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Abstract
Purpose: Talbot-Lau grating interferometry enables the use of polychromatic x-ray sources,
extending the range of potential applications amenable to phase contrast imaging. However,
these sources introduce beam hardening effects not only from the samples but also the gratings.
In particular, grating inhomogeneities due to manufacturing imperfections can cause artifacts
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when used with polychromatic sources. Consequently, the different energy dependencies of
absorption, phase, and visibility contrasts impose challenges that so far have limited the
achievable image quality. The purpose of this work was to develop and validate a correction
strategy for grating-based x-ray imaging that accounts for beam hardening generated from both
the imaged object and the gratings.
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Methods: The proposed two-variable polynomial expansion strategy was inspired by work
performed to address beam hardening from a primary modulator. To account for the multicontrast nature of grating interferometry, this approach was extended to each contrast to obtain
three sets of correction coefficients, which were determined empirically from a calibration scan.
The method’s feasibility was demonstrated using a tabletop Talbot-Lau gating interferometer

40

micro-CT system using CT acquisitions of a water sample and a silicon sample, representing low
and higher atomic number materials. Beam hardening artifacts such as cupping and ring artifacts
were quantified using mean squared error (MSE) from the beam-hardening-free target image and
standard deviation within a reconstructed image of the sample. Finally, the pre-trained model
developed using the water sample was applied to a fixated murine lung sample to demonstrate
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robustness for similar materials.
Results: The water sample’s absorption CT image was most impacted by beam hardening
artifacts, but following correction to decrease ring artifacts, an 80% reduction in MSE and 57%
2

reduction in standard deviation was observed. The silicon sample created severe artifacts in all
contrasts, but following correction, MSE was reduced by 94% in absorption, 96% in phase, and
50

90% in visibility images. These improvements were due to the removal of ring artifacts for all
contrasts and reduced cupping in absorption and phase images and reduced capping in visibility
images. When the water calibration coefficients were applied to the lung sample, ring artifacts
most prominent in the absorption contrast were eliminated.
Conclusions: The described method, which was developed to remove artifacts in absorption,
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phase, and normalized visibility micro-CT images due to beam hardening in the system gratings
and imaged object, reduced the MSE by up to 96%. The method depends on calibrations that can
be performed on any system and does not require detailed knowledge of the x-ray spectrum,
detector energy response, grating attenuation properties and imperfections, or the geometry and
composition of the imaged object.
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1. Introduction
X-ray phase and normalized visibility are the two novel contrasts accessible via grating
65

interferometry that have gained attention due to their claimed improved contrasts in soft tissues
and porous materials, respectively, when compared to traditional absorption radiography.1-3 The
use of Talbot-Lau grating interferometry4 broadens potential preclinical and clinical applications
of simultaneously measuring x-ray absorption, differential phase, and normalized visibility by
using polychromatic sources with greater tube output.5 This increased flux is particularly
3
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important for reducing scan times in grating-based methods that lose x-ray intensity due to
grating absorption. However, the use of polychromatic sources comes at the cost of biasing
quantitative measurements by introducing beam hardening artifacts.6 While beam hardening is an
established area of study in x-ray absorption imaging, differences in grating-based systems and
derived contrasts contribute additional challenges, motivating the development of specialized
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grating-based corrections.
Beam hardening is a consequence of the energy dependence of x-ray interactions particularly
in higher atomic number materials. In medical x-rays, energy-dependent absorption is
1

proportional to 𝐸3 , where 𝐸 is the photon energy.7 In samples of finite thickness, this causes
polychromatic spectra to harden as lower energy x-rays are preferentially attenuated. The
80

remaining higher energy photons interact less and yield underestimated and inhomogeneous
absorption measurements. Similar effects exist for differential phase and normalized visibility
contrast mechanisms in polychromatic grating-based experiments.8 The degree of bias in phase
measurements differs from that of absorption due to the different physical contrast mechanisms9
and the different energy dependencies, which have been reported to be between
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𝐸

1

and 𝐸2 for

phase.10,11 In addition, while normalized visibility is sensitive to unresolvable microstructures, it
is also influenced by beam hardening.12 Previous studies have shown normalized visibility to be
correlated with absorption and phase contrasts when using polychromatic spectra,13 suggesting
that the energy dependence of normalized visibility is also be influenced by energy dependencies
of absorption and phase. Therefore, despite presenting artifacts having a similar appearance,
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beam hardening correction schemes developed for standard absorption imaging systems cannot
be directly applied to grating-based techniques because each contrast has a unique energy
dependence and hence requires its own correction.11 Additionally, gratings with translucent
4

lamellae, a possible result of manufacturing errors,14 have been shown to further harden the beam
and must also be considered in a correction scheme.9
95

A range of grating-based beam hardening correction strategies have been developed that
address many of these challenges. Early corrections used specialized calibration phantoms to
appropriately scale each contrast projection to match expected values for the given phantom
geometry and composition.11 Analytical methods overcome the need for phantom calibration
scans but require detailed system knowledge of the source spectra and detector response, while
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making assumptions on spectral responses of the sample and gratings.10
To date these corrections have largely corrected beam hardening artifacts caused by the
object being imaged; however, there remain additional challenges from grating-induced beam
hardening that have not yet been adequately resolved. This additional source of beam hardening
can originate from any grating with partial transmission or non-ideal phase modulation in their
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lamellae, and this biases all three contrasts.9 One solution could be to design gratings with taller
lamellae to further reduce transmission, but this comes at the cost of reducing absorption and
visibility contrast-to-noise ratios.14 Further, partial transmission may be unavoidable in higher
energy applications due to limitations in manufacturing gratings of sufficiently high aspect
ratios.14
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Dealing with beam hardening artifacts from gratings is uniquely challenging because they are
spatially heterogeneous due to non-uniform lamellae thickness across the grating area. In a
grating interferometer, depicted schematically in Fig. 1(a), this variation in lamellae thickness
translates into locally varying levels of absorption, phase and visibility in the air scan images
shown in Fig. 1(b). Due to the nonlinear nature of beam hardening, these local variations are not

5
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completely removed from projections corrected using conventional flat-field methods once an
object has been inserted into the beam. Thus, a correction is needed that accounts for beam
hardening induced by both the sample and the gratings that also can be applied to each contrast
mechanism: absorption, differential phase, and normalized visibility. Additionally, because
grating inhomogeneities cannot be easily modeled or known a priori, a successful correction
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method will require an empirical component.
The purpose of this work was to develop and validate such a correction strategy for gratingbased x-ray imaging that accounts for beam hardening generated from both the imaged object
and the gratings in all three contrasts. Experimental results using the proposed method are
reported for data acquired using a water sample and a silicon sample that exhibited more severe
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beam hardening artifacts. Generalizability is then shown by applying the calibration coefficients
obtained for a water sample to micro-CT data of a murine lung sample. Finally, we discuss the
implications of this work for obtaining multi-contrast information with polychromatic sources.

6

Fig. 1. Talbot-Lau grating interferometer (a). The source grating G0 spatially modulates x-rays from a
source with a large focal spot. G1 produces a downstream Talbot carpet sensitive to phase shifts
induced by samples present within the beam path. G2 matches the period of the Talbot interference
pattern at its location, allowing the sampling of the high frequency interference pattern with large
detector apertures using phase stepping or Fourier retrieval techniques. Reference air scan images (b)
𝑎0,𝑟 , 𝜙1,𝑟 , 𝑉1,𝑟 for absorption, phase, and visibility, respectively, each showing visible grating
structures.
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2. Methods
2.1 Contrast-specific polynomial corrections
Polynomial corrections are one class of empirical beam hardening corrections for
conventional (absorption) x-ray imaging that decomposes projections into a polynomial

7

representation. Such polynomial corrections are regression problems to find the function relating
135

polychromatic projection measurements 𝑞 to beam-hardening-free projection measurements 𝑝,
both determined from images of a calibration object with a known spectral response. Empirical
Cupping Correction (ECC)15 is one such correction that assumes this function to be of the form
𝑖
𝑝 = ∑𝑁
𝑖=0 𝑐𝑖 𝑞 ,

(1)

for an 𝑁 degree polynomial. Due to the linearity of the radon transform (denoted by R), the 𝑁 +
140

1 correction coefficients 𝑐𝑖 can be found in image space by minimizing for 𝒄
𝒄 = argmin𝐜 ∫ 𝑑 3 𝑟𝑤(𝒓)(∑𝑁
𝑖=0 𝑐𝑖 𝑓𝑖 (𝒓) − 𝑡(𝒓)).

(2)

Here 𝑓𝑖 (𝒓) = R−1 (𝑞 𝑖 ) are CT images reconstructed from projections 𝑞 𝑖 and 𝑡(𝒓) is the target
image free of artifacts, representing the vector of voxels 𝒓. The vector 𝑤(𝒓) is a binary mask
used to exclude region boundaries sensitive to partial volume effects. This target image 𝑡(𝒓) is
145

generated via the binary segmentation of any homogeneous region of material to be corrected
from the original reconstructed image. By solving for the coefficient vector 𝒄 in image space the
dependence on projection path length is removed, thus any phantom containing the material to be
corrected for can be used without knowledge of its exact geometry for path length calculations.
In addition, the computationally expensive step of reconstructing the images 𝑓𝑖 (𝒓) is only
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required once for each monomial 𝑖, and hence the regression problem can be efficiently solved in
image space.
Empirical Cupping Correction with a Primary Modulator (ECCP)16 is an extension of
ECC developed to remove spatially dependent beam hardening artifacts generated by a primary

8

modulator. This is accomplished by adding a variable 𝑀 representing projections of the system’s
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primary modulator such that Eq. (1) becomes
𝑝 = ∑𝑖𝑗 𝑐𝑖𝑗 𝑞 𝑖 𝑀𝑗 .

(3)

Similar to Eq. (2), coefficients 𝑐𝑖𝑗 are solved for in image space by minimizing
𝒄 = argmin𝐜 ∫ 𝑑 3 𝑟𝑤(𝒓)(∑𝑖𝑗 𝑐𝑖𝑗 𝑓𝑖𝑗 (𝒓) − 𝑡(𝒓)) ,

(4)

with 𝑓𝑖𝑗 (𝒓) = R−1 (𝑞 𝑖 𝑀𝑗 ) being the reconstructed images following elementwise multiplication
160

of projections 𝑞 and primary modulator projections 𝑀 raised to varying powers 𝑖 and 𝑗 .
𝐼

Specifically, the modulator projections are a reference air scan generated as 𝑀 = −ln (𝐼0), where
𝑟

𝐼0 denotes the x-ray intensity with only the modulator present, while 𝐼𝑟 is the intensity measured
without any modulator or sample.
In this work we demonstrate how this two-variable polynomial correction, ECCP, can be
165

further adapted for use in grating interferometry, a technique we call Empirical Beam Hardening
Correction for Grating Interferometry (EBHC-GI). EBHC-GI diverges from the previously
described ECCP first by applying the two-variable polynomial correction introduced in ECCP to
each contrast. Specifically, Eq. (3) and (4) become
𝑗
𝑝𝑘 = ∑𝑖𝑗 𝑐𝑖𝑗𝑘 𝑞𝑘𝑖 𝑀𝑘 ,
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𝒄𝒌 = argmin𝒄𝒌 ∫ 𝑑 3 𝑟𝑤𝑘 (𝒓)(∑𝑖𝑗 𝑐𝑖𝑗𝑘 𝑓𝑖𝑗𝑘 (𝒓) − 𝑡𝑘 (𝒓)),

(5)
(6)

where subscript 𝑘 represents the different contrasts, absorption, differential phase, and
𝑗

normalized visibility, and 𝑓𝑖𝑗𝑘 (𝒓) = R−1 (𝑞𝑘𝑖 𝑀𝑘 ) . Correction coefficients 𝑐𝑖𝑗𝑘 are determined

9

separately for each contrast 𝑘 in the image domain. Like ECCP, 𝑡𝑘 (𝒓) is found by applying
Otsu’s method17 or a similar automatic binary segmentation technique to the original
175

reconstructed image for each contrast 𝑘. For the absorption and phase contrast channels, all
values within each segmented region to be corrected are replaced with the median value within
that region to approximate the desired beam-hardening-free value. By taking the median, large
fluctuations from ring artifacts do not strongly influence the desired template value; however,
severe cupping may still underestimate the true value to some degree. Similar to ECCP, a binary
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mask 𝑤𝑘 (𝒓) is used to remove partial volume effects at interfaces in the absorption and phase
template images. In the case of the visibility contrast channel, the beam-hardening-free template
assumes no contrast in homogenous regions, thus their constant value is set to 1.0, equal to air.
EBHC-GI deviates from ECCP again in its choice of spatial modulating term 𝑀. In the
originally described ECCP method (Eq. 3), the term 𝑀 is an absorption projection of the primary
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modulator, acquired with no sample in the beam line, describing the spatial dependence of beam
hardening induced by the primary modulator. However, in EBHC-GI the term 𝑀𝑘 represents the
influence of all three gratings for each image contrast. Extrapolating ECCP to each contrast
mechanism suggests using each contrast 𝑘’s reference air scan, Fig. 1(b), for their respective 𝑀𝑘 .
Normalized visibility could be an exception as previous investigations have found polychromatic
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measurements of normalized visibility to correlate with absorption and phase contrast in a
system and material dependent manner.13 This suggests that grating-induced beam hardening
artifacts in absorption and differential phase projections can contaminate normalized visibility
projections. Thus the absorption or phase reference image could be a better descriptor of these
grating-related beam hardening artifacts in the normalized visibility channel if this effect were
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strong enough for a given system and material. This correlation of artifacts between contrasts
10

was experimentally investigated using our Talbot-Lau grating interferometer micro-CT system
where we empirically determined 𝑀𝑉 for the normalized visibility contrast (see Section 2.4).

2.2 Sample preparation
Three samples were evaluated in this study (Fig. 2): a water tube representing a low atomic
200

number material (Fig. 2(a)), a silicon tile representing a higher atomic number material (Fig.
2(b)), as well as an excised and fixated murine lung (Fig. 2(c)) to demonstrate generalizability of
the water coefficients. The water tube was a 1.5 mL Eppendorf snap tube filled with tap water.
The silicon (Z=14) tile used was the lower portion of the spatial resolution module contained in a
QRM micro-CT bar pattern phantom.18 The spatial resolution module in the phantom is etched
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into the top 100 𝜇𝑚 of a 500 𝜇𝑚 thick silicon tile shown schematically in Fig. 2(b). In this study
we used the remaining 400 𝜇𝑚 thick un-etched silicon region to evaluate the performance of the
proposed method in a sample generating more severe beam hardening artifacts. Finally, the
murine lungs used were excised from an ex vivo sample. All animal studies were approved by
Mayo Clinic’s Institutional Animal Care and Use Committee. The lungs were surgically
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removed, cannulated and instilled with a fixation solution of 50% PEG 400, 25% Ethyl alcohol,
10% formaldehyde and 15% water to a filling pressure of a 20 cm water column. The lungs were
tied off at the trachea and immersed in the same solution for seven days before being air inflated
at 25 mmHg and dried for 72 hours.19 The final product used for imaging is shown in Fig. 2(c).
This fixation method preserves native air-tissue contrast as well as the inflated structure of the
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lung, and is a standard method for ex vivo structural imaging as determined by the American
Thoracic Society guide on structural lung imaging.20

11

Fig. 2. Imaged samples include (a) 1.5 mL snap tube filled with water, (b) QRM micro-CT bar pattern
phantom schematic adapted from Ref. 18. The lower 400 𝜇𝑚 silicon region was the used in this study.
(c) Posterior view of excised murine lung with heart following fixation and air drying at endexhalation inflated volume.

2.3 Data acquisition and image reconstruction
220

The grating interferometer system used is shown schematically in Fig. 1(a) with gold Sunray
design14,21 absorption gratings manufactured by Microworks GmbH (Karlsruhe, Germany).
Further details about the source grating G0, the 𝜋/2 phase shift grating G1, and analyzer grating
G2 used in the study are listed in Table I.
Grating

Period

Duty cycle

Lamellae

Lamellae

Size

Substrate

Substrate

(𝜇𝑚)

(%)

material

height (𝜇𝑚)

(cm2)

material

thickness (𝜇𝑚)

G0

10.0

55

Au

120

6x6

graphite

500

G1

3.24

55

Au

2.6

6x6

Si

200

G2

4.8

55

Au

120

6x6

graphite

500

Table I. Grating specifications of the experimental Talbot-Lau system. The lamellae heights are design
225

heights and vary across a grating due to imperfections.

12

All measurements in this investigation used a Talbot-Lau geometry at the first Talbot
distance with a G0 to G1 distance of 522 mm and a G1 to G2 distance of 251 mm. Mechanical
phase stepping was performed to sample the Talbot interference pattern using a nano-OP65
piezoelectric stage (Mad City Labs, Madison, WI, USA) underneath G1. X-rays were generated
230

from a Panalytical XRD source with a 400 × 800 μm2 focal spot size on a tungsten anode
operated at 55 kVp and 40 mAs filtered with a 200 μm thick beryllium window (spectra shown
in Fig. 3). The detector used was a Princeton Instruments PIXIS 2048 CCD camera with native
13.5 μm pixels binned 4 × 4 and a 0.5 mm thick CsI(Th) single-crystal scintillator.

Fig. 3. Normalized source spectrum produced by a tungsten source operated at 55 kVp.
235

Sample and reference phase stepping curves (subscripted 𝑠 and 𝑟 , respectively) were
generated by the phase stepping of G1 in six steps of 1.5 seconds duration, each covering a single
G1 period. Projection data of various contrasts were then generated using one-dimensional Fast
Fourier Transforms of the phase stepping curves acquired at each pixel.22 Absorption contrast 𝐴
240

was calculated as the negative log ratio of the sample and reference zeroth order Fourier
coefficients of the phase stepping curves, denoted 𝑎0 ,
13

𝑎

𝐴 = − ln (𝑎0,𝑠 ) .

(7)

0,𝑟

Differential phase Δ𝜙 was calculated as the phase difference between the first Fourier
coefficients,
Δ𝜙 = 𝜙1,𝑠 − 𝜙1,𝑟 .
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(8)

Integral phase 𝜙 can then be determined by integrating the projection in the direction of phase
stepping. Finally, visibility refers to the amplitude of the Talbot interference pattern relative to its
𝑎

baseline value, which for the reference phase stepping curve is calculated as 𝑉1,𝑟 = 𝑎1,𝑟 . We then
0,𝑟

define normalized visibility contrast 𝑉 as the negative log ratio of the sample and reference
250

phase stepping curve visibilities,
𝑉

𝑎

𝑎

𝑉 = − ln (𝑉1,𝑠 ) = −ln ( 𝑎1,𝑠 𝑎0,𝑟 ) .
1,𝑟

0,𝑠

1,𝑟

(9)

In our experimental setup mean reference visibility was measured to be 𝑉1,𝑟 = 16.4 %.
Using the aforementioned phase stepping and retrieval procedure, water, silicon, and
murine lung samples were positioned with a source-to-isocenter distance of 710 mm and source255

to-detector distance of 820 mm to perform CT. All CT acquisitions were performed over a full
360 degree range such that any ring artifacts would be presented as full rings. Due to the
rotational symmetry of the water cylinder projection data were acquired every 2 degrees, while
projections of both the silicon tile and fixed lung were acquired every 0.5 degrees. Images were
then reconstructed using the FDK algorithm23 as implemented in the TIGRE reconstruction
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suite.24 In order to minimize image noise when determining correction coefficients, both the
water cylinder and silicon tile images were reconstructed with TIGRE’s Hamming filter while
14

lung images were reconstructed with a Ram-Lak filter appropriate for the high frequency
features in the lungs.

2.4 Empirical determination of normalized visibility spatial modulating term 𝑴𝑽
265

Previous evidence has shown polychromatic normalized visibility measurements to be
influenced by both absorption and phase properties in a material and system dependent manner13
thus we sought to determine 𝑀𝑉 from Eq. (5) using the system and samples described in Sections
2.2, 2.3. To this end, repeat projections of the water and silicon samples were averaged to obtain
low noise projections showing grating-induced beam hardening artifacts in each contrast. This
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enabled low-noise comparisons of how artifacts in each contrast projection correlated to air scan
grating projections like those shown in Fig. 1(b). To remove sample signal and focus on the high
frequency grating-induced beam hardening artifacts projections were filtered with an edgefinding Laplacian filter with a 6 pixel wide square sliding window. For each contrast, pixel
patches containing sample in the low-noise projections were selected and compared against the
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corresponding air scan grating patches. Using these patches the Pearson correlation coefficient
magnitude |𝜌| was calculated to evaluate how well each reference air scan patch correlated with
the grating-induced beam hardening artifacts in each sample projection patch. The correlation
magnitude |𝜌| is used because the solution to the interpolation problem finds the proper sign. For
a given sample material we determined that the spatial modulating term for a given contrast 𝑘
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should be the reference image 𝑟 (where 𝑟 = 𝑎0,𝑟 , 𝑉1,𝑟 , or 𝜙1,𝑟 ) that maximizes |𝜌| for a given
contrast projection 𝑘, thus,
𝑀𝑘 = argmax𝑟 |𝜌𝑘,𝑟 |.

(10)

15

Additionally, within each patch line profiles were taken perpendicular to the grating rule and
compared to qualitatively confirm the results of Eq. (10). This procedure was performed to
285

determine the spatial modulating term for normalized visibility 𝑀𝑉 in both water and silicon
samples as well as for the remaining contrasts to confirm our initial assumptions that 𝑀𝐴 = 𝑎0,𝑟
and 𝑀Δ𝜙 = 𝜙1,𝑟 .
A similar approach to finding the spatial modulating terms 𝑀𝑘 would be to solve Eq. (6)
determining coefficients 𝑐𝑖𝑗𝑘 for each contrast 𝑘 and reference image 𝑟 for 𝑀𝑘 and selecting the
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combination that yields the best correction as determined by the criteria described in Section 2.5.
We argue, however, that the above approach of using low-noise projections and comparing
correlations yields the same results while requiring fewer image reconstructions. We confirm this
approach by determining the normalized visibility modulating term 𝑀𝑉 using both described
methods.
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2.5 Evaluation of EBHCI-GI
After determining the grating term for normalized visibility 𝑀𝑉 , sets of correction
coefficients 𝑐𝑖𝑗𝑘 were then calculated from the water sample and silicon sample image data as
described by Eq. (6). In the water sample 2nd degree polynomial coefficients were determined for
both variable dimensions resulting in 9 total coefficients for each contrast. For the higher atomic
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number silicon sample 3rd degree polynomial coefficients were determined for each variable
yielding 16 coefficients per contrast. These coefficients were then applied to the original
projection data and reconstructed into axial images for subsequent analysis.
The performance of our correction was quantified in terms of a reduction in the mean
squared error (MSE) from the template image 𝑡𝑘 (𝒓) and a reduction in standard deviation
16
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measured in a central homogenous region of each sample image. These values were then used to
compare the uncorrected and corrected images for each contrast. Line profile comparisons were
also performed to visually compare the uncorrected, corrected, and template images.
Finally to assess the generalizability of the coefficients to similar materials we concluded our
investigation by applying the coefficients determined from the water sample on the murine lung
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sample. Performance was assessed qualitatively for each contrast by visual inspection of
uncorrected, corrected, and subtraction images.

3. Results
3.1 Determining the spatial modulating term 𝑴𝑽 for normalized visibility
Quantitative correlation of grating-induced artifacts between sample and grating
315

projections is shown as a correlation matrix in Fig. 4(a) for both water and silicon samples. The
value of each entry in the matrix represents the correlation between each combination of sample
and grating projection across image contrasts. Given that the sample water and silicon objects are
mostly homogenous any residual signal following edge-enhancing filtering of the low noise
projections can be assumed to be caused by grating-induced artifacts. These artifacts appear in
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the correlation matrix as elevated off-diagonal entries. Consistent with ECCP and our previous
assumptions, the correlation of artifacts in absorption contrast is highest with its reference in
both the water and silicon samples. Thus for both water and silicon samples from Eq. (7) we can
determine the absorption grating term as 𝑀𝐴 = 𝑎0,𝑟 . For differential phase contrast enhanced offdiagonal elements were present for the silicon sample but not in water. In water we
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observed|𝜌Δϕ,V1,r | > |𝜌Δϕ,ϕ1,r |, however given the low correlation and the limited influence of
beam-hardening artifacts we can conclude that for differential phase contrast in water the choice
17

of grating term is less consequential. In the silicon sample these off-diagonal elements for
differential phase Δ𝜙 are greatest with its reference 𝜙1,𝑟 and thus we can conclude 𝑀Δ𝜙 = 𝜙1,𝑟 .
However, for visibility contrast we observed |𝜌𝑉,𝑎0,𝑟 | > |𝜌𝑉,𝑉1,𝑟 |, suggesting that 𝑀𝑉 = 𝑎0,𝑟 . This
330

observation along with |𝜌𝑉,𝜙 | > |𝜌𝑉,𝑉1,𝑟 | suggest a cross-contamination of absorption and phase
information into the visibility contrast channel. These results are reflected qualitatively through
line profile comparisons taken within the silicon sample in Fig. 4(b). The relatively lower
correlation observed with 𝑉 also suggests that using a single term 𝑀𝑉 for visibility contrast may
have a limited and potentially unsatisfactory effect.

18
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Fig. 4. (a) Correlation coefficient magnitudes |𝜌| between sample and air grating projections for both
the water and silicon samples. Sample line profiles (b) from projections of the silicon tile show
correlation between grating induced beam hardening artifacts in projections and reference images.
Columns of a given sample contrast profile (dotted gray) are compared against each row of a given
reference grating profile (black) for qualitative comparison. * indicates sign change and ⋆ indicates
differentiation was performed to aid visual comparison.

3.2 Evaluation of EBHC-GI in water
Using the 𝑀𝑘 grating terms determined for water in Section 3.1 fit coefficients for the water
sample were determined using the original and template images shown in Fig. 5. Figure 6 then
340

compares the resulting images reconstructed from uncorrected projections and EBHC-GI
19

corrected projections. Line profile comparisons including the template image are included in Fig.
6(c). The measured MSE and standard deviation in the homogenous water region are presented
in Table II. Most notably, while there is little evidence of cupping in any of the contrasts, there is
a substantial amount of ring artifacts in the absorption contrast image that contributes to both the
345

MSE and the noise reported in Table II. Of note, these ring artifacts are strongly suppressed
following the application of EBHC-GI where the absorption MSE was decreased by 80% and
standard deviation by 57%. In the normalized visibility channel, the influence of beam hardening
is not obvious. Despite this, we measured a 65% reduction in the normalized visibility standard
deviation following correction using 𝑀𝑉 = 𝑎0,𝑟 compared to only a 58% reduction using 𝑀𝑉 =
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𝑉1,𝑟 with comparable reductions in MSE in both cases. In the phase contrast image, beam
hardening effects are visually undetectable resulting in correspondingly small differences
between the original and corrected images. These results suggest that for our given system in
water, the absorption contrast is most strongly influenced by beam hardening and, in this low-Z
imaging task, benefits most from EBHC-GI in terms of ring artifact reduction, reduced MSE
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from the template, and reduced standard deviation.

20

Fig. 5. Uncorrected reconstructions and artifact-free templates of the water sample for
absorption 𝐴, phase 𝜙, and normalized visibility 𝑉 contrasts.

21

Fig. 6. Water sample reconstructions for each contrast with the original uncorrected axial image (a)
shown left of the EBHC-GI corrected slice (b). The image display levels of each image are set to their
means with a window width of four standard deviations. Column line profiles (c) compare original
(dashed gray), corrected (solid black), and template (dotted red) line profiles.
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Image

Absorption
MSE
Std dev

Image

Original

1.33 × 10−6

1.15 × 10−3

Original

Corrected

2.61 × 10−7

4.85 × 10−4

Corrected

Change

-80.37%

-57.83%

Change

Phase
MSE

Std dev

Image

Visibility
MSE
Std dev

3.83 × 10−5

6.02 × 10−3

Original

7.58 × 10−6

2.60 × 10−3

3.63 × 10−5

5.86 × 10−3

Corrected

2.49 × 10−6

8.86 × 10−4

-2.66%

Change

-67.15%

-65.92%

-5.22%

Table II: Beam hardening correction results for water quantified in terms of mean squared error (MSE)
from template 𝑡 and standard deviation (Std dev) within the homogenous water region.
22

3.3 Evaluation in higher atomic number materials
Using correction coefficients 𝑐𝑖𝑗𝑘 determined for silicon, image and line profile comparisons
for each contrast from the original and corrected silicon sample projections are shown in Fig. 7
365

with MSE and standard deviation values reported in Table III. In the silicon tile images, all
contrasts presented more severe artifacts than in water, with rings in each contrast, cupping in
phase, and capping in the normalized visibility images. Furthermore, all three contrasts saw over
90% reductions in MSE. These results are an improvement over using the visibility reference 𝑉1,𝑟
for 𝑀𝑉 which resulted in only an 88.2% reduction in MSE and 40% reduction in standard
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deviation from the uncorrected image. Both values are less than the 90% and 51% reductions
reported in Table III for visibility using 𝑀𝑉 = 𝑎0,𝑟 , confirming the conclusions from the
correlation analysis presented for silicon in Fig. 4.
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Fig. 7. Silicon tile reconstructions of attenuation, phase, and normalized visibility contrasts.
Uncorrected images (a) are shown to the left of EBHC-GI corrected slices (b). The image display
levels of each image are set to their means with a window width of four standard deviations. Column
line profiles (c) compare original (dashed gray), corrected (solid black), and template (dotted red) line
profiles.

Image
Original
Corrected
Change

Absorption
MSE
Std dev

Image

6.76 × 10−5

5.61 × 10−3

−6

−3

Original

4.06 × 10

1.94 × 10

Corrected

-94%

-65.24%

Change

Phase
MSE

Std dev

8.30 × 10−3

3.62 × 10−2

−4

−2

2.67 × 10
-96.78%

Image

Visibility
MSE
Std dev

Original

5.15 × 10−5

3.38 × 10−3

−6

1.17 × 10

Corrected

4.65 × 10

1.65 × 10−3

-67.68%

Change

-90.97%

-51.18%
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Table III: Beam hardening correction results for silicon quantified in terms of MSE from the template and
standard deviation of values within the homogenous silicon region.

3.4 Lung imaging application
The original and corrected images of the murine lung specimen are shown approximately
midway through the mediastinum alongside difference images in Fig. 8. Similar to observations
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in the water sample, the most noticeable artifacts were the rings in the original absorption image,
which were effectively eliminated in the corrected series. In the phase contrast series, there were
no visually observable changes between the original and corrected series, although the difference
image showed subtle signal changes. In the normalized visibility contrast images, there was
evidence of removed rings and non-edge signal changes in the difference image. Together, these
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results in the murine lung sample are consistent with those seen in the water phantom, in
particular, that the absorption contrast was most susceptible to grating induced ring artifacts that
can be readily removed using EBHC-GI.

25

Fig. 8. Axial murine lung reconstructions in prone position show the heart, large airways, and lung
parenchyma. Absorption, phase, and normalized visibility contrast images are shown both before and
after correction along with a difference image.
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4. Discussion
The key findings from our study are that beam hardening artifacts in grating-based x-ray
phase contrast imaging can be largely suppressed by applying a two-variable polynomial
correction to each of the derived contrasts. Specifically the two-variable approach includes both
26

sample projections and grating projections in each contrast so as to correct for both cupping or
395

capping artifacts derived from beam hardening in the sample as well as ring artifacts from beam
hardening in the gratings. The changes made to the originally-described ECCP16 included
applying the polynomial correction separately for each contrast mechanism to account for the
different energy dependencies of the different contrast mechanisms and using projections of the
system gratings instead of a primary modulator. We also showed methods to best determine this
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grating-term for normalized visibility contrast which is influenced by both the imaging system
and sample.
In determining the grating term for normalized visibility contrast 𝑀𝑉 using a correlation
analysis with grating projections we found for both materials studied that the normalized
visibility sample projections had the highest correlation with the absorption grating projections.
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These results differ from directly extrapolating ECCP to each contrast, which would have
suggested using the reference visibility image 𝑉1,𝑟 . However these observations of system and
material dependencies of grating-induced artifact in the normalized visibility contrast are
consistent with previous work that showed similar influence of absorption and phase information
in polychromatic measurements.13 In our particular investigations including the broad spectrum
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used and materials studied we found beam hardening artifacts in the absorption contrast to have
greatest influence in normalized visibility projections. The cross-contamination between the
three contrast mechanisms that occurs due to beam hardening is but one of several sources of
bias in normalized visibility imaging present in grating based laboratory setups.12,25-27 In order to
perform better quantitative studies28 of the small-angle-scattering and sub-resolvable structural
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information contained in the visibility signal, these systematic influences must be understood and
accounted for. A limitation of our method in this regard is its empirical approach to generating
27

the template visibility image. Assigning known homogenous regions in our test objects to have a
normalized visibility signal equivalent to air was necessary as it was unclear as to what would
make an ideal visibility calibration object. This is coupled with the fact that the choice of an ideal
420

normalized visibility test object could likely be specific to material, energy and other systemic
factors.26
After determining the grating terms 𝑀𝑘 and applying our found fit coefficients for each
contrast and material our results demonstrated the benefit of applying a unique set of correction
coefficients for each contrast. We saw this in varying contributions of cupping and ring artifacts
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between materials and contrasts. The uncorrected water absorption image suffered most from
grating-induced ring artifacts and needed a strong correction while the phase image required
minimal correction. In the silicon tile we observed an even greater divergence of artifacts
between the three contrasts. The silicon absorption image showed severe ring artifacts with
modest cupping, while the phase image showed more severe cupping, and the visibility image
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had modest capping and rings. This observation of unique energy dependence and presentation
of beam hardening artifacts between contrasts and materials is consistent with previous work that
showed similar dependencies.9
Like ECCP, our proposed method, EBHC-GI, is a first order correction and thus some rings
remained due to detector gain inconsistencies or higher order beam hardening effects. Removing
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these residual artifacts would be best handled with iterative methods10 adapted to account for
spatially varying grating effects or additional image filtering.29 Additionally for the normalized
visibility contrast improved artifact reduction may be possible by first separating the influences
of other contrasts.13 Another approach would be to add a second modulating term to include both

28

visibility and absorption. However, this comes at the cost of increasing the number of images
440

required to determine the correction coefficients.
Additionally, we demonstrated the generalizability of correction coefficients derived using
one material with a similar atomic number. Our water corrections coefficients produced similar
ring artifact removal in a murine lung sample as they did in a water sample.
Finally the push to enable human imaging with grating interferometry30-32 requires higher x-
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ray energies (e.g., high tube potential settings) and larger fields-of-view which places even
higher demands on grating design and fabrication. Because partial transmission becomes
unavoidable in these circumstances, and even desirable in others,14,33,34 our results demonstrate
that image quality can be preserved for all three contrast mechanisms using a polychromatic xray source. This eases the requirements for grating design and fabrication and may facilitate

450

multi-contrast x-ray studies in humans.

5. Conclusions
In this investigation, we introduced an empirical correction for beam hardening in grating
interferometry, EBHC-GI, that is an extension of a two-variable polynomial correction for
primary modulators that we adapted to the unique contrast mechanisms and system properties of
455

a grating-interferometer. These adaptations included applying the polynomial correction to each
contrast mechanism separately and determining optimal spatial modulating term for the
normalized visibility contrast. In absorption and phase contrast images, this term was the
reference projection data for each respective contrast mechanism. However, due to crosscontamination of absorption and phase contrast information into the visibility channel, the
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optimal modulating term was determined for our system to be the absorption reference projection
29

data. Quantitative assessment of our method showed a reduction in beam hardening artifacts due
to both the sample and the gratings in both water and silicon test objects, representing imaging of
low- and higher-Z materials, respectively. This empirical method can be used, without the need
of detailed system or sample knowledge, to correct for beam hardening effects in the sample and
465

in the gratings. Once determined, the coefficients can be used on all subsequent scans of like
materials performed with similar acquisition settings.
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