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Featured Application: X-ray phase contrast and dark-field imaging have been recently introduced
in conventional systems. They have been demonstrated to outperform the conventional imaging
modalities. This article proposes a comprehensive overview of the experimental techniques that
allow obtaining these new contrasts on conventional systems.

Abstract: Since the seminal work of Roentgen, X-ray imaging mainly uses the same physical phe-
nomenon: the absorption of light by matter. Thanks to third-generation synchrotrons that provide
a high flux of quasi-coherent X-rays, we have seen in recent years new imaging concepts such as
phase contrast or dark-field imaging that were later adapted to conventional X-ray sources. These
innovative imaging techniques are particularly suitable for visualizing soft matter, such as biological
tissues. After a brief introduction to the physical foundations of these two techniques, we present
the different experimental set-ups that are now available to produce such contrasts: propagation,
analyzer-based, grating interferometry and non-interferometric methods, such as coded aperture
and modulation techniques. We present a comprehensive review of their principles; associated data
processing; and finally, their requirements for their transfer outside of synchrotrons. In conclusion,
gratings interferometry, coded aperture and modulation techniques seem to be the best candidates
for the widespread use of phase contrast and dark-field imaging on low-cost X-ray sources.

Keywords: X-ray imaging; phase contrast; darkfield; gratings interferometry; edge illumination;
speckle based imaging; modulation based imaging

1. Introduction

During the last three decades, X-ray phase contrast and dark-field imaging (PC and
DI) have been proposed to overcome the limitations of absorption-based imaging in two
directions: increasing contrast for soft tissue and reducing the radiation dose. Since the
seminal work of Roentgen, X-ray imaging was based on the absorption phenomenon, but
refraction, the fact that light is deviated when passing through matter, shows promise.
Indeed, the refractive index of the material can be a thousand times greater than its ab-
sorption counterpart for light elements. This translates into a much greater contrast for all
the different tissues with X-ray imaging methods based on phase sensing. A third type of
contrast, named dark-field, is sensitive to multiple refractions and gives access to sub-pixel
information, which is very valuable for lung imaging, for instance.

Over the past few decades, an increasing number of studies have demonstrated the
high diagnostic potential of PC and DI [1], as compared to conventional radiology, in a
wide range of pathologies and applications, including mammography [2,3], osteoarticular
diseases [4,5], brain [6–8] and pulmonary diseases [9,10]. With the emergence of partially
coherent X-ray sources twenty years ago, expectations regarding PC and DI became feasible,
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following which several PC and DI methods have been developed at synchrotrons. Unfortu-
nately, due to the dimensions and cost of such infrastructures, synchrotrons cannot be used
for the clinical routine for widespread pathologies. Therefore, several teams worldwide are
working on the transfer of X-ray PC and DI to conventional systems more adapted to the
clinical constraints.

Multiple techniques and experimental set-ups have been developed over the past
25 years to exploit phase-contrast in the X-ray regime. The goal of this review article is to
present the most promising experimental set-ups for the transfer of these techniques. After
introducing the physical foundations of these new contrast, we present in this article the
five main techniques for producing X-ray PCDI images on conventional systems with an
emphasis on their computed tomography capabilities.

2. Physical Foundations of X-ray Phase Contrast and Dark-Field Imaging

Phase contrast and dark-field imaging consider X-ray light interactions with matter
from a wave perspective. For extensive comprehension of the physical phenomenon
implied in X-ray phase contrast imaging, we refer the reader to [11,12].

An X-ray passing through matter interacts with the electronic clouds and nuclei of
atoms, more or less strongly depending on the atomic numbers of the atoms. Interactions
are described by the refractive index: n = 1 − iβ − δ. δ accounts for phase shift (i.e.,
refraction) and β for attenuation. β is directly related to the linear attenuation coefficient
µ = 2kβ. δ and β vary with the sample electronic density and the incident photons energy
E (in 1/E for β in the X-ray range of energy and 1/E3 for δ).

2.1. Theoretical Coherent Case

To introduce the first equations and phenomena, let us assume we are in a monochro-
matic case where the wave ψλ is emanating from a point-like source at an infinite distance
and that the beam is parallel to the optical axis. As described in [11], this wave evolves
when propagating through free space following the free space paraxial equation:

(2ik
∂

∂z
−∇2

⊥)ψλ(x, y, z) = 0 (1)

k is the wavenumber and λ is the wavelength (λ = 2π/k). Diffraction of the wave
over distance z1 can then be written as:

ψλ(x, y, z0 + z1) = D(F)
z1 ψλ(x, y, z0) (2)

where D(F)
z1 is called the Fresnel propagator and is written as an operator:

D(F)
z1 = exp(ikz1)F−1 exp

(
− iz1

2k
(k2

x + k2
y)

)
F (3)

That was for free space propagation. Now, what happens when the wavefield en-
counters an object? In the case of thin samples that are sufficiently slowly varying in
space, we can use the projection approximation, which allows us to consider that the X-ray
beam follows a straight line within the sample. The projection approximation validity is
discussed in [12,13]. Under the approximation and using the complex refractive index
introduced earlier, we describe two quantities: the phase shift (∆φ) and attenuation (B)
through the sample:

∆φλ(x, y) = −k
∫

z
δλ(x, y, z)dzBλ(x, y) = k

∫
z

βλ(x, y, z)dz (4)

They are then combined as follows to compute the wave distortions through the sample:

ψλ(x, y) = ψ0,λ(x, y). exp(i∆φλ(x, y)− Bλ(x, y)). (5)
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where ψ0,λ(x, y) is the scalar wave-field before the object. An important quantity that should
be introduced at that point is the intensity of the wave-field: Iλ(x, y, z) = |ψλ(x, y, z)|2.
This quantity is the one that will be ultimately measured by the detector in X-ray imaging.
The relation between the intensity and the wave-field allows us to retrieve the well known
Beer–Lambert Law, which gives the attenuation through an object:

Iλ(x, y, zobject) =|ψλ(x, y, zobject)|2

=Iλ(x, y, z0) exp(−2Bλ(x, y))

=Iλ(x, y, z0) exp
(
−
∫

z
µλ(x, y, z)dz

) (6)

Under the assumption of local conservation of the optical energy, one can describe the
evolution of the intensity upon propagation in free space with the transport of intensity
equation (TIE) [14]:

−∇⊥.[Iλ(x, y, z)∇⊥φλ(x, y, z)] = k
∂Iλ(x, y, z)

∂z
(7)

This equation is fundamental in many phase contrast imaging methods.
Now let us see what happens in more complex cases, when the beam is no longer

parallel and is less coherent. We focus on the simple imaging case where we have a source,
an optical element and a detector. It can easily be extended to several optical elements,
as is the case in many phase contrast imaging set-ups. In this simple case, the wavefield
propagates in free space from the source to the object over a distance z1, then gets distorted
in the object and propagates again in free space to the detector over a distance z2. In the
case of a divergent beam (or a convergent one, but we focus on the first case here), the
wave distortion over distance can be calculated using the Fresnel scaling theorem. In
this divergent case, we have a spherical wave and a magnification phenomenon. The
magnification is simply calculated using: M = (z1 + z2)/z2. The Fresnel scaling theorem
states that the Fresnel diffraction patterns due to a sample in a cone beam, observed after a
distance z2, are equivalent to the one that would be observed at a distance z′2 = z2/M in a
parallel beam.

2.2. Partially Coherent Systems

To date, we have seen the theoretical case of a coherent monochormatic point-like
source. In reality, monochromatic sources are limited to large facilities such as synchrotrons.
These also provide small emitting spots and can be considered quasi-coherent. However,
more conventional easy-access sources have less advantageous features. Firstly, they are
polychromatic; i.e., they emit over a large bandwidth of energies. Secondly, their emitting
spots are quite spread out (from 50 to 200 µm), meaning that they lack spatial coherence.
What are the consequences for the image formation? First, the wave-front varies differently
for each wavelength, and the intensity of each wavelength is weighted by the source
emission spectrum. In the end, the total intensity can be represented as the integral of the
propagated wavefront over the source spectrum:

I(x, y) =
∫

λ
Iλ(x, y)wλdλ =

∫
λ
|ψλ(x, y)|2wλdλ (8)

with wλ being the weight of the wavelength in the source emission spectrum. Then, the
source focal spot will induce a blurring of the image. As the photons are not all emitted
from one single point, photons hitting one point of the sample will indeed have slightly
different incident trajectories, and therefore, not hit the exact same spot on the detector,
thereby introducing blurring of the image. This phenomenon can be seen as a convolution
of the resulting image with the projected shape of the source on the detector plane, taking
into account the distances z1 and z2. These two phenomena result in a blurring of the image
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that forms due to wave alterations in the sample, making different signal extractions more
complicated with such poor coherent sources.

What are the signals that we are talking about? From those intensity and wave
alterations in the sample, three main phenomena can be observed when imaging a sample
with X-rays: attenuation, phase shift and small angle scattering (see Figure 1).

Figure 1. Three main phenomena observed when imaging a sample with X rays.

2.3. Attenuation

The easiest to observe is the attenuation mainly due to the photoelectric effect and
Compton scattering. It appears directly in the image as a difference in intensity and is
described by the Beer–Lambert Law (Equation (6)). This is the phenomenon used in
conventional radiography and clinical CT.

2.4. Phase Contrast Imaging (PCI)

The second one is phase shift (or refraction) of resolved structures. This phenomenon
can appear as interference fringes in systems that are coherent enough but is invisible in
conventional radiography images. From the Snell–Descartes law, a simple relation between
the refraction angle and the phase shift can be established:

α(x, y) =
1
k
∇⊥φ(x, y) (9)

The refraction angles of X-rays are in the micro-radians range, making them very
difficult to observe. However, the refractive index of light element materials can be a
thousand times greater than its counterpart, the absorption factor, for the wavelengths used
in radiology [1]. This induces a much greater contrast for soft tissues with X-ray imaging
methods based on the detection of the light refraction or with a wave description of the
phase [15]. Different groups around the world used this principle since the mid of 1990s to
increase the contrast for soft tissues in various cases [16,17] or used the very same principle
to decrease the radiation dose while giving reasonable image quality and even improved
quality compared to the conventional absorption-based radiography [3,18].

2.5. Dark-Field Imaging (DI)

The last phenomenon that can be observed is small angle X-ray scattering (SAXS) or
ultra-small angle scattering (USAXS). It is also due to refraction but of numerous unresolved
structures. The multiple refraction, happening in a medium composed of dense sub-pixel
sized micro-structures invisible directly on the image, induces fan spreading of the beam.
A study from 1926 [19] gives an estimate of the average deflection angle of the rays from
the number of particles crossed (Npart) and the difference of refractive index between the
environment and the particles:

α(x, y) =

√
4δ2Npart(x, y)(log

2
δ
+ 1) (10)
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This phenomenon appears on images as local blurring, and numerical processing
is required to access that information. X-ray dark-field imaging was only very recently
developed, but its interest for the study of lung diseases was rapidly demonstrated because
it is an indicator of the alveoli’s state of health [20].

In order to retrieve these different signals, conventional imaging set-ups have to be
altered. This review article presents different phase contrast imaging techniques, their main
principles, their requirements and their progress toward clinical implementation. We will
try to describe them with homogeneous terms and equations for better understanding. Let
us call IR(x, y) the reference image collected in the absence of a sample. This image, the
absence of an optical element is the image of the beam, also known as the white field. Let
us call IS(x, y) the sample image collected in the same geometrical conditions but with
a sample. This image is therefore a projection of the sample with or without an optical
element depending on the set-up. Let us call Ii

r(x, y) Ii
s(x, y) the couple of reference and

sample images taken at the ith position of an additional optical element. In this manuscript,
we call λ the wavelength and δ the real part of the refractive index: δ = Nrcλ2

2π with N the
electron density and rc the absorption cross section. We also call β the imaginary part of the
refractive index representing the absorption. β = λµ

4π where µ is the linear mass attenuation
coefficient. γ will be the ratio δ

β . Finally, we call φ the phase, then ∆φ = 2πδT
λ , where T is

the thickness of a material along the z propagation axis.

3. Phase Contrast Imaging Techniques on Conventional Systems

While attenuation is directly visible on simple acquisitions, the phase and dark-field
appear more as small artifacts in the images, and retrieving their signal is not straight-
forward. PCI and DI techniques differ by their experimental set-ups but also by their
associated data processing methods. They require different spatial and temporal coher-
ence levels, and due to their optical set-ups, they are more or less optimized for radiation
dose deposition. The following paragraphs present the physical principles, the contrast
mechanisms, the associated phase retrieval methods and finally, the advantages of all these
techniques. In the following sections, we will describe only the latter ones that can be
divided into five categories:

1. Propagation-based imaging (PBI) [21]
2. Analyzer-based imaging (ABI) [15].
3. Grating interferometry (GI) [22].
4. Edge illumination (EI) [23].
5. Mesh-based imaging (MBI) [24].
6. Modulation-based imaging techniques (MoBI) [24–26].

3.1. Propagation-Based Imaging

Propagation-based imaging (PBI) is the most used experimental set-up in synchrotrons
around the world. Its success is no doubt due to its very simple experimental set-up, the
rapidity of the acquisition and the simple numerical phase retrieval processing.

As presented in Figure 2, the key features of this method are the coherence of the
source and the propagation distance between the sample and the detector. Apart from that,
the set-up is similar to one of conventional radiography.

The only difference with a standard clinical X-ray imaging system is the fact that the
detector is separated from the sample by a distance that depends on the desired spatial
resolution. The principle is that, thanks to the spatial coherence of the source, upon
propagation, the waves distorted in the sample will create interference patterns that are
more and more prevalent as the distance between the sample and the detector increases.
Those interference fringes appear as white and black lines contouring the sample; it is what
we call “edge enhancement”. This interference pattern, appearing as intensity variations in
the acquisitions, is proportional to the phase Laplacian of the waves distorted by the sample.
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Figure 2. Propagation-based imaging set-up.

To retrieve the phase information, various methods have been developed and opti-
mized around the world, but the fundamental one is the so-called “Paganin method” [27].
It is based on the transport of intensity equation (TIE) in the paraxial approximation (see
Equation (11)).

− k
∂I(x, y)

∂z
= ∇⊥ · [I(x, y)∇φ(x, y)] (11)

x and y are the spatial coordinates in the plane perpendicular to the propagation axis
z. An extensive development of this equation, including the derivation of the equation
and its use with different approaches, can be found in the very well written review by Zuo
et al. [28]. The resolution of this equation to extract the phase information proposed by
Paganin et al. in [27] assumes a single material sample. This approximation allows one to
assume constant δ and β to solve the equation from only one acquisition. This assumption
implies that the phase is proportional to the thickness t: φ = δt. The equation to extract the
thickness from the TIE then becomes:

t(x, y) = − 1
µ

log

(
F−1

{
F{Is(x, y)/Ir(x, y)}
1− (z2δ/µ)(k2

x + k2
y)

})
(12)

where Is is the sample image acquired with the sample, and Ir is the reference image
corresponding here to the white field without the sample, used for normalization.

Due to the strong single material hypothesis, the retrieved image does not give a quanti-
tative measurement; however, it still gives a very good contrast between various materials.

In order to get free from this assumption and get quantitative results, a variant of this
method was invented with several propagation distances z (between the sample and the
detector as shown in Figure 3) and based on the contrast transfer function (CTF) [29]:

φ(x, y) =
1
Ir
F−1

∑z

[
I(z)s − Ir − G(z)(f)F{∇⊥(φ(x, y)∇⊥ Ir)}

]
H(z)(f)

∑z
(

H(z)(f)
)2

 (13)

where f = ( fx, fy) is the Fourier space vector. Note that the variables used in Fourier
space are sometimes the frequency noted f or u or the angular frequency k = 2πf. As
much as possible, we try to harmonize the notation. It was chosen to keep the original
article notation when possible: G(z)( f ) = λz

2π cos(πλz f 2) and H(z)( f ) = 2sin(πλz f 2). In
this method, the equation is solved iteratively, neglecting the term containing the phase
for initialization.
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Figure 3. Holography imaging set-up. A coherent beam traverses the sample and propagates a
certain distance before reaching the detector. Interference fringes due to wave perturbation in the
sample appear on the detector plane and vary according to the distance of propagation. Several
images with various distances of propagation or only one position can be taken.

Due to the high coherence needed, the transfer of this technique to other sources than
a synchrotron was mainly limited to high-resolution imaging [7] using mostly liquid metal
jet X-ray sources [30]. Imaging of patients can possibly be done with a high-energy compact
source such as thomX [31] or MuCLS [32] projects. Nevertheless, the cost of such sources,
and the fact that patients would have to be rotated for 3D imaging, will limit the PBI spread.
Moreover, PBI is sensitive to the phase Laplacian that introduces reconstruction artifacts
when imaging materials presenting slowly varying density and low spatial frequencies [1].
Finally, retrieving the dark-field from PBI images has just started to be investigated and
appears to be limited to observing its effect at the edges of the sample [33,34].

3.2. Analyzer-Based Imaging

The first phase gradient sensitive technique, analyzer-based imaging (ABI), is also
known as diffraction enhanced imaging, and it is based on filtering the transmitted beam
through highly selective analyzer crystals.

Its experimental configuration consists of a monochromator upstream of the sample
and an analyzer crystal positioned according to the Bragg geometry between the sample
and the detector, as shown in Figure 4.

Source

Sample

Crystal
Detector

Figure 4. Analyzer-based imaging set-up. A monochromatic beam traverses the sample. Then it
arrives on a Laue crystal that only reflects the beam arriving with a precise incident angle toward
the detector. The crystal can be rotated to acquire several images with various reflection angles to
retrieve the refraction from the sample.

This analyzer crystal acts as an angular filter for the radiation coming from the sample.
When the X-rays are refracted by an object, the angle of incidence on the analyzer crystal
is changed. When the X-rays reach the analyzer crystal, the Bragg diffraction condition is
satisfied only for a small range of angles. Thus, when the scattered or refracted X-rays have
incident angles outside this range, they are not reflected and do not contribute to the signal.
By adjusting the tilt angle of the analyzer crystal, the refraction angle can be extracted.

This phase contrast experimental method proved to be the most sensitive [35] and
feasible technique with low dose deposition to the sample, as demonstrated in [3].
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The method has been successfully implemented with laboratory sources at the cost of
extremely long exposure times due to the low flux after monochromatization [36]. Moreover,
the beam stability is difficult to maintain, even at synchrotrons. These characteristics do
not make this technique a good candidate for transfer to conventional sources, and very
few works have been done in this direction.

3.3. Grating Interferometry

Grating-based imaging (GI) is an X-ray PCI technique based on the use of grating
interferometers. Such gratings are usually made of Au or Si and typically measure around
5 cm; they have periods of a few microns. It has been successfully adapted from visible-
light grating interferometry [37]. Fairly recent, this technique has become popular in
many fields because of its good adaptability to conventional X-ray tubes. The principle
of GI is a phenomenon called the Talbot effect (observed in 1836 by the English inventor
Henry Fox Talbot), where a periodic wave repeats its pattern at a certain distances in the
Fresnel regime.

Figure 5 presents a GI set-up on a conventional source. An X-ray grating interferometer
consists of two gratings (G1 and G2); a detector; and in the case of conventional X-ray
source, an additional grating G0 that acts as a collimator creating multiple small X-ray
sources. G1 is usually a phase grating, and G2 is an absorption grating.

Figure 5. Grating interferometer imaging set-up. A beam from a very coherent source or from a
source collimated by a G0 grating is emitted towards the sample. A grating G1 placed before or after
the sample creates a Talbot carpet interference pattern. The grating G2 filters the peaks of intensity
that have been deviated from the axis before the detector. Several acquisitions are required with
various positions of G1 and G2.

G1 is used to split the beam, creating periodic interference patterns varying with
distance. This interference pattern is called the “Talbot carpet”, as shown in Figure 6. The
interference pattern created from the waves re-emitted through G1 gives periodic peaks
of intensity at characteristic distances. The detector is placed at one of these characteristic
distances, usually where the intensity peaks are higher. When the sample is placed in
the beam, these interference patterns will be distorted due to attenuation, refraction and
scattering. When placing an attenuation grating in front of the detector with the same
period as the original interference pattern, the phase variations are translated into intensity
variations, as the peaks of intensity no longer fall in the space between two bars of G2.
Taking several acquisitions with several positions of the gratings allows one to retrieve the
precise refraction angles and the attenuation and spreading of the dark field.
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Figure 6. Example of a Talbot carpet pattern created by phase gratings.

There are two types of interferometers: the most common is a 1D interferometer that
consists of gratings made up of parallel lines and the 2D grating interferometer designed
with two-dimensional patterns [38]. Besides this latter proof of feasibility, it is difficult to
find real application of these 2D interferometers. The fabrication of a gratings interferometer
is a very challenging task and is a very active field of research [39–41], which is not the
purpose of this review.

In 2006, Pfeiffer et al. [42] demonstrated the possibility of using the method on
conventional sources, and a new field was born with tens of teams around the world
working on this set-up. Albeit presenting a good sensitivity, this technique requires complex
experimental set-ups difficult and is expensive to manufacture, especially for large fields of
view. However, recent advances have shown impressive results on human patients using
grating interferometry dark-field imaging [9,43,44].

Even more recently, the same team published the first results on the implementation
of the technique on a clinical CT scanner [45]. This proof of concept on phantoms still
needs to be optimized in order to reduce the acquisition time for clinical routine. Despite
the set-up’s precision requirement and stability, it was proven that, given the means and
materials, it was possible to implement it on a tomography set-up.

The remaining obstacles that can be imputed to GI for complete 3D clinical adapta-
tion are:

• Its limited dose efficiency as several positions of the gratings are required to obtain
each projection, and part of the flux going through the sample will not be used to
produce the image, as it will be absorbed in G2;

• Its acquisition time which is still too long for tomography;
• Its fabrication which is tedious and expensive;
• Its ability to retrieve the refraction only in one direction, making it insensitive to

variations that are parallel to the gratings and causes bad performance in terms of
noise [46] (noise power spectrum diverging with low frequency) with tomographic
reconstruction due to a bad integration for the phase.

3.4. Edge Illumination

Initially developed as “coded aperture” [47] at synchrotrons and adapted to conven-
tional sources [23], it has been called edge illumination (EI) since 2013 [48]. It is based on
the observation that by illuminating only the edge of the detector pixels, high sensitivity to
phase effects is obtained. The effect obtained is comparable to the ABI with a fine angular
selection on the direction of the photons.

Figure 7 shows a typical edge Illumination set-up. The method uses a pair of masks,
one before the sample and the other close to the detector. Those masks are usually made
of Au or W with µm size wide apertures (slits) and tens of µm periods. Although the
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configuration may appear similar to that of a grating interferometer, the physical principle
is different. The spacing between the bars of the grids is wider than for GI, and instead
of creating interference patterns, the grid placed in front of the sample (G0) simply splits
the beam into thin vertical beamlets. In the absence of the sample, each of those beamlets
will hit the center of each column of the detector. A second grid is placed in front of the
detector, collimating vertically part of the pixels, reducing their individual fields of view.
When the sample is inserted, the rays that are deviated will no longer arrive in the free
spaces of G1, changing the intensity received by the detector. Displacing G1 slightly on
one side and the other will allow us to retrieve the local refraction of the beam in the
direction perpendicular to the grids and the dark-field scattering. The use of such a simple
configuration, as opposed to ABI, eliminates the need for a monochromatic beam.

Figure 7. Edge illumination imaging set-up. A beam emitted toward the sample is first split into a
thin line beamlet by a vertical grid G0. Those beamlets go through the sample before propagating
to the detector plane, where a second grid G1 filters the beamlets that have been deflected by the
sample. Several acquisitions are acquired with various positions of G0 and G1.

It has been shown that this technique requires only low spatial and temporal coherence.
The method has been successfully implemented on conventional X-ray sources [49].

Though its set-up is simpler and the requirements in terms of coherence are smaller, EI
suffers from some of the same limitations as GI for 3D: dose, acquisition time and difficulty
to rotate around the sample/patient. This technique seems better suited for pre-clinical
studies than in vivo radiological applications because of the long acquisition time/high
dose delivered to the sample, since part of the radiation passing through the sample is
stopped by the second slit. Another limitation remains the detection of the unilateral phase
gradient only (even if a 2D implementation exists [50], their use remains scarce), and thus
has the complexity to perform 3D imaging with this device.

3.5. Mesh-Based Imaging

In 2008, in the search of a technique requiring less exposure than GI and a simpler
acquisition set-up, Wen et al. [24] invented spatial harmonic imaging. It has rapidly gone
from a 1D to a 2D differential phase contrast modality [51]. The experimental set-up shown
in Figure 8 consists simply of a 2D grid (or mesh) placed close to the sample in the path of
the beam. The used meshes are adapted to the resolution of the system in order to have a
period of typically 3 to 4 pixels and are usually made of woven steel. Only two acquisitions
are needed, one with only the grid in the path of the beam to collect the reference image
(Ir), and one with the sample added in the path of the beam (Is). Ideally, the grid should
entirely absorb the rays and be as thin as possible.
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Figure 8. Mesh-based imaging set-up. The beam is modulated by a 2D grid before reaching the
sample. The beam then propagates to the detector carrying information about the grid and the
sample. Several images can be acquired with different positions of the grid.

The resulting sample image acquired multiplies the effect of the sample with the effect
of the grid. Therefore, when going through Fourier transformation, the effects of the sample
are convoluted with a 2D Dirac comb (Fourier transform of the mesh). Additionally, by
isolating different harmonics of the Fourier transforms of the sample and reference images,
it is possible to retrieve attenuation, scattering and differential phase contrast images of the
samples. Figure 9 presents an example of a simulated sample image of a phantom with a
grid and the associated Fourier transform. On the Fourier transform image, we can clearly
see the different harmonics due to the mesh. Those harmonics are isolated by band pass
filters, such as the blue and red circles drawn on the image, with radii (r) smaller than the
separation width (SW) of the harmonics. After filtering the different (m,n) harmonics, their
real space images Is;m,n(x, y) can be retrieved. As the mesh is not composed of perfect delta
Dirac functions, those images can be corrected by the same harmonic image of the reference
image Ir;m,n(x, y) to obtain: Im,n(x, y) = Is;m,n(x, y)/Ir;m,n(x, y). The information contained
in that harmonic image can be written as:

Im,n(x, y) = I0(x, y)Sm,n(x, y) exp(iψm,n(x, y)) (14)

where I0(x, y) is the intensity transmitted through the object, Sm,n(x, y) is the real-valued
scattering amplitude and ψm,n(x, y) = Mz2gm,n.α(x, y) is proportional to the phase deriva-
tive in the gm,n direction. Here, M is the magnification, z2 is the propagation distance
between the sample and detector and α(x, y) is the refraction angle. From Equation (14),
the sample transmission is obtained by taking the 0th harmonic I0(x, y) = I0,0(x, y). When
taking the (0,1) and (1,0) harmonics, we get:

I0,1(x, y)/I0 = S0,1(x, y) exp(iψ0,1(x, y)) (15)

Then, S0,1(x, y) is the norm of this complex ratio, and its angle gives ψ0,1(x, y)
= Mz2g0,1.α(x, y) = Mz2αx(x, y), from which the refraction along the x axis αx(x, y) can be
easily extracted. The same treatment on the (1, 0) harmonic gives the refraction angle along
the y axis αy(x, y). A more complex, even though quite similar harmonic-based method,
also allows us to retrieve the dark-field signal.

This method was developed for conventional sources from the very beginning, first
with simple 1D grids that gave only one phase derivative at a time [24,52], but it was
rapidly adapted to 2D phase derivative by using meshes instead of simple grids [51]. It was
also very rapidly used for in vivo imaging [53]. This methods appeared to be extremely
promising for in vivo imaging and clinical transfer; however, it appears that very few
works were carried out during the following years, and very little improvements to the
technique were made. In 2019, it was proven that the technique gives quantitative phase
images with a conventional source [54,55], and some works have been done to increase
the retrieved images’ resolution [56], which was then limited to the distance between two
wires of the mesh.
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Figure 9. Mesh-Based imaging phase retrieval principle. Simulated sample image with a phantom
and a grid. The Fourier transform of this image contains the Fourier transform of the sample
convoluted to a Dirac comb. The harmonics contain various pieces of information about the sample.

3.6. Modulation-Based Imaging (Also Known as Speckle)

Random phase modulations techniques were developed with X-rays in 2012 [25,26] at
synchrotrons, using the “speckle phenomenon” to create a random intensity pattern for
which modifications upon introduction of the sample would give its phase information. In
optics, speckles are random granular patterns that are produced by a coherent beam when
deflected by an element with a rough surface (such as sandpaper at the synchrotron). With
conventional sources with low or no coherence, higher Z materials have been used.

The experimental set-up of modulation-based imaging (MoBI) is shown in Figure 10.

Figure 10. Modulation-based imaging set-up. The beam is modulated by a randomly structured
membrane before reaching the sample. Then it propagates to the detector distorted by the membrane
and the sample. Several images can be acquired with various positions of the membrane.

The experimental set-up only requires the sample, an X-ray imaging detector and
a randomly structured membrane with structures a few pixels in size. The principle of
MoBI is to follow the deflection of the beam’s rays due to the object. To do so, a first
image reference, Ir, is acquired with a random mask placed between the source and the
detector, generating a random intensity modulations pattern, as shown on Figure 11. Then,
a sample image, Is, is acquired when an object is added in the path of the X-ray beam.
MoBI is based on the tracking of the local distortions of the random pattern observed when
comparing Is to Ir. This comparison allows one to retrieve the attenuation, refraction maps
and dark-field signal. As mentioned before, the refraction is proportional to the phase
derivative. The phase image (φ) can then be retrieved by integrating the refraction maps. In
order to improve the quality of the result, it is possible to take several pairs of acquisitions
(with and without the sample), moving the membrane between each pair of acquisitions.
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Figure 11. MoBI principle outline. From several acquisitions of the membrane alone and membrane
plus sample in the path of the beam, numerical processing allows one to retrieve attenuation dark-field
and phase contrast images.

This set-up, besides its simplicity of implementation, has the following main advantages:

• No field of view limitation other than the detector (the random mask can be easy
to manufacture).

• No resolution limitation other than the optical system.
• Being radiation-dose-efficient because no absorbing element is used between the sam-

ple and the detector, meaning that all photons passing through the sample eventually
contribute to the image formation.

For conventional systems, because the speckle phenomenon is difficult to produce, a
new kind of membrane has to be invented using high-Z atomic elements (3D printed or
powders deposition) to produce random intensity modulations [57]. Contrary to coded
aperture systems [58] or EI that use binary masks (either letting the beam through un-
modulated, or blocking it completely), the MoBI masks introduce an intensity modulation
encoding each pixel of the image, meaning that sub-pixel precision is easier to obtain.
Despite being easier to manufacture than coded aperture masks, and being easier to use (no
need of precise alignment), due to the randomly introduced modulations being isotropic, it
does not suffer from any frequency problems related to preferential direction detection as
in mesh-based imaging and is sensitive to any directional structure.

To summarize, the experimental complexity of PCI and dark-field is translated in MoBI
to the numerical processing side. This practical simplicity holds promise for the feasibility of
a rotation gantry. Then, through an image analysis method, one can track the modulations
displacements caused by the refraction of the sample directly in two directions. One
conventional source phase can be retrieved using a system of linear equations [57]. Finally,
modeled as multiple refraction [59], the dark-field signal can be extracted intrinsically
using Fokker–Planck equations [60,61], or by tracking explicitly the modulation pattern
distortions [62,63].

3.7. Recent Techniques

Very recently, new methods in between MoBI and EI have emerged based on Hartmann
wavefront sensors [64] or beam tracking [65]. These techniques use a highly absorbing
plate with punched holes to split the beam into very thin beamlets and then track their
displacements and distortions on the detector plane. The main difference with MoBI is that
the sample is not entirely illuminated at once due to the binary “modulation” of the beam.
These methods, though very recent and therefore still rare in the literature, appear to have
various advantages and were already proven to work with a laboratory liquid-metal jet
source [66].

4. Conclusions

The phase-sensitive techniques described above differ in their technical complexity,
the use of X-ray optical elements, the readout process and the method of extracting the
signals to detect and to measure the phase contrast and dark field. Thus, all these modalities
face various limitations for the transfer to conventional systems. PBI and ABI both require
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highly coherent sources (mainly spatial coherence for PBI and temporal coherence for ABI),
and very few works mention their use for extracting the dark-field signal in the literature.
In addition, ABI requires a complex set-up with a high flux, and is therefore difficult to
implement with conventional X-ray tubes. PBI has a very simplistic set-up, but the source
coherence requirement makes its transfer to low-cost X-ray source devices hard.

GI, EI, MBI and MoBI have proven to be transferable to conventional sources; however,
GI and EI have quite complex set-ups and are only sensitive to one direction of refraction
that causes bad performance in terms of noise power spectrum for tomographic recon-
struction [46]. Moreover, the presence of numerous optical elements, in GI and EI setups,
yields as long as 7 s acquisition time for chest radiography [43]. On the contrary, MBI and
MoBI have a simple set-up sensitive to two aspects. MBI and MoBI, despite their limited
sensitivity, have the advantage of a high simplicity of implementation that might facilitate a
transfer of phase contrast and dark field on clinical devices with gantries that rotate around
a sample or a patient.

Finally, to enhance the quality of phase and dark-field retrieval maps, artificial intelli-
gence algorithms are starting to appear [67,68] for different set-ups that enhance the quality
of the images and/or reduce virtually the radiation dose deposited to the sample. This
could tackle the last challenges of phase contrast and dark-field transfer in conventional
systems for clinics.

Author Contributions: All authors conceived and designed the analysis, collected the litterature data
and wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was performed within the framework of LABEX PRIMES (ANR-11-LABX-0063)
of Université de Lyon, within the “Investissements d’Avenir” program (ANR-11-IDEX-0007) operated
by the French National Research Agency (ANR).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bravin, A.; Coan, P.; Suortti, P. X-ray phase-contrast imaging: From pre-clinical applications towards clinics. Phys. Med. Biol.

2013, 58, R1–R35. [CrossRef]
2. Willner, M.; Herzen, J.; Grandl, S.; Auweter, S.; Mayr, D.; Hipp, A.; Chabior, M.; Sarapata, A.; Achterhold, K.; Zanette, I.; et al.

Quantitative breast tissue characterization using grating-based X-ray phase-contrast imaging. Phys. Med. Biol. 2014, 59, 1557.
[CrossRef] [PubMed]

3. Zhao, Y.; Brun, E.; Coan, P.; Huang, Z.; Sztrókay, A.; Diemoz, P.C.; Liebhardt, S.; Mittone, A.; Gasilov, S.; Miao, J.; et al. High-
resolution, low-dose phase contrast X-ray tomography for 3D diagnosis of human breast cancers. Proc. Natl. Acad. Sci. USA
2012, 109, 18290–18294. [CrossRef] [PubMed]

4. Rougé-Labriet, H.; Berujon, S.; Mathieu, H.; Bohic, S.; Fayard, B.; Ravey, J.N.; Robert, Y.; Gaudin, P.; Brun, E. X-ray Phase Contrast
osteo-articular imaging: A pilot study on cadaveric human hands. Sci. Rep. 2020, 10, 1911. [CrossRef] [PubMed]

5. Tanaka, J.; Nagashima, M.; Kido, K.; Hoshino, Y.; Kiyohara, J.; Makifuchi, C.; Nishino, S.; Nagatsuka, S.; Momose, A. Cadaveric
and in vivo human joint imaging based on differential phase contrast by X-ray Talbot-Lau interferometry. Zeitschrift für
Medizinische Physik 2013, 23, 222–227. [CrossRef]

6. Pfeiffer, F.; Bunk, O.; David, C.; Bech, M.; Le Duc, G.; Bravin, A.; Cloetens, P. High-resolution brain tumor visualization using
three-dimensional X-ray phase contrast tomography. Phys. Med. Biol. 2007, 52, 6923. [CrossRef]

7. Töpperwien, M.; van der Meer, F.; Stadelmann, C.; Salditt, T. Three-dimensional virtual histology of human cerebellum by X-ray
phase-contrast tomography. Proc. Natl. Acad. Sci. USA 2018, 115, 6940–6945. [CrossRef]

8. Chourrout, M.; Rositi, H.; Ong, E.; Hubert, V.; Paccalet, A.; Foucault, L.; Autret, A.; Fayard, B.; Olivier, C.; Bolbos, R.; et al. Brain
virtual histology with X-ray phase-contrast tomography Part I: Whole-brain myelin mapping in white-matter injury models.
Biomed. Opt. Express 2022, 13, 1620–1639. [CrossRef]

9. Gassert, F.T.; Urban, T.; Frank, M.; Willer, K.; Noichl, W.; Buchberger, P.; Schick, R.; Koehler, T.; von Berg, J.; Fingerle, A.A.; et al.
X-ray dark-field chest imaging: Qualitative and quantitative results in healthy humans. Radiology 2021, 301, 389–395. [CrossRef]

http://doi.org/10.1088/0031-9155/58/1/R1
http://dx.doi.org/10.1088/0031-9155/59/7/1557
http://www.ncbi.nlm.nih.gov/pubmed/24614413
http://dx.doi.org/10.1073/pnas.1204460109
http://www.ncbi.nlm.nih.gov/pubmed/23091003
http://dx.doi.org/10.1038/s41598-020-58168-3
http://www.ncbi.nlm.nih.gov/pubmed/32024864
http://dx.doi.org/10.1016/j.zemedi.2012.11.004
http://dx.doi.org/10.1088/0031-9155/52/23/010
http://dx.doi.org/10.1073/pnas.1801678115
http://dx.doi.org/10.1364/BOE.438832
http://dx.doi.org/10.1148/radiol.2021210963


Appl. Sci. 2022, 12, 9539 15 of 17

10. Broche, L.; Pisa, P.; Porra, L.; Degrugilliers, L.; Bravin, A.; Pellegrini, M.; Borges, J.B.; Perchiazzi, G.; Larsson, A.; Hedenstierna, G.;
et al. Individual airway closure characterized in vivo by phase-contrast CT imaging in injured rabbit lung. Crit. Care Med. 2019,
47, e774–e781. [CrossRef]

11. Paganin, D. Coherent X-ray Optics; Number 6; Oxford University Press on Demand: Oxford, UK, 2006.
12. Paganin, D.M.; Pelliccia, D. X-ray phase-contrast imaging: A broad overview of some fundamentals. Adv. Imaging Electron Phys.

2021, 218, 63–158.
13. Morgan, K.S.; Siu, K.K.W.; Paganin, D. The projection approximation and edge contrast for X-ray propagation-based phase

contrast imaging of a cylindrical edge. Opt. Express 2010, 18, 9865–9878. [CrossRef] [PubMed]
14. Teague, M.R. Deterministic phase retrieval: A Green’s function solution. JOSA 1983, 73, 1434–1441. [CrossRef]
15. Davis, T.; Gao, D.; Gureyev, T.; Stevenson, A.; Wilkins, S. Phase-contrast imaging of weakly absorbing materials using hard

X-rays. Nature 1995, 373, 595–598. [CrossRef]
16. Momose, A.; Takeda, T.; Itai, Y.; Hirano, K. Phase–contrast X–ray computed tomography for observing biological soft tissues. Nat.

Med. 1996, 2, 473–475. [CrossRef]
17. Schulz, G.; Weitkamp, T.; Zanette, I.; Pfeiffer, F.; Beckmann, F.; David, C.; Rutishauser, S.; Reznikova, E.; Müller, B. High-resolution

tomographic imaging of a human cerebellum: Comparison of absorption and grating-based phase contrast. J. R. Soc. Interface
2010, 7, 1665–1676. [CrossRef]

18. Kitchen, M.J.; Buckley, G.A.; Gureyev, T.E.; Wallace, M.J.; Andres-Thio, N.; Uesugi, K.; Yagi, N.; Hooper, S.B. CT dose reduction
factors in the thousands using X-ray phase contrast. Sci. Rep. 2017, 7, 15953. [CrossRef]

19. von Nardroff, R. Refraction of X-rays by small particles. Phys. Rev. 1926, 28, 240. [CrossRef]
20. Yaroshenko, A.; Pritzke, T.; Koschlig, M.; Kamgari, N.; Willer, K.; Gromann, L.; Auweter, S.; Hellbach, K.; Reiser, M.; Eickelberg,

O.; et al. Visualization of neonatal lung injury associated with mechanical ventilation using X-ray dark-field radiography. Sci.
Rep. 2016, 6, 24269. [CrossRef]

21. Snigirev, A.; Snigireva, I.; Kohn, V.; Kuznetsov, S.; Schelokov, I. On the possibilities of X-ray phase contrast microimaging by
coherent high-energy synchrotron radiation. Rev. Sci. Instrum. 1995, 66, 5486–5492. [CrossRef]

22. Weitkamp, T.; Diaz, A.; David, C.; Pfeiffer, F.; Stampanoni, M.; Cloetens, P.; Ziegler, E. X-ray phase imaging with a grating
interferometer. Opt. Express 2005, 13, 6296–6304. [CrossRef] [PubMed]

23. Olivo, A.; Speller, R. A coded-aperture technique allowing X-ray phase contrast imaging with conventional sources. Appl. Phys.
Lett. 2007, 91, 074106. [CrossRef]

24. Wen, H.; Bennett, E.E.; Hegedus, M.M.; Carroll, S.C. Spatial harmonic imaging of X-ray scattering—Initial results. IEEE Trans.
Med. Imaging 2008, 27, 997–1002. [CrossRef] [PubMed]

25. Morgan, K.S.; Paganin, D.M.; Siu, K.K. X-ray phase imaging with a paper analyzer. Appl. Phys. Lett. 2012, 100, 124102. [CrossRef]
26. Berujon, S.; Wang, H.; Sawhney, K. X-ray multimodal imaging using a random-phase object. Phys. Rev. A 2012, 86, 063813.

[CrossRef]
27. Paganin, D.; Mayo, S.C.; Gureyev, T.E.; Miller, P.R.; Wilkins, S.W. Simultaneous phase and amplitude extraction from a single

defocused image of a homogeneous object. J. Microsc. 2002, 206, 33–40. [CrossRef]
28. Zuo, C.; Li, J.; Sun, J.; Fan, Y.; Zhang, J.; Lu, L.; Zhang, R.; Wang, B.; Huang, L.; Chen, Q. Transport of intensity equation: A

tutorial. Opt. Lasers Eng. 2020, 135, 106187. [CrossRef]
29. Guigay, J.P.; Langer, M.; Boistel, R.; Cloetens, P. Mixed transfer function and transport of intensity approach for phase retrieval in

the Fresnel region. Opt. Lett. 2007, 32, 1617–1619. [CrossRef]
30. Lundström, U.; Larsson, D.H.; Burvall, A.; Takman, P.A.; Scott, L.; Brismar, H.; Hertz, H.M. X-ray phase contrast for CO2

microangiography. Phys. Med. Biol. 2012, 57, 2603. [CrossRef]
31. Variola, A. The THOMX project. In Proceedings of the 2nd International Particle Accelerator Conference (IPAC’11), Joint

Accelerator Conferences Website, San Sebastian, Spain, 4–9 September 2011; pp. 1903–1905.
32. Schleede, S.; Meinel, F.G.; Bech, M.; Herzen, J.; Achterhold, K.; Potdevin, G.; Malecki, A.; Adam-Neumair, S.; Thieme, S.F.;

Bamberg, F.; et al. Emphysema diagnosis using X-ray dark-field imaging at a laser-driven compact synchrotron light source. Proc.
Natl. Acad. Sci. USA 2012, 109, 17880–17885. [CrossRef]

33. Gureyev, T.; Paganin, D.; Arhatari, B.; Taba, S.; Lewis, S.; Brennan, P.; Quiney, H. Dark-field signal extraction in propagation-based
phase-contrast imaging. Phys. Med. Biol. 2020, 65, 215029. [CrossRef]

34. Leatham, T.A.; Paganin, D.M.; Morgan, K.S. X-ray dark-field and phase retrieval without optics, via the Fokker–Planck equation.
arXiv 2021, arXiv:2112.10999.

35. Diemoz, P.; Bravin, A.; Coan, P. Theoretical comparison of three X-ray phase-contrast imaging techniques: Propagation-based
imaging, analyzer-based imaging and grating interferometry. Opt. Express 2012, 20, 2789–2805. [CrossRef] [PubMed]

36. Zhou, W.; Majidi, K.; Brankov, J.G. Analyzer-based phase-contrast imaging system using a micro focus X-ray source. Rev. Sci.
Instruments 2014, 85, 085114. [CrossRef]

37. Ronchi, V. Forty years of history of a grating interferometer. Appl. Opt. 1964, 3, 437–451. [CrossRef]
38. Zanette, I.; David, C.; Rutishauser, S.; Weitkamp, T. 2D grating simulation for X-ray phase-contrast and dark-field imaging with

a Talbot interferometer. In AIP Conference Proceedings; American Institute of Physics: New York, NY, USA, 2010; Volume 1221,
pp. 73–79.

http://dx.doi.org/10.1097/CCM.0000000000003838
http://dx.doi.org/10.1364/OE.18.009865
http://www.ncbi.nlm.nih.gov/pubmed/20588836
http://dx.doi.org/10.1364/JOSA.73.001434
http://dx.doi.org/10.1038/373595a0
http://dx.doi.org/10.1038/nm0496-473
http://dx.doi.org/10.1098/rsif.2010.0281
http://dx.doi.org/10.1038/s41598-017-16264-x
http://dx.doi.org/10.1103/PhysRev.28.240
http://dx.doi.org/10.1038/srep24269
http://dx.doi.org/10.1063/1.1146073
http://dx.doi.org/10.1364/OPEX.13.006296
http://www.ncbi.nlm.nih.gov/pubmed/19498642
http://dx.doi.org/10.1063/1.2772193
http://dx.doi.org/10.1109/TMI.2007.912393
http://www.ncbi.nlm.nih.gov/pubmed/18672418
http://dx.doi.org/10.1063/1.3694918
http://dx.doi.org/10.1103/PhysRevA.86.063813
http://dx.doi.org/10.1046/j.1365-2818.2002.01010.x
http://dx.doi.org/10.1016/j.optlaseng.2020.106187
http://dx.doi.org/10.1364/OL.32.001617
http://dx.doi.org/10.1088/0031-9155/57/9/2603
http://dx.doi.org/10.1073/pnas.1206684109
http://dx.doi.org/10.1088/1361-6560/abac9d
http://dx.doi.org/10.1364/OE.20.002789
http://www.ncbi.nlm.nih.gov/pubmed/22330515
http://dx.doi.org/10.1063/1.4890281
http://dx.doi.org/10.1364/AO.3.000437


Appl. Sci. 2022, 12, 9539 16 of 17

39. Pinzek, S.; Beckenbach, T.; Viermetz, M.; Meyer, P.; Gustschin, A.; Andrejewski, J.; Gustschin, N.; Herzen, J.; Schulz, J.; Pfeiffer, F.
Fabrication of X-ray absorption gratings via deep X-ray lithography using a conventional X-ray tube. J. Micro/Nanopatterning
Mater. Metrol. 2021, 20, 043801. [CrossRef]

40. Romano, L.; Vila-Comamala, J.; Jefimovs, K.; Stampanoni, M. High-Aspect-Ratio Grating Microfabrication by Platinum-Assisted
Chemical Etching and Gold Electroplating. Adv. Eng. Mater. 2020, 22, 2000258. [CrossRef]

41. Noda, D.; Tanaka, M.; Shimada, K.; Yashiro, W.; Momose, A.; Hattori, T. Fabrication of large area diffraction grating using LIGA
process. Microsyst. Technol. 2008, 14, 1311–1315. [CrossRef]

42. Pfeiffer, F.; Weitkamp, T.; Bunk, O.; David, C. Phase retrieval and differential phase-contrast imaging with low-brilliance X-ray
sources. Nat. Phys. 2006, 2, 258–261. [CrossRef]

43. Willer, K.; Fingerle, A.A.; Noichl, W.; De Marco, F.; Frank, M.; Urban, T.; Schick, R.; Gustschin, A.; Gleich, B.; Herzen, J.; et al.
X-ray dark-field chest imaging for detection and quantification of emphysema in patients with chronic obstructive pulmonary
disease: A diagnostic accuracy study. Lancet Digit. Health 2021, 3, e733–e744. [CrossRef]

44. Urban, T.; Gassert, F.T.; Frank, M.; Willer, K.; Noichl, W.; Buchberger, P.; Schick, R.C.; Koehler, T.; Bodden, J.H.; Fingerle, A.A.; et
al. Qualitative and quantitative assessment of emphysema using dark-field chest radiography. Radiology 2022, 303, 119–127.
[CrossRef] [PubMed]

45. Viermetz, M.; Gustschin, N.; Schmid, C.; Haeusele, J.; von Teuffenbach, M.; Meyer, P.; Bergner, F.; Lasser, T.; Proksa, R.; Koehler, T.;
et al. Dark-field computed tomography reaches the human scale. Proc. Natl. Acad. Sci. USA 2022, 119, e2118799119. [CrossRef]
[PubMed]

46. Köhler, T.; Jürgen Engel, K.; Roessl, E. Noise properties of grating-based X-ray phase contrast computed tomography. Med Phys.
2011, 38, S106–S116. [CrossRef]

47. Olivo, A.; Arfelli, F.; Cantatore, G.; Longo, R.; Menk, R.; Pani, S.; Prest, M.; Poropat, P.; Rigon, L.; Tromba, G.; et al. An innovative
digital imaging set-up allowing a low-dose approach to phase contrast applications in the medical field. Med Phys. 2001,
28, 1610–1619. [CrossRef] [PubMed]

48. Diemoz, P.; Hagen, C.; Endrizzi, M.; Olivo, A. Sensitivity of laboratory based implementations of edge illumination X-ray
phase-contrast imaging. Appl. Phys. Lett. 2013, 103, 244104. [CrossRef]

49. Hagen, C.K.; Endrizzi, M.; Towns, R.; Meganck, J.A.; Olivo, A. A preliminary investigation into the use of edge illumination
X-ray phase contrast micro-CT for preclinical imaging. Mol. Imaging Biol. 2020, 22, 539–548. [CrossRef]

50. Kallon, G.K.; Wesolowski, M.; Vittoria, F.A.; Endrizzi, M.; Basta, D.; Millard, T.P.; Diemoz, P.C.; Olivo, A. A laboratory based
edge-illumination X-ray phase-contrast imaging setup with two-directional sensitivity. Appl. Phys. Lett. 2015, 107, 204105.
[CrossRef]

51. Wen, H.H.; Bennett, E.E.; Kopace, R.; Stein, A.F.; Pai, V. Single-shot X-ray differential phase-contrast and diffraction imaging
using two-dimensional transmission gratings. Opt. Lett. 2010, 35, 1932–1934. [CrossRef]

52. Wen, H.; Bennett, E.E.; Hegedus, M.M.; Rapacchi, S. Fourier X-ray scattering radiography yields bone structural information.
Radiology 2009, 251, 910–918. [CrossRef]

53. Bennett, E.E.; Kopace, R.; Stein, A.F.; Wen, H. A grating-based single-shot X-ray phase contrast and diffraction method for in vivo
imaging. Med Phys. 2010, 37, 6047–6054. [CrossRef]

54. Sun, W.; MacDonald, C.A.; Petruccelli, J.C. Propagation-based and mesh-based X-ray quantitative phase imaging with con-
ventional sources. In Proceedings of the Computational Imaging IV, Baltimore, MD, USA, 14–15 April 2019; Volume 10990,
p. 109900U.

55. Sun, W.; Pyakurel, U.; MacDonald, C.A.; Petruccelli, J.C. Grating-free quantitative phase retrieval for X-ray phase-contrast
imaging with conventional sources. Biomed. Phys. Eng. Express 2022, 8, 055016. [CrossRef] [PubMed]

56. He, C.; Sun, W.; MacDonald, C.; Petruccelli, J.C. The application of harmonic techniques to enhance resolution in mesh-based
X-ray phase imaging. J. Appl. Phys. 2019, 125, 233101. [CrossRef]

57. Quenot, L.; Rougé-Labriet, H.; Bohic, S.; Berujon, S.; Brun, E. Implicit tracking approach for X-Ray Phase-Contrast Imaging with a
random mask and a conventional system. Optica 2021, 8, 1412–1415. [CrossRef]
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