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ABSTRACT

Photon-counting detectors provide several potential advantages in biomedical x-ray imaging including fast and readout noise free data acqui-
sition, sharp pixel response, and high dynamic range. Grating-based phase-contrast imaging is a biomedical imaging method, which delivers
high soft-tissue contrast and strongly benefits from photon-counting properties. However, silicon sensors commonly used in photon-counting
detectors have low quantum efficiency for mid- to high-energies, which limits high throughput capabilities when combined with grating-based
phase contrast imaging. In this work, we characterize a newly developed photon-counting prototype detector with a gallium arsenide sen-
sor, which enables imaging with higher quantum efficiency, and compare it with a silicon-based photon-counting and a scintillation-based
charge integrating detector. In detail, we calculated the detective quantum efficiency (DQE) of all three detectors based on the experimentally
measured modulation transfer function, noise power spectrum, and photon fluence. In addition, the DQEs were determined for two different
spectra, namely, for a 28 kVp and a 50 kVp molybdenum spectrum. Among all tested detectors, the gallium arsenide prototype showed the
highest DQE values for both x-ray spectra. Moreover, other than the comparison based on the DQE, we measured an ex vivo murine sample
to assess the benefit using this detector for grating-based phase contrast computed tomography. Compared to the scintillation-based detector,
the prototype revealed higher resolving power with an equal signal-to-noise ratio in the grating-based phase contrast computed tomography
experiment.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0020262

I. INTRODUCTION sensors, which convert incident x-rays directly into an electrical

In contrast to widely used scintillation-based detectors, signal. Photon-counting technology features several advantages for
photon-counting detectors use direct conversion semiconductor x-ray related imaging applications including a sharp pixel response,
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high dynamic range, electronic noise free readout, and spectral
energy discrimination.”

Originally, only silicon sensors were used in photon-counting
detectors, since silicon wafer production has been pushed inten-
sively by the semiconductor microelectronics industry. In addition,
although silicon sensors achieve extremely high crystal quality, their
stopping power is limited due to the low atomic number (Z = 14).
The resulting comparably low quantum efficiency of silicon based
photon-counting in contrast to scintillation-based detectors, how-
ever, limits a wider range of application in x-ray imaging. Recent
advances have made sensor materials with higher atomic numbers
such as gallium arsenide (GaAs) (Z = 31/33) and cadmium telluride
(CdTe) (Z = 48/52) available for photon-counting technology to
increase the conversion efﬁciency.‘ However, the current manufac-
turing process of CdTe and GaAs sensors is still challenging and
results in impurities and dislocations within the sensors, which can
cause non-uniform pixel responses.””

Scientific applications in life and material sciences have been
using the advantages of photon counting-detectors in x-ray diffrac-
tion, scattering, and imaging applications such as protein crystal-
lography for years.”” Even first clinical prototype applications of
photon-counting technology have recently been achieved.'’ '

A biomedical imaging technology, which highly benefits from
photon-counting technology, is x-ray grating-based phase contrast
imaging (GBPCI). GBPCI is an interferometry based x-ray imag-
ing technique, which allows us to measure extremely small refrac-
tion angles arising from fine electron density variations of a given
material, and delivers increased soft-tissue contrast in comparison
to well-known attenuation based imaging.'” "> Although a variety
of phase contrast methods have been developed for highly-coherent
synchrotron sources, the grating-based phase contrast approach
has successfully been adapted by low-brilliance laboratory x-ray
sources. * In laboratory GBPCI setups, three x-ray gratings are com-
bined to form a so-called Talbot-Lau interferometer. GBPCI pro-
vides quantitative data accessibility''” and has proven itself in sev-
eral preclinical applications, ranging from phase contrast mammog-
raphy’””' to high-sensitivity grating-based phase contrast computed
tomography (GBPC-CT) of atherosclerotic plaque, kidney, or breast
samples.””

In order to achieve high soft-tissue contrast with GBPCI, high
angular sensitivity is required for the detection of small refraction
angle variations. The absence of readout noise and the provided
high dynamic range of photon-counting detectors turned out to be
essential for high-sensitivity GBPCL.”” *" The advancement of high-
sensitivity GBPCI still suffers from the low quantum efficiency of the
utilized silicon sensors, since it results in long measurement times.
In addition to that, higher spatial resolution would be necessary for a
wider range of GBPCI application. Those issues could be solved with
a high-Z and small pixelated sensor for GBPCL

In this work, we present a newly developed photon-counting
detector—the DECTRIS SANTIS 0808 GaAs HR prototype—
equipped with a GaAs sensor. In detail, we characterize the SAN-
TIS prototype on the basis of detective quantum efficiency (DQE)
and compare it to two additional detectors, a photon-counting
detector—a DECTRIS EIGER S 500 k—with a silicon sensor, and
a scintillation-based detector—a PerkinElmer Dexela 1512—with
a gadolinium oxysulfide (Gadox) screen. The DQE is a standard
for detector characterization” and describes how effectively an
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imaging system transfers the spatial frequency components of an
incident signal compared to an ideal detector. The DQE thereby
is composed of the measured incident photon fluence Q, the noise
power spectrum (NPS), and the modulation transfer function (MTF)
of the respective detector. We calculated the DQE for all three detec-
tors at two different x-ray spectra, a standard mammography spec-
trum, namely a molybdenum (Mo) 28 kVp spectrum including spe-
cific filtration of 30 yum Mo and 2 mm aluminum, and a Mo 50 kVp
spectrum as used for GBPCI. The second part of this manuscript
shows the imaging performance of the SANTIS prototype in GBPC-
CT. We performed two GBPC-CT scans of an ex vivo murine
sample with the SANTIS and the Dexela detector under otherwise
equivalent experimental conditions. Furthermore, we compared the
tomographic phase contrast data qualitatively in terms of spa-
tial resolution and quantitatively based on the signal-to-noise-ratio
(SNR).

Il. MATERIALS AND METHODS
A. X-ray detectors

Three detectors are used for this characterization: The SAN-
TIS 0808 GaAs HR prototype (DECTRIS Ltd., Baden, Switzer-
land) photon-counting detector, an EIGER S 500 k (DECTRIS
Ltd., Baden, Switzerland) photon-counting detector, and a Dexela
1512 (PerkinElmer, Inc., Waltham, United States) scintillation based
energy-integrating detector. The two photon-counting detectors are
equipped with a 500 ym thick gallium GaAs (SANTIS) and a 450 ym
thick silicon (EIGER) sensor.

A general advantage of photon-counting detectors is that inci-
dent photons are directly converted into charge, which is amplified
and digitized by a bump bonded application-specific integrated cir-
cuit (ASIC). The ability to apply thresholds to generated charge
pulses allows us to cut off electronic noise in photon-counting detec-
tors. A threshold was therefore placed at 7 keV for the SANTIS and
the EIGER detector for all measurements within this work in order
to keep the measurements comparable.

The Dexela detector is a scintillation based CMOS detector
equipped with a Gadox sensor usually used in digital mammogra-
phy.”" In contrast to photon-counting detectors, this integrating
detector accumulates charge before readout’ and noise cannot be
cut off. All detectors have nearly the same pixel size of 75 ym. More
detailed technical specifications of all three detectors are listed in
Table I. Unfortunately, the sensor thickness of the Dexela detector
could not be specified in Table I, since neither the information about
it is available in the literature, nor does the manufacturer provide it.

B. X-ray spectra

The DQE related measurements within this work were car-
ried out with two different x-ray spectra: A Mo 50 kVp and a Mo
28 kVp spectrum. Both spectra were generated with a Rigaku RA-
Micro7 HFMR tabletop rotating anode x-ray generator. The 50 kVp
spectrum was filtered with the gratings of a Talbot-Lau interfer-
ometer and a 4 cm thick water container (cf. Sec. II D for fur-
ther information), as used for GBPC-CT. The second spectrum was
achieved with the generator operating at 28 kVp and an additional
filtration of 30 ym Mo and 2 mm aluminum. Those settings are
standard settings for mammographic radiation quality (RQA-M2)
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TABLE I. Technical specifications of the DECTRIS SANTIS 0808 GaAs HR prototype, the DECTRIS EIGER S 500 k, and

the Dexela 1512 x-ray detector imaging systems.

SANTIS 0808 GaAs HR prototype EIGER S 500k Dexela 1512
Sensor material GaAs Si Gadox
Sensor thickness (ym) 500 450 N/S
Pixel size (um) 75 x 75 75 x 75 74.8 x 74.8
Sensitive area (mm) 77.25 x 77.2 77 x 38.6 114.4 x 145
Pixels 1030 x 1028 1030 x 514 1536 x 1944
ADC resolution 16 bit 12 bit 14 bit
Readout time Continuous, zero dead time Continuous, 3 ys dead time N/S
Thresholds 2 1 N/A

according to the International Electrotechnical Commission (IEC). 2
The tube current was set the maximum value of 24 mA for both x-ray
spectra.

C. Detective quantum efficiency (DQE) measurement

The DQE is a standard measure to characterize the perfor-
mance of x-ray imaging systems in medical x-ray imaging.”® It is
a relative measure, which describes how the signal-to-noise ratio
(SNR) of a radiation field is transferred by an imaging system.”
The DQE depends on the spatial frequencies # and v and can be
expressed according to the IEC as follows:’

Win(u,v)
Wout ( u, V) '

Here, MTF(u, v) is the spatial frequency dependent MTF, which
describes how effectively spatial frequencies are transferred by an
imaging system. Win(u, v) is the input NPS of the radiation field at
the detector surface and Wou(u, v) the digital output NPS of the
imaging device.

As in Ref. 28, Wi (u, v) is equal to the photon fluence Q of the
incoming radiation field. Wou:(u, v) is the spectral decomposition of
the noise variance [NPS(u, v)] of a detector and hence a measure for
detector noise. In consequence, the DQE [Eq. (1)] can be rearranged
to

DQE(u,v) = MTF (u,v) (1)

_Q
NPS(u,v)’

which sets the detector specific measures MTF(u, v) and NPS(u, v)
in relation to the photon fluence Q of an incident radiation field.

DQE measurements were conducted for all detectors (cf.
Sec. IT A) with a Mo 28 kVp and a Mo 50 kVp spectrum (cf.
Sec. II B), respectively. Data acquisition and processing of DQE
related quantities are specified by the IEC™ and described in detail
in the following.

DQE(u,v) = MTF*(u,v) ()

1. Conversion function

The first parameter to calculate the DQE is the photon flu-
ence Q (photons/mm?®). On the one hand, this quantity is needed
to directly calculate the DQE [cf. Eq. (2)], and on the other hand to
express the detector output in units of photons/mm?. Detector out-
put and photon fluence Q have to be measured for different exposure
levels to obtain the conversion function. In case of a linear detec-
tor response, determining a conversion function simplifies to the
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determination of a conversion factor. The photon fluence Q can be

calculated via
-1
Uir
=K.-| [ oE) |2 )EdE| , 3
< [f ( )( P ) ] ®

where K, is the measured air kerma dose value in J/kg at the detec-
tor surface, ®(E) is the measured and normalized x-ray spectra, and
the/p is the mass energy transfer coefficient.”

Both x-ray spectra were measured with an energy-dispersive
x-ray detector, a X-123 complete x-ray spectrometer with Si-PIN
Detector (Amptek, Inc., Bedford, United States), and corrected
according to the specific quantum efficiency of the sensor. The cor-
responding K, values were acquired with a Nomex dosemeter (PTW
GmbH, Freiburg, Germany) at the detector surface position. The
photon mass energy transfer coefficients were taken from Ref. 35.
To obtain the conversion factors for each spectrum and detector, the
measured data points were fitted linearly. The photon fluence values
Q were determined to be 0.44 x 10° photons/mm? for the 50 kVp
spectrum and 1.25 x 10° photons/mm? for the 28 kVp spectrum.

2. Noise-power spectrum (NPS)

The NPS is the squared amplitude of the Fourier transform of
an image and shows the image frequency amplitudes as a function of
the spatial frequency. For this purpose, overlapping regions of inter-
est (ROIs) with a size of 256 x 256 pixels with an overlap of 128
pixels in x- and y-directions were chosen. The number of ROIs has
been selected according to reach a minimum of 4 x 10° independent
pixels. The two-dimensional NPS can be calculated via

AxAy M N Ny
NPS(tn, vi) VNN S0 U (xiyi) - S(xiyi))
Ny p21|is1 i3

2

, (4)

x exp(2mi(unXi + viy;))

where Ax and Ay denote the pixel pitch in x- and y-directions, M
the number of ROIs, and N and N, the ROI size in numbers of pix-
els. I(x, y) is the linearized data, or more precisely the raw detector
data to which the conversion factors have been applied. Addition-
ally, a 2D-polynomial fit S(x, y) can be applied to correct the data
for non-uniform irradiation.”” This step was omitted in our case
since corrections on non-uniform irradiation have been made in
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the course of flat field correction, which is equivalent to a division
by a flat image normalized to its mean value. The 1D-NPS can be
calculated by averaging 14 pixel lines around the vertical as well as
the horizontal axis in the 2D-NPS.”* Data within spatial frequency
intervals of fin; = 0.01/pixelpitch (mm) around defined spatial fre-
quencies (multiples of 0.5 Ip/mm) were averaged to determine the
final NPS.* To facilitate a direct comparison of the individual NPS
for two different spectra with a different photon fluence, the NPS in
Sec. III A 1 is normalized to the respective photon fluence. The nor-
malized NPS (NNPS) is obtained by dividing the NPS by the squared
photon fluence |Q[*.

3. Modulation transfer function (MTF)

To measure the MTFs of the above mentioned detectors, an
approach using a sharp and straight edge was used to calculate the
MTF from a smeared edge profile in comparison to an ideally sharp
edge.”’ A tungsten edge (99.96% chemical purity) was placed as close
as possible to the detector surface. Putting the edge profile close
to the detector surface aims at eliminating any contribution of the
x-ray source spot and thus to solely measure the MTF of the corre-
sponding x-ray detector. Furthermore, a slight tilt of a few degrees
of the edge profile against the pixel grid ensures a denser sampling
of the edge.” Measurements were conducted with the edge profile
orientated along the vertical and horizontal orientation of the detec-
tor pixel matrices in order to obtain MTFs in both directions. All
acquired images were flatfield corrected in terms of dividing the raw
images by flatfield images and normalized subsequently.

Combining all data points in each detector row or line into one
profile yields the edge spread function (ESF), which is obtained by
plotting the normalized pixel values against their distances to the
edge profile. The derivative of the ESF yields the line spread func-
tion (LSF), from which the MTF can be calculated by taking the real
part of Fourier transform of the LSF. The final MTF, which considers
both horizontal and vertical properties, was obtained by averaging
both unidirectional MTFs.** Considering an ideal detector with infi-
nite small resolution, the MTF along all spatial frequencies will not
deviate from one. For a detector with a finite pixel size, the ideal MTF
can be calculated by the Fourier transforming a rectangle function
with width d corresponding to the detector pixel size. Consequently,
the ideal MTF of a detector with finite pixel size d is given by a sinc
function as follows:

sin(7du)

MTFideal(u) = du

, ®)

with u being the spatial frequency. In the further course of the
work, the ideal MTF is used as a reference for the experimentally
determined MTFs (cf. Sec. IIT A 2).

In addition to the MTF measurements, Siemens star images
were acquired to further highlight and visualize the differences in
resolving power performance of the SANTIS and the Dexela detec-
tor. The EIGER photon-counting detector was excluded from this
comparison because it was assumed to exhibit a very similar MTF
progression to the SANTIS prototype. The employed Siemens star
has a maximum spatial frequency of 16.0 Ip/mm with a lead foil
thickness of 0.03 mm. Again, the Siemens star pattern was posi-
tioned as close as possible to the detector and the data were flatfield
corrected and normalized.

APL Photon. 5, 106108 (2020); doi: 10.1063/5.0020262
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D. GBPC-CT measurement

In the GBPC-CT measurement, an ex vivo murine sample was
measured with the SANTIS and the Dexela detector (cf. Sec. II A).
The datasets were compared subsequently based on detail resolution
and image noise.

In a laboratory-based differential phase contrast (DPC) setup,
where mainly incoherent x-ray sources are used, a set of three grat-
ings is applied to form a Talbot-Lau interferometer (more detailed
information can be found in Ref. 16). The present interferometer
is composed of two absorption and one phase grating with grating
periods of 5.4 um. As the central component, the phase grating is
applied to create an interference pattern. Since the modulations of
this pattern are too small to be resolved directly by the detector, an
absorption grating is required for sampling of the interference pat-
tern. To meet the coherence requirements for interferometry, which
usually is not met with standard laboratory sources, a second absorp-
tion grating is necessary to split an extended x-ray source into an
array of individually coherent, but mutually incoherent line sources.
In the current setting, the three gratings are arranged in a sym-
metrical configuration with inter-grating distances of 856 mm at an
overall length of 1.71 m. The phase grating is designed to produce a
phase-shift of 77 rad at a design energy of 27 keV.”

Additionally, a water container of 4 cm thickness is placed in
the beam path to avoid phase-wrapping artifacts and to prevent
beam-hardening effects in CT imaging. """ Although the mean
energy (37 keV) of the filtered 50 kVp spectrum differs from the
design energy of the interferometer (27 keV), the gain in photon
flux at this higher acceleration voltage has an overall positive effect
on image noise. In the current configuration, the experimental setup
reaches an effective pixel size of 35.8 ym using the aforementioned
x-ray detectors (cf. Sec. I A).

The murine sample was fixated in formalin inside an Eppen-
dorf Tube® and has already been used in previous studies. Ani-
mal care and experimental protocols were conducted in accordance
with German animal protection laws and approved by the Institu-
tional Animal Care and Use Committee at the Technical University
Munich.

The SANTIS prototype was compared only to the Dexela detec-
tor, since the SANTIS and EIGER detectors, except for differences
in noise transfer, are assumed to exhibit a very similar imaging per-
formance.”” Both CT measurements were conducted with a Mo 50
kVp spectrum and an ex vivo murine sample serving as the biologi-
cal specimen. In sum, 1200 projections over 360° were acquired for
both measurements using the phase-stepping technique.'” Each pro-
jection was acquired with 11 phase steps and an exposure time of
5 s each step, which results in a measurement time of about two
days for one tomography. Despite this long measuring time, neither
photon flux instabilities of the source nor position fluctuations of
the source spot could be observed. The individual projection images
were processed using a fast Fourier transform (FFT) algorithm and
a subsequent offset-correction was applied to the DPC images. A
filtered backprojection algorithm employing a Hilbert filter was cho-
sen to reconstruct the 3D phase contrast volumes from the DPC
projection data.”* Moreover, all measurements were conducted with
a PMMA rod attached to the sample required for effective energy
calibration, so that the electron density can be calculated. Y In
order to assess the image quality of both detectors in a GBPC-
CT setup, the electron density resolution (standard deviation) and
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signal-to-noise-ratio (SNR) are used. From the reconstructed elec-
tron density volumes, a three-dimensional volume with a size of 100
x 100 x 100 pixels inside the PMMA rod was selected to determine
the PMMA electron density standard deviation and mean value for
each detector.

Ill. RESULTS AND DISCUSSION
A. DQE measurements
1. NPS

Figure 1 shows the NNPS of the SANTIS and EIGER photon-
counting detectors as well as the Dexela flat-panel, each for two
different x-ray spectra. The NNPS recorded with the 50 kVp spec-
trum and a Talbot-Lau interferometer along with a water container
are indicated with solid lines, whereas the dashed lines represent the
NNPS recorded with the Mo/Al filtered Mo 28 kVp spectrum. For
all three detectors, the NNPS mean amplitudes show higher values
when measured with the 50 kVp spectrum, which appears legiti-
mate due to expected decreased effective quantum efficiency toward
higher photon energies. Deviations from a uniform frequency dis-
tribution, specifically a more prominent presence of lower spatial
frequencies for the present case, are due to multiple detection of inci-
dent photons by several surrounding pixels. In scintillation based
detectors such as the Dexela flat-panel, this usually occurs due to
the light produced in the scintillation layer spreads out over sev-
eral pixels.”” For direct converting photon-counting detectors such
as the SANTIS and the EIGER detector, a similar effect occurs due
to charge diffusion in the conversion layer referred to as charge
sharing."”*" As shown in Fig. 1, this effect is much more pro-
nounced with the scintillation based Dexela detector than with both
photon-counting detectors.

10—5 4
@ 107° STTmm e NG
o
=
2
=
2 N
1077 4 i ™
- Santis 28 kVp Sso
——- Eiger 28 kVp S
—-=-- Dexela 28 kVp \\\
—— Santis 50 kVp T
_s | — Eiger 50 kvp Rt
1079y — Dexelasokvp TTme—o_

1 2 3 a 5 6
spatial frequency (Ilp/mm)
FIG. 1. Normalized noise power spectra (NNPS) of the SANTIS prototype, the
EIGER, and the Dexela detector at two different X-ray spectra. The NNPS for the
Mo 50 kVp spectrum (filtered with the gratings of the Talbot-Lau interferometer
and 4 cm water) are indicated with solid lines, and the NNPS measured with the

Mo 28 kVp spectrum (filtered with 30 4m Mo and 2 mm aluminum) are indicated
with dashed lines.
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2. MTF

The results of the MTF measurements for all three detectors
are visualized in Fig. 2. Compared to the SANTIS (blue lines) and
EIGER (green lines) photon-counting detectors, the Dexela (red
lines) indirect conversion flat-panel detector exhibits a steep drop in
MTF with increasing spatial frequency for both spectra. In Table II,
the spatial frequency values of all detectors and both x-ray spectra
are listed for 50% MTF and 10% MTF. The MTFs of both photon-
counting detectors do not fall below 10% MTF and the SANTIS pro-
totype does not even fall below 50% MTF for the 28 kVp spectrum.
Compared to the ideal MTF for a pixel size of 75 ym (cf. Fig. 2, black
solid line), all three detectors show a lower MTF progression. Devi-
ations from the ideal MTF can be explained by crosstalk between
neighboring detector pixels. With respect to the values shown in
Fig. 2, the MTF of the Dexela detector drops much faster than those
of both photon-counting detectors, which indicates a strong influ-
ence of shared light in the scintillation layer of the Dexela detec-
tor. For the photon-counting detectors, the MTFs reach higher val-
ues toward higher spatial frequencies with the 28 kVp spectrum
than with the 50 kVp spectrum. This behavior can be explained by
an increase in shared charges between neighboring pixels and an
increased escape x-ray traveling distance due to higher photon ener-
gies. For the Dexela detector, this effect is reversed, which can be
explained by a higher penetration depth of incident photons toward
higher energies.

Figures 3(a) and 3(b) depict image sections of the Siemens star
measured with the SANTIS and the Dexela detector. Both trans-
mission images are normalized to values between zero and one.
Blue rimmed boxes additionally show magnified regions around the
Siemens star center plate and the red quadrants indicate the position

1.0 1
0.8
0.6
T
=
=
049 — ideal MTF
—-== Santis 28 kVp
—-—~- Eiger 28 kVp
0.2 { === Dexela 28 kVp
—— Santis 50 kVp
—— Eiger 50 kVp
004 — Dexela 50 kVp

1 2 3 4 5 6
spatial frequency (lp/mm)

FIG. 2. MTFs of the three detectors for the 28 kVp (dashed lines) and the 50 kVp
(solid lines) spectrum in comparison to the MTF of an ideal detector. The MTFs of
the SANTIS (blue lines) and the EIGER (green lines) detector look quite similar and
decrease to approximately 50% (28 kVp spectrum) and 44% (50 kVp spectrum) up
to Nyquist frequency. In contrast, the MTF of the Dexela detector drops much faster
(10% MTF at 3.71 Ip/mm at 28 kVp and 4.05 Ip/mm at 50 kVp) right up to 3% MTF
at Nyquist frequency. In contrast, the ideal MTF for a detector with a pixel size of
75 um (black solid line) only decreases to 64% MTF up to Nyquist frequency.
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TABLE II. Spatial frequency values at MTF(50%) and at MTF(10%) of the SANTIS,
EIGER, and Dexela detectors for the 28 kVp and the 50 kVp x-ray spectrum.

28 kVp 50 kVp
MTE(50%) MTE(10%) MTE(50%) MTE(10%)
(Ip/mm) (Ip/mm) (Ip/mm) (Ip/mm)
SANTIS N/A N/A 5.98 N/A
EIGER 6.49 N/A 6.04 N/A
Dexela 1.54 3.71 1.62 4.05

of the Nyquist frequency. Incipient blurring of structures recogniz-
able below the Nyquist frequency appears with the Dexela detec-
tor [cf. Fig. 3(b)]. In contrast, these structures remain visible when
measured with the SANTIS prototype, even above the Nyquist fre-
quency. The remaining structures above the Nyquist frequency can
be attributed to aliasing artifacts, which occur when periodic struc-
tures are sampled above the Nyquist frequency. The Siemens star
performance of both detectors mirrors the results of previous MTF
measurements (cf. Fig. 2). As the steep decrease in the Dexela MTF
indicates, high frequency structures are blurred. In contrast, the slow
progression within the SANTIS MTF maintains the resolution of
fine image structures.

3. DQE

The DQE can now be calculated according to Eq. (2) with the
previous results for the photon fluence, the MTF, and the NPS.

‘ MuuERERREEER
N Nyquist: 6.68 Ip/mm

FIG. 3. Measured Siemens star sections with additional zoom-ins close to the cen-
ter plate of the SANTIS (a) and the Dexela detector (b). The Nyquist frequency of
both detectors is marked with a red solid line. The influence of the detector MTF
is not apparent below the Nyquist frequency in case of the SANTIS prototype (a),
whereas blurring of the structures is clearly recognizable for the Dexela detector
(b). However, due to the sharp pixel response of the SANTIS prototype, aliasing of
regular patterns above the Nyquist frequency becomes prominent.
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The results of all DQE measurements with the SANTIS (blue lines),
EIGER (green lines), and Dexela (red lines) detectors are shown
in Fig. 4. The progressions of the DQEs measured at 50 kVp are
indicated with solid lines, and those measured at 28 kVp with
dashed lines. Additionally, the DQE values at zero spatial frequency
[DQE(0)] and at the Nyquist frequency [DQE(N)] of all three detec-
tors for both x-ray spectra are listed in Table III. It is visible that
the EIGER detector, except for high spatial frequencies with the 28
kVp spectrum, in general, shows the lowest DQE values followed
by the Dexela flat-panel detector for both x-ray spectra. The high-
est experimentally determined DQE for each spectrum is obtained
with the SANTIS prototype. Comparing both DQEs for each detec-
tor, the DQE measured with the 28 kVp spectrum provides higher
values than those obtained with the 50 kVp spectrum. According
to Eq. (2) and considering a decrease in effective quantum efficiency
toward higher x-ray photon energies, this relation mainly follows the
corresponding NNPS depicted in Fig. 1.

B. Grating-based phase contrast computed
tomography (GBPC-CT) measurement

In order to evaluate the imaging performance of the SANTIS
prototype specifically to GBPC-CT, an ex vivo murine sample was
measured with both the Dexela and the SANTIS prototype. Based

0.8 i
_____ —=—=- Santis 28 kVp
s\\\\ ——=- Eiger 28 kVp
0.7 1 ~ ——=- Dexela 28 kVp
—— Santis 50 kVp
0.6 1 N —— Eiger 50 kVp
Dexela 50 kVp
0.5 A
5%
a 0.4
0.3 A
0.2 A
0.1 A
0.0

spatial frequency (Ip/mm)

FIG. 4. The DQEs of the three detectors for two different x-ray spectra. DQEs
measured with the Mo 50 kVp spectrum are indicated with solid lines, and the
DQEs measured with the Mo 28 kVp spectrum are indicated with dashed lines.

TABLE lll. The DQE values at zero spatial frequency [DQE(0)] and at the Nyquist
frequency [DQE(N)] of the SANTIS, EIGER, and Dexela detectors for the 28 kVp
and the 50 kVp x-ray spectrum.

28 kVp
DQE(0) (%) DQE(N) (%) DQE(0) (%)

50 kVp
DQE(N) (%)

SANTIS 77.6 26.5 68.5 23.8
EIGER 35.6 9.5 8.2 24
Dexela 67.5 2.2 35.6 3.0
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on the DQE measurements, the EIGER detector was excluded from
this comparison because it was assumed to produce a similar image
quality apart from image noise. The main difference in the DQE of
the SANTIS and EIGER detectors is due to their difference in NPS.
Since both detectors have an almost identical MTF progression, no
difference in resolving power is to be expected between both detec-
tors for phase contrast tomography. Due to the large differences in
NPS between the SANTIS and EIGER detectors, it can be assumed
that the phase contrast tomography data of the EIGER detector will
have a comparable resolution but higher image noise.

Figure 5 shows matched axial slices of the abdominal area of
a murine sample measured with the SANTIS prototype [Fig. 5(a)]
and the Dexela flat-panel [Fig. 5(d)]. The tomographic data have an
effective voxel size of 35.8 ym and are displayed in electron density
(pe) values with units of e/nm®. The white circles on the upper left
connote PMMA rods, which are necessary for electron density cali-
bration. Magnified sections of the gastric area [cf. Figs. 5(b) and 5(¢)]
and the intestine [cf. Figs. 5(c) and 5(f)] are visualized in the blue
rimmed boxes [cf. Figs. 5(b), 5(c), 5(e), and 5(f)] for the SANTIS pro-
totype and the Dexela flat-panel detector, respectively. Compared to
the SANTIS prototype [Fig. 5(a)], the GBPC-CT slice of the Dex-
ela detector [Fig. 5(d)] generally appears less noisy and streak arti-
facts arising from the backbone are pronounced less distinct. This
can be explained by the influence of the different detector MTFs as
measured, which is discussed in Sec. IIT A 2. Whereas high spatial
frequencies are preserved by the SANTIS photon-counting detec-
tor, a fast decreasing MTF for the Dexela charge-integrating detector
introduces blurring to the images. In comparison, the SANTIS pro-
totype unveils image features such as additional structures inside
the gastric wall [red arrow, Fig. 5(b)] and intestinal villi [red ellipse,
Fig. 5(c)], which are not resolved in the Dexela images [Figs. 5(e)
and 5(f)], although measured at the same effective pixel size. Stan-
dard deviations and mean values of the electron density p. have
been extracted for both detectors within a volume of 100 x 100
x 100 pixels inside the PMMA rod. For the SANTIS prototype, the
electron density pepvma was found to be (386.32 + 1.66) e/nm> and
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FIG. 5. (a)-(f): Tomographic GBPC-CT
slices of the abdominal area of the ex
vivo murine sample measured with the
SANTIS (a) and the Dexela detector
(d). Both measurements were conducted
with the Mo 50 kVp spectrum filtered
with the Talbot-Lau interferometer and a
4 cm water container. The images were
recorded with an effective voxel size of
35.8 yum and are displayed in electron
density values in units of e/nm®. A PMMA
rod [upper left in (a) and (d)], which is
needed for calibration of quantitative val-
ues, was placed additionally next to the
sample. Subfigures (b) and (e) depict
magnifications of the gastric area and
subfigures (c) and (f) show a magni-
fication of the intestine. In contrast to
the Dexela images [(e) and (f)], features
inside the gastric wall [(b), red arrow]
and intestinal villi [(c), red ellipse] are
resolved with the SANTIS prototype.
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for the Dexela detector (386.24 + 1.67) e/nm’, which results in simi-
lar SNR values of 232.85 (SANTIS) and 231.94 (Dexela). This means
that within identical conditions, images generated with the SANTIS
prototype reveal finer structures with a slightly higher SNR when
compared to a scintillation-based Dexela detector.

IV. CONCLUSION

In this work, we assessed the performance of the DECTRIS
SANTIS 0808 GaAs HR prototype photon-counting detector regard-
ing its application for high-resolution and high-sensitivity grating-
based phase contrast imaging. The selection of this detector was
based on criteria such as readout noise, a pixel size that is as
small as possible, sufficiently large sensitive area, and high quan-
tum efficiency. The comparison detectors were selected based on
their favored application for phase contrast imaging and their use
in medical imaging.

First, we compared the experimentally determined DQE of this
newly developed GaAs based photon-counting detector with a sili-
con sensor based DECTRIS EIGER S 500 k photon-counting and a
Dexela 1512 flat-panel detector with a Gadox scintillator layer. The
DQE was determined for two different x-ray spectra, a Mo 28 kVp
and a Mo 50 kVp spectrum. The 28 kVp spectrum was addition-
ally filtered with 2 mm aluminum and 30 ym molybdenum resulting
in a mammographic standard spectrum. The second spectrum was
specifically chosen to fit our phase contrast imaging setup. In order
to calculate the DQE for each detector, the photon fluence Q, the
noise power spectrum (NPS), and the modulation transfer func-
tion (MTF) were measured for both spectra. Both photon-counting
detectors show nearly equally distributed image frequencies in their
measured NPS or NNPS, whereas the Dexela NPS is mainly dom-
inated by low spatial frequencies (cf. Fig. 1). In general, the NNPS
amplitudes of the EIGER are higher than those of the SANTIS pro-
totype. This points to a higher quantum efficiency of the SANTIS
prototype. Concerning the MTF measurements, the curve progres-
sion for both spectra (visualized in Fig. 2) presents a clear advantage
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of both photon-counting detectors over the Dexela detector regard-
ing the resolving power. Slightly better results were achieved with the
SANTIS photon-counting detector for the 50 kVp spectrum com-
pared to the EIGER detector. The SANTIS photon-counting detec-
tor reached the best DQE results for both spectra and the EIGER
detector showed the lowest DQE values (cf. Fig. 4). Due to identical
photon fluence and similar MTFs within both spectra, the difference
in DQE originates from a difference in quantum efficiency of the
gallium arsenide and the silicon sensor, which can be seen from the
respective NNPS (cf. Fig. 1). The DQE of the Dexela detector is also
moderately high at lower spatial frequencies, however, declining fast
with higher spatial frequencies due to the MTF shown in Fig. 2.

In the second part of this work, we performed an exemplary
GBPC-CT scan of a murine sample. We measured an ex vivo murine
sample with both the SANTIS and the Dexela detector under other-
wise identical conditions. In the tomographic slices of the sample
(cf. Fig. 5), the imaging results of the SANTIS prototype present
higher spatial resolution indicated by the presence of finer structures
in the abdominal area, which cannot be differentiated with the Dex-
ela detector to the same degree due to a lower MTF (cf. Fig. 2). The
SNR of the tomographic electron density values does not differ much
between the Dexela (SNR =231.94) and the SANTIS prototype (SNR
= 232.85). This means that although phase contrast imaging with the
Dexela detector profits from noise reduction due to intrinsic blur-
ring (lower MTF), results with higher resolution can be obtained
with the SANTIS prototype at almost equal signal-to-noise ratio.

In conclusion, the DECTRIS SANTIS 0808 GaAs HR prototype
has highly beneficial properties for our GBPC-CT application. Com-
pared to the silicon-based photon-counting and the scintillation-
based detectors used within the scope of this work, the GaAs pro-
totype photon-counting detector showed the highest DQE progres-
sion for both, the Mo 28 kVp and the Mo 50 kVp spectrum. The
underlying high quantum efficiency, sharp pixel response, and noise
properties render this detector interesting not only for phase con-
trast micro CT but also for other flux or dose limited applications
such as breast imaging in general, micro-, and breast CT.”’ As this
range of application could not entirely be covered in the context of
this work, further investigation in this direction would be interesting
in future work.
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