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Purpose: The objective of the study was to demonstrate that, in x-ray computed tomography (CT),
more than two types of materials can be effectively separated with the use of an energy resolved
photon-counting detector and classification methodology. Specifically, this applies to the case when
contrast agents that contain K-absorption edges in the energy range of interest are present in the
object. This separation is enabled via the use of recently developed energy resolved photon-
counting detectors with multiple thresholds, which allow simultaneous measurements of the x-ray
attenuation at multiple energies.

Methods: To demonstrate this capability, we performed simulations and physical experiments using
a six-threshold energy resolved photon-counting detector. We imaged mouse-sized cylindrical phan-
toms filled with several soft-tissue-like and bone-like materials and with iodine-based and
gadolinium-based contrast agents. The linear attenuation coefficients were reconstructed for each
material in each energy window and were visualized as scatter plots between pairs of energy
windows. For comparison, a dual-kVp CT was also simulated using the same phantom materials. In
this case, the linear attenuation coefficients at the lower kVp were plotted against those at the higher
kVp.

Results: In both the simulations and the physical experiments, the contrast agents were easily
separable from other soft-tissue-like and bone-like materials, thanks to the availability of the at-
tenuation coefficient measurements at more than two energies provided by the energy resolved
photon-counting detector. In the simulations, the amount of separation was observed to be propor-
tional to the concentration of the contrast agents; however, this was not observed in the physical
experiments due to limitations of the real detector system. We used the angle between pairs of
attenuation coefficient vectors in either the 5-D space (for non-contrast-agent materials using en-
ergy resolved photon-counting acquisition) or a 2-D space (for contrast agents using energy re-
solved photon-counting acquisition and all materials using dual-kVp acquisition) as a measure of
the degree of separation. Compared to dual-kVp techniques, an energy resolved detector provided
a larger separation and the ability to separate different target materials using measurements acquired
in different energy window pairs with a single x-ray exposure.

Conclusions: We concluded that x-ray CT with an energy resolved photon-counting detector with
more than two energy windows allows the separation of more than two types of materials, e.g.,
soft-tissue-like, bone-like, and one or more materials with K-edges in the energy range of interest.
Separating material types using energy resolved photon-counting detectors has a number of advan-
tages over dual-kVp CT in terms of the degree of separation and the number of materials that can
be separated simultaneously. © 2011 American Association of Physicists in Medicine.
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I. INTRODUCTION extract additional information about the object. Therefore, it
Spectral computed tomography (CT) uses measurements of  is also often referred to as multi-energy CT. The spectral

the x-ray attenuation by an object at multiple energies to measurements contain information about the energy depen-
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dence of the x-ray attenuation coefficients of materials in the
object, which is useful in quantitatively determining compo-
sition and in discriminating between materials based on dif-
ferences in their energy dependences.

Spectral CT can be performed by irradiating the object
using more than one x-ray spectrum, e.g., by operating the
tube at two or more different voltages, by using different
source filtrations, or both.'™ When two spectra are used, the
current standard method for clinical spectral CT procedures,
this method is called dual-energy CT. Dual-energy CT can be
performed using dual-source synchronous a(:quisition,4
single-source sequential acquisition, and single-source fast-
kVp-switching acquisition.5

Alternatively, spectral CT acquisition is possible via the
use of novel x-ray detectors. For instance, a two-layer
detector®™ is capable of measuring the intensity of the (rela-
tively) low-energy and (relatively) high-energy photons, re-
spectively.

One common drawback of the previously mentioned
implementations of spectral CT is the overlap of the energy
spectra in the different measurements. Ideally, the incident
spectra should not overlap in energy and should have mean
energies that are sufficiently far apart. However, generating
nonoverlapping spectra using conventional x-ray tubes (by
far the most widely used and practical x-ray sources) with
fluxes high enough for in vivo CT is not currently feasible.
The multilayer detector scheme is also unable to provide
measurements that are sufficiently separated in energy, i.e.,
where the energies of the relatively low-energy and relatively
high-energy photons detected in the two layers do not over-
lap.

Clinical dual-energy CT is performed using two x-ray
spectra obtained at different tube voltages. To address the
limitation of overlapping spectra, preobject shaping filters
are almost always used to improve the spectral separation
and the overall imaging performance.l(Hz

An alternative solution to obtaining spectral measure-
ments at different and relatively independent energies is
through the use of energy resolved detectors,"*!'* which pro-
vide simultaneous measurements of the x-ray attenuation at
multiple energies using standard polychromatic x-ray
sources. These energy resolved detectors use high speed,
typically solid-state, radiation sensors combined with very
fast readout application specific integrated circuits (ASICs)
that process individual photons.ls_]7 These ASICs have an
electronics chain for each pixel in the detector. The current
signal from the detector is integrated, amplified, and shaped.
The resulting pulses are processed by a set (typically two to
six) of independent comparator circuits. One input to each
comparator is attached to a voltage corresponding to an en-
ergy threshold and the other is attached to the output of the
shaping amplifier. The output of each comparator is counted
in a counting circuit. The values of the counter for each
threshold and each pixel can be read out rapidly to provide
the number of photons detected during the acquisition period
that have energies greater than each of the energy thresholds.
As a result, photon count measurements in several nonover-
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lapping energy windows can be obtained by subtracting the
detected counts acquired from adjacent energy thresholds.

As previously mentioned, data from multi-energy CT can
be used to separate various materials in the image, as has
been widely done in dual-energy irnaging.lg*21 In the energy
range of interest for CT, the energy dependence of the x-ray
linear attenuation coefficients, which are functions of el-
emental composition and density, is determined by the en-
ergy dependent probability of Compton and photoelectric in-
teractions (i.e., two basis functions). With dual-energy
measurements, theoretically, two (or more than two, if addi-
tional constraints are imposed, e.g., Ref. 20) types of mate-
rials can be separated simultaneously (e.g., soft tissue and
bone).

Under the same principle, the multiple energy windows of
an energy resolved detector also provide sufficient data to
separate materials. Different types of material can be defined
by different densities (e.g., muscle and fat), compositions
(e.g., water and iodine solution), or both (e.g., soft tissue and
bone). The focus of this work was to use energy resolved
detectors to separate materials that differ in composition. In
particular, we focus on the case when absorption edges are
present in the energy range of interest and, consequently,
more than two basis functions are needed to fully describe
the attenuation coefficients. Absorption edge energies are
characteristic of the chemical elements in a material and re-
sult in discontinuities in the energy dependence of the attenu-
ation coefficients. These discontinuities provide the potential
to separate materials containing elements that contribute to
the absorption edges. Typically, elements having such edges
(e.g., iodine, gadolinium, bismuth, barium, and gold) are
used as imaging contrast agents.

One way to identify materials in an object using an energy
resolved photon-counting detector is via the use of rigorous
basis decomposition methods.'>?>? However, this method
requires careful calibration of the basis functions and energy
response of the imaging system. Alternatively, one can use
reconstructed images from each of the energy windows com-
bined with a classification method to separate the object into
various materials or regions. In this paper, the second ap-
proach was taken. The aim of this work was to demonstrate
that images acquired from energy resolved photon-counting
detectors contain the requisite information to allow separa-
tion of materials with absorption edges in the energy range of
interest from other materials (e.g., soft tissue and bone) that
do not have a K-edge in the energy range of interest.

Il. THEORY
Il.LA. Energy-dependent x-ray attenuation

In x-ray CT, the linear attenuation coefficient w(E) is de-
termined by Compton scattering and photoelectric absorption
cross sections. As a result, w(E) can be approximated by a
weighted combination of two basis functions™*

IU’(E) = p(alfCOmplon(E) + angE(E)), (])

where p is the material’s mass density, fcompon(E) approxi-
mates the energy dependence of Compton scattering, and
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FiG. 1. Linear attenuation coefficients of water, bone, Omnipaque™350
iodine-based (K-edge at 33.2 keV) contrast agent solution, and Magnevist™
gadolinium-based (K-edge at 50.2 keV) contrast agent solution (attenuation
data obtained from Ref. 26).

gpr(E) approximates the energy dependence of photoelectric
absorption. Both interactions have been extensively studied
and tabulated data or empirical formulas are available.*?

The constants a; and a, only depend on the composition
of the material.** Together with p, they describe the depen-
dence of u(E) on fcompion(E) and gpp(E) and thus, the depen-
dence of w(E) on photon energy, E.

The photoelectric basis function has element-specific dis-
continuities at atomic energy levels. As a result, materials
containing elements with atomic edges in the energy range of
interest exhibit energy dependence different from those with-
out edges (Fig. 1). In diagnostic imaging applications, the
most significant discontinuities occur at the K-shell binding
energies. For a material having a K-edge in the energy range
of interest, Eq. (1) needs to be modified to

M(E) = p(ayfcompion(E) + a28pe(E) + asgpekshen(E)),  (2)

where the additional basis function gpg kepen(E) describes the
element-specific photoelectric absorption that results due to
its K energy level. When multiple K-edges are present, each
adds a unique corresponding basis function.

The contrast between the attenuation coefficients of two
materials results from differences in density, composition, or
both. For example, muscle and fat have very similar chemi-
cal compositions, while muscle has a higher density
(1.06 g/cm?® vs 0.9 g/cm?). Thus, the observed linear at-
tenuation coefficient of muscle is higher, due largely to its
greater density. On the other hand, the contrast between wa-
ter and iodine solution is due primarily to the differences in
their compositions. Given their similar composition, the lin-
ear attenuation of muscle and fat at two different energies is
expected to change by a similar ratio. That is, similarity in
material composition results in similarity in energy depen-
dence of the attenuation coefficient. However, this energy
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dependence will be different for materials with different
compositions (e.g., water and iodine solution).

In single-energy CT, the linear attenuation coefficient is
measured using a single-energy spectrum and the energy in-
formation is not retained in the detector. Thus, it is not pos-
sible to obtain information about the energy dependence of
the attenuation coefficient. However, with spectral CT tech-
niques, such as dual-energy or multi-threshold energy re-
solved detectors, the attenuation of the object can be mea-
sured at multiple energies, allowing the use of this energy
dependence information to separate different materials based
on their chemical compositions.

II.B. Material separation using energy resolved
detectors

In the absence of K-edges, a; and a, can be uniquely
determined by measuring the x-ray absorption at two differ-
ent energies, e.g., using two different energy spectra.27 The
measurements for the different spectra contain information
about the spectral dependence of the x-ray absorption in the
object and can be used to extract information about the ob-
ject’s composition. For example, in dual-energy CT, a dual-
energy index* (DEI) is calculated to quantify the degree of
spectral differentiation of different materials provided by im-
ages acquired at two tube voltages

Xlow — xhigh
Xlow T Xhigh +2000°

DEI = (3)
where x,,,, is the CT number measured (in Hounsfield units
or HU) at the lower voltage and xy,, is that measured at the
higher voltage. However, with the inclusion of one or more
K-edges in the energy range of interest, the attenuation is a
combination of three or more basis components (Eq. (2)),
and dual-energy CT does not directly provide the requisite
number of measurements to fully exploit the energy depen-
dence of the attenuation coefficients (e.g., simultaneously
separate soft tissue, bone, and iodine).

One solution is the use of energy resolved photon-
counting detectors. For such a detector with n energy thresh-
olds (and therefore n energy windows), this is equivalent to
obtaining n nonoverlapping measurements simultaneously
with a single x-ray exposure. When n=3 and properly cho-
sen energy windows are used, there is potentially enough
information to allow separation of materials with K-edges
(e.g., contrast agents) in the energy range of interest. For
example, Refs. 13 and 23 used an energy resolved detector to
investigate iodine-based and gadolinium-based contrast
agents and, iodine-based and gold nanoparticle contrast
agents, respectively, by basis decomposition analysis.

Alternatively, in this study we applied classification meth-
odology to distinguish soft-tissue-like, bone-like materials,
and contrast agents in reconstructed images. The method can
be viewed as an extension of the low-vs-high-kVp plots used
in dual-energy CT (e.g., Fig. 3 in Ref. 28) to multi-energy
CT.

Theoretically, in the absence of K-edge absorption, mate-
rials with similar compositions (e.g., various soft-tissue-like
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materials) are expected to exhibit a similar dependence on
Compton and photoelectric components of their attenuation
coefficients (i.e., similar a, and a,), with differences result-
ing mainly from differences in density. Consider a graph
where the axes are the attenuation coefficient values mea-
sured at two energies; for a voxel containing a particular
material, the slope of the line from the origin to the point
defined by the attenuation coefficient in the voxel obtained at
two energies is given by a density-independent constant

WE) _ af Compton(E1) + a28pp(E})
MEy)  aifcompon(E2) + axgpe(Ey)

= constant. (4)

Thus, plotting attenuation coefficients in this space results in
clusters of points lying along lines that define their material
type (i.e., one line for soft-tissue-like materials, one line for
bone-like materials, etc.). The same argument can be applied
for two energy spectra or two energy windows, as long as no
K-edge is present in the energy range investigated.

Using measurements from two energies, two pieces of
spectral information are obtained, based on which two types
of materials (e.g., soft-tissue-like and bone-like) can be sepa-
rated. However, materials with K-edges in the energy range
of interest demonstrate a different energy dependence from
those without, especially around their K-shell binding ener-
gies. This is illustrated in Fig. 2, which shows the average
linear attenuation coefficients for several materials in differ-
ent energy ranges. In both plots, the soft-tissue-like materials
(i.e., water, polymethyl methacrylate (PMMA), polytet-
rafluoroethylene (PTFE), and polyoxymethylene (POM))
tend to cluster along a line that passes through the origin. In
Fig. 2(a), the iodine solution lies far from the line, as the two
energy ranges were chosen such that one was above (33-38
keV) and one was below (27-33 keV) the iodine K-edge
(33.2 keV). Also from Fig. 2(a), we can make the following
observations: (1) Bone cannot be separated from soft-tissue-
like materials due to their similar energy dependence in the
two energy windows plotted in that figure (Fig. 1) and (2)
since both ranges are below the gadolinium K-edge (50.2
keV), the attenuation of gadolinium behaves very similar to
non-contrast-agent materials (Fig. 1) and, as a result, the ga-
dolinium solution is collinear with and cannot be separated
from the other soft-tissue-like materials.

In Fig. 2(b), if one range was chosen below (in this case
44-50 keV) the gadolinium K-edge (50.2 keV) and one
above (in this case 50-80 keV), a similar significant separa-
tion can be observed for gadolinium as for iodine in Fig.
2(a). Note that: (1) Bone is separated from soft-tissue-like
materials, due to their different energy dependence in the two
energy windows plotted (Fig. 1) and (2) unlike gadolinium in
Fig. 2(a), the attenuation coefficient of the iodine solution is
not collinear with the attenuation coefficients of the soft-
tissue-like materials, possibly because the iodine K-edge at
33.2 keV results in a different slope at this energy range, as
indicated by Eq. (4).
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FiG. 2. Theoretically calculated linear attenuations of different materials for
different energy ranges (attenuation data obtained from Ref. 26). Two dotted
lines label the soft-tissue-like and bone-like materials, which overlap in (a).

The goal of this paper was to demonstrate, via simulations
and physical experiments, that the above behavior can indeed
be observed using a microCT system based on an energy
resolved photon-counting detector.

lll. METHODS
lll.A. Physical experiments

We constructed a table-top microCT system29 based on an
energy resolved photon-counting detector, designed and
manufactured by Gamma Medica-Ideas (AS), Norway. The
detector consisted of a cadmium telluride (CdTe) radiation
sensor bonded to readout electronics implemented as a set of
ASICs. It had one row of 512 pixels with an effective pixel
pitch of 0.4 mm. The readout electronics had six adjustable
energy thresholds for each pixel, each with an associated
independent 16-bit counter. The useful operating energy
range was 25-122 keV. In this study, the energy thresholds
were set to 27, 29, 33, 40, 50, and 60 keV to straddle the
iodine and gadolinium K-edges and to ensure comparable
count levels in other energy windows.

The system used a SourceRay (Bohemia, NY) SB-120-
350 x-ray generator system capable of up to 350 nA and
120 kVp with a 75 um focal spot. The x-rays were colli-



1538 Wang et al.: Material separation with energy resolved photon-counting detectors 1538

(b)

FIG. 3. (a) The microCT system used in this work. (b) The PMMA cylin-
drical phantom with holes for various inserts.

mated by a 1.6 mm wide lead slit to provide fan-beam x-ray
irradiation. The x-ray tube had a beryllium exit window and
was further filtered using a 0.79-mm thick aluminum filter to
virtually eliminate x-rays with energies below the noise floor
of the detector.

The detector was positioned 88.8 cm from the x-ray tube
focal spot, while the phantom rotational stage was 20.3 cm
from the tube focal spot (Figs. 3(a) and 4). Hence, magnifi-
cation was 4.3 and the expected spatial resolution at iso-
center was approximately 0.09 mm.

To investigate the imaging properties, we used a 2.54-cm
diameter cylindrical phantom made from PMMA (or
acrylic). The phantom (Fig. 3(b)) had five 4.8-mm diameter
holes with centers at equiangular increments on a circle with
a radius of 6.25 mm and centered on the axis of the cylinder.
These holes could be filled with different solutions or solid
rod inserts. We investigated materials including PMMA (or
acrylic), PTFE (or Teflon™), POM (or Delrin™), polycar-
bonate, glycol-modified polyethylene terephthalate (PET),
bone-equivalent plastic, water, and aqueous solutions with
various concentrations of iodine-based (Omnipaque™350)
or gadolinium-based (Magnevist™) contrast agents. The io-
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FIG. 4. A schematic drawing of the microCT system setup (the same geom-
etry was modeled in the simulation experiments).

dine and gadolinium K-edges are at 33.2 and 50.2 keV, re-
spectively. The compositions of the materials imaged are
listed in Table I.

We used a 60 kV tube voltage and a 100 uA tube current.
A low tube current was used in this study to minimize the
effect of pulse pileup. Projection data were acquired over
360° with 1° increments. Bad pixels were identified as ones
having either anomalously low or high count rates in the
projection data. The pixel values in bad pixels were replaced
with the average pixel values in the nearest properly operat-
ing neighboring pixels. We reconstructed the projections us-
ing a standard fan-beam filtered backprojection algorithm.

To exclude pulse pileup, the highest energy threshold was
set to an energy equal to the tube voltage. Thus, data from
five energy windows were available to perform material
separation. A rectangular region of interest (ROI) was drawn
over each material in the reconstructed images in each en-
ergy window to measure their respective linear attenuation
coefficients.

To demonstrate the principles outlined in Sec. II, we gen-
erated scatter plots of the linear attenuation coefficients of
materials in various pairs of energy windows, similar to
those presented in Fig. 2. Specifically, each axis of the plot
represented the attenuation coefficient in one of the five en-

TABLE I. Summary of the materials investigated.

Mass density

Material name Formula (g/cm?)

Water H,O 1.00
PMMA (CsH,0g4), 1.19

POM (CH,0), 1.40-1.50
PTFE C.Fon 2.20
PET (C1oHgOy), 1.45
Polycarbonate (C16H,403), 1.20
Bone-equivalent plastic N/A 1.42
Omnipaque™350 C9H6I5N;504 N/A
Magnevist™ C,3H54GdN50, N/A
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FI1G. 5. The 60 and 120 kVp spectra used in the dual-energy simulation. The
60 kVp spectrum was filtered by 0.6 mm of titanium and the 120 kVp
spectrum was filtered by 1.2 mm of titanium (as in Ref. 10) to improve the
spectral separation between the two.

ergy windows. The goal was to investigate whether attenua-
tion coefficients for the contrast agents fell along different
lines than the other materials, indicating the capability to
separate them in the object.

lll.B. Simulation experiments

To provide a benchmark for performance of the physical
experiments in the absence of degrading factors present in
the real detector, we simulated an energy resolved photon-
counting detector with an analytical CT projector (modified
from Ref. 30). The detector specifications and system con-
figurations were identical to those used in the physical ex-
periments.

We measured the 60 kVp spectrum from the x-ray tube on
the previously introduced microCT system with a commer-
cial spectrometer (XR-100T-CdTe, Amptek Inc., Bedford,
MA) and used it in the simulation. Quantum noise was mod-
eled as a Poisson random variable. Other degrading effects
including finite energy resolution, charge sharing, and pulse
pileup were not modeled.

For comparison, dual-kVp acquisition with integrating de-
tectors was also simulated using x-ray beams corresponding
to tube voltages of 60 and 120 kV. Both the 60 and 120 kVp
spectra were measured from the x-ray tube with the spec-
trometer. Preobject filtration identical to that in Ref. 10 was
used to improve the spectral separation. The resulting post-
filtering spectra are plotted in Fig. 5. The two spectra were
scaled such that they had equal flux and the sum of their total
flux equaled that of the 60 kVp spectrum used with the en-
ergy resolved photon-counting detector.

Medical Physics, Vol. 38, No. 3, March 2011

FIG. 6. The computer phantom used in the simulation experiments.

The simulated cylindrical phantom (Fig. 6) was 2.54 cm
in diameter, with eight 4-mm diameter holes at equiangular
increments on a circle with a radius of 6.35 mm and centered
on the axis of the cylinder. Its dimension was comparable
with the phantom used in the physical experiments except
that there were more holes for inserts so that a greater num-
ber of materials could be imaged at the same time.

We investigated all of the materials used in the physical
experiments, but with more combinations of volume concen-
trations of the two contrast agent solutions. Similarly, ROIs
were drawn for each material and scatter plots were gener-
ated for the linear attenuation coefficients between various
pairs of energy windows. For dual-kVp acquisition, the lin-
ear attenuation coefficients for the lower and higher kVp
measurements were plotted (as in a standard low-vs-high-
kVp plot used in dual-energy CT).

IV. RESULTS
IV.A. Simulation experiments

Figure 7 demonstrates the case for an energy resolved
photon-counting detector when the choice of energy win-
dows resulted in little or no separation of the materials. For
display convenience, only the Omnipaque™350 and Magne-
vist™ solutions (no mixtures) are shown. The energy win-
dows used in this plot were on the same side of the iodine
and gadolinium K-edges. Thus, both the Compton and pho-
toelectric dependences were continuous in the energy range
considered and the approximation in Eq. (4) held. Note that
almost all materials fell on a common line except for PTFE,
which lay moderately above the line. This is possibly due to
the different composition of PTFE, which contains a rela-
tively large amount of fluorine compared to the other com-
pounds, which contain mainly carbon, hydrogen, and oxy-
gen.

However, with one energy window below and the other
above the iodine K-edge (33.2 keV), mixtures containing
iodine (e.g., Omnipaque™350) significantly deviated from
the soft tissue common line, as shown in Fig. 8. The concen-
trations of the two contrast agents in the mixture solutions
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are indicated by the lines that intersect at the point cluster
(the legend is in the right bottom corner). For iodine-
containing solutions, the distance to the noniodine-
containing line (i.e., soft-tissue-like, bone-like, and
gadolinium-only solutions) was approximately proportional
to the concentration of iodine present in the sample, while
variations in the gadolinium concentration resulted in almost
parallel shifts of the clusters. Furthermore, consistent with
theoretical prediction (Fig. 2(a)), this particular energy win-
dow combination could not separate bone from soft tissue.
An example of separating gadolinium-containing mix-
tures is shown in Fig. 9. The two energy windows were
above and below the gadolinium K-edge (50.2 keV). The
results are largely consistent with those from Fig. 8, with the

5 5 | Materials other than contrast agents __1
WO Polycarbonate . 3 i
mA PET )

> Wb, Softtissue i A s g

25| ™D Water ) /

Q| Bone, skull Ll

& M4 Bone, rib ! ’

© | mo poM ;

% 15 e PTFE bone-like .__'_‘-'——-;A

5 "5mo pmma ; ]'

= .

2 7

@ x

2 1.0} : .

S JRELE o Volume concentration of

=z e (f f. / contrast agent mixtures (%)

& ,f ! }' . Omnipague™350  Magnevist™

Zos A snanens 200 — s 500

- e ssvereres 10,0 — s+ 30,0
.................... 50 Saaia 0.0

0 0.0 mrmeie )
0 0.5 1.0 1.5 2.0

Average Attenuation (cm) 29-33 keV

FI1G. 8. Linear attenuation coefficients measured for 29-33 (horizontal axis)
and 33-40 keV (vertical axis).

Medical Physics, Vol. 38, No. 3, March 2011

Wang et al.: Material separation with energy resolved photon-counting detectors

1540
Materials other than contrast agant's
1.6 -~
WO Polycarbonate Lo
mA PET - s
= 1.4 M Softtissue . i
it =D \Water - ~ .‘»}
e A Bone, skull + e -
‘:',12'-1 Bone, rib et ,,,f_‘.‘
S | ™o pou w5
£ 1.0/ me PTFE S O s
S WO PMMA J foo@nE et .
§os e
= . -
= " - "
508 ' i Volume concentration of
= -~ 2
b gt P contrast agent mixtures (%)
S04 P Omnipaque™350  Magnevist™
g : s T 20.0 —_— e 50.0
> ﬁﬂ' =+ 10.0 —r 300
Tao 8.0 —e= 200
..................... 5D ——-= 100
4 _ puaaa 5 =aesion LR
1] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 16

Average Attenuation (cm') 40-50 keV
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concentration of gadolinium being proportional to the extent
of deviation from the soft tissue common line. The results
are also consistent with Fig. 2(b), in which bone separated
from soft-tissue-like materials in this energy window combi-
nation. These simulation experiments demonstrate the poten-
tial for using multiple energy windows to simultaneously
separate soft tissue, bone, and materials with multiple
K-edges.

One way to simultaneously visualize data from more than
two (e.g., three) energy windows is to use 3-D “wall plots.”
These show the projection of the data on three planes defined
by three different energy window axes. With simultaneous
data acquisition in multiple (e.g., five in this study) energy
windows, it is theoretically feasible to generate 5-D plots
including all the spectral information from the acquisitions.
However, displaying and understanding scatter plots in a
high dimensional space is difficult. The wall plots are a com-
promise, representing a 3-D scatter plot with projections in
three 2-D planes. As suggested by the previous 2-D scatter
plots, in some planes the projections were not separable,
while in others, significant separation was observed due to
the K-edge discontinuity, as shown in Fig. 10 (iodine) and
Fig. 11 (gadolinium).

For comparison, a low-vs-high-kVp scatter plot (Fig. 12)
was generated using the dual-kVp data. The separation
among the contrast agents was smaller compared to Figs. 8
and 9. Also, to specify various target materials (e.g., iodine
in Fig. 8 and gadolinium in Fig. 9), dual-kVp techniques
require choosing suitable filtering materials and multiple
acquisitions/exposures. On the other hand, energy resolved
photon-counting only requires the use of appropriate energy
threshold settings, which does not require knowledge of the
energy spectra and is relatively easy to implement using cur-
rent detector technology.

For other non-contrast-agent materials, the additional in-
formation provided by the multiple energy windows also
helped to separate them. To partially quantify the difference
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in separation, we used the separation angle 6 between the
vectors of attenuation coefficients. 6 is defined as the angle
between the vector of linear attenuations coefficients for two
materials. For instance, for dual-kVp CT, 6 is defined

. . - _ /60 kVp 120 kVp

as 1m Flg' 1 3’ g(;hke\f © ’f%atf\r/ia] 1= (lu“Materiall > lu“Materiall)
- _ P p

and Ptateria2= (MMaterial2 » MMaterial2)- Thus, cos 6

= MMateriall '”’MaterialZ/ |MMateriall||”’Maleria12|' Note that the vec-
tors involved can be of arbitrary dimension.

For acquisition from energy resolved photon-counting de-
tectors, 6 can be similarly computed from the dot product of
the attenuation vector gi=(guWindow! ,Window2 ' ) Here, fi
consists of measurements from all of the energy windows
(five in this study) or any subset of them.

Since the attenuation vectors in this study were measured
at multiple pixels in a ROI, an average vector was computed
for each material and each energy window/kVp over multiple

Volume concentration of

contrast agent modures (%)
Omnipaque™350  Magnevist™
20,0 — 500

Other materials

B b Bone, skull
Il A Bone, rib
. $POM

m « FTFE

Polycarbonate

Average Attenuation (em) 50-60 keV

Soft lissue
Lo Water
S PMMA

FiG. 11. Linear attenuation coefficients measured for 33-40, 40-50, and
50-60 keV.

Medical Physics, Vol. 38, No. 3, March 2011

Materials other than contrast agents ]
WO Polycarbonate 5 .4’
| mA PET . %
0.8 +
& L, Softtissue . /‘,;.'
£ _ | =0 water e o
=08 F L
&5 Mw Bone, skull B s
o W4 Bone, rib W
Z07mo pom ;
gﬂﬁ We PTFE
Z5¥ 'O PMMA
=
205}
@
=1
204 / o .
= P . ‘'olume concentration of
< 03 e contrast agent mixtures (%)
a 0. Lo
g & - Omnipagque™350  Magnevist™
502 ﬁ ------- 20.0 —_— 500
0 seeneeer 10,0 —_— 300
=+ 8.0 e 300
ok 5.0 . 12X
0 e Ol —=r== {0

0 02 0.4 0.6 0.

8 1.0 1.2 1.4 16 18
Average Attenuation (cm™) 60 kVp

FiG. 12. Linear attenuation coefficients measured for 60 (horizontal axis)
and 120 kVp (vertical axis).

pixels. The error bars in the separation angle calculations
therefore result directly from noise (and artifacts, if they ex-
ist) in the reconstructed images.

The separation angle # between other non-contrast-agent
targets and the PMMA background was computed. For the
dual-kVp approach, measurements with both kVps were
used, while in the energy resolved photon-counting ap-
proach, measurements from all five windows were used. The
result is plotted in Fig. 14. For non-contrast-agent materials,
energy resolved photon-counting provided improved separa-
tion from the background compared to the dual-kVp ap-
proach.

For contrast agents, as described previously, energy re-
solved photon-counting provided an easy way to choose dif-
ferent energy window pairs to specify various target material
with a single acquisition. Figure 15(a) plots the separation
angles (with respect to PMMA background) for different
concentrations of Omnipaque™350 solutions. Here, for en-
ergy resolved photon-counting, only measurements from
29-33 to 33-40 keV were used (“K-edge-counting”) to sepa-
rate iodine.

.
>

l’l' Materiall
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Average Attenuation (cm™) 120 kVp

v
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FiG. 13. The separation angle 6 between two materials was defined to quan-
tify the amount of separation achieved.
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FIG. 14. The separation angles (in radians) were computed for all non-
contrast-agent materials using both the dual-kVp acquisition (“dual-kVp-
integrating”) and the energy resolved photon-counting (“five-window-
counting”) acquisition approaches.

Figure 15(b) shows similar results for Magnevist™ solu-
tions: Measurements from 40-50 and 50-60 keV were used
to separate gadolinium using energy resolved photon-
counting. Consistent with Figs. 8, 9, and 12, as well as the-
oretical predictions, comparing attenuation coefficients be-
low and above a K-edge for contrast agents provided
improved separation with respect to the background and the
separation angle # monotonically increased with increasing
contrast agent concentrations.

IV.B. Physical experiments

We simultaneously imaged three cylindrical phantoms
with the microCT system described in Sec. III A. Two of the
cylinders were filled with mixtures of different volume con-
centrations of the two contrast agents and the other cylinder
contained solid inserts of bone-equivalent plastic and the
soft-tissue-like materials PTFE, POM, polycarbonate, and
water.

In Fig. 16, when one energy window was below the io-
dine K-edge (33.2 keV) and the other above it, the attenua-
tion coefficient values from voxels in the soft-tissue-like ma-
terials (PMMA, PTFE, POM, polycarbonate, and water),
bone-equivalent plastic, and gadolinium-only solutions clus-
tered along a common line (dotted), consistent with theoret-
ical calculations (e.g., see Fig. 2(a)). As the simulation
experiments predicted, solutions with high iodine concentra-
tions, both those with and without gadolinium, lay above the
soft tissue common line, although they displayed less sepa-
ration compared to the simulation results (Fig. 19, to be dis-
cussed in Sec. V).

A similar phenomenon was observed (Fig. 17) with one
energy window below and the other above the gadolinium
K-edge (50.2 keV). There was strong separation for solutions
with high gadolinium concentrations, which again confirms
that the discontinuity in the attenuation coefficient curve
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FIG. 15. The separation angles (in radians) were computed for contrast
agent solutions using both the dual-kVp acquisition approach and the energy
resolved photon-counting acquisition approach. The latter only utilized en-
ergy windows immediately below and above the respective K-edge. Plots
are shown for (a) the iodine-based contrast agent Omnipaque™350 and (b)
the gadolinium-based contrast agent Magnevist™.

causes this separation. Also, in contrast with iodine (Fig. 16),
the result for gadolinium was in very good agreement with
the previous simulation experiments (Fig. 19). Bone-
equivalent plastic and iodine-only solutions fell below the
soft tissue common line, also consistent with the theoretical
calculations (Fig. 2(b)).

These data suggest that the contrast agent and bone could
be separated from soft tissue and each other by scatter plots
from multi-energy-window measurements and classification
methods. We observed that the energy window combination
that provided the best separation from soft-tissue-like mate-
rials was different for each material. For the two contrast
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with Figs. 2(a) and 8).

agents used in this study, the largest separation was obtained
with one window above and one window below the K-edge
of the contrast agent.

Similar to Figs. 14 and 15, the separation angles with
respect to the PMMA background were computed. Figure 18
compares the results for the non-contrast-agent materials,
while Fig. 19 compares the results for the nonmixture con-
trast agent solutions. Figure 18 demonstrates consistency be-
tween the simulations and physical experiments, although, as
would be expected, due to degrading factors such as ring
artifacts, finite energy resolution, charge sharing, and pulse
pileup, the separation angles are smaller with the real detec-
tor than with the simulation for all materials except POM.
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FiG. 17. Linear attenuation scatter plots for 40-50 (horizontal axis) and
50-60 keV (vertical axis) windows. The distributions of the attenuation
coefficients for soft-tissue-like and bone-like materials are labeled by two
dotted lines (which overlap in Fig. 16).
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FIG. 18. The separation angles (in radians) were computed for all non-
contrast-agent materials and compared to the previous simulations. Mea-
surements from all five windows were used for non-contrast-agent materials.

Figure 19 further supports the previous observation that the
degree of separation provided by the K-edge is proportional
to the contrast agent concentration. While dual-kVp physical
experiments were not available for comparison in this study,
the consistency between the observed degree of angular
separation between the simulations and physical experiments
is indirect evidence of the superior material separation pro-
vided by the energy resolved photon-counting device.

V. DISCUSSION

In the simulations and physical experiments, the separa-
tion angles of soft-tissue-like and bone-like materials were

W Physical Experiments
Omnipaque™350 # Simulation Experiments

n
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FIG. 19. The separation angles (in radians) were computed for contrast
agent solutions (no mixtures). For both types of contrast agent, a pair of

windows straddling its respective K-edge was used (e.g., 29-33 and 33-40
keV for iodine and 40-50 and 50-60 keV for gadolinium).
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measured using their attenuation coefficients from all five
energy windows. If these were to be measured from two
windows (as was done with the contrast agent solutions), we
could expect them to be also dependent on the choices of
energy window pairs. For instance, bone is collinear with
soft-tissue-like materials in the energy window combination
in Fig. 16 but is not in Fig. 17.

The above phenomenon, as well as other information
(e.g., density, prior knowledge, etc), can aid the separation of
three or more biological tissue types that do not have a
K-edge in the energy range of interest (e.g., bone, fat, and
muscle). Without K-edges, chemical compositions and den-
sities are the keys to distinguishing these tissues. Biological
tissues can be generally categorized into three categories:
Bone (high Z), fat (low density), and others (close to water).
Distinguishing tissues between categories is relatively simple
based on their respective category properties. For instance,
despite falling along a common line, water (low density) and
PTFE (high density) can be separated by their different vec-
tor norms (e.g., as shown in Figs. 16 and 17). On the other
hand, water (low Z) and bone (high Z) can be separated by
their different energy dependence (e.g., different separation
angles shown in Figs. 9 and 17). Note that the separation
angle used in this paper is largely determined by the chemi-
cal composition. In future works, it may be desirable to in-
corporate the vector norm information to help distinguish
different densities.

Separating biological tissues in the same category can be
challenging due to their similar compositions (Z) and densi-
ties. The ability to distinguish these tissues depends on image
noise (which is related to dose), the properties of these tis-
sues, and variations within the same tissue type (e.g., differ-
ent types of soft tissue, skull bone vs rib bone, etc., as shown
in Figs. 7-9). This task is highly complicated, calling for a
systematic evaluation of both the imaging system and the
separation methodology. A complete evaluation of this prob-
lem is beyond the scope of the current paper and thus is not
included here.

One observation from the physical experiments that dif-
fers strongly from the simulation experiments is that, com-
pared to gadolinium, iodine separation was more difficult
than was theoretically predicted (Figs. 16 and 19). We hy-
pothesized that various degrading factors present in the
physical system resulted in larger spectral distortions around
the iodine K-edge (33.2 keV) than at higher energies. To
validate this assumption, we measured polychromatic spectra
from the x-ray tube used in the microCT system with the
investigated energy resolved detector and compared the re-
sults to measurements from the spectrometer. The results
(Fig. 20) show a significant excess of detected events at low
energies near those of the iodine K-edge.

These measurements were performed with low tube cur-
rents (50 wA) so pulse pileup was modest and would largely
affect higher energies. Energy resolution does contribute to
the widening and blurring of the features (e.g., the tungsten
characteristic x-rays), but cannot account for these large dis-
crepancies at low energies. We suspect that a combination of
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charge sharing and electronic noise (the noise floor of the
photon-counting detector wused in this work was
~23-24 keV) contribute to this effect. Since the proposed
separation method relies on accurate measurements of the
attenuation coefficients, such spectral distortions can signifi-
cantly reduce its effectiveness.

Previous authors have shown that charge sharing resulted
in significant spectral distortion in x-ray and gamma ray de-
tection. For example, Refs. 31 and 32 reported significant
charge sharing in CdZnTe detectors at 662 and 122 keV
gamma ray energies. The energy resolved photon-counting
detector investigated in this study had a similar pixel pitch
and crystal thickness and was operated under a comparable
bias voltage to those employed in Refs. 31 and 32. The car-
rier properties in CdTe are also similar to those in CdZnTe.
Thus, we expected that charge sharing would be a major
contributing effect to the observed spectral distortions and
the resulting difficulty in separating iodine. However, due to
the different energies of the gamma rays and x-rays used, the
magnitudes of distortion would vary. In addition to charge
sharing, there are other effects (e.g., pulse pileup and char-
acteristic x-ray) that also result in distortions to the spectral
measurements. We are currently working to identify the
sources of the observed spectral distortions and eventually
model and compensate for these distortions in energy re-
solved photon-counting detectors.*

The current study focused on the imaging of mouse-sized
objects. Both the system configuration and phantom dimen-
sions were chosen to realistically demonstrate the separation
concept for a small animal imaging application. There are
additional challenges in extending this concept and quantita-
tive analysis to human imaging applications. For example,
although scatter contamination is not a major issue in imag-
ing mouse-sized objects,34 it is much more severe in human
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imaging due to larger object sizes. For the same reason,
beam hardening can be significant even within relatively nar-
row energy windows,” resulting in inaccurate measurements
of the linear attenuation coefficients and difficulties in accu-
rately quantifying contrast agents based on the proposed
principle. Human imaging also requires larger x-ray fluxes,
which will contribute to pulse pileup, spectral distortions,
and count rate losses in counting detectors. 6

VI. CONCLUSIONS

We have demonstrated that an energy resolved photon-
counting detector with more than two energy windows can
allow the discrimination of more than two types of materials
(e.g., soft tissue, bone, and one or more contrast agents) hav-
ing K-edges in the energy range of interest.

The simulation experiments not only validated this prin-
ciple, but also showed the potential to provide quantitative
estimates of the concentration of the contrast agents present
in the sample. In the physical experiments, despite imperfect
detector behavior due to finite energy resolution, ring arti-
facts, pulse pileup, and charge sharing, it was still possible to
separate four materials using energy windows straddling
K-edge discontinuities in the attenuation coefficients. Fur-
thermore, and consistent with the simulations, the concentra-
tions of the contrast agents determined the amount of sepa-
ration from the non-contrast-agent materials. These results
indicate that quantitative separation is possible in practice,
but that advances in hardware and software corrections are
needed to fully exploit this capability.
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