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Abstract16

X-ray interferometry is an emerging imaging modality with a wide variety of potential clinical17

applications, including lung and breast imaging, as well as in non-destructive testing, such as addi-18

tive manufacturing and porosimetry. A grating interferometer uses a diffraction grating to produce a19

periodic interference pattern and measures how a patient or sample perturbs the pattern, producing20

three unique images that highlight X-ray absorption, refraction, and small angle scattering, known21

as the attenuation, differential-phase, and dark-field images, respectively. Inaccuracies in grating22

position and multi-harmonic fringes produce Moiré artifacts when assuming the fringe pattern is23

perfectly sinusoidal and the phase steps are evenly spaced. We have developed an image recov-24

ery algorithm that estimates the true phase stepping positions using multiple harmonics and total25

variation regularization, removing the Moiré artifacts present in the attenuation, differential-phase,26

and dark-field images. We demonstrate the algorithm’s utility for the Talbot-Lau and Modulated27

Phase Grating Interferometers by imaging multiple samples, including PMMA microspheres and a28

euthanized mouse.29

1. Introduction30

X-ray interferometry is a developing imaging modality with a wide variety of potential clinical and31

industrial applications. Of particular interest has been imaging lung disease, including emphysema [1],32

pulmonary fibrosis [2], COVID-19 [3], and cancer [4]. There have also been studies in breast imaging [5–33

8], where interferometric images have yielded higher contrast for microcalcifications. There has also been34

considerable interest in industrial applications and non-destructive testing, such as pore size analysis [9,35

10] and additive manufacturing quality assurance [11, 12].36

Grating interferometers are phase-sensitive imaging systems, measuring not only the absorption prop-37

erties of the object or patient but also the phase properties, including refraction and small angle scattering38

[13, 14]. One or multiple diffraction gratings are placed between an X-ray source and detector, producing39

periodic fringe patterns. The object or patient perturbs the pattern, producing three unique images.40

X-ray absorption produces the attenuation image, calculated by measuring the change in the average41

value of the fringe pattern. This is the same as a traditional radiograph. X-ray refraction laterally shifts42

the fringe pattern, producing the differential-phase image, calculated by measuring the change in the43

phase of the fringe pattern. Small angle scattering reduces the fringe visibility — the height of the fringes44

relative to the average value — yielding the dark-field image. The strength of the differential-phase and45

dark-field signals depend on the system’s phase sensitivity and autocorrelation length, respectively [15–46

18].47

1



Grating interferometers commonly use a technique known as phase stepping to acquire images. The48

grating is translated laterally and imaged multiple times to produce a phase stepping curve at each pixel.49

Two phase stepping curves are acquired, one with no sample that serves as a reference curve and one50

with a sample in place, and the fringes are analyzed and compared on a per-pixel basis to simultaneously51

produce the three images. The phase stepping curves are typically assumed to be sinusoidal, and the52

average value, visibility, and phase are extracted and compared to produce the three images. Phase53

stepping requires the use of high precision electronic motors, since the phase steps are to the order of a54

micron, and at least five phase steps are usually acquired.55

A key problem in grating interferometry is Moiré artifacts that result from small inaccuracies in56

grating position during the phase stepping procedure and the fact that the fringes are not perfectly57

sinusoidal. The artifacts appear as remnant oscillations in the measured average value, phase, and visi-58

bility of each pixel, ultimately leading to remnant oscillations in the attenuation, differential-phase, and59

dark-field images. Previous work on Moiré artifacts resulting from phase stepping errors and dose fluc-60

tuations has been reported [19–23]. However, these methods do not reduce the Moiré artifacts resulting61

from the influence of higher order harmonics present in the fringe patterns. As will be demonstrated,62

this is especially important for the Modulated Phase Grating Interferometer, though the influence of63

higher order harmonics may also prove useful for the Talbot-Lau Interferometer and Dual Phase Grating64

Interferometer.65

We propose the use of higher order harmonics to correct the phase step positions to remove the66

Moiré artifacts in the attenuation, differential-phase, and dark-field images. The phase step positions67

are estimated by minimizing the sum-squared error between the multi-harmonic model and measured68

data, as well as a regularization term, which is different for the reference and sample analysis. For the69

estimation of the reference phase stepping positions, the cost function is regularized by the total variation70

of the harmonic amplitudes. For the sample’s phase stepping positions, the cost function is regularized by71

the total variation of the attenuation, differential-phase, and dark-field images. Higher order harmonic72

models for phase-shifting interferometry have been previously considered by Xu et al [24], but they73

only focused on the phase of the fringe pattern, as opposed to the average value or visibility, which74

are important for the attenuation and dark-field images. Additionally, our method of total variation75

regularization for estimating the phase stepping positions directly suppresses the Moiré artifacts in the76

attenuation, differential-phase, and dark-field images, which is important since the calculation of the77

attenuation and dark-field images requires the division of the sample and reference average value or78

visibility, respectively. Thus, without regularizing by the total variation of the calculated images, there79

could be minor residual Moiré artifacts in the raw parameters, which are then heightened in the calculated80

images.81

2. Methods82

2.1. Background83

The Talbot-Lau Interferometer (TLI) is the most prevalent grating interferometry system that has84

been studied. There are three gratings, labeled G0, G1, and G2, shown in Figure 1a. The G1 grating is85

a phase grating that produces the fringe pattern. A typical X-ray tube’s focal spot does not meet the86

coherence requirements necessary for high visibility fringes to form, so the G0 grating serves as a series87

of slits that are each small enough to produce fringes. The slits are evenly spaced at a period, p0, so that88

the fringe pattern produced by each slit constructively interferes, allowing low brilliance sources to be89

used for interferometry [25]. The fringes produced by the G1 grating are smaller than typical detector90

pixels, so the G2 grating is used to serve as an analyzer. The period, p2, is chosen to match the fringe91

period at the detector, pD, so that a beat pattern is formed that is resolved by the detector.92

The Modulated Phase Grating Interferometer (MPGI) is a recently developed X-ray system that is93

capable of interferometry without an analyzer grating [10, 26–29], shown in Figure 1b. The Modulated94

Phase Grating (MPG) is a diffraction grating that produces a periodic intensity pattern using either95

a microfocus source or standard X-ray source with a source grating, G0. The MPG has grating bars96

separated by a pitch, p, and the bar heights follow an envelope function with period, W . In the example97

shown, the envelope function is a RectMPG with phase-heights (H1, H2). The fringes produced by the98

MPG follow the magnified period of the envelope function, W , and the smaller pitch, p, determines the99

coherence requirements to be in accordance with other X-ray interferometers. Because W is fairly large,100

the fringes produced by the MPG are directly resolvable for standard high resolution X-ray detectors,101
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(a) TLI Schematic (b) MPGI Schematic

Figure 1. Schematics of the (a) Talbot-Lau and (b) Modulated Phase Grating Interferometers. In this study, the
Talbot-Lau Interferometer used curved gratings. For the MPGI, a RectMPG was used and no G0 grating was used.

meaning no analyzer grating is required.102

Attenuation, differential-phase, and dark-field images are calculated by acquiring two phase-stepping103

curves: a reference curve and a sample curve. A phase-stepping curve is a series of images generated by104

imaging the grating at several phase stepping positions, where the grating is laterally shifted over at least105

one period. The phase stepping curves are analyzed on a pixel-by-pixel basis by fitting the measured106

intensity to a sinusoidal function shown in Equation 1, where xg is the phase stepping position, W is the107

period of the grating, and the fit parameters are a0, a1, and ϕ1, representing the average value, amplitude,108

and phase of the fringe pattern, respectively. The subscript 1 represents that only one harmonic was109

used, and the superscripts represent distinct analysis for the reference, r, and sample, s. The fringe110

visibility is the ratio of the amplitude and average value, V1 = a1

a0

. The phase stepping positions are111

typically assumed to be evenly spaced and go over at least one period.112

Î r,s
1 (x, y, xg) = ar,s0 (x, y) + ar,s1 (x, y) sin

(

2πxg

W
+ ϕr,s

1 (x, y)

)

(1)

The attenuation, differential-phase, and dark-field images are found by comparing each pixel’s fit113

parameters between the reference and sample acquisitions, shown in Equations 2, 3, and 4.114

Attenuation = Γ(x, y) =
as0
ar0

(2)

Differential-phase = ∆ϕ(x, y) = ϕs
1 − ϕr

1 (3)

Dark-field = Σ(x, y) =
V s
1

V r
1

(4)

The parameters are easily fit by forming a linear least squares problem by separating ϕr,s
1 from the115

2πxg

W using the angle addition formula and minimizing the sum squared error of each pixel between the116

predicted intensity, Î r,s
1 (xg), and the measured intensity, Ir,sm (xg) [30].117

There are multiple assumptions used in the analysis. First, nominal values of xg are typically used.118

That is to say, the phase steps are assumed to be evenly spaced. However, inaccuracies in grating position119

resulting from motor positional accuracy or system vibrations lead to remnant oscillations in the fit pa-120

rameters found in Equation 1. Additionally, we assumed that the fringe pattern was perfectly sinusoidal,121

with only a single harmonic, but diffraction is highly complex, with many harmonics contributing to the122

produced interference pattern [10, 29]. Because we have a finite number of phase steps, the presence123

of multiple harmonics also leads to oscillations in the fitted visibility, even if the phase steps are truly124

evenly spaced. Since the oscillations in the fit parameters are not perfectly aligned between the sample125

and reference fringe patterns, there are substantial Moiré artifacts in the attenuation, differential-phase,126

and dark-field images, which appear as remnant grating fringes.127
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2.2. Iterative Phase Step Correction128

In this work, we propose the use of a multi-harmonic model to estimate the true phase step positions,129

thereby reducing the Moiré artifacts. The phase step positions are estimated by iteratively minimizing a130

loss function that includes an error term and several regularization terms. Each iteration, the measured131

data is fit to the multi-harmonic model using that iteration’s set of phase step positions, x⃗g. The error132

term is the sum-squared error between the measured data and the model. The loss function includes a133

regularization term, R, and the optimization function is shown in Equation 5.134

x̂g = argmin
x⃗g

∑

x,y,xg

(

Im(x, y, xg)− Î(x, y, xg)
)2

+R (5)

Without regularization, estimating the true phase step positions only using the multi-harmonic model135

is an ill-posed problem. If the phase steps positions are incorrect, the higher order harmonics will be136

overfit to reduce the total sum-squared error, leading to a shallow local minima that is hard to escape.137

Additionally, the key parameters for interferometry images, a0, a1, and ϕ1, will oscillate, which is what138

leads to the Moiré artifacts in the attenuation, differential-phase, and dark-field images. The goal of139

regularization is to penalize these oscillations, leading to phase step positions that yield attenuation,140

differential-phase, and dark-field images without Moiré artifacts.141

The ill-posed nature of this problem is further overcome by first estimating the phase step positions142

using only the zeroth and first order harmonics. Then the phase step positions are estimated using up to143

the second harmonic, then up to the third. Each time a higher order harmonic is included, the upper and144

lower bounds are decreased. Equation 5 is minimized using the interior point algorithm, implemented145

via Matlab’s fmincon function [31].146

2.3. Multi-harmonic Model147

Higher order harmonics are included in the intensity model, shown in Equation 6, where nH is the148

maximum number of harmonics included in the model. The model is linearized using the sine angle149

addition theorem, shown in Equations 7–9.150

Îr,s(x, y, xg) = ar,s0 (x, y) +

nH
∑

n

ar,sn (x, y) sin

(

2πnxg

W
+ ϕr,s

n (x, y)

)

(6)

Îr,s(x, y, xg) = ar,s0 (x, y) +

nH
∑

n

Ar,s
n (x, y) sin

(

2πnxg

W

)

+

nH
∑

n

Br,s
n (x, y) cos

(

2πnxg

W

)

(7)

Ar,s
n (x, y) = ar,sn (x, y) cosϕr,s

n (x, y) (8)

Br,s
n (x, y) = ar,sn (x, y) sinϕr,s

n (x, y) (9)

Every iteration, linear least squares is performed using this iteration’s set of phase step positions, x⃗g.151

Similar to Marathe et al [30], a basis matrix is formed, B, with matrix elements shown in Equation 10,152

where g denotes the phase step index and µ denotes the parameter index. The linear regression operator153

is calculated in Equation 11, and the parameters are estimated in Equation 12, where Ir,s

m
(x⃗g) is a154

column vector equal to this pixel’s measured phase stepping curve.155

Bgµ =















1 µ = 1

sin
(

2π(µ/2)xg

W

)

µ even

cos
(

2π((µ−1)/2)xg

W

)

µ odd, and µ ̸= 1

(10)

G =
(

B
T ·B

)

−1

·BT (11)

Â
r,s = G · Ir,s

m
(x⃗g) (12)

The result, Âr,s, is a column vector with 2nH +1 entries that is transformed to calculate a0, an, and156

ϕn, as shown in Equations 13–15.157
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a0 = A1 (13)

an =
√

A2
2n +A2

2n+1 (14)

ϕn = tan−1

(

A2n+1

A2n

)

(15)

There is a small implementation detail with the multi-harmonic model that is not shown in Equations158

6–9. When calculating the differential-phase image, you have to subtract the phase of the first harmonic159

between the reference and sample data. Since the phase calculation results from an inverse tangent160

operation (Equation 15), this could lead to a phase wraparound artifact when the phase is near ±π. To161

avoid this, the reference phase of each harmonic, ϕr
n(x, y) is included in the sine and cosine terms in162

the basis matrix elements when fitting the sample’s phase stepping data. The differential-phase image,163

∆ϕ(x, y), is then calculated not by Equation 3, but as the phase of the first harmonic from Equation 15,164

avoiding the phase wraparound artifact by not required as subtraction of the reference phase.165

2.4. Regularization166

Regularization is included in the iterative estimation of the true phase step positions to avoid overfit-167

ting higher order harmonics that lead to oscillations in the fit parameters and remnant Moiré patterns in168

the attenuation, differential-phase, and dark-field images. Different regularization functions are chosen169

for the estimation of the phase step positions for the reference and sample acquisitions. Both cases170

require the use of the 2-dimensional anisotropic total variation (TV), shown in Equation 16, where f is171

some function of (x, y) and ∇x,y represents the first derivative in the x or y direction.172

TV (f(x, y)) =
∑

x,y

|∇xf(x, y)|+
∑

x,y

|∇yf(x, y)| (16)

Rr =

nH
∑

n=0

λnTV (an(x, y)) (17)

Rs = λΓTV (Γ(x, y)) + λ∆ϕTV (∆ϕ(x, y)) + λΣTV (Σ(x, y)) (18)

For the reference acquisition, the regularization term used was the total variation of the magnitude of173

each harmonic, an(x, y), including the zeroth harmonic. Each harmonic uses a different weighting factor,174

λn, as shown in Equation 17. This aims to reduce the oscillations in the individual fit parameters.175

However, we ultimately only care about the oscillations in the images, not the individual fit parameters.176

Because of this, the estimation of the sample’s phase step positions was regularized by the TV of the177

three images: attenuation, Γ(x, y), differential-phase, ∆ϕ(x, y), and dark-field, Σ(x, y). Each image was178

weighted by their own regularization factor, as shown in Equation 18.179

2.5. Imaging Experiments180

The proposed phase step correction method was evaluated by imaging multiple samples with a lab-181

oratory Talbot-Lau Interferometer (TLI) and Modulated Phase Grating Interferometer (MPGI). Both182

setups used the Hamamatsu L9181-02 microfocus X-ray source and Dexela 1512 X-ray detector with183

75 µm× 75 µm pixels.184

The TLI setup consisted of three gratings, G0, G1, and G2, each with a period of 4.8µm. The design185

energy was 31 keV . The G1 grating was a π-grating made of gold, with bar heights of 6.0 µm. The186

gratings were placed with a source-to-G0 distance of 5 cm, equal G0-to-G1 and G1-to-G2 distances of187

43cm, and a G2-to-detector distance of 3cm. The source-to-sample distance was 32cm. This corresponds188

to the symmetric geometry configuration described in Donath et al [18], with an autocorrelation length189

of ACL = 3.58 µm. The gratings were curved to match the setup geometry. The microfocus X-ray tube190

was operated at 60 kV p, 70 µA, and under the large focal spot mode. Phase stepping was performed191

by stepping the G2 grating using a Newport VP-25XA motorized linear stage in 0.5 µm increments, 10192

second exposures, and 20 phase steps.193

The MPGI setup used a RectMPG, with design heights of (π/2, π/8) at 25 keV , a pitch of p = 1µm,194

and envelope period of W = 120 µm. For more information, see MPG8 from Meyer et al [10]. A195
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(a) (b) (c)

Figure 2. (a) Attenuation, (b) differential-phase, and (c) dark-field images taken with a TLI with no object (comparing
two reference scans), calculated using the nominal phase steps. The amplitude of the Moiré artifact was calculated for the
line of interest shown and statistically compared between the images calculated with the nominal phase steps and corrected
phase steps.

source-to-detector distance of 110 cm is used, with a source-to-grating distance of 20 cm, yielding an196

autocorrelation length of ACL = 67.64µm. No G0 grating or G2 grating are used. Images were acquired197

at 45 kV p and 55 µA, under the small focal spot mode. Phase stepping was performed by stepping the198

MPG using a Newport AG-LS25-27P motorized linear stage with 12µm phase steps, 20 second exposures,199

and 10 phase steps.200

The proposed algorithm’s performance was evaluated in multiple ways. For the TLI setup, a “no201

object” case was tested by acquiring two phase stepping curves with no object in place, one serving202

as the “reference” and one serving as the “sample”. This was done to evaluate the algorithm’s ability203

to remove Moiré artifacts in the absence of a sample while still removing the grating inhomogeneities204

that are present in the parameter images (for instance a0(x, y) or V (x, y)). Additionally, a euthanized205

C57BL/6J (WT) mouse was imaged using the TLI. All animal-related procedures were approved by206

the Pennington Biomedical Research Center Institutional Animal Care and Use Committee (IACUC)207

and were carried out in strict adherence to the guidelines and regulations set by the NIH Office of208

Laboratory Animal Welfare. The mouse was euthanized via CO2 inhalation, transported to the imaging209

lab, mounted, and imaged by TLI. Using the MPGI, a sample of 1µm PMMA microspheres was imaged.210

3. Results211

The proposed algorithm is first evaluated for the TLI setup. For the “no object” case, Moiré artifacts212

are clearly seen when the nominal phase step positions are used, as shown in Figure 2. The results of the213

proposed algorithm are shown in Figure 3, where it is clearly seen that the Moiré artifacts are almost214

completely removed. For the TLI setup, only 1 harmonic was needed. The regularization weights were215

λΓ = 108, λ∆ϕ = 105, and λΣ = 105. A line profile was taken through a region of the images with Moiré216

artifacts present. The line profiles were fit to a sinusoidal function, and the amplitude of the Moiré217

artifact was statistically compared between the images calculated using the nominal phase steps and218

corrected phase steps. It was found that the corrected phase steps produced images with significantly219

less (α = 0.05) Moiré artifacts for all three images (p < 0.001 for all cases).220

The algorithm was then tested on images of the euthanized mouse, shown in Figures 4 and 5. Once221

again, the Moiré artifacts are not visible when the proposed method is used. For the estimation of the222

phase step positions for the reference curve, the regularization weights chosen were λn = 104 for all n.223

For the sample phase steps, the regularization weights were λΓ = 108, λ∆ϕ = 108, and λΣ = 108. The224

order of magnitude of each weight was chosen so that the order of magnitude for the regularization term225

would be the same as the order of magnitude of the sum-squared error.226

For the MPGI setup, a sample of 1 µm PMMA microspheres was imaged. The proposed algorithm227

was used with up to 3 harmonics, as opposed to only 1 harmonic for the TLI. Figure 6 compares the228

calculation of the average value, ar0(x, y) calculated with the nominal phase steps and the corrected229

phase steps. It is seen that there is some residual Moiré artifacts when only 1 harmonic is used in the230

phase step correction algorithm. However, when 3 harmonics are used, it is seen that the Moiré artifacts231

are fully removed. This is even more noticeable for the comparison of the visibility seen in Figure 7.232

This translates to a complete removal of the Moiré artifacts in the attenuation, differential-phase, and233

dark-field images, as seen in Figures 8, 9, and 10. For the estimation of the phase stepping positions for234
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(a) (b) (c)

Figure 3. (a) Attenuation, (b) differential-phase, and (c) dark-field images taken with a TLI with no object (comparing
two reference scans), calculated using the iterative method with 1 harmonic. The amplitude of the Moiré artifact was
calculated for the line of interest shown and statistically compared between the images calculated with the nominal phase
steps and corrected phase steps. It was found that the corrected phase steps produced images with significantly less
(α = 0.05) Moiré artifacts for all three images (p < 0.001 for attenuation, p = 0.039 for differential-phase, and p = 0.005
for dark-field).

(a) (b) (c)

Figure 4. (a) Attenuation, (b) differential-phase, and (c) dark-field images taken with a TLI of a euthanized mouse,
calculated using the nominal phase steps. A 3mm scalebar is shown.

(a) (b) (c)

Figure 5. (a) Attenuation, (b) differential-phase, and (c) dark-field images taken with a TLI of a euthanized mouse,
calculated using the iterative method with 1 harmonic. A 3mm scalebar is shown.
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(a) (b) (c)

Figure 6. Comparison of the average value, ar
0
(x, y), for the MPGI calculated with the (a) nominal phase steps, (b)

phase steps estimated using the proposed method with 1 harmonic, and (c) phase steps using the proposed method with
3 harmonics.

(a) (b) (c)

Figure 7. Comparison of the visibility, V r(x, y), for the MPGI calculated with (a) nominal phase steps, (b) corrected
phase steps with 1 harmonic, and (c) corrected phase steps with 3 harmonics.

the reference curve, the regularization weights chosen were λn = 104 for all n. For the sample curve, the235

weights chosen were λΓ = 1010, λ∆ϕ = 109, and λΣ = 109.236

4. Discussion237

We presented an iterative method for removing Moiré artifacts present in attenuation, differential-238

phase, and dark-field images by correcting phase step positions by modeling higher order harmonics in239

our phase stepping analysis. The methods were generally applicable to the Talbot-Lau Interferometer240

and Modulated Phase Grating Interferometer, and could easily be applied to the Dual Phase Grating241

Interferometer, where multiple harmonics are also observed [32]. While only 1 harmonic was necessary242

for the Talbot-Lau Interferometer in this instance, that will not be universally true, as it is possible243

to have more harmonic components for a Talbot-Lau Interferometer [33]. This shows that the methods244

presented are generally applicable to any phase-stepping grating interferometer, simply by an appropriate245

choice for the number of harmonics and regularization weights.246

(a) (b) (c)

Figure 8. Comparison of the attenuation image, Γ(x, y), for the MPGI calculated with (a) nominal phase steps, (b)
corrected phase steps with 1 harmonic, and (c) corrected phase steps with 3 harmonics. A 1mm scalebar is shown.
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(a) (b) (c)

Figure 9. Comparison of the differential-phase image, ∆ϕ(x, y), for the MPGI calculated with (a) nominal phase steps,
(b) corrected phase steps with 1 harmonic, and (c) corrected phase steps with 3 harmonics. A 1mm scalebar is shown.

(a) (b) (c)

Figure 10. Comparison of the dark-field image, Σ(x, y), for the MPGI calculated with (a) nominal phase steps, (b)
corrected phase steps with 1 harmonic, and (c) corrected phase steps with 3 harmonics. A 1mm scalebar is shown.

The methods presented reduced or completely eliminated the image artifacts in all three images247

for multiple samples and multiple interferometers, highlighting the robustness of the image recovery248

algorithm. The methods even worked when there was extreme curvature of the fringes in the Talbot-Lau249

Interferometer, resulting from misalignment of the curved gratings. Additionally, our method works250

by analyzing the TV of the entire image, not just a subregion. While the previous literature has also251

focused on dose fluctuations, our setup used a microfocus X-ray source with long exposures, so this252

was not necessary in our analysis. However, it would be relatively straightforward to implement such a253

correction.254

The robust artifact removal represents a significant step not only for visualizing but also for quanti-255

tatively characterizing diseases of the lungs (including emphysema, fibrosis, and cancer), as well as po-256

tentially other applications such as osteoporosis, breast cancer imaging, quantitative imaging of porosity257

in different objects, and quality assessment of additive manufacturing.258

With the introduction of a multi-harmonic analysis, there is the potential to isolate higher harmonic259

dark-field images and analyze them separately from the first harmonic image. While this analysis is not260

possible in our case due to the strength and signal-to-noise ratio of each harmonic, this may prove useful261

for simultaneous imaging of multiple autocorrelation lengths, so long as the visibility of each harmonic262

is high enough.263

5. Conclusions264

X-ray interferometry has the potential for a wide variety of clinical and industrial applications, but265

unique image artifacts are introduced when assuming the phase stepping positions are evenly spaced and266

that the phase stepping curves are perfectly sinusoidal. By including higher order harmonics and utilizing267

total variation regularization in our analysis, we have significantly reduced Moiré artifacts in attenuation,268

differential-phase, and dark-field images taken with a Talbot-Lau Interferometer and Modulated Phase269

Grating Interferometer.270
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