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Artifacts compensation

When considering the acquisition of experimental synchrotron radiation (SR) X-ray CT data, the reconstruction work-
flow cannot be limited to the essential computational steps of flat fielding and filtered back projection (FBP). More
refined image processing is often required, usually to compensate artifacts and enhance the quality of the recon-
structed images. In principle, it would be desirable to optimize the reconstruction workflow at the facility during the
experiment (beamtime). However, several practical factors affect the image reconstruction part of the experiment and
users are likely to conclude the beamtime with sub-optimal reconstructed images. Through an example of applica-
tion, this article presents SYRMEP Tomo Project (STP), an open-source software tool conceived to let users design
custom CT reconstruction workflows. STP has been designed for post-beamtime (off-line use) and for a new recon-
struction of past archived data at user’s home institution where simple computing resources are available. Releases

of the software can be downloaded at the Elettra Scientific Computing group GitHub repository https://github.com/
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Background

Synchrotron radiation (SR) X-ray Computed micro-
Tomography (u-CT) in its simplest form deals with the
inversion of the Radon transform of acquired paral-
lel beam projection data. In this case, the application of
an implementation of the filtered back projection (FBP)
algorithm after the so-called flat fielding of the projec-
tion data is often proposed as a solution for the tomo-
graphic problem. This approach is formally correct and,
in general, easy to apply since most of the computing
software tools used by scientists (e.g.,, MATLAB®, Math-
ematica®, IDL®) offer an implementation of the inverse
Radon transform. However, this approach is based on the
traditional way to extract contrast in X-ray radiography,
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and indicate if changes were made.

i.e., the consideration of the different attenuation proper-
ties of the elements composing the imaged object. Such
properties are related to $, the complex part of the index
of refraction n = 1 — § + iB. Thanks to the coherence of
SR, quantities other than absorption, like the electron
density, related to § might be exploited leading to phase-
contrast imaging [1].

Among the phase-contrast modalities, single-distance
propagation-based imaging (PBI) is one of the most
exploited in SR pu-CT experiments as it is based only on
the relative distance between the rotating sample and the
detector. According to this modality, neither hardware
elements (e.g., crystals or gratings) nor multiple acquisi-
tions are required to derive information about the phase
shifts induced by the imaged object. In this case, rather
than performing the conventional reconstruction of the
attenuation coefficient (that would result in the so-called
edge enhanced image), a phase retrieval algorithm is
typically applied to the (flat-corrected) projection data
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in order to reconstruct the decrement from unity of the
refractive index.

The main motivation behind the efforts of reconstruct-
ing the § is to differentiate between two materials of
similar electron density or with negligible X-ray absorp-
tion (i.e., phase objects) so as to ease the image segmen-
tation step and the subsequent analyses. An example is
the differentiation of soft tissue in biomedical applica-
tions which is typically better imaged when consider-
ing the contribution of the phase information [2]. More
recently, thanks to significant improvements in the acqui-
sition speed, fast time-resolved tomography is also per-
formed at SR sources to image “dynamic” samples. In
such cases, the short exposure time applied results in a
limited photon flux. Accordingly, the consideration of §
instead of B becomes particularly interesting to enhance
image contrast by taking advantage of the (stronger)
refractive effect rather than attenuation. Phase retrieval
can be viewed as a tool for the relaxation of the photon
flux requirements in order to increase the time resolu-
tion of ultra-fast SR u-CT experiments still preserving a
good contrast [3]. Similarly, a limited photon flux is con-
sidered when the radiation dose is a concern, such as e.g.,
in sight of in vivo application of SR CT [4]. Therefore,
it is not incorrect to state that the essential reconstruc-
tion pipeline required by today PBI SR u-CT experiments
is a three-step process composed by flat fielding, phase
retrieval, and the actual reconstruction.

While several algorithms have been proposed in the
last decades for (approximating) the retrieval of phase
information from only one measurement [5], the cur-
rently most used method has been proposed by Paganin
et al. [6]. This method established itself basically because
it is fast (being non-iterative) and also stable with respect
to noise. Moreover, its main assumption is the homo-
geneous material composition of the imaged sample.
The Paganin’s algorithm assumes that the phase and the
amplitude of the incident wave are related to a known
ratio §/B. This simplicity is an additional advantage of the
Paganin’s algorithm.

Although the tomographic reconstruction of the
acquired data can be performed at a later stage at user’s
home institution, in a PBI SR pu-CT experiment, a highly
desirable goal is to perform a preliminary reconstruction
and visualization of the data during the beamtime. This
enables rapid feedback on data quality and experimental
conditions as well as sample preparation and position-
ing onto the rotating stage (a tricky task when scanning
pure phase objects at very high resolution). To this aim,
a u-CT beamline typically offers software to apply the
already mentioned “standard” fast reconstruction pipeline
composed by conventional flat fielding, Paganin’s phase
retrieval and FBP. In this case, in addition to the practical
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issue of the assessment of the center of rotation [7], the
only parameter to tune is the §/8 of the phase retrieval
step but it requires only a few attempts with visual super-
vision. By considering this workflow as “the” solution to
the tomographic problem, users typically invest their time
and efforts during the beamtime in the optimization of
the acquisition parameters (e.g., beam energy, sample-
to-detector distance, and number of acquired projec-
tions) and in the maximization of the number of scanned
samples. If users are satisfied with the reconstructed data
produced with this approach in terms of image quality,
thanks also to high-performance computing (HPC) hard-
ware typically available at the facility, they are likely to
conclude the beamtime with the reconstructed data for
all the scanned sample. Post-beamtime refinements and
optimizations can be performed only if access to a remote
computing infrastructure is offered by the facility. An
interesting example is the Australian MASSIVE initiative
[8]; however, most of the European facilities do not offer
similar remote tools for data processing and visualization.

On the other hand, some users may want to push the
frontiers of their research looking for the best image
quality achievable in order to ensure an accurate quan-
titative analysis of the reconstructed volume. They may
want to invest time and efforts in the optimization of the
reconstruction process by testing non-conventional flat
fielding solutions, different phase retrieval algorithms
as well as enhanced reconstruction approaches, such as
algebraic techniques. For instance, the most recurrent
additional pre-processing step deals with the compensa-
tion of ring artifacts that hamper the interpretation and
segmentation of the reconstructed data [9]. Efforts in
the optimization of the ring artifacts compensation step
require several attempts. Also intensive computational
time is required by some of these approaches, thus lead-
ing to slow reconstruction workflows (slower than the
time required by data collection). Moreover, in a large
scientific collaboration, it is not uncommon that the
researchers involved in the data acquisition at the facil-
ity are different from those involved in the interpretation
and analysis of the reconstructed images. These research-
ers, more expert in the image evaluation, might not pos-
sess programming skills and, therefore, their contribution
can be discouraged if they are required to modify, e.g.,
MATLAB®, IDL® or Python scripts. An interesting addi-
tional point is that, as research in digital image process-
ing goes on, users might be interested in applying new
algorithms to past archived datasets. This is particularly
true for experiments where rare specimens are scanned
[10] or investigations where destructive complementary
analyses (e.g., histology) are considered after the u-CT
acquisition. In this case, it might be hard (or even impos-
sible) to perform a new data collection. In this scenario,
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the availability of user-friendly software tools for a post-
beamtime optimization of the reconstruction workflow
at user’s home institution might increase the image qual-
ity and improve the subsequent analyses.

This article presents SYRMEP Tomo Project (STP): an
open-source software tool with a graphical user interface
(GUI) conceived to let users design custom CT recon-
struction workflows. In the next section, the software
architecture and the design principles are presented.
Then, an application is reported where the “standard”
reconstruction workflow (conventional flat fielding,
Paganin’s phase retrieval and FBP) is compared in terms
of image quality against a custom workflow applied by
taking advantage of some of the features of STP. Releases
of the STP software can be downloaded for free at the
Elettra Scientific Computing group GitHub repository
https://github.com/ElettraSciComp/STP-Gui.

Software architecture

SYRMEP Tomo Project (STP) has been designed with a
strong distinction between the GUI and the core func-
tions. Figure 1 shows the two main blocks composing
the software, namely STP-Gui and STP-Core. The GUI is
built on top of an internal project [11], recently re-named
STP-Core developed in Python language. The STP-Core
functions are used at the SYRMEP beamline (Elettra-
Sincrotrone Trieste S.C.p.A) [12] for a fast online (i.e.,
during the beamtime) reconstruction. Among the moti-
vations behind the choice of the Python programming
language, there is its cross-platform nature. With limited
efforts, all the STP-Core functions can be also, in prin-
ciple, executed in a Unix-based HPC computer cluster.
The Python programming language was chosen also to
favor the interaction with the TomoPy initiative [13] and
the ASTRA toolbox [14], for which Python wrappers are
available. The ASTRA toolbox provides highly efficient
tomographic reconstruction methods implemented for

STP-Gui (Graphical User Interface .NET)

STP-Core (Python)

TomoPy ASTRA

CPU GPU

Fig. 1 SYRMEP Tomo Project software architecture: the graphical user
interface (GUI) is separated from the core functions. STP-Core takes
advantage of TomoPy and the ASTRA toolbox
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graphic processing units (GPUs). ASTRA is only focused
on reconstruction, and it does not include pre- or post-
processing methods. Furthermore, no routines to read
data from disk are provided by the toolbox. On the other
hand, TomoPy includes several pre-processing and post-
processing algorithms commonly used for synchrotron
data as well as different reconstruction algorithms. The
algorithms implemented in TomoPy are all CPU-based,
and this can make them prohibitively slow when consid-
ering the size of datasets commonly produced by a PBI
SR u-CT. The two toolboxes have been also recently inte-
grated [15] into a common framework but still a GUI is
missing (users are required to customize a Python script
to invoke the features).

The STP-Gui module is developed in C# .NET lan-
guage. The only motivation behind this choice is related
to the programming skills of the main developer involved
in the project. STP-Gui has been specifically designed
to be used with Microsoft Windows® operating sys-
tems. The user interface is composed of a sidebar where
the common steps of a CT reconstruction pipeline are
reported (see Fig. 2). For each of these steps, a job can
be defined, which means that intermediate output can
be generated, in order to let users exploit external tools
or collaborations for maximum customization of all the
steps of the reconstruction workflow. The remaining
part of the main window is composed of an image viewer
(where the basic functionalities of zoom in/out as well as
brightness/contrast settings are available) and an output
section where the running job reports information to the
user. By modifying the available options in the graphical
user interface, users customize the job to be submitted to
the local machine. While the current job is running, users
can “tune” the next task to be submitted by testing differ-
ent options and previewing the output.

SYRMEP Tomo Project aims at offering state-of-the-art
digital image processing solutions for the reconstruction
of phase-contrast PBI SR pu-CT datasets. To simplify the
extension of the software with new tools, some portions
of the GUI can be easily customized by Python program-
mers. For instance, new ring artifacts removal filters can
be added to STP-Core. Python programmers are required
to follow basic conventions when writing their code, and
they are required to extend a simple XML file in order
to have the new feature visible from the user interface.
Without recompiling the STP-Gui module, custom fil-
ters become available as soon as the modified feature is
re-invoked.

Application

Since PBI SR p-CT allows to reconstruct the internal
structure of a sample at a range of scales spanning from
hundreds to a few microns, it has a strong impact in a
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Fig. 2 Snapshot of the STP main window. The image preview reports a zoom in on a reconstructed slice of a healthy adult male C57 Black mouse
(20-22 g, body weight) spinal cord at the lumbar level. The acquisition (energy = 30 keV, sample-to-detector distance = 2200 mm, nominal image
pixel size = 3.05 um) was performed at the ID17 beamline of the ESRF (Grenoble, France)

large number of pre-clinical investigations, such as in
the case of the neuro-degenerative pathologies. In this
framework, it is very important to reconstruct high-
quality images in order to derive accurate quantitative
and qualitative information. In the application presented
herein, the “standard” reconstruction workflow (conven-
tional flat fielding, Paganin’s phase retrieval and FBP)
is compared in terms of image quality against a custom
workflow. The considered sample is an excised mouse
brain embedded in agar and imaged at the ID17 beamline
of the European Synchrotron Radiation Facility (ESRF)
with the following experimental condition: energy = 40
keV, sample-to-detector distance = 2200 mm, nominal
image pixel size = 3.05 micron, 4000 projections col-
lected according to the so-called half acquisition mode
(i.e., an off-center rotation over 360° in order to almost
double the width of the field-of-view) [16], and exposure
time = 0.3 s per projection.

Figure 3 presents an acquired projection and an axial
slice reconstructed with the conventional protocol dur-
ing the beamtime. The slice was reconstructed with the

PyHST software [17] and the help of beamline personnel.
Very few details can be noticed in the acquired projec-
tion, thus confirming that the scanned sample is almost
a pure phase object. Some spurious absorbing elements
(most likely small skull bone fragments due to imperfec-
tions in the surgical excision of the brain) can be noticed
in the reported projection. The reconstructed slice (with
brightness/contrast set to emphasize the interesting fea-
tures of the considered sample) presents severe ring
artifacts.

In order to understand some of the reasons behind the
challenges involved in the reconstruction of the consid-
ered dataset, let us consider Fig. 4. It reports an acquired
flat field image as well as the pixel-by-pixel difference
between the (average) flat field image taken before the
acquisition of all the projections and the (average) flat
field image collected after the full rotation of the sample.
While, in principle, intermediate flat fields can be col-
lected, when dealing with very high-resolution imaging,
it is preferable to avoid the repositioning of the rotat-
ing stage if a complete set of projections is not acquired.
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by the PyHST software [17] and the help of beamline personnel

Fig. 3 On the left: sample projection as acquired by the scintillator detector system. On the right: reconstructed slice (corresponding to the line
denoted in the projection) with the fast conventional protocol (flat fielding, Paganin's phase retrieval, and FBP) as produced during the beamtime

(e.g., the monochromator) can be noticed

Fig. 4 On the /eft: (average) flat field image collected before the acquisition of all the projections. On the right: pixel-by-pixel difference between
the (average) flat field image taken before the acquisition of all the projections and the (average) flat field image collected after the full rotation of
the sample (not reported). The slight variations of the flat field images due to the instabilities of the X-ray source and other beamline components

By observing the reported flat field image, bright spots
(induced by the detector scintillator system) are clearly
visible. The slight deviations from zero visible in the dif-
ference image suggest also an additional source of arti-
facts, i.e., the instabilities of the X-ray source and other
beamline components (e.g., the monochromator). These
variations are emphasized by the long scanning time
required for the considered sample. A refined recon-
struction workflow is therefore required to mitigate the
artifacts that strongly degrade the quality of the recon-
structed image and hamper further analyses.

The first step of the custom protocol presented herein
is the recently proposed dynamic flat fielding [18]. This
method is based on the concept of eigen flat fields com-
puted through principal component analysis of the set
of collected flat images. In the implementation avail-
able in STP, a linear combination of the most impor-
tant eigen flat fields is used to individually correct each
X-ray sinogram. While the method performs better with
a high number (i.e., hundreds) of collected images, ben-
efits have been observed also with a few (i.e., dozens) flat
field images. A mandatory additional image processing
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step is the sinogram stitching required by the so-called
half acquisition mode. This action results in a dataset
being no more a set of images collected over 360°, having
size equal to the detector field-of-view, but a set of pro-
jections collected over 180° whose width is almost two
times the width of the original images.

In order to correctly perform the sinogram stitching,
the center of rotation (which is close to either left or
right side of the detector field-of-view) has to be assessed
with either automatic suggestions (see e.g., [7]) or visual
supervision. At the end of this step, the modified data-
set is, in principle, ready for conventional (absorption)
tomographic reconstruction. Figure 5 presents a cor-
rected projection (after sinogram stitching) with dynamic
flat fielding. The pixel-by-pixel difference between this
image and an image processed with conventional flat
fielding is also reported in order to appreciate the slight
improvement produced by the considered method. It can
be noticed that bright spots are still present, and this will
lead to severe ring artifacts in the reconstructed images.

Ring artifact compensation is usually performed by
de-striping the sinogram image prior to the actual recon-
struction. Interesting solutions have been also proposed
where the stripe removal is applied to a reconstructed
slice by including a Cartesian-polar transformation [19].
When considering PBI SR pn-CT data, common sino-
gram de-striping approaches can be applied either before
or after (or also, two times before and after) the phase
retrieval step. In the reconstruction protocol presented
in this article, all the sinogram de-striping filters offered

Fig. 5 On top: sample projection (after sinogram stitching) corrected
with dynamic flat fielding. On bottom: pixel-by-pixel difference
between the same image corrected with conventional flat fielding
(not reported)
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by STP [20-23] have been tested. The modified Raven’s
approach [20] implemented in STP has been used here to
mitigate ring artifacts. The parameters of the filter have
been tuned by visual assessment.

Single-distance phase retrieval has been applied prior
to the actual reconstruction. In addition to the Paga-
nin’s [6] approach based on the transport of intensity
equation (TIE) for phase retrieval, STP offers also an
implementation of the projected CTF (also called qua-
siparticle) method [24] based on a modified contrast
transfer function (CTF) model. This approach is sup-
posed to behave better when dealing with pure phase
objects. More precisely, while the TIE approach still
produces acceptable results, its stability comes with a
recognized associated loss of spatial resolution due to
its essential behavior as a low-pass filter [25]. Sharpen-
ing techniques such as a restoration algorithm imple-
mented in ANKAPhase [26] as well as more refined
approaches (see e.g., [25]) have been proposed to this
aim. Similarly, for moderately large phase variations, the
projected CTF could better preserve the spatial reso-
lution of the reconstructed images [27]. This benefit,
however, requires an adequate selection of the sample-
to-detector distance when performing the data acqui-
sition (which was not considered for the application
presented in this article) and more user efforts when
looking for the optimal tuning parameters of the pro-
jected CTF method.

The final step of the proposed reconstruction workflow
is the application of a tomographic reconstruction algo-
rithm. FBP is the most widely adopted algorithm in CT
reconstruction workflows, and it is generally recognized
as the fastest way to produce adequate results when a
sufficient number of projections are acquired. However,
algebraic methods might be interesting when perform-
ing, for instance, experiments in which the radiation dose
is a concern, and therefore, a limited number of projec-
tions are acquired. In this case, a better contrast-to-noise
ratio compared to FBP can be observed [28]. SYRMEP
Tomo Project offers users the algorithms implemented
in the ASTRA Toolbox [14] in addition to publicly avail-
able reconstruction libraries [29, 30]. Figure 6 reports a
slice reconstructed with MR-FBP [29] after the above-
mentioned pre-processing steps. It can be noticed that
ring artifacts have been compensated and spatial resolu-
tion is visibly preserved. Although a formal and quanti-
tative comparison with the “standard” fast reconstructed
protocol is not taken into account in this article, a global
improvement in terms of image quality is obtained for the
image reconstructed with a custom suitably tuned digital
image processing pipeline. Of course, this improvement
required more user efforts and more computational time.
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Fig. 6 Slice reconstructed with the proposed custom protocol (dynamic flat fielding, ring removal, projected CTF phase retrieval, and MR-FBP
reconstruction). Closeup on a ROl extracted from the slice presented in Fig. 3 (conventional protocol: conventional flat fielding, Paganin’s phase
retrieval, FBP) [on the /eft] and the same ROl extracted from the slice reported in panel a [on the right]

Future plans

In many cases, a number of similar samples are scanned
so it is useful to use a GUI to optimize the reconstruction
workflow and then apply the same parameters to a series
of datasets. Considering this common scenario, the cur-
rent version of the software is designed to retain the last
adopted parameters. However, it would be desirable to

support users with a batch execution, i.e., the preparation
of a parameter file describing the reconstruction protocol
combined with an automatic application of this protocol to
a sequence of datasets without further user support. This
feature will be included in future versions of the software.
The link between the GUI and the core features is per-
formed by executing local processes and by monitoring
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the output of these processes. In principle, the software
layer between the GUI and the core features can be
replaced with a new layer responsible for redirecting the
reconstruction processes to a HPC (assuming that the
data to reconstruct is available also on a shared storage
resource). This would allow to use the same GUI also
for a fast online reconstruction. However, online recon-
struction is usually performed with the support of beam-
line personnel, and it is supposed that expert personnel
can operate with command-line tools without a refined
graphical interface. At the current stage, the software
is designed for execution by non-expert personnel with
common hardware at user’s home institution where HPC
computing resources are not available. However, future
evolutions might consider a transparent integration with
Unix HPC to perform a fast reconstruction at the facility.

Conclusion

Among the phase-contrast modalities, single-distance
PBI is one of the most exploited in SR u-CT experiments
because no additional hardware devices are needed.
Multiple data acquisitions are not required; thus, radia-
tion dose and acquisition time are, in general, limited.
Therefore the number of scanned samples per beamtime
increases, leading to experiments with better statistics or,
simply, more experiments. However, in several practical
applications, the images produced with the conventional
reconstruction workflow for PBI SR p-CT might not pre-
sent an adequate quality for further analyses. These appli-
cations can greatly benefit from a flexible reconstruction
workflow where refined image processing solutions
such as innovative flat fielding approaches, ring artifacts
removal filters, enhanced phase retrieval algorithms as
well as algebraic iterative reconstruction can be tested. By
means of an example of application, this article presented
SYRMEP Tomo Project (STP): an open-source software
tool with a GUI conceived to let users design custom
reconstruction workflows without the need of computer
programming skills.
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