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Phase contrast x-ray imaging (PCXI) is a promising imaging modality, capable of sensitively differentiating soft
tissue structures at high spatial resolution. However, high sensitivity often comes at the cost of a long exposure
time or multiple exposures per image, limiting the imaging speed and possibly increasing the radiation dose. Here,
we demonstrate a PCXI method that uses a single short exposure to sensitively capture sample phase information,
permitting high speed x-ray movies and live animal imaging. The method illuminates a checkerboard phase grid to
produce a fine grid-like intensity reference pattern at the detector, then spatially maps sample-induced distortions of
this pattern to recover differential phase images of the sample. The use of a phase grid is an improvement on our
previous absorption grid work in two ways. There is minimal loss in x-ray flux, permitting faster imaging, and, a very
fine pattern is produced for homogenous high spatial resolution. We describe how this pattern permits retrieval of
five images from a single exposure; the sample phase gradient images in the horizontal and vertical directions, a
projected phase depth image, an edge-enhanced image, and a type of scattering image. Finally, we describe how the
reconstruction technique can achieve subpixel distortion retrieval and study the behavior of the technique in regard
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to analysis technique, Talbot distance, and exposure time. © 2013 Optical Society of America
OCIS codes: (100.5070) Phase retrieval; (110.3010) Image reconstruction techniques; (170.3880) Medical and
biological imaging; (340.6720) Synchrotron radiation; (340.7440) X-ray imaging; (350.2770) Gratings.
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Phase contrast x-ray imaging is already enabling new bio-
medical research, utilizing the x-ray phase properties of
soft tissue to noninvasively capture biological structure
and dynamics at high resolution. Analyzer-based phase
contrast imaging [1] and Talbot grating interferometry
[2—4] provide exquisite soft-tissue contrast and excel at
structural characterization. The reduction in flux that
comes with an analyzer crystal or the use of multiple ex-
posures in Talbot grating interferometry can make high
speed or live imaging difficult. Propagation-based phase
contrast imaging [5,6] is often used for high speed imaging,
but is less sensitive to gradual changes in sample thickness
or composition, producing contrast primarily at edges.

Recent work has captured differential phase informa-
tion with a single sample exposure through the use of a
line [7,8] or mesh grid [9,10]. The grid is used to produce a
reference intensity pattern, which is then distorted by
the phase gradients in a sample (see Fig. 1). There are
two different ways to analyze the resulting image and
sensitively reveal phase gradients.

First, a Fourier method described by Takeda can be
used [7,9,11]. In this approach, the Fourier transform of
the image is taken and the peak corresponding to the grid
frequency is centered and extracted (either by cropping
or by filtering), then inverse-Fourier-transformed to
produce a differential image. This method expects a grid
image that is uniform in period across the image, particu-
larly for quantitative retrieval. A calibration phantom can
also be used for quantitative measurements [12].

Alternatively, the distortions in the grid can be mapped
spatially by comparison with a reference image, using a
local cross-correlation around each pixel to discover
how far the pattern has shifted [10]. This method is more
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computationally expensive than the Fourier method,
but the local pattern shifts can be easily converted to
accurate quantitative measures of sample phase depth.

The spatial mapping approach does not require a single-
frequency reference; hence both the reference object and
reference-to-detector distance are far less constrained. For
example, the absorption grid may be replaced by a piece of
paper to create a random x-ray speckle pattern [13] at the
sample [14,15]. This can be referred to “paper-analyzer”
[14] or speckle-tracking [15] x-ray phase imaging. When
specially manufactured gratings are not required, it is very
easy to image a large field of view or to change the imaging
energy or magnification. However, a random speckle pat-
tern will likely have a range of feature sizes, slightly varying
the achievable resolution across the image.

We address this through the use of a phase grating,
which can be seen as either a uniform-feature-size “paper
analyzer,” a flux-efficient version of an absorption gra-
ting, or as a lens array in a Shack-Hartmann sensor [16].

When illuminated with x rays, a phase grid will produce
aperiodic intensity pattern with any propagation from the
grid. This can be used in single-grid imaging, as shown in

Detector
Fig. 1. Experimental setup (not to scale).

© 2013 Optical Society of America
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Fig. 1, and with the spatial mapping method of analysis,
the observed intensity does not need to be a single-
frequency grid pattern. However, the analysis will work
best for a high-visibility pattern, with visibility defined by
Michelson [17]. As with Talbot interferometers, the maxi-
mum visibility pattern is observed at certain grid-to-
detector distances depending on the grating parameters
and x-ray energy. A checkerboard phase grating of period
T illuminated by x rays of wavelength 4 will produce a
gridlike intensity pattern at distances D,, according to

D, = nT?/(8%), (@Y)]

forn =1,3,5... [18].

In this experiment, we used a checkerboard grating
that produces 0 or = phase shifts when illuminated by
25 keV x rays, with a checkerboard period of 5.4 pm
(15 pixels as imaged here). 25 keV is used for small ani-
mal imaging, a key application of this technique, balanc-
ing sufficient phase contrast with minimal absorption for
fast imaging [19]. The checkerboard period was chosen
to balance the ability of a fine grid to detect fine features
in the sample with the need for a high-visibility reference
pattern (visibility is affected by the detector point spread
function, typically several pixels FWHM).

The grating pattern was produced by electron-beam
writing into a resist layer and then transferred into the
300 pm thick silicon substrate by reactive ion etching
[20]. For the setup described, grid-to-detector distance
D =729 cm, 21.87 cm, 36.45 cm, and so on.

An increase in the sample-to-detector distance will pro-
duce an increase in the transverse shift of the reference
pattern, shown by the black arrow length in Fig. 1 insets.
However, the shorter distances will produce the sharp-
est, most visible pattern (due to scattering and finite co-
herence length illumination). Short distances will also
minimize the width and visibility of deleterious propaga-
tion-based phase contrast fringes seen from sharp edges
in the sample [5,6]. These edge fringes can cause local
errors in the tracking of the reference pattern [10]. To
balance these effects, 21.87 cm was chosen in Fig. 2.

Experiments were conducted at the TOMCAT beam-
line at the Swiss Light Source (Figs. 2—4) and beamline
BL20XU at SPring-8 (Figs. 5,6). At both, a lens-coupled
scientific CMOS camera, the PCO.Edge, was used to cap-
ture images, with an effective pixel size of 0.36 pm.

The sample phase gradients were retrieved using the
spatial mapping method described in Morgan et al.
[10]. At each pixel in the image, this method takes a local
cross-correlation between a small section of a “grid-only”
image [Fig. 2(a)] and the corresponding section of a
“sample-and-grid” image [Fig. 2(b)], to recover the trans-
verse pattern shift (S) incurred by sample. The distance
between the peak and the center will indicate the dis-
tance the reference pattern has locally shifted. Perform-
ing this mapping at each pixel in the image results in
two differential contrast images, one showing the hori-
zontal component of this shift [looks like Fig. 2(c)],
and the other showing the vertical component [looks like
Fig. 2(d)]. In this figure, the local sections were 8 pixels
across and could move 4 pixels in each direction during
the cross-correlation.
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Fig. 2. Single-phase-grid PCXI images of an ant head, with
2.7 pm period grid pattern, 0.36 pm effective pixel size, 25 keV.
The (a) grating-only image, (b) grating and sample image are all
that is required to reconstruct (c¢) horizontal, (d) vertical phase
gradients, (e) projected phase depth, (f) edge-enhanced attenu-
ation image (like propagation-based PCXI), and (g) cross-
correlation amplitude for scattering properties. For comparison
to (e), (h) is the projected phase depth reconstructed from (f).
In (a),(b), alarger Moiré grid may be seen depending on printer/
viewer sampling.

In order to improve the performance at short propaga-
tion distances (chosen to minimize edge errors), an
interpolation was introduced to locate the noninteger
maximum of the cross-correlation. For each of the x and
y direction, a quadratic is fitted to the three pixels at the
maximum of the cross-correlation, and the peak of the
quadratic taken as the true maximum. The fit and peak
calculation can be easily performed in a single step,

S = (a; —ag) + (a1 — @;11)/(Ca;_y —4a; + 2a;41), (2)

where a is the cross-correlation array with maximum at
position 7, with the center of the cross-correlation at a,,.

The vertical and horizontal pattern shift images can
be converted to images that describe the quantitative
sample phase depth gradient (or thickness gradient for
a single material sample), as per Morgan et al. [10]. These
images [Figs. 2(c) and 2(d)] can be integrated together in
Fourier space [21] to retrieve a projected thickness im-
age [Fig. 2(e)]. If the sample extends beyond the field
of view, as in Fig. 2, this reconstruction is much improved
by tiling rotated and inverted versions of the gradient



images so as to form a complete sample surrounded by
empty space, as per Bon el al. [22], before integrating.

Given that the local distortions in the reference pattern
are known, the grid and sample image can be divided by a
distorted grid-only image to effectively remove the grid
image and recover a (degraded) propagation-based image
of the sample [Fig. 2(f)]. The magnitude of the cross-
correlation peak may also be plotted across the image,
as seen in Fig. 2(g). If there are small sample features that
scatter the x rays or that are comparable in size to the grid
features, the visibility of the reference pattern will be de-
creased and hence the magnitude of the cross-correlation
peak will decrease. This image is therefore an indicator of
scattering or small structure properties of the sample.
Figure 2(g) shows scattering from edges, but also distinc-
tive areas on the side of the ant head that are not defined
in the other images. Note that this image may need to be
corrected using the grid-only image to isolate sample ef-
fects from uneven illumination or variations in the grid.

Finally [Fig. 2(h)], the phase reconstructed from the
propagation-type image [Fig. 2(1)] [23], is visually inferior
to the reconstruction from the single-grid images
[Fig. 2(e)], since the shape of the ant head is better de-
fined by the perpendicular gradient information than the
edge information. For a quantitative comparison of re-
covered thickness by these two techniques, see [8,14].

This spatial mapping method of single-grid PCXI analy-
sis is advantageous in two ways. First, it is insensitive to
variations in the sample period across the image. The
grid pattern need not be well aligned nor matched in size
with the camera pixels. While the Fourier method of
analysis can be performed on our images, as in Fig. 3,
the variations in the observed grid pattern across the
image are visible [Fig. 3(a)], and when corrected by com-
parison with the grid-only image, wrapping artifacts
result, as seen on the antenna in Fig. 3(b). This phase
wrapping can be corrected given a slowly varying sam-
ple, but makes automated analysis difficult.

Second, the spatial mapping method of analysis allows
smaller features to be detected. The Fourier transform
method results in an image with the resolution funda-
mentally reduced by a factor of 7'/2b(= 7.5 here), where
T is the checkerboard grating period and b is the pixel
size. While the spatial resolution of the image obtained
using the spatial mapping method is not equal to the ini-
tial image resolution, smaller features are visible. In
Fig. 4, there are 2-3 pm wide hairs on the ant head that
can be detected using spatial mapping [Fig. 4(a); a bright,
dark line], but cannot be accurately traced in the Fourier
analysis images [Figs. 4(b), 4(c)].

g 7 3 A I
Fig. 3. TFourier analysis [9,11] in Fig. 2(b) shows (a) horizontal
gradients and (b) horizontal sample-only gradients, with non-
sample gradients removed by subtracting the result of a Fourier
analysis on the grid-only image [Fig. 2(a)] from Fig. 3(a).
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Fig. 4. Magnification of Fig. 2(d), the phase gradient, by (a) the
spatial mapping method; (b) by the Fourier method, cropping
around the peak; and (c) by Fourier, bandpass filtering the peak
(both with a window equal in width to the frequency of the grid).

Figure 4 also shows some background noise. Figure 5
shows that the spatial mapping technique performs
slightly better than the Fourier method in regards to
noise, for our dataset. While SNR will typically be linear
with the square root of an exposure time, at very short
exposure times the algorithms begin to break down. In
the differential image retrieved by spatial mapping
[Fig. 5(e)], “salt and pepper” noise appears where the cor-
relation peak is not correctly located. However, this oc-
curs at only 1.5% of the total pixels and can be removed
to produce Fig. 5(f). The relative performance of the two
analysis techniques will depend heavily on the periodic-
ity and alignment of the grid pattern.

Figure 5 also demonstrates the ability of the method to
detect both strong phase gradients (the sphere, which
shows some edge errors) and very weak phase gradients
(the polyethylene film, top right, with no edge errors).

The ability to accurately determine the pattern shift in-
creases with both the visibility of the reference pattern

a) 120 ' '
O
w0l e
% . |+ Spatial mapping
40 F ok ¢ Fourier method |
* Spatial mapping
2 g outliers removed
0 +~+ 1 1
0 10 20 30

[Exposure time (ms)

100 um
. ]

Fig. 5. (a) Signal to noise ratio (SNR) in the flat area of the
reconstructed differential phase image, shown as a function
of exposure time. The images use (b) the Fourier method with
10 ms exposure (mean 700 raw counts) and (c) with 700 ms
exposure (mean 47,000 raw counts), and use the spatial map-
ping method with (d) 700 ms exposure, (e) 10 ms exposure, and
(f) 10 ms exposure with “salt and pepper” noise [inset of (e)]
removed. The sample is a 1.5 mm diameter PMMA sphere
and a 50 pm thin scrap of polyethylene (top of image), propa-
gation 22 cm. To magnify noise detail, (b)—(f) show just 20% of
the full field of view.
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and the sample-to-detector distance. However, these are
linked, as the grid pattern visibility will decrease with in-
creased grid-to-detector distance, as seen in Fig. 6(a)
[24]. Measurements from a low-gradient region of the im-
age [dotted line in Fig. 6(b)] shows that the low gradient
SNR will initially increase with distance as the transverse
shift in the reference pattern increases. However, at
greater distances, the pattern visibility decreases and er-
rors can result, particularly as the shift approaches the
period of the grid pattern, as seen in Fig. 6(c) sphere.
As a rough rule, to prevent the grid pattern shifting
over itself, the propagation distance Z, should obey

1dg
Z < T/2 tan (k dx) €)
for a maximum sample gradient of d¢/dx, radiation of
wavenumber k = 2z/| and checkerboard period 7.

The balance between pattern visibility and transverse
shift results in a maximum in the low gradient SNR at
around 80 cm. With a significantly noisier raw image,
the errors appear at shorter distances, as seen by the
set of short exposure points, where the maximum low
gradient SNR occurs close to 60 cm. If the region over
which SNR is measured were to include the edge of the
cylinder (i.e., a high phase gradient), the smaller distan-
ces, where edge errors are minimal, would perform much
better [compare Fig. 6(b) to 6(c)]. The optimum distance
is therefore defined for a given range of sample phase
gradients (weaker samples require longer distances)
and a given exposure time (shorter exposure times re-
quire shorter distances). A final factor to be considered
is the effective source size, which can be reduced using
apertures in order to increase the spatial coherence and
hence the pattern visibility [with apertures that reduced
the flux by 75% relative to Fig. 6(a), we measured visibil-
ity at 0.055 out to 80 cm].

In Fig. 6(c), the standard deviation in the flat part of
the image is a shift of 0.018 pm, indicating an angular sen-
sitivity of around 50 nrad. This is comparable to Talbot
grating interferometry [24], indicating that spatial resolu-
tion is the main loss when using a single exposure.

We have shown a method of single phase-grid imaging
with improved spatial resolution over our previous work,
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and minimal loss in flux for increased speed in dynamic
imaging applications. Five different high-speed movies
[Figs. 2(c)-2(g)] can be created from a single raw se-
quence [Fig. 2(b)]. The best use of flux is also important
in the transition of phase contrast techniques to the
clinic, where radiation dose must be considered.
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