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ABSTRACT. This paper discusses methods for reducing beam hardeffegjseand metal arte-
facts using spectral x-ray information in biomaterial st&aap A small-animal spectral scanner
was operated in the 15 to 80 keV x-ray energy range for thidystie use the photon-processing
features of a CdTe-Medipix3RX ASIC in charge summing modeethice beam hardening and
associated artefacts. We present spectral data colleateddtal alloy samples, its analysis us-
ing algebraic 3D reconstruction software and volume visabn using a custom volume render-
ing software. The cupping effect and streak artefacts asmtified in the spectral datasets. The
results show reduction in beam hardening effects and magfhats in the narrow high energy
range acquired using the spectroscopic detector. A postigtruction comparison between CdTe-
Medipix3RX and Si-Medipix3.1 is discussed. The raw datapmutessed data are made available
(http://hdl.handle.net/10092/88bfor testing with other software routines.

KEYwoORDS Medical-image reconstruction methods and algorithmsputer-aided diagnosis;
X-ray detectors; Computerized Tomography (CT) and ContpR&diography (CR)


http://hdl.handle.net/10092/8851

Contents

1 Introduction 1
2 Materials and methods 2
2.1 Threshold equalisation and energy calibration 3
2.2 Spectral scan parameters 5
2.3 Post processing chain 5
3 Resultsand discussion 6
4 Conclusion 10

1 Introduction

Beam hardening artefacts in x-ray computed tomography (ZTetal objects frequently limit
the diagnostic quality in human imagind]] This applies to large objects such as orthopaedic
implants and smaller samples like tissue-engineeredaddaff The artefacts appear as bright and
dark streaks and also as a cupping effect, affecting thel metanon-metal regions in the recon-
structed image. During beam hardening, the mean energyeof-tay beam increases, and dense
metal samples can cause severe beam hardening due to tdgdogh atomic number when com-
pared to soft tissues. Metal objects also reduce the phetmisl from the beam, thus starving
the detector from receiving sufficient photons (photonvstiion) and creating artefacts in the re-
constructions. One common approach is to employ a souree diftd preharden the beam, thus
removing the low energy photons that largely contribute @arb hardening. Numerical correc-
tion techniques for beam hardening and metal artefacts bega reported, some of them used
in clinical routines. These techniques include sinogratarpolation methods?] 3], dual energy
extrapolation 4], and energy models and polynomial corrections ({@T) [5, 6]. Some of these
post-processing techniques are computationally intenesgiring metal data segmentation and/or
several forward and backward projections. Dual energyections are usually done at the cost of
increased exposuré]

Photon-counting detectors have been successfully engblioypreclinical applications such
as atheroma imaging| 8], targeted gold nanoparticle imaging] and luminal depiction in blood
vessels 10]. In this paper, a novel approach towards minimising beanddrang effects using
spectroscopic detectors is proposed. While Medipix has begortedly used for non-destructive
evaluation of polymer materiald {], to the best of our knowledge, beam hardening and metal
artefact reduction using spectral imaging have not beearteg. This study aims to minimise
metal artefacts in the acquisition stage, by capturing flge Bnergy quanta that exhibit lesser
beam hardening effects. This property of high energy adoprisfor reducing metal artefacts has
been previously exploited in dual energy methol$]. The Medipix3 ASICs allow simultaneous



data acquisition from discrete energy ranges at a singlesexp L2, 13]. The ASIC was designed
to count photon events and categorise them based on eneeghdtds specified by the user. This
feature primarily enables the capture of spectral sigeatfior multiple materials which can be
used for material discrimination. The number of counts fsciete energy bands can be obtained
by subtracting data from two counters. This is carried ot pie-processing step prior to flat-field
normalization and reconstruction. The raw data from a @umas an energy range betweeg,[T
kVp], where Tc corresponds to the user-defined energy threshold and k\feisneximum tube
potential applied across the x-ray tube. Since the couatrnmétion is acquired simultaneously, the
noise in a particular energy range is the local Poisson mis¢o quantum fluctuations. In addition,
the high energy quanta that undergoes lesser beam hardemirge captured in a separate counter
without additional exposure.

Earlier reports using Medipix detectors discuss the proldé charge sharing effects largely
affecting the energy responst4| 15]. Charge sharing occurs when the charge carriers from a
single photon event spread across the boundaries of neufligels and are counted as separate
low energy events thereby distorting the spatial and sple@solution. To overcome this problem,
the new Medipix3RX enables a fully operational Charge Sungnode (CSM) 12]. This mode
is designed to perform alongside the fine pitch and speapisconfigurations of the Medipix3
ASICs. The fine pitch configuration allows every pixel elet@ncount independently with each
pixel providing two counters. In spectroscopic (singlestdn) mode, four pixels are grouped to-
gether as a single unit to provide eight counters at the dospatial resolution. In fine pitch
with CSM, the charge deposited in every 4 pixels is reconstliat the pixel corners (termed as
summing nodes) and assigned to the pixel receiving thedaaharge share. In spectroscopic con-
figuration with CSM, four pixels are clustered to form a sanghit. During charge sharing, a single
event across multiple pixels is identified through intetebicommunication. For a pixel pitch of
110um, the charge deposited in 22®@20um? area is reconstructed at individual cluster corners
(110x 110um? clusters) and assigned to a single cluster unit which haitfreest contribution
from the initial hit (figurel). A spatial resolution of 11& 110um? is achieved, with 4 CSM
counters (counting the summed charge) and 4 non-CSM caunter

The detection efficiency of high-Z sensors (like CdTe with48% detection efficiency at
100 keV for 2 mm thicknesslp]) make them suitable for operation in human diagnosticyx-ra
energy rangel[7]. The spectral acquisitions of metal samples made fromitita (Ti) and magne-
sium (Mg) alloys [L8] are presented. Porous scaffolds of these metals are ygualanted in bone
to study bone ingrowthl[9, 20] and hence were chosen for this study due to its clinicaleziee.

2 Materialsand methods

For the study on beam hardening, we used a Medipix All Resol8ystem (MARS)21] scanner.
The scanner is equipped with a 2 mm CdTe sensor bump-bondd®am pitch to a Medipix3RX
ASIC provided to us by X-ray Imaging Europe Gmb2P]. This allows the use of x-rays across
the clinical energy spectrum upto 120 keV. All the acquisisi in this paper were carried out in
spectroscopic configuration with CSM. The detector assgiisth module of the MARS camera
which also contains a readout board, Peltier cooling systearan integrated bias-voltage board. A
bias voltage of-750V was applied across the sensor during the acquisitiims MARS scanner
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Figure 1. lllustration of CSM in spectroscopic configuration. A cheudeposited over a 220220um?
region is summed and assigned to the pixel unit receivindhtgkest charge share. The red octogons in
every alternative pixel represent the pixel bond to the ASIC
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Figure 2. Photos of the metal samples (see tabfer dimensions).

system comprises of the MARS camera, a rotating interndhgand an x-ray source (Source-Ray
SB-120-350, Source-Ray Inc, Ronkonkoma, NY) operated &/80 The source has an intrinsic
0.5 mm aluminium equivalent filtration. The focal spot sige&ZOum. Mechanical motor control
(gantry rotation, source to detector translation, canrarsstation and sample translation), detector
energy response calibration and threshold equalisatioe performed using a custom built MARS
scanner software. The samples used in this study are shofiguie 2 and their description is
provided in tablel.

2.1 Threshold equalisation and energy calibration

A per-pixel threshold equalisation was performed usingdleetronic noise floor in each pixel
as a threshold referenc23. Two measured threshold points were subjected to a linedorfi

estimating the adjustment value for a target thresholdurgiga shows two measured threshold
values (100 and 75 DAC steps) on a single pixel for adjustrd&® step values of 0 and 5 on
counter 1. The noise floor target was set at 10 DAC steps aritha estimate for the adjustment



Table 1. Sample description.

Porous scaffold

Porous mesh (stent-like pattern)

Sample Material Description
Metal phantom Tialloy Solid cylinder of 8 mm diameter predss ffi
ted onto a polymethyl methacrylate (PMMA)
cylinder of 25 mm diameter to study the cup-
ping effect.
Porous scaffold Tialloy Porous 3D lattice structure faded via

Mg alloy Porous 3D lattice structure fedted via an

Tialloy Porous 3D stmnecfabricated via selectiv

electron beam melting with=700um thick
struts. Used in tissue engineering research.
indirect additive manufacturing process |in
molten Mg with~500um thick struts. Used
in tissue engineering researct8].

U D
(2]

laser sintering with variable strut thickne
between 62@m and 67Qum. Sample length
45 mm.
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Figure 3. CdTe-Medipix3RX threshold equalisation and energy catibn.

value was projected at 18 DAC steps from the fit. This processgeated across all 16,384 pixels

for all the 4 counters.

The threshold DAC in the CdTe-Medipix3RX ASIC was calibchsgyainst the reference ener-
gies such as x-ray fluorescence (XRF) emitted from metadils {Mo and Pb) ang-rays emitted
from an Am-241 radioisotope2f]. The energy response curve (figlle shows a linear relation-
ship between threshold DAC and the incident photon enerdly RA = 0.996 between 17.4 keV
to 75keV. Based on this energy calibration, the noise floa idantified to have an upper limit

at 10 keV.



Table 2. Scan parameters.

Sample SOD (mm) SDD (mm) \oltage (kVp) CurreptA) Exposure time (ms
Ti phantom 166.2 251.4 80 60 80
Ti scaffold 166.2 251.4 80 60 80
Mg scaffold 130 215.2 80 25 80

Ti mesh 130 215.2 80 50 60

2.2 Spectral scan parameters

The scanner gantry was set to continuous-motion rotati@edaire projections at multiple camera
positions. The CSM thresholds were set to 15, 35, 50 and 6ddethe Ti samples and 15, 30,
40 and 50 keV for the Mg scaffold. Since Mg is a I@&material (Z= 12) in comparison to Ti
(Z =22), relatively low exposure was used to avoid pulse pileffgcts P5, 26] and the thresholds
were set sufficiently low to avoid photon starvation in thghar energy ranges. All the samples
were mounted in air during the spectral scans. The MARS camvas translated vertically along
the sample diameter to cover the entire vertical field of vigereby providing projections from
multiple camera positions. The number of projections pentryarotation was set to 720. The
geometric parameters (source to detector distance (SDD3@urce to object distance (SOD)) and
X-ray exposure settings are provided in taBle-or the Ti scaffold sample, a post-reconstruction
comparison between a Si-Medipix3.1 (306 thick sensor layer) operating in Single Pixel Mode
(SPM) with a pixel pitch of 55m and the CdTe-Medipix3RX operating in CSM was carried out.
For the spectral acquisition with Si-Medipix3.1, the x-tape was operated at 50 kVp with a tube
current of 30QuA and an exposure time of 150 ms. The thresholds were set tad. 3@&keV.

2.3 Post processing chain

The raw data acquired from the scanner were flat-field nom@@lusing open beam projections
(600 frames per camera position). Dark-field images (64 ésaper scan) were acquired for dark-
field correction where pixels displaying counts with no imiog x-ray beam are identified and
labelled as bad pixels. Also, there are inherent non-faneti pixels due to sensor layer defects
and bump-bonding failures which are labelled as dead pix&lprojection space statistical ring
filter remotely based on2f] was applied prior to reconstruction. The projections wezeon-
structed using MARS-ART (Algebraic Reconstruction Teciua) software28]. The basic ART
reconstruction model is given by

AX(E)=Db(E) (2.1)

whereA contains the geometric dateE ) is the energy-dependent volume of linear attenuation co-
efficients (to be estimated) amdE) is the energy-dependent transmission data. The MARS-ART
software exploits the common geometry data to reconsttltfieaenergy ranges simultaneously.
Thex(E) component is iteratively estimated using simultaneoustalgc reconstruction technique
(SART) [29). The software is customised to identify bad pixels and deadls, and ignore them
during the reconstruction. Since the number of projectiwas set to 720, the dead pixel regions
were compensated with oversampled data. The reconsmuatomel was provided with individ-
ual camera translation coordinates, and stitched projestihat would be needed for filtered back
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Figure 4. Spectral reconstruction of the Ti phantom (Magnificatier1.51, slice thickness= 1.05 mm).
CNR between metal and PMMA regionsis 5.1, 6.4, 8.9 and 7.thfour energy ranges respectively. The
colour bar represents linear attenuation coefficients f¢m

projection technique were not used. Volumetric renderiag werformed using MARS-Exposure
Render, which is a modified version of the open-source Expdlender 30] software that imple-
ments a direct volume rendering (DVR) algorithm. Modifioas to Exposure Render include the
addition of tricubic B-spline interpolation between datx®ls and the ability to simultaneously
visualise up to 8 volumes.

3 Results and discussion

Figure 4 shows the spectral reconstruction of the Ti phantom. Whildewenergy ranges
([15,80] keV and [35,80] keV) were prone to cupping effect inhomogeneities, the avarnigh
energy ranges[%0,80] keV and [60,80] keV) exhibited less cupping effect. The gray level in-
homogeneities are reflected in the Contrast to Noise RatNR)C The CNR between metal and
PMMA regions is relatively high in the last two energy rangdsle the high variance in the metal
region (figureb) affects the global contrast in the energy ranges correipgrio [15,80] keV and
[35,80| keV. The cupping effect reduction in higher energy rangefuither confirmed by the
individual line profiles drawn from the spectral reconstiars.

A horizontal line profile passing through the origin of thetaleylinder reveals the level of
cupping effect in the different energy ranges in figéreThe 1D variance for the metal segment
from the line profiles was calculated to determine the cupgifiect inhomogeneities. The high
energy range g60,80] keV showed almost a flat line profile in the metal segment wigheg level
variance of 0.0330 cn¥, confirming better homogeneity. While higher photon flux @aprove
the signal to noise ratio (SNR) in metal regions, it leadsdegixel count rate saturation in open
beam images and non-metal regions in the projections atimsgholds.

Figure 6 shows the spectral reconstruction of the Ti scaffold. Wtiiike contribution from
low energy photons in the wide energy ran¢s(80] keV) resulted in bright streaks affecting the
non-metal regions, high energy rangé&s0(80] keV and[60,80 keV) showed reduced artefacts.
The CNR between the metal and non-metal regions improveeihitgther energy ranges. Average
attenuation coefficient in a region corresponding to aithimithe scaffold) was calculated to be
0.905, 0.447, 0.191 and 0.134 cthin the four energy ranges respectively. The bright streaks i
the lower energy ranges contribute to the increased grayesdbr air. Similar to the Ti phantom
results, better CNR in the last two energy rangé§,80] keV and[60,80 keV) was achieved in
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Figure5. Line profiles from the spectral reconstruction of the Ti ploam ar%
0.0330 cm? for (a), (b), (c) and (d) respectively.
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Figure 6. Spectral reconstruction of the Ti scaffold sample (Magatfmn = 1.51, slice thickness=
0.237mm). CNR between metal and air (with bright streaks) & e¢hergy ranges is 4.8, 5.4, 7.9, 8.1
respectively. The colour bar represents linear attennabefficients (cm?).

the absence of severe artefacts. Despite the visibility imomstreaks in th€60,80 keV due
to low photon counts, the artefacts were less pronounced wbmpared with the wide energy
acquisition.

Figure 7 shows reconstructions for an energy range[3,50] keV obtained using Si-
Medipix3.1 in SPM and an energy range [85,50 keV (subtracted energy range) using CdTe-
Medipix3RX in CSM. The detection efficiency of Si (9.5% for B®V and 3.1% at 49.6 keV
for 300um thickness 16]) is higher for lower energies whereas the detection efimjeof CdTe
is relatively uniform for the chosen energy window ©9.9% between 30 and 50 keV for 2 mm
thickness 16]). This can be related to the reconstructions obtained fitwertwo different sensor



(a) 30 to 50 keV using Si Medipix3.1 (b) 35 to 50 keV using CdTe Medipix3RX

Figure 7. Ti scaffold reconstruction using Si Medipix3.1 and CdTe M@®BRX. Regional gray level
variances for a sample air region (with artefacts) are 0c@34 and 0.197 cm? for the reconstructions
from Si and CdTe respectively. The colour bar represengmfiattenuation coefficients (crfy.

15 to 80 keV 30 to 80 keV 40 to 80 keV 50 to 80 keV

Figure 8. Spectral reconstruction of the Mg scaffold sample (Magaiftn = 1.65, slice thickness=
0.219mm). CNR corresponding to the energy ranges is 8.3, 62add 2.7 respectively. The colour
bar represents linear attenuation coefficients (Hm

materials at approximately same energy windows, with thagenfrom Si displaying increased
streak artefacts. Due to poor detection efficiency of Sisen®peration at higher energy ranges
(> 50 keV) suitable for artefact reduction requires higherosxpes.

Figure 8 shows the spectral reconstruction of the Mg scaffold. Mistoeaks were visible in
the [15,80 keV range but this did not affect the CNR. The average att@naoefficients for
air region (with bright streaks) within the scaffold werdotdated to be 0.292, 0.057, 0.023 and
0.012 cnv? for the four energy ranges respectively. In scans involgimgller samples made from
low-Z materials like Al or Mg, acquiring low energy quantaopides high CNR with minimal or
no beam hardening effects while higher energy ranges, téeshibiting no visible artefacts, have
poor CNR. The increased noise level (background image rmise0.138 cnt) in the higher
energy range g60,80] keV relative to the wide energy range [&6,80] keV (background image
noiseg = 0.094 cn?) is due to relatively low photon counts in the higher enewmyge.

Figure 9 shows the spectral reconstruction for the Ti mesh sample dray level variance
in the air region within the scaffold was calculated to be40.0.008, 0.006 and 0.008 crhin
the four energy ranges respectively. The wide energy rahfb80] keV suffers from artefacts
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Figure9. Spectral reconstruction of the Ti mesh sample (Magnificatid..65, slice thickness:- 0.222 mm).
CNR for the energy ranges is 2.92, 2.71, 2.74 and 2.77. Tloaicblr represents linear attenuation coeffi-
cients (cn?).

(a) 3D rendered volume using5,80] keV (b) 3D rendered volume usin§0, 80| keV

Figure 10. 3D visualisation of a segment from the Ti mesh sample. The bdgion corresponds to air
(false colour) with streak artefacts visible in tji&, 80] keV volume while thg50,80] keV volume reveals
relatively homogeneous air region with reduced artefacts.

in the non-metal regions. While the attenuation coeffigentthe metal region for the image
at [15,80 keV are highest among the reconstructions (averagga = 5.71, 3.179, 2.051 and
1.773 cnt? for the four energy ranges respectively), the CNR is affiecige to the bright streaks
present in the background. The reconstructions correspgrid [35,80] keV, [50,80 keV and
[60,80] keV provide a good trade-off between reduced artefact an®.CN

For the Ti mesh sample, the implications of streak artefaffescting the surrounding non-
metal region in 3D volume are visualised in figur@ A metal segment from the Ti mesh (grey
component) and the surrounding air region (blue compornsmmpared at two different energy
ranges [15,80 keV and[50,80] keV). While the wide energy range shows patterns of stregk ar
facts in the non-metal region, this is minimised in the higleergy range a60,80] keV which
shows relatively homogeneous non-metal region. While lustilate the extent of streak artefacts
in the air region, this can be translated to a clinical sdenahere surrounding low contrast soft
tissue regions in the image are prone to streak artefacts.[5080] keV volume shows reduced
streaks and the metal to non-metal contrast is similar todthiée reconstruction frorfill5, 80 keV
as illustrated in figur®.



4 Conclusion

We have demonstrated the use of spectral x-ray imaging imcheg beam hardening effects and
metal artefacts. Multi-energy acquisition of metal saragias the added advantage of capturing
spectral information which exhibits reduced artefacts sumolsequently better CNR. Further im-
provements in metal artefact reduction should be achieydi) Imcreasing the x-ray tube potential
from 80 kVp to 120 kVp and (ii) by correcting the metal regiansvide energy ranges using the
high energy range as a reference. Since the soft-tissuadroetal hardware is of clinical inter-
est, accurate material discrimination using spectral @ires artefact free non-metal information
across all energy ranges. Different metal samples andodgdaffructures are currently being stud-
ied using the MARS spectral imaging modality. Tissue ingtowuantification using imaging
techniques will help in non-destructive evaluation of ti@naterials used.

The post-reconstruction comparison between CdTe and Siditegetectors described in this
paper reveals the suitability of high-Z sensor material€finical imaging requiring high detection
efficiency in a wider range of x-ray energies. The raw dateofdi files), pre-processed projection
images and the reconstructions are made availdiitp:{hdl.handle.net/10092/88pfor readers
to test the data using their familiar routines.
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