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ABSTRACT

For the investigation of soft tissues or tissues consisting of soft and hard tissues on the microscopic level, hard
X-ray phase tomography has become one of the most suitable imaging techniques. Besides other phase contrast
methods grating interferometry has the advantage of higher sensitivity than inline methods and the quantitative
results. One disadvantage of the conventional double-grating setup (XDGI) compared to inline methods is the
limitation of the spatial resolution. This limitation can be overcome by removing the analyser grating resulting
in a single-grating setup (XSGI). In order to verify the performance of XSGI concerning contrast and spatial
resolution, a quantitative comparison of XSGI and XDGI tomograms of a human nerve was performed. Both
techniques provide sufficient contrast to allow for the distinction of tissue types. The spatial resolution of the
two-fold binned XSGI data set is improved by a factor of two in comparison to XDGI which underlies its
performance in tomography of soft tissues. Another application for grating-based X-ray phase tomography is
the simultaneous visualization of soft and hard tissues of a plaque-containing coronary artery. The simultaneous
visualization of both tissues is important for the segmentation of the lumen. The segmented data can be used
for flow simulations in order to obtain information about the three-dimensional wall shear stress distribution
needed for the optimization of mechano-sensitive nanocontainers used for drug delivery.

Keywords: X-ray phase tomography, double-grating interferometry, single-grating interferometry, laboratory
X-ray source, human nerves, human cartilage

1. INTRODUCTION

For investigations of objects in the field of biomedical engineering a three-dimensional, non-destructive imaging
technique with a spatial resolution on the cellular level or even below is essential. Most of the questions related
to strongly X-ray absorbing species (e.g. bony tissues, teeth, implants,...) can be solved by conventional absorp-
tion contrast microtomography using laboratory sources (µCT) or synchrotron radiation (SRµCT) [1–6]. For
investigations of soft tissues or objects containing soft and hard tissues on the microscopic level phase-contrast
microtomography (PCµCT) is especially suitable. During the last five decades approaches with different princi-
ples were introduced to measure the phase shifts of X-ray waves penetrating the specimen. A direct measurement
of the phase shift can be performed by a crystal interferometer [7] which was used for the measurements of a
mouse kidney [8] or a rat cerebellum [9]. With the advantage of simplicity (no additional optical components)
inline phase contrast [10,11] belongs to a frequently used method. Using a single distance phase retrieval [12] or
the more demanding, quantitative holotomography [13] were successfully used for the visualization of a mouse
tumor and a rat heart [14]. Using a crystal analyser between the specimen and detector analyser-based imag-
ing (ABI) a third technique which uncovers the phase shift of X rays induced by the specimen [15, 16]. Since
its developement beginning of the 21st century [17, 18], X-ray grating interferometry, which measures the first
derivative of the phase shift (i.e. deflection angle of oncoming X rays), became more and more popular. The
main advantages of the quantitative method is its high sensitivity (detection of deflection angles of a few tens
nanoradians) which allowed the label-free visualization of individual Purkinje cells surrounded by soft tissue
[19], the cm-sized field of view allowing the visualization of brain parts, like the human thalamus [20] and the
possibility to use it in laboratory environments [21].
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Figure 1. Principles of double- and single-grating interferometer. An interference pattern is generated by the phase grating
G1. Incoming X rays are deflected by the specimen due to the refractive index differences. The deflection angles of the
X rays can be measured by analyzing the distortion of the interference pattern. In most cases the detector pixel size is
insufficient to detect the spatial shifts of the pattern. In these cases, an analyzer grating combined with the phase-stepping
method is used for the detection. If the pixel size is small enough, the G2 is not needed and the detection of the deflection
angles can be performed by the detector itself.

2. SINGLE-GRATING X-RAY INTERFEROMETER

2.1 Development of a single-grating X-ray interferometer

Using a grating interferometer, the detection of the deflection angle is performed by analyzing the interference
pattern of the first grating G1. An object between the source and the detector induces slight spatial shifts of
the pattern. In most cases, the pixel sizes are larger than the period of the interference pattern. Therefore, an
analyzer grating G2 is used to detect the distortions (Fig. 1 top). One of the disadvantages of such a double-
grating interferometer (XDGI) is that, besides the limitations of the detection system, the spatial resolution
is limited to twice the analyzer grating period p2 [22]. This limit can be overcome by directly resolving the
interference pattern by the detector (Fig. 1 bottom). Another advantage of a single-grating interferometer
(XSGI) is that the phase retrieval can be performed without the need of the phase-stepping method [23] resulting
in faster acquisition times and lower dose for the specimen. Other advantages are easier handling, as only one
grating has to be aligned, and the related cost reduction. The proof-of-principle of a single-grating interferometer
was reported by Takeda et al. about ten years ago [24]. Besides the feasibility of the approach the authors show
first tomographic results of a two-component polymer with a field of view (FOV) of 1.3 mm2. Recent detector
developements even allow a sub-pixel precise detection of the interference pattern [25–27]. Although the concept
of XSGI is well known and the proof-of-principle was shown ten years ago, only a few manuscripts investigating
questions in the field of biomedical engineering can be found. The main reason for that are the limited FOVs of
XSGI documented in literature which make preclude the visualization of centimeter-sized specimens. Nowadays,
detection systems with 20 or even 40 Megapixel resolutions are available which make XSGI more interesting for
biomedical specimens [28,29].

2.2 Quantitative comparison of XSGI with XDGI

Due to the limited number of publications on XSGI of biomedical specimen, the question arises if the not yet
common XSGI is competitive compared with the well-established XDGI. Therefore, a quantitative comparison,
similar to the study between holotomograhy and grating interferometry [30], was performed [29]. The interference
pattern of the phase grating could directly be detected by a detection system recently manufactured at the
Institute for Data Processing and Electronics (KIT, Germany) which takes advantage of a CMOS chip (CMOSIS,
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Figure 2. Selected registered slices of XDGI and XSGI without binning and with a binning factor of two.

Antwerp, Belgium) with 5120 × 3840 pixels (pixel length of 6.4 µm). Using a magnification of five the effective
pixel size was 1.3 µm resulting in a relatively large FOV of around 6.7 × 5.0 mm2. The experiments at the
beamline P07 (PETRA III, DESY, Hamburg, Germany, operated by Helmholtz Zentrum Geesthacht) [31] were
performed on a human peripheral nerve embedded in paraffin. The XDGI experiments were performed using a
π-shifting phase grating with a periodicity of 4.8 µm in combination with an analyzer grating having a periodicity
of 2.4 µm and 100 µm Au structure height. For the XSGI exepriments a π/2-shifting grating with a periodicity
of 4.8 µm was used. In order to otbtain comparable sensitivities of the two methods the intergrating distance
of XDGI had to be half the distance between the grating and detector of XSGI. Taking into account that the
relative visibilities should be comparable, the intergrating distance was chosen to 248 mm (∼ third fractional
Talbot order) and the distance between grating and detector (XSGI) to 496 mm (∼ first fractional Talbot order).
A more precise description of the setup and parameters can be found in literature [29].

The internal structures of the peripheral nerve, namely endonerium, perinerium and epineurium shown in
Fig. 2, can be visualized by both methods. In order to analyze the influence of binning on the quality of
the data sets, the spatial resolution and the contrast-to-noise ratio (CNR) were calculated for both cases with
binning factor values up to 12. For a combination of spatial resolution and CNR a quality factor was introduced
analogously to absorption contrast [32]. For both methods maximal vlaues of the quality factor were present for
a binning factor of two. This result can be observed by comparing the unbinned and binned data in Fig. 2. The
detection limit of the density deviation was estimated to be around 7 mg/cm3 for XDGI and around 23 mg/cm3

for XSGI. XSGI had an improved spatial resolution by a factor of two. If despite the three times lower contrast
all the internal structures of the object can be visualized, as it was in our case, XSGI is preferable to XDGI.
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Figure 3. Principles of double- and single-grating interferometer with and without a source grating.

3. GRATING INTERFEROMETRY IN LABORATORY ENVIRONMENT

3.1 Low-brilliance X-ray sources and microfocus X-ray tubes

One of the main advantages of phase tomography using an X-ray interferometer is the possibility to use it in
laboratory environment. The required spatial coherence of the X-ray source can be generated by a source grating
G0 as shown in Fig. 3 a) (X-ray Talbot-Lau interferometer) [21]. It was demonstrated that quantitative values
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Figure 4. Radiograph of a Siemens star (left) with peiodicity at the edge of 2 µm and inner feature sizes shown in the
schematic (right).

can be achieved despite the polychromatic X-ray spectrum generated by laboratory sources [33]. The method
was successfuly applied for the visualization of a human hand [34], a chicken heart [35], breast tissues [36, 37]
and a human cerebellum piece [38]. After moving grating interferometry from synchrotron to the laboratory,
the next step would be the realization of the technique in a hospital. A first step towards that was done by
Momose et al. [39] by realizing a clinical phase contrast radiograph for diagnosis of joint diseases and breast
cancer, by Tapfer et al. with the installation of the first preclinical phase-contrast mouse CT scanner [40] where
radiographs of living animals were acquired and by Gromann et al. with the first X-ray dark-field radiographs
of a pig [41].

Taking advantage of the magnification in cone-beam geometry and a sufficient spatial resolution of the detector
the interference pattern of grating G1 can be directly resolved. Then, the analyzer grating G2 can be removed
(X-ray Lau interferometer) shown in Fig. 3 b) [42].

For microfocus X-ray tubes [43, 44] with coherence lengths around the periodicity of G1 or larger the source
grating can be removed. In this case an grating interferometer consisting of two gratings (X-ray Talbot inter-
ferometer) comparable to the interferometers used at synchrotron radiation facilities, shown in Fig. 3 c) can be
realized [45]. If furthermore, the detector pixel size is sufficient to resolve the fringes directly, G2 is not needed
and an X-ray grating interferometer with one grating in laboratory environment is feasible.

3.2 Implementation of a grating interferometer into commercial µCT scanner

Most of the commercial µCT-systems available are operated in conventional absorption contrast mode. Bruker
microCT manufactured the first grating-based phase-contrast desk-top X-ray microtomograph SkyScan 1294
[46] which is a pure phase-contrast microtomography system. An extension of commercially available absorption
contrast µCT-system by an add-on X-ray grating interferometer would be beneficial. Depending on the specimen
and the information required the system can then be used in absorption- or phase-contrast mode.

For the realization of an X-ray grating interferometer as an add-on device within a commercial µCT-system,
enough space between the X-ray source and the detector is needed. The µCT-system available at the Biomaterials
Science Center nanotom R© m (phoenix

∣∣x-ray, GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany)
for ex-vivo measurments has a variable focus - detector distance between 225 and 600 mm which makes an
implementation feasible.

With 100 µm pixel size of the detector, the interference pattern of a grating with a periodicity of a few
micrometers cannot be resolved directly. This means that an analyzer grating is required. The next step to
decide was the necessity of the source grating, i.e. a Talbot-Lau interferometer has to be built or if the spatial
coherence is adequate to build a Talbot interferometer consisting of two gratings. The source sizes of the
nanofocus X-ray tube are given by the manufacturer to be: 2.7 µm (mode 0), 2.0 µm (mode 1), 1.0 µm (mode
2) and 0.9 µm (mode 3). In order to confirm these values measurements of a Siemens star from Laboratory for
Micro and Nanotechnology (Paul Scherrer Institute, Villigen, Switzerland) were performed. The radiograph in
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Figure 5. View of the µCT-system interior containing the Talbot grating interferometer.

(Fig. 4) shows results acquired in mode 3 with an acceleration voltage of 40 kV and a beam current of 640 µA.
Looking at the radiograph a source size of around 1 µm could be estimated which confirms the specifications of
the manufacturer. The spatial coherence is sufficient to realize a Talbot interferometer without a source grating.

The grating interferometer inside the nanotom m is shown in Fig. 5. For tomographic acquisition the specimen
is mounted on the rotation stage between source and interferometer. For the phase-stepping of the grating a
P-540-series XY piezo scanning stage (PI GmbH, Karlsruhe, Germany) with an aperture of 80 × 80 mm2 and a
travel range of 200 µm in x- and y-direction was integrated. The alignment of the second grating is performed
by a motorized goniometer stage MOG-65-15 and a manual XYZ stage (Optics Focus, Beijing, China). The
interferometer consisted of a phase grating G1 with a periodicity of 7 µm and a Au structure height of 6 µm
inducing a phase shift of π for X rays with an energy of 30 keV. The analyzer grating had a periodicity of 7 µm
and a Au structure height of 85 µm. Both gratings were fabricated by microworks (Karlsruhe, Germany). The
symmetric setup with a distance of 296 mm between source and G1 and between the two gratings (first fractional
Talbot distance) was operating using an acceleration voltage of 42 kV and a beam current of 275 µA (mode 1).
The space between source and G1 (where the rotation stage is located) allows effective pixel sizes between 1 and
40 µm. A more detailed description of the setup cen be found in literature [47].

The quality of a grating interferometer can be quantified by the visibility defined by

V =
Imax − Imin

Imax + Imin

where Imax and Imin are the maximal and minimal values of the stepping curve. Using the interferometer
a homogeneous region of around 3 × 6 cm2 with an average visibility of 25 % could be achieved. The first
measuremnets were performed on a formalin-fixed cylinder (around 5 mm diameter) of a human femur containing
bone and cartilage. For each projection seven phase stepping images were acquired over two periods of the
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interference pattern wit an exposure time of 10 s per image. With 600 projections over 360 the resulting scanning
time was 17 h. The results were then compared with a data set acquired with the nanotom m in the conventional
absorption contrast mode with regard to the spatial resoution and the contrast-to-noise ratio between formalin
and cartilage. Whereas the data sets showed a comparable spatial resolution, the contrast-to-noise ratio of the
phase contrast data set was increased by a factor of four which allowed to differentiate between cartilage and
formalin.

4. DISCUSSION

Phase tomography has become the method of choice to visualize the micro- and nanostructures of objects
composed of elements with low atomic numbers including human and animal tissues [19, 48], polymer blends
[49], and low-X-ray absorbing scaffolds [50]. It is also powerful to visualize low-absorbing components in the
vicinity of strongly absorbing species [51], as the tissues around metallic and ceramic implants, since the real
part of the refractive index is a linear function of the atomic number and the X-ray absorption scales with the
power law [52].

Therefore, it is not surprising that the expert users with challenging tasks more frequently apply phase-
contrast approaches. As the single-distance phase retrieval at synchrotron radiation facilities is simple and
provides data with submicron resolution easily, this approach is especially popular. The obtained quantities,
however, have to be regarded with care, because the assumptions to be made are often questionable. Here,
the grating-based tomography, which belongs to the phase tomography methods developed most recently, are
more reliable. One can find the experimental setups at synchrotron radiation facilities and in the laboratories
of the expert teams [53, 54]. Whereas most of the grating interferometers at synchrotron radiation facilities
are composed of two gratings, the lab setups often rely on three gratings. Because the detectors are steadily
improved with respect to pixel numbers and pixel size, the incorporation of the analyzer grating is not necessary
any more. The performance of a single-grating setup with respect to the double grating interferometer has been
demonstrated in detail very recently [29,55].

Simultaneously, the spatial resolution of phase tomography data has been pushed to well below the optical
limit, i.e. to the nanometer range below 100 nm incorporating X-ray optics. This development brings many
details on the nanometer scale to light, but increases the size of the datasets considerably and reduces the field
of view to the submillimeter range. Characteristic examples are also given in the present volume [56,57].

The high sensitivity of phase tomography increases the chance to recognize artefacts. For example, in Fig. 2
one finds streak artefacts in the XSGI slice. Ring artefacts can become critical and, thus, the compensation is a
prerequisite for segmentation purposes. For a tumor with surrounding healthy tissue, for example, P. Thalmann
et al. [58] proposed a powerful procedure to accurately segment the brain tumor.
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