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Abstract

X-ray phase contrast imaging based on grating interferometers detects the refractive index
distribution of an object without relying on radiation attenuation, thereby having the potential for
reduced radiation absorption. These techniques belong to the broader category of optical
wavefront measurement, which requires stepping the phase of the interference pattern to obtain a
pixel-wise map of the phase distortion of the wavefront. While phase stepping traditionally
involves mechanical scanning of a grating or mirror, we developed electromagnetic phase stepping
(EPS) for imaging with compact sources to obviate the need for mechanical movement. In EPS a
solenoid coil is placed outside the x-ray tube to shift its focal spot with a magnetic field, causing a
relative movement between the projection of the sample and the interference pattern in the image.
Here we present two embodiments of this method. We verified experimentally that
electromagnetic and mechanical phase stepping give the same results and attain the same signal-
to-noise ratios under the same radiation dose. We found that the relative changes of interference
fringe visibility were within 3.0% when the x-ray focal spot was shifted by up to 1.0 mm in either
direction. We conclude that when using x-ray tube sources, EPS is an effective means of phase
stepping without the need for mechanical movement.
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1. Introduction

X-ray phase contrast is a means to observe internal structures by the refractive bending and
scattering of x-rays, without the need for substantial absorption of radiation energy. A few
examples from a large wealth of literature over several decades demonstrate how phase
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contrast can be detected in x-ray imaging, either by the intrinsic properties of wave
propagation (Engstrom and Finean 1953, Nugent et a/ 1996, Wilkins et a/ 1996) or enhanced
with instrumentation in the beam (Bonse and Hart 1965, Mcnulty et a/1992, Davis et al
1995, Momose 1995, Chapman et a/1997, David et a/2002, Momose et a/ 2003, Weitkamp
et al 2005, Pfeiffer et a/ 2006, 2008, Wen et a/ 2008). X-ray grating interferometers are
attractive options for imaging applications since gratings generally have broad working
bandwidths, thus requiring only x-ray tube sources (Clauser 1998, Pfeiffer et a/ 2006, Wen et
al 2009). Polychromatic x-ray grating interferometry is feasible in both near-field (Pfeiffer et
al 2006) and far-field (Wen et a/2013a) regimes. At its core, grating-based x-ray imaging
measures the wavefront phase distortion and scattering in addition to intensity attenuation.
Although wavefront measurement from a single image is possible from the earliest examples
of Hartman grid (Hartmann 1900) and Shack—Hartman lens array (Platt and Shack 1971) to
later x-ray methods (Takeda ef a/1982, Bone et a/ 1986, Momose and Fukuda 1995, Wen et
al 2008, 2010, Morgan et a/ 2011, 2013, Rand et a/ 2011, Ge et al 2014), they recruit an area
of neighboring pixels to obtain a single measurement at a trade-off of resolution.
Alternatively, pixel-wise phase measurement is obtained by phase stepping (Bruning et a/
1974, Momose 1995, Momaose et a/ 2003, Weitkamp et a/ 2005, Schorner et a/ 2012, Zanette
et al2012).

Phase stepping is a controlled stepping of the phase of the interference pattern at each image
pixel, such that the intensity goes through a complete cycle of oscillation. The oscillation is
recorded in multiple images, and used to determine the phase and interference amplitude at
the pixel. The phase increments are either precisely controlled (Bruning et a/1974) or
determined a posteriori from the images themselves (Miao et a/ 2013, Wen et a/2013b). A
hybrid of phase stepping and single-image analysis can reduce the number of phase steps
(Kondoh et a/2014). Phase stepping traditionally involves physically scanning a mirror
(Bruning et a/ 1974), a grating (Momose 1995), the imaging device (Roessl| ef a/2014) or
the sample (Arboleda et a/ 2014). For compact x-ray sources we created electromagnetic
phase stepping (EPS) that eliminates mechanical movement. EPS synthesizes phase stepping
by shifting the focal spot of the x-ray tube with a magnetic field coil attached to the tube
(Miao et al 2013), thus removing the complexity and cost associated with precise
mechanical scanning.

We developed two embodiments of EPS and tested them against mechanical phase stepping.
We addressed the question of how magnetically shifting the tube focal spot may affect the
interference fringe amplitude. We also compared the visibility of a fixed mouse heart
specimen immersed in de-ionized water between a Talbot—Lau interferometer and a
commercial digital mammography scanner under the same entrance surface dose (ESD).

2. Method

2.1. Imaging device and data processing

We set up a third-order Talbot—Lau interferometer as illustrated in figure 1. The x-ray source
was a fixed-anode tungsten target tube operating at 40 kVp/1.0 mA (SRI-80-1k, Source-Ray
Inc., Ronkonkoma, New York, USA), with a focal spot size of approximately 80 4m. The
detector was a flat panel digital radiography detector with a pixel size of 83 ym (PaxScan
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3024M, Varian, Palo Alto, CA, USA). The three gratings from the source towards detector
were a 4.8 um period gold absorption grating (Microworks GmbH, Karlsruhe, Germany), a
silicon 2.4 um period /2 phase shift grating, and a 4.8 xm period gold absorption analyzer
grating (Microworks GmbH). All three gratings were rotated about the vertical axis by 30°
to increase their effective depths (Hoshino ef a/2012). Moiré interference fringes had a
visibility of 20% (defined as the coefficient of the cosine harmonic over the mean intensity).
Samples were placed immediately behind the phase grating, half way between the source
and the detector, resulting in a 2 x magnification in the projection.

For shifting the cone-beam focal spot in motionless EPS, we wound a solenoid coil with
copper wire and attached it to the front surface of the x-ray tube housing. The coil had 200
turns and an inner diameter of 60 mm. The distance from the center of the coil to the
location of the electron beam in the x-ray tube was approximately 30 mm. The coil was
driven by a digital power supply which provided up to 3.0 A of current at 15 W of power.
The corresponding peak magnetic field was calculated and verified with a magnetometer to
be 4.6 mT at the location of the electron beam in the x-ray tube. The response time of the
solenoid to current switching was 200 /s as determined by its resistance and inductance
without impedance matching circuits. In the two-embodiments of EPS, the x-ray tube was
placed either vertically or horizontally to realize focal spot movement in either direction,
respectively. The deflections of the focal spot at various levels of input current were
calibrated experimentally (Miao et a/2013).

The sample used for quantitative comparison between mechanical and electromagnetic
phase stepping was an array of 3 x 3 borosilicate spheres of 5 mm diameter. We collected
phase stepping scans of 11 steps with each method. The entrance surface dose of the sample
was 1.0 mGy as measured by a Rad-Check Plus x-ray exposure meter (Fluke Biomedical,
Cleveland, OH). A reference scan without sample was also collected with each method for
background subtraction.

We used the same adaptive algorithm to process all data. The algorithm determines the phase
increments and intensity fluctuations of each phase step retrospectively from the data images
themselves and uses these as inputs to retrieve three images from a scan set—the intensity,
the fringe amplitude, and the differential phase image. The processing procedure is
described in detail in the references (Miao et a/2013, Wen et a/ 2013b).

The differential phase image was further integrated into an integrated phase shift image in a
column-by-column procedure, where each column was Fourier transformed, multiplied with
1/kwhere kis the variable in Fourier space, inverse Fourier transformed, and corrected for
any linear baseline offset in the background area. The intensity and fringe amplitude images
were normalized to the corresponding reference scans. Thus, their values in blank areas were
unity.

We made pair-wise comparisons among the three phase stepping methods, including
mechanical phase stepping and two forms of EPS. The two forms of EPS are cross-grating
EPS where the source focal spot was scanned perpendicular to the grating lines (figure 1(a)),
and along-grating EPS where the focal spot was scanned along the grating lines (figure
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1(b)). These are elaborated in the sections below. We evaluated the four measurements of
differential phase, integrated phase, intensity and fringe amplitude.

Additionally, a formalin-fixed mouse heart specimen (1 year old male) was obtained under
an Institutional Animal Care and Use Committee approved protocol. The specimen was first
fixed in 10% formalin solution and then immersed in de-ionized water in a plastic chamber
of a uniform thickness of 4.0 mm. The chamber was mounted in a 4.5 cm thick hollow
frame. We acquired phase contrast data using both MPS and EPS methods. We also imaged
the sample in a GE Senographe Essential digital mammography scanner with a fixed source-
to-detector distance of 66 cm and a standard tube setting of Mo target/Mo filter operating at
26 kVp/63 mAs and the same ESD. The scanner has a Csl scintillator on an amorphous
silicon detector of 100 zm pixel pitch, and a grid with a 5 : 1 aspect ratio and 36 lines cm™1.
The hollow frame of the sample allowed the compression pad of the scanner to be used in a
standard protocol. All three imaging experiments had an ESD of 4.7 mGy.

To assess whether shifting the source focal spot affects the moiré fringe visibility, we
measured the fringe visibility as a function of the distance of the shift in both directions up
to £1.0 mm at the imaging condition of 40 kVp/1.0 mA.

2.2. Cross-grating electromagnetic phase stepping (EPSC)

In the first mode of EPS, shown in figure 1(a), the grating Gg is slightly moved along the
beam axis by Az, resulting in horizontal periodic moiré fringe lines on the detector. As the
source focal spot is stepped along the Y axis by the external magnetic field, a phase shift at
any location in the sample, Ag, occurs due to a source spot shift of dy. The phase shift as a
function of the source spot movement is

A(p(dy) =27 L2 o

where Ay is the period of the Gg grating and L is the source-to-sample distance. Given a
designed range of focal spot shift D, and a designed range of phase shift in terms of the
number of 2 cycles, a, the required offset of the G grating position along the beam is
solved from (1) as

Az = aLSPO/ Dy 7

The moiré fringe period is given by

Py = LPy/ Az @)
where P, is the moiré fringe period and L is the source-to-detector distance. Thus, the moiré
fringe period can be expressed in terms of the designed ranges of focal spot shift and phase

stepping by substituting (2) into (3),

Py = (Dy / a)(L /L) @)
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The range of focal spot shift must be at least 3 times the focal spot size for the phase steps to
be distinct. Our focal spot shift range was D),= 1.0 mm, and phase stepping range was set to
a= 1.2 cycles. Substituting into (4) gave an expected moiré fringe period of 1.4 mm.
Experimentally, we set up this configuration by moving the Gg grating along the beam (2)
axis to tune the moiré fringe period to this value.

2.3. Along-grating electromagnetic phase stepping (EPSA)

In the second embodiment of EPS, illustrated in figure 1(b), vertical moiré fringe lines were
produced by a slight rotation 6, of Gy about the Zaxis, and a similar &, rotation of the G,
grating. The moiré fringe period is given by

LyOy L0,

where Lj is the source-to-Gg grating distance, L, is the source-to-G, grating distance, and
Py and A, are the periods of the Gy and G, gratings. Then, as the source is stepped along the
Xaxis by the external magnetic field, a phase shift A occurs on a sample location due to a
source spot shift of d, with the relationship

Lo — Ly6 L, - L.0
_ S 0% ™ s Y2
Ap(d) = anx( L P, T Pz) ®)
Again, for a designed range of source spot shift D, and a designed range of phase shift in
terms of the number of 2 cycles, &, the grating rotation angles must meet the condition
from (6) as
Ly Lyby Ly = Lgb,
=P\ P, "L P @

Together with a desired moiré fringe Py, in (5), these two linear equations are combined to
solve for the grating rotation angles 6y and 6,.

In our setting, the range of the focal spot shift was set to 1.0 mm, the phase stepping range
was set to 1.2 cycles, and the moiré fringe period was set at 1.4 mm. The corresponding
grating rotation angles were &, = 0.54°, and & = 0.13°.

3. Results

Examples of the differential phase contrast and integrated phase shift images of the
borosilicate spheres are shown in figures 2(a) and (b). These were acquired with the cross-
grating EPS method. For quantitative comparison among the three phase stepping methods
(mechanical, cross-grating and along-grating EPS), vertical line profiles across the centers of
the 9 beads were measured for the four quantities that can be extracted from each data set.
These are the differential and integrated phase values, the intensity and the fringe amplitude.
A total of 3 x 4 x 9 =108 line profiles were obtained. These were separated into 12 groups,
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each containing the profiles of the 9 beads of the same measurement and the same phase
stepping method. The mean and standard deviations of the profiles in each group are
graphed according to the measured quantity in figures 2(c)—(f). The standard deviations were
calculated from corresponding points along the 9 beads. We see substantial overlap of the
curves from the three methods, all falling within the standard deviations among the beads.

For statistical comparisons among the three methods, Bland—Altman (Bland and Altman
1986) plots (BA plots) were used to show the relationship between the difference and the
average value of each pair of methods. For example, the BA plots of the differential phase
measurement are constructed for the three method pairs in figure 3. Each data point in a BA
plot came from one point along the differential phase line profile of one bead. The xand y
values in the BA plot are the mean value and the difference of the measurements from a pair
of methads, e.g. from EPSA and MPS. The total number of data points in a Bland—Altman
plot was 9 beads x 105 points in a line profile = 945 points. We documented the zero bias, or
the mean of the differences, in each BA plot, and the spread, or standard deviation, of the
differences. These are tabulated in table 1 for the three pairs of comparison and the four
measured quantities. In all cases, the zero bias was below 65% of the standard deviation of
the differences. In all plots, the differences showed no trend with respect to the mean values.
Additionally, for the three measurements that were directly extracted from the phase
stepping procedure (differential phase, intensity and fringe amplitude), the zero biases were
all below the background noise levels as detailed below.

The background noise levels were measured for the three quantities of differential phase,
intensity and fringe amplitude from the three phase stepping methods. These are tabulated in
table 2. A noise level was taken as the standard deviation of a measurement in a blank region
of the image. Ten regions of 80 x 80 pixels each, distributed evenly across the images, were
measured. The average and standard deviation of the ten regions are reported. While the
EPSC and the MPS methods had the same background noise level, the EPSA method had
32% higher background noise in the differential phase and fringe amplitude measurements.
This reflects ripple like artifacts in certain areas of the EPSA differential phase images,
which were absent in the other two methods. The likely cause is the specific support
structures in the absorption gratings, which will be further discussed in the next section.

Assuming that the noises in the fringe amplitude and differential phase images are random,
since the fringe amplitude is normalized to the reference scan, its noise level should be equal
to the differential phase noise. This was verified for all three phase stepping methods in table
2.

In the pair-wise comparison of the phase stepping methods described previously, the mean
differences between pairs of methods were all below 70% of the background noise levels.

In a demonstration of phase contrast imaging of a biological specimen, a mouse heart
specimen immersed in water was imaged using both mechanical and cross-grating EPS
methods on the Talbot-Lau interferometer, as well as with the GE Senographe digital
mammography scanner (figure 4). In the differential phase images, the surface of the
specimen produced a phase signal above the noise floor, revealing its outline (figures 4(a)
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and (b)). The outline was strongest at the bottom and top edges of the heart, regions that
produce the strongest refractive bending of the x-rays in the sensitive direction of the
interferometer. In the image of the digital mammography scanner at the same entrance
surface dose of 4.7 mGy (figure 4(c)), the specimen was less clearly visualized. MPS and
EPS gave the same differential phase signal evidenced by the subtraction image (figure
4(d)). They also produced the same background noise level of 0.052 radians. The noise
levels of the intensity, fringe amplitude and differential phase image for the two methods of
phase stepping are reported in table 3 and confirm the results of the borosilicate bead test.

To determine how the fringe visibility is affected by magnetically shifting the focal spot of
the x-ray tube, we measured the fringe visibility for the two EPS methods over a range of
shifts at the imaging condition of the tube. The results of cross-grating EPS for both positive
and negative spot displacements are graphed in figure 5. The relative changes of fringe
visibility were from —3.0 to +1.5% over a £1.0 mm range of shift in both directions. Similar
results were seen in along-grating EPS. We found the variability to be sensitive to the precise
alignment of the gratings, and it did not exceed the range shown in figure 5.

4. Discussion

In this study we established quantitatively that electromagnetic phase stepping and
mechanical phase stepping provide the same results in the three direct measurements and
one derived measurement from grating-based x-ray phase contrast imaging, namely the
differential phase, the intensity, the fringe amplitude and the integrated phase shift. The
visibility of the interference fringes was not changed significantly by shifting the x-ray focal
spot up to 1.0 mm. We found that the level of change depended on the alignment details of
the gratings.

Under the same dose and other imaging parameters, MPS and cross-grating EPS had the
same background noise levels for all measurements. The along-grating EPS had 32% higher
background noise in the differential phase and fringe amplitude images, which included
subtle wave-like patterns in some background areas. For an explanation, the first and last of
the three gratings were absorption gratings constructed from polymer molds of linear arrays
of trenches, which were filled with gold in a bottom-up electroplating process. A repeating
pattern of cross-bridges between the polymer walls was built into the gratings for structural
support. In direct projection images of these gratings we observed wave-like features,
possibly a moiré pattern between the cross-bridge structures and the detector pixel array. In
the along-grating EPS mode where the focal spot is shifted in the direction parallel to the
grating lines, we saw subtle ripple artifacts in parts of the field of view in the fringe
amplitude and differential phase images, which were reminiscent of the pattern in the
projection images of the gratings. These were absent in the cross-grating EPS and the MPS
images. They account for the increased background variability from EPSA. This effect is
likely specific to the details of the support structures. Therefore, in implementing EPS with
such gratings, we found it worthwhile to look at both forms and identify the one that is free
of the grating artifacts.
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In a limited comparison with a modern digital mammography scanner using a mouse heart
specimen, our particular Talbot-Lau interferometer made the heart sample more visible
under the same entrance surface dose. Although primarily a demonstration of
electromagnetic phase stepping, this example showed the benefit of the Talbot-Lau
interferometer for relatively thin samples.

The electromagnetic phase stepping method essentially replaces precision motors with a
fixed solenoid coil. It is easier to precisely control the magnetic field strength by the coil
current level than to control the motor position to a fraction of the grating period,
particularly anticipating mechanical drifts in a compact system. The response time in
switching the magnetic field was 200 /s and can be made substantially shorter with either an
analog compensation circuit or digital waveform compensation of the input current, while
mechanical motion has inherent speed limits. Lastly, comparing the solenoid coil and its
digital current source with the precision motor and its power supply, the cost was
substantially reduced. When considered in whole, the motionless method has distinct
advantages over mechanical scanning for future clinical applications. In conclusion, EPS
gives the same results and has the same sensitivity as mechanical phase stepping, with the
benefits of simplified instrumentation, speed and more precise control.
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(a) Grating Gy, Detector plane
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Focal spot
shifted by B field Image

Figure 1.

Cross-grating and along-grating motionless electromagnetic phase stepping (EPS) in a
Talbot-Lau Interferometer. (&) In cross-grating EPS, the x-ray focal spot is shifted by a
magnetic field B along the Xaxis, so that the spot moves along the Y axis, perpendicular to
the grating lines. The moiré fringe lines on the detector are horizontal. The sample
projection is shifted vertically across the fringe lines. (&) In along-grating EPS, the x-ray
focal spot is stepped along the Xaxis in the direction parrallel to the grating lines. Slight
rotations of Gy and G, about the Zaxis result in vertical moiré fringes, and the sample
projection is moved horizontally across the fringes.
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Figure 2.
Differential phase and integrated phase images, and averaged line profiles down the center

of borosilicate spheres of the four measured quantities and the three methods of phase
stepping. (&) Differential phase and () integrated phase images of an array of nine
borosilicate spheres from the cross-grating EPS method (EPSC) are shown. Three small
features are visible besides the spheres. These were two small tungsten beads in the middle
column and a grating defect overlapping with a sphere in the right column. They caused the
streak artifacts in the integrated phase image in (). Line profiles down the center of the
spheres were averaged among the nine spheres and plotted for the three phase stepping
methods (EPSC in red, EPSA in green and MPS in blue). The four measured quantities were
(¢) the differential phase (DP), (d) the integrated phase (IP), (¢) the intensity, and (#) the
fringe amplitude. Standard deviation bars among the nine spheres are shown for alternating
points along the curves for visual clarity. The curves of the three methods overlap with each
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other within the standard deviation bars. The statistics of pair-wise comparisons are provided
in the text.
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Figure 3.
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Bland-Altman plots of differential phase measurements for pairs of phase stepping methods.
The data points are from points along line profiles down the centers of the 9 borosilicate
beads. The vertical axis is the difference between a pair of methods, the horizontal axis
being the mean of the pair of methods. The mean and +2 standard deviations of the
differences are shown with horizontal lines. The three pairs of comparisons are (&) cross-
grating electromagnetic phase stepping (EPSC) versus mechanical phase stepping (MPS),
(b) along-grating electromagnetic phase stepping (EPSA) versus MPS, and (c) between the
two EPS methods. In all three comparisons the mean of the difference was below 65% of the
standard deviation.
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Figure 4.
Differential phase contrast images of a mouse heart specimen immersed in water acquired

with (&) cross-grating electromagnetic phase stepping and (4) mechanical phase stepping on
the Talbot—Lau interferometer, and (¢) the digital mammography scanner, all at the ESD of
4.7 mGy. The differential phase measures the refractive bending of the x-rays in the vertical
direction. Therefore, the image shows a visible outline at the top and the bottom of the heart
where the refractive index changes most rapidly from the tissue to the surrounding water. A
valve within the heart also starts to become visible in (&) and (6). The outline of the heart is
less distinct in the radiography image. Dark areas are low-absorption adipose tissue without
sharp edges. The subtraction of (&) and (6) resulted in a random noise image (a). The scale
bar is 5 mm.
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Figure5.
Relative fringe visibility as a function of x-ray tube focal spot displacement. Normalized

fringe visibility values at the imaging condition of 40 kVp/1.0 mA are plotted for cross-
grating electromagnetic phase stepping. The changes were within a total range of 4.5% for a
bidirectional spot displacement +1.0 mm.
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Table 1.

Bland—Altman zero bias and standard deviation (bias/SD) measurements.

Measured quantity MPSversusEPSC  MPSversusEPSA  EPSC versus EPSA

Intensity 0.0023/0.0106 0.0093/0.0145 -0.0070/0.0113
Fringe amplitude 1.4E-4/0.0379 -0.0053 / 0.0259 0.0060/0.0381
Differential phase -0.0031/0.0488 -0.0039/0.0611 0.0013/0.0648
Integrated phase 0.019/0.030 -0.0048 / 0.0288 0.023/0.038
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Table 2.

Measurement noise levels of the three methods of phase stepping.

MPS EPSC EPSA

Intensity noise 0.015+£0.002 0.015+0.001 0.014 +0.001
Fringe amplitude noise  0.026 + 0.002 0.025+0.001 0.032 + 0.001
Differential phase noise  0.026 £ 0.002 0.025+0.001 0.033 + 0.002
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Table 3.

Noise levels of mechanical and electromagnetic phase stepping in the mouse heart specimen.

MPS EPSC

Intensity noise 0.0079 £0.0005 0.0078 + 0.0006
Fringe amplitude noise 0.052 + 0.003 0.051 + 0.003
Differential phase noise ~ 0.052 + 0.003 0.052 + 0.005
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