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Abstract: Imaging of large and dense objects with grating-based X-ray
phase-contrast computed tomography requires high X-ray photon energy
and large fields of view. It has become increasingly possible due to the
improvements in the grating manufacturing processes. Using a high-energy
X-ray phase-contrast CT setup with a large (10 cm in diameter) analyzer
grating and operated at an acceleration tube voltage of 70 kVp, we investi-
gate the complementarity of both attenuation and phase contrast modalities
with materials of various atomic numbers (Z). We confirm experimentally
that for low-Z materials, phase contrast yields no additional information
content over attenuation images, yet it provides increased contrast-to-noise
ratios (CNRs). The complementarity of both signals can be seen again
with increasing Z of the materials and a more comprehensive material
characterization is thus possible. Imaging of a part of a human cervical
spine with intervertebral discs surrounded by bones and various soft tissue
types showcases the benefit of high-energy X-ray phase-contrast system.
Phase-contrast reconstruction reveals the internal structure of the discs
and makes the boundary between the disc annulus and nucleus pulposus
visible. Despite the fact that it still remains challenging to develop a
high-energy grating interferometer with a broad polychromatic source with
satisfactory optical performance, improved image quality for phase contrast
as compared to attenuation contrast can be obtained and new exciting
applications foreseen.

© 2015 Optical Society of America

OCIS codes: (110.7440) X-ray imaging; (110.6955) Tomographic imaging; (110.3175) Inter-
ferometric imaging.
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1. Introduction

Grating-based X-ray phase-contrast computed tomography (PC-CT) is a well established tech-
nique providing simultaneously three different contrast mechanisms. The additional informa-
tion improves detectability of certain features inside the sample and improves differentiation
of various materials. The possibility of being operated with conventional X-ray tubes enabled
an easier/lower-cost access to the method and opened a wide range of applications, mostly in
biomedical imaging.

Because of limitations in the grating fabrication process, the technique has been restricted to
X-ray energies below 40 keV and small fields of view (FOVs). Mainly relatively small samples
(maximum 30 mm in diameter) composed of low-Z materials have been investigated [1–3].
When larger samples are of interest, asymmetric rotation axis position can be used [4] which
works well only with parallel beam reconstruction and at the expense of increased measure-
ment time. Grating interferometry at high energy using synchrotron sources have been already
demonstrated [5]. However, access to them is limited and the operation of the interferometer is
less challenging with the monochromatic radiation. Even though a proof-of-principle study of
PC-CT at a laboratory source at 60 keV has been demonstrated in [6], due to very low fringe
visibility of 3% the performance of the interferometer was inferior and not sufficient to perform
imaging with satisfactory contrast/image quality gain between the phase and the attenuation-
contrast reconstructions. Slightly different approaches have been presented to build a better
performing laboratory system [7, 8], but the FOV in these cases is strongly limited.

In the following we demonstrate an X-ray phase-contrast imaging setup operating with a
conventional polychromatic source that is suitable for imaging larger objects (up to 50 mm in
width) and simultaneously provides the local electron density (related to the X-ray refractive
index decrement) and the local X-ray attenuation coefficient distribution inside the object. We
further investigate to which extent the complementarity of phase and attenuation contrast pre-
sented at low X-ray energy for low-Z materials [9] is still retained since it is lost with higher
energies for low-Z materials [5].

To showcase the experimental system, an intervertebral fibrocartilage surrounded by bones
was imaged and reconstructed as an example of a potential application of the technique at this
photon energy range. The internal structure of the intervertebral disc shows improved contrast
in the phase image and makes it possible to differentiate the fibrous capsule from the gelatinous
center as previously reserved only to MR imaging.

2. Materials and methods

2.1. Grating-based X-ray phase-contrast imaging

A detailed description and the theory of X-ray grating interferometry can be found in [10–12].
Conventional attenuation X-ray computed tomography (CT) based mainly on the photoelectric
effect and Compton scattering of X-rays delivers insufficient contrast for biological tissues com-
posed of low-Z elements. However, X-rays passing through an object are also refracted. This
additional physical process can be utilized to produce a new image contrast. Unfortunately, the
microradian deviations of X-rays caused by refraction in the sample are too small to be directly
measured by modern state-of-the-art detectors. A different approach is therefore needed. One
of them, which can be successfully used with a polychromatic spectrum produced by a labora-
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tory X-ray tube [13], is a so called Talbot-Lau interferometer. It consists of three micro-periodic
gratings placed between the X-ray tube and the detector. Two of them are absorption gratings
(source and analyzer) typically made of gold, and the third is a phase grating made of nickel,
silicon or gold. The source grating (G0) increases the coherence of the X-ray tube needed for
the interference effects to occur. The phase gratings (G1) splits the incoming beam, which then
interferes downstream and creates a periodic fringe pattern. The analyzer grating (G2) placed
just in front of the detector transforms local fringe position into signal intensity variations.

During the CT scan, one of the gratings for each projection is moved in steps of a fraction of a
period (phase-stepping) perpendicularly to the grating lines while several images are acquired.
This enables the extraction of the attenuation, phase-gradient (refraction angle), and ultra-small
angle scattering (”dark-field”) components out of the image, thus simultaneously providing
three different characteristics of the same sample. By acquiring multiple projections of the
sample at different rotation angles and taking the system-specific parameters into account, the
local 3D distribution of the X-ray attenuation coefficient µ (the attenuation-contrast image in
the following) and the X-ray refractive index decrement δ (the phase-contrast image) can be
reconstructed. The reconstruction is performed using a standard filtered back-projection with a
Ram-Lak filter to reconstruct the attenuation-contrast data and a Hilbert filter to reconstruct the
phase-contrast data.

2.2. Grating size as a limiting factor of a large field of view (FOV)

In order to fully take advantage of the elevated X-ray energy and measure relatively large ob-
jects, bigger FOVs are necessary. In the cone-beam geometry, the size of the analyzer grating
G2 placed in front of the detector is the limiting factor.

The X-ray LIGA process used for manufacturing the analyzer gratings can routinely deliver
gratings up to 70 mm in diameter [14,15]. This limitation results from both the technology used
for the X-ray mask membranes and from the patterning of the mask microstructures (e.g. the
grating lines). With respect to the first cause, microworks GmbH has developed new approaches
for X-ray mask membranes: a thin polyimide membrane (6 µm) replaces the established tita-
nium membrane [16]. This allows the masks to be manufactured with diameter of 100 mm or
more, and is used for direct lithographic manufacturing for gratings with thicknesses of up to
100 µm. For thicker structures, a harder X-ray spectrum is used. With such a spectrum, it is
possible to use thin silicon wafers (100 µm) as mask substrates. These offer an improvement in
stiffness, rigidity and thermal conductivity compared to the titanium membranes used to date.
The most crucial feature is the ability to use these masks with a lithographic window of 100
mm in diameter. In order to obtain high-quality and high aspect ratio gratings, in the fist step,
a polyimide-based intermediate mask is patterned using direct-write-laser lithography (DWL).
It is then used to pattern structures of up to 100 µm thickness, or as in this case to fabricate
using the x-ray lithography process a silicon-based working mask. This tools can then be used
to manufacture gratings with thicknesses of up to 300 µm.

In the following, we present for the first time phase-contrast CT images obtained with the
round analyzer grating of 10 cm in diameter. To our knowledge it is the grating interferometer
with the biggest FOV reported so far. This constitutes a very significant advance towards broad-
ening the applicability of the technique and opening a wide range of possible applications in
materials science and biomedical imaging. Moreover, recent studies demonstrate the possibility
of even further increased field of views by means of stitching several gratings together [17], but
it has not yet been tested with gratings of such high structures (∼150 µm).
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2.3. Contrast dependence / formation

On one hand, a phase-contrast image represents the local distribution of the refractive index
decrement δ : [18]

δ =
r0h2c2

2π E2

n

∑
i=1

Ni f 1
i , (1)

where r0 is the classical electron radius, h is the Planck’s constant, c is the speed of light, E
is the X-ray photon energy, Ni is the atomic density of type i atoms given per unit volume, and
f 1
i is the real part of their atomic scattering factor in the forward direction. At X-ray photon

energies far away from the absorption edges, the refractive index decrement is related to the
electron density ρe and the energy of the X-ray photons by [19]:

ρe =
2π E2

r0h2c2 δ . (2)

Thus, the local electron density distribution inside the sample is accessible with phase-
contrast imaging.

An attenuation contrast image, on the other hand, is the result of photoelectric absorption,
Compton scattering and coherent scattering in the photon energy range of interest in biomed-
ical CT scanning [20]. Therefore, the linear attenuation coefficient µ can be decomposed into
contributions from each mode of X-ray photon interaction as

µ = µpe +µcoh +µincoh, (3)

where pe is the photoelectric effect, coh is the coherent Raleigh scattering and incoh is the
incoherent Compton scattering. Furthermore, the linear attenuation coefficient µ is the product
of the total electronic cross section σ e

tot (cross section per electron) and the electron density of
the material ρe

µ = ρeσ
e
tot = ρe(σpe +σcoh +σincoh). (4)

Both the electronic cross sections for photoelectric effect and the coherent scattering depend
not only on the photon energy E but also on the material specific effective atomic number Ze f f

σpe = const ·
Zk

e f f

E l (5)

and

σcoh = const ·
Zm

e f f

En (6)

where values for k and m are typically 3.8 and 2.0, respectively, and values for l and n are 3.2
and 1.9, respectively, but vary slightly depending on the photon energy and on the composition
of the material [20].

On the other hand, the Compton scattering cross section σincoh depends only on the X-ray
energy and is essentially independent of the atomic number Z [20, 21]. Therefore, one can
see that at high photon energies the linear attenuation coefficient is nearly proportional to the
electron density.

As seen in Fig. 1(a), the attenuation of ethylene glycol (C2H6O2) due to the photoelectric
effect decreases with X-ray energy and becomes less than that of the Compton effect just above
26 keV. Only for X-ray energies below 26 keV is the photoelectric effect the dominant process,
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a) b)

Fig. 1. Photon cross-sections calculated for ethylene glycol (a) and aluminum (b) from
XCOM database [22].

and thus the biggest contribution to the attenuation contrast. The more the attenuation process
results from the Compton effect, the more the attenuation-based image is proportional to the
electron density, as is also the case in the phase contrast. No additional information on the
material composition can be gained if attenuation is mostly attributed to Compton scattering
[5]. Thus, for all low-Z materials we expect similar contrast differences for attenuation and
phase contrast images at high X-ray energies. Signal-to-noise ratios and contrast-to-noise ratios
will however differ and depend mainly on the performance of the grating interferometer. For
instance, the higher the fringe visibility the higher these values will be in favor of phase contrast
[23].

The situation changes for higher atomic number materials like aluminum (see Fig. 1(b)).
At 45 keV mean X-ray energy, the attenuation contrast is a result of both effects. Therefore,
attenuation- and phase-contrast images provide complementary information and materials can
be more easily distinguished as seen in the monochromatic case [5].

2.4. Samples

In order to experimentally investigate the discussed complementarity of phase and attenuation
contrast, two different phantoms were designed. The first phantom, composed of well-defined
liquids in different concentrations, was prepared to represent various low-Z materials (for the
simplicity in the following called low-Z phantom). Each of the liquids was placed in a cylin-
drical tube made of polyethylene (PE). All of the tubes were then placed in a bigger cylindrical
container filled with deionized water. The diameter of the outer container was 50 mm. Table 1
presents a list of all the liquids inside the phantom.

The second self-made phantom was made of higher-Z materials (for the simplicity in the
following called high-Z phantom). Five rod-shaped materials were fixed at the top and placed
in a 35 mm thick water tank during the measurements. The materials contain heavier elements
with Z ranging from 9 (fluorine) to 17 (chlorine). Table 3 presents a list of all the materials
inside the phantom.

Additionally, to demonstrate the capabilities of X-ray phase contrast imaging at 70 kVp,
a part of a human cervical spine with intervertebral discs surrounded by bones and various
soft tissue types was placed in a 40 mm diameter plastic container filled with formalin. The
specimen was provided by the Institute of Forensic Medicine, Ludwig-Maximilians-Universität
München (Munich, Germany) in accordance with the Declaration of Helsinki and approved by
the local ethics committee.
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2.5. Experimental setup, data acquisition and analysis

The experiments were carried out using a symmetric Talbot-Lau grating interferometer employ-
ing three gratings. It was operated at the 1st fractional Talbot order with distances between the
consecutive gratings of approximately 91 cm. By having equal distances between the gratings,
the highest angular sensitivity for a given system length was achieved [24]. All the gratings
were produced by microworks GmbH, Germany. The source (G0) and the analyzer grating
(G2) had periods of 10 µm and the nominal thickness of gold was approximately 150 µm. The
phase grating (G1) with a period of 5 µm was made of nickel with thickness of 8 µm and
gave a π/2 phase shift at the design energy of 45 keV. As an X-ray source, a COMET MXR-
160HP/11 tube with a tungsten anode was used. The tube was operated at 70 kVp and 27 mA,
with an effective source size of 1 mm squared. For measurements of the low-Z phantom and the
biomedical sample, the emitted radiation was filtered with 60 mm of water, 2 mm of aluminum
and the beryllium window of the X-ray tube resulting in an X-ray spectrum with a mean photon
energy of about 45 keV, calculated by the SpekCalc program [25]. Mean fringe visibility of 20
% was achieved (calculated in a circular area around the middle covering half of the FOV). In
the case of the high-Z phantom, 0.6 mm of copper, 2 mm of aluminum and 36 mm of water
pre-filtered the beam. The resulting X-ray spectrum had a mean energy of approximately 51
keV. The change of filtering was necessary to prevent beam hardening artifacts and therefore
inaccuracies in the quantitative analysis. The mean fringe visibility for this measurement was
15 %. A Varian PaxScan 2520D with a 600 µm thick structured CsI(Tl) scintillation layer and
127 µm physical pixel size served as the detector.

The samples were placed downstream of the phase grating G1 and submerged in a rectangular
water tank during the experiment to avoid beam hardening and phase wrapping artifacts at the
boundary between the air and the plastic containers. The distance between the sample and the
phase grating and the tank thickness varied from sample to sample. The low-Z phantom and
the biomedical specimen were submerged in a 60 cm thick water tank and were located at a
distance about 7 cm from G1. The high-Z phantom was placed in a 36 mm thick water tank and
approximately 5 cm away.

A phase stepping procedure was used in order to obtain attenuation and phase contrast im-
ages. The phase grating G1 was scanned laterally by 8 steps over one period of the interference
pattern created by the grating. The phase stepping was done separately for every rotation an-
gle of the sample. The whole CT scan consisted of 1200 rotation angles over 360 degrees and
lasted approximately 10 hours. The attenuation and differential phase images were extracted
by Fourier analysis [26] of the intensity oscillation curves in each detector pixel. For CT re-
construction, a GPU-based cone-beam filtered back-projection reconstruction code developed
in-house based on a Ram-Lak filter for attenuation and a Hilbert filter for phase reconstruc-
tion was used. Bilateral filtering was applied to the datasets as a post-processing step, which
decreased the overall noise in both reconstructions and helped to preserve the edges [27].

Both linear attenuation coefficient µ and refractive index decrement δ strongly depend on
the X-ray energy. For the comparison of measured and theoretical values and for the calculation
of electron densities, the effective energy of the X-ray beam has to be known. It is important
to note that due to the different image formation process the measurement of µ and δ are
performed at slightly different effective energies. The measured effective energy is a result of
the X-ray spectrum, the spectral efficiency of the detector, and the spectral efficiency of the
grating interferometer. The last one especially differs between attenuation and phase contrast.
Therefore, two effective energies were defined by matching the measured and the theoretical
data of a reference material. One of the materials inside each of the phantoms of known mass
density and elemental weight fractions was used for this purpose. In the biological sample case,
a PMMA and an epoxy resin rod were placed inside to serve as references.
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Since the measurements were carried out in a water tank, the values we measure are relative
to water [9]. In order to obtain the absolute values presented in Table 1 and 3, µH2O and δH2O
of water for the corresponding effective energies were added to all experimental values.

For the quantitative analysis of the phantoms, 60 axial slices were averaged to increase the
signal-to-noise ratio. Over each of the materials inside the phantoms, a circular region of in-
terest (ROI) of 125 pixels in diameter was selected and the mean and standard deviations were
calculated. In order to quantify image quality differences, contrast-to-noise ratios were calcu-
lated as

CNR =
|Sa−Sb|√

(σa)2 +(σb)2
(7)

where Sa and Sb represent the measured signals, i.e., mean values in circular regions chosen for
each of the materials and σa, σb represent standard deviations of the mean for the respective
regions.

As a reference for our experiments, knowing the chemical formula and the mass density of
the materials, the theoretical refractive index decrement δ and linear attenuation coefficient µ

values were calculated based on the adapted version of Mucal written by Bandyopadhyay and
Segre [28] as described by Malecki et al. [29]. Afterwards, theoretical electron density values
were calculated using Eq. (2).

3. Results and discussions

3.1. Low-Z materials phantom
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Fig. 2. Tomographic reconstruction axial slices of linear attenuation coefficient µ (a) and
refraction index decrement δ (b). The liquids are as follows: 0 - water, 1 - H2O/glycerol,
2 - isopropyl, 3 - ethanol, 4 - H2O/ethanol, 5 - H2O/ethylene glycol, 6 - ethylene glycol.
Both images show a very similar contrast because of the dependence of image formation
on electron density for both channels.

Figure 2 shows attenuation (a) and phase (b) contrast axial slices reconstructed from the
same CT data set obtained with the Talbot-Lau interferometer. The highest signal corresponds
to H2O/glycerol mixture, the lowest to isopropyl alcohol. The contrast between various liquids
is very similar for both images. It is due to the fact that both contrast modalities for these low-Z
materials depend mainly on electron density. Dependence of attenuation contrast on material
composition, namely on its effective atomic number, is greatly reduced at this X-ray energy.

The effective energy of the X-ray beam was determined by matching the measured and the
calculated data for ethylene glycol. The minimum difference between measured and calculated

#224758 - $15.00 USD Received 13 Oct 2014; revised 25 Nov 2014; accepted 7 Dec 2014; published 9 Jan 2015 
© 2015 OSA 12 Jan 2015 | Vol. 23, No. 1 | DOI:10.1364/OE.23.000523 | OPTICS EXPRESS 530 



values was found for 44.2 keV for phase contrast and 43.7 keV for attenuation, determined with
0.1 keV resolution.

The mean values and associated standard deviations of the linear attenuation coefficient µ ,
refraction index decrement δ and electron density ρe together with the theoretical values are
presented in Table 1. The experimental values associated with the phase-contrast reconstruction,
i.e. δ and ρe, match the theoretical values within one standard deviation. In attenuation contrast,
the measured values of µ show a good agreement as well but with stronger deviations from the
theoretical values. The analysis is not affected by the beam hardening artifact because of the
beam filtering used and because all the materials are relatively low absorbing at this energy
range.

Table 1. Measured and theoretical (subscript th) attenuation coefficients µ , refraction index
decrements δ and electron densities ρe for all fluids inside the low-Z phantom.

Material µ µth δ δth ρe ρth
e

[1/m] [1/m] [10−7] [10−7] [1029/m3] [1029/m3]
water 25.20 ± 0.04 25.25 1.18 ± 0.02 1.18 3.35 ± 0.03 3.339
H2O/glycerol 27.54 ± 0.05 27.51 1.35 ± 0.02 1.33 3.79 ± 0.06 3.739
ethylene glycol 26.10 ± 0.04 26.13 1.30 ± 0.02 1.30 3.66 ± 0.05 3.664
H2O/ethylene glycol 25.94 ±0.04 25.86 1.29 ± 0.02 1.27 3.53 ± 0.03 3.517
H2O/ethanol 23.08 ± 0.05 22.98 1.03 ± 0.02 1.05 3.14 ± 0.05 3.094
ethanol 18.42 ±0.09 18.46 0.955 ± 0.02 0.951 2.72 ± 0.09 2.684
isopropyl 18.31 ± 0.10 18.21 0.953 ± 0.02 0.950 2.71 ± 0.04 2.680

In order to quantify image quality difference, contrast-to-noise analysis was performed. As
seen in Table 2, phase contrast provides a contrast gain over attenuation in all the cases but one.
Even though both of the contrast modalities depend on the materials’ electron density, phase
contrast provides higher quality images because of a different image formation process and
higher sensitivity of the presented technique to changes in the phase of an X-ray beam passing
through an object.

Table 2. Contrast-to-noise ratios for phase contrast CNRphase and attenuation contrast
CNRabs for selected sets of two materials inside the low-Z phantom.

Material pair CNRabs CNRphase
water - H2O/glycerol 39.3 64.8
water - H2O/ethylene glycol 13.3 36.8
water - isopropyl 55.0 53.8
ethylene glycol - H2O/ethylene glycol 4.8 21.2
ethylene glycol - H2O/ethanol 45.9 74.5
ethylene glycol - ethanol 69.3 91.3
ethanol - water 60.5 65.5
ethanol - H2O/glycerol 82.4 99.8
ethanol - H2O/ethanol 35.9 41.2

3.2. High-Z materials phantom

The previously discussed dependence of the attenuation contrast on photoelectric absorption
and Compton scattering changes with increasing Z of the material. For materials with Z ranging
from 9 to 17, both effects contribute to the image formation (see Fig. 1(b)) [22].
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Fig. 3. Tomographic reconstruction axial slices of linear attenuation coefficient µ (a) and
refraction index decrement δ (b). At 51 keV mean energy, high-Z materials show again the
complementarity of both signals.

Figure 3 shows attenuation (a) and phase (b) contrast axial slices reconstructed simultane-
ously from the same CT data set. The highest signal corresponds to aluminum, the lowest to
PMMA. The quantitative values can be found in Table 3, and CNRs for selected material pairs
are presented in Table 4.

The effective energy of the X-ray beam was determined by matching the measured and the
calculated data for aluminum, which gives a strong signal in both contrast reconstructions. The
minimum difference between measured and calculated values was found for 52.4 keV for phase
contrast and 51.8 keV for attenuation, determined with 0.1 keV resolution. The higher effective
energy is an effect of stronger filtering of the beam used to prevent beam hardening artifacts
and inaccuracies in the quantitative analysis. Because of the slightly different spectrum, which
affects the system’s fringe visibility and sensitivity, CNRs calculated for this phantom should
not be directly compared to the CNRs of the low-Z phantom.

The mean values and associated standard deviations of the linear attenuation coefficient µ ,
refractive index decrement δ and electron density ρe are presented together with theoretical
values in Table 3. Again, the experimental values of δ and ρe match the theoretical values
within one standard deviation. The measured values of µ show a good agreement with the
theoretical values with maximum discrepancy of 3%. The analysis is not affected by the beam
hardening because of the stronger beam filtering used.

The CNR changes depending on the respective pair of materials. For instance, between PVC
and quartz a higher value of 64.8 in phase contrast compared to 14.0 in attenuation contrast
could be found. The situation changes between aluminum and polytetrafluoroethylene (PTFE)
for which attenuation contrast brings the ratio of 178.1 versus 28.8 in phase contrast. Contrast
between PTFE and polyvinyl chloride (PVC) as well as water and PTFE is similar for both
images. Clearly, complementary information looking at the phase- and attenuation-contrast im-
ages is accessible in the case of these materials with higher atomic numbers.

3.3. Intervertebral discs

An intervertebral disc consists of two regions, i.e., the nucleus pulposus and the surrounding
annulus fibrosus. The inner nucleus pulposus is a visco-elastic gel composed of a disordered
network of type-II collagen fibrils. The outer annulus fibrosus is made of highly organized and
densely packed type-I collagen whose fibers run parallel to each other [30].
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Table 3. Measured and theoretical (subscript th) attenuation coefficients µ , refraction index
decrements δ and electron densities ρe for all the materials inside the high-Z phantom.

Material µ µth δ δth ρe ρ th
e

[1/m] [1/m] [10−7] [10−7] [1029/m3] [1029/m3]
water 23.16 ± 0.18 22.72 0.839 ± 0.005 0.838 3.334 ± 0.02 3.339
PVC 60.82 ± 0.19 59.14 1.08 ± 0.03 1.08 4.304 ± 0.01 4.320
PTFE 45.49 ± 0.11 46.51 1.59 ± 0.06 1.60 6.350 ± 0.02 6.363
aluminum 89.29 ± 0.22 89.29 1.97 ± 0.04 1.97 7.848 ± 0.05 7.843
SiO2 64.15 ± 0.14 65.83 1.69 ± 0.04 1.66 6.728 ± 0.04 6.620
PMMA 25.07 ± 0.43 24.68 0.969 ± 0.003 0.971 3.860 ± 0.01 3.868

Table 4. Contrast-to-noise ratios for phase contrast CNRphase and attenuation contrast
CNRabs for selected sets of two materials inside the high-Z phantom.

Material pair CNRabs CNRphase
water - PMMA 4.1 22.0
water - PTFE 102.4 96.1
water - PVC 144.3 41.8
PVC - SiO2 14.0 64.8
PVC - aluminum 97.9 73.7
PTFE - aluminum 178.1 28.8
PTFE - PMMA 46.5 91.4
PTFE - PVC 69.5 76.9

Figure 4 shows reconstruction slices of an intervertebral disc surrounded by vertebral bodies
and various adjacent soft tissue types. Because of the X-ray energy used, the bone does not
obstruct the surrounding soft tissue with strong artifacts and its internal structure can be recon-
structed. The biggest improvement of the phase-contrast reconstruction (Fig. 4(b) and (d)) over
the conventional attenuation reconstruction (Fig. 4(a) and (c)) is greatly increased visibility of
the boundary between the disc annulus and nucleus pulposus inside the intervertebral disc (in-
dicated by the arrows). This is a very interesting finding, as normally it is a feature expected to
be seen only in MR imaging, not in X-ray CT.

Collagen is a low-Z material and hence one should not expect a big difference in its visibility
between the two imaging contrasts/modalities. However, as previously mentioned it is very
dense and organized differently depending on the region. We believe that this and the fact that
at the mean X-ray energy of the measurement the attenuation contrast image seems to not
be completely dominated by the Compton effect are the reasons for the increased visibility
of the boundary in the phase-contrast reconstruction. In addition, there is more anatomical
information in the phase-contrast image compared to the attenuation image because of slightly
increased contrast between the formalin and the soft tissue surrounding the bones.

The effective energy of the X-ray beam was determined by matching the measured and the
calculated data for PMMA. The minimum difference between measured and calculated values
was found for 43.5 keV for phase contrast and 42.9 keV for attenuation.

In order to quantify the contrast enhancement between the phase and the attenuation recon-
structions, four regions of interest (ROIs) were selected and CNRs calculated. The ROI selec-
tion is indicated by squares in Fig. 4(b). Between ROI1 and ROI2 (15x15 pixels) a higher value
of 16.9 in phase contrast compared to 6.9 in attenuation contrast could be found. The same
situation is present between ROI3 and ROI4 (25x25 pixels) for which phase contrast brings the
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Fig. 4. Tomographic reconstruction slices of the human cervical spine. Phase-contrast
axial (b) and sagittal slice (d) show improved visibility of the intervertebral discs over
attenuation-contrast axial (a) and sagittal slice (c). Internal structure of the discs is visible
and the clear boundary between the disc annulus and the nucleus pulposus can only be seen
in the phase-contrast image (indicated by the arrows).

ratio of 7.6 versus 3.4 in attenuation contrast.

4. Conclusions

In conclusion, we demonstrated for the first time the feasibility of quantitative high-energy X-
ray phase-contrast CT using a Talbot-Lau interferometer with a polychromatic X-ray source
and a 10 cm round analyzer grating. In particular, we have shown that the system used simulta-
neously provides quantitative information on the local 3D distribution of the linear attenuation
coefficient µ , refraction index decrement δ and the electron density. As a result of the increased
field of view, ours is the first grating-based X-ray phase-contrast CT setup for samples up to
50 mm in width. We believe that imaging of cartilage surrounded by bones is one of the most
promising biomedical applications.

Tomography scans of two phantoms were performed in order to quantitatively assess infor-
mation on material properties and to investigate contrast dependence of phase and attenuation
images for materials of various atomic numbers. In both cases, the refraction index decrements
δ and electron densities ρe agree very well with the theoretical values within one standard devi-
ation. The measured linear attenuation coefficients µ agree well with a maximum discrepancy
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of 3%. The stronger deviations may be associated with higher noise in the attenuation contrast
due to the scattering. Further investigations concerning this issue are needed. Since µ values
deviate stronger it is harder to distinguish the materials in the attenuation-contrast image than
in the phase-contrast image.

For low-Z materials both attenuation- and phase-contrast images contain the same infor-
mation on various materials. Due to the domination of X-ray attenuation by Compton scatte-
ring, the same physical information (i.e. the electron density) is represented in both contrast
modalities. However, the experimental setup has been successfully designed to provide en-
hanced, in the form of higher contrast-to-noise ratios, phase-contrast images as compared to the
attenuation-contrast results, hereby confirming the experimental findings from the monochro-
matic case by Willner et al. [5]. This contrast gain depends strongly on the specific grating
interferometer and its optical parameters. Therefore, one has to remember that the presented
setup is in a research phase and could be further improved by optimizing its parameters. The
fringe visibility, which strongly dictates the system’s performance [23,31], could be more than
doubled by increasing the absorption grating structures’ height or by inclining the gratings with
respect to the axis of the X-ray beam [32]. Also the angular sensitivity could be increased by
making the grating periods smaller while keeping the system length constant [7]. Moreover,
filtering the parts of the spectrum which reduce the overall fringe visibility would increase the
system capabilities. Only when optimized for the optimum optical performance, i.e. having
both high visibility and high angular sensitivity, could clinically dose-compatible applications
be foreseen [7].

The most promising but not yet explored field for the presented effective X-ray energy
around 45 keV are materials science applications. High penetration depth allows investiga-
tion of dense and big objects. As seen from the results of the second phantom, the possibility to
simultaneously access various information on material composition provides added value over
attenuation-only-based images.

The authors strongly believe that the demonstration of quantitative high-energy X-ray phase-
contrast CT working with a conventional X-ray tube is an important step in opening a broad
range of applications for the technique such as biomedical imaging, materials science, and other
research areas.
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