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X-ray phase contrast imaging provides additional modes
of image contrast compared to conventional attenuation-
based x-ray imaging, thus providing additional structural
and functional information about the sample. The edge-
illumination (EI) technique has been used to provide at-
tenuation, refraction, and scattering contrast in both bio-
logical and non-biological samples. However, the retrieval
of low scattering signals by fitting a single Gaussian remains
problematic, principally due to the inability of the EI sys-
tem to achieve perfect dark-field illumination. We present a
new retrieval method that fits three Gaussians, which suc-
cessfully overcomes this limitation, and provide examples of
the retrieval of such signals in highly absorbing, weakly

scattering samples.
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X-ray phase contrast imaging (XPCi) is an advanced, multi-
modal, x-ray imaging method that utilizes the phase shift or
refraction induced by an object as an x-ray beam traverses it
[1,2], as opposed to conventional x-ray imaging, in which con-
trast is solely reliant on x-ray attenuation. XPCi techniques
offer increased contrast [1], as well as extra diagnostic informa-
tion when the attenuation, refraction (or phase), and scattering
contributions to signal are retrieved.

The edge-illumination (EI) technique, as depicted in
Fig. 1(a), was initially developed for synchrotron sources [3],
however was subsequently translated to polychromatic, non-
microfocal, laboratory sources with divergent beams [4], dem-
onstrating the technique’s ability to operate under relaxed
coherence requirements. The laboratory system consists of a
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set of two masks; the first (sample mask) is used to split the
beam into a series of beamlets, and may be misaligned with
respect to the second (detector mask), which is aligned with
the detector pixels. The sample is introduced in between the
two masks, and the signal is obtained when the beamlets are
deflected ecither onto or away from the absorbing columns
of the detector mask, creating negative and positive refraction
signals, respectively. The illumination curve (IC) is unique to
the system setup without a sample in place, and is obtained by
incrementally scanning the sample mask through a series of
sub-pixel-sized steps (sample mask positions) in relation to a
static detector mask while recording the integrated intensity
sensed by each pixel at each mask position [5].

The scattering signal contains complementary information
about the microscopic, sub-pixel structure of samples, and is
caused by refraction from such structures [6,7]. This is ob-
served as a broadening of the beamlet created by the sample
mask, and therefore also a broadening in the IC observed in
each pixel [8,9]. Retrieval of the scattering signal has concen-
trated on tracking this broadening [8,10,11]; however, true
dark-field imaging is an alternative, where the sample mask
is completely misaligned with respect to the detector mask
[3,12]. However, in practice, the beamlets are broadened by
a combination of geometrical blurring by the focal spot and
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Fig. 1. (a) Edge illumination system, including sample mask (SM),
sample (S), detector mask (D), and pixel (P). (b) Phantom of TiO,

concentration 0.77%, mounted on a glass slide, ready for imaging.
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partial transmission by the sample mask, which, combined with
partial transmission of the detector mask, prevents the achieve-
ment of perfect dark-field illumination. This causes the IC ex-
tinction ratio, the ratio between the maximum and minimum
IC values, to be finite. We note that while the masks are de-
signed to be 98% absorbing at photon energy 40 keV, a lower
absorption is achieved in practice [11], due either to underplat-
ing or to a reduced density of the plated material. Thus far,
scattering retrieval has been restricted to samples with scattering
properties unable to be tailored, such as paper [8,11], breast
calcifications [8], composite materials [13], and alveolar tissues
[14], all of which are weakly attenuating. Quantitative retrieval
in highly attenuating and well-controlled weakly scattering
samples has not been investigated.

In this study, we present a new retrieval method that can
accurately and quantitatively determine the scattering signal
from a system with a finite IC extinction ratio, using samples
with a weak scattering signal. We discuss the problems of
beam hardening in highly absorbing samples, and discuss two
flat-fielding methods that overcome these problems. The ap-
plications to biological tissues are also theorized and briefly
discussed.

Materials and Methods. Phantoms were constructed using
TiO, powder with a mean particle size of <5 pm [Product
224227, Titanium(IV) oxide, rutile, Sigma Aldrich, Dorset,
UK], embedded within a two-part room temperature vulcan-
izing silicone rubber (Elastosil RT 601 A/B, Wacker Chemie
AG, Munich, Germany) as the bulk material. The silicone con-
sists of a viscous, catalyst containing “part A,” which, when
mixed with “part B” and left at room temperature, cures to
form a stable and solid silicone rubber [15]. It was initially
chosen as a bulk material due to its high x-ray attenuation, with
TiO, chosen as a suitable x-ray scatterer due to the difference in
& value between it and the silicone, approximately 9.2 x 10~/
and 2.5 x 1077, respectively, at 30 KeV, as well as the particle
size being smaller than the pixel size of the detector. The phan-
toms were manufactured using a previously presented method
[16]. Although this method was used to embed silica micro-
spheres in silicone, it was found to also produce homogeneous
scattering phantoms when the silica microspheres were replaced
with TiO, powder; therefore, no modifications to the method
were required. The silicone mixture was cast ina 1 cm? silicone
ice cube mold that was sprayed with a non-silicone release agent
(Ambersil Formula 5. CRC Industries UK Ltd., Somerset, UK)
to facilitate the removal of the cured sample from the casts,
creating cuboid phantoms of equal height, width, and depth
[Fig. 1(b)]. These were then mounted on glass slides using ep-
oxy resin to create physical stability during imaging. Phantoms
of six different scatterer concentrations were created: 0.12%,
0.23%, 0.36%, 0.48%, 0.59%, and 0.77% scatterer by weight,
along with a plain silicone phantom of the same dimensions.
Scatterer by weight represents the initial mass of TiO, in com-
parison to the initial mass of silicone part A used.

Images were acquired using the previously described EI sys-
tem [8], with a Mo source operated at 40 kV and 30 mA, along
with a Pixirad (Pixirad Imaging Counters s.r.l., Italy) photon-
counting detector with pixel size of 62 x 62 pm?. The masks
were manufactured by Creatv MicroTech (Potomac, Maryland).
The sample and detector masks had a pitch of 48 pm and
59 pm, and aperture width of 12 pm and 17 pm, respectively.
The source to detector distance was 1.26 m, and the sample and
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detector masks were placed so that the magnified periods of both
masks were equal to the pixel size of the detector, at 0.98 m and
1.20 m from the source, respectively. The IC was generated using
15 sample mask positions with subsequent flat-field and object
images acquired using 33 sample mask positions distributed
symmetrically about mask position 17, the point of maximum
pixel exposure. The flat-field image was either an:

1. Image in the absence of a sample (standard flat field), or
2. image in the presence of plain silicone—homogenous,
assumed non-scattering sample (alternative flat field),

with the second approach being used to negate the beam hard-
ening effect of the high-attenuation phantoms. The object image
is obtained with the same system parameters as the flat field ex-
cept for the presence of the scattering phantom. The exposure
time for the IC and flat-field and object images at each mask
position was 250 ms so as to eliminate the possibility of pixel
saturation, and a total of 16 frames per mask position were taken.
For analysis, all 16 frames per sample mask position were
summed so as to improve the signal-to-noise ratio.

A new method of retrieval for quantitative determination
of very weak x-ray scattering signal was developed to overcome
the problems caused by a finite IC extinction ratio, which were
encountered using previously described methods [8,11].
Previous retrieval methods consider a single, independent,
Gaussian per pixel to represent the IC before the introduction
of a sample, which is reduced in amplitude, shifted along the
direction perpendicular to the mask apertures, and broadened
by attenuation, refraction, and scattering effects of the sample,
respectively [8]. The following retrieval method (three Gaussian
retrieval) accounts for the fact that adjacent pixels are not inde-
pendent of one another.

Signal retrieval was performed on the same 81 x 13 pixel
area of each image where the phantom was present. The same
pixels were used for the IC, object, and flat-field image for each
scatterer concentration. Three overlapping Gaussians separated
by the sample mask period of 48 um were fitted to the illu-
mination curve data, as illustrated in Fig. 2, from three hori-
zontally adjacent and non-independent pixels to gain the
coefficients a;, b;, and ¢;, unique to each set of three pixels:

yicx) = iﬂi%) (1)

=1

where y|¢ is the recorded number of counts at each sample mask
position, A = 0.048 mm (sample mask period), and x is the
sample mask position in mm. The fitting process continues,
moving one pixel in the horizontal direction until each group
of three horizontally adjacent pixels are assigned nine coefficients
in total. Only the three coefficients corresponding to the central
pixel are retained to contribute to the retrieved image.

Three overlapping Gaussians separated by the sample mask
period are subsequently fitted to the experimental data ob-
tained when a sample is in place in the system. Utilizing the
parameters gained from the illumination curve fitting, the val-
ues of ¢;, 7;, and s; are obtained:

~(x=bj-r+id)?
1 e 2((? +57)

e W L] I
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where .. is the recorded number of counts at each sample
mask position (x). The parameters ¢;, 7;, and s5; (maxima, posi-
tion of the maxima, and variance of the curve, respectively) are
kept for the central pixel (i = 0) and discarded for the pixels on
the left and right (/ = 1 and 7 = -1), leaving one set of param-
eters (fobjec> Tobject> Sobjece) Per pixel. This process [Eq. (2)] is
repeated for the flat-field image to obtain a further set of param-
eters (P 7l Sfac) Per pixel.

To obtain the final attenuation (¢yqe), refraction (rimage)s
and scattering (simqge) images, the following equations can be
used on a pixel-by-pixel basis:

tobject
timage = (a.u.), (3)
L
rimage = robject = Tflat (mm)> (4)
Simage = Sobject ~ Sflac (mmZ) (5)

This method can be used to retrieve the attenuation, refrac-
tion, and scattering signal from a sample; however, only the
scattering signal shall be presented and discussed with respect
to the phantoms described.

Results: To enable direct comparison between samples, the
values of sip,,. Were corrected by the background, so that all
areas of the image without a sample present have a value of
0. The background value of s;,g. Was calculated from the mean
of a 76 x 13 pixel retrieved area where no sample was present,
and this value was subtracted from every pixel within the image.
The values of 5;,,,c presented were calculated from the mean of
all the pixels in the retrieved area.

Figure 3 shows that if the standard flat-fielding method is
used, the iy Values are negative; however, if the values are
rigidly translated so that a phantom with 0% scatterer concen-
tration (i.e., plain silicone) has a value of s, = 0 mm?, then

i=(10]1
~~
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Fig. 2. Schematic of the “three Gaussian retrieval” on an image
(7 x 2 pixels), including an example of the fit obtained using exper-
imental data, to gain either the object or flat-field parameters (z, ,

and s).
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Fig. 3.  Simege value calculated for each of the phantoms using both

the standard flat-field image and the alternative flat-field image. The
value of 5ip,,. calculated using the standard flat-field image, translated
so that 0% scatterer by weight has s;y,.c = 0 mm?, is also displayed.

Error bars are &1 standard deviation.

not only do the values become positive, but they follow the
trend seen when using the alternative flat-fielding method.
Negative values arise as a result of beam hardening reducing
the width of the IC. Figure 3 also shows the retrieved s;,0
when only a single Gaussian is used, which deviates signif%—
cantly from what is expected.

If the number of positions of the sample mask is reduced
from 33 to 3 for both the object and flat-field images, to make
the imaging acquisition protocol similar to those already de-
scribed [11], then although the noise increases, the mean values
Of Simage Temain relatively unchanged, and within the standard
deviation of the original value (Fig. 4). We note that the un-
certainty in the averaged data points plotted in Figs. 3 and 4
should be divided by /81 x 13 - 1 according to the central
limit theorem. This, however, results in an unreasonably low
uncertainty due to systematic variations between pixels. We
have thus opted to use only the standard deviation of retrieved
values of Sj . to estimate the uncertainty. The same can be
observed regardless of whether the standard or alternative flat-
fielding method was used. The three points used in these cal-
culations corresponded to maximum pixel illumination (center
of the IC) and to approximately 50% pixel illumination of
either side of the IC (full width at half~maximum of IC).

Discussion. The detection of weak scattering signals in
highly absorbing materials is made possible via the three
Gaussian retrieval method presented, with a concentration
of TiO, as low as 0.1% (% scatterer by weight) creating a small,
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Fig. 4. Effect of reducing the number of sample mask positions of
both the object and flat-field image to 3 from the original 33. Values
displayed were obtained using the standard flac-field method then
translated to 0.
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but retrievable signal. This is akin to the relatively low x-ray
scattering that would be expected from biological tissues, where
the difference in delta is small between bulk material (e.g., extra
cellular matrix) and the scatterers that reside within it (e.g., cells
or cellular organelles). Previously reported scattering values for
neoplastic breast tissues are approximately between 100 yrad?,
and 900 urad?, with calcifications demonstrating values above
this [8] and the surrounding normal breast tissue demonstrat-
ing values of below 100 urad? [8]. The samples considered in
this study all demonstrate scattering below 100 prad* and
therefore can be considered similar to normal biological tissues.
The reported three Gaussian fit works where the single
Gaussian fit fails because the mismatch between the single
Gaussian and the IC is more significant than the sample-in-
duced change to the IC width. As the three Gaussian retrieval
results in a substantially better fit to the IC, it accurately re-
trieves small-scale IC width changes.

The results in this Letter, made possible by the increased
sensitivity of the three Gaussian fit, show that beam hardening
and scattering both lead to changes in the width of the IC.
While using phantoms, a non-scattering sample (plain silicone)
is able to be manufactured alongside the scattering ones. This
enables the translation of retrieved scattering values, for non-
scattering samples, to 0 if standard flat fielding is performed,
and facilitates the retrieval if alternative flat fielding is per-
formed. Tissue is a heterogeneous material, and there are no
biological tissues that could be considered as a non-scattering
sample. To translate this method to biological tissues, a non-
scattering and non-biological test material of approximately
similar elemental composition and attenuation to the tissue of
interest could be used, e.g., tissue equivalent plastics, or poly-
methyl methacrylat (PMMA) [17]—both of which have been
used as tissue-mimicking x-ray phantom materials [18]. Alter-
natively, if absolute values of scattering are not required, and
relative scattering between different tissue types in a field of
view is sufficient, then local scattering contrast could be ob-
tained, by comparing the signal from regions of a sample with
similar thicknesses. Such approaches may lead to reduced sen-
sitivity to scattering; however, we anticipate the three Gaussian
retrieval to remain superior to the single Gaussian.

For translation into the biomedical field, close attention to
the dose received by the patient is required. In previous scatter-
ing retrieval methods using edge illumination, three sample
mask positions have been used [8,11,13,19]. It has been dem-
onstrated that this new retrieval method has the ability to re-
trieve the scattering signal from three such sample mask
positions per pixel, without losing significant accuracy. The
limitation of reducing the number of sample mask positions
per pixel appears to be the noise level, which increases, but
the mean remains stable, which is important when quantitative
retrieval is required.

Conclusion. Retrieval of weak scattering signals poses sig-
nificant problems for EI systems with a finite IC extinction
ratio. The new three Gaussian retrieval method is able to over-
come this limitation allowing for the retrieval of weak scattering
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signals from highly absorbing materials. Use of this method
could allow the retrieval of scattering in a range of biological
tissues, which has the potential to provide complimentary
diagnostic data alongside traditional attenuation radiography.
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