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a b s t r a c t

X-ray imaging is a standard tool for the non-destructive inspection of the internal structure of samples. It finds
application in a vast diversity of fields: medicine, biology, many engineering disciplines, palaeontology and earth
sciences are just few examples. The fundamental principle underpinning the image formation have remained the
same for over a century: the X-rays traversing the sample are subjected to different amount of absorption in
different parts of the sample. By means of phase-sensitive techniques it is possible to generate contrast also in
relation to the phase shifts imparted by the sample and to extend the capabilities of X-ray imaging to those
details that lack enough absorption contrast to be visualised in conventional radiography. A general overview
of X-ray phase contrast imaging techniques is presented in this review, along with more recent advances in this
fast evolving field and some examples of applications.

© 2017 Elsevier B.V. All rights reserved.

Contents

1. Introduction ...................................................................................................................................................................................................... 88
2. Methods............................................................................................................................................................................................................ 89

2.1. Absorption imaging ................................................................................................................................................................................ 89
2.2. Phase-contrast imaging............................................................................................................................................................................ 89

3. X-ray phase-contrast imaging .............................................................................................................................................................................. 90
3.1. Interferometry........................................................................................................................................................................................ 90
3.2. Free-space propagation............................................................................................................................................................................ 90
3.3. Analyser based imaging........................................................................................................................................................................... 91
3.4. Grating based imaging ............................................................................................................................................................................ 92
3.5. Tracking based methods .......................................................................................................................................................................... 93

4. Edge illumination............................................................................................................................................................................................... 93
5. Conclusion ........................................................................................................................................................................................................ 94

Acknowledgements ............................................................................................................................................................................................ 94
References......................................................................................................................................................................................................... 94

1. Introduction

The use of X-rays for imaging the internal structure of samples
quickly spread around the world soon after the first X-ray radiograph
was taken by Wilhelm Conrad Röntgen towards the end of 1895 [1].
Great improvements have constantly been made throughout the last
century both with regard to the X-ray generators and to the image
receptors, including transformative advances such as the introduction
of tomography [2]. X-ray imaging is nowadays a standard tool in many
diverse fields and disciplines, ranging from medical sciences to materials
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engineering and including quality control in industry as well as security
screening.

Despite tremendous progress, the fundamental working principle
has remained unchanged for over a century: contrast is generated by
differences in the absorption of the X-rays within the sample. This
can provide excellent results when relatively high attenuation exists,
but leads to poor image quality when the sample is weakly absorbing.
Generally speaking, this occurs for materials and tissues composed of
light elements. The possibility of performing phase-based imaging bears
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the potential of making visible what would be undetectable with the
conventional method for these classes of samples.

A number of reviews is already available on this topic, includ-
ing a focus on the evolution and relative merits of these imaging
techniques [3], on the transition from synchrotron to conventional
sources [4], on medical applications [5–7] with the translation towards
clinical implementation [8] the imaging of the breast [9], and also on
materials science applications [10,11].

The aim of this review is to present a general overview of the
essentials X-ray phase-contrast imaging techniques in the hard X-ray
regime, as well as some examples of use in applied investigations. An
in-depth discussion is dedicated to the principles and recent advances
of edge illumination, a technique that has been intensively investigated
in the recent time by our group for the translation of these advanced
X-ray imaging techniques into table-top instrumentation that can be
compatible with clinical or industrial environments.

2. Methods

X-ray imaging is a general term that embraces an extremely wide set
of techniques that are used to produce a representation of the sample
under inspection. In order to describe phase-contrast X-ray imaging
techniques, we will start from the basis of the more conventional, or
absorption-based, approach.

2.1. Absorption imaging

The sketch in Fig. 1 reports the arrangement that is typically used
in radiography by using an X-ray source and an image receptor. It
is a transmission-type imaging modality in which the image receptor
looks at the source and through the sample. The internal structure of
the sample can be inspected in this way because the differences in the
attenuation of the X-rays, along their trajectories from the generator to
the receptor, produce contrast. In order to quantify this effect we will
use a two dimensional representation of a simple object, a sphere made
of a single material embedded into another homogeneous material. This
situation is depicted in Fig. 2 where panel 2a shows the arrangements
of X-ray radiation, phantom and detector while the panel 2b the
resulting image. The coordinate system is defined as follows: the X-rays
propagate from the source along the 𝑧 axis, the object extends in all the
three dimensions and the image at the receptor is a two dimensional
distribution of intensity in the (𝑥, 𝑦) plane. By using monochromatic
radiation of wavelength 𝜆, the intensity at the detector can be described
by using the Beer–Lambert law [13]

𝐼(𝑥, 𝑦) = 𝐼0(𝑥, 𝑦) exp
[

−(𝜇𝜆
𝑜 − 𝜇𝜆

ℎ)𝑇𝑜(𝑥, 𝑦)
]

(1)

where 𝑇𝑜(𝑥, 𝑦) is the projected thickness of the object on the (𝑥, 𝑦) plane
and 𝐼0(𝑥, 𝑦) is the intensity incident on the sample. For the simple case
presented above this can be calculated analytically. Let us assume a
sphere of radius 𝑟 and centred in the origin. The projected thickness
of the sphere, measured by a line profile running across the centre of
the sphere (𝑦 = 0), is given by the real part of

𝑇 (𝑥) = 2
√

𝑟2 − 𝑥2. (2)

We can then calculate the corresponding intensity profile by using
Eq. (1). In order to do so we need to specify the working energy (30 keV),
the materials (aluminium for the sphere and water for the embedding
material) and we further assume a constant incident intensity 𝐼0(𝑥, 𝑦) =
1.

It is often the case, for example when using conventional laboratory
sources such as X-ray tubes, that the radiation is polychromatic and
its spectrum extends over a range of several tens of keV. This can be
included in Eq. (1) by an integration over the energy that takes into

Fig. 1. Schematic of the set-up for conventional X-ray imaging: the image receptor looks
directly at the radiation source and through the sample.

account the energy dependence of the source spectrum 𝐼0(𝜆), of the
attenuation coefficient 𝜇𝜆 and of the detector response (𝜆)

𝐼(𝑥, 𝑦) = ∫ 𝑑𝜆 𝐼0(𝑥, 𝑦; 𝜆) exp
[

−(𝜇𝜆
𝑜 − 𝜇𝜆

ℎ)𝑇𝑜(𝑥, 𝑦)
]

(𝜆). (3)

Each monochromatic component of the X-ray beam contributes indepen-
dently to the contrast, with a weight that is equal to the relative prob-
ability of emission and detection, and with the attenuation coefficient
characteristic of that particular energy (for example see [14]).

2.2. Phase-contrast imaging

The phase of the waves travelling through the sample contributes
to the modulation of the detected intensity in an X-ray phase-contrast
imaging system. This can be described by means of the complex
refractive index [15]

𝑛 = 1 − 𝛿 + 𝑖𝛽 (4)

where the decrement to unity 𝛿 governs the phase shifts while 𝛽 the
absorption. Away from absorption edges, and in the region where the
photoelectric effect dominates absorption, 𝛿 and 𝛽 can be expressed as
functions of the electron density 𝜌 and of the radiation wavelength in
the following way [16]

𝛿(𝜆) = 𝜌
𝑟𝑒𝜆2

2𝜋
(5)

𝛽(𝜆) = 𝜇(𝜆) 𝜆
4𝜋

(6)

where 𝑟𝑒 is the classical electron radius. It is worth noting that 𝛿 is
typically larger than 𝛽. By taking for example water at 30 keV, we
obtain 𝛿 ≈ 2.56 ⋅ 10−7 and 𝛽 ≈ 1.36 ⋅ 10−10. Another key difference
between the two parameters is their dependence on the X-ray energy 𝐸:
𝛽 decreases approximately with 𝐸−4 while 𝛿 approximately as 𝐸−2. Real
and imaginary parts of the complex refractive indices of two materials,
one composed of light elements and one composed of heavier elements,
are plotted in Fig. 3 in the energy range between 10 and 120 keV for
illustration purposes.

The phase shift imparted by the sample to the X-ray wave is given
by

𝛷(𝑥, 𝑦; 𝜆) = −𝑘∫
𝑑𝑧 𝛿(𝑥, 𝑦, 𝑧; 𝜆) (7)

where the integration is carried out over the extent of the object  along
the optical axis, and this Equation can be considered valid for prop-
agation through thin objects, for which the projection approximation
holds [15].

Referring to previous example of a simple sphere composed of a
single material, the transmission and phase shift of the sample become

𝐼(𝑥, 𝑦; 𝜆) = exp
[

−
4𝜋𝛽(𝜆)

𝜆
𝑇 (𝑥, 𝑦)

]

(8)

𝜙(𝑥, 𝑦; 𝜆) = −𝑘 𝛿 𝑇 (𝑥, 𝑦) (9)

where a single energy was used for the X-ray beam.
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Fig. 2. (a) Simple model for the generation of contrast in absorption-based X-ray imaging. (b) corresponding image recorded represented as the two dimensional distribution of intensity,
which was computed by using the X-Tract software [12].

Fig. 3. Complex index of refraction for water and bone as a function of X-ray energy: (a) 𝛽 and (b) 𝛿. Bone composition was taken from the ICRU report [17].

3. X-ray phase-contrast imaging

It is not possible to directly measure the phase of electromagnetic
waves at optical frequencies and above, however, phase effects can
play a significant role in the image formation also in the hard X-ray
regime. Phase-contrast imaging techniques exploit the phase perturba-
tions introduced by the sample to modulate the intensity recorded at
the image receptor, in such a way that these effects can be detected and
interpreted.

A summary of these techniques will be presented in the following
sections. The classification is inevitably made afterwards, and it is
therefore natural that the categories will be appropriate in certain cases
while less accurate in others. X-ray phase-contrast imaging techniques
are evolving fast, and a large degree of contamination often exists across
different approaches. A classification based on the most prominent
characteristics of the experimental set-ups and their working principles
was chosen here as the main criterion for distinction between different
approaches.

3.1. Interferometry

The first example of X-ray phase-contrast imaging method is the X-
ray interferometer [18,19] which was built form a monolithic crystal
and used a Laue–Laue–Laue configuration. A schematic representation
of this device is shown in Fig. 4. Phase-coherent beams are formed by
dividing the incoming X-ray beam at the beam splitter S and successively
at the transmission element M, they meet again at the analyser A where
an atomic-scale standing wavefield is formed [20]. In an ideal scenario,
where the wave is perfectly planar and the crystal free of imperfections,
the field would be perfectly uniform until a sample is introduced in
one of the arms of the interferometer. The image would then record
the phase changes induced by sample, modulo 2𝜋. In practice, local
phase shifts, arising for example from strain and defects in the crystal,
will generate interference patterns that will be superimposed to the
modulations imposed by the sample. It is also possible to insert a known
phase modulation in one arm, as for example a linear phase ramp

Fig. 4. Top view of an X-ray interferometer.

imposed by using a wedge, while the sample under study is placed in
the other arm. The linear phase ramp will generate a series of linear
fringes in the intensity recorded at the detector, hence the name of fringe
scanning method [21].

Following the first demonstration of the working principle and
pioneering imaging experiments [22,23], this method was used for
biomedical imaging experiments [24–27] to study different tissue types
such as breast, brain and blood [28–30].

3.2. Free-space propagation

Free-space propagation techniques are perhaps the ones requir-
ing the simplest set-up because the introduction of an appropriate
propagation distance 𝑅2 between the sample and the image receptor
can be sufficient to make phase effects detectable (see Fig. 5). Early
works demonstrating this possibility date back to the mid ’90s and
used both monochromatic and collimated synchrotron radiation [31,32]
and polychromatic radiation from a microfocus X-ray tube [33]. This
phenomenon can be interpreted in terms of Fresnel diffraction and key
features of this approach to imaging can be identified by referring to the
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Fig. 5. (a) Simple model for the generation of a phase contrast image with the free space propagation technique. (b) corresponding image recorded represented as the two dimensional
distribution of intensity, calculated by using the X-Tract software [12].

following expression [15,33,34]

𝐼(𝑥, 𝑦;𝑀,𝜆) =
𝐼0
𝑀2

[

1 +
𝑅2𝜆
𝑀2𝜋∇2

⟂𝜙(𝑥, 𝑦;𝑅1, 𝜆)
]

(10)

that describes the intensity distribution at the image receptor plane from
a pure phase object. 𝑀 = (𝑅1+𝑅2)∕𝑅1 is the geometrical magnification.
The contrast from a pure phase object vanishes when 𝑅2 → 0, which
is the typical condition for conventional (contact) radiography and
the phase term is directly proportional to the propagation distance
𝑅2. Another feature of interest is that the monochromaticity of the
radiation is not essential for this type of imaging. A necessary condition,
however, is that the radiation must have a certain degree of spatial
coherence [13]:

𝑙𝑐 =
𝜆𝑅1

𝜎𝑠2
√

2 log 2
(11)

where 𝜎𝑠 is the standard deviation of the source intensity distribution.
The coherence length 𝑙𝑐 has to be comparable to or larger than the
inverse spatial frequency of the feature of interest [35] in order to obtain
significant phase contrast. In practice this means that the source has
to be relatively small or that the object must be placed at a relatively
large distance 𝑅1 from it. Another requirement is that the imaging
system must have spatial resolution high enough to not wash out the
interference fringes. This is conveniently summarised by the following
expression [36,37]

𝜎2𝑡 ≈
(

1 − 1
𝑀

)2
𝜎2𝑠 +

𝜎2𝑑
𝑀2

+ 𝜎2𝑚 (12)

where 𝜎𝑡 and 𝜎𝑑 are the standard deviations of the system’s and of the
detector’s point spread function, respectively. Another point to be noted
is that the diffraction term

𝜎𝑚 = 1
2

√

𝜆𝑅2
2

(13)

becomes less significant for increasing X-ray energies.
The intensity projection image, acquired with a certain propagation

distance between the sample and the detector, will contain a mixture
of contributions from both the absorption and the phase shifts in the
sample. Other experimental parameters, like the X-ray energy, the
geometrical magnification, the radiation coherence and the system
resolution, determine the modulation of intensity at the detector. The
process that aims at making this type of imaging quantitative by
calculating phase and amplitude at the exit surface of the sample is
called phase retrieval. Methods to achieve this, in the case of non-
interferometric hard X-ray imaging techniques, started developing soon
after the first experiments [38–41], also including polychromatic X-ray
beams [42] and even exploiting different energies for the phase retrieval
process itself [43]. Quantitative retrieval algorithms are also a funda-
mental component for accurate three-dimensional reconstructions [44–
46]. In general terms, the determination of both amplitude and phase
requires more than a single measurement (for example by changing the

Fig. 6. Example of analyser based imaging set-up.

propagation distance or by changing the energy) unless some constraints
can be imposed on the sample. Quantitative phase retrieval can be
performed from a single defocus distance by requiring homogeneity of
the sample [47]: although this might not always be strictly satisfied, it
is a very reasonable approximation in many cases of interest (e.g. soft
tissue samples) and this approach often delivers high quality projections
and reconstructions.

Applications of free-space propagation X-ray phase-contrast imaging
are vast and definitely too many to be covered here. We will limit this
discussion to few highlights like micro- and nano-tomography applica-
tions [48–54], lung imaging [55–59] and breast tissue imaging [60,61]
including in-vivo [62–64].

3.3. Analyser based imaging

Analyser-based methods make use of crystals both for beam prepa-
ration and analysis. The crystal arrangement preceding the sample
is used to monochromatise and collimate the incoming X-ray beam
while the one preceding the detector serves as a fine angular filter.
A typical synchrotron experimental set-up is sketched in Fig. 6. The
X-ray beam is usually wide enough to cover the extent of the sample
along the 𝑥 direction while scanning along 𝑦 is often necessary to build
a two-dimensional image. The intensity at the detector is modulated
by changing the angle of incidence of the X-ray beam on the second
(analyser) crystal (see Fig. 7a). This characteristic curve takes the
name of rocking curve and it is key in the image formation process.
It results from the combination of the reflectivity curves of both the
monochromator and the analyser crystal with a contribution arising
from the beam divergence [65]. When the system is tuned in such a
way that roughly half of the intensity reaches the detector (at full width
half maximum of the rocking curve), small changes in the direction
of the propagation of the X-rays due to refraction in the sample are
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Fig. 7. Image formation principle in an analyser-based system. (a) typical rocking curve: intensity recorder at a fixed position in the detector plane as a function of the ‘‘rocking’’ angle
𝛼 of the analyser crystal. (b) intensity recorded at the detector when the analyser crystal is set at fixed angle, in such a way that 50% of the intensity is transmitted (obtained by using
the X-Tract software [12]).

transformed into intensity changes at the image receptor. The change in
direction of propagation is directly proportional to the gradient of the
sample’s phase [13]

𝜃𝑅 = 𝜆
2𝜋

𝜕𝜙(𝑥, 𝑦)
𝜕𝑥

(14)

and an imaging system where contrast is proportional to the refraction
angle is often referred to as differential phase-contrast imaging system.
The image recorded in the case of the sphere sample is shown in Fig. 7b.
The X-rays going through the centre of the sphere experience little or no
refraction at all, therefore their direction of propagation is not changed
and they are transmitted by the analyser with the same probability
of the radiation that is not hitting the sample. The image contrast in
this region of the sample is mainly due to X-ray absorption within
the sample. Refraction increases while approaching the sphere’s edges,
where the change in the direction of propagation is maximum. Because
X-rays are deflected away from the beam axis (a glass sphere in air
acts as a diverging lens in the X-ray regime), the angle of incidence
of the radiation on the analyser will be changed in two opposite ways
at the two edges of the sphere. On one side, this will result in a higher
probability of transmission through the analyser, while it will translate
into a smaller transmission probability on the opposite side. This is the
mechanisms at the basis of the generation of the dark and bright fringes
of Fig. 7b.

Early implementations of this technique for imaging fusion pellets
are those of Goetz and Forster [66,67]. This approach became in-
creasingly popular after 1995 [68,69] when methods to quantitatively
separate phase and absorption contributions were developed [70,71].
This method is intrinsically sensitive to the phase gradient in a single
direction only and an additional measurement is typically required to
quantify the other component [72]. Another key development that soon
followed was the possibility to quantify the effect of the scattering in the
sample on the width of the rocking curve, which was put in relation to
sub-pixel scale features [73–77]. This was also extended for applications
to tomography [78]. Methods for retrieving phase information from the
simultaneous acquisition of two images have been developed for the
case of Laue analyser [79].

Some examples of the many applications of analyser based tech-
niques in the medical field [80] are: cartilage [81–83], musculoskele-
tal [84] and breast tissue [65,85–87] imaging and dynamic tracking of
micro-bubble concentrations [88,89].

3.4. Grating based imaging

Grating-based imaging methods make use of periodic structures to
condition and analyse the X-ray beam. A typical embodiment of this
technique is sketched in Fig. 8a where the X-ray beam traverses the
sample that modulates its amplitude and imposes phase shifts. It is then
passed through the phase grating 𝐺1 and analysed by the absorption
grating 𝐺2 immediately before the image receptor. If one of the two

grating is laterally scanned (along 𝑥) without the sample in the beam,
a modulated intensity curve is detected in each pixel. This is often
referred to as the phase-stepping curve. When the sample is present in
the beam, this curve is modified in three ways, as depicted in Fig. 8b. The
relative reduction of the baseline is the conventional absorption image,
the lateral shift of the curve represents the differential phase contrast
and the reduction of visibility is linked to the scattering in the sample,
or dark-field imaging. This can be expressed quantitatively by writing
the intensity oscillations recorded at a point (𝑥, 𝑦)

𝐼(�̄�; 𝑥, 𝑦) =
∑

𝑖
𝑎𝑖(𝑥, 𝑦) cos

(

2𝜋𝑖�̄�
𝑝2

+𝛷𝑖(𝑥, 𝑦)
)

(15)

≈ 𝑎0(𝑥, 𝑦) + 𝑎1(𝑥, 𝑦) cos
(

2𝜋𝑖�̄�
𝑝2

+𝛷1(𝑥, 𝑦)
)

𝑎𝑠 (16)

where 𝑝2 is the period of 𝐺2 and 𝑎𝑖 and 𝛷𝑖 are the amplitude and phase
coefficient, respectively. The images of the sample are reconstructed by
comparing the phase-stepping curves recorded without 𝑤 and with 𝑜 the
sample in the beam [90]. The transmission image, analogous to the one
obtained in conventional radiography, is given by

𝑇 (𝑥, 𝑦) = 𝑎𝑜0(𝑥, 𝑦)∕𝑎
𝑤
0 (𝑥, 𝑦). (17)

The differential phase-contrast projection image of the sample is calcu-
lated by taking the difference ∇𝑥𝜙(𝑥, 𝑦) = ∇𝑜

𝑥𝜙(𝑥, 𝑦) − ∇𝑤
𝑥 𝜙(𝑥, 𝑦), and by

considering that

∇𝑥𝜙(𝑥, 𝑦) =
𝑝2
𝜆𝑑

𝛷1(𝑥, 𝑦) (18)

where 𝑑 is the distance between 𝐺1 and 𝐺2. Dark-field images are
obtained by first computing the normalised oscillation amplitude

𝑉 𝑤(𝑥, 𝑦) =
𝐼𝑤𝑚𝑎𝑥(𝑥, 𝑦) − 𝐼𝑤𝑚𝑖𝑛(𝑥, 𝑦)
𝐼𝑤𝑚𝑎𝑥(𝑥, 𝑦) + 𝐼𝑤𝑚𝑖𝑛(𝑥, 𝑦)

(19)

=
𝑎𝑤1 (𝑥, 𝑦)
𝑎𝑤0 (𝑥, 𝑦)

(20)

and then by taking the ratio of this quantity, with and without sample
in the beam

𝑉 (𝑥, 𝑦) =
𝑉 𝑜(𝑥, 𝑦)
𝑉 𝑤(𝑥, 𝑦)

(21)

=
𝑎𝑜1(𝑥, 𝑦)𝑎

𝑤
0 (𝑥, 𝑦)

𝑎𝑤1 (𝑥, 𝑦)𝑎
𝑜
0(𝑥, 𝑦)

(22)

which does not show changes (𝑉 (𝑥, 𝑦) = 1) for samples with negligible
or absent small-angle scattering and is reduced (𝑉 (𝑥, 𝑦) < 1) when
scattering occurs.

Introduction of grating-based techniques could be dated back to
early ’90s [91,92] with experiments following few years later [93–97].
A breakthrough for the diffusion of this technique was the introduction
of a third grating that enabled the use of low brilliance sources [98],
tomography [99] and dark-field [100] or scattering imaging were also
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Fig. 8. Example of grating based imaging set-up. (a) typical arrangement where the phase grating is placed after the sample and the (analyser) amplitude grating immediately precedes
the detector. (b) intensity recorded at a fixed (𝑥, 𝑦) position in the detector plane as a function of the scanning position of one grating relative to the other, along the 𝑥 direction.

Fig. 9. Edge illumination working principle: (a) typical synchrotron set-up and (b) illumination function.

developed soon afterwards with a three-grating setup. An alterna-
tive method was subsequently proposed for differential phase-contrast
imaging with weakly coherent hard X-rays [101]. Quantitative three-
dimensional dark-field imaging was then developed for these grating-
based imaging set-ups [102,103]. The simultaneous determination of
the two components of the phase gradient, by means of gratings struc-
tured in two dimensions, has also been discussed [104–107]. Another
important development is the inverse geometry [108] which can enable
compact Talbot–Lau interferometry setups [109]. A much more detailed
review of advances and milestones of grating-based X-ray phase-contrast
imaging can be found in a recent review [90]. A recent and very
promising development on this front was the successful fabrication of
grating structures with approximately one order of magnitude finer
pitch [110] and their application for the enhancement of table-top imag-
ing systems [111]. Albeit based on gratings, the working principle of this
approach is different from that of the more conventional grating-based
interferometry and it is best understood under the concept of universal
moiré effect [112]. This eliminates the need for an absorption grating
and enables the realisation of a polychromatic far-field interferometer
that can overcome the limitations in sensitivity and dose efficiency of
more conventional bench-top interferometers [112].

An extremely wide spectrum of application exists also for grating
based imaging techniques, examples are: breast tissue [113–115], brain
tumour [116], cartilage [117–120], and lungs [121,122]. A fairly recent
review exists that is fully dedicated to this topic [123].

3.5. Tracking based methods

Another broad category of X-ray phase-contrast imaging techniques
stems from the observation that it is possible to measure the sample
absorption, refraction and scattering by imposing a known structure to
the radiation field and by directly tracking its modifications. In general
terms, an overall reduction of the structured beam intensity can be
traced back to absorption of the radiation within the sample, while the
spatial distortions of the known intensity patterns are used to infer the
phase shifts imposed by the sample to the wavefront.

The introduction of this approach may be traced back to the
‘90s [124,125] with experiments following several years later. The

structuring could be imposed by using a lenslet array [126], a micro-
probe [127], an absorption grid [128–130], a phase grating [131] or
a speckle pattern [132,133] and the distortions imposed by the sample
can be tracked by using a high-resolution detector, also in combination
with sub-pixel resolution analysis [134] or by using Fourier-based
analysis [135]. These approaches can be extended to two-dimensional
sensitivity [136–138], to include dark-field contrast [139,140] and
directional dark-field imaging [141–143]; as well as three-dimensional
imaging with tomography [142,144].

Applications of tracking based techniques include: bone imag-
ing [145], dynamic airways imaging [146,147] and metrology
[142,148,149].

4. Edge illumination

Edge illumination X-ray phase-contrast imaging has been investi-
gated in the recent years as a possible way forward for the translation
of phase-sensitive imaging techniques into mainstream applications.
Edge illumination was initially developed in synchrotron experiments at
Elettra (Italy) and was inspired by analyser-based methods [150]. The
typical experimental set-up is reported in Fig. 9a. A beam of synchrotron
radiation, propagating from left to right, is shaped down to a narrow
blade of radiation by an aperture. It then traverses the sample and
impinges on the edge of a second aperture that is placed in front of
the image receptor. If one of the two apertures is laterally shifted (along
𝑥) the recorded intensity is modulated: it reaches a maximum when the
two apertures are perfectly aligned and it progressively decreases for
increasing lateral shifts (see Fig. 9b). This is often called illumination
function and characterises the properties of this type of imaging systems.

The working principle of edge illumination can be explained by ob-
serving that refraction in the sample results in lateral shifts of the X-ray
beam which are translated into intensity modulations by the presence
of the second aperture. Referring to Fig. 9a, a deflection upwards will
result in an increased intensity at the detector pixel while a decreased
intensity would be recorded if the deflection occurs downwards. This
holds for a completely transparent object that only perturbs the phase
of the X-ray beam. If the sample is also absorbing, then at least two
images have to be acquired to extract the sample’s absorption and
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Fig. 10. Laboratory set-up for edge illumination X-ray phase-contrast imaging.

refraction [151]. This is typically achieved by recording two intensity
projections, with the apertures aligned in such a way that the shaped
X-ray beam impinges on the two edges of the detector aperture. If
the apertures are aligned such that half of the intensity reaches the
detector in both cases, these two configurations correspond to the two
points at the full width half maximum of the illumination function (see
Fig. 9b). The edge illumination principle can also be implemented with
a laboratory set-up that uses rotating anode X-ray tubes with extended
focal spots [152] (sketched in Fig. 10). The diverging and polychromatic
beam generated by this type of sources is shaped by a pre-sample mask
that creates a series of independent beamlets. These propagate through
the sample and are then analysed by a second set of apertures before
the detector. The pitches of both the pre-sample and the detector mask
are harmonically matched to that of the detector pixels such that a
one-to-one relationships exists between each aperture in both masks
and each detector pixel column (along 𝑦). This approach has negligible
spatial or temporal coherence requirements [153,154], provides high
sensitivity also for laboratory implementations [155,156], enables the
simultaneous attainment of high sensitivity and dynamic range [157],
is robust against thermal and mechanical instabilities [158,159] and the
set-up can be made compact [160,161]. By using a microfocal source it
is possible to adopt a large magnification geometry and perform hard X-
ray phase imaging with micrometre resolution [162]. Two-dimensional
sensitivity can be simultaneously achieved by using masks structured in
two dimensions [163].

Dark-field images can be quantitatively retrieved by acquiring (at
least) a third intensity projection [164,165] and by using a Gaussian
representation of the intensity. Under general conditions, the illumina-
tion function 𝐿(�̄�) (see Fig. 9b) can be expressed in the following way

𝐼(�̄�) =
∑

𝑚

∑

𝑛
𝐴𝑚𝑛 exp

[

−
(�̄� − 𝜇𝑚𝑛)2

2𝜎2𝑚𝑛

]

(23)

where 𝜇𝑚𝑛 = 𝜇𝑚 + 𝜇𝑛, 𝜎2𝑚𝑛 = 𝜎2𝑚 + 𝜎2𝑛 and 𝐴𝑚𝑛 = 𝐴𝑚𝐴𝑛(1∕
√

2𝜋𝜎2𝑚𝑛). Both

the illumination function 𝐿(�̄�) =
∑

𝑛(𝐴𝑛∕
√

2𝜋𝜎2𝑛 ) exp[−(�̄� − 𝜇𝑛)2∕2𝜎2𝑛 ]

and the object function 𝑂(�̄�) =
∑

𝑚(𝐴𝑚∕
√

2𝜋𝜎2𝑚) exp[−(�̄� − 𝜇𝑚)2∕2𝜎2𝑚]
have been represented as the sum of Gaussian functions, (𝑚 = 1…𝑀
and 𝑛 = 1…𝑁). A single-Gaussian representation of both illumination
and object function is accurate in many practical cases and this allows
for an analytic solution of Eq. (23) [164]. Should this not be the case,
the number of terms to be retained in Eq. (23) can be increased and the
sample’s parameters retrieved numerically [159,166].

Tomographic edge-illumination X-ray phase-contrast imaging was
developed at synchrotron sources [167] and adapted to rotating anode

tubes [168,169], including three-dimensional dark-field imaging [157].
A reverse-projection reconstruction method enabled a step change in
the data acquisition strategy by allowing continuous rotation of the
sample [170,171]. More recent developments include algorithms for
robust reconstructions [172,173] and a single-image phase retrieval
algorithm [174] that, albeit requiring homogeneity of the sample,
greatly simplifies the practical implementation of the method especially
with respect to tomography [175]. This can be extended to include
multi-material samples [176].

Examples of use in applied investigations of edge illumination X-
ray phase contrast imaging are: low-dose mammography [177,178],
cartilage imaging [179,180], security [181], baggage screening [182]
with a large field of view scanning system [183–185], composites mate-
rials [186,187], regenerative medicine [188] and lung imaging [189].

5. Conclusion

X-ray phase-contrast imaging can extend the applicability of radiog-
raphy and tomography for visualising the internal structure of samples
that do not exhibit enough absorption contrast. Various methods have
been developed to obtain phase contrast images in the hard X-ray
regime, and they were introduced and described along with examples
of applications. The edge illumination approach, that has been subject
of investigation and developments by our group in the recent years, was
finally presented and discussed.
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