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The Compact Light Source is a miniature synchrotron producing X-rays at the
interaction point of a counter-propagating laser pulse and electron bunch
through the process of inverse Compton scattering. The small transverse size of
the luminous region yields a highly coherent beam with an angular divergence
of a few milliradians. The intrinsic monochromaticity and coherence of the
produced X-rays can be exploited in high-sensitivity differential phase-contrast
imaging with a grating-based interferometer. Here, the first multimodal X-ray
imaging experiments at the Compact Light Source at a clinically compatible
X-ray energy of 21 keV are reported. Dose-compatible measurements of a
mammography phantom clearly demonstrate an increase in contrast attainable
through differential phase and dark-field imaging over conventional attenua-
tion-based projections.

© 2012 International Union of Crystallography
Printed in Singapore — all rights reserved

1. Introduction

Image quality in conventional absorption-contrast X-ray
mammography is limited by the small differences in the mass
absorption coefficients of soft tissues and the maximum dose
that may be received by a patient in mammography screenings
(Arfelli et al., 2000; Pisano et al., 2000). As elements with a low
atomic number Z produce very weak X-ray absorption but
considerably higher phase signal, phase-contrast imaging
techniques have the potential to reduce radiation dose and
increase sensitivity at the same time. Different imaging tech-
niques have been developed to detect the phase change of the
incoming wavefront caused by the sample. As both phase
propagation effects as well as analyzer-based imaging methods
yield the best results with high monochromatic flux and spatial
coherence, benchmarking experiments in multimodal
mammography imaging have been carried out at synchrotron
sources (Momose, 2003; Fitzgerald, 2000). The use of phase
propagation measurements proved better at detecting tumors
in phase-contrast images compared with conventional
absorption contrast (Arfelli et al., 2000; Olivo et al., 2009). First
in vivo mammographic examinations on humans using
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conventional absorption contrast have been carried out with
X-rays from the ELETTRA synchrotron source (Castelli et al.,
2007). Additionally, dark-field imaging of a mammography
phantom demonstrated higher detail visibility compared with
images from a conventional X-ray tube source (Ando et al.,
2005). However, the large size of synchrotron radiation facil-
ities combined with their costs raises doubts on the feasibility
of applying these methods to a large number of patients in
mammography screening programs. A compact Compton-
based synchrotron source therefore presents an alternative, as
it meets the criteria of clinical compatibility and still provides
X-rays of high flux, narrow bandwidth and spatial coherence.
Combined with a grating-based interferometer (Momose et al.,
2003; Weitkamp et al., 2005; Pfeiffer et al., 2007, 2008), the set-
up can be used for high-sensitivity phase-contrast, dark-field
and absorption imaging. In this paper we will present first
multimodal imaging results of a mammographic accreditation
phantom at the Compact Light Source, and experimentally
demonstrate that the three contrast modalities with comple-
mentary information yield an increased detail visibility. All
measurements have been made at a clinically compatible
X-ray energy of 21 keV.

2. The Compact Light Source (CLS)

The CLS is a laboratory-scale synchrotron X-ray source,
commercially developed and manufactured by Lyncean
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Figure 1

The Compact Light Source consists of an electron storage ring and a laser
cavity. At the interaction point of the counter-propagating electron bunch
(blue) and laser pulse (red), hard X-rays are produced in the process of
inverse Compton scattering. The X-rays, which are emitted in a cone,
shine onto the sample. The grating interferometer consists of two gratings
and a PILATUS detector.

Technologies. A radio-frequency electron gun and a laser
photocathode produce single electron bunches, which are
accelerated to an energy in the range 20-45 MeV in the linear
electron accelerator section. The bunch is stored at this energy
in a miniature storage ring with a circumference of a few
meters. A high finesse bowtie enhancement cavity is located at
one of the straight sections of the storage ring and is reso-
nantly driven by an infrared laser (Bech et al., 2009). At the
interaction point (sketched in Fig. 1) the laser and the electron
bunch are tightly focused and pass through each other on each
revolution of the electron bunch and each cycle of the laser
pulse. Through the process of inverse Compton scattering,
pulses of X-rays are produced on each revolution (Huang &
Ruth, 1998). Let A; and y denote laser wavelength and elec-
tron energy given in units of rest mass, respectively. The
emitted spectrum is similar to that of a long magnetic undu-
lator with the fundamental wavelength of the laser undulator
being A /4y” (Loewen, 2003). As the laser wavelength used at
the CLS is A;, ~ 1 pm, the electron energy needed to produce
X-rays in the angstrom range is about two orders of magnitude
lower than at large-scale synchrotron facilities. As a result the
CLS storage ring can be scaled down to a few meters in
circumference, making it feasible for use in a conventional
laboratory or clinical environment. Tight focusing of both the
electron bunch and the infrared laser results in high flux and
a small source size of less than 50 pm x 50 pm r.m.s. This
constitutes a considerable advantage compared with conven-
tional mammography where a compromise between motion
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Figure 2

blurring and geometrical blurring associated with large X-ray
tube focal spot sizes has to be found. Microfocus X-ray tubes
are limited in flux owing to the heat load on the target material
and thus lead to an increase in overall exposure time, whereas
the CLS offers both high flux and a small source size at the
same time (Funke et al, 1998; Koutalonis et al., 2008).
Furthermore, the high degree of spatial coherence can be
exploited in the straightforward use of refraction-based
imaging techniques. The intrinsic energy bandwidth of AE/
E,cax = 3% allows for monochromatic mammography which
has proven to yield better results compared with polychro-
matic radiation (Moeckli ef al., 2000; Lawaczeck et al., 2005).
The angular divergence of about 4 mrad is larger than at
conventional synchrotron sources and provides a circular field
of view of 6.4 cm at a distance of 16 m from the source, which
can be utilized to measure large biological samples.

3. Experiment

A grating interferometer was placed 16 m from the source.
The m/2 phase shift grating G; with 531 um pitch and an
absorption grating G, with 5.4 um pitch were used at the first
fractional Talbot distance. The CLS was operated at a clini-
cally compatible X-ray energy of E,cx = 21keV (Apeax =
0.59 A), with a full energy spread of AE/E.,x = 3%. Each
dataset consists of a phase-stepping scan of G, with respect to
G, over one grating period using 32 steps. The exposure time
for each phase step was S s resulting in a total exposure time of
160 s. All images were recorded using a PILATUS detector
with square pixels of size 172 pm x 172 pm. From the flatfield
images an average flux of 9.76 x 10° photons mm 2 s~ has
been estimated taking into account the detector efficiency,
the absorption of the two gratings and surrounding air. The
mammographic accreditation phantom (Gammex Model 156)
approximates 4.2 cm of compressed breast. It is made up of a
wax block containing 16 test objects (Fig. 2) including different
sizes of nylon fibers which simulate fibrous structures, tumor-
like masses and groups of simulated microcalcifications. The
mean glandular dose was calculated by assuming a 50%
glandular and 50% adipose by weight breast tissue composi-
tion with an outer 0.5 cm-thick adipose layer. The mean
glandular dose of 8.75 mGy used to record the full dataset (as

differential phase dark field

Location of the test objects in the mammographic accreditation phantom and their position in relation to the notched corner of the wax block.
Absorption, differential phase-contrast and the dark-field images are shown. Each image displays six images stitched together, resulting in a total field of

view of 8.0 cm x 8.1 cm.
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displayed in Fig. 2) has been calculated
according to the method of Arfelli ef al.
(1998) using the tissue X-ray properties
as given by Dance et al. (1999). The dose
of this proof-of-principle experiment
is higher than the upper dose limit for
single-view mammography of 3 mGy
(NCRP, 2004). It can be significantly
reduced through thinning of the grating
wafers (which currently comprise 1 mm
of silicon) and an improved detector
efficiency at 21 keV. Dose-compatible
results are shown in Fig. 4, where a
reduced number of phase steps and thus
shorter overall exposure times (20 s)
have been used. The combination of
more efficient X-ray detection after
penetration of the sample and an
expected increase in overall flux from
the X-ray source will further reduce the
exposure time down to clinically
compatible values.

4. Results

Each individual dataset consists of 32
phase steps over one grating period.
The flatfield image serves as a reference
frame to account for local changes in
intensity, curvature and coherence of
the X-ray beam. The effect of the
sample on the wavefront is then calcu-
lated using Fourier analysis, resulting

in three different contrast modalities (Pfeiffer et al., 2009):
standard absorption, phase-contrast and dark-field images.
Next to the sketch of the phantom geometry (Fig. 2) the
mammography phantom is displayed in all three contrast
modalities. Image contrast is adjusted to give maximum detail
readability. Six projections have been stitched together to
cover the entire mammography phantom. It is important to
note that the field of view is limited by the active area of the
PILATUS detector of 8.38 cm x 3.35 cm.

A comparison of the detectability of the test objects in the
different contrast modalities demonstrates that the phase and
the dark-field image provide additional information to the
conventional absorption image. The small nylon fibers (test
object 5 and 6 in Fig. 2) are not visible in the absorption and
dark-field image, but are clearly visible in the phase-contrast
image. All tumor-like masses, test objects 12, 13, 14, 15 and
16, appear more visible in the dark-field image compared with
the absorption image. The smallest tumor-like mass in the
phantom, test object 16, is not visible in the absorption-
contrast image and is thus only detectable by use of the dark-
field image. The large difference in scattering strength from
tumor-like masses 15 compared with 14 indicates a variation in
material homogeneity not obvious from the absorption image.
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Figure 3

Test objects 2 (1.12 mm nylon fiber), 6 (0.40 mm nylon fiber), 9 (0.32 mm simulated micro-
calcification) and 16 (0.25 mm-thick tumor-like mass) of the mammographic accreditation phantom
(Fig. 2) are shown in conventional absorption, differential phase-contrast and dark-field contrast.
Color bars in the images indicate sections where line plots of the contrast signal have been
extracted. Absorption /1, differential-phase ® — ®, and dark-field signal V/V,, are obtained from a
Fourier analysis of the phase-stepping scan as described by Pfeiffer ez al. (2009).

Fig. 3 shows imaging results of selected test objects of the
mammographic accreditation phantom including line plots of
absorption, differential phase and dark-field values that can be
used to quantitatively compare the different contrast modal-
ities. The line plots corresponding to the nylon fibers were
calculated by integrating the pixel values along the direction
of the nylon fiber over the region indicated by colored
rectangles. Both nylon fibers (test objects 2 and 6) are signif-
icantly more visible in the differential phase-contrast image. In
the case of the tumor-like mass (test object 16) and the micro-
calcifications (test object 9), the plot displays one line through
the original image indicated by a color bar.

Simulated micro-calcifications and tumor-like masses
appear more visible in the phase-contrast and the dark-field
image. The line plots of the absorption signal (blue) and dark-
field signal (green) demonstrate a significant increase in
contrast-to-noise ratio (CNR) in the dark-field image.

Fig. 4 shows absorption and dark-field imaging results of
test object 15 (0.50 mm-thick tumor-like mass) recorded by
using a mean glandular dose of 1.09 mGy (four phase steps).
The reduction in dose has been achieved by processing only
four of the 32 recorded phase steps. As the exposure time of
each phase step remained constant throughout the experi-
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Figure 4

Dose-compatible absorption and dark-field contrast image of test object
15 (0.50 mm-thick tumor-like mass). The tumor-like mass is clearly
depicted in the dark-field image. A combination of the two contrast
modalities leads to better tumor detectability using less than the
conventional two-view mammography clinical dose (Boone et al., 2001).
Both images have been scaled to their minimum and maximum pixel
values.

ment, this approach results in a reduction of dose by a factor
of eight. A comparison of the tumor-like mass in absorption
and dark-field contrast demonstrates superior tumor detect-
ability in the dark-field image using less than the single-view
mammography clinical dose (NCRP, 2004). A dedicated CNR
analysis of the absorption and dark-field signal of test object
15 is displayed in Table 1. The contrast-to-noise values have
been calculated in an area of 14 x 11 pixels in the tumor-like
mass and the surrounding material pixels, respectively,

CNR = [, = $,1/(0% +7) ", (1)
where S, and §, represent the mean value of the signal in
region a and b, respectively, and o, and o, correspond to the
standard deviation of the respective signals. A superior
detectability of the test object in the lowest-dose (four phase
steps) dark-field image compared with the 32-phase-steps
(maximum dose in the experiment) absorption-contrast image
has been achieved. This result indicates the potential for
further reduction in dose through the use of multimodal
imaging techniques without a decrease in image quality and
tumor detectability. Furthermore, it should be noted here that
all other tumor-like masses in the phantom show a less distinct
difference in the CNR of the dark-field and absorption signal,
which has to be attributed to different scattering strengths and
thus differing microstructure of the materials used to create
the tumor-like masses in the phantom. This implies that
there is a need for dedicated phase-contrast and dark-field
mammography phantoms which allow for a detailed compar-
ison of breast imaging techniques that exploit refraction and
scattering effects of X-rays in tissue.

5. Conclusion

The standard mammographic accreditation phantom
(Gammex 156) has been measured in a first proof-of-principle
experiment at a compact synchrotron light source using a
grating-based interferometer. We achieved a better detect-

Table 1
Contrast-to-noise-ratio (CNR) of selected regions of the absorption and
dark-field images of a tumor-like mass (test object 15).

As the exposure time of each phase step remained unchanged during the
experiment, a reduction in number of processed phase steps results in a lower
dose to the phantom. Note that the low contrast-to-noise-ratio (CNRp < 1)
of the absorption signal corresponds to a noise level that is higher than the
difference in mean pixel values and therefore does not allow for tissue
discrimination in the image.

Number of

phase steps CNRmp CNRpr
4 0.1 4.7
8 0.1 6.5

16 0.1 9.2

32 0.1 12.8

ability of all test objects by combining the complementary
information of absorption, differential phase-contrast and
dark-field images. By focusing on single test objects in the
phantom, enhanced contrast of the differential phase-contrast
and dark-field signal compared with the conventional
absorption image has been demonstrated. Dose-compatible
dark-field measurements with high CNR of tumor-like masses
have been demonstrated. Future work will focus on comparing
our results with radiographs taken at a conventional
mammographic unit and further reducing the dose of these
multimodal imaging experiments. We plan to achieve this by
improving grating quality, experimental procedure and data
processing. The results indicate the potential of improved
tumor detectability in mammography screening programs.
Experiments on fixated breast tissue are planned.
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Advanced Photonics and the European Research Council
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are solely the responsibility of the authors and do not neces-
sarily represent the official views of the NTH.
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