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ABSTRACT

A new development of the TomoRebuild software pgeka presented, including “thick
sample” correction for non linear X-ray productiddiLXP) and X-ray absorption (XA). As in

the previous versions, C++ programming with staddlbraries was used for easier



portability. Data reduction requires different sephich may be run either from a command
line instruction or via a user friendly interfad®veloped as a portable Java plugin in ImageJ.
All experimental and reconstruction parameters lwareasily modified, either directly in the
ASCIl parameter files or via the ImageJ interfage.detailed user guide in English is
provided. Sinograms and final reconstructed imagesyenerated in usual binary formats that
can be read by most public domain graphic softwa¥esy MLEM and OSEM methods are
proposed, using optimized methods from the NiftyRexdical imaging library. An overview
of the different medical imaging methods that hagen used for ion beam microtomography
applications is presented. In TomoRebuild, PIXETadeeduction is performed for each
chemical element independently and separately 83itMT, except for two steps where the
fusion of STIMT and PIXET data is required: theccadtion of the correction matrix and the
normalization of PIXET data to obtain mass fractahistributions. Correction matrices for
NLXP and XA are calculated using procedures extxhdtom the DISRA code, taking into
account a large X-ray detection solid angle. Fa, tihne 3D STIMT mass density distribution
is used, considering a homogeneous global comppositA first example of PIXET
experiment using two detectors is presented. Réxuani®n results are compared and found
in good agreement between different codes: FBPtyRdc MLEM and OSEM of the
TomoRebuild software package, the original DISR®, accelerated version provided in

JPIXET and the accelerated MLEM version of JPIX®&ith or without correction.

1. Introduction

The reconstruction of ion beam tomography dataesai@ methodological challenge: the
fusion of two data sets, coming from two differaetdtectors and generally recorded in

different experimental conditions [1]. The firsttalaet comes frortransmission tomography



(Scanning Transmission lon Microscopy TomograpyMY): the transmitted energy of the
ion beam, which is directly related to the samplekness, is measured at 0° on axis, using
the beam line in a high spatial resolution - lovemsity mode. In this configuration, the beam
spot on sample is generally about 1 pm, but itgadown to a few hundred nanometers [2,
3]. Beam intensity is of a few thousand ions pecosd, that's to say less than one
femtoampere. The second data set comes &mission tomograph(Particle Induced X-ray
Emission Tomography, PIXET): the beamline has taubed in a higher intensity - larger
resolution mode (typically a few hundred picoampéra few micrometer spot). This is
required to obtain enough counting statistics fara}{ emission, following the ionization of
sample atoms along the beam path. The analysieeof{ray energy spectrum gives access to
the nature and quantity of emitting atoms. The nagivantages of the PIXE technique rely on
its sensitivity (down to a few pg/g) and its mukimentarity. Indeed, all chemical elements of
the periodic table can be detected, for a suffityemgh X-ray energy, that's to say typically
for Z > 11 (Na element), for conventional thin wivd X-ray detectors. By calculating the X-
ray production cross section, PIXET reconstructiores access to the element mass density

distribution of each detected chemical elemenpiifcn?).

STIMT provides the three dimensional (3D) structofethe sample. More precisely, by
calculating the sample’s stopping power, quantieatsTIMT imaging gives access to the
distribution of total mass density (in g/&mThis information complements PIXET in several

aspects, both qualitative and quantitative:

- To help identifying in which structures of interdsie X-ray emitting element are
localized, keeping in mind that usually STIMT imagghow better spatial resolution

and less noise than PIXET images;



- To normalize PIXET mass distributions, in orderdbtain element concentration

distributions (in pg/g);

- To correct for non linear X-ray production (NLXR)ecause the ion beam energy

decreases into the sample, leading to a variafiton@zation cross section;

- To correct for X-ray absorption (XA) within the spha, in the way from the emitting

point to the detector.

The Centre d’Etudes Nucléaires de Bordeaux Gradig@ENBG) develops new
methodological approaches including STIMT and PIX&Tstudy the effects of metal oxide
nanoparticles in living organisms. Two researchd®pare exploredi) nanotoxicology at the
level of cells and of small organism@t) optimization of new cancer therapy treatments
combining proton-therapy and nanoparticles in arahestic approach. From a
methodological point of view, these topics haveivated the development of non destructive

imaging techniques [4] to study cell lines [5-7Hanulticellular microorganisms [8, 9].

Since the very first experiments, progress in prdieam imaging has been made both for
micro- and macroscopic applications. First protmaging experiments on reference samples
[10] a few millimeters in size show better densigntrast using proton beams compared to
conventional X-ray beams, for a lesser depositededdater on, proton beam micro-
tomography (STIMT and PIXET) was implemented onmsgcopic samples using protons in
the range of a few MeV [11]. Since then, a wideetgrof applications has been developed
[1]. The feasibility of PIXET for macroscopic objechas been recently demonstrated at the
proton therapy center of Hokkaido University Hoahifapan, on phantom objects 2,2 cm in
diameter [12], opening the way to promising stud@ms small animals for instance.

Considering emission and transmission proton tomograpigta reduction algorithmic



developments of data inversion, image registratiod data fusion methods may benefit to

various research fields, both for micro- and mawwpg applications.

2. Reconstruction methodsfor STIMT and PIXET

Different approaches have been proposed for STINT RIXET data reconstruction (review
in [8]). All of them rely on algorithms initially ésigned for medical imaging. Indeed, from a
methodological point of view, STIMT could be comgarto conventional X-ray scanners.
The main difference relies on the calculation aj@ctions. On one hand, X-ray scanners are
based on X-raybsorption projections are obtained by comparing the iniiatl transmitted
numberof X-rays. On the other hand, STIMT relies emergy lossthe median (or mean)
energyof the protons transmitted through the samplei¢blg 100% of the incoming beam)
is calculated, which reduces noise in projectidmsa similar way, we could compare PIXET
to SPECT (Single Photon Emission Computed Tomogfagdh the first case, photons are
emitted along the beam path (projection directimfpwing the ionization of sample atoms.
In the second case, photons are emitted withinctmplete volume, from the radioactive
nuclei marking the molecule of interest. So, foEEH, the photon signal is attenuated only
by absorption processes from the emitting pointhi® detector, whereas for PIXET both

NLXP and XA must be taken into account.

We would like here to give a brief overview of tmedical imaging algorithms transferred to
ion beam micro-tomography applications. The fir${NBT reconstruction codes were based
on analytical methods originally designed for X-smanners, such as filtered backprojection
(FBP)[13, 14] Then, algebraic methods such as algebraic retmtisin technique (ART) and

statistical methods such as entropy maximum wememented [15] to reduce noise in the

images. Nevertheless, FBP has been generally pdféar its simple, quick and efficient use



for low noise transmission data, as it relies the exact mathematical solutioof the
tomography inversion problem. Indeed STIMT expenisegrovide enough statistics and are
relatively quick (about one hour beam time for pidgl 3D 128x128x128 voxels image).
Moreover, transmitted energy projections may bey \efficiently filtered, for instance by a
classical median filtering applied on the eventliected at every pixel, before tomographic

reconstruction [8, 16].

First attempts to perform STIMT and PIXET data éusused algebraic methods of Iterative
Least Squares Technique (ILST) derived from medB8RECT [11, 17]. However a major
simplification was made in these algorithms, byuassg a point-like detector (zero solid
angle), whereas most experimental PIXET setupsausery large solid angle in order to
reduce acquisition time and/or improve statistids.development from a medical PET
(Positron Emission Tomography) iterative algorithiakking into account large solid angle,
led to the DISRA code (Discrete Image Space Renactgin Algorithm) [18]. This

algorithm has shown to give accurate results onulsited phantoms and experimental
reference samples with highly contrasted regionsitefest [19]. A quick description of this
algorithm may be found in [8]. We would like hegesum up the main difficulties raised by

this program:

- As every iteration relies on an analytical invensioethod (FBP), the reconstruction is
not suited for incomplete (for instance, angle mhiited to less than 180°) or noisy

data sets;

- For low contrasted objects, the reconstruction ggecconverges very slowly and

“manual” modification of the convergence factor nieyrequired;

- STIMT and PIXET data are considered all togetheeath iteration, to generate a

tomogram containing the mass fraction distributiohgll elements (the total sum of



all mass fractions is normalized to 1). So, anretrat may occur in the quantification
or localization of one element for instance woukvér an influence on all other

elements.

Despite these drawbacks, DISRA has remained thet mwm®plete reconstruction code
designed for STIMT and PIXET and for this reasas heen used and/or modified by several
research groups [20, 21, 22]. To overcome the fiivst difficulties, a major improvement of
the code was proposed (JPIXET) by replacing FBRabyethod widely used for SPECT
imaging, MLEM (Maximum Likelihood Expectation Maximation) [23, 24]. Moreover
Graphics Processing Unit (GPU) parallel computisgng CUDA (Compute Unified Device
Architecture) programming was implemented to fastea reconstruction process. The
MLEM method had been already implemented for PIXEdonstruction by several research
groups [8, 25, 26] but not in a way as complete]lRXET. Although it is much slower,

MLEM may be preferred to FBP for several reasons:
- It produces less noise in the reconstructed image ;
- It can deal with incomplete or noisy data (lesggutions, limited angle [8]) ;

- As an iterative method, it is more suited to inelwdcorrection factor for NLXP and

XA.

An accelerated version of MLEM, OSEM (Ordered StliSepectation Maximization), can

be used to accelerate convergence. This methodbbad implemented in a qualitative
version (without mass density calculation) for STind PIXET in the reconstruction code
TomoRebuild developed at CENBG [8]. However, as MSEually leads to noisier and less
contrasted images, MLEM is still preferred. Indéexdmicroscopic applications, a very rapid
reconstruction time is not as drastic as for médinaging. Moreover, ion beam tomography

data sets are still small compared to medical in@gihich reduces reconstruction time. The



number of data is limited by experimental constsato images about 128x128x128 voxels or
less, as it takes about 1 hour data acquisitioncémventional experimental setups for 3D
STIMT imaging and about 1 h per slice for PIXET. &bbe able to reduce data acquisition
time by reducing the number of projections thark8/LEM is a very important advantage.

Ng et al. [25] showed the reconstruction of a 30¥8Rel simple symmetrical object from

only 4 projections using this method. Other wayy tn@ explored to reduce acquisition time,
such as using multiple detectors for PIXET [revigBwl]. We are presenting here a first

example of PIXET using 2 detectors.

3. Experimental procedure

Caenorhabditis elegan&. elegankis a small nematode about 1 mm in length and r&0nu
diameter, usually living in temperate soils and elydused as a model for biological studies

(http://www.wormbook.org/ C. elegangopulations are cultivated at CENBG and exposed to

different environmental conditions to study the Ibgical effect of metal nanoparticles,
especially TiQ. TheC. eleganssample presented here was freeze dried and studied a
1.5 MeV proton beam in conditions already presef®din this publication, data reduction
was performed with TomoRebuild in the “thin sampkgiproximation and results were
compared to DISRA and JPIXET. We would like heredonplete this study and show two
major improvements:
- X-ray signal correction for “thick sample”, obtath'om modeling NLXP and XA, is
now included in the reconstruction process;
- Two PIXET detectors were used for this experiment ahe fusion of the
corresponding reconstructions is presented here.
The two Si(Li) spectrometer (e2v Sirius detectdr,m2, 148 eV resolution for the MnKa

line) were placed backwards, symmetrically, at 18%d at 45° from the incoming beam (Fig.



1). The intrinsic efficiency of each detector wastedmined by previous PIXE analyses of
standard samples from Micromatter™. These standaeds thin films of certified thickness
(typically 100 pg/crf) of NaCl, Mgh, Al, SiO, CuSx, Kl, Cak Ti, Fe, each deposited on a
6.3 um mylar foil.

For STIMT, the beam was scanned over a rectangudar of 170 um in width and 112 um in
height, following a grid of 128 pixels in width ai@&b pixels in heightife. 85 tomographic
slices of 128x128 pixels). The spatial resolutidnthe reconstructed slices was therefore
limited by the scan parameters, to 1.3 um/pixehbotthe horizontal and vertical directions.
Isolated PIXET slices were probed at selected jpositof interested within this STIMT
volume. They were chosen from the 3D structureinbthfrom STIMT reconstruction and
also from conventional 2D PIXE analysis within thegjion. The duration of data acquisition

was about 1.5 h for 3D STIMT and about 2 h per PDskce.

4. The TomoRebuild softwar e package
4.1. General overview

The TomoRebuild software package has been develap&ENBG for 2D and 3D STIMT
and PIXET reconstruction. In its previous versiéi [t performed quantitative reconstruction
of STIMT and PIXET for “thin samples” (taking intccount neither NLXP nor XA), using
the GUPIX data basditp://pixe.physics.uoguelph.ca/gupix/m@aj@7] for the calculation of
X-ray emission yields. We present here a new versiothis code now available, including
“thick sample” correction for NLXP and XA. As inalprevious versions, C++ programming
with standard libraries was used, in order to awaig dependency to any graphic library and
provide multiplatform use. Optional graphic applicas using the ROOT graphic library

(https://root.cern.ch/ may be used to display and fit energy spectraafoy projection(s).
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However these optional graphic programs were imdeatly kept separated from the

TomoRebuild code for easier portability.

Data reduction requires different steps which mayrbn either from a command line
instruction or via a user friendly interface, depdd as a portable Java plugin in ImageJ.
This graphic software package is a public domapenesource Java-based image processing
program developed at the National Institutes of ItHedhttp://rsbweb.nih.gov/i)l The
TomoRebuild ImageJ plugin uses the same text pdearfiles as the command line version.
So all experimental and reconstruction parametanshe easily modified, either directly in
the ASCII parameter files using a basic text edibowia the ImageJ interface. A detailed user
guide in English is provided. Sinograms and firmlanstructed images are generated in usual
binary formats that can be read either using the ird®& graphic library
(https:/lwww.fei.com/software/amira-3d-for-life-swoes]) or public domain software
packages, such as ImageJ. In this way, any step beayun separately: data sorting for
projections calculation, correction of sinogramshick sample” correction of X-ray signal
(NLXP and XA), tomographic reconstruction (FBP, MUEOSEM)... Correction procedures
to take into account different spatial resolutiamd/ar small position mismatch between
STIMT and PIXET images are included, to improve figon of these data. Our aim was to
facilitate access to input/output data at each, stephat the user may for instance introduce

some homemade procedures if it is required.

Sinogram calculation and options to improve noiajadn TomoRebuild have been already
described [8]. PIXET reconstruction is performepdagately for each X-ray emitting chemical
element to avoid error propagation from one elementanother. If the “thin sample”
approximation is used (no correction, neither NLXBr XA) PIXET images may be
reconstructed without requiring any STIMT data. Tlinformation is required in two cases

only:

11



- To normalize PIXET element mass distributions (pgjcby STIMT local mass

content to obtain mass fractions distributions @p;g/

- To perform NLXA and XP modeling within the 3D STIMfeconstructed image,

considering the large PIXET detection solid angle.
4.2. Reconstruction method

In this new version of TomoRebuild, MLEM and OSEMetimods were improved using
optimized methods from the NiftyRec medical imaging library
(http://niftyrec.scienceontheweb.net/wordprgsahich is an open source code developed at
the Center for Medical Image Computing at Univers§ibllege London [28]. This library was
first suggested for PIXET in its GPU version [2Bhr TomoRebuild, we used this library in
its basic C++ version, to keep easier software agekportability. Reconstruction time
doesn’t constitute a severe limitation. For inseatite PIXET slice reconstruction (128x128
pixels, 100 projections) displayed in tResults and discussigpart, including correction
matrix calculation in the STIMT volume (128x128 @i, 100 projections, 85 slices), takes
27 seconds using MLEMN a conventional PC, 1.86 GHz four core Intel Xe&2hGb DDR4
random access memory, using the Window 7 operatystem. NiftyRec algorithm is based
on Zeng and Gullberg’'s projection and backprojectinethods [30]. In this method, the
reconstructed image is rotated at each projectaiat the projection direction (proton beam
direction) is always fixed. The image is resammedordingly at each projection, so that the
voxels are always aligned with the projection dim@t The correction matrix calculated by
TomoRebuild to model NLXP and XA is rotating thergaway. For each iteration step, it is
multiplied voxel by voxel to the PIXET reconstrudtinage at each angle (Fig. 2). We could

sum up this correction procedure as follows: Theemion matrix provides multiplicative

12



factors A that are included in the NiftyRec procedure (MLEWVIOSEM). If we callf the

density distribution to reconstruct, each projetppat anglg is obtained from:
n-1
p; = Z Ri A f,
i=0

In this expressiorR is the Radon transform operator arttie position index of the voxels in
the reconstructed slice af voxels. TheA; correction factors are values between 0 (total
attenuation of X-ray signal) and 1 (no attenuatiofife should note that TomoRebuild can
deal with non-centered projections, that is to thegyrotation axis does not have to be at the

center of the sinogram [8].

To summarize, the PIXET correction process relieshe correction matrix calculated from
the 3D STIMT distribution. However, STIMT and PIXHERta are usually obtained from two
different experiments. For this reason, it showddchrefully checked that there is no position
mismatch between the two data sets. The differemdeeam positioning that may occur
between STIMT and PIXET can be corrected in Tomaftelby taking into account two

shift parameters which are the mismatch in horigoanhd vertical directions between the
STIMT and PIXET slices, expressed in number of \®x&his procedure was detailed in a
previous publication [9] and may be summarizedodlews: the STIMT slice(s) are compared
to the PIXET slice(s) obtained without correcti@o,(independently of STIMT). For PIXET,

the user may choose any chemical element, sinceshilfteis the same for all of them. The
shift parameters are determined “by eye” using amaging tool permitting the

superimposition of the two images with a differ@mior scale and transparency, as, for

instance, the free software GIMP (GNU Image Marapah Program http://www.gimp.org/),

as illustrated in [9]. Then, the shift parametaas be entered from the TomoRebuild ImageJ

interface or directly in the ASCII parameter fila.a future version of the program, we would

13



like to improve this procedure by implementing anage registration algorithm for an

automatic determination.

4.3. Correction matrix

The correction matrix is calculated once, befor¥HEAl reconstruction, assuming the global
composition of the sample is homogeneous (for melp@mical elements), which is usually
verified for biological specimens. For this, thel®T slice(s) corresponding to the PIXET
slice(s) to reconstruct are identified. NLXP and ¥fe calculated at each voxel of these(s)
STIMT slice(s) and at each projection angle, usinmerical functions from the DISRA code
[19]. In this code, the large detection solid anglenodeled by dividing the detector entrance
window (supposed circular) in surface elements.(BjgXA is calculated along a straight line
trajectory (within the complete 3D STIMT image) rincevery voxel of the slice(s) to every
surface element. The total correction makigorresponds to the product of NLXP and XA. It
is applied on the PIXET slice(s) at each step ef fiftyRec iterative reconstruction. All
parameters of this calculation (for instance thember of detector surface elements) may be
check and/or modified from the TomoRebuild Imageterface or directly in the ASCII

parameter file.

5. Results and discussion
5.1. Reconstruction of the C. elegans sample

We consider STIMT / PIXET data reduction from theelegansample already presented in
[9]. Our aim is to extend this study, taking intocaunt X-ray signal correction. Our
methodological aim is to compare reconstructiomltesn various conditions for this type of

biological sample:

14



- with and without NLXP and XA correction;
- with two X-ray detectors positioned at differenybas;
- with different reconstruction algorithms (differemethods available in TomoRebuild,

DISRA, JPIXET).

All images presented in the following figures wesbtained from the AMIRA graphic
software package. PIXET reconstruction initiallyade to the considered element mass
density distribution. The most attenuated recorgtdielement, here phosphorus, is displayed
in Fig. 4 using MLEM. As expected, the X-ray sigreglpears attenuated in the regions
opposite to the detectors, when comparing recoctgins without / with NLXP and XA
correction. This is especially striking at the battleft side of the sample, which appears very
bright (Fig 4) when facing the X-ray detector (Det. 1, as seeRig.1) whereas it is darker
for detector 2 (Fig. B, see arrows). The correction procedure leads ty wamilar
distributions for both detectors (Figd-), with a global increase of about 40 % of mass
density values. This result is in good agreemettt thie decrease of Phosphorus X-ray signal
expected for this sample, about 19 % for NLXP aBd¥a for XA [9]. Note that a simple
fusion (average) of images from detectors 1 ansl it sufficient to correct for these effects
(Fig. 4c). Only the fusion of corrected images leads taitable result (Fig. . We would
like to point another methodological point: here thsion of the element distributions from
the two detectors was performed at the end of tH&MI reconstruction. It could be
interesting to merge the two distributions withinetreconstruction process itself, by
multiplying the reconstructed images at each itenatespecially if some voxels are totally
attenuated for one detector (this is not the caséhfs sample). We would like to explore this

possibility in further studies.
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5.2. NLXP and XA correction matrices

TomoRebuild calculation of NLXP and XA is displayddr the two detectors for two
different projection angles: First projection at(6fg. 5a andd) and middle projection at 90°
(Fig. 5b andc). The positions of beam and detectors relativihéoimage are those depicted
in Fig. 1. NLXP correction follows the beam directi(coming horizontal from the left hand
side). Calcium NLXP correction appears strongen ghiaosphorus (comparing Figasandd,
left images). This is in agreement with the typiaaérage values of 19 % expected for P and
28 % for Ca [9]. Obviously NLXP does not dependilom X-ray detector position but only of
the orientation of the sample relative to the belan.this reason, Fig. Band c, left images,
display strictly identical matrices. On the oppesiXA only depends of the orientation of the
sample relative to the detector. This is strikiogihstance, comparing on one hand Fig, b
(middle images), showing a lighter XA correctionfa bottom left side of the sample facing
detector 1 and, on the other hand, Fig, Svhere XA correction is lighter at the upper left
side, facing detector 2. As expected, XA correctisnmuch smaller for calcium than
phosphorus (Fig. & andd, middle images), following the typical expecteaiage values for
this sample: about 38 % for P and 7.5 % for CaT@e combination of NLXP and XA (Fig.
5 a-d right hand side images) shows a significant ctioaceffect on the determination of

guantitative element mass even for Ca (Fdj.right).
5.3. Mass fraction distributions

PIXET mass density distributions (pngfnare normalized, by dividing, voxel to voxel, the
PIXET slice by its corresponding STIMT slice, inder to get mass fractions (png/g). This
procedure requires a careful image treatment befiorsion, to avoid artifacts in the fusion of

the two images [9]. For this, the main proceduesied out in TomoRebuild are:

- remove low density noise, especially outside tmepde, in the STIMT reconstruction;

16



- convolve STIMT image by a Gaussian function in ortte get the same spatial
resolution as PIXET;
- correct for slight difference in beam positioningtween STIMT and PIXET
experiments (as summarized in part 4.2).

The final result of PIXET and STIMT data fusiondsplayed in Fig. 6 and Tables 1 and 2.
The corrected mass fractions distributions applysoth NLXP and XA corrections for the
reconstructed elements: phosphorus, sulphur, da@prpotassium, calcium and titanium
(following TiO, nanoparticle uptake byC. elegansworms), using NiftyRec MLEM
reconstruction are displayed Fig.6. The biologintdrpretation of such images is beyond the
scope of this article. We would like here to congptite quantitative determination of mass
fractions between different reconstruction algonh Results obtained from TomoRebuild,
DISRA and JPIXET have been already compared fan“#ample” reconstruction (without
any X-ray signal correction) [9]. We propose heneaalvance to this study, comparing the
new NiftyRec MLEM and OSEM reconstructions implereehin TomoRebuild to FBP and
to other reconstruction codes, without correctidable 1) and including NLXP and XA
correction (Table 2). In Table 2 DISRA was implert@ehboth in its original and its GPU
accelerated JPIXET versions. Moreover the resulRIKET MLEM GPU version is also
given. Very similar results are obtained whatewer ieconstruction algorithm and considered
detector. We can note a larger discrepancy folV&. could put forward two reasons; X-
ray signal is lower for Ti compared to the otheameénts due to lower X-ray production cross
section (less statistics), ar(d) the Ti distribution is mostly restricted to a spuothich
emphasizes reconstruction and PIXET/STIMT fusidefacts at the boundaries of this spot.
We would like also to point out that, although alyorithms give similar density values,
MLEM should be preferred to FBP and OSEM for adrequality of the reconstructed image.

FBP intrinsically consists in the discretizationasf analytical solution, based on a calculation

17



in the Fourier space. For this reason, some negatlues appear in the density distribution
and sharp boundaries generate high frequency etdef8uch artefacts have been already
mentioned forC. eleganssamples [9]. A precise study would require usimgroms of
known density and composition, which we intend w id future work for biological
applications. A quantitative study was performed ioertial confinement fusion (ICF)
samples using phantoms of regular spherical shapejogeneous in density and in
composition [31]. Deviations up to ~30 % in X-rayunts per pixel were reported, within a 1-
pixel-thick layer at the inner and outer boundagéthe sample. Such artefacts are known to
come from the discretization of the projection dased for FBP reconstruction [32, 33] and
depend on sample shape, number of projections amber of rays per projection. Indeed,
FBP (like allanalytical reconstruction methods) relies on the exagttinuousmathematical
solution of the tomographic reconstruction problevhereas the projection data aliscrete
Calling r the pixel width, the maximal spatial frequency ttheould be accurately
reconstructed using FBP ksax = 1/(2). However, real tomographic objects are usually no
bandlimited tokmax This generatealiasing andinterpolation artefacts due to high frequency
regions in the sample, especially occurring at shetges. Anomalous variations in pixel
values (including negative reconstructed valuesy b observed in these cases, due to the
FBP reconstruction algorithm itself. For instanagpo small number of rays per projection
would lead to “streaks” along edges. A too smathber of projections would lead to a “star
shaped” pattern around the object [32]. These iallasnd interpolation effects may be
reduced by using specific filters during FBP red¢onrdion instead of the basic “ramp”
function [33, 5]. For an x n pixel slice, Pontau et al. [34] recommended tH®Wong data
set: beam size equals to pixel simgyrojection rays andr(2) % n projections. However, in
practice, good quality images can be obtained étovi this theoretical recommendation (half

of this number of projections is more than enoughHABP). Because iterative methods are
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intrinsically discrete they do not suffer from this bandwidth limitatipmoblem. MLEM is
known as one of the most robust algorithms reggrthok of projections [25]. Moreover, as
all iterative algorithms, it takes into account tthanly positive pixel values should be
reconstructed. MLEM offers another advantage: as ibased on Poisson distribution, it
appears as particularly suited to X-ray emissiondgraphy. We would recommend using its
accelerated version, OSEM, as a fast reconstrutéisinonly, as OSEM images appear less

contrasted than MLEM.

6. Conclusion and outlook

TomoRebuild reconstruction procedure using NiftyRemonstruction algorithms and DISRA
X-ray correction functions for NLXP and XA provide®bust and quick quantitative

reconstruction of STIMT and PIXET data. The mainadages are:
- The different reconstruction methods available: FRBEM, OSEM;

- The modularity of the different steps of data redun; from experimental projection

data to the final element concentration distrilngio

- The independent reconstruction process for STIMTREXET data (except for matrix

correction and mass fraction calculations);
- The independent reconstruction process for eaciy>emitting chemical element.

Obviously these advantages would not be suitable seimples with unknown and/or
heterogeneous composition in major elements. Hertyipe of sample, a complete iterative
determination of all X-ray emitting elements combgq PIXET and STIMT data at each

iteration remains unavoidable, using for instamee@ISRA or JPIXET methods.
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TomoRebuild has been developed keeping in mindvitle variety of experimental setups in
ion beam analysis laboratories and to overcome diffeculty to deal with sometimes
incomplete, noisy or poorly contrasted data. Ounceon has been to implement robust
reconstruction methods and to give access to t@tritediate results, so that every step of the
data reduction process may be checked. The expsahresults presented here show a good
agreement between the different algorithms. A mprecise comparative study using
numerical and/or experimental phantoms of known asition would permit assessing the

accuracy of these methods.
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Tablel

Reconstruction results for the tomographic slicessgnted in Fig. 6, as obtained for “thin
sample” case, without taking into account X-ray nsig attenuation, from different
reconstruction methodstomoRebuild(FBP, NiftyRec MLEM and NiftyRec OSEM) and

DISRA(thin sample case). Values marked with an astevesie taken from [9].

Table?2

Reconstruction results for the tomographic slicessgnted in Fig. 6, as obtained for “thick
sample” case, taking into account both NLXP and Xiam the three software packages:
TomoRebuildFBP, NiftyRec MLEM and NiftyRec OSEMPISRA(thick sample case) and
JPIXET(DISRA accelerated version and MLEM). Values markéith an asterisk were taken

from [9].

Figure captions

Fig. 1. Configuration of the experimental setup showing prejection direction (beam
direction) and the positions of X-ray detectorsdl @ relative to the sample, according to the

images presented in the following figures.
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Fig. 2. Principle of the correction procedure included le tNiftyRec reconstruction: the
correction matrix is rotating in the same way as shmple. As an example, three different
orientations are here displayed for phosphorusn&oaction with detector 1: first projection
at 0°, middle projection at 90°, last projectiornl@8.2° (the projection step is 1.8° in the [0°;

180 °[ interval).

Fig. 3. Principle of the X-ray correction implemented inmMi@Rebuild, following the DISRA
calculation of NLXP along the beam path throughdample, and of XA in the way from the
emitting point to the X-ray detector. The largeedtibn solid angle is modeled by dividing

the detector into surface elements.

Fig. 4. Element mass density distribution (here of phospéiolobtained from NiftyRec
MLEM reconstruction without (a-c) and with (d-f) b&y data correctionThe effect is
particularly conspicuous at the bottom left regadrihe sample (arrows) facing detector 1. A
linear grey scale was used to code mass densitgsalanging from 0 (black) to the maximal
indicated density (white). The average value ole@iftom the total slice (within the sample)

is also given for comparison purpose.

Fig. 5. Comparison of the effect of NLXP and XA accordingthe considered element (here
Phosphorus-c and Calciund), to the projection angle (here at 0°amndd and at 90° irb
andc) and to the detector position as described in Fi@, b, dfor detector 1t for detector
2). A linear grey scale was used to code correctadues (between 0 and 1), ranging from the

maximal attenuation (black) to no attenuation (@hit
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Fig. 6. Final result of PIXET/STIMT fusion: element masadtion (concentration in ug/q)
distributions for phosphorus, sulphur, chlorinetgssium, calcium and titanium. Average

values for each image are given in Table 2 for camspn purpose, according to the

reconstruction algorithm.
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