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Abstract: The Imaging and Medical Beamline (IMBL) is a superconducting multipole wiggler-based
beamline at the 3 GeV Australian Synchrotron operated by the Australian Nuclear Science and
Technology Organisation (ANSTO). The beamline delivers hard X-rays in the 25-120 keV energy
range and offers the potential for a range of biomedical X-ray applications, including radiotherapy
and medical imaging experiments. One of the imaging modalities available at IMBL is propagation-
based X-ray phase-contrast computed tomography (PCT). PCT produces superior results when
imaging low-density materials such as soft tissue (e.g., breast mastectomies) and has the potential
to be developed into a valuable medical imaging tool. We anticipate that PCT will be utilized for
medical breast imaging in the near future with the advantage that it could provide better contrast than
conventional X-ray absorption imaging. The unique properties of synchrotron X-ray sources such as
high coherence, energy tunability, and high brightness are particularly well-suited for generating PCT
data using very short exposure times on the order of less than 1 min. The coherence of synchrotron
radiation allows for phase-contrast imaging with superior sensitivity to small differences in soft-
tissue density. Here we also compare the results of PCT using two different detectors, as these
unique source characteristics need to be complemented with a highly efficient detector. Moreover,
the application of phase retrieval for PCT image reconstruction enables the use of noisier images,
potentially significantly reducing the total dose received by patients during acquisition. This work is
part of ongoing research into innovative tomographic methods aimed at the introduction of 3D X-ray
medical imaging at the IMBL to improve the detection and diagnosis of breast cancer. Major progress
in this area at the IMBL includes the characterization of a large number of mastectomy samples, both
normal and cancerous, which have been scanned at clinically acceptable radiation dose levels and
evaluated by expert radiologists with respect to both image quality and cancer diagnosis.
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1. Introduction

The Imaging and Medical Beamline (IMBL) at the Australian Synchrotron [1] is a hard
X-ray beamline that has facilitated user experiments for more than a decade. Its supercon-
ducting multipole wiggler insertion device can produce nearly parallel polychromatic and
monochromatic X-ray beams through a double-crystal Laue monochromator (DCLM), with
energies ranging from 25 to 120 keV. The IMBL user experimental program encompasses
a wide range of applications from materials to life sciences. In the majority of cases, ex-
periments are performed under ambient conditions; however, for some material science
applications, the beamline can incorporate specialized sample stages for heating [2], cooling,
or performing in-liquid experiments. The sample can also be subjected to in situ loading
during measurements, including tensile stress [3], compression, etc. For large, flat, laterally
extended objects such as circuit boards or paintings, the nonconventional tomographic
technique termed “laminography” can also be used [4]. Several imaging modalities can be
utilized at IMBL for both two-dimensional (2D) and/or three-dimensional (3D) imaging,
including propagation-based phase-contrast techniques [5,6], grating-based techniques [7],
speckle-based techniques [8], scatter-based techniques [9], and dark-field imaging [10]. The
choice of technique depends largely on the specific application. Dynamic or high-speed
imaging as a function of time [2,11,12] is also possible due to the comparatively high
X-ray flux at IMBL. Furthermore, one of the IMBL’s biggest strengths is its potential for
medical and biomedical imaging applications, especially in regard to radiotherapy [13-15]
and imaging/tomography [6,16,17]. Computed tomography (CT) is a 3D imaging tech-
nique [18,19] to image the internal structures of an object without superimposing the layers
of the object as in 2D projection images. The beamline is equipped with animal-holding
facilities, a PC2-certified wet laboratory, surgical equipment, an anesthesia delivery system,
ventilators, a biohazard cabinet, incubators for cell culture, and a cell analyzer [20]. These
facilities act as in-house clinics and are important for sample preparation. Because both
radiotherapy and imaging/tomography modalities at the IMBL have the potential for
preclinical and clinical application development, a dedicated preclinical station including a
small-animal irradiation stage is available to users of the beamline. Moreover, a 3D breast
CT imaging facility with a rotating patient bed is under development for patient trials in
the near future.

There are six hutches at the IMBL in total. Hutches 1A, 2A, and 3A are the beam-
conditioning hutches and contain X-ray optical elements. The experiment hutches are 1B,
2B, and 3B, in order of increasing distance from the source. Radiotherapy experiments [13]
have mainly been conducted in Hutch 1B or 2B. Imaging and tomography experiments for
small samples are conducted in Hutch 2B, while Hutch 3B can be used for imaging samples
as large as a human torso due to the very wide (over 50 cm) beam available at that location.
Hutch 3B is located in a satellite building, 140 m further away from the source to achieve
a wide beam while also allowing for a large (up to 7 m) sample-to-detector distance for
propagation-based phase-contrast imaging. A schematic diagram of the key components
in these hutches can be found in Stevenson et al. [20].

The interaction between the X-ray beam and the sample can be generally described by
the complex refractive index at a given wavelength, n =1 — § + i, where J is related to
the phase shift, and f is related to the attenuation. Conventional X-ray projection images
primarily depend on the linear attenuation coefficient, (1) = 47t3(A)/A, where A is the
X-ray wavelength. The output intensity, I, in monochromatic case is given by integrating
the attenuation through the sample in the direction of X-ray propagation, z, as follows [21]:

I= Ioexp_f u(z)dz 1)

where Ij is the incident intensity. For low-density materials, such as soft tissue, the X-ray
attenuation generates only relatively low contrast [22]. By comparison, in the hard X-ray
regime, the phase shift is typically three orders of magnitude larger than the corresponding
absorption. This has led to hard X-ray phase-contrast imaging, which utilizes refraction (i.e.,
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X-ray phase shifts), becoming an increasingly widespread technique for the nondestructive
imaging of low-density samples [23,24]. X-rays that pass through materials undergo a
phase shift, ¢ = —2716(A)T/A, where T is the local sample thickness. Spatial variations
of the phase in the object plane affect the intensity in the image plane at a distance z
downstream from the object, and can be accurately described by the Transport of Intensity
Equation (TIE) [25]:

M+%VL.(I(X,y,Z)VL(P(x/%Z)) =0 &)

0z
where k = 271/ A is the wavenumber, and V | is the 2D differential operator in the plane
perpendicular to the optical axis, z. The free-space propagation-based phase-contrast imag-
ing method described by the TIE equation is often easier to implement compared to other
phase-sensitive X-ray imaging techniques, due to its straightforward experimental setup,
which does not require any optical elements [26,27]. This method simply allows a spatially
coherent wave field to propagate a sufficient distance away from the sample so that the
diffraction fringes can be observed. Due to its simplicity, this propagation-based contrast
mechanism may be readily applied to 3D CT imaging [5,28,29]. In propagation-based
phase-contrast computed tomography (PCT), an additional step (compared to conven-
tional absorption-based tomography) is required, during which a suitable phase-retrieval
algorithm is applied to the measured intensity to retrieve the phase shifts induced by the
sample. There are several approaches that are currently used to solve the phase-retrieval
problem for propagation-based contrast in the measured intensity. The method chosen
often depends on the imaging regime within which the data has been acquired. Phase
retrieval based on the TIE [27,30] is primarily used for quantitative phase imaging in the
near-field Fresnel region. For homogeneous samples, the “homogeneous” TIE-based phase
retrieval (“TIE-Hom") [31] algorithm (also known as Paganin’s method) can be applied to
each measured 2D propagation-based phase-contrast intensity image, as follows (note that

z is fixed) [31]:
- » A I(x,y,2)
T(x,y) = —In {]F (4nﬁ —I—zé)\uzF[ Iy D] v

where u = (uy, uy) is the Fourier conjugate of (x,y), F is the Fourier transform operation,
and F~! is the inverse Fourier transform. The TIE-Hom algorithm is particularly useful
for imaging approximately homogeneous low-density objects. However, it can also be
applied to objects consisting of several different components with similar X-ray attenu-
ation properties such as breast tissue (which mainly consists of adipose and glandular
tissues) [5,32]. This is due to the fact that TIE-Hom acts as a low-pass filter, and the ratio
5/ effectively determines the resultant image sharpness. Moreover, for samples contain-
ing two homogeneous materials (denoted by 1 and 2), one can justifiably use the ratio of the
differences (61 — 62)/(B1 — PB2), as described by Beltran et al. [33] and Nesterets et al. [34].
The TIE-Hom PCT technique is practicable for biomedical CT imaging as it requires only
one projection at each viewing angle to be collected at a single propagation distance. Al-
ternative two-plane TIE-based phase-retrieval approaches [27,35] would have a distinct
disadvantage for this application. They would result in doubling the dose received by the
sample, as it requires two images per projection. In addition, the precise alignment of the
two images collected at different propagation distances, required by this method, would
likely be creating another problem as it is not a simple task.

Breast cancer is one of the two leading causes of cancer-related deaths in the world.
The success of breast cancer treatment relies on early detection [36]. Currently, the primary
screening method for breast cancer detection is mammography, which produces a 2D image.
However, a fundamental limitation in mammography results from the superposition of
breast tissue layers within 2D projection images, which potentially obscures fine details and
produces errors in diagnosis [32]. On the other hand, 3D imaging techniques such as breast
CT are not yet well-established in medical practice due to the issues related to the relatively
high radiation doses required. The objective of the current study is thus to explore novel
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methods of imaging that minimize the dose to the patient while simultaneously enhancing
image quality in a way that can be applied in clinical practice.

The focus of the current paper is on the current state and progress of propagation-
based PCT imaging at the IMBL, which has been found to be highly efficient for low-
density samples such as breast and other soft tissues [5,37]. Phase-contrast imaging has
been shown to significantly increase contrast in soft tissue under suitable experimental
conditions [38]. Biomedical samples are often very sensitive to radiation, which means that
the X-ray doses must be carefully controlled. Another significant benefit of the TIE-Hom
phase-retrieval algorithm is that it improves the signal-to-noise ratio (SNR) [34,39,40],
enabling the radiation dose delivered to soft tissue to be reduced while still producing
high-quality images.

2. Materials and Methods

The propagation-based PCT experiments reported in this article were performed in
hutch 3B with a source-to-sample distance of 137 m and a sample-to-detector distance of
0.19 m (this is the minimum practically achievable distance for absorption contrast) and
6 m (phase contrast). Figure 1 illustrates the schematic diagram of the experimental setup.
The large distance between the sample and detector allows the propagation-based X-ray
phase contrast to be observed [5,24,41]. The experiments were performed at a wiggler
magnetic field of 3 Tesla with the following in-vacuum filters: C(0.45), C[hd](5), C[hd](10),
Al(1)-Al(1), and Al(1)-Al(1) (all but the C(0.45) filter are at 45°). The experiments were
conducted with monochromatic X-rays at the energies of 26, 28, 32, and 34 keV. Unlike
the polychromatic X-rays in the clinical instruments that contain a broad spectrum with
the disadvantage that the lower-energy component contributes more to the patient dose,
monochromatic X-rays help to minimize the patient dose. To flatten the beam in the
vertical direction, the DCLM was set at an appropriate bending configuration. First crystal
benders were set to 2.01 and second crystal benders were set to 1.84. These values refer
to the ratio of the source to crystal distance and the bending radius. Due to the low dose
requirement for the breast tissue samples, detuning of the DCLM was applied in order to
move away from the Bragg peak position. The beam size in the sample plane was 20 cm
(horizontally) x 4 cm (vertically).

6m

A

X-ray
source

detector on high precision rail

Figure 1. Schematic diagram of the experimental setup for absorption-contrast CT (detector at 0.19 m) and propagation-
based PCT (detector at 6 m).

The samples were fresh full-breast mastectomies that were obtained from breast cancer
surgery operations and were imaged at the IMBL on the same day in a complete, intact, and
unfixed state. No additional sample preparation was applied prior to scanning. However,
before and after scanning, samples were handled inside a biosafety cabinet (Level 1), and
the appropriate biosafety procedures were followed when the samples were placed inside
or removed from the sealed 11 cm diameter plastic cylinders (used for sample storage) for
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the PCT scans. The sample was positioned vertically inside the plastic cylinder along the
direction from the nipple (top) to the pectoralis major (bottom). Most samples contained
different types and grades of breast cancer lesions, but as a control, we also received and
imaged cancer-free samples from prophylactic surgery. The imaging experiments were
conducted under a Human Ethics Certificate of Approval from Monash University (Project
ID 26399) and with written consent from the patients to image their clinical specimens.
For evaluation and quantification of the detector resolution, we used a resolution test
phantom target (QRM-D100-HCR, QRM GmbH, Mohrendorf, Germany). The phantom
was composed of materials designed to mimic soft tissue and had an overall diameter of
10 cm and incorporated line patterns of different sizes.

The samples were exposed to X-rays under clinically relevant mean glandular doses
(MGD) of 2, 4, and 8 mGy (the 8 mGy MGD was above the dose used under actual clinical
conditions but was included for comparison purposes). The MGD was determined for
a breast composed of 30% glandular and 70% adipose tissue. Before the experiment, an
ion chamber was installed in the X-ray beam to calibrate the detected flux at the detector
by adjusting the rocking angle Af of the monochromator to control the incident photon
fluence. To this end, the ion chamber readings and the corresponding detector readings
were collected for two sample-to-detector distances, 0.19 and 6 m. Ion chamber readings
were used to estimate the corresponding MGD using Monte Carlo simulations for a numeric
breast phantom with a diameter of 11 cm [5,32,34]. Finally, the averaged flat-field (sample-
free) signal at the detector was tabulated as a function of MGD for several experimental
conditions, including X-ray energy, sample-to-detector distance, and for different detectors.
After the MGD calibration, the ion chamber was removed from the X-ray beam and was
not used during the tomographic scanning of samples (the width and height of the ion
chamber acceptance are smaller than the corresponding dimensions of the X-ray beam and
the samples).

Breast tissue imaging at IMBL was conducted on an approximately weekly basis to
correlate with the breast surgeries at Monash Health, Victoria, Australia. All the necessary
set-up configurations were standardized using a suite of purpose-designed computer
scripts to maintain the same experimental conditions for every sample. This included
setting the slit positions, detector position, sample position, incident energy setting from
the monochromator, etc. Each tomographic scan was performed by rotating the sample
over a 180° range. The scan data consisted of 4800 projections with a step angle of 0.0375°
with a corresponding MGD of 8 mGy. A total of 100 dark-current images and 100 flat-field
images were collected before each scan to account for the nonuniformity of the imaging
system. The dark-current images were collected without X-rays. Flat-field images were
collected with the X-ray illumination on but without a sample within the field of view
(FOV). From one set of collected data, we produced three sets of reconstruction results: the
original 8 mGy MGD result (4800 projections, step angle = 0.0375°), a 4 mGy MGD result
using half the number of projections (2400 projections, step angle = 0.075°), and a 2 mGy
MGD result using a quarter of the projections (1200 projections, step angle = 0.15°).

The distinctive properties of synchrotron X-ray sources, such as high coherence, energy
tunability, and high brightness are very important for producing PCT scans with short
exposure times. These source characteristics need to be complemented with a highly
efficient detector having a high frame rate, high spatial resolution, high detection efficiency,
large area, and low noise level in order to maximize the image quality at the minimal
possible radiation dose to the sample. The first X-ray detector used at the IMBL for these
scans included a large-area flat-panel imaging detector, the Hamamatsu complementary
metal-oxide—semiconductor (CMOS) C10900D with a Cesium Iodide (Csl) scintillator
deposited directly on 2D photodiode array with a pixel size of 100 pm x 100 pm and a
FOV of 12.16 cm (horizontal) x 12.32 cm (vertical). A second detector was also used in this
study in order to compare and contrast the optimal detector characteristics in the context
of PCT for soft-tissue imaging. The second detector was a Xineos 3030HR CMOS flat-panel
detector with a medical-grade columnar Csl scintillator with a pixel size of 99 um x 99 pm.
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Both the Hamamatsu and Xineos detectors have a high quantum efficiency and very low
noise level, which is important for low-dose PCT scans with short exposure times. The
main specifications of both detectors can be seen in Table 1.

Table 1. Detector specifications for the Hamamatsu C10900D [42] and the Xineos 3030HR [43].

Hamamatsu Xineos

Number of pixels 1216 x 1232 2097 x 2111
Pixel size 100 pm 99 um
Exposure time 59 ms 25 ms
Frame rate 17 fps 40 fps
Max counts 4000 (12-bit) 16,000 (14-bit)
Acquisition mode Fine mode Mag1 (70%)

Note that the Xineos frame rate is available in 3 different modes, i.e., Mag0 (100%—31 fps), Mag1 (70%—40 fps),
or Mag2 (50%—54 fps) [43].

Preprocessing of the projection data is required prior to 3D reconstructions. This
includes the correction for the dark-current and flat-field images and geometrical correction
of the images to account for the gaps between pixel rows or columns and to mask defects
in the detector pixels. Both detectors had intermodular gaps or defect lines in both the
horizontal and vertical directions that created intensity artefacts in the images. These
intensity artefacts need to be corrected in the projection images to prevent them from
producing strong ring artefacts in the reconstructed images. Stitching of the projection
images in the vertical direction is also necessary for large samples when the height of the
sample (in the direction from the nipple to the pectoralis major) exceeds the vertical beam
size of 4 cm. Hence, for large samples, we need to take several steps in the vertical direction
in order to capture the whole sample. We note that the MGD is higher in the overlap
region of the vertically offset images, resulting in a doubling of the dose within this region.
However, for future measurements involving patients, we will eliminate the need for any
image overlap. The preprocessing and the stitching steps (using the IMBL_Preproc software
developed privately by Y.LN. and D.T. for the breast CT project) were applied to each
projection image. The X-TRACT software package [44] was used for data reconstruction,
including the phase-retrieval step. The TIE-Hom phase-retrieval algorithm was applied to
the projection data set, in order to exploit the phase information, using a /8 ratio applicable
for the relevant materials. For each energy, the ratio 6/ was calculated with respect to
the glandular and tumor tissues ((0giang — dtm)/ (Bgiana — Prm) = 399, 452, 550, and 600 for
X-ray energy at 26, 28, 32, and 34 keV, respectively). While differentiating glandular and
adipose tissues in CT slices is relatively easy, we are mainly interested in differentiating
glandular and cancerous tissues. It turns out that the “relative” /f for the latter is smaller
than for glandular/adipose and hence should be used if one is interested in observing
glandular/tumor interfaces without excessive blurring. If, however, glandular/adipose
or tumor/adipose interfaces are of interest, one should use the corresponding “relative”
6/ B. The Gridrec algorithm [45] was used for the CT reconstruction of the data reported
in this article. An implementation of the Gridrec algorithm and a ring artefact removal
filter are also available in the X-TRACT software package. Image data were stored in
the interactive computing environment Australian Synchrotron Computer Infrastructure
(ASCI) that provided high-performance computing resources [46]. ASCI can be used to
analyze users’ data in real time while at the beamline and/or after their beam time by
logging in remotely. ASCI provides a convenient web-based interface to launch Linux
desktops on high-performance computer hardware.
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3. Results
3.1. X-ray Phase-Contrast CT Results

Analysis of the data that have been published previously [32,37,47] demonstrated
that the propagation-based PCT technique offers superior soft tissue and tumor visibility
compared to the standard absorption-based CT technique. The overall radiological quality
evaluation from our studies comparing PCT and standard absorption-based CT are pub-
lished in Taba et al. [47] for 12 samples and in Gureyev et al. [37] for another 14 samples.
PCT images from a variety of mastectomy samples were evaluated and scored by medical
imaging specialists and practicing radiologists. The scoring was conducted to evaluate the
overall radiological image quality [37,47] for two sample-to-detector distances, 0.19 and
6 m, and varying X-ray energies at certain MGD values. The previous studies show that the
PCT images obtained positive scores, which means that the PCT images show higher image
quality than the absorption-based CT. On the contrary, a negative score means that the
absorption-based CT is better. Additionally, the advanced step of phase retrieval (TIE-Hom
algorithm) in the CT reconstruction process has been shown to increase the SNR in the
resultant 3D PCT images.

Figure 2 shows the difference between the reconstructed slices from absorption-
based CT collected within the contact regime (0.19 m sample-to-detector distance) and the
propagation-based PCT slices collected at a 6 m sample-to-detector distance for data taken
at 32 keV and 4 mGy MGD. We can see that PCT using TIE-Hom phase retrieval shows
better SNR compared to the absorption-based CT. All data presented here was acquired
using the Hamamatsu detector. Figure 3 shows the reconstructed slices illustrating the
effect of the X-ray energy variation in PCT. The mastectomy sample contained more dense
glandular tissue (white color) and less dense adipose tissue (gray color). The glandular
tissue yields higher contrast at 34 keV, but the adipose tissue has better contrast using
lower energies such as 32 keV. The effect of the MGD variation on the PCT image quality is
shown in Figure 4. The highest dose of 8 mGy produced the best results. However, in a
clinical setting the lowest achievable dose while maintaining an acceptable image quality
is typically required.

Sagittal slice Coronalslice

Contact, 0.19 m,
32 keV, 4 mGy

PCT, 6 m,
32 keV, 4 mGy

Figure 2. Comparison of absorption-contrast CT at 0.19 m sample-detector distance (top row) with
PCT using TIE-Hom phase-retrieval images at a 6 m sample-detector distance (bottom row) of a breast
tissue sample. The PCT images exhibit a better signal-to-noise ratio compared to the contact image.
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Figure 3. Comparison of PCT images of a breast tissue sample from a sagittal slice obtained using four different X-ray
energies: (a) 26, (b) 28, (c) 32, and (d) 34 keV. For the dense glandular component (white color), the result from 34 keV shows
the best quality, while 32 keV produces the best quality for the adipose component (gray color).

Figure 4. Comparison of PCT images of a breast tissue sample from a sagittal slice obtained with different MGD values:
(a) 2, (b) 4, and (c) 8 mGy.

3.2. Detector Comparison

This section presents a comparison of the performance of the two detectors used at
the IMBL (Hamamatsu and Xineos) in the context of PCT imaging. Both the Hamamatsu
and the Xineos detectors have high quantum efficiency and a very low noise level, which is
important for this type of imaging, i.e., low-dose PCT scans with short exposure times. The
images produced by the Hamamatsu and the Xineos detectors are shown in Figure 5. Both
detectors produced similar-quality images.
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Xineos

I

Hamamatsu Xineos

Figure 5. Comparison between images produced by the Hamamatsu (left column) and the Xineos
(right column) detectors at 32 keV (6 m distance, 4 mGy) of a breast tissue sample inside an 11 cm
diameter plastic container (top row) and a resolution test phantom (bottom row).

Image Quality Assessment

The objective image quality shown in the PCT reconstructions of the breast tissue (see
Figure 5, top row) using both detectors was evaluated with several metrics, including the
intrinsic spatial resolution of the reconstructed slice, SNR, and the ratio of the SNR to the
average spatial resolution (SNR/res) [40]. These measurements were carried out using
the X-TRACT software within small uniform regions selected in the images. The intrinsic
spatial resolution is estimated in X-TRACT by calculating the noise power spectrum
within these uniform regions and evaluating the inverse of the square root of the second
moment of that spectrum. Further details of the resolution calculations using X-TRACT
can be found in Nesterets et al. [5] and Gureyev et al. [48]. These measurements were
carried out at every tenth slice from the 3D reconstruction stacks with 280 slices in total
yielding ten resultant values from the central region of the CT stack. The intrinsic spatial
resolution was systematically measured as x,s and s in two orthogonal directions of
the reconstructed slices. This measurement was performed in the adipose and glandular
regions separately by averaging over the values from the ten slices from the CT stack.
The results are presented in Table 2. In the case of the Hamamatsu detector, a spatial
resolution of 150 pum X 174 um was determined predominantly by the detector’s point-
spread function. Similar spatial resolution anisotropy was also observed in the Xineos
detector: 167 um x 185 um. Furthermore, we saw a typical trade-off that the Hamamatsu
detector produced slightly better spatial resolution than the Xineos detector; however, the
Xineos detector produced slightly better values of SNR/res than the Hamamatsu detector.
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Table 2. Measured spatial resolution, SNR, and SNR/res for the PCT images produced using data
from the Hamamatsu and the Xineos detectors, respectively, of the adipose and glandular tissues in a
mastectomy sample scanned at 32 keV (6 m sample-detector distance, MGD = 4 mGy).

Adipose Glandular
Hamamatsu Xineos Hamamatsu Xineos
Xres (M) 152 +9 169 +7 147 + 4 164 + 2
Yres (HmM) 172 £ 11 183 +7 175+ 6 186 =5
SNR 6.0 0.6 76 +0.5 74+09 93+03
SNR/res (um~—1) 0.037 + 0.004 0.043 4 0.002 0.046 + 0.006 0.053 + 0.002

To further compare the image quality, the visibility of the images produced by the two
detectors was evaluated. Visibility was defined as the ratio of the difference between the
maximum (max) and minimum (min) values in the reconstructed image divided by their
sum, as first formulated by Michelson [49], using the following equation:

y — Mmax — min @
max + min
The line pattern visibility was calculated for the PCT images collected with the reso-
lution test phantom as shown in Figure 5 (bottom row) by averaging over five repeated
measurement visibility values. The measurement error of £0.02 was calculated from the
standard deviation of these five values. The line pattern visibility plot is presented in
Figure 6 as a function of spatial frequency (line pairs per centimeter). The visibility per-
formance of both detectors was comparable, with the Xineos detector producing slightly
better image visibility in the range of 10 to 20 Ip/cm.

0.6 -

- N A Homamatsu .

i » |

=2 | . % Xineos ]
o 0.4
R -
= L
0.2F
0.0 L

10 20 30 40 50
spatial freq. (Ip/cm)

Figure 6. Comparison of the line pattern visibility for PCT images obtained using data from the
Hamamatsu and the Xineos detectors as a function of the spatial frequency of the resolution test
phantom (expressed as line pairs/cm).

Both detectors produced images with comparable quality. However, the Xineos
detector provided additional benefits in terms of a larger FOV and faster frame rate (40 fps)
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compared to Hamamatsu. Moreover, the frame rate of the Xineos detector can be further
increased, in its Mag2 (50%) imaging mode, to a maximum of 54 fps.

4. Conclusions

The IMBL at the ANSTO Australian Synchrotron is well suited to propagation-based
phase-contrast computed tomography imaging of biological samples such as excised
mastectomies at low radiation doses, such as 2 mGy. With the help of the phase-retrieval
TIE-Hom algorithm, the SNR is found to be enhanced, allowing the low-dose imaging of
soft tissues while still producing high-quality, clinically-relevant results. Therefore, it is
expected that propagation-based PCT will be incorporated into medical breast imaging at
the IMBL in the near future providing higher tissue contrast and a better signal-to-noise
ratio than is currently possible with conventional absorption-based imaging. Crucially,
PCT also potentially reduces the radiation dose delivered to the patient and avoids the
need for painful breast compression that is required as part of the current approaches to
2D mammography. With the combination of a highly efficient, high frame rate detector, a
full PCT data set with 150 um spatial resolution and sufficiently high SNR can be collected
in less than 1 min, e.g., 30 s for 1200 projections using the Xineos detector, or 71 s using
1200 projections for the Hamamatsu detector. The comparison between the Hamamatsu
and the Xineos detectors shows that images of comparable quality can be obtained using
either detector. Slightly better spatial resolution was obtained with the Hamamatsu, while
better SNR/resolution was achieved with the Xineos. The user can quickly process the
collected data during the beam time or access the data after the beam time using the
ASCI desktop high-performance computing facility. In the future, higher-resolution PCT
will be possible, albeit for smaller samples, using the new Micro-Computed Tomography
(MCT) beamline, which is currently being constructed as part of the BRIGHT program
at the Australian Synchrotron. The new MCT beamline will be used for high-resolution
computed tomography and provide complementary information to the IMBL beamline.
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