maintain sufficient energy separa-
tion. Slow rise- and fall-times induce signal contamination
between the two tube potentials and lead to smaller energy
difference between two sets of projections. A specially
designed x-ray tube and generator are used to mitigate this
reduction in spectral separation. This is important because
adequate energy separation is essential for achieving good
material decomposition and quantitation.®

Along with the fast tube potential switching times, the
detector temporal response needs to be fast as well. All solid-
state scintillators exhibit signal decay properties. If the decay
speed is slow, signals generated from a previous projection
will contaminate the current projection. Such contamination
also leads to degraded energy separation. A specially engi-
neered scintillator material, Gemstone™, is used to mitigate
this effect.

The third technical challenge to fast-kV switching technol-
ogy is x-ray flux management. Low-energy photons experi-
ence greater attenuation by the object than high-energy
photons. However, for optimal noise performance, the noise
present in the low- and high-energy measurements needs to
be relatively balanced, since the material decomposition pro-
cess depends on both measurements as inputs. To achieve
this, fast-kV switching systems employ an asymmetrical sam-
pling scheme in which the signal integration time for the low-
energy projections is longer than the signal integration time
for the high-energy projections.

It is important to note that tube-potential switching tech-
nology was commercially implemented in the 1980s. Because
of the limitations of the technology available at that time,
the tube current for the low-tube-potential data acquisitions
could not be increased fast enough to achieve sufficiently low
noise, which limited the system’s use primarily to bone
densitometry."

Strengths: Since projection-space material decomposition
is used in fast-kV switching, beam-hardening induced arti-
facts can be significantly reduced, which is important for
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accurate dual-energy material quantitation. Furthermore, the
fast-kV switching technique results in nearly simultaneous
acquisition of the low- and high-energy projections, ensuring
that motion-related issues are minimized. Since both sets of
projections are acquired with the same detector used for rou-
tine CT imaging, the entire 50 cm field-of-view is covered
(this is true for any detector-based methods if the detector(s)
cover a 50 cm field-of-view). Finally, the ability to indepen-
dently adjust the measured low- and high-energy flux based
on the integration time for each energy’s projections enables
optimization of the system noise performance by taking into
consideration the difference in patient attenuation characteris-
tics between the two tube potentials.

Limitations: In the current commercial implementation of
the fast-kV switching, the x-ray tube current cannot be chan-
ged dynamically during data acquisition. Hence, tube current
modulation is not possible, which decreases the dose effi-
ciency of the examination and limits the ability of the system
to adapt to regions of increased patient attenuation. However,
this is mainly due to hardware limitations on the existing sys-
tem and is not a fundamental limitation of the fast-kV switch-
ing technology.

Both the finite switching time between the low and high
tube potential settings and the finite detector temporal
response introduce signal contamination between the low-
and high-energy measurements, which reduces the accuracy
of material quantitation and increases noise in images based
on material decomposition. This contamination worsens as
gantry rotation time is decreased, so the system software cur-
rently prevents the use of gantry rotation times of less than
approximately 500 ms, which may limit the quality of cardiac
examinations.

Additionally, because a single x-ray tube is used to collect
all projection data and only a very short time exists between
the acquisition of the low and high energy projections, further
optimization of spectral separation by adding prefiltration to
the high-energy beam would be difficult to achieve in practice,
as it would require a system to move the filter into and out of
the beam at extremely high rates and in a manner that was per-
fectly synchronized with the kV switching. Therefore, the
energy separation for kV switching is worse than that of the
dual-source approach, which allows the use of different beam
filtration for the x-ray tube operating at the lower tube potential
and the x-ray tube operating at the higher tube potential.

4.B.3. Beam filtration techniques

Description of technology: In 1980, a simple technique
for obtaining dual-energy information from a standard CT
acquisition was described.** The authors proposed to filter
the two halves of the x-ray fan beam differently and use a
360° scan to obtain complete projection data for both spectra.
This method has been implemented in a commercial CT-
scanner (SOMATOM Edge and SOMATOM go. All, Sie-
mens Healthcare GmbH, Forchheim, Germany). The x-ray
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beam, however, is now split in the longitudinal direction and
not in the fan beam direction. This is possible because of the
multirow detector geometry, which was not available in 1980.
Two different prefilters in the tube collimator housing are
used to split the beam (Fig. 12). One half of the multirow
detector in the scan direction sees an x-ray beam filtered with
0.6 mm tin; compared to the standard 120 kV spectrum, the
mean energy of this prefiltered spectrum is increased. The
other half of the detector sees an x-ray beam filtered with a
thin gold filter; as a consequence of the K-edge of gold at
80.7 keV, the mean energy of this spectrum is decreased with
respect to a conventional 120 kV spectrum. The total attenua-
tion of the prefilters is adjusted to balance the radiation dose
of the low- and high-energy portions of the beam.

The CT system may be operated in a spiral (helical) scan
mode with a gantry rotation time as fast as 0.28 s and with
pitch values up to 0.5 (referring to the full z-width of the
detector). In this manner, each half of the detector along the z
axis acquires a complete spiral dataset, and both low- and
high-energy images can be reconstructed at any z-position
as an input into image-based material decomposition
techniques.

Strengths: Beam filtration techniques enable dual-energy
scans with standard CT systems, with only small modifica-
tions of the tube collimator. No special tube or generator
requirements are necessary. The dual-energy information is
obtained over the full 50 cm diameter scan field of view and
the radiation dose to the patient can be optimized by means
of anatomical tube current modulation. A mixed image (a
weighted average of low- and high-energy images that simu-
lates a standard 120-kV image) dataset is the primary output
of the acquisition. This enables routine dual-energy CT scan-
ning while providing data similar to conventional imaging
protocols. Compared with single-energy CT, similar image
noise in the mixed images was demonstrated at 17% lower
radiation dose.*’

x-ray tube N 1)

Al (Aluminum) )
\

A g
| / u (Gold (u
\ ;\“h —L.'/,

detector

Fic. 12. Principle of a dual-energy computed tomography acquisition tech-
nique that uses a beam filter in the tube collimator housing to split the x-ray
beam in the longitudinal direction.
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FiG. 13. Open gantry of a st generation dual source computed tomography (CT) (left). Schematic drawing of the tube-detector configuration of a 1st generation
dual-source CT (DSCT) (center) and a 2nd generation DSCT (right), which has an increased scan field of view for detector B (right).

Limitations: The spectral separation with beam filtration
techniques is not as good as when two different tube potential
settings are used. Furthermore, a powerful x-ray tube is
required because the prefiltration absorbs a significant por-
tion of the x-ray flux, in turn limiting the use of this tech-
nique to nonobese patients. The maximum spiral pitch of 0.5
somewhat limits maximum volume coverage speed, albeit the
use of 0.28 or 0.3 s rotation times can usually compensate for
this limitation. Finally, scattered photons from the low-energy
spectrum can be detected and counted as originating from the
high-energy spectrum, and vice-versa.

4.B.4. Dual-source acquisitions

A dual-source CT (DSCT) is a CT system with two mea-
surements systems, i.e., two x-ray tubes and two correspond-
ing detectors, offset within the gantry at an angle of about
90°. Both measurement systems acquire scan data simultane-
ously at the same anatomical level of the patient (same z-po-
sition) (Fig. 13).*° Dual energy data can be acquired by
simultaneously operating both x-ray tubes at different tube
potential settings, for example, 80 and 140 kV.**’

In 2006, the first DSCT was commercially introduced
(SOMATOM Definition, Siemens Healthcare GmbH, Forch-
heim, Germany). Its two acquisition systems, A and B, were
mounted onto the rotating gantry with an angular offset of
exactly 90°,% this was changed to an angular offset of 95° for
the 2nd and 3rd generation DSCT systems (Fig. 13). Detector
A covers the full scan field of view of 50 cm diameter, while
detector B is restricted to a smaller field of view of 26 cm (1st
generation), 33 cm (2nd generation), or 35.6 cm (3rd genera-
tion), as a consequence of space limitations on the gantry.

Strengths: With DSCT systems, the scan parameters (e.g.,
tube current and potential) can be individually adjusted for
both measurement systems, resulting in a balanced radiation
dose distribution between the low- and the high-energy scans.
A wide range of routine scan protocols is available, with no
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restrictions in the choice of scan parameters such as gantry
rotation time. Use of anatomical tube current modulation
allows adaptation of the radiation dose to the patient’s anat-
omy. Mixed images (a weighted average of low- and high-en-
ergy images) are routinely available, allowing dual-energy
CT scans to be performed in routine clinical practice similar
to conventional imaging protocols, with dual-energy informa-
tion available when needed.

DSCT systems have the further ability to optimize spectral
separation by introducing additional prefiltration into the
high-energy beam, e.g., by means of a filter that can be
moved into the beam when needed and moved out for nond-
ual-energy applications. Dual-energy CT image quality and
quantitative accuracy increases with better separation of the
energy spectra. Energy separation results in increased image
noise in basis-material decomposition, which has to be com-
pensated for by increased radiation dose.®'***4° The 2nd
generation DSCT is equipped with a 0.4 mm thick tin (Sn)
filter to shift the mean energy of the 140 kV spectrum from
86 to 97 keV (after 20 cm water), as illustrated in Fig. 14.
The mean energy of the 80 kV spectrum is 60 keV. The 3rd
generation DSCT provides a 150 kV x-ray tube potential
with more aggressive tin prefiltration (0.6 mm) to shift the
mean energy of the 150 kV spectrum to 107 keV (Fig. 14).
As additional benefits, the tin filter narrows the high energy
spectrum, resulting in better dose efficiency and less beam
hardening artifacts.

CTR can be used to quantify the performance of a dual-
energy CT acquisition technique with regard to energy sepa-
ration and material differentiation capability. The CTR for
iodine, a commonly used basis material for material decom-
position in contrast-enhanced CT scans, increases from ~2
using the 80/140 kV x-ray tube potential combination to ~3.4
using the 80/150 kV with 0.6 mm tin prefiltration x-ray tube
potential combination (measured using a 20 cm water phan-
tom*). A larger CTR value results in better-conditioned
equations for basis-material differentiation and leads to less
image noise in the material-specific images.®'**® Alternative
metrics to indicate the material differentiation capability of a
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FiG. 14. Typical 80 and 140 kV spectra (after 20 cm water), normalized to
equal areas under the curves (top). 80 kV spectrum and 140 kV spectrum
with additional 0.4 mm tin prefiltration (center), and 80 kV spectrum and
150 kV spectrum with additional 0.6 mm tin prefiltration (bottom). Note the
shift of the mean energy of the high energy spectrum to higher values (arrow)
and the reduced spectral overlap.

dual-energy CT system include dual-energy index (DEI),
dual-energy ratio (DER), and LAR, some of which take into
account the effect of the background material, can be found
in the literature.®'*'*

Limitations: Dual-energy evaluations with DSCT are
restricted to the smaller central scan field of view of the smal-
ler detector B. Mixed images, however, are obtained over the
full 50 cm scan field of view.

Projection-based dual energy algorithms cannot be used
with DSCT because the low- and high-energy projections are
not simultaneously acquired at the same z-position. Dual
energy algorithms are therefore image based. While there
exists a theoretical advantage to projection-based algorithm,
image-based methods have been shown to be practically
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equivalent for certain clinical tasks. One prerequisite is the
validity of the thin absorber model. With water and iodine as
basis materials, the maximum x-ray attenuation of the iodine
along any measured ray path must be small enough to assume
a linear contribution to the total attenuation. This holds for
iodine samples with integrated attenuation up to
~5000 HU-cm in water and is violated only in clinical situa-
tions where extremely high local concentrations of iodine are
present, such as in CT nephrographic® or cardiac studies. As
a second pre-requisite, the CT number of water and the CT
numbers of small iodine samples should be independent of
their position within the scanned object. To create these con-
ditions, DSCT scanners are equipped with optimized bowtie
filters to obtain adequate beam hardening. The patient, how-
ever, must be centered within the scan field of view.

Finally, cross-scattered radiation, i.e., scattered radiation
originating from tube A and detected by detector B, and vice
versa, has to be carefully corrected for to avoid distortions of
CT numbers by cupping or streaking artifacts. This can be
done either by measurement of cross-scattered radiation or by
model-based approaches.”’

5. CLINICAL APPLICATIONS

5.A. Material differentiation

5.A.1. Uric acid urinary stone differentiation (vs
non-uric acid urinary stones)

Knowledge of urinary stone composition is critical for
treatment and prevention of recurrence. In particular, the abil-
ity to distinguish uric acid (CsH4N4O3, Zesr = 6.9) and non-
uric acid stones is paramount.”® The classification of stones
based on the change of material attenuation values at low and
high energies was one of the first clinical tasks explored with
dual energy CT.*?>° Evidence mounted as dual-energy tech-
nologies improved, and investigators evaluated approaches to
not only differentiate uric acid and non-uric acid stones, but
also to further differentiate different types of non-uric acid
stones, as cystine (CcH2N2O4Ss, Zegr =~ 11.1), calcium-
based (includes oxalate CaC,04-H20, Z s ~ 14.0, brushite
CaHPO4-2H,0, Z.s~ 14.2, and struvite CaMgNH,.
PO4-6H,0, Z.p =~ 12.6), and apatite Ca;o(PO4)s(OH),,
Zeir ~ 16.2).5%7

Although multienergy CT has demonstrated improved
accuracy in differentiating uric acid and non-uric acid stones
and subclassifying non-uric acid stones compared with single
energy CT, several limitations still exist.”® First, the Zgg val-
ues of non-uric acid stones fall within a very narrow range,
from approximately 11 to 16, making it very difficult to sepa-
rate these stone types because the Z.g values are so similar.
In contrast, the Z.¢ value of uric acid (6.9) is very close to
the Z. value of water (7.4). Hence, uric acid stones, though
denser (brighter) than water, behave very differently in the
dual-energy space than non-uric acid stones, which have Z.g
values well above that of water. This explains why the accu-
racy of separating uric acid from non-uric acid approaches



€898 Mccollough et al.: Principles and applications of MECT

e898

(c)
54% UA 46% NUA

53% UA 47% NUA

FiG. 15. Micro computed tomography (CT) images (column a, reference standard), dual-source CT images (column b), and color-coded dual-energy CT images
(column c¢) identify uric-acid (UA, red) and non-uric acid (NUA, blue) components of these mixed stones. Best results were achieved by optimization of the cut-
off CT number ratio used to separate the two categories. This cut-off value is, however, patient-size and scanner dependent. Machine learning approaches may
address this limitation by “learning” these complex relationships in specimen and patient reference cases, and is an active area of research.’® The clinical signifi-

cance of the percentage composition values warrants further investigation.

100%, whereas to date, the separation of non-uric acid stone
types has not been deemed sufficiently robust for clinical
implementation.

Perhaps the most clinically significant limitation is the dif-
ficulty in correctly classifying stones with mixed uric acid
and non-uric acid composition. This is due to limited spatial
resolution, and hence partial volume averaging of the dual-
energy attenuation values. Leng et al. varied the CTR thresh-
old that separates uric acid from non-uric acid stone types
and found that accurate quantification of uric acid and non-
uric acid composition is possible with DSCT techniques in a
study in which they compared DSCT data to micro-CT data
of the same stones, demonstrating that identification of uric
acid and non-uric acid mixed stones, and the relative contri-
bution of each, is possible with dual-energy CT (Fig. 15).%°
Ongoing work in the field, including the determination of Zg
with projection-based material decomposition, may address
these limitations.*

5.A.2. Gout differentiation (vs pseudo-gout)

Gout and pseudo-gout are forms of arthritis that occur
when crystals accumulate in the joints and periarticular soft
tissues, including tendons and ligaments. Gout is character-
ized by uric acid crystals (CsH4N4O3, Zeg =~ 6.9) and
pseudo-gout by calcium  pyrophosphate  (Ca,O,P,,
Zegr = 15.6) crystals. Treatment options differ such that
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distinguishing between gout and pseudo-gout is clinically
very important. The ability of multienergy CT to differentiate
uric acid and calcium makes it well-suited for gout diagnosis
(Fig. 16). Dual-energy attenuation differences are typically
used to color-code the composition of tissue in the scanned
region. Numerous studies have demonstrated good diagnostic
accuracy of dual-energy CT for differentiating uric acid and
calcium containing crystals in comparison to other available
diagnostic imaging techniques such as ultrasound, digital
radiography, and single energy CT.®"** A meta-analysis of
multiple studies comparing dual-energy CT to standard diag-
nostic criteria, American College of Rheumatology criteria
for classification of gout and/or monosodium urate crystal
deposition, demonstrated high diagnostic accuracy of dual-
energy CT for patients with gout.®*

Studies support the usefulness of dual-energy CT not
only for diagnosing gout but also for guiding treatment by
monitoring the effectiveness of urate-lowering medical ther-
apy. Dual-energy CT monitoring is enabled by its repro-
ducible measurement of the number and volume of urate
crystals.®> ¢’

Limitations of dual-energy CT for evaluation and monitor-
ing of gout have been noted and include lower sensitivity in
patients with recent onset disease.®®®” This may be associ-
ated with a failure to detect small, early urate crystals.®?
Additionally, artifacts arising from beam hardening or motion
introduce the risk of a false positive diagnosis.””
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FiG. 16. Uric acid crystals characteristic of gout can be identified using dual
energy computed tomography. Conventional image alone (a) and conven-
tional image with uric acid overlay. (b) from a patient with confirmed gout.
Multiple joint lesions are displayed in brownish-red in the overlay identifying
them as uric acid crystals. Images courtesy of Hadassah Medical Center.

5.A.3. Silicone differentiation (vs dense soft tissue)

Silicone (one example formula CH;[Si(CH3),0],Si
(CH3)3, Zetr = 10.7) breast implants can rupture and leak
into surrounding tissue. Attenuation differences between sili-
cone and breast tissue are small and difficult to detect at sin-
gle energy CT but the additional attenuation information
available at multienergy CT allows visualization of the leak.
Examples available in the literature clearly demonstrate the
potential value of dual energy CT for evaluating the integrity
of silicone breast implants (Fig. 17).”" 7

FiG. 17. Sixty-two-year-old woman with bilateral mastectomies and silicone
implant reconstructions. Sagittal silicone-sensitive sequence magnetic reso-
nance imaging (left) and sagittal dual-source, dual-energy computed tomog-
raphy with silicone color coded in red (right) both demonstrate extracapsular
silicone (arrows). Images courtesy of Mayo Clinic.
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5.A.4. Bone differentiation (vs iodine)

Evaluation of contrast filled vessels on CT angiograms
sometimes requires the removal of bone that can obscure the
region of interest. Calcium and iodine are relatively easy to
differentiate using dual energy attenuation values. This allows
the identification and removal of bone on CT angiograms for
direct visualization of contrast-enhanced vessels and organs.
Dual-energy-based bone removal is considered useful for
visualizing intracranial vessels’*’” and identifying small or
subtle intracranial abnormalities near bone (Fig. 18).78 The
utility for dual-energy CT bone removal in body imaging has
also been demonstrated.”®'

Most studies to date have demonstrated improved image
quality, fewer errors, and faster image review with automatic
dual-energy bone removal compared to threshold-based sin-
gle-energy techniques but limitations have also been noted.
Clinically, dual-energy CT bone-removal is still vulnerable to
some inaccuracies, for example due to image artifacts.”* Also,
for some dual energy CT technologies, beam hardening arti-
facts may actually be enhanced in bone-removed images.”®

5.B. Material characterization

5.B.1. Creation of quantitative iodine and virtual
non-contrast-enhanced maps

Dual-energy CT has been applied to help distinguish
patients who have clear cell renal carcinoma from those who
have papillary renal carcinoma.®*®** These are the two main
sub-types of renal cell cancer and they have quite different
prognoses. They also have widely different treatment strate-
gies, so correctly diagnosing this condition for individual
patients is extremely important clinically (Fig. 19).

Several groups have applied dual-energy CT to this chal-
lenge. Mileto et al. utilized a DSCT system and measured the
presence of iodine in renal lesions in 88 patients with patho-
logically confirmed disease.*> A threshold of 0.9 mg/mL
iodine allowed the discrimination of clear cell and papillary
renal cell carcinoma. A similar study of 72 patients was under-
taken using single-source fast kV- switching dual-energy
CT®; for this technology and the same phase of contrast
enhancement (nephrographic), the threshold for distinguishing
these same two cell types was determined to be 1.28 mg/mL
of iodine. This difference in threshold level between these two
studies is likely due to many factors, including the dual-energy
projection data separation, material decomposition approach,
contrast enhancement timing, and patient population variability
(differences in cardiac function for example). The relatively
large difference in threshold values between these two studies
(over 40%) points to the need for appropriate quality control,
and for careful data handling procedures for patients examined
using different multienergy CT technologies.

Dual-energy CT has also been successfully applied to dis-
tinguish hemorrhage from IV contrast staining and extravasa-
tion, first in a group of 18 patients,** then in a larger group of
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FiG. 18. Three-dimensional volume rendered images of a head and neck computed tomography (CT) angiogram prior to (left) and after (right) bone removal

using dual-source, dual-energy CT. Images courtesy of Mayo Clinic.

FiG. 19. Cross-sectional images at the level of the kidneys. Upper left: mixed image. Upper right: iodine map. Lower left: virtual non-contrast (VNC) image.
Lower right: color iodine map overlaid on top of the grey-scale VNC image. Region of interest measurements yield computed tomography (CT) numbers for both
the iodine and VNC images, as well as an estimate of iodine concentration in mg/ml. Images courtesy of Mayo Clinic.

40 patients in the context of stroke management.* The dual-
energy approach has also been used to differentiate head and
neck tumor bleeding from pure hemorrhage.®® Promising work
has been published regarding correlation of dual-energy CT
measurements to thyroid nodule specimen pathologic results.®’
Many studies have examined the feasibility of replacing the
separate noncontrast CT pass with a set of virtual unenhanced
images, where the iodinated contrast material has been
removed using the dual-energy CT analysis tool. One such rel-
atively early publication showing the feasibility of this
approach for brain imaging was published by Ferda et al.*®
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Many applications of multienergy CT have emerged for
the abdomen/pelvis region. In addition to the renal carcinoma
research described above, characterization of incidental find-
ings® (eg renal cyst identification’ %) and evaluation of
polycystic kidney disease’ have benefitted from the applica-
tion of dual-energy CT techniques. Detection and assessment
of liver lesions is one of the more difficult challenges faced
in CT; much work has been accomplished using dual-energy
CT tools in this context.”**> Gastric cancer staging may also
lend itself well to the utilization of dual-energy CT
approaches.”®
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FiG. 20. Coronal images of a knee post traumatic injury. Left: conventional computed tomography (CT) image. Center: virtual noncalcium CT image. Right:
Magnetic resonance image. The arrows point to the signal from edema in the bone, which is not visible in the presence of calcium in the conventional CT image.

Images courtesy of Mayo Clinic.

FiG. 21. Cross-sectional virtual monoenergetic images at the level of the kidneys (same case as in Fig. 19). Upper left: 50 keV. Upper right: 70 keV. Lower left:
100 keV. Lower right: 150 keV. The renal cortex and aorta are brightest at 50 keV and show very little enhancement at 150 keV, allowing the aortic calcifications

(arrow) to be visualized. Images courtesy of Mayo Clinic.

5.B.2. Creation of quantitative calcium and virtual
noncalcium maps

Sixty-two patients presenting in an emergency room setting
were examined using dual-source dual-energy CT, using a three
material decomposition model (brain parenchyma, hemorrhage,
and calcium). Virtual noncalcium images and a calcium overlay
were used to distinguish patients with a small hemorrhage from
those with a small benign calcium deposit.”” Similar approaches
have been used to separate enhancing lesions from other highly
attenuating physiologic structures.”®
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Characterization of pulmonary nodules is another
potential application of multienergy CT measurement.’”
' Other studies in the thoracic region have also pro-
vided promising results regarding dual-energy CT analy-
sig, 102-106

Another application of calcium-specific imaging is the
ability to identify and remove calcium signal from bone. This
allows visualization of bone marrow edema (ie ‘“bone
bruises”), which are otherwise not visible in conventional
CT. This provides an alternative to MRI for the evaluation of
bone bruises (Fig. 20).'07*109
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FiG. 22. Axial, sagital and coronal perfused blood volume images demonstrate several large perfusion deficits. Iodinated blood is color-coded red (iodine map,
HU). Black areas represent lung tissue with a perfusion deficit. Volume rendered images can be used to visualize the perfusion deficits in a 3-dimensional

space. Images courtesy of Mayo Clinic.

Fic. 23. Mixed (left) and 130 keV virtual monoenergetic (right) axial images of a cervical spine containing metal fixation rods. Images courtesy of Mayo Clinic.

5.B.3. Creation of quantitative virtual
monoenergetic images

Much work has been accomplished to date regarding
the optimal virtual monoenergetic energy levels to use for
the head and neck region. Using a fast kV-switching dual-
energy CT platform and 40 patients, the optimal virtual
monoenergetic energy level for signal-to-noise-ratio mea-
surements was found to be 65 keV, but the optimal virtual
monoenergetic level for tumor conspicuity was the mini-
mum level possible, 40 keV for this scanner.''’ Another
study employing fast kV-switching dual-energy technology
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on 40 patients established that 40 and 70 keV were useful
for identifying malignant from benign tissues, also in the
head and neck region.'

Another study using the fast kV-switching dual-energy CT
platform on 25 unenhanced head scans revealed that maximal
grey matter signal-to-noise ratio, white matter signal-to-noise
ratio, and grey matter to white matter contrast-to-noise ratio
were obtained using 65 keV virtual monoenergetic images.''
Optimal posterior fossa image quality was obtained at
75 keV. All of these measurements were found to be
improved over the conventional (poly-energetic single-en-
ergy) image sets for these 25 patients.
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Examination of 41 patients using a dual-source dual-en-
ergy CT approach focused on cerebral or cervical region vas-
culature determined that 60 keV virtual monoenergetic
images resulted in optimal vessel attenuation and contrast-to-
noise ratio.'"* A similar study focused on 71 patients with
head and neck cancer determined that 60 keV virtual
monoenergetic images provided the optimal lesion contrast-
to-noise ratios and the highest subjective image quality
scores. An example of virtual monoenergetic images of the
abdomen at different keV settings is shown in Fig. 21."'"*

All of this work indicates that virtual monoenergetic images
improve the usefulness of iodinated contrast and raises the
question of the potential for reducing the volumes and/or con-
centrations of contrast material in the setting of dual-energy
CT.'" Multiple studies have been published which provide
evidence that iodine contrast can be reduced by half in con-
junction with the production with lower (40-60) keV monoen-
ergetic images, without loss of visual enhancement.
Multiphase liver CT and coronary CTA exams were both con-
ducted with and directly compared to single energy CT images
from the same patients, and found to be equivalent."'®'"” Addi-
tionally, results from patient and phantom studies performed
on a dual-layer detector CT scanner indicated that the CNR of
standard, polychromatic CT used for radiation oncology treat-
ment planning in a pediatric population could be matched or
improved on a 50 keV image acquired with administration of
50% less contrast.'® Such a change would reduce the physio-
logic load on the kidneys for all patients, improving overall
patient safety, and would presumably reduce the cost of con-
trast material for imaging facilities.

5.B.4. Creation of quantitative perfused blood
volume images

Several publications have provided evidence that dual-en-
ergy CT imaging of the perfused blood volume in the lung
can improve the detection of pulmonary embolus (Fig. 22).
A perfused blood volume image, or map, usually superim-
posed on a gray-scale anatomic image, has been shown to
improve the detection of peripheral intrapulmonary clots,'"”
and to be useful for assessment of the severity of a perfusion
deficit."**"*' Perfused blood volume maps can be reported in
terms of CT numbers (in HU) or in terms of absolute iodine
concentration (in mg/mL), depending on the software pro-
vided by the manufacturer. A review of the use of dual
energy CT for pulmonary diseases is given in reference.'**

Dual-energy CT has also been used for perfused blood
volume imaging of the myocardium during first-pass contrast
enhancement. Dual-energy iodine maps are potentially more
sensitive and more specific for the detection of hypo-perfused
myocardium compared with hypo-attenuation on single-en-
ergy CT images.'”® ECG-controlled dual-energy CT has been
performed at rest'* and during pharmacologically induced
stress'? to detect both fixed perfusion defects and reversible
ischemia. Alternatively, virtual monoenergetic images have
been used in animal models to improve the quality of
dynamic myocardial perfusion CT.*” An overview of the uses
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of dual-energy CT for the assessment of myocardial perfusion
can be found in the literature.'**'*’

5.B.5. Creation of electron density and effective
atomic number images for radiation therapy
applications

To exploit the potential benefits of proton therapy, accu-
rate knowledge of the stopping power for the tissue traversed
by the proton beam is necessary. Single-energy CT cannot
discriminate between changes in patient density and chemical
composition, which limits the accuracy of stopping power
ratio (SPR) calculations. To overcome this limitation,'?% 130
dual-energy CT has been used to calculate maps of the elec-
tron density relative to water p./p. .y and the effective atomic
number Z.¢ for a better prediction of SPR values, for exam-
ple.'?®13! SPR calculation accuracy was found to be superior,
on average, with dual-energy CT relative to single-energy
CT.3> 134 Using the pe/pew and Z.g determined from dual-
energy CT images, root-mean-square (RMS) errors as low as
0.2% are theoretically possible for human tissues.'*® In clini-
cal practice, however, image noise reduces the accuracy of
SPR calculations, as does nonidealities in the reconstructed
images, such as beam-hardening and scatter.'*> Techniques
that perform the material decomposition prior to image
reconstruction have been investigated to address these limita-
tions using sinogram data,"*® including using joint estimation
methods."?""*

Another approach to improve SPR prediction and reduce
CT-related uncertainties is the clinical use of virtual monoen-
ergetic images,"”” """ which have improved CT number sta-
bility as patient size varies.'*> Furthermore, CT numbers
from virtual monoenergetic images are accurate to within
10 HU across different CT scanner models from different CT
scanner manufacturers.'*® These desirable properties reduce
variations in the calculation of SPR values.

5.C. Artifact reduction
5.C.1. Beam hardening artifact reduction

As mentioned in the Introduction, CT systems use poly-
chromatic x-ray beams which comprise photons across a
spectrum of different energies that will experience varying,
energy-dependent attenuation. At the detector level, the total
transmitted intensity of the photon beam through the patient
will represent the sum of the transmitted intensity at each
energy comprising the beam. The assumption of a monoener-
getic beam for reconstruction, particularly for long path
lengths or high atomic number materials, can lead to beam
hardening artifacts. Beam hardening correction algorithms
based on the known attenuation characteristics of a single
material, generally water, are reasonably effective at reducing
artifacts for materials of similar atomic number to water.
When the assumptions of the beam hardening correction
algorithm are not met, the correction is often inadequate and
artifacts can result, including shading and dark bands.
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Multienergy CT can properly account for the polychro-
matic spectrum and allow for more robust beam-hardening
correction through the generation of virtual monoenergetic
images. Virtual monoenergetic images have shown promise
with CT myocardial perfusion applications at reducing beam
hardening artifacts, which can resemble myocardial perfusion
defects, particularly in the posterobasal wall.'"** Similarly,
another study found higher SNR and CNR values in the myo-
cardium and coronary arteries using 60-80 keV monoener-
getic images vs single-energy CT images.'*® Stolzmann
found improvement in beam hardening artifact in 28/30 cases
of dental restorations using virtual monoenergetic images vs
single energy CT."°

5.C.2. Metal artifact reduction

Metal in the body represents a highly attenuating, high
atomic number material that can confound the assumptions
of conventional reconstruction algorithms, resulting in
streaking, shading, and other artifacts. The artifacts associ-
ated with metal implants can have a variety of causes, but
beam hardening is a significant cause of metal-related
distortion. As such, virtual monoenergetic images can reduce
metal artifacts.''> Reduction or elimination of metal arti-
facts has been demonstrated for a large number of metallic
objects, including hip arthroplasty/prosthesis, dental metal-
lic implants, aortic repair stents, aneurysm clips, and
more (Fig. 23) 291477153

6. DOSIMETRIC CONSIDERATIONS

Similar to conventional single-energy CT, the multienergy
CT acquisition and reconstruction parameters must be opti-
mized for the imaging task while also considering the As
Low As Reasonably Achievable (ALARA) principle. Pro-
vided that there is increased value in the material-specific
information or increased iodine contrast-to-noise ratio, an
increase in dose for multienergy CT with respect to single-en-
ergy CT is justified. However, the doses used in dual-energy
CT are typically comparable to single-energy CT, if not
lower, demonstrating that image quality can be maintained
without a dose penalty.”'3+157

It is also important in multienergy CT to consider limita-
tions of the technology being used. This is particularly impor-
tant with regard to the low-energy dataset, as this is where
noise is most prominent, artifacts are more likely to be
induced, and quantification accuracy is most limited. Devel-
opment of multienergy protocols therefore requires attention
to the quality of the low-energy acquisitions, in addition to
dosimetric considerations.

Tube current modulation is available on several commer-
cially available multienergy CT systems. Masubara et al.
compared image noise from 120 kV single-energy and dual-
source, dual-energy CT acquisitions using custom-made
elliptical polymethylmethacrylate phantoms of different
sizes,'”® and empirically determined the optimal tube poten-
tial combinations and quality reference mAs values for
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different size phantoms. Similar work was performed by
Michalak et al., who determined the optimal tube potential
combinations for dual-source, dual-energy virtual monoener-
getic images."”’

6.A. Review of published methods/doses

Conventional CT dosimetry techniques are well-estab-
lished, although not without pitfalls. If such techniques were
applied to the wide collimation on newer scanners without
proper adaptation, a significant under reporting of the CT
dose could be produced as a result of the limited length of
the standard CT ionization chamber (100 mm) and broad
dose profiles that extend beyond the length of the cham-
ber.'°*!*" A 60 cm long polyethylene phantom has been pro-
posed by ICRU Report No. 87 and AAPM Report 200 to
more accurately characterize broad dose profiles and mini-
mize the dosimetry errors. Alternatively, AAPM Report 111
proposed to measure CT dose index (CTDI;y,) free-in-air
with no phantom present. The AAPM Report 111 method is
applicable to helical and axial scanning modes; is valid for
any beam width, table increment, and scan length; and can be
applied to any shape phantom. In addition, an IEC standard
has been established that all CT manufacturers must follow to
appropriately report the dose for wide collimation scanners;
this results in an approximately constant value of CTDI,,
across all beam collimations.'®® This methodology mitigates
the errors associated with the conventional CT dosimetry
being applied to wide collimation scan modes.

Multienergy CT faces the same challenges as conventional
CT when using an ionization chamber. Alternatively, there
are commercially available radiation detection devices such
as thermoluminescent dosimeters (TLD), optically stimulated
Iuminescent dosimeters (OSL), and metal-oxide-semiconduc-
tor field-effect transistors (MOSFET). However, all of these
devices have a known energy dependency that can be particu-
larly problematic for multienergy CT. The potential use of
these devices will require characterization of the different
beam profiles at various energies and development of appro-
priate calibration factors.

CTDI-based dosimetry metrics quantify the radiation out-
put of the CT scanner, which is important for standardization
and performance assessment. However, it is often desirable to
estimate the relative risk from a specific CT exam in compar-
ison to other sources of ionizing radiation. The effective dose
is a single parameter that accounts for biologic effects from a
nonuniform, partial body exposure and can be used for these
types of comparisons.

Two common methods used to determine effective dose
from CT examinations are (a) Monte Carlo simulations that
calculate organ-dose estimates and use tissue-weighting coef-
ficients from the International Commission on Radiological
Protection (ICRP),'*'°® and (b) a method that converts the
dose-length product (DLP) to effective dose using published
conversion coefficients.'®"'7" Christner et al. investigated
both methods for single-energy and dual-energy CT exams of
the head, chest, coronary arteries, liver, abdomen, and
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pelvis.'”? The investigators found no significant energy
dependence with either method; the observed difference
between single-energy and dual-energy effective dose calcu-
lations were within 8%.

Calculation of the effective dose from dual-energy CT
chest exams has been performed by several additional au-
thors.'*™'”° Investigators used point dosimeters (TLD and
MOSFET) and an anthropomorphic male phantom (Alderson
Rando, The Phantom Laboratory, Salem, NY, USA), placing
dosimeters into the phantom to obtain point measurements
representative of the dose to specific organs; additional
dosimeters were placed on the surface of the phantom to
obtain entrance exposures. Paul et al. showed <0.4 mSv dif-
ference in effective doses between dual- and single-energy
acquisitions using TLDs to measure organ doses in the chest
and then calculating effective dose.'”* Mattison et al. devel-
oped a method to characterize the beam energy and calculate
correction factors to address energy dependence to achieve
an overall percent error of 5.9% when compared to the DLP
method.” These studies, however, did not explicitly attempt
to match image quality.

Schenzle et al. investigated radiation dose using TLDs and
quantified noise and CNR for statistical evaluation of chest
image quality. Measured effective doses were calculated to be
2.61, 2.69, and 2.70 mSv, respectively, for 80/140 kV, 100/
Snl140 kV, and 120 kV single-energy acquisitions. Dual-en-
ergy images were created using a nonlinear blending algo-
rithm. Resultant image noise values of 11.0, 10.7, and 9.9 HU
(P > 0.05) and iodine CNR measurements of 33.4, 30.7, and
14.6 (P < 0.05) were measured for the 80/140 kV, 100/
Sn140 kV, and 120 kV images, demonstrating that at the
same radiation dose, image noise can be maintained and
iodine CNR increased using dual-energy CT.

6.B. Changes in image quality due to noise
reduction methods

Image noise in both single- and multienergy CT impacts
detection of disease, contrast resolution, and quantification
accuracy. Multienergy CT applications can be particularly
susceptible to image noise due to the amplification of noise
in the material decomposition process. Iterative reconstruc-
tion techniques have been applied to reduce the noise in the
low- and high-energy images or the material-specific images.
The general approach is to model the noise statistics or take
advantage of noise correlations between the two source data-
sets to reduce image noise. The result is an ability to reduce
radiation dose without increasing image noise. For low con-
trast objects, however, iterative reconstruction degrades edge
sharpness, decreasing the overall ability to detect or resolve
low contrast objects.'’®'””

Leng et al. have demonstrated that redundant information
in the energy domain can be exploited to reduce noise (and
hence dose) in multienergy CT."”® A similar approach, using
redundant information between the low- and high-energy
images has been implemented by Bruder et al.'”” and Grant
et al.'”” Bellini et al. investigated the noise improvement for
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dual-energy CT exams of the pancreas using a commercially
available version of these techniques and found that at all
energies below 70 keV, noise was significantly decreased and
CNR drastically increased.'®"

Petroongolo et al. developed an image-domain decomposi-
tion method for noise suppression in multienergy CT."®' The
method demonstrated an order of magnitude reduction in
noise standard deviation while preserving high contrast spa-
tial resolution, noise power spectra, and accuracy of electron
density (<2% bias error), and the method was shown to be
superior to filtering and iterative reconstruction.

6.C. Considerations for accurate quantification

Multienergy CT quantification requires the development
of a quality control program to ensure accuracy and repro-
ducibility. The methodology to quantify a particular element
(i.e., iodine) or material (i.e., fat) varies between manufactur-
ers, and includes utilizing known physical properties pub-
lished by the National Institute of Standards and Technology
(NIST) or user-defined parameter corrections for the material
of interest. It is the responsibility of the user to ensure quan-
tification accuracy and reproducibility; otherwise, significant
caution is warranted regarding clinical conclusions and deci-
sions.

The development of a quality control program often
requires a phantom with known standards. There are cur-
rently several commercially available phantoms specifically
designed to evaluate and monitor the quantitative accuracy of
multienergy CT systems. A study by Nute et al. first reported
on importance of a quality control program by demonstrating
intrasystem variability and performance differences across
dose levels.'® The same group expanded the study by illus-
trating potential errors with respect to iodine quantification
errors across multiple vendors. Jacobsen et al. identified sys-
tematic errors for iodine quantification when optimization of
postprocessing parameters is not performed.'*

Iodine quantification with multienergy CT has significant
clinical importance as it is the predominant contrast material
used clinically and offers tremendous opportunity to advance
quantitative CT. Acquisition techniques (tube potential and
beam filter combinations), reconstruction, and postprocess-
ing can all have dramatic impact on quantitation, as exhibited
by Krauss et al., where the iodine enhancement ratio
increased with decreasing tube potential for the low-energy
beam and increasing tube potential for the high-energy beam,
especially when the tin filter was used for the high-energy
beam.’® Another important consideration with respect to
quantitative CT is reproducibility from exam to exam, where
variations in exams between different makes and models of
scanners, and changes in patient size or table height can lead
to erroneous results.'**'%7

The advantage with multienergy CT for iodine quantifica-
tion relative to conventional CT has been reported to be an
increased sensitivity when using material-specific decompo-
sition or virtual monoenergetic imaging. This increase in sen-
sitivity has led to an ability to reduce iodinated contrast
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doses, which benefits patients with decreased renal func-
tion.'®

Foley et al. discussed the importance of radiation dose on
iodine sensitivity'®® and noted several studies that demon-
strated a 25% increase in intrinsic iodine attenuation, and
conversely a possible 25% reduction in iodine load, for dual-
energy CT 70-keV monoenergetic images compared to
120 kV single energy CT images.'®*'*® A number of investi-
gators are developing and validating the accuracy and clinical
utility of such techniques. Significant reductions in radiation
dose, between 50% and 75%, have been demonstrated for the
characterization of uric and non-uric acid stones with unen-
hanced dual-energy CT, while still maintaining the required
sensitivity and specificity.'®'®® Besides iodine, there is
strong clinical interest in quantification and characterization
of other materials with multienergy CT.

7. SUMMARY

Dual-energy and multienergy CT techniques can differen-
tiate materials of different effective atomic numbers, making
possible new clinically relevant CT applications.” From
approximately 2006-2009, applications were limited primar-
ily to automated bone and plaque removal in CT angiography,
removal of iodine signal from contrast-enhanced scans, sin-
gle-phase imaging of perfused blood volume, and identifica-
tion of tissues having specific elemental compositions. Since
that time, additional applications have been developed and
prospective clinical trials were performed to evaluate the clin-
ical efficacy of these techniques.”'® The result is that dual-
and multienergy CT is moving firmly into the mainstream of
clinical CT imaging. Dual-energy CT may have disappeared
from clinical consideration in the 1980s, but with the tremen-
dous technical advances that have taken place since that time,
modern CT technology is now capable of taking full advan-
tage of the fundamental physics — and clinical promise —
that Godfrey Hounsfield envisioned in 1973.
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AAPM:
AEC:
ALARA:

Atomic
number (Z):

Basis materials:

Beam filtration CT:

Beam hardening:

CNR:

Coherent scatter:

Compton scatter:

CT number:

CTDI:
CTR:
DECT:
DLP:

Dual-layer detector:

Dual-source CT:

Effective atomic
number (Z.¢):

Effective dose:

HU:
ICRP:
ICRU:

Image-space
material
decomposition:

American Association of Physicists in Medicine
Automatic exposure control
As Low As Reasonably Achievable

The number of protons in the nucleus

At a given energy, materials have unique photoelectric and Compton effects. Such materials, known as
basis materials, must have sufficiently different attenuation characteristics to be used for material
decomposition

Low- and high-energy are obtained from a single, polychromatic x-ray source with a split pre-filter in the
longitudinal direction

A consequence of a polychromatic x-ray source where low energy photons are preferentially attenuated
in a medium compared to high energy photons

Contrast to noise ratio

Incident photon interacts with an atom resulting in an excited atom that immediately emits a photon of
the same energy but in a different direction. Also known as Rayleigh scatter

Incident photon interacts with a valence electron of an atom, which is ejected from the atom. The
scattered photon is emitted with a reduction in energy and in a different direction

The quantitative value used to represent the gray scale values in a CT image. Defined as:

CT Number = 1000*%:¥:2) ~ Bw.

Hw

where (X, y,z) is the average linear attenuation coefficient in a voxel and pyy is the linear attenuation
coefficient for water at a specified energy.

Computed Tomography Dose Index
CT number ratio

Dual-energy computed tomography
Dose-length product

A detector that uses two layers of energy-integrating scintillators to measure the low- and high-energy
data

A CT system with two x-ray tube and detector pairs off-set from each other at about 90°. Each x-ray
tube can be operated at different tube potential settings and additional pre-filtration can be added for one
of the tubes to improve spectral energy separation

A description of the average atomic number for a heterogenous material

A radiation protection metric that conveys the radiation detriment from a partial body irradiation in
terms of a whole body irradiation with equivalent detriment. This population metric is neither age nor
gender specific and cannot be used to estimate the risk to a specific patient. It is typically used to
compare the relative risk between various radiological studies

Hounsfield Unit. The unit associated with CT number
International Commission on Radiological Protection
International Commission on Radiation Units & Measurements

Material decomposition process is performed using only reconstructed image data
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Linear attenuation
coefficient (p):

Linear attenuation
ratio (LAR):

Mass attenuation
coefficient (i/p):

Material
decomposition:

Material-specific
images:

MECT:
MOSFET:

Multi-material
decomposition:

NIST:
OSL:

Photoelectric
effect:

Photon counting
detector CT:

Projection-space
material
decomposition:

Single energy CT:
Sinogram:

Three-material
decomposition:

TLD:

Total mass
attenuation
coefficient:

Tube potential
switching (fast kV
switching):

Virtual
monoenergetic
images (VMI):

Virtual non-calcium
(VNCa) images:

Virtual non-contrast
(VNC) images:
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e912

The fraction of photons removed from a monoenergetic beam per unit thickness of material, represented
incm™!
n

NAx’

where n is the number of photons removed from the beam, N is the number of incident photons and x is
the thickness of the material.

Ratio of the linear attenuation coefficients from two energy levels that may be used to calculate the
effective atomic number from a calibration plot

The linear attenuation coefficient normalized to the density of a given material, represented in units of
2
cm/g

Process to represent a material of interest as a mixture or linear combination of known material
attenuation functions or basis materials

CT images generated from material decomposition that represent the distribution of a material of
interest.

Multienergy computed tomography
Metal-oxide-semiconductor field-effect transistor

Material decomposition using more than 3 basis materials

National Institute of Standards and Technology
Optically stimulated luminescence

Incident photon is completely absorbed by an atom and an electron (photoelectron) is ejected

A CT system that utilizes semi-conductor detectors to directly convert x-rays into short voltage pulses
whose heights are approximately proportional to the x-ray energies. The pulses are individually counted
when they exceed a given threshold

Material decomposition process is performed prior to image reconstruction using projection data; this
requires knowledge of the input x-ray spectra, beam shaping filter (e.g., bowtie filter) and spectral
response of the x-ray detector(s)

Conventional CT using a single energy spectrum for data acquisition
The CT projection data at different angles transformed into a 2-D representation

Material decomposition using three basis materials

Thermoluminescent dosimeter

Summation of the mass attenuation coefficients (i/p) of x-ray interactions with matter

) (D () G)
P/ Total P/ Photoclectric p Compton P/ conerent

Low- and high-energy data are collected by rapidly switching the tube potential between low and high
settings

Synthetic images created from material decomposition data (mass density and effective atomic number)
and monoenergetic attenuation coefficient information to mimic the appearance of images generated
with a monoenergetic x-ray source.

Material selective images with the calcium equivalent signal removed

Material selective images with the iodine equivalent signal removed. Soft-tissue, fat and iodine are the
basis materials.
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