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30. Biomedical X-Ray Phase-Contrast Imaging
and Tomography

Han Wen

This chapter reviews the main categories of meth-
ods that have been developed for preclinical and
clinical imaging applications. The methods cov-
ered here are all based on geometric magnification
by the projection of a cone beam emitted from
a pseudopoint source, without the use of a lens
or other types of focusing optics. These methods
share the common goal of detecting x-ray refrac-
tion and diffraction, in order to complement the
conventional attenuation contrast information in
radiography and computed tomography.
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30.1 Overview

In this chapter the phrase phase-contrast imaging refers
to two- or three-dimensional (3-D) imaging techniques
that are sensitive to the wave aspects of x-rays. This
chapter considers imaging techniques that do not use
magnifying optics. Methods involving magnifying op-
tics, such as zone plates and curved mirrors, are dis-
cussed in other chapters. Among various forms of x-ray
imaging, full-field imaging in physical space will be
discussed, while reciprocal space methods such as co-
herent diffraction imaging and raster-scanning-based
methods are outside the scope.

As an electromagnetic wave, the wavefront of an
x-ray beam is the surface in three-dimensional space
that has the same phase of wave oscillation, or the
isophase surface. X-rays primarily interact with elec-
trons in matter. In the classical picture, elastic scattering
of an x-ray wave by atoms and molecules produces
outgoing waves in an angular distribution. Elastic scat-
tering means that the frequency of the wave oscillation
is unchanged. Scattered waves in the forward direction
give rise to a collective effect, which is a change of the
speed at which the wave front travels (the wave vector).
This effect is characterized by the real part of the index
of refraction of the material.

Elastic scattering outside the forward direction re-
sults in a divergence of the wave propagation direction.
Depending on the scattering angle, it is referred to as
wide-angle x-ray scattering (WAXS), small-angle x-ray
scattering (SAXS), and ultrasmall angle x-ray scatter-
ing (USAXS). In the rest of the chapter, the word scat-
tering refers to the divergence of the wave propagation
direction due to elastic scattering with microscopically
heterogeneous structures down to the molecular level.
It is worth noting that the angle of elastic scattering can
be wide enough for the scattered x-rays to miss the de-
tector of an imaging system, which leads to a perceived
attenuation of the x-ray beam, even though no energy
is deposited in the medium. This effect is distinct from
the inelastic processes such as Compton scattering and
the photoelectric effect, which deposits energy into the
medium.

As is well known in optics, x-ray waves undergo
refraction when encountering spatial variations of the
index of refraction. Refraction is a change of the di-
rection of propagation when the wave passes through
a transition between two regions of different refractive
index. A special type of refraction is a deflection of the
wave by a sharp transition of the refractive index across
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Fig. 30.1 Diffraction of an x-ray wave
by a sharp transition of the index of
refraction across the wavefront. The
deflection angle � is the change of the
wave propagation direction through
the transition zone

the wave front, such as the edge or corner of an object
(Fig. 30.1). This is referred to as diffraction.

Current x-ray detectors only measure the intensity
of an x-ray beam, which can be in the form of the in-
tegrated energy of the incident beam or the number of
photons. X-ray phase-contrast imaging techniques ei-
ther directly or indirectly sense wave refraction through
mechanisms that convert it to an intensity signal. Most
phase-contrast techniques can also detect and quantify
x-ray scattering to various degrees.

The ability to detect variations of the refractive in-
dex and wave scattering adds new dimensions to the
contrast-space of x-ray imaging and tomography. Con-
ventional techniques share a common contrast mech-
anism, which is the attenuation of the x-ray beam.
The image signal provides measurements in a two-
dimensional (2-D) contrast space, which is attenuation

Photon energy

Attenuation

Refractive index Scattering/microstructure

Fig. 30.2 In the contrast space of x-ray imaging, phase-
contrast methods add the dimensions of refractive index
and scattering to the conventional contrast of attenuation
versus photon energy. Scattering as defined in the text is
coherent scattering by microscopic heterogeneities

versus photon energy (Fig. 30.2). X-ray phase-contrast
imaging adds the dimensions of bulk refractive index
and wave scattering. In the context of biological and
medical applications, a question is whether the refrac-
tive index is an independent contrast from attenuation.
The answer lies in the x-ray properties of the constituent
elements of biological materials with sufficient amount
to be relevant for x-ray imaging. These elements are H,
C, N, O, Ca and I, where iodine is a common extrinsic
contrast-enhancing agent.

Consider a single-element material with a linear at-
tenuation coefficient �. An attenuation cross-section
per electron can be defined as �=�e, where �e is

62 keV 22 keV
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Fig. 30.3 Attenuation versus refractive phase shift per
electron for the primary elements relevant to biomedical
applications of x-ray phase-contrast imaging



Biomedical X-Ray Phase-Contrast Imaging and Tomography 30.2 In-Line Phase-Contrast or Free-Space Propagation-BasedMethod 1453

Part
D
|30.2

the electron density. Similarly, if the material incurs
a phase shift per unit length of ' on the wavefront,
a phase shift, or refractive, cross-section per electron
can be defined as '=�e. The attenuation and refrac-
tive cross-sections per electron for the elements H,
C, N, O, Ca and I are readily calculated from refer-
ence tables [30.1]. They are plotted for two photon
energies (Fig. 30.3). Since the refractive cross-section
per electron is uniform across the elements, the re-
fractive index measures the electron density regard-
less of the element. The attenuation cross-sections of
the low-atomic number elements of H, C, N and O
tend converge at higher photon energies, while cal-
cium and iodine are more absorptive than the lower-Z
elements. When considered together, it can be said

that the refractive index and attenuation provide inde-
pendent information for the photon energy range of
20�100 keV.

Although wave scattering can be viewed as the
consequence of a microscopic distribution of the re-
fractive index in the Rayleigh scattering framework, it
reveals unresolved heterogeneity in the material, which
is an independent piece of information. Here, unre-
solved means length scales below the resolution of the
imaging system.

In the rest of the chapter, several categories of x-ray
phase-contrast imaging methods will be introduced.
The description aims to help the reader grasp the prin-
ciple of each type of technique rather than provide an
exhaustive review of the literature.

30.2 In-Line Phase-Contrast or Free-Space Propagation-Based Method

This method relies on the diffraction of an x-ray wave
to detect a sharp edge in the index of refraction [30.2–
5]. When a wave encounters a sharp change of the
refractive index in a direction across its front, it prop-
agates at different speeds on the two sides of the
boundary, resulting in a local deflection of the wave
(Fig. 30.1). At a distance down beam, wave deflection
redistributes the beam intensity, resulting in an inten-
sity oscillation at the projected location of the edge,
which can be observed with an imaging detector. Al-
though the name in-line phase-contrast was initially
given to this method [30.4], the name free-space propa-
gation is also used since no optics are added to the beam
path.

The diffraction-driven intensity oscillation is ap-
proximately proportional to the second derivate of the
refractive index transition (slope of the slope), and thus
has a bipolar shape [30.3]. In appearance it resembles
a pair of adjacent bright and dark fringes, where the in-
tensity in the dark fringe is displaced into the bright
fringe. The polarity of the fringes is determined by
the direction of the refractive index gradient and inde-
pendent of the wavelength. Therefore, a polychromatic
x-ray source is capable of creating this effect. Since the
diffraction fringes enhance the visibility of the edge, the
effect is often referred to as edge-enhancement.

In propagation-based methods the detector should
have sufficient resolution to resolve the diffraction
fringes. In the case of a parallel beam illuminating
an infinitely sharp edge, the width of the diffraction
fringes, defined as the distance between the valley and
the peak of the bipolar fringe pattern, is on the order ofp
Z� for a propagation distance Z. The x-ray detector’s

resolution should be smaller than this width.

When a compact x-ray source such as an x-ray
tube is used for illumination, the wavefront becomes
a spherical surface and the geometry is called a cone
beam geometry. For propagation-based phase-contrast
imaging, the width of diffraction fringes of a sharp
edge is M

p
Zeff�, where Zeff D R1R2=.R1 CR2/ is the

effective propagation distance from the object to the de-
tector [30.4], R1 and R2 are the distances from the point
source to the object and from the object to the detector,
respectively, andM is the cone beam projection magni-
fication factor of the object given byM D 1CR2=R1.

Practically, compact sources are not point sources,
but a finite area that emits x-rays. The size of the source
area (focal spot in x-ray tube terminology), d, is an im-
portant parameter for propagation-based phase-contrast
imaging. Its implication can be understood by treating
the source as an integral of independent point sources
that are distributed over the area. From a sharp edge
in the object the point sources produce their individual
diffraction fringes on the image plane. The individ-
ual fringes spread over the penumbra of the source on
the image plane. The size of the source penumbra is
dR2=R1. The overall edge enhancement comes from the
summation of the fringes. The amplitude of the sum is
dependent on the ratio of the penumbra size over the
fringe width

dR2
R1

M
p
Zeff�

D dr
R1

�
1C R1

R2

�
�

:

Higher ratios reduce the amplitude of the summa-
tion. That being the case, enhancement of sharp edges
is often seen at a ratio of 2 or higher. It is therefore
practical to retain edge enhancement in compact and
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high-magnification setups with a short R1 distance and
commercially available microfocus x-ray sources.

For microtomographywith microfocus sources, suf-
ficient magnification allows efficient photon counting
detectors to be used to provide < 10m resolution in
scan times of about 1 h [30.6]. Recognizing that the size
of the source spot is the ultimate limit of spatial res-
olution, liquid-metal-jet anode x-ray tubes have been
developed to reduce the spot size while maintaining the
photon output [30.7]. Although the technology is still
improving, in propagation-based phase-contrast tomog-
raphy such sources provided better than 5m spatial
resolution [30.8, 9].

On the other hand, although the parallel beams of
synchrotron facilities do not provide a geometric mag-
nification, their extremely high brightness allows high-
resolution x-ray detectors with m to sub-m resolu-
tion. These detectors couple a visible-light microscope
to a thin layer of scintillator crystal to achieve high
spatial resolution. Propagation-based phase-contrast to-
mography at third-generation synchrotron sources, such
as the advanced photon source of the Argonne National
Laboratory, USA, can acquire an entire 3-D volumetric
dataset in a second owing to the brightness of the beam
and the short exposure time needed for each projection
shot (https://www1.aps.anl.gov/imaging).

For tomographic reconstruction, although the edge-
enhanced projection images can be fed directly into
standard algorithms designed for attenuation contrast
images, the question of how to extract quantitative
information about the refractive index distribution is
a topic of continued interest and development. A num-
ber of methods under various approximations, such as
the paraxial approximation or the transport-of-intensity
equation in the very near field, have been formulated to
retrieve phase shift information from a single projection
image, which are suitable for tomographic reconstruc-
tion [30.10, 11]. A method to retrieve both absorption
and phase shift from a spectrally resolved detector has
also been proposed [30.12]. A spectral detector can
separate photons of different energies from a poly-
chromatic source, thus providing multiple images of
different photon energies in a single exposure.

Numerous uses of propagation-based x-ray phase-
contrast imaging have been demonstrated, which would
require an entire volume to describe. An example of
biological application is the imaging of lung func-
tion. Diffraction by tissue–air interfaces in the lung
parenchyma produces a field of intensity speckles in the
projection image when illuminated with a sufficiently
small source and observed with sufficient resolution.
Figure 30.4 is such an example from Marcus Kitchen
and Dylan O’Connell of Monash University. It is an im-
age of a rabbit kitten thorax that has been inflation-fixed

Fig. 30.4 An example of propagation-based phase con-
trast. This projection image of a rabbit kitten thorax, which
has been inflation-fixed and embedded in agarose gel, was
taken with a microfocus x-ray source. The speckle pattern
in the lungs comes from the diffraction by the numerous
air–tissue interfaces in the lung parenchyma over a suffi-
cient wave propagation distance

and embedded in agarose gel. The image was recorded
using a liquid-metal-jet micro-focus x-ray source [30.7]
of approximately 20m focal spot size, with an expo-
sure time of 15 s, source-to-object distance of 41:5 cm
and geometric projection magnification factor of 7:95.
Tracking the motion of the speckle pattern seen in such
lung images provides information on tissue movement
and function in the lung [30.13–17]. Another applica-
tion is the visualization of air-filled blood vessels in
organ specimens [30.18].

Clinical application of propagation-based phase-
contrast imaging has also been realized for mammog-
raphy in a commercial system (Konica Minolta Inc).
It can be argued that propagation-based phase-contrast
imaging is the most widely used phase-contrast tech-
nique today owing to its simplicity and convenience.
It does not require additional hardware or scan time
when compared to conventional x-ray imaging, the lat-
ter being an important factor for tomography. In terms
of postprocessing there is a wide latitude of technical
sophistication that the user can choose from depend-
ing on the level of quantification that is needed. For
microscopy and microtomography in the laboratory set-
ting, geometric magnification relaxes the requirement
on detector resolution, and the demand for small source
size is being met with improved x-ray tube designs.

https://www1.aps.anl.gov/imaging
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30.3 Wavefront Tagging

This class of methods place one or more masking el-
ements into the x-ray beam to introduce intensity tags
in the projected x-ray image. Refractive bending of the
x-rays by an object displaces the tags, while scattering
of the x-rays blurs the contrast or visibility of the tags.

A simple and convenient method is to project
an opaque grid onto the image plane, illustrated in
Fig. 30.5 [30.19–22]. The shadows of the grid lines are
the intensity tags on the wavefront. The idea of insert-
ing a grid into a light beam appeared at least as early
as 1900 as a way to check the quality of optics in as-
tronomical telescopes [30.23]. In x-ray phase-contrast
imaging, the object can be placed down beam from the
grid. Projection of the object is superimposed over the
grid shadows.

Wave refraction and diffraction in the object results
in deflection of the x-rays from their original directions,
which appear as a local movement or deformation of
the grid shadows in the image. The movement of the
grid shadows is proportional to the deflection angle of
the x-rays, which is the slope of the wavefront in the
direction perpendicular to the grid line. The amount of
movement relative to the period of the grid can be rep-

X-ray beam

Opaque grid Image plane

Object

y

x

z

Fig. 30.5 Phase-contrast imaging
with a single grid. Wavefront
refraction and scattering appear as
deformation and blurring of the
projected grid lines

a) b)

Fig. 30.6a,b A fir branch imaged
in a benchtop x-ray phase-contrast
system containing an opaque grid.
From a single exposure, an attenuation
image (a) and a scattering image (b)
are obtained

resented as a phase shift, which is called the differential
phase-contrast signal.

Additionally, x-ray scattering by nano- to mi-
crostructures in the object leads to a divergence of
transmitted rays, which reduces the contrast or visibil-
ity of the grid shadows. The attenuation of grid contrast,
therefore, provides a scattering image (Fig. 30.6). A ref-
erence shot without any object is usually taken to
provide a reference for these measurements.

In a single exposure of the object, the displacement
and blurring of the grid shadows can be measured with
a harmonic analysis in the Fourier domain [30.19, 20],
or by feature tracking in real space [30.21, 22]. If the
grid shadows are below the resolution of the detector,
a second grid can be inserted to create a broad moiré
pattern with the first grid to allow detection [30.24].

Cross-grids are used to obtain two-dimensional vec-
tors of the slope of the wavefront [30.25]. In an object
of complex structures, vector analysis of the wavefront
slope field provides landmarks for dynamic tracking of
movement and flow [30.26].

Since the angular spread of x-ray scattering is on
the order of �=D, where D is the characteristic size of
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the scattering structure, contrast reduction of the grid
shadows depends on the size of the scatterers. Quan-
titatively, the level of contrast reduction relates to an
autocorrelation of the complex refractive index dis-
tribution [30.19, 20, 27, 28]. The correlation length is
determined by specifics of the imaging system, such
as the grid density and the distance from the object to
the detector, as well as the x-ray wavelength. The grid
contrast reduction tends to increase with the size of the
scattering structures up to the correlation length of the
system, and then plateau or slightly decrease with larger
scatterers. This property has been used to selectively
image nanoparticles of a certain size while suppressing
background signal in both radiography and tomogra-
phy [30.28, 29].

In single-shot grid-based phase-contrast imaging,
the resolution in the direction across the grid lines is
generally limited to the period of the grid shadows.
Higher resolution can be recovered through a phase-
stepping process, which acquires multiple images while
the position of the grid shadows is scanned incremen-
tally [30.30]. A linear scan of sufficient resolution can
decode a two-dimensional grid pattern [30.31].

The diffraction fringes of a knife edge are used
as wavefront intensity tags in the edge illumination

method [30.32–34]. A masking edge can be placed in
front of the detector to resolve the sharp boundaries of
the Fresnel fringes, which are usually below the resolu-
tion of the detector.

Besides opaque grids, a phase grid that imprints
a periodic phase pattern on the wavefront can also be
used to create an intensity fringe pattern on the im-
age plane through the Talbot self-imaging effect [30.35,
36], which serves as the intensity tags for wavefront
measurements. Random absorptive and phase masks
of sufficient feature density, such as sandpaper, can
be used to project a dense speckle pattern on the im-
age plane [30.37–40]. The movement and contrast of
the speckle pattern can be quantified locally to pro-
vide wavefront slope and scattering measurements in
the same way as regular grid lines.

Owing to its simplicity, speed and quantitative na-
ture, wavefront tagging using grids, sandpapers etc. has
seen diverse applications. The first imaging experiment
in a live animal utilized an x-ray grid [30.41]. One ex-
ample is the detection of nanoparticle-labeled hepatic
cancer cells in mouse models using grid-based scatter
imaging [30.42–45]. Another fruitful application is the
imaging of airway surface liquid layers in animal mod-
els of respiratory disease and treatment [30.21, 22].

30.4 Wavefront Tagging with Grating Interferometry

For a grating of period P that is much larger than
the x-ray wavelength �, the near field of wave prop-
agation is up to distances on the order of P2=�. In
this range, the Talbot self-imaging effect of a grat-
ing is the appearance of intensity fringes at certain
propagation distances [30.35, 46]. The Talbot images
of x-ray phase gratings of micrometer periods pro-
vide wavefront tags that have been used extensively
for phase-contrast imaging [30.47–51]. Like wavefront
tagging with crossed grids described in the previous
section, two-dimensional gratings or pairs of crossed
linear gratings can be used to measure the 2-D vector
of wavefront slopes [30.52–55].

In some instances, particularly with bright syn-
chrotron sources, the Talbot fringes can be resolved
directly with x-ray microscopes. In other instances
where the fringes are below the detector resolution, an
opaque (absorption) grating is placed over the Talbot
fringes, which is called an analyzer grating (Fig. 30.7).
The analyzer grating forms a broad intensity pattern
with the Talbot fringes due to the classic moiré effect,
which can then be resolved by the detector. The classic
moiré effect is a beat pattern arising from two regular
bright-and-dark patterns overlaid on top of each other.

An example is the overlay of two sets of dark lines of
similar periods (Fig. 30.8). In addition to the magnify-
ing effect, a small movement of the Talbot fringes is
proportionally magnified as a similar movement of the
moiré fringes, thus making it possible to measure small
deflections of the x-rays.

In compact systems that use conventional x-ray
tubes of a finite source area, the penumbra of the source
on the image plane can blur the Talbot fringes and sub-
stantially reduce their contrast. To solve this problem,
a second absorption grating can be placed in front of
the source (Fig. 30.7) to act as a regular array of nar-
row slits. Each slit is sufficiently narrow to avoid fringe
blurring by its penumbra. The wavefronts from individ-
ual slits are mutually incoherent, and thus their Talbot
fringes sum in intensity in the image. By choosing the
right period for the source grating, the Talbot fringes
of neighboring slits sum constructively to provide an
overall fringe pattern. The three-grating configuration
including a source grating, a phase grating and an
analyzer grating was proposed as the Talbot–Lau in-
terferometer [30.48, 51]. The x-ray source grating can
be replaced with a set of line sources in an x-ray tube
containing a structured anode [30.56, 57]. Similarly, the
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Fig. 30.7 Using a Talbot–Lau interferometer to produce and detect micron-scale intensity fringes on the wavefront. Dif-
ferent phase-stepping methods are used to measure fringe movement and fringe-contrast reduction. A. Phase stepping by
moving one of the gratings. B. Electromagnetic phase stepping by steering the x-ray source spot with an electromagnetic
field. C. Scanning the sample through the field of moiré fringes

Fig. 30.8 The classic moiré pattern between two sets of
intensity lines of similar periods

analyzer grating can be replaced with a structured x-ray
scintillator in the detector consisting of interspersed
lines of x-ray conversion material [30.58, 59].

Quantitative measurements of the displacement and
contrast-reduction of the Talbot or moiré fringes can be
made with single-image methods in the same fashion

as wavefront tagging with grids described previously.
The analyzer grating can also be spatially modulated
to create a fringe pattern in exact alignment with the
detector pixel rows to facilitate single-image measure-
ments [30.60]. Alternatively, phase stepping methods
that involve multiple images can be used [30.30]. The
idea of phase-stepping is to ensure that each physical
point in the object experiences a complete cycle of the
wavefront tags, such that the tag amplitude and position
can be measured for each physical point.

Several methods of phase stepping have been de-
vised for x-ray phase-contrast imaging, which are illus-
trated in Fig. 30.7. One is to physically scan the position
of a grating in its plane in subperiod steps [30.30, 49,
50, 61, 62]. A second method without physical move-
ment is to electromagnetically steer the x-ray source
spot, causing relative displacement between the projec-
tion of the object and the fringe pattern [30.63]. A third
method scans the fringes by a relative movement be-
tween the object and the imaging system [30.64, 65]. In
tomographic scans, phase stepping can be distributed
amongst the projection angles to reduce the total num-
ber of images that need to be acquired [30.62]. In
practice the amount of phase shift in each step and the
uniformity of the phase shift across the image often
fluctuate and are unknown, for example due to instru-
ment stability limits. An image-based algorithm can be
used to find the phase shift and its global distribution
of each image based on the movement of the fringes,
thereby adaptively retrieving the wavefront slope and
scattering information without knowing the phase shift
a priori [30.63, 66].

The sensitivity of wavefront tagging methods to
x-ray diffraction and scattering approximately scales
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with grating period/propagation distance, which moti-
vates the drive to smaller gratings periods. However, in-
tensity gratings require substantial path length through
a dense material such as gold to block hard x-rays,
which can require high-aspect-ratio structures that are
difficult to make. Tilted gratings and reflective grat-

X-ray
source

3 phase gratings Moiré pattern

S

L1

G1 G2 G3

D1 D3 L3

Fig. 30.10 A polychromatic far-field
interferometer consisting of three
phase gratings. The focusing effect
of G2 forms a series of achromatic
Fourier images of G1 as represented
by the dotted outline. The grating G3

creates a phase moiré effect with the
Fourier images of G1, which casts
a moiré fringe pattern further down
beam at the image plane

Fig. 30.9a–c The phase moiré effect between two sets of
linear phase patterns of similar periods. (a) Two phase
gratings of slightly different periods are overlaid facing
each other. Their combined phase shift alternates between
a constructive sum and a destructive cancellation. Effec-
tively they function as a single phase grating of a broad
envelope modulation. (b) The incident beam is strongly or
weakly diffracted according to the envelope modulation.
At sufficient distances down beam, the photon flux is redis-
tributed into a moiré pattern. (c) The actual moiré pattern
between two overlaid x-ray phase gratings of different pe-
riods is shown J

ings can increase the line density and effect path length
through the gratings [30.67–70] but at a cost of reduced
image area. The alternative multiline sources and detec-
tors with structured scintillators are also limited in how
small their features can be due to fabrication processes
specific to the anode and scintillator materials.

In search of high sensitivity, a universal moiré ef-
fect was discovered that allowed wavefront tags in the
form of regular phase patterns [30.71]. Since materi-
als incur greater phase shift than intensity attenuation
on hard x-rays, phase gratings are less than 1=10th the
depth of intensity gratings and can be made to sub-m
periods [30.72].

The universal moiré effect encompasses the classi-
cal intensity moiré effect and a phase moiré effect as
two ends of a continuous spectrum [30.71]. An example
of the phase moiré effect is the overlay of a pair of phase
gratings of slightly different periods (Fig. 30.9a). Their
combined phase shift alternates between a constructive
sum and a destructive cancellation (Fig. 30.9a). Effec-
tively, they act as a single phase grating of a broad
envelope modulation (Fig. 30.9b). The incident beam is
diffracted strongly in some locations and weakly in oth-
ers according to the envelope modulation (Fig. 30.8b),
leading to a redistribution of the photon flux and inten-
sity bands at a sufficient distance down beam. The width
of the envelope modulation is at least several times the
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grating period, and thus the moiré pattern appears much
farther than P2=� (far field). An example of a moiré
pattern between two overlaid x-ray phase gratings of
399 and 400 nm periods is shown in (Fig. 30.9c), which
are illuminated by a tungsten-anode x-ray tube operat-
ing at 60 kVp. The phase moiré effect remains when
there is a gap between the two phase gratings, as self-
images of the first grating are projected onto the second
grating at appropriate gap distances. Since the spatial
frequency of the moiré bands equal the difference be-
tween the projected frequencies of the two gratings, the
effect diminishes with large gaps between the two grat-
ings when the bands become too dense to resolve.

Imaging systems consisting of only two phase grat-
ings have been used to scan a continuous range of
scattering length scales with both neutron and x-ray
beams by varying the gap between the gratings [30.73,
74]. However, their phase sensitivity, determined by

4 mm

a) b) c)

Fig. 30.11a–c A comparison of phase-contrast radiography with a PFI system and conventional radiography with a clin-
ical mammography scanner. The sample is a mouse pup specimen. The exposure dose of the PFI scan was one-third that
of the conventional radiography scan. A single PFI scan yields a differential phase-contrast image (a) and a scattering
image (b). The differential phase-contrast image (a) reveals soft tissue structures that are invisible in the conventional
attenuation-contrast radiograph (c)

grating period/intergrating gap, is limited by the small
gap spacing. The limitation is overcome in a method
consisting of three phase gratings, called a polychro-
matic far-field interferometer (PFI) (Fig. 30.10). Here
the middle grating forms a series of Fourier images of
the first grating on or near the plane of the third grat-
ing [30.75]. The Fourier images produce a phase moiré
effect with the third grating. The intergrating spacings
are now unlimited, and ultrahigh sensitivity phase-
contrast imaging at fractions of clinical dose levels have
been shown in tissue specimens and mammography
phantoms, using sub-m period phase gratings operat-
ing in the far field and the hard x-ray regime [30.71, 76].
Figure 30.11 is an example that compares radiographs
of a formalin-fixed mouse pup specimen taken with
a PFI system (Fig. 30.11a,b) with conventional attenua-
tion radiography taken with a clinical digital mammog-
raphy scanner (GE senographe essential) (Fig. 30.11c).
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Fig. 30.12a,b The absorption (a) and differential phase-contrast (b) images of part of a volunteer’s hand from a clinical
grating-based phase-contrast radiography system. The metacarpophalangeal joints of the first and second fingers are in
the field of view, and the smooth surface of cartilage is clearly depicted in the differential phase image as indicated by
the arrows

The PFI system consisted of three phase gratings of
399, 400 and 400 nm periods [30.71]. Although the
radiation dose of the PFI scan was one-third that of
the conventional radiography, it revealed a substantial
number of soft tissue structures that were absent in the
conventional radiograph.

The numerous application-specific developments
of grating interferometry will not be listed here. A few
examples that point out the potential of these meth-
ods include brain specimen imaging [30.77], mouse
fetus anatomical imaging [30.69], breast specimen

imaging [30.78–81], lung imaging [30.63, 82–84],
nondestructive testing [30.85], food imaging [30.86]
and plasma diagnosis in high-energy-density re-
search [30.87]. Microtomography using a rotating
Talbot–Lau interferometer has been implemented in
a commercial system [30.88]. A clinical application of
Talbot–Lau interferometry has also been realized by
Momose et al. as a medical radiography system (Konica
Minolta Medical and Graphic, Inc.) [30.89]. Figure
30.12 shows superior visualization of the cartilage in
finger joints by the differential phase-contrast signal.

30.5 Diffraction-Enhanced Imaging with Monolithic Crystal Collimator
and Analyzer

In its simplest form, an x-ray beam is first collimated
through Bragg reflection on the surface of a monolithic
crystal (Fig. 30.13). The collimated beam penetrates
through an object before once again being reflected on
the surface of a second, analyzer crystal [30.90–93].

Bragg reflection on the surface of a single crys-
tal is restricted by the Bragg condition, which curtails
the angular divergence of the x-ray beam to microradi-
ans [30.94]. The collimated beam undergoes diffraction
and scattering when passing through the imaged ob-
ject. As a result the transmitted beam can be deflected
by a small angle and have a wider divergence. Further
down beam, the second Bragg reflection by the ana-

lyzer crystal serves as an angle-sensitive detection of
the transmitted beam. In the special case where the two
crystals are identical and parallel to each other, diffrac-
tion and scattering in the object reduce the flux that
reaches the detector.

A central concept of this method is the rocking
curve, which is the double-reflected intensity as a func-
tion of the alignment angle between the two crystals. In
the absence of an object in the beam, the curve peaks at
the position where the Bragg condition is satisfied for
both crystals. When an object is present, diffraction and
scattering in the object result in shifting and broaden-
ing of the rocking curve, respectively. Although a full
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Incident x-rays

Fig. 30.13 Diffraction imaging with
a single-crystal beam collimator and
a single-crystal analyzer

measurement of the rocking curve provides complete
information, it is sufficient in practice to acquire images
at either one or several points on the rocking curve to
quantify x-ray diffraction or scattering, or both [30.95–
98]. The high sensitivity of this method, typically on
the order of a microradian or better, is brought about by
the selectiveness of the Bragg condition [30.99]. Unlike
the wavefront-tagging methods mentioned in the previ-
ous section, the rocking curve is a direct measure of the
angular distribution of x-ray scattering.

In Bragg reflection the angle of the outgoing beam
is not simply equal to that of the incident beam. It is de-
pendent on the crystal lattice structure and orientation,
and the x-ray wavelength in addition to the incident an-
gle. By an appropriate choice of these parameters, the
reflected beam can be at a less acute angle from the sur-
face of the crystal when compared to the incident beam,

giving an expansion of the beam size to cover a larger
field of view for imaging [30.90].

Diffraction-enhanced imaging has been demon-
strated in a number of biological applications owing to
its sensitivity. Examples include breast imaging [30.93,
100–104] and musculoskeletal imaging [30.105–108].
X-rays are diffracted by the numerous microscopic air-
tissue interfaces in the lung parenchyma leading to
a divergence of the rays and a broadening of the rocking
curve. This effect was first observed with diffraction-
enhanced imaging and proposed as a way to evaluate
parenchymal lung disease [30.92, 109]. An application
in bioengineering is the visualization of low-density
biomaterial in tissue engineering [30.110, 111]. Owing
to its high sensitivity the stability in the alignment of the
crystals is important, which has been addressed in table-
top systems using conventional x-ray tubes [30.97].

30.6 Split-Beam Interferometry

The earliest x-ray interferometer is arguably the Bonse–
Hart interferometer [30.112, 113], a classic split-beam
interferometer where a beam is amplitude divided into
two mutually coherent beams that travel distinct paths
before merging to interfere with each other (Fig. 30.14).
This is the most sensitive phase-contrast imaging
method to date, providing an absolute phase shift mea-
surement between the object and a reference beam.
Unlike the visible-light Mach–Zehnder interferometer,
which uses half-mirrors to split a beam [30.114], mono-
lithic silicon crystals are used. A monochromatic x-ray
beam is divided into two mutually coherent beams by
a single crystal when the incident angle meets the Laue
diffraction condition. Laue diffraction through three
aligned crystals form two mutually coherent light paths
of the same length. Residual strain or imperfections in
the crystals result in a spatial distribution of phase dif-
ference between the two beams as they sum coherently
in amplitude on the image plane, creating an intensity
pattern that reflects constructive and destructive inter-
ference. Since the diffraction angle is approximately the

ratio of wavelength over the crystal lattice spacing, it
remains large for hard x-rays resulting in widely sepa-
rated light paths. When an object is introduced into one
of the two paths, the interference pattern is altered by
the additional phase shift incurred by the object. With
phase stepping and phase unwrapping, a point-by-point
measurement of the absolute phase shift map of the
object is obtained [30.115–118]. Unlike the wavefront
slope measurement by tagging or diffraction-enhanced
imaging, this approach directly obtains the topography
of the wavefront, which is unique among all meth-
ods. In practice the entire interferometer is often carved
out of a single crystal to ensure perfect alignment and
stability of the interferometer. Such an interferometers
with a synchrotron sources remains the most sensitive
phase-contrast imaging method today with the capabil-
ity of providing accurate refractive index distribution in
3-D [30.119].

However, the extreme sensitivity of the crystal inter-
ferometer towards alignment and mechanical stability
made it challenging to implement. Since optical phase
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Incident beam

D

ImageThree monolithic crystals

Reference beam

Object beam

Fig. 30.14 The Bonse–Hart interferometer consists of three perfectly aligned monolithic crystals. The crystals are usu-
ally parts of a single block of silicon. Each crystal splits the monochromatic beam by Laue diffraction. The intercrystal
spacing D is large enough that the object beam is completely separated from the reference beam. The interference pattern
between the two provides an absolute phase shift measurement of the object

gratings are also effective beam splitters, an interme-
diate solution is to replace the first two crystals with
gratings and use the last crystal as an analyzer, re-
sulting in a grating shear interferometer [30.120]. Due
to the use of the analyzer crystal, a monochromatic
and collimated beam is needed. A further development
is the grating-Bonse–Hart interferometer [30.121, 122],
which replaces all three crystals with phase gratings
of nanometric periods (Fig. 30.15). A beam of mod-
erate bandwidth and angular divergence can be used.
Small grating periods produce sufficiently large diffrac-
tion angles and separation of the light paths when a slit
is used to limit the height of the incident beam. Typ-
ically, multiple pairs of mutually coherent light paths
are generated and give rise to bands of interference
fringes on the image plane. If an object intersects one

Incident
beam and slit

Object

Three phase gratings

Fig. 30.15 A grating-Bonse–Hart interferometer consisting of three phase gratings. The incident beam is restricted in
height by a slit and diffracted into multiple pairs of mutually coherent beams that produce bands of interference fringes
on the image plane. The fringe pattern is achromatic, therefore allowing a polychromatic source to be used

of a pair of interfering beams, the situation is the same
as the Bonse–Hart interferometer and an absolute phase
shift measurement is obtained. If the object intersects
both beams, image twinning occurs and the measured
phase shift is the difference between two locations in
the object. Figure 30.16 is an example that compares the
differential phase-contrast signals of a grating-Bonse–
Hart interferometer and a Talbot–Lau interferometer in
radiography of a formalin-fixed mouse kidney speci-
men [30.121]. The grating-Bonse–Hart interferometer
was based on three phase gratings of 200 nm periods,
while the Talbot–Lau interferometer included a com-
bination of phase and absorption gratings of 4:8m
periods. The order-of-magnitude difference in the grat-
ing periods resulted in a proportional amplification of
the differential phase-contrast signal.
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Fig. 30.16a,b Differential phase-contrast images of a formalin-fixed mouse kidney specimen acquired with (a) a grating-
Bonse–Hart interferometer consisting of three phase gratings of 200 nm periods, and (b) a Talbot–Lau interferometer
consisting of a combination of absorption and phase gratings of 4:8m periods. The images are displayed in the same
scale, showing an order of magnitude difference in the level of differential phase signal. The branching structures are
blood vessels. An air bubble was introduced into the sample vial of the Talbot–Lau interferometer to produce a high
phase-contrast signal as a way to verify its correct function

30.7 Conclusion
Projection-based x-ray imaging and microtomography
with phase contrast is a continually evolving field where
several basic physical concepts have developed into
a variety of imaging methods for a wide range of

applications. New imaging physics and technical break-
throughs are being created and the landscape of the field
is rapidly shifting with the advances in x-ray sources,
detectors and fabrication capabilities of x-ray optics.
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