Guided Noise Reduction for Spectral CT with
Energy-Selective Photon Counting Detectors

Michael Manhart, Rebecca Fahrig, Joachim Hornegger, Aradriler and Andreas Maier

Abstract—We investigate the use of joint bilateral filtering for
noise reduction in energy-selective photon counting deters. A —
guidance image from all energy channels is computed, which
steers a non-linear filter to denoise each energy bin individally.
Our novel approach is evaluated with cone beam data simulate
using a numerical cardiac phantom. Results indicate that te
method increases cross-talk between energy channels only a
a very slight level. In terms of noise reduction, the method 9
successful. The rRMSE is reduced by about 60% and the SNR
is increased from 3.3 to 72.9 for the channel with the lowest 0 ;
photon count. 20 40 60 80 100
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. INTRODUCTION Figure 1: Binning of a X-ray spectrum into 3 bins.

Spectral CT (S-CT) facilitates the quantitative measurgme

gf mallterlda_l prope_rt|es |r|1_ X-_ray compgted tomogralphy (CT)mand. Alternative computationally faster methods havenbee
opular diagnostic app ications are one removal, meas ?oposed, which apply adaptive, anisotropic filters in a pre

ment of blood volume in the lung or quantification of contra focessing step on the projection data [5] or in a post-

ggent cor;)centra‘upnz (e._g., in the m)l/ocgrdluhm) [1]. S- rocessing step on reconstructed images [6], [7]. The advan
ata can be acquired using energy-selective photon cain Qge of projection space denoising is that for photon cognti

detectors [2). The energy-_selec_tlve detef:tors_ assigmMM® — yotactors the noise can be modeled accurately and easily
X-ray photons to energy bins. Figure 1 visualizes an idedliz

ener_gy-selec'uve attenuation coefficients. This can dizedi, of both methods [11] have been presented.
for instance, to reconstruct contrasted and non-conttaste

images from a single acquisition. Since iodine contrashage, i, C e

o S g by edge preserving filtering to S-CT data of energy-
hgs a K-edg.e of 33.2 keV, it will not be visible in high energy, e e detectors. We guide the edge preserving filtergusi
bins (e.g., bins around 140 keV) [3]. Because the full Sla‘kCtrinf rmation from the fully acquired spectrum. The novel
data is acquired in one shot, contrasted and non—contrasgl%%roach is evaluated using the CONRAD cone beam re-

images will be perfectly aligned. This is particularly béacel construction and simulation framework [12] with data from
for imaging of moving organs, e.g., cardiac and lung imaging numerical cardiac phantom

However, by splitting the acquired photons into bins the
noise statistics of the corresponding projection imagéisu
Especially bins covering only the low energy portion of
the spectrum energy distribution are corrupted by noise. F8. Energy-Selective Detector
instance, Figure 2a shows a numerical projection imageef th The energy-selective photon counting detector assigns in-
spectral data corresponding to Bin 1 in Figure 1. Due to th®ming photons intch = 1...B bins. Each bin covers a
low energy of this bin with respect to the spectrum distiitiut  spectral bandwidth oA E and the spectral bandwidth of the
the projection image is obviously noisy. Thus an expediefifst bin starts at energy levé®. Let x = (u, v) be the spatial
noise reduction method is required to obtain appropriatgen |ocation of the detector pixel with column indexand row
quality at clinically acceptable dose levels. indexv. The expected photon couf(x) measured for bir

lterative reconstruction algorithms have shown superigg |ocationx is given by
image quality [4], but suffer from high computational de-

E°4b-AE
) . . 0
A. Maier, J. Hornegger, and M. Manhart are with Pattern Raitmy Lab, Ib(X) =1 / S(E) exp | — / 14 (Ea l) d ) dr,
Department of Computer Science, Friedrich-Alexandevehsitat Erlangen- E%+(b-1)AE L(x)

Nirnberg, Germany. M. Manhart and A. Doerfler are with Deparit of (1)
Neuroradiology, Universitatsklinikum Erlangen, Erlang&ermany. R. Fahrig \where 79 denotes the number of photons per Fnanriving at

is with Department of Radiology, Stanford University, CASA. J. Hornegger .
is with Erlangen Graduate School in Advanced Optical Tekimies (SAOT). the detector in the unattenuated case and’) denotes the

Email: andreas.maier@cs.fau.de spectral distribution with the area under the curve norzedli

In this work we extend the idea of projection based de-
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(a) Bin 1 (b) Bin 2 (c) Bin 3 (d) Guidance image
Figure 2: Energy-selective projection images and guidamege for joint bilateral filtering.

to one. The X-ray attenuation is defined hy(E,!) and D. Guided Filtering in Reconstruction Domain
depends on the photon enerdy and the spatial positioth
on the line L (x), which points from the X-ray source to
the detector pixek. Accordingly,
P, (x) is given by

The idea of JBF can also be applied after reconstruction of
i the image. In this case, however, the guidance image cannot
the log-transformed Imageyq simply created by a sum of the individual reconstructed
volumes f; (y). Note thaty = (z,y,2) is used to index

I(x) E°4b.AE the volume space. In order to create a suitable guidance
P, (x) = —log bIo with 1P :/ I°S(E)dE.  image, the image contributions have to be scaled according
b ES+(b-1)AE @) to their reliability. In our case, we picked an inverse vaca

weighting and denote the variance in biwith 7. This leads
to the following guidance image
B. Joint Bilateral Filtering

B
For guided edge preserving noise reduction we apply joint fo(y) = Z fo (23’), (5)
bilateral filtering (JBF) [13]. The JBF is a variant of the =1 b
bilateral filter [14], where the edge preservation is cdigtb
by a guidance image. Each intensity of a filtered im&géx)
is computed as a weighted average of the intensities of {0
original imageP (x) in a spatial neighborhood/y

As this method operates in the image domain (ID), we refer
it as ID-JBF.

S I(x + 0)W(x,0) E. Experimental Setup
I'(x) = OENx 7 3 We simulated a static instance of the human heart as
z/%/ W(x,0) described in [15]. The contents of the heart chambers were
ocNx

simulated as water with a density of 1.06. The heart muscle

with W(x, 0) = G,s(x — 0) - Gor (IG(X) o IG(X + O)) , was simulated as water with a density of 1.05. In addition,
the coronary arteries were filled with a solution of lopromid

where G, (z) = exp (—0.5- HZ||§ /o?) denotes a Gaussian(C1s8H2413N30g) that con'gained).?_Gg of cpntrast agent per

esgram of water. The density of this solution was set to 1.40

e g/cm?® which is typical for a clinical contrast agent (e.g.,
Ultravist© 370). The simulated spectrum is shown in Fig. 1.
Its properties were adjusted such that its half-valueflage
comparable to that of a clinical C-arm system. We set the tube
voltage t090kVp and the time-current product @1 mAs.

C. Guided Range Filtering In this configuration, we havé? = 948, 19 = 28982, and

o = )
To exploit the complete spectral information for the edgls — 10103 photons per mih arriving at each detector bin,

preservation, the guidance image is formed by the sum ovkpo quect is hit _betweep source and detector. In the ptesen
all spectral bins. Therefore the guidance image to filter tﬁé(perlment, we did npt S|mglgte cross-talk between the@ngr
binned projection images, (x), b= 1...B is defined by bins and the detection efficiency was 100% at all energies.

While this might not be the case in a real detector, it maxiiz
the independence between the energy bins and allows us to
study correlations between the energy bins that are intediu
Iy (x) (4) by the denoising method. We did not perform an optimization
of the energy thresholds in the present study to maximize
Note that the summation inherently includes an uncertainttye iodine contrast, as the focus of the study is denoising
weighting as the signal-to-noise ratio is proportional e t and not material separation. The bins were equally spaced
number of measured photons. The range paramdtds set between 10 and 100 keV according to the sampling range
to the minimal contrast differenc® in the guidance image, of the spectrum, i.e.E° = 10keV and AE = 30keV. All
which should be preserved. simulations and algorithms were created using our opencsou

kernel. The weighting ter consists of the spatial closen
termG,s controlled by the domain parametet and the rang
similarity termG,= controlled by the range parametef and
by the guidance imagé®.

M w

I°(x) =
b=1



flat panel simulation and reconstruction framework CONRAD An advantage of bilateral filters is that they are very easy to
[12]. configure. We require only two parameters which can be easily
JBF filtering was performed in intensity space before combtained from the guidance image. The first oneYswhich
version to line-integral space. The intensity difference icontrols the locality of desired smoothing. It can be chosen
the contrast filled vessel® was found to be 1000 in thein the same way as a normal Gaussian filter. The second
guidance image. We picked® = 9 and ¢® = 100 for the parameterws® describes the amount of edge preservation. A
projection-based filtering. Then a standard Feldkamp shogbod rule-of-thumb way of setting it is to measure the lowest
scan reconstruction was performed using a Shepp-Logan filtentrast from the image that needs to be preserved [n
[16]. We simulated 495 projections over an angular range ohse of projection-based filtering, however, we recommend
200 degrees, which is the short-scan range of oun®®BD settingoR to 10% to 20% of this value, as the preservation
detector. Detector element size was 0066 mn?, the source of very small signal changes at the edge of high contrast
detector distanc#&200 mm, and the source to center of rotatiortontours is crucial. Otherwise, streaking artifacts caseain
distance wa§50 mm. The heart fit all projections in all views,the reconstructed images. In our present study, we already
thus no truncation correction had to be performed. After réatroduced such slight streaking.
construction onto ag56® image grid with 0.50.5x0.5 mn?¥ At present, we only investigated JBF and did not include
voxels, we investigated the use of ID-JBF. Here, we cho$ather modifications such as ray-by-ray weighting [5], {8]
the parametrization as® = 5 andoR = D. The guidance projection stack filtering [8]. Integration of both technip
image weightings? where determined by estimating the noisento this method is straight-forward, as the filter kernel is
variance inside homogenous regions of the correspondisgsigned for each ray individually anyway. Thus, we would
reconstructed images. JBF filtering and back-projectios waxpect only minor increases in terms of run time. However,
implemented in OpenCL. this will require a different object, as we did not observeisy
Errors were measured using structural similarity [17]eéin streak noise in our reconstructions. Another topic for fetu
correlation coefficient, and the relative root means sqaem@ work is the straight-forward extension of JBF in the image
(rRMSE), that is the RMSE scaled by the maximum intensitdgomain to 3D.

Table | displays structural similarity and correlations be We created a joint bilateral filter for energy-selectiveetet
tween the different reconstruction approaches. All dengis tors. First results are encouraging. We found that onlielitt
methods show improved results compared to the ground truthoss-talk is introduced between the channels. The SNR was
While correlations increase slightly, the structural $&miy improved from 3.3 to 72.3 while preserving a low rRMSE
between the three bins is preserved by all methods. Thus, &reor.
can conclude that the JBF does not cause the three energy bins
to display identical information. ACKNOWLEDGMENTS

Figure 3 shows the center slices of the different reconstruc 1y,¢ authors gratefully acknowledge funding of the Medicallay

tions of Bin 1. All reconstructions are shown at the SaM&ational leading edge cluster, Erlangen, Germany, didgninsaging
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(Figure 3a) nicely differentiates between the heart chambe
and the heart muscle. The excessive noise in Bin 1 does
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Figure 3: Comparison between the different reconstruati@ihods in the central slice of Bin 1 [10, 110 HU].
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