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ABSTRACT

Spectral computed tomography (SCT) is used to perform ma-
terial characterization in 3D images, a feature that is not pos-
sible with conventional computed tomography (CT) systems.
Currently, photon-counting detectors are used to obtain the
energy binned images in SCT, however, these detectors are
costly and the measured data have low signal to noise ratios.
This paper presents a new approach for SCT which circum-
vents the limitations of current SCT systems. It combines
conventional X-ray imaging systems with K-edge coded aper-
ture masks. In this scheme, a particular filter pair is aligned
with each X-ray beam in a multi-shot architecture, therefore
obtaining compressive measurements in both the spectral and
spatial domains. Then, the energy binned images are recon-
structed using the alternating direction method of multipliers
(ADMM) to solve a joint sparse and low-rank optimization
problem that exploits the structure of the spectral data-cube.
Simulations using coded fan-beam X-ray projections demon-
strate the feasibility of the proposed approach.

Index Terms— X-ray imaging, compressive sensing,
spectral CT, K-edge filters, coded apertures.

1. INTRODUCTION

Tomographic grayscale images are insufficient to reveal dif-
ferences between materials having different chemical com-
position but the same X-ray attenuation coefficient for a par-
ticular X-ray energy. Spectral X-ray information reveals the
energy-dependent attenuation properties of the object and al-
lows material identification [1]. Thus, recently there has been
growing interest in spectral computed tomography (SCT)
techniques which aim at revealing material characterization
of an object by using information from all of the X-ray spec-
tra [2,3]. Photon counting detectors are usually used for SCT,
as they are able to obtain attenuation data from multiple en-
ergy bins, therefore allowing various materials to be distin-
guished in a single acquisition [4]. However, such detectors
are prohibitively costly for some applications, and the mea-
sured data have low signal to noise ratios (SNR) due to the
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detector’s narrow bin bandwidth and quantum noise [5]. Fur-
thermore, the complexity of the sensor layers limits the res-
olution of the detectors, which is compromised when more
energy bins are needed [6]. Rakvongthai et al. proposed an
SCT system which used different K-edge filters in sequential
CT scans to obtain mono-energetic X-ray flux data [7]. This
architecture overcomes the photon counting detectors limita-
tions; however, the acquisition time and radiation dose are
higher given that a complete scan is needed for each K-edge
filter used.

This paper presents a new approach for SCT that uses K-
edge coded apertures in conjunction with conventional X-ray
imaging systems to obtain spatially and spectrally coded illu-
mination projections of the object. The proposed system uses
two or more shots in which the pixels of the coded apertures
are chosen from a set of balanced K-edge filters, such that
a particular pair is assigned to a particular detector position
as shown in Fig. 1(a). In this way, by subtracting the fil-
tered measurements, quasi-monochromatic sinograms can be
obtained at the energy bins described by the balanced K-edge
filters, as proposed by Ross [8,9]. The resulting sinograms,
however, are highly under-sampled since only a subset of the
detectors is paired with a certain balanced pair. Thus, the al-
ternating direction method of multipliers (ADMM) is used to
solve the highly ill-posed problem by exploiting the inherent
sparsity of X-ray images in the spatial domain and the low-
rank structure of the data-cube [10]. This paper demonstrates
the feasibility of the new SCT approach by studying the per-
formance in a fan-beam setting. Simulations show that the
radiation dose and scanning time can be reduced significantly
while maintaining the reconstruction quality.

2. K-EDGE SCT FORWARD MODEL

When a filter f is placed in front of an X-ray source, the inten-
sity of an X-ray beam at the energy E after passing through
the filter is given by I;(E) = Io(E)exp[—pus(E)d; fl,
where pf(FE) is the linear attenuation coefficient of the fil-
ter f at the energy I, and d;  is the length of the intersection
of the j*" X-ray beam with the filter f [11]. The latter is given
by &; 5 = py/ cos(1;), where py is the thickness of the filter
and ); is the angle between the normal of the filter and the
4" X-ray beam. Thus, the filtered measurements on the j**
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Fig. 1. (a) K-edge coded aperture system for compressive spectral X-ray fan-beam CT for T = 2 shots. Different coded
apertures are placed in front of the rotating source for each location s,. (b) Energy spectra of an 80 keV X-ray source seen
through the five different filters used in the K-edge coded aperture mask (Mo, Ce, Dy, Er, and W). (¢) Quasi-monochromatic
energy-binned spectra obtained using the corresponding pairs. Filtered measurements acquired using Dy, (d) I/ f, and Ce, (e)

7. () Log-normalized sinogram y* at the k = 2 energy bin.

element using an integrating detector are given by:

I = f{ I;(E) exp(— ft u(t, E)de)dE. (1)

If P is the total number of X-ray source positions and M is
the number of detector elements in the detector array, then
j = 1,..., MP. The integrated grayscale data in (1) can-
not be used to reconstruct directly the energy-binned images
w(£, E), as it does not provide spectrally resolved data [12].
Photon counting detectors and monochromatic synchrotron
X-ray sources are able to provide such energy selective mea-
surements; however, these devices are costly and not eas-
ily accessible. A cost-effective alternative to obtain quasi-
monochromatic X-ray spectra are Ross filter pairs [13, 14]. In
principle, Ross filters produce a monochromatic effect by us-
ing two balanced filters that consist of materials with nearly
adjacent atomic numbers whose thicknesses are matched such
that the transmitted spectra are identical for all photon ener-
gies exceplt in the narrow energy bin between their respective
K-edges [8,15]. The quasi-monochromatic measurements are
then obtained by subtracting the X-ray intensity acquired us-
ing the filter with the lower K-edge from that with the higher
K-edge in the Ross pair [13]. Therefore, the bandwidth of the
energy bin is defined by the difference between the K-edge
energies of the two elements constituting the Ross pair. Fig-
ure 1(b) depicts the energy spectra of a simulated 80 kV X-ray
source seen through the five different filters and Fig. 1(c) de-
picts the spectra of the energy bins obtained using the Ross
filter pairs.
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The proposed system uses coded apertures with multiple
malerial filters to obtain spatially and spectrally coded illumi-
nation projections of the object, thus the name K-edge coded
apertures. Different coded aperture patterns are used for each
view angle position s,, where p = 1,..., P, and each shot
t wheret = 1,...,T as shown in Fig. 1(a), which depicts
the proposed system for a fan beam architecture with 7" = 2
shots. As previously mentioned, the measurements obtained
by a single scan are not sufficient when using the Ross filter
method. Thus, it is necessary to perform a second scan in
which the corresponding Ross pair is assigned to each detec-
tor position j. In this way, in the first shot ¢ = 1, the K-edge
coded aperture contains one of the materials of the pair in the
position 7 and in the second shot, t = 2, the coded aperture
contains the other material from the pair in the same posi-
tion, as shown in Fig. 1(a). Using these measurements, the
quasi-monochromatic intensity at the k** energy bin at the

ke k
4" detector element can be obtained as d;f‘ = Id,;r' —_‘:‘* , where

I _{ ) and _,f : are the measurements taken by the filters with
higher and lower K-edges in the Ross pair associated with
the k*" energy bin, respectively. The discretized set of mea-
surements, referred to as the sinogram, corresponds in each
case to the measurements of the detectors paired with the
respective filter. Figures 1(d)-1(e) depict the measurements
obtained using Dysprosium (Dy) and Cerium (Ce), that is
ke k ko, ke ke k.
V=, I T and VR = (17 .. I ,]T, respec-
tively. Note both sinograms contain information in the same
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Fig. 2. (a) Simulated phantom and (b) corresponding linear attenuation coefficients with respect to the energy. (c) Average
PSNR for the 5SKF and the proposed system for 2 shots and 3 shots for different numbers of rays.

location such that the filtered measurements can be subtracted
to obtain the quasi-monochromatic intensities dj Recall,
from the Beer-Lambert law df = d5, exp [— [, u(£, k)d/]
where dfu is the quasi-monochromatic intensity, and p(¢, k)
is the linear attenuation coefficient at the k" energy bin.
Then, the log-transformed measurements can be obtained as
y¥ = In(d%;)/(d¥) for the k** energy bin associated with
the Ross filter pair assigned to the position j. Note yi* = 0,
whenever m # k. Figure 1(f) depicts the final log-normalized
energy binned sinogram for £ = 2. Discretizing the line
integrals and the linear attenuation coefficients pu(€, k), the

energy-binned measurements y* = [yf,45,... 9%, |7 are
given by the following linear model
y* = C'Hx", 2

where x* € RV X1 is the vectorized linear attenuation coeffi-
cient (¢, k) of the N x N discretized object under inspection
at the k* energy bin, H € RMP*N" is the CT system matrix
such that the weights H; ; account for the hardware settings,
and C* is the coded aperture matrix. Each row of the matrix,
H, corresponds to a particular detector element j, and each
detector is associated with a particular Ross filter pair which
in turn is associated with a particular energy bin k. Thus,
the elements of the coded aperture matrix C* select the rows
of the matrix H associated with the Ross filter pair that corre-
sponds to the k*" energy bin. Mathematically, the coded aper-
ture matrix C* is defined as a diagonal binary matrix, where
C, = 0for j # I,and C}; = 1if the K-edge coded aperture
element associated with the j*" detector contains the elements
of the Ross filter pair corresponding to the k' energy bin,
otherwise Cf,j = 0. Ross filter pairs are assigned randomly
to each detector element j following a uniform distribution; as
a result, the number of measurements per energy bin is given
by D = M P/K, where K is the total number of energy bins.
The reconstruction of each energy bin is thus a highly ill-
posed problem. Hence, to effectively recover the object from
the compressed measurements, regularization constraints are
added based on the structure of the data. In this paper, a joint
sparse and low-rank optimization method is used. This ap-

proach seeks to jointly minimize the £y norm of the sparse
representation of the data cube, and its nuclear norm. Fur-
thermore, the tensor modeling previously proposed for SCT
in [6] and [16] is used to formulate the reconstruction problem
as: argmin 3|V — A(X)|[3 + m|[vec(¥ (X))l + nal|X|l,
where X € RV*NXK ig a tensor concatenating the energy-
binned images x*, ) is the vertical concatenation of the
quasi-monochromatic sinograms y*, A(*) is the tensor ex-
pression used to generalize the forward projection in (2) for
k=1,..., K, Vis asparsifying basis, ; and 7, are regular-
ization constants, and vec(X) = [x' T|x2T|. .. |x* "] " The
ADMM algorithm [17] is adapted to solve the inverse prob-
lem as it provides the necessary tools to split the optimization
problem into small convex optimization problems that can be
solved using simpler algorithms.

3. SIMULATION RESULTS

A simulation experiment for an X-ray fan beam system with
K-edge coded apertures is performed using a 256 x 256 sim-
ulated phantom (Fig. 2(a)). The number of detector elements
per view was set to M = 512, the source to detector distance
and the source to object distance was set 80 cm and 40 cm
respectively and the detector length was set to 41.3 cm. The
phantom consists of nine different materials which linear at-
tenuation coefficients are depicted in Fig. 2(b). These linear
attenuation coefficients were obtained from the National In-
stitute of Standards and Technology (NIST) X-ray attenuation
databases available in [18]. The X-ray filtered spectra I;(E)
were simulated at 80 keV using the Spektr software [19] and
energy weighted integrals over 1keV spectral steps were ob-
tained for each filtered measurement according to (1). The
projection data were simulated using the ASTRA tomogra-
phy toolbox [20]. A copper (Cu) filter of 0.25 mm was placed
in front of the X-ray source to filter the energies lower than 20
kV. After matching the Ross filter pairs [13], the thickness of
the Molybdenum (Mo), Cerium (Ce), Dysprosium (Dy), Er-
bium (Er), and Tungsten (W) filters were set to be 74.7, 52.8,
30.6, 26.7 and 9.9 pm respectively. The filter pairs assigned
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Fig. 3. The zoomed version of the original images (top) and
the corresponding absolute reconstruction errors by the pro-
posed system for 3 shots (middle) and the SSKF system (bot-
tom) for each energy k.

to each detector position j were chosen randomly from Ce-
Mo [20.0-40.4 keV], Dy-Ce [40.4-53.8 keV], Er-Dy [40.4-
53.8 keV] and W-Er [57.5-69.5 keV]. That is if Er-Dy was
assigned to the detector position j = 1, then in the first scan,
the K-edge coded aperture contained Er at the position j = 1
and in the second scan it contained Dy at the same position.
To evaluate the performance of the proposed system, recon-
structions using the system developed by Rakvongthai et al.
in [7] (hereafter referred to as 5 Shot K-edge filtering (SSKF))
are performed and compared with the proposed model. The
radiation dose is set to be equivalent in both systems; that is,
the number of measurements acquired with each filter is set
to be the same in each case. In the ADMM algorithm, the
energy-binned CT image is represented using a Kronecker
product between the discrete cosine transform (DCT) basis
and the 2D Haar wavelel basis [21]. The reconstructions of
both systems are compared to the linear attenuation images,
obtained from the NIST database, corresponding to the cen-
tral energy in each energy bin, that is, 35 keV for k& = 1, 48
keV for k = 2, 56 keV for k = 3, and 64 keV for k = 4.
The peak signal to noise ratio (PSNR) is used to evaluate the
reconstructions since it is suitable for comparing restoration
results [22].

Some filter elements are used to obtain more than one en-
ergy binned sinogram. Here, for example, Ce is used for both
k= 1and k = 2, Dy is used for both k = 2 and k = 3, and
Er is used for both £ = 3 and k = 4. Thus, for a system with
T > 2 shots, instead of selecting a particular filter pair for
each detector position 7, a trio of elements can be assigned,
such that one of the elements of the trio is used in more than
one energy bin. This trio assignment can increase the num-
ber of samples in the subsampled sinograms, thus retaining
more spectral information for each energy bin and improv-

ing the reconstruction performance especially when a large
number of filters are used. For T' = 3, the elements of the K-
edge coded apertures were chosen from Mo-Ce-Dy and Dy-
Er-W for each detector position j which resulted in energy-
binned sinograms with 50% sub-sampling. In this work, the
reconstructions of the SSKF system were performed using to-
tal variation (TV) regularization to exploit the sparsity of the
object and counteract the limited view angle problem in low-
dose scenarios. Figure 2(c) shows the average PSNR of the
energy-binned reconstructions from the proposed system for
2 and 3 shots, as well as the SSKF systems for different P
values. It should be noted that the average PSNR of the re-
constructions obtained with the proposed system is higher for
all the view angles for both T' = 2 and T" = 3 compared to
the 5SKF system. Additionally, the radiation dose required
by the proposed system to obtain an average PSNR of 33.3
dB is approximately 30% of the radiation dose necessary in
the SSKF system to obtain a similar performance, which is of
interest in medical applications. Image reconstruction errors
for the four energy bins and a zoomed portion of the figure
are shown for the proposed system for 7" = 3 and the 5SKF
system in Fig. 3. The first row corresponds to the original
images, and the second and third rows correspond to the ab-
solute error of the reconstructions using the proposed system
with 3 shots and the SSKF system, respectively. As it can be
seen, there are more artifacts in the reconstructions obtained
using the 5SKF system compared to the proposed system even
when using sparsity regularization constraints for both recon-
structions. Furthermore, the PSNR improvement is up to 7
dB in the third and fourth energy bins.

4. CONCLUSION AND FUTURE WORK

A spectral computed tomography system which uses conven-
tional X-ray imaging systems combined with a set of K-edge
coded aperture filters is proposed. It has the potential to pro-
vide a cost-effective alternative to photon counting SCT tech-
niques and a faster scanning solution with reduced X-ray ra-
diation dose compared to the traditional K-edge filter scan-
ning proposed in [7]. Simulations showed an improvement of
up to 7 dB in the reconstructions using the proposed system
compared to the 5SKF system. Moreover, the reconstructions
obtained with the proposed system exhibited better quality at
lower X-ray radiation dose. Particularly, simulations show
that the 3 shot system is able to attain reconstructions of 33.3
dB average PSNR with 70% less of the radiation than the
SSKF system. The proposed system can be extended to dis-
tinct sets of Ross filters to obtain more energy bins and this is
a topic of current work. This paper uses coded apertures gen-
erated randomly, however, techniques to optimize the number
of energy bins and the distribution of the Ross filters are a
topic of future work. Furthermore, experimental fabrication
of the coded apertures and experimental reconstructions are
being developed.
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