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Abstract: The contrast properties of computed tomography (CT) depend significantly on the
X-ray energy spectrum used to measure the object. Conventional CT uses only a single energy
spectrum and at times suffers from ambiguity so that two different materials can appear identical.
Dual energy CT (DECT) uses two different energy spectra that can be used to remove this
ambiguity. Although the basic concept of DECT is not new, its popularity has recently
skyrocketed because of the availability of commercial implementations. We review the basic
principles of DECT physics and estimation, as well as the technologies that have enabled DECT
to enter modern clinical imaging. Applications of DECT abound, and we familiarize the reader
with a selection of the most common clinical applications. Finally, we conclude by touching on
two areas of current technical development: photon-counting detectors and synthetic CT.

Key words: Dual Energy; Material Decomposition; Dual Source; Photon Counting; Synthetic CT

Avrticle ID: 1004-4140(2012) 03-0367-20 CLC number: TP 391.41 Document code: A

The goal of every medical imaging device is to produce an image of an underlying physical
parameter of the scanned object. In computed tomography (CT), this physical parameter in
question is the X-ray attenuation coefficient. Differences in the X-ray attenuation coefficient
among tissues allows the anatomy to be non-invasively imaged, and can reveal abnormalities in
the patient, which can then be used to make a diagnosis. The X-ray attenuation coefficient,
however, is known to depend on the energy of the X-rays used to make the measurements. If
imaging at a single energy produces an image of a single physical parameter, then it is only
natural to suppose that imaging at multiple energies produces an image with multiple parameters,
and that different materials could have their own distinct signatures in multi-energy CT imaging.
For these reasons, the potential of imaging at multiple energies in CT was not lost on its inventors
and comments pertaining to its use can be found as far back as 1973 by Hounsfield". Indeed,
multiple-energy imaging was sometimes called “tomochemistry” initially because of its potential
ability to distinctly identify chemicals in its cross-sectional images.

Within three years, the basic principles of dual-energy imaging were understood, and it was
soon appreciated that multiple-energy imaging directly measures only two physical quantities,
which are the effective atomic number and the electron density!>>). These theoretical concepts

were quickly tested on phantoms and in tissue*™, but early experiments were plagued by several
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practical difficulties, including image mis-registration, imperfect beam hardening corrections, and
poor stability. Initial implementations of DECT were poor. A dual crystal implementation of dual
energy, which is an analog of the modern dual layer detector implementation, was presented early
on and its poor spectral separation was realized'®.. A prototype of the modern rapid kVp switching
scanner was likewise presented very early onl’. Other implementations were proposed in this
period, including a split-filter design to separate the fan-beam into high and low energy
components[s], and an alternating filtration pattern on the detector”. All of these implementations
suffered drawbacks and none of them had long term clinical adoption.

The major reconstruction concepts and several potential applications were seen early on. A
decade after the introduction of CT, our understanding of DECT was remarkably complete.

[10-11

Advances were made along both projection-space reconstruction methods'*'"! and image-space

121 The most popular application was in the measurement of bone density

reconstruction methods
in the vertebrae, which could have been useful in the diagnosis of osteoporosis. Because of its
ability to distinguish between materials, dual energy imaging was appreciated as being potentially
more accurate than single energy imaging for determining bone mineral content'>'°. Other
applications included the measurement of iron in the liver!'” and the detection of calcium in lung
nodules!'®). Despite the strength of this early work, DECT languished for decades. Practical
difficulties continued to undermine adoption and were solved only with modern implementations
of DECT.

The underlying physics of dual energy CT (DECT) is now well studied and understood.
While imaging at a single energy gives us information of the X-ray attenuation coefficient at one
energy, in most circumstances imaging at multiple energies provides redundant information on
only two physical quantities, which are generally referred to as the density of the two basis
materials. The nature of these basis materials lies at the heart of DECT, and they can often be
chosen so that they have physical and clinical significance. For example, iodine can be chosen to
be a basis material, and an image of the distribution of iodinated contrast media would have
significant utility in a perfusion or angiography study. We will begin this review article by
discussing the physics of DECT in greater depth, along with the mathematical algorithms used to
estimate the basis materials from the dual energy measurements. We will also discuss the recent
commercial implementations of DECT that have served to popularize the technique in recent
years, along with some of their strengths and drawbacks. The availability of DECT has been
followed by a host of clinical applications of the technique. It is beyond the scope of this work to
provide details on all the uses of DECT, but we provide a sampling of some of the most common
uses to give the reader an understanding of how DECT may be used in clinical practice. We also
discuss some of the upcoming technical developments, including photon-counting detectors and
synthetic CT.

1 Principles

The underlying principles of DECT are best understood by first examining the physical
mechanisms of X-ray contrast.

1.1 Physics

The fundamental contrast mechanism for CT is the ability of tissue to scatter or absorb X-ray
photons. The behavior of this attenuation is governed by the Beer-Lambert Law. For /y(E) photons
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incident on a homogeneous object of thickness ¢ and linear attenuation u(F), the Beer-Lambert
law states that the number of transmitted photons /(£) can be expressed as

I(E) =I,(E)e """ (M

The X-rays employed in medical imaging generally have energies that range from 10 to 150
keV. In this diagnostic energy range, the interactions between matter and X-rays predominantly
arise from two mechanisms: photoelectric absorption and Compton scattering!'”.. In photoelectric
absorption, the X-ray photon transfers all its energy to an atom, ionizing an electron, and
disappears. In Compton scattering, the X-ray photon loses some of its energy to an electron, and
propagates in a different direction, conserving energy and momentum. A third mechanism,
Rayleigh scattering, will be ignored since it plays little role in diagnostic imaging. For an X-ray
photon with energy E, the total amount of attenuation per unit length of matter is characterized by
the linear attenuation coefficient x(E), which leads to exponential attenuation.

The two physical mechanisms for attenuation, photoelectric absorption and Compton
scattering, depend not only on the X-ray energy but also on the object. The object-dependent
parameters are the effective atomic number Z.g and the electron density p.. These two properties
are the driving force behind the difference in attenuation between two different materials such as
bone and tissue. In fact, the probability of Compton scattering is proportional to the electron
density (which, with the exception of hydrogen, is roughly proportional to the mass density) and
photoelectric absorption increases with higher Z.¢ and mass density p. Therefore, calcium (Z=20)
will be more attenuating than aluminum (Z=13) at the same mass density. In particular, the
attenuation u(E) is the sum of the photoelectric up(E) and Compton u(E) components, which can
be approximated by

3.8

Z i
#p(E)=p. Cp =55 @

e (E) = p, [y (E) (€))

where Cp is a constant and the Klein-Nishina function fxy (E) is a decreasing function of E!'.
Note that both up(E) and uc (E) are decreasing functions of E, so that higher energy X-rays are
less attenuated. The photoelectric absorption, which is dominant at low energies, quickly
decreases, while the Compton attenuation falls off much slower and is important at higher
energies (Fig. 1(a)). The photoelectric absorption (Eq. 2) expression does not account for K-edges,
which will be discussed later.

Let us call £ and fxy (E) the photoelectric and Compton basis functions, respectively.
Then any material’s attenuation as a function of energy is a linear combination of these basis
functions, where the weight of each basis function depends on the electron density p, and effective
atomic number Z.s Given the above equations, it should be clear that if an object’s attenuation
can be measured with at least two different energies, then the object-specific parameters p, and
Ze can be determined by decomposing the material’s attenuation into the amount of each physical
basis function. For example, if the object is measured with two different monoenergetic beams,
the above equations will give us a system of equations from which p, and Z.s can be easily found.
These two parameters can be very useful in identifying an object’s composition, as first reported

in the seminal paper by Alvarez and Macovskil®.
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Fig.1 The mass attenuation of several materials are plotted as a function of energy. The
contributions from photoelectric absorption and Compton scatter are shown for aluminum,
as well as the material decomposition into water and calcium. Note the prominent K-edge at
33.2 keV for iodine, as well as the K-edges for gadolinium and gold, which increase in
energy with increasing atomic number

In addition to representing a material as a linear combination of the physical basis functions
(photoelectric absorption and Compton scattering), any material can be represented as a linear
combination of two other (different) materials since these other materials are themselves a linear
combination of the physical basis functions. To be concrete, the attenuation of water can be
written as a linear combination of the photoelectric and Compton basis functions. Calcium, too,
can be written as a linear combination of the photoelectric and Compton basis function.
Aluminum could also be written as a linear combination of the photoelectric and Compton basis
functions, but it could be equally well described as being a linear combination of water and
calcium simply by solving a system of linear equations. In fact, in terms of the mass attenuation,
which is the linear attenuation divided by the mass density, we have that

[ @=al5), () ®

where a; =0.678 and a,=0.211. In other words, an area density of 1 g/cm2 of Al is indiscernible
from an area density mixture of 0.678 g/cm® water and 0.211 g/em® calcium by X-rays of any
energy. This illustrates that the attenuation of an unknown material can be decomposed into
two basis materials (such as water and calcium). This decomposition can be performed as
long as the two materials are not degenerate, or in other words, as long as Z.¢ of the two basis
materials are not the same. Although nearly any two basis materials will work, it is often
useful to choose basis materials that have physical interpretations. For example, when
imaging the human body water and calcium may be a good choice — soft tissue will be
decomposed mostly into water since its Z.r is close to water, while bone will have a
substantial calcium component. One limitation of dual energy is that some ambiguity still
remains. The aluminum previously described remains indiscernible from the mixture of water
and calcium that it can be decomposed into. A hypothetical extension to “triple energy”
imaging would not be helpful in this regard since the attenuation of all these materials are
fundamentally well described by only two basis functions. Therefore, basis materials should
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be carefully chosen so that they are suitable for the imaging task.

The vast majority of the human body is composed of atomic elements of Z<30. However, a
contrast agent may be introduced that increases the local attenuation. For example, if iodine is
introduced into the vasculature, it increases the attenuation wherever it travels to, in large part due
to the high atomic number of iodine (Z=53). Besides simply increasing the effective atomic
number Zg, however, the attenuation function of iodine also features a large and sudden increase
at 33.2keV, known as the K-edge (Fig. 1(b)). The K-edge energy is the binding energy of a
K-shell (innermost) electron. Only photons exceeding this energy can eject these K-shell electrons,
as indicated by the discontinuity in attenuation at the K-edge. lIodine will much more strongly
attenuate photons with energies just exceeding 33.2 keV than photons just under 33.2 keV. The
K-edge energy increases with atomic number Z — for instance, the K-edge of Gd (Z=64) is
50.2keV and Au (Z=79) is 80.7 keV.

For elements with Z<30, the K-edge energy lies well below the diagnostic energy range and
can therefore be neglected. Clearly, the K-edge introduces a new basis function since the
attenuation curve cannot be represented by the continuous Compton and photoelectric basis
functions alone. However, for diagnostic imaging, the vast majority of the transmitted X-rays
have an energy greater than the K-edge of iodine since their average energy is well above 33 keV
and photons with energy less than 33 keV do not penetrate the body easily. In this case, for
energies above the K-edge, the attenuation of iodine can be modeled by the Compton and
photoelectric basis functions. Therefore, to utilize iodine’s K-edge, the incident X-ray spectrum
must contain a significant number of photons with energy less than 33 keV and the object needs to
be sufficiently thin, such as in preclinical or breast imaging.

1.2 Implementation

As the name “dual energy” suggests, it is necessary to image with X-rays of two different
effective energies. Viable implementations of dual energy CT must satisfy two requirements. First,
the effective energies of the spectra should have a sufficiently large separation so that the
difference in attenuation between the energies is significant. When the energy separation is small,
the noise of the material decomposition becomes large and the images become unusable. Second,
the time between the two acquisitions at different energies must be short. For stationary objects,
dual energy imaging could be implemented simply by taking two sequential scans at different
energies, but in applications with living organisms the errors resulting from motion or contrast
uptake/washout would become excessive. The recent, widespread adoption of dual energy into
clinical CT scanners is largely due to implementations of DECT that satisfy both these
requirements, as well as the other capabilities of modern CT scanners, such as high temporal and
spatial resolution. There are four primary system strategies used for dual energy imaging: dual
source, rapid kVp switching, dual layer detectors, and energy-resolving photon counting detectors.
We will describe the first three here, and discuss photon counting later.

Both dual source and rapid kVp switching utilize measurements with two different peak
X-ray tube voltages (kVp), and are both therefore dual kVp approaches. The low and high kVp
beams have different effective energies, where tube limits provide an upper bound to the tube
voltage and the need for photons with intensity and energy high enough that the object can be
penetrated place a lower limit on kVp. A dual source system utilizes two source-detector pairs in
the gantry (Fig.2). One source is operated at a lower voltage (e.g., 80 kVp), while the other source
is operated at a higher voltage (e.g., 140kVp). Because the source-detector pairs are
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approximately in orthogonal directions, they can be operated simultaneously. After one rotation, a
complete CT data set is acquired at both the low and high energies. Because both tubes are
operated independently, it is easy to use different filtrations, and a beam hardening filter such as
tin on the high energy can greatly increase the energy separation between the two spectra™ 2",
However, there are drawbacks to the system design including the increase in hardware cost and
complexity due to the extra source-detector pair. Motion during the acquisition can result in
collected data that is not perfectly registered between the low and high energy scans. Finally,
cross-scatter from one source to the other detector can be a challenge when the sources are
operated simultaneously'*.

Another approach to dual kVp is to use a single source that rapidly switches between tube
voltages (Fig.3). While it is possible to scan once at low energy followed by another scan at high
energy (or vice-versa), this so-called slow kVp switching suffers greatly from patient motion or
different contrast distributions between the scans. Therefore, rapid kVp switching is used,
whereby the source alternates very rapidly between low and high kVp as the source-detector pair
rotates about the object. The difference in time between successive low and high energy
projections is very small, providing well-registered and motion free projection pairs. The
switching frequency is high enough that a sufficient number of projections equally spaced in angle
are acquired with each spectrum.

Fig.2. Dual source geometry. Two source- Fig.3 Rapid kVp switching geometry. The
detector pairs operate simultaneously tube voltage rapidly oscillates
as they rotate around the patient. In between the low and high kVp as the
DECT mode, one source is operated source rotates about the patient, and
at a lower kVp than the other (e.g., these interleaved projections are
80 and 140 kVp) captured separately by the detector

There are a number of technical challenges with this approach, most notably the kHz-rate
changing of X-ray tube voltage from 80 to 140kVp. Ideally, the voltage would change
instantaneously, but in practice it will have some finite voltage slew rate that may reduce the
spectral separation””). Changing the tube current in synchrony with the rapid kVp switching is
also very difficult, so differences in mAs between the low and high energy projections can be
accomplished with control of the dwell time at each voltage. Finally, although in principle a
synchronized switching filter can be used to provide different filtration to each spectrum,
mechanical constraints may preclude this and it is not currently implemented®". It is important to
note that in each of these dual kVp techniques, the dose is not necessarily increased; instead it is
split between the two energies and can still provide additional information for comparable dose to
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a single kVp acquisition® 2%,

The other class of systems used for dual energy systems are energy-sensitive detectors,
including dual layer and photon counting detectors, which generally utilize a single kVp spectrum.
A dual layer, or sandwich, detector is comprised of a thin top scintillator that is more sensitive to
low energy photons and a bottom scintillator that absorbs the remaining photons (Fig.4)" 2.
Because the top scintillator’s attenuation is greater at lower energies than at higher energies, it
selectively absorbs more low energy photons, while high energy photons are more likely to
penetrate the top layer and be absorbed in the bottom layer. The effective spectrum for each layer
is also shown in Fig. 4. It has the advantage of perfect spatial registration between the low and
high energy projections, but suffers from poor energy separation, even with selection of optimal

thicknesses for the top layer, bottom layer, and filter in between'™".

Fig.4 Dual layer geometry. The X-ray tube is operated at a single kVp, and energy
specific information is captured by the layered detector. The effective spectrum
for each layer demonstrates that the top layer is more sensitive to lower energies,
while the bottom layer captures more of the higher energies

1.3 Estimation

The material decomposition estimation problem can be viewed simply as: given two
measurements, solve for two unknowns. The two measurements come from the dual energy data,
while the two unknowns are the material specific decompositions. There are two domains in
which the estimation can be done: image space or projection space. In the image space approach,
the dual energy scans are first reconstructed to form low and high energy images. These images
are then used to estimate material specific images. In projection space, each line integral is
decomposed into a line integral through each basis material. The resulting material sinograms can
then be reconstructed to form the basis material images.

Image space decomposition is especially suited for unregistered data or if there is motion.
The dual energy data could be acquired from two entirely different trajectories, but if the same
location of the object is reconstructed, the images can be paired together. Consider a cylindrical
acrylic (PMMA) phantom filled with solutions of different iodine concentrations scanned at
80 kVp and separately at 140 kVp (Fig.5). Due to the different effective energies of the spectra,
the iodine contrast is markedly different. A weighted combination of the images can recover the
iodine image or (with different weights) the water image. However, this is the case only if the two
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images are equivalent to monoenergetic images; otherwise, the material decomposition will be
imperfect due to beam hardening. Nonetheless, linear (or even nonlinear) combinations of the
images, known as mixed images, can be formed in such a way that the contrast-to-noise ratio
(CNR) is maximized for a particular imaging task’>") or so that a material (like iodine) is fully
canceled. Moreover, the dual-energy index (DEI) can be calculated and is useful for material
identification, where X, and xpign are the voxel values (in Hounsfield units) of the low and high

: [31]
energy images” .

80 kVp Image 140 kVp Image
Material
Decomposition
Iodine Image Water Image

Fig.5 Image space decomposition. The 80 and 140 kVp images of
this phantom are used to form an iodine and water image.
The iodine is clearly separated from the rest of the object and
quantitatively matches the iodine concentration of the
solutions. Note that the patient table appears in both images
since it is neither water nor iodine

X, — X .
DEI — low high (5)
Xigw F Xpign +2 000

Alternatively, material decomposition can be done in projection space by decomposing each
line integral into line integrals of the basis materials. The resulting basis material sinograms can
then be reconstructed to form basis material images (Fig.6). Algorithms for estimating the
decomposition include maximum-likelihood estimation (MLE), linearized (weighted) least
squares, or a polynomial fit to calibration data. In particular, MLE attempts to solve the question:
given low and high energy measurements d = (d,, d,), what decomposition ¢=(#|, ;) is the most
likely to have produced those measurements? Mathematically, the estimated decomposition #
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can be described as

{ =argmax f(d|?) 6)

where f(d|?) is the probability density function of measurement d from an object with
decomposition line integral z. Because MLE models the physical and statistical processes of how
the data was acquired, it is also well suited for the over determined case when more than two
energy-sensitive measurements are acquired”>~". A linearized weighted least squares approach
can also handle the over determined case well by weighting each measurement depending on its
statistics’®”). The polynomial fit uses calibration data to fit a polynomial function that maps
measured data to the material thickness"®®. Both the linearized weighted least squares and a
polynomial fit can be computed quickly, while MLE requires solving an optimization problem.

80 kVp Scan

140 kVp Scan

Material
Decomposition

tube
solutions

1 pae

PMMA
cylinder

lodine Sinogram Water Sinogram

Fig. 6 Projection space decomposition. The raw data, shown as a sinogram, is used to
estimate the line integrals of iodine and water. These material decomposition
sinograms can then be reconstructed separately

Projection-based methods have the key advantage of inherently handling beam hardening,
caused by the preferential attenuation of the lower energies in polyenergetic spectra (Fig.7).
However, this technique generally requires the data to be well registered or else the errors will be
quite large-different low and high energy trajectories make projection space decomposition
impossible, as do motion or data inconsistencies.

In both image- and projection-based methods, noise in the dual energy measurements leads
to noise in the material decomposition. For measurements with uncorrelated noise (commonly the
case), the decomposition noise is negatively correlated. When performing dual energy



376 CT FEiE 5 N H WY 21 4%

decomposition from two measurements, the noise is usually the same in all methods, but when
using three or more measurements to calculate two unknowns (an overdetermined problem), the
estimation needs to be done carefully to minimize the estimation noise by accounting for the
statistics in each measurement.

80 kvp 80 keV
Fig. 7 Axial and coronal reformat images of the brain. Note the severe beam hardening

artifact between the bones in the 80 kVp (polyenergetic) images. These artifacts
are no longer present in the 80 keV (monoenergetic) images due to the
projection-based material decomposition used to form the monoenergetic image.
Images courtesy of Dr. Amy Hara, Mayo Clinic, Scottsdale, AZ

The material decompositions can be combined to meet task-specific objectives, such as
forming the highest iodine CNR image. In particular, a weighted sum of the images, where the
weights are the attenuation of each basis material at energy E, yields a monoenergetic image of
energy E. It is an estimate of the image that would have been produced if the object was scanned
with a monoenergetic beam of that energy. Generally, monoenergetic images in the range of 60-75
keV have the lowest noise as they combine the material decompositions such that the negatively
correlated noise tends to cancel. The material-specific images are themselves useful -- for
example, the iodine image can be color overlayed on a grayscale anatomic image so that the
distribution of iodine can be visualized. Furthermore, for a water/iodine decomposition, the water
image is inherently free of iodine and is used as a virtual non-contrast (unenhanced) image.
Finally, in addition to the simple image- and projection-based methods, we note that DECT lends
itself well to iterative reconstruction techniques since all attenuation processes can now be
modeled and measured””,

3 Current Applications

Dual energy has previously been used in radiography (e.g., chest), dual energy X-ray
absorptiometry (DEXA), security applications, and non-destructive evaluation. When used for
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chest X-rays, for example, an image can be formed that effectively removes the skeleton to form a
soft tissue image where the bones are not obstructing the view of potential pathology in the lungs
or heart™. Conversely, a bone image can be formed to examine the skeleton and calcified lesions.
DEXA uses dual energy measurements to quantitate areal bone mineral density for osteoporosis
risk assessment®’*’. Baggage scanners in airports commonly utilize dual energy X-ray
radiography and/or CT to screen for explosives and contraband™'**\. Finally, the application of
DECT to non-destructive evaluation is as far reaching as imaging nuclear waste dmms[44],
gas-solid flows in process engineering!*), and geologic samples of rocks or soil***"). The many
industrial applications of dual energy imaging follow many of the same principles and goals of
clinical DECT, which we provide an overview of in the remainder of this section.

With the recent commercially available implementations of dual energy CT, many
applications are being adopted or actively investigated for clinical practice. A recent book, edited
by Johnson et al*] thoroughly describes current clinical applications of DECT and is highly
recommended for further reading. Most of DECT’s applications can be traced back to its ability to
do material specific imaging. Clinical images are often viewed with a certain material (e.g., iodine)
presented as a color overlay on a grayscale CT anatomic image, or with a certain material (e.g.,
calcium) removed.

In fact, the ability to differentiate iodine and calcium has numerous clinical applications. CT
angiography (CTA) of the head and neck is increasingly used to evaluate cerebral aneurysms,
arterial stenosis, and other vascular diseases. However, the vasculature near the bony structures,
especially at the base of the skull and near the cervical vertebrae, is often difficult to visualize.
Segmentation and removal of bony structures based on a single energy CT scan sometimes fails,
especially very close to bones or calcified plaque. Subtraction of pre- and post-contrast scans can
remove bone, leaving only the iodinated vessels. However, any motion, even swallowing, leads to
imperfect subtraction. On the other hand, DECT employs well-registered low and high energy
scans to differentiate between iodine and bone, thereby providing bone-removed images that
potentially improve the assessment of the vasculature for problems such as aneurysms or vessel
lumen narrowing. Because calcified plaque has bone-like spectral properties, it too is removed.
The DECT scans may achieve this at lower dose than CTA™%. The same automatic bone- and
plaque-removal techniques can be applied to peripheral artery imaging, such as for assessment of
stenosis in the femoral arteries since the femur and calcifications no longer obstruct visualization
of the lumen. Automated DE-CTA is more reliable than and does not require the time-consuming
post-processing of conventional CTA that does not utilize a pre-contrast scan”' >,

In other applications, the distribution of a specific material may be of interest. Modern DECT
scanners have enough volumetric coverage and rotate fast enough to freeze heart motion and
obtain high resolution anatomical information as well as spectral information for material specific
imaging. An important potential application is the study of myocardial perfusion, which assesses
the impact of coronary artery stenoses on myocardial ischemia®*>". Administered iodine contrast
is blocked by stenoses and is present in lower concentrations in regions of ischemia. DECT is
beneficial for CT perfusion studies since it can form iodine-specific images rather than relying on
CT numbers alone and since it can correct for beam hardening effects. One of the challenges,
however, is that material-specific images can be very noisy compared to normal CT images.
Similarly, DECT is also used to diagnose pulmonary embolism by imaging lung perfusion[56].
After iodine contrast is administered, the DECT scan reveals the 3D distribution of iodinated
blood. Regions of the lungs devoid or deficient of iodine clearly indicate reduced perfusion in



378 CT FEiE 5 N H WY 21 %

these regions of the lung. The diagnostic accuracy of detecting pulmonary embolism with DECT
has been shown to be higher than that of perfusion scintigraphy, the prevailing technology®’*.

Imaging of iodine distribution is important to various other clinical applications. Following
stent graft placement for aortic aneurysms, it is important to monitor the stent for endoleaks, or
unintended blood flow outside the lumen of the graft. Conventional CT imaging requires a
non-contrast scan, and post-contrast arterial and venous phase images, but a DECT during the
venous phase can obviate the need for the pre-contrast scan. The virtual non-contrast is a
reasonable approximation to the true non-contrast study with the additional benefit of perfect
image registration and operational efficiency””®!). The iodine image may also be useful as a
biomarker for angiogenesis and tumor extravasations, which indicate whether a nodule or lesion is
likely to be malignant (Fig.8). In lung nodules, small calcifications are suggestive of benign
nodules, while abnormal iodine enhancement may indicate malignancy'®*. Todine images are also
used in the detection of hypervascular liver lesions!'®! and renal masses!®*®"), where a single phase
DECT scan may replace multiphase studies by providing both an iodine image and a virtual
non-contrast image in which the iodine has been removed.

70 keV MD lodine MD Water

Fig. 8 DECT is used to classify this mass as an enhancing renal lesion. The water material decomposition image
shows the lesion is isointense with the surrounding tissue, which rules out a fatty lesion or hypodense
cyst. Further, the iodine image shows enhancement in the lesion (albeit not to the degree that the rest of
the kidney enhances, but there is still iodine present), suggesting that the lesion is vascularized. This leads
to a diagnosis of renal cell carcinomal®®. Note that the 70 keV monoenergetic image has much lower
noise than the iodine or water material decomposition images since it combines information from both.
These images were acquired with a single-phase, contrast-enhanced protocol. Images courtesy of Dr. Amy
Hara, Mayo Clinic, Scottsdale, AZ

DECT can also be used for imaging materials other than iodine. For example, atherosclerotic
plaque can result in different clinical outcomes depending not only on the narrowing of the lumen,
but also on the composition of the plaque. Therefore, DECT has been investigated for its ability to
discriminate among fatty, fibrous, or calcified arterial plaque!®”. Another application of DECT is
the imaging of lung ventilation with stable (non-radioactive) xenon (Z=54). The inert gas is
administered to the patient, and DECT can be used to form xenon-specific images of the lungs to
study ventilation'®®). Tendons and ligaments have been shown to be differentiable from soft tissue
due to their collagen content, although the results appear to be noisy and may require image post
processing[ég'm. Further, DECT is being used to differentiate between different types of renal
stones. Uric acid stones can be dissolved via alkalinization of the urine, while large non-uric acid
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stones, which usually contain calcium, often must be removed through invasive procedures or
external shock wave lithotripsy. Therefore, it is important to differentiate between the two types
so that the proper treatment can be prescribed. Because uric acid and the calcium in non-uric acid
stones have fairly large difference in Z and DEJ, they are easy to differentiate with DECT!> 7!,
Detection of uric acid is also useful for diagnosing gout, which is a painful condition caused by
the buildup of uric acid in the joints"*"".

Finally, DECT also may have applications in radiation treatment planning. Using the spatial
distribution of Z. and p, obtained from DECT, Bazalova et al demonstrated that Monte Carlo
dose calculations could predict the delivered dose in radiation therapy treatment with much higher
accuracy than conventional segmentation of single-energy CT images!’®. Furthermore, use of an
MV beam has been investigated for use as the high energy scant”. In this energy range,
attenuation is dominated by Compton scattering, so a kV beam is still needed to provide

information about the photoelectric absorption component.
4 Future Directions

Many of the clinical applications in the previous section are still being actively investigated,
and DECT technology is continuing to evolve. Methods for more dose efficient dual energy
techniques, estimation, and noise reduction are also all active areas of research. DECT is a rich
areca for research, and we cannot cover all the work here. Rather, in this section, we will touch on
two promising technical developments — photon counting and synthetic CT.

4.1 Photon Counting

In addition to the dual energy implementations previously described, another approach that is
a very active area of research is energy-resolving photon counting detectors’®*’®®!). These
detectors are designed to be extremely fast — fast enough to count each individual photon as it
arrives at the detector. The detector is additionally designed to discern the energy of the photon
so that spectral information about the transmitted X-rays can be obtained from a polyenergetic,
single kVp exposure. Two key characteristics separate photon counting detectors currently under
investigation from the conventional energy integrating detectors used for CT: direct conversion
and very fast circuitry. Rather than relying on indirect conversion of X-rays first to light and then
to an electrical signal, these photon counting detectors utilize direct conversion materials such as
semiconductors Si, CdZn, or CdZnTe or xenon gas that can directly generate a signal by
producing electrons when an X-ray is absorbed. Unlike the relatively long light pulse produced by
most CT scintillators (relative to the arrival rate of photons), direct conversion materials produce a
very short signal that is shaped and counted by very fast circuitry, operating on a clock cycle on
the order of several hundred MHz.

Photon counting detectors have been used in nuclear medicine for a number of years, where
measuring the arrival time and energy of photons is essential but the flux rates are much lower
than in CT™. In unattenuated regions of the beam, CT count rates can easily exceed 100 million
counts per second per mm® at 1 m distance. If the detector’s count rate cannot keep up, it will
experience count rate losses as it fails to count all photons and spectral distortion as the photon
signals temporally overlap (also called pileup)™". Nonetheless, as photon counting technology has
progressed, it is actively being investigated for use in CT. If these detectors could be fast enough
and have a good spectral response, a number of key advantages can be exploited. Ideal photon
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counting detectors are known to be more dose efficient than energy integrating detectors because
of the additional energy information made available!™®*, which is usually recorded as the number
of counts within different energy windows or bins. At least two energy bins are necessary so that a
low energy bin and a high energy bin can effectively provide dual energy information, but more
bins provide more spectral information and better material decomposition estimation.

Most exciting though, is the idea that with multiple energy bins, there can be multiple basis
functions. This requires the use of K-edge contrast agents like iodine, gadolinium, or gold. lodine
is ubiquitous in clinical CT, gadolinium is commonly used in MR, and gold is being investigated
for targeted delivery in nanoparticles’®). For example, to uniquely form a basis image from iodine,
there should be a bin above and below its K-edge at 33.2 keV. Multiple contrast agents could be
used simultaneously if there are enough bins. This has been recently demonstrated preclinically
and has the potential to image multiple pathways or processes simultaneously®>*%.

4.2 SyntheticCT

In our own work with dual energy CT, we have recently introduced a novel application
known as synthetic CT®" ™) With synthetic CT, users can retrospectively synthesize clinical
images from arbitrary low dose CT protocols, including changes to tube voltage, current, and
filtration. The synthesized images appear as if they were acquired with the alternate protocol and
accurately reflect the contrast and noise of this protocol. With such a tool, it is possible to study
the effect of protocol selection on image quality and dose distribution, enabling CT users to
perform task-dependent protocol optimization using previously collected clinically relevant data.
In particular, as technology advances and we strive to reduce dose according to the ALARA (As
Low As Reasonably Achievable) principle, we need to be confident that lower dose protocols can
still yield diagnostic quality images.

As can be seen in Fig. 9, images for a wide range of parameters can be synthesized. Yet, the
only data that needs to be acquired is a dual energy scan (in this case, at 80 and 140 kVp). Most
notably, the kVp, mAs, and filtration can be freely adjusted. In Fig. 9, an image is synthesized for
a 120 kVp, 250 mAs protocol with mA modulation and has the same contrast and noise properties
as if the phantom were actually scanned with this protocol. Furthermore, the effect of a virtual
object can be simulated by loading a physical description of the object so that the effect of its
attenuation can be included in the detected signal and noise calculations. The dose distribution can
be determined due to the information provided by DECT, as previously mentioned. Although not
shown here, synthetic CT can also synthesize the material decomposition images from dual
energy protocols other than what was acquired, such as different kVp pairs or mAs allocation'®®,

Synthetic CT is made possible by a dual energy scan, which provides a material
decomposition in projection space. As previously discussed, this material decomposition
completely characterizes the X-ray attenuation along all line integrals at all energies. Therefore,
the transmission of any other spectrum along each line integral can be determined and used to
predict the mean detected signal. Moreover, the target noise level at the detector can be predicted
based on the transmitted number of photons. This is compared to the inherent noise level that is
present due to uncertainty in the material decomposition since the original dual energy scan itself
has noise. Noise is then added to bring the inherent noise up to the target noise level, which is
necessary to accurately synthesize the increased noise in low dose protocols. The synthesized
sinograms are then reconstructed.

To verify the accuracy of synthetic CT, we have compared synthesized images at a number of
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protocols to actual images with a phantom (verification cannot be carried out on a patient!) and
found excellent agreement. We are now in the beginning stages of developing synthetic CT into a
tool that radiologists can use to understand how CT protocol selection affects tradeoffs involved
in dose and image quality.

B synthCT_GUILv1 = p— £ ]
File Edit View Insert Tools Desktop Window Help ~
_\.\Data\Precomputed\SynthCT\phantom_sct | Liotocol 1 | |z
- Tube————  Fiftration Bowti
Ry e A cuow

© None

) Head

@ Medium
© Body

) Custom...

- - 25| [0 0 | mm - _ _
120 290 w400 LK I T
13 2] [74] z I e E— T Y e E— T

Dose 2

Dose 1

—Modulation — Virtual Object

=
El

0.2 02 0.2

1 1 1

Tube: 120 k¥p, 290 mAs Tuke: 120 kv, 200 mAs
Fitratiare 2.5mm A1, Omm Cu, Omm W Bowtie: Medium Fitration: 2 Smm A, Omm Cu, Dmm W Bowtie: Mesium
ma Moculstion: 0202040608 1 1 108060402 ma Modulstiors 1 1 1 111111111
Wirtual Object: none Virtual Object: Bi shisld

[C]Half Scan | 180 | Center Angle

Fig. 9 Synthetic CT GUI with protocol 1 simulating mA modulation and protocol 2 simulating a
virtual breast shield®. The top left sliders allow the user to adjust kVp and mAs. To the right,
the user selects filtration materials and thicknesses and bowtie. In the bottom left, we see the
mA modulation profile for the active protocol — protocol 1 — which has no virtual objects, so
the virtual object thumbnail is blank. The top row of images are the synthesized images, the
bottom row are the dose profiles, the left column is protocol 1, and the right column is
protocol 2, providing a side-by-side comparison

5 Conclusions

For materials normally found in vivo and within the diagnostic X-ray spectrum, the
fundamental X-ray physics suggests that there are only two primary attenuation mechanisms, so
measurements at two energies allow for estimation of object-specific properties related to its
composition. This material specific imaging is quantitative and leads to increased diagnostic
confidence based on the distribution of a material of interest, such as iodine contrast. Furthermore,
a number of surprising and novel applications have been developed, such as the increased
accuracy of radiation therapy treatment planning and synthetic CT. Clearly, dual energy CT is an
exciting area of growth and research. It has many benefits in clinical applications and will
continue to see increased use as technology continues to advance and as more CT systems deploy
this technology.
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