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Abstract

We present a proof-of-concept Edge Illumination X-Ray Phase Contrast system where the detector
mask has been replaced by an indirect conversion detector in which sensitive and insensitive regions
have been obtained by “patterning” the scintillator. This was achieved by creating a free-standing
grid with period and aperture size matching that of a typical detector mask, and filling the apertures
with gadolinium oxysulfide. Images of various samples were collected with both the modified and the
original edge illumination systems based on the use of two masks to characterize the performances of
this detector design. We found that, despite the proof-of-concept nature of this attempt resulting in
a structured detector with suboptimal performance, it allows effective separation of the attenuation
and refraction channels through phase retrieval, and the visualization of hard-to-detect features such as
cartilage through the latter channel, thus demonstrating that the proposed approach holds the potential
to lead to improved stability since it will use a single optical element facilitating the design of rotating
phase contrast systems, or the retrofitting of conventional x-ray systems.

1 Introduction

Thanks to the availability of the highly brilliant and coherent X-ray beams provided by synchrotron radiation
facilities, the interest in X-ray phase-based methods has increased significantly. Phase-based methods allow
overcoming the low contrast of conventional X-ray imaging when imaging soft tissues''2. This is an intrinsic
limitation due to image formation being based on the difference in the absorption coefficients, which is
usually small between soft tissues. Conversely, phase contrast imaging is based on the use of the real part
of the complex refractive index ¢, referred to as phase coefficient, that describes the phase shift experienced
by an electromagnetic wave when passing through a material. Images generated by exploiting phase shifts
were shown to provide a higher contrast for soft tissues and have been proven to be extremely valuable in
preclinical studies, allowing the detection and quantification of otherwise invisible features®%°9. Since having
to rely on synchrotrons limited a widespread use of the technique”, approaches working with conventional
sources have been developed®?. The availability of such techniques represented the first necessary step
towards the translation into clinical practice and allowed the investigation of a large number of pre-clinical
applications in standard labs'%11:12, Most of these techniques are based on optical elements. Among these,
edge illumination (EI) was demonstrated to achieve a relatively low dose as well as to cover large fields of
views313:14 Tt is based on the use of two absorption masks, the first placed in front of the sample and the
second in contact with the detector. While it has been shown that it is not required to precisely align the two
masks to obtain high-quality phase contrast images!°, the second (detector) mask still needs to be accurately



aligned with the pixel lattice of the underlying detector. This is a critical requirement, with misalignment
of the detector mask affecting the phase sensitivity of an EI system. In order to remove this limitation,
in this manuscript we present the first proof-of-concept that detector mask and relative alignment can be
eliminated by embedding its function directly in the X-ray scintillator. Free-standing microstructures with
a period matching that of a standard detector used in EI and apertures corresponding to 40% of the period
were fabricated. These apertures were filled with scintillator powder (Gadox, Gadolinium Oxysulfide) and
mounted directly on a sensor. The resulting sensor corresponds to a standard, aligned “detector plus detector
mask” configuration in EI, with the Gadox-filled apertures providing regular sensitive areas separated by
insensitive, Gadox-free septa. To test its performance, the structured detector obtained as described above
has been implemented into an EI system. Its quantitative response has been investigated by imaging plastic
wires of different materials and comparing the results both with theoretical profiles and with the results
obtained with a conventional EI system using a flat panel detector and a detector mask. This showed
that the structured detector allows for a reliable separation of the transmission and refraction contrast
channels. Image quality is poorer than that obtained with the standard EI system, mainly because of the
yet nonoptimized manufacturing process which led to an excessive height and a significant non-uniformity
of the deposited scintillator layer. Indeed, we deliberately kept the structures higher than the amount of
scintillator needed for an optimised detector response at the considered energy range (40 kVp molybdenum
spectrum), because for this first proof-of-concept experiment we did not know what sort of filling efficiency we
could expect and we wanted to ensure the achievement of a detectable signal. However, when used to image
a bone sample, the EI system based on the structured detector allowed for a straightforward visualisation of
the cartilage layer (invisible in conventional transmission), providing results comparable with those obtained
with the flat panel. While the manufacturing process still needs significant optimization, this demonstrates
that a system based around a structured scintillator concept can in principle be used for medical applications.
Once optimised, this could lead to a system with improved stability and utilising a single optical element,
which would facilitate the design of rotating phase contrast systems, or the retrofitting of conventional x-ray
systems. Furthermore, the system’s cost and complexity would be significantly reduced. Finally, we note
that structured scintillators were previously proposed to enhance the MTF of x-ray detectors or, with a
similar aim to that pursued in this paper, to eliminate the analyser grating in grating interferometry 617,
This paper presents the first application to an EI system; as a consequence, it also involves the development
of structures on a significantly different scale.

2 Methods

2.1 Structured detector

Free-standing grating structures with a period of 50 pm and regular, long parallel 20 um apertures were
fabricated by Microworks GmbH (Karlsruhe, Germany). Structures were fabricated in two materials, a silver
coated polymer and gold. The latter was used in the experiments described in this paper, because the silver
coating was observed to chip away during dicing and subsequent manipulation of the structures. The free-
standing gold structure was glued to the top of a fibre-optic plate by spin-coating a thin layer of epoxy resin,
which also helped keeping it perfectly flat for scintillator filling and subsequent imaging. This was immersed
with the structure on top in an aqueous solution of Gadox plus binder, allowing for the scintillator particles
to deposit as water evaporates. The process was repeated a few times until the apertures appeared entirely
filled, and the excess Gadox gently removed. To be sure to obtain a detectable signal in every aperture, we
aimed to produce a 300 um thick Gadox layer by using free-standing grating structures of the same height.
This thickness is significantly higher than that of a Gadox screen that would normally be used with a 40 keV
molybdenum beam (see below). Subsequent data analysis showed that most of this thickness was actually
filled, albeit in a non-uniform way, resulting in suboptimal energy response due to the re-absorption of the
generated optical photons. However, it enabled us to obtain the desired proof-of-concept results. While the
structured scintillator obtained in this manner would be a match to a 50 micron pixel sensor, this was not
available at the time this experiment was conducted. It was therefore mounted on a Photonics Science XR
FDS CCD camera with a 4.5 pm pixel size, and pixels were appropriately binned post-acquisition to simulate
a 50 pm pixel detector , allowing a direct comparison with the results obtained with the flat panel which
represents our standard.

2.2 Experimental setup

Two different EI setups have been used, a conventional one featuring two masks and a flat panel detector as
used in previous work, and a single (sample) mask one using the CCD camera with the structured scintilla-
tor'®. Both are “compact” setups which follow the design recently implemented for intra-operative specimen



imaging 19:20
nification does not negatively affect the (phase) signal-to-noise ratio if the exposure time is kept constan
Schemes of these systems are shown in Fig.1. A conventional EI system is based on the use of two absorption
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Figure 1: Panel (a) shows a schematic top view of an the edge illumination setup, employing two masks and
a conventional flat panel detector. Panel (b) shows an edge illumination setup using the structured detector
in combination with the sample mask only. Panel (c¢) illustrates the design of the detector employing the
structured scintillator layer.

masks, as shown in Fig.1(a)®22. The first mask, positioned in front of the sample and referred to as the
sample mask, splits the main beam into a series of beamlets; these propagate to the detector where the
second (detector) mask is aligned so as to intercept a portion of each. When a sample is inserted into the
beam path, refraction causes a shift of the beamlets away from or towards the corresponding pixel, causing
a decrease or an increase of the detected intensity, respectively. Through knowledge of the illumination
curve (IC), the bell-shaped curve obtained in the absence of a sample by scanning the sample mask while
the rest of the system is kept still, this change in intensity can be related directly to the refraction angle,
which in turn depends on the decrement of the real part of the complex refractive index §. In addition to
refraction, the variation in beamlet intensity depends also on attenuation (related to the imaginary part of
the refractive index, ). The disentanglement of these two quantities is referred to as phase retrieval, and
requires the acquisition of more than one image at different relative mask positions (i.e. different positions
on the IC)23. The conventional setup used in this work employed a Rigaku 007 rotating anode Molybdenum
source featuring a focal spot size of 70 pum and operated at 40 kVp, 30 mA, located at about 85 cm from the
detector %20, The molybdenum anode provides a relative narrow energy bandwidth due to the dominance
of the main emission lines at 17.5 and 19.6 keV. The detector, located at about 15 cm from the sample, was
a Hamamatsu C9732DK flat panel with a pixel size of 50 x 50 pm? coupled with a detector mask having an
aperture of 20 pm and period 98 pm. The sample mask is scaled according to the system’s magnification.
Both masks were manufactured by Creatv Microtech (Potomac, MD) and are made by gold electroplating on
a 500 pm thick graphite substrate. This mask design is usually referred to as a “skipped” configuration, since
one every other pixel column is not illuminated. This greatly reduces the cross-talk between pixels, improv-
ing the intrinsic spatial resolution of the detector 2?24, However, multiple images acquired while shifting the
sample in sub-period steps (referred to as dithering steps) have to be acquired and digitally recombined to
access such an improved level of resolution, which is ultimately limited by the aperture size?®. In the second
EI system, the Hamamatsu detector and the detector masks were replaced by the “structured” detector
described in the previous section (see Fig.1 (b) and (c)). System geometry and all the other system elements
remained unchanged. To investigate the energy response of the detector, a tungsten anode operated at 50
kVp, providing a much wider spectrum compared to the Mo one, has also been used..

2.3 Sample preparation

To characterize the EI system based on the structured detector three different wires with different diameters
made of aluminium, polyethylene terephthalate (PET) and polybutylene terephthalate (PBT) have been
imaged. The same samples have been also imaged with the conventional EI system for comparison. To
provide some proof-of-concept data on a prospective biomedical application (visualisation of cartilage in
osteoarthritis), a chicken bone with a cartilage layer, fixed in formalin solution for 24h, has also been
scanned with both the systems.

2.4 Data acquisition and analysis

When using the conventional EI system based on the Hamamatsu flat panel, 11 images have been acquired at
different points of the IC for phase retrieval. For each point, 8 dithering steps have been acquired to achieve



aperture-limited resolution. An exposure time of 2 seconds per image was used. A similar acquisition scheme
was followed with the structured detector, but acquiring 9 points on the IC with an exposure time of 45
seconds to compensate for the reduced efficiency compared to the conventional system. A careful design of
all detector elements and their coupling, which was not undertaken in this case as our main goal was to prove
the principle, is expected to reduce the gap in the detection of efficiency between the two systems. For both
datasets, phase retrieval has been performed through a pixel-wise gaussian fit of the acquired illumination
curve points. When using the structured detector, one beamlet covers more than one pixel. Prior to phase
retrieval, all pixels hit by a certain beamlet were therefore summed up. The wire profiles acquired with
both systems have been compared to the theoretical profiles obtained by means of a wave optics calculation,
taking into account the polychromaticity of the spectrum, beam hardening, source and detector blurring
and detector response2®. For the detector response, the absorption coefficient of the scintillator material
and its nominal thickness have been used. Having noticed some discrepancies in the energy response of
the structured detector, namely an apparent oversensitivity to high x-ray energies, we performed a series of
independent measurements using a Tungsten source operated at 40 kVp. Multiple exposures were acquired
while filtering the spectrum with two different Al thicknesses (1 and 6 mm) as well as with no filtration, and
the results compared to the expected intensity calculated as:

Emaz
I~ / S(E)e tate(1 — e Hols)E . dE (1)
0

where S(E) is the spectral distribution and the integral extends from 0 up to Eyq, = 40 keV, 4,44 and t,.t,
are the absorption coefficients and thickness for aluminium and gadox, respectively and the linear energy
term E takes accounts for the integrating nature of the detector that makes it sensitive to the total energy
deposited by the x-rays. To perform meaningful comparisons, data were normalized to the case where no
filter was used.

3 Results and discussion

To demonstrate that refraction and transmission signals could be effectively retrieved from images obtained
with the structured detector, and compare them to those obtained with a conventional EI system, wires of
different materials have been acquired with both systems, and phase retrieval was applied to both datasets.

3.1 Quantitative response

The retrieved transmission images and corresponding line profiles for Aluminium, PET and PBT wires are
shown in Fig.2. Specifically, Fig.2(a) shows images and profiles for the conventional EI system, demonstrating
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Figure 2: Panels (a) and (b) show the transmission images and associated experimental and theoretical line
profiles for the edge illumination systems based on a flat panel and on the structured detector, respectively.
From left to right materials are aluminium (250 pm diameter), PET (400 pm diameter) and PBT (180 pum
diameter). In order to improve the line profiles, the average of 10 consecutive rows have been considered for
aluminium and PET, while 20 rows have been considered for PBT.

a very good agreement between the simulated and experimental profiles for all materials. Conversely, the



profiles obtained from the structured detector (Fig.2(b)) exhibit a systematic underestimation of the expected
absorption for all materials. In addition, a patchy appearance of the sample is evident in the image of the Al
wire. This is attributable to a non-uniform filling of the scintillator layer, which introduces local variations
in the detector energy sensitivity due to variations in the term 44, in eq.1. However, the underestimation
of the transmission signal cannot be explained by local reductions in the scintillator thickness, since this
would decrease the relative sensitivity to higher x-ray energies, leading to an overestimation of the sample
transmission.

Similarly, the comparison of the refraction channels obtained with both EI systems are reported in Fig.3.
Also in this case the line profiles extracted from the images acquired with a conventional EI system (see
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Figure 3: Similarly to Fig.2, panels (a) and (b) show the experimental and theoretical refraction line profiles
for both the edge illumination systems. In particular, panel (a) is referring to the edge illumination system
based on a conventional flat panel detector, while panel (b) to the one implementing the structured scintilla-
tor. Note that the top of the simulated refraction spectra has been intentionally left out to better highlight
the mismatch in the central part of the wires, well visible especially for PET and PBT.

Fig.3(a)) show a very good agreement with the experimental ones. When the structured scintillator is used
an underestimation of the refraction angle occurs, visible in the steeper trend in the central part of the wire.
This result is in agreement with the trend observed in the transmission profile since the refraction angle
decreases with increasing x-ray energy.

3.2 Energy response

To validate the hypothesis of a higher sensitivity of the structured detector to higher x-ray energies, a further
test has been carried out. The transmitted intensity through different thicknesses of aluminium has been
investigated for a tungsten X-ray spectrum. Results are reported in Fig.4. Specifically, panel (a) shows the
comparison between the experimental intensity values detected using no filter and 1 and 6 mm of aluminium
(black line), and the intensity values calculated through eq.1 (blue line) for the entire W spectrum shown
in panel (b). All points have been normalised to the intensity obtained without the filter. The comparison
between black and blue lines makes it evident that the transmission calculated in this manner is systematically
underestimated at all considered thicknesses, suggesting a higher mean energy for the beam detected by the
structured detector. In order to quantify this, the calculation of the expected transmitted intensity has
been repeated while progressively cropping the lowest end of the W spectrum until the best match with
the experimental data was observed, as indicated by the red line in panel (a). The spectrum leading to
this result is indicated by the red sub-region in panel (b), and corresponds to the introduction of a sharp
cut at 19 keV, leading to an average energy of 29.2 keV. For the avoidance of doubt, a sharp spectral cut
is not expected to represent the real physical situation, but is merely a simplified means to demonstrate
an increased sensitivity of the structured detector to higher x-ray energies. A similar analysis has been
performed on the experimental images of the wires obtained with the structured detector. In this latter case
the low-end of the molybdenum spectrum was cropped at increasing energies until the best match between
simulated and experimental profiles was obtained; the resulting spectral cut and the residual differences
between profiles are shown in Fig.4 (c) and (d), The “optimal” spectral cut has been obtained by minimizing
the difference between simulated and experimental profiles for all materials and for both contrast channels.
It is worth noting that, even if the Mo spectrum is significantly different from the W one and therefore an
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Figure 4: Panel (a) shows the experimental and calculated detected intensities for different Al filter thickness
(0, 1 and 6 mm) and for entire and reduced W spectra. Panel (b) shows the spectra used to calculate the
intensities shown in panel (a), with the entire spectrum and red portions used to calculate the points in
the blue and red lines in panel (a), respectively. The latter minimises the difference between experimental
and calculated intensities; a sharp cut of the spectrum has been used for simplicity’s sake. Similarly, panel
(c) shows the entire theoretical Mo spectrum and the reduced one (red area) obtained by minimizing the
difference between the experimental and simulated profiles for all materials. The corresponding residuals are
reported in panel (d) for transmission (top) and refraction (bottom). The solid red and dashed black lines
show the difference between experimental and simulated profiles obtained using the reduced and the entire
spectra, respectively.

exact match was not expected, a similar energy threshold has been found in the two cases. Specifically, a cut
at 18 keV, producing an average energy of 23.7 keV, provided the best match between all profiles. However,
even if these results demonstrate the qualitative observation of an oversensitivity to higher x-ray energies
by the structured detector, the mechanism behind this effect requires further investigation. This is likely to
be due to the excessive thickness of the scintillator layer, as mentioned above. This penalises the detection
of low-energy x-rays because they are more likely to be stopped in the top gadox layer, and because they
produce fewer visible photons. Generation of visible photons in the top layer means a higher re-absorption
rate in the remaining gadox thickness, and a higher likelihood of hitting the walls of the apertures as they
propagate towards the sensor. These two effects are exacerbated by the fact that fewer visible photons are
produced in the first place.

3.3 Imaging application

Despite the suboptimal manufacturing process affecting its quantitative response, the structured detector
was shown to be still capable of providing a sufficiently high image quality to visualize details which are
typically invisible to conventional transmission. On top of the refraction images of low absorbing wires
shown above, transmission and refraction images of a chicken bone obtained with both EI setups are shown
in Fig.5; specifically, a region-of-interest focusing on the cartilage layer is shown. This is invisible in the
transmission channel obtained with the structured detector (left hand side of panel (b)) while, due to the
higher image quality produced by the uniform scintillator layer of the commercial detector, it is barely visible
in the transmission channel on the left hand side of panel (a). On the other hand, the cartilage layer is clearly
visible from the refraction images obtained with both systems, as indicated by the red arrows in the right
hand side images of both panels. While image quality in the structured detector case is reduced by the
discussed non-uniformity of the scintillator layer, one should also note that its sensitivity to higher effective
x-ray energy E makes the detection of cartilage inherently more challenging, as the refraction angle scales
with E?; this notwithstanding, the edge of the cartilage is clearly detected. While in this case we have used
a conventional phase retrieval method based on the acquisition of multiple images, the presented system
is expected to be compatible with single image phase retrieval methods as already demonstrated for edge
illumination??, with a significant reduction of the scanning time, which is valuable especially for medical
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Figure 5: Panels (a) and (b) show transmission (left) and refraction (right) images of a chicken bone imaged
with the conventional edge illumination system and the one based on the structured detector, respectively.
The red arrows indicate the cartilage layer evident only in the refraction.

applications'®. We also note that, while here we used a relatively high number of IC points to perform

the retrieval, it was recently demonstrated that attenuation and refraction are particularly robust against a
reduction of the number of points used for the retrieval 2.

4 Conclusions

This work presents the first proof-of-concept EI system in which the detector mask has been eliminated and
replaced with a detector featuring a structured scintillator, allowing to effectively implement EI X-ray phase
imaging with a single mask. We have shown that such a system allows to successfully retrieve the refraction
channel in addition to conventional transmission, through which it was possible to visualizing features, such
as cartilage, invisible in the latter. The unoptimized manufacturing process of the structured scintillator
adopted for the first proof-of-concept test had adverse effects on image quality. In particular, a non-uniform
filling of the apertures in the structured grid resulted in a patchy appearance of the images, which could
be corrected for only in part through flat-fielding as it meant that each gadox-filled aperture had a slightly
different energy response. The excessive thickness of the scintillator, chosen to ensure the creation of at
least some signal in a situation where the degree of filling that could be expected was unknown, affected
the quantitative response of the detector as it made it partially insensitive to low-energy x-rays. While
further investigations are needed to improve the manufacturing process to obtain a high-quality detector
for medical applications, this first pilot study indicates that the approach is viable. The system based on a
single mask that could be developed through this approach would improve system stability, and could open
the application of EI to rotating medical imaging devices.
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