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Abstract—X-ray computed tomography (CT) is an
important non-destructive imaging technique, particularly
in clinical diagnostics. Even with the latest innovations
like dual-energy and photon-counting CT, the image
contrast is solely generated from attenuation in the tissue.
An extension - fully compatible with these novelties - is
dark-field CT, which retrieves an additional, so-called dark-
field contrast. Unlike the attenuation channel, the dark-field
channel is sensitive to tissue microstructure and porosity
below the resolution of the imaging system, which allows
additional insights into the health of the lung tissue or
the structure of calcifications. The potential clinical value
has been demonstrated in several preclinical studies and
recently also in radiography patient studies. Just recently
the first dark-field CT for the human body was established
at the Technical University of Munich and in this paper,
we discuss the performance of this prototype. We evaluate
the interferometer components and the imposed challenges
that the integration into the CT gantry brings by comparing
the results to simulations and measurements at a laboratory
setup. The influence of the clinical X-ray source on the
Talbot-Lau interferometer and the impact of vibrations,
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which are immanent on the clinical CT gantry, are analyzed
in detail to reveal their characteristic frequencies and origin.
A beam hardening correction is introduced as an important
step to adapt to the poly-chromatic spectrum and make
quantitative dark-field imaging possible. We close with an
analysis of the image resolution and the applied patient
dose, and conclude that the performance is sufficient to
suggest initial patient studies using the presented dark-field
CT system.

Index Terms—Computed tomography, dark-field con-
trast, Talbot-Lau interferometer, X-ray imaging.

I. INTRODUCTION

-RAY imaging is based on the transmittance of the

sample material and has become one of the most
important non-destructive analysis methods, particularly in
medical imaging. Even though innovations like dual-energy
and photon-counting CT were introduced recently to clinics,
the contrast in CT is still only retrieved from attenuation
differences of X-ray photons in the sample. These currently
available systems cannot measure the diffraction and small-
angle scattering of the transmitted X-rays. However, numerous
preclinical studies demonstrated that in particular small-angle
scattering, leading to dark-field contrast, can improve medical
diagnostics as it reveals tissue microstructure and porosity
which lies below the spatial resolution of the system [1], [2],
[31, [4]. Therefore, we want to bring Talbot-Lau interferometry
to clinical CT, as it allows for simultaneous acquisition and
reconstruction of the linear attenuation and linear diffusion
coefficient (also called dark-field extinction coefficient) in the
sample. In the dark-field channel, small-angle scattering in
sub-resolution structures is measured as a signal increase [5],
[6] and can then be correlated to the size and shape of
the scattering structures without being able to resolve those
directly [7], [8], [9], [10].

We recently presented the first dark-field CT system which
is based on a clinical CT and allows imaging of the
human chest [11]. It is realized by integrating a Talbot-Lau
interferometer into the system, i.e., extending the conventional
CT gantry by a set of three gratings, which are X-ray
absorbing or phase-shifting line patterns with grating periods
of a few micrometers. In laboratory systems, such Talbot-Lau
interferometers are well established [12], [13], [14], [15], [16],
but for the translation to clinical practice several challenges,
such as stability and field of view, have to be overcome.

For more information, see https://creativecommons.org/licenses/by/4.0/
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Previous projects by [17] or more recently by [18] made
clear that stability of the design is of utmost importance for a
successful implementation.

In [19], we discussed the fundamental design criteria
of our prototype, including details on the geometric and
grating parameters. The first results from the implementation
and initial description have been published in [11]. There,
we demonstrate that it is feasible to overcome the challenges
concerning stability against vibrations, accurate alignment
over a large area, and the fabrication of large and hard X-
ray compatible gratings.

In this paper, we present a detailed analysis and
characterization of the dark-field CT prototype, which has
been designed in [19] and was initially presented in [11].
Our focus lies particularly on the experienced vibrations,
the interferometer performance, the radiation dose, and the
3D-imaging performance. Other aspects which are evaluated
are the performance of the first ever implementation of a
triangular G; in a dark-field CT setup, the accuracy of the
large bent gratings with bending radii ranging between 100 mm
and 1000mm, and the extreme performance dependence
on the X-ray source size. Most of the characterization
is done by comparing the interferometer which has been
implemented into a CT gantry (Brilliance iCT, Royal Philips,
The Netherlands) to its implementation at a laboratory setup.
The latter implementation is considered as an ideal reference
environment which allows us to differentiate between the
intrinsic performance of the interferometer and the impact
of CT gantry specific influences such as vibrations and the
clinical hardware like the X-ray source or detector.

Il. INTERFEROMETER PRINCIPLE AND GEOMETRY

In the presented dark-field CT prototype, a three grating
Talbot-Lau interferometer [20], [21] is designed to fit into the
available space on the gantry of a CT system, as illustrated in
Fig. 1. Itis in an inverse geometry where two X-ray compatible
optical gratings, referred to as Gg and Gj, are positioned
close to the X-ray source in front of the patient and the third
grating (Gy) is placed on the other side of the bore in front
of the detector [22]. As discussed in [19], this geometry is
advantageous for implementation into a clinical CT gantry
because only relatively small gratings Go and G are required
and the available space close to the source is efficiently used.

The working principle of Talbot-Lau interferometers is
based on Gj inducing a fine line pattern onto the radiation,
which then is attenuated, distorted, and scattered by the
attenuation, refraction, and small-angle scattering properties
of the sample, respectively [23], [24]. As this fine line
pattern cannot be directly resolved by a conventional detector,
an analyzer grating G; is used, which has the same period
as the line pattern, to generate easily resolvable Moiré
fringes [24], [25]. To ensure that this conversion utilizing the
Moiré effect works also with the extended X-ray source spot,
a source grating Gop must be implemented [20], [21].

The precise setup geometry and grating specifications are
derived and listed in [19]. There we decide on a design where
the finest grating has a period of only 4.34 um (Gp) and the
coarsest is 45 um (Gy). Such fine structures are required to

X-ray source

Fig. 1. Cylindrical dark-field CT design with an inverse Talbot-
Lau interferometer consisting of bent gratings. The design has been
introduced in [19] and makes the best use of the available space in a
clinical CT gantry, maintaining the original bore diameter of 70cm. The
field of view is the highlighted area with a diameter of 45 cm, which is only
10% smaller than the original field of view shown in green. The large Go
is about 80 cm wide and is the only grating in the setup which must be
combined from smaller tiles.

be able to resolve the refraction and small-angle scattering of
the X-rays in the sample, as these effects are relatively weak
at the high X-ray energies compared to, e.g., visible light.
The drawback of using such fine grating structures is a high
sensitivity to displacement of the gratings during the exposure,
which can strongly degrade the imaging performance and
has been the major concern during the development. For the
assessment of those mechanical vibrations, a vibration sensor
(Model 356A17, PCB Piezotronics, New York, USA) is used
throughout this study.

I1l. PERFORMANCE EVALUATION — LABORATORY

To evaluate the performance of the interferometer without
any vibration-induced artifacts, we install the interferometer in
the proposed geometry at a laboratory setup on an optical table
for reference measurements. Here, the same grating mounts
which have been designed for bending and stable positioning
in the CT gantry are used, but the field of view is limited to
three G, tiles by the setup geometry.

A micro-focus X-ray tube (XWT-160-SE, X-ray Worx,
Germany) with a tungsten reflection target is operated at
80kVp and a filtration is used to match the emitted spectrum
to the clinical CT spectrum. A flat-panel detector (XRD 4343,
Varex, Utah, USA) acquires the image data and a motorized
stage allows re-positioning of G to measure stepping curves.
As proposed in [25] a stepping acquisition is a set of
projections where one grating is moved perpendicular to the
grating lines in multiple steps over one period.

In Fig. 2a an example projection is shown where the
characteristic fringe pattern and two small gaps between the
three G, tiles are visible. The intensity measurements of one
pixel at 31 stepping positions is plotted in Fig. 2b representing
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Fig. 2. Experimental data measured at laboratory setup. a, Limited

by the setup geometry, the field of view shows only three Gy tiles. The
interferometer is adjusted to have equidistant vertical fringes which are
continuous over the tile borders. Gaps between the tiles are visible as
white lines. b, An example of a stepping curve acquired with a motorized
stage using 31 steps over one G period. No higher order contributions
are visible, i.e., no deviations from the sinusoidal curve in gray. The
system’s visibility is calculated from the amplitude and mean of the curve.

a stepping curve y;, where the index ¢ corresponds to the step-
number. A sinusoidal curve expressed by

yvi=1-(14V -sin(¢ + D;)), (1)

is then fitted to each pixel’s measurements, yielding an
intensity I, visibility V, and phase ¢ for each pixel, while @,
are the known stepping phase positions which are the same
for all pixels at each step t [7], [26]. These three quantities,
i.e., intensity, visibility, and interferometer phase, are the
important performance measures in Talbot-Lau interferometry
and their analysis allows us to reveal potential problems in
the imaging system and its components. The field of view
of the laboratory implementation is limited by the opening
angle of the X-ray tube and the detector size to three Gy
tiles. Nevertheless, this is sufficient for general performance
evaluation and reference measurements, which afterwards are
compared with results from the gantry implementation. Only
for some aspects, e.g., shadowing artifacts, the laboratory
dimensions are too small and this must be evaluated directly
in the gantry implementation.

The data model in (1) represents only the first order of
the Moiré fringe pattern, which is used in most processing
approaches for Talbot-Lau interferometry. In our recent
simulation-based study we, however, found that for an
interferometer with a triangular G; some higher order terms
can gain importance and might become visible in the Moiré
pattern and the stepping curve [19]. The study also reports
that the higher order contributions decrease when a Gy is
implemented.

As can be seen in the stepping curve plotted in Fig. 2b,
we find no higher order contributions in the experimental data
acquired even at our laboratory setup implementation and the
stepping curve clearly follows the sinusoidal curve (gray line).
We conclude that as our setup uses a Go the higher orders are
blurred and lie below the noise level.

After decomposition of the stepping data into the three
image channels, the intensity results, shown in Fig. 3a, allow

intensity transmitted through the interferometer of 23% demonstrates
that cylindrical bending minimizes shadowing. b, The mean visibility of
the reference implementation is 0.24. It is reduced by small dot-like
artifacts originating from defects and some diffuse vertical lines from
inclination errors in Gg and Gy. ¢, The phase can be adjusted to be
continuous between Go, tiles, as demonstrated at the right inter-grating
gap. At the left gap, the process was stopped early, showing a local jump
in interferometer phase (see red arrow).

an assessment of the interferometer transmittance, i.e., how
much input flux is lost in the gratings. The mean transmission
is about 23% which lies within the expectations for the setup
as it consists of two absorption gratings Gy and Gj, and
their attenuation is dominated by the respective duty-cycles of
0.620.02 and 0.5640.02 which by design stop 60% and 56%
of the X-ray flux. Fabrication variations or defects in, e.g., the
height or the duty-cycle of the grating structures, or impurities
in the substrate can lead to variations of the interferometer’s
transmittance, but here no problems are found. Absorption in
the grating substrate can be neglected because the optimized
substrate materials (graphite and polyimide) lead to only about
1% total intensity loss [27].

In the visibility result, shown in Fig. 3b, small dot-like
defects are visible which come from droplet-like electroplating
faults during fabrication of G;. Besides some diffuse vertical
lines, which are related to slightly distorted or inclined lamella
in Go which lead to local shadowing artifacts [28] no further
degradation is found in the visibility or intensity channel. This
is an important finding, particularly as this demonstrates that
bending gratings to focus onto the X-ray source spot does not
degrade them. The mean visibility of the evaluated area in this
reference implementation is 0.24 and almost constant over the
entire field of view.

The processing result in Fig. 3c shows the phase of the
interferometer, which is continuous between the two right-
most Gy tiles. To demonstrate the possible alignment error, the
alignment process of the left G; tile was not finished, resulting
in a discontinuity of the interferometer phase at the edge. It is
important to be able to adjust each Gj tile to the correct
phase in order to minimize stitching artifacts and unusable
pixel columns in the CT gantry implementation [29], [30].

IV. TRANSLATION FROM LABORATORY TO GANTRY

A specialized mount has been developed to mount Gy and
G together as a single unit on the CT gantry. It ensures
consistent alignment between the two first gratings, precise
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bending, and avoids complicated adjustment inside the gantry.
Once this assembly is installed into the collimator box of the
CT, it is difficult to access. In the collimator box the Gy
and Gj unit replaces one of the bow-tie filters, and leaves
all other components, e.g., the motorized collimator blades in
their original state. This is important as it allows collimating
the X-ray beam to a specific number of detector rows and thus
is mandatory to minimize patient dose. After the integration
of Gg and Gj into the system, the thirteen G, grating tiles
are installed and adjusted relative to the Gp and G; assembly.
In this step, the Moiré fringe pattern is optimized to have
0.1 fringes per mm, as this is optimal for data processing and
the reconstruction pipeline.

During operation, the gantry rotates with a rotation time
ranging from 0.27s to 1.5s and acquires 2400 projections
over 2z of an axial tomography scan. In the presented
prototype dark-field CT, 32 detector lines are used, resulting
in a coverage of 20mm in the iso-center. To extend this
coverage, either multiple axial scans can be stacked or a
helical acquisition is possible. In contrast to the laboratory
implementation in Sec. III, the presented dark-field CT has
no stepping actuator and relies on system intrinsic vibrations.
These lead to a small displacement of the gratings between
each projection measurement, consequently a sequence of
projections can be interpreted as an irregularly sampled
stepping curve. Active stepping therefore becomes obsolete
at the cost of irregular stepping positions and less influence
on the width between the steps. To still be able to draw all
information from this data, a specialized processing pipeline
has been developed which can separate the three image
channels, i.e., intensity, visibility, and interferometer phase.
It was initially sketched in [11] and a full description of the
processing framework including all the related optimization
and correction mechanisms is presented in [31]. With this
processing applied to the measured data, we can extract the
interferometer state at each projection. This allows us to
evaluate the fluctuations in the various image channels with a
high temporal resolution.

V. PERFORMANCE EVALUATION — CLINICAL GANTRY
A. Transmission Analysis

Shadowing artifacts in the high aspect ratio gratings can
be reduced by bending the gratings cylindrically to focus the
lamella towards the X-ray source spot [32]. While the limited
field of view in the laboratory implementation did not allow
a full analysis of this approach, a transmission performance
analysis of the entire gratings Gop and G; is possible in the
final CT implementation and is shown in Fig. 4.

The results for the G transmission in Fig. 4a reveal that
transmission is highest in the center and reduces to left and
right. Several reasons can lead to this behavior and are difficult
to differentiate. Via angular X-ray transmission analysis [28],
we found that the used Go has imperfections towards the left
and right edges, which result in a reduction of transmission
also in the bent state. Another aspect which must be considered
is the shadowing inside the grating structure caused by the
extended X-ray source spot. We refer to this effect as the
acceptance of the grating, which depends on the aspect ratio

Gy transmission
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Fig. 4. Transmission analysis of the bent gratings Gg and G in the CT
gantry without gantry rotation. a, The Gg has a mean transmission of 40%
which is expected for its grating parameters. Due to grating imperfections
and the acceptance effect (i.e., from the high aspect ratio and large
source spot size) the outermost regions on the left and right have
reduced transmission. No defects related to the small bending radius
of 100mm are found. b, Analysis of the G, tiles transmission shows
only local variations and tile-wise differences which will be corrected
during reconstruction. The mean transmission is around 45%, which is
expected for a grating with duty-cycle of around 56% with a negligible
bridge-fraction of only 1%. ¢, Line plot of the central detector row from a
and b. Here, strong transmission peaks occur at the Gy tile-gaps and for
Gy a decay to the left and right is observed.

and the source size. At clinical CT X-ray sources, the inclined
anode surface leads to variable source width [33]. It is smallest
for the central beam through the iso-center and increases for
larger fan angles towards the outer detector columns. Since the
aspect ratio of the grating is constant, the acceptance of Gg
decreases for larger fan angles and consequently transmission
and visibility are reduced in these areas. As a consequence,
only in the center, for which the X-ray source spot is smallest,
the expected transmission value of 45% is met and otherwise
the grating’s acceptance leads to a slight intensity decrease
towards the left and right. Nevertheless, we conclude that
bending of the Gy minimizes the amount of shadowing to a
tolerable level. As Go has a bending radius of only 100 mm,
this demonstrates that, except for some acceptance-related
residual shadowing, bending can be applied at relatively
small radii. In our dark-field CT prototype this allows us
to implement an interferometer with a fan opening of about
47° which is currently not feasible with any other shadowing
suppression method.

In contrast to the Go results, G, has an almost optimal
transmittance, as only small transmission fluctuations are
visible in Fig. 4b. They are caused by imperfections from
the fabrication process and are always localized to a single
Gy tile.

The measured transmission values lie around 45% which
matches our expectations for the G, design. This shows
that this grating works as intended over the entire field of
view, and no shadowing is found. This is important because
any additional and undesired absorption caused by G, i.e.,
shadowing or defects in Gy, would result in an even higher
dose penalty than G causes by design as it is positioned
behind the patient. This result demonstrates that cylindrical
bending also works well for larger bending radii, i.e., here
1000mm, and gratings which are combined from several
smaller, individually bent, tiles.
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Fig. 5. Dark-field CT performance in rotating gantry. a, Intensity is
rather homogeneous with a shallow maximum in the center due to the
Gg acceptance. This pattern is similar to the effect of the bow-tie filter
regularly used in conventional CT. Thus, this distribution has no negative
impact. b, Interferometer visibility is highest in the center, exceeding 0.25.
The mean visibility of the central 50% of the field of view is 0.22 and
the mean visibility of the whole field of view is 0.18. No significant
defects related to grating fabrication are found. ¢, A Moiré pattern with
a horizontal fringe period of around 10 pixels, is visible in the phase
image. d, A line plot of the system’s visibility shows the dependency of
the visibility on the fan angle, i.e., detector column. The visibility drop
is related to the limited acceptance of the high aspect-ratio Gy. The
experimental results match reasonably well to simulations taking the
limited acceptance into account. Deviations from the simulation can be
explained by the strong impact of duty-cycle variations and geometry
mismatch.

The results also show that cylindrical bending is sufficient
because no vertical transmission gradients are found. This is
expected since shadowing is strongly direction-dependent and
when the angle of incidence is parallel to the grating lines,
the performance of the interferometer will not be reduced and
no shadowing occurs [32]. For G the transmission analysis
is skipped as shadowing is no issue for its comparably
small virtual aspect ratio of only 8. Furthermore, it is
designed as a phase-grating with a transmittance of about
90%. Consequently, it has only a small impact on the X-ray
flux, compared to Gop and G,. Potential defects in the grating
structure would not lead to any significant changes in the
transmission, and can more easily be revealed by evaluating
the interferometer visibility.

B. Interferometer Performance Analysis

To evaluate the interferometer performance of the dark-field
CT prototype, a standard axial scan with 1s rotation time
without any sample is measured. The acquired 2400 projec-
tions at random stepping positions are then processed, and
we obtain the performance measures intensity, visibility, and
interferometer phase as shown in Fig. 5.

As expected from the previously discussed transmission
analysis, the processed system intensity is relatively flat, with a
wide maximum in the center which is caused by the acceptance
of the Go. The apparent intensity variation is similar to the
effects of a bow-tie filter in conventional CT, where it is
used to reduce patient dose and achieve a more homogeneous
noise level across the image. Therefore, the intensity gradient
is actually advantageous for CT imaging, and we can for
now omit the use of a bow-tie filter. To further optimize the
intensity variation with the fan angle, the implementation of

a specifically shaped bow-tie filter can easily be added to the
Gop and G; assembly.

The system visibility is shown in Fig. 5b and an evaluation
of the three central tiles yields a mean visibility of 0.24.
The same three tiles have previously been evaluated in the
laboratory setup, and comparing this value to the findings in
Section III shows that a comparable interferometer visibility
can be achieved in the clinical CT gantry as in the laboratory
setup. It is important to highlight that this only represents the
central region of the CT’s field of view, and we clearly see a
reduction of visibility towards the left and right edges. These
areas had been inaccessible in the laboratory implementation
due to the limited field of view.

Quality variations in Gp and G can result in such a visibility
gradient towards the edges, and also the acceptance of the
Gop leads to a reduction of the visibility. The latter effect
reduces the quality of the slit-sources, created by Go, in the
outer regions of the interferometer, i.e., where the fan angles
are large. This relation has recently been evaluated in detail
in [19] Section VI. When the source spot is significantly
large, i.e., if it is seen under large fan angles, an increasing
fraction of radiation which transverses the grating leaks
through the absorbing structures. This leaked radiation
subsequently creates an incoherent intensity offset, which
lowers the system visibility. In the visibility line plot, shown
in Fig. 5, the experimental results are overlaid with simulation
results considering the G acceptance. Remaining differences
probably arise from quality and geometry deviations between
the simulation and the setup, but the general trend matches.
It must be noted that in our previous work on the design
considerations for this dark-field CT [19], we identified that
the tolerances for the grating periods have to be tightly met and
otherwise visibility degradation for outer fan angles can occur.
By thorough inspection and characterization of the fabricated
gratings, we were able to ensure that this effect was kept to a
minimum and only the visibility is primarily degraded by the
Gy acceptance.

Between adjacent G tiles, there are one pixel wide columns
with reduced visibility (sharp drops in Fig. 5d) because there
remain small gaps between the tiles. Nevertheless, there are
no columns where the visibility drops to zero and the density
of the fringe pattern is relatively constant and mostly almost
continuous over the tile borders. While the orientation of the
fringe pattern is not an essential requirement, its periodicity
should be in the order of one fringe per eight pixels to be
optimal for the reconstruction [34].

VI. VIBRATION ANALYSIS

As noted in Section IV, the system-intrinsic vibrations are
utilized for random phase stepping. Usually, the aim is to
avoid any kind of vibrations in interferometry setups, but total
decoupling is not feasible on a CT gantry. Some mandatory
components of a clinical CT consist of mechanical parts which
continuously induce vibrations. Sources of vibrations on the
CT gantry are the pump of the cooling unit and the rotating
anode of the X-ray source. Naturally, these components could
be optimized for fewer vibrations. However, it would have
gone beyond the scope of our objective of upgrading a
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Fig. 6. Variation in the intensity channel during a scan. a, In the Fig. 7. Variation of the interferometer phase during a scan. a, During

2400 projections measured during one rotation, the intensity varies with a
low frequency related to the gantry rotation overlaid with a high frequency.
b, Clipped section from a. The oscillation is dominated by one frequency,
which is stable over the whole scan time. ¢, Fourier analysis of the
coefficient yields that besides the low frequency (1Hz) the dominant
frequency is at 189 Hz.

conventional CT to a dark-field CT. Finally, the gantry itself
is not perfectly in balance during its rotation and introduces
vibration, yet at relatively low frequencies of the rotation
period which is between 1.5s and 0.27s. As this particular
product line comes with an air bearing [35], which lets the
gantry float on an air cushion, an effective decoupling of the
stator and the surrounding is ensured.

The various sources of vibration lead to displacement of
the gratings, and this consequently gives rise to fluctuation
of the interferometer state. The processing of the air-
scan data models and fits these fluctuations and returns
the interferometer performance parameters and all repetitive
deviations [31]. These processing results therefore contain
information about the vibrations and how they alter the
intensity, visibility, and phase of the Moiré pattern.

Figures 6, 7, and 8 show examples of the fluctuations in the
intensity, visibility, and phase channels, respectively, during a
scan without a sample with 1.0s rotation period. These curves
were extracted during the data processing and the plots allow
us to identify the different sources of fluctuations by frequency
analysis.

Fig. 6 shows the analysis of the intensity fluctuations,
and we find two dominant oscillation frequencies in these
plots: a low frequency oscillation at 1Hz and a high
frequency at 189 Hz. The Fourier analysis also shows other
frequency contributions, but these are at least two orders
of magnitude less intense. The origin of the low frequency

one rotation the interferometer phase varies over several 7 with a low
frequency. b, Clipped section from a. The oscillation is of sinusoidal
nature and continuous over the whole scan time. ¢, Fourier analysis of
the coefficient yields that besides the low frequency, the dominant high
frequency is at 175Hz.

oscillation clearly is the gantry rotation, and it is consistent
in amplitude and phase between multiple scans. The source
of the high frequency variation has been identified as the
X-ray tube driver, which impels the anode. This asynchronous
motor is operated at a frequency of 189Hz and induces
the observed intensity fluctuations through electromagnetic
interference. We assume that the variations might be caused
by electromagnetic distortion of the X-ray source spot shape
and hence has influence on the total X-ray flux. As we can see
in Fig. 6 the total amplitude of the intensity variations is only
in the order of 4% which is in conventional CT corrected by
a reference detector, but due to space restrictions this device
has been removed and thus our processing must correct for it.

In Fig. 7 the characteristic vibration properties in the
interferometer phase reveal an oscillation at 175Hz which
is again overlaid with the 1Hz from the gantry rotation.
During the rotation, the changing gravity together with the
centrifugal forces lead to slight deformations of the gantry and
the grating mounts. The interferometer is highly sensitive to
such displacements in the micrometer range by change of the
interferometer phase. The high frequency component here is
induced by the rotation frequency of the X-ray tube anode,
which is driven by the previously discussed asynchronous
motor. It is characteristic for an asynchronous motor that
there is a small slippage between the rotating magnetic field
excited by the stator coils and the actual rotation of the
rotor, i.e., the anode. Consequently, the anode rotates at a
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Fig. 8.  Variation of the system visibility during a scan. a, In the

2400 projections measured during one rotation, the visibility varies
moderately with a low frequency related to the gantry rotation overlaid
with a high frequency. b, Clipped section from a. This oscillation is a
combination of two almost equally intense frequencies, which leads to
a beat pattern. ¢, Fourier analysis of the coefficient yields that besides
the 1Hz frequency, the high frequencies 189 Hz and 350Hz are most
dominant.

slightly lower frequency than the 189Hz of the driver [33].
For verification, we attached a vibration sensor to the X-ray
tube housing and analyzed the spin-up phase of the anode,
which stabilized at 175Hz. This mechanical oscillation from
the anode rotation presumably displaces the gratings, which
leads to the high-frequency phase change of the interferometer
visible in Fig. 7b. Since this displacement is only in the range
of a few micrometers it is too small to induce any shadowing
artifacts, consequently, we see no influence of this mechanical
oscillation in the intensity channel.

It is important to point out that any movement of a grating
during the measurement leads to a reduced visibility due to
the smearing of the fringe pattern [17]. We therefore expect
a visibility variation at twice the frequency of the previously
evaluated interferometer phase variation (175Hz) coupled to
the absolute speed of the gratings, i.e., the absolute rate of
phase change. The derivation of the exact relation can be
found in [31, Eq. 7]. In Fig. 8 the processing results of the
visibility variation shows this effect as there is a peak at
350 Hz in the frequency spectrum. This is twice the mechanical
oscillation frequency which is induced by the anode rotation,
representing the speed of the gratings during the acquisition of
the projection. Since the visibility of the system is independent
of the position of the interferometer phase, there is no
peak at 175Hz in the visibility variation. Another dominant
frequency in the visibility channel is the 189Hz oscillation

which previously was related to the electromagnetically
induced change of X-ray flux, which we already found in
the intensity in Fig. 6. This supports our hypothesis that
there is an electromagnetic interference between anode motor
and interferometer, e.g., by small distortions of the focal
spot which can lead to visibility changes if the source size
varies. The two frequencies at 189 Hz and 350 Hz have similar
strength, consequently, the resulting pattern in Fig. 8b is a
rather chaotic beat pattern as the two frequencies interfere.

Besides the two most dominant base frequencies (175Hz
and 189 Hz) identified in the analyses, also other frequencies
with lower contributions are present. Particularly, peaks at
some multiples of 58 Hz can be found which are related to
the pump of the cooling unit and have also been verified with
the vibration sensor. However, compared to the impact of the
anode drive and the anode rotation frequency, the contribution
of other components is small.

This analysis shows that the system is in a perturbed
state. However, the underlying characteristics are reproducible
because the sources of vibration do not change their
characteristics from scan to scan. While for the gantry rotation
induced variations the amplitude and phase is reproducible
from scan to scan, for the high-frequency oscillations only
their amplitude can be considered as consistent between scans.
The phase of these high-frequency variations is only stable
during a single scan, but not on a scan-to-scan-basis. As for
example the visibility variation follows from the speed, i.e.,
first derivative, of the interferometer phase, there is clearly a
link between those two oscillations. Such correlations between
the image channels can be utilized during the data processing
of sample scan data, where the signal produced by the sample
must be separated from the oscillations in the interferometer.

VIlI. BEAM HARDENING IN DARK-FIELD CT

One of the most common effects in conventional clinical
CT is beam hardening. It is caused by the polychromatic
X-ray spectrum and the energy dependent attenuation in the
sample [36] and can lead to an underestimation of the sample’s
attenuation coefficient. Since the visibility of the Talbot-Lau
interferometer is also energy-dependent, there is a similar
effect which can create an artificial dark-field signal even
when no small-angle scattering happened [37]. Additionally,
analogous to attenuation imaging, there is also an energy
dependency of the small-angle scattering in the sample [8],
[10] and the effect of visibility hardening, as described in [38].
Most dominant in our prototype system, however, is the beam
hardening effects caused by energy-dependent performance of
the interferometer components (i.e., the absorption gratings
Gy and G; performance underlying the attenuation coefficient)
which is corrected by the following approach.

In the attenuation channel, beam hardening leads to
an underestimation of the sample’s attenuation coefficient.
Contrary, in the dark-field channel it can lead to an
overestimation of the linear diffusion coefficient, i.e., a signal
which is not caused by small-angle scattering. This behavior
can be seen in the tomographic reconstruction in Fig. 9a
where a phantom consisting of a polyoxymethylene (POM)
cylinder in the center and a surrounding ring of neoprene
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Fig. 9. Dark-field signal reconstruction before and after beam hardening
correction. The phantom consists of two materials; a POM cylinder
which only attenuates and a neoprene ring which also generates a dark-
field signal. a, Without any beam hardening correction, a strong dark-
field signal is reconstructed for the POM cylinder. b, After applying the
correction, the POM cylinder has no dark-field signal and only the signal
of the neoprene ring remains. ¢, The line plot through the reconstruction
images demonstrates how the POM cylinder signal is corrected.

is shown. While the neoprene has a porous structure which
leads to small-angle scattering and thus to a dark-field signal,
the homogeneous POM should not have any dark-field signal
as it does not generate any small-angle scattering. Contrary,
a significant dark-field signal is reconstructed for the POM
cylinder, as can also be seen in the line plot in Fig. 9c. We can
illustrate this behavior in Fig. 10 where different POM sample
thicknesses are used as spectral filters in a simulation of the
interferometer performance based on the framework presented
in [19]. We find that — while measured intensity varies as
expected for the different POM thicknesses — also a relative
visibility reduction appears, which is caused by the hardening
of the spectrum and not by any small-angle scattering. As an
approximation, the relation between measured attenuation and
this hardening induced relative visibility reduction can be fitted
linearly, which allows us to implement a simple yet effective
beam hardening correction.

Our proposed correction is similar to previous work by [37]
and [39], but easier to calibrate because it is based on either the
aforementioned simulation in Fig. 10 or a calibration scan of a
non small-angle scattering object such as water or POM. The
measured relative visibility reduction, i.e., V/Viet = Dmeas,
is a combination of the visibility reduction Doy induced by
small-angle scattering and a component f (7Tieas) from beam
hardening which depends on the transmission I/Iref = Tieas
and hence on the attenuation induced by the sample,

Dreas = Deor - f(Tmeas)~ (2)

From calibration data as plotted in Fig. 10 and by implying that
the examined sample material should not generate any small-
angle scattering, i.e., no visibility reduction and consequently
D¢or = 1, we can find a correction function based on the linear
approximation in the log-log-plot,

Dmeas = Deor 'f(Tmeas) = (Tmeas)c- (3)
~—
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Fig. 10. Simulation results of beam hardening induced relative visibility
reduction, which would lead to a reconstruction of an artificial dark-
field signal. Filtration from different thicknesses of POM samples are
simulated, and the resulting -log of the attenuation signal is plotted
against the -log of the relative visibility reduction. The retrieved relative
visibility reduction comes from hardening effects and does not represent
small-angle scattering in the sample. We apply a correction based on
the indicated linear fit to reduce the beam hardening in the tomographic
reconstruction.

The calibration factor ¢ can be extracted from a test
measurement and is afterwards used to correct sample scans,

by applying:
Dcor = Deas - (Tmeas)_c- (4)

In our prototype system, this calibration factor is a global value
for all detector pixels and constant for all scans. Only after
changes to the grating configuration or the X-ray spectrum,
a new calibration is required.

After the beam hardening correction is applied, only the
visibility reduction related to small-angle scattering in the
material should remain as Do,. Since the method is calibrated
to only one soft-tissue equivalent material, strongly attenuating
materials such as bones can cause artifacts. It is expected that
for those materials, e.g., metal or bone tissue, the hardening
effect on the spectrum leads to a stronger overestimation of
the dark-field signal and will require the development of a
more refined method. For first tomographic reconstructions,
however, this single material approach is sufficient because it
corrects the overestimation of dark-field signal in soft tissues.
There are no beam hardening related artifacts remaining,
as can be seen in the reconstruction results in, e.g.,
Figs. 9, 11, or 12. Consequently, for now, no further beam
hardening corrections are applied to the data for our presented
dark-field CT scans.

VIIl. RESOLUTION

The spatial resolution is a crucial feature of CT in clinical
routine, and typically is around 10lp/cm for state-of-the-art
CT scanners in the clinics [40]. At the presented dark-field CT,
due to the modifications and the extension of the processing
currently some restrictions limit the spatial resolution.

In clinical CT, a flying focal spot alternates between slightly
displaced source positions for every projection and is used to
increase the spatial resolution of the reconstruction [41]. This
feature has been deactivated in the present implementation,
and instead a stationary X-ray focal spot is used for maximum
stability and to simplify data processing. With an adapted
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Fig. 11. Attenuation and dark-field reconstruction resolution analysis.
The test sample is positioned 6.5cm above the iso-center. a and
b, Reconstructions of a neoprene and POM cylinder phantom in
attenuation and dark-field, respectively. ¢, The edge spread is analyzed
at sharp interfaces in the image highlighted by the line plot in a and b.
The values are normalized for better visualization. d, The modulation
transfer function (MTF) in the two modalities shows that attenuation has
a resolution of 4.7 Ip/cm while the dark-field is less sharply reconstructed
with 2.3Ip/cm, both at 10% of the MTF.

processing, i.e., separate for each focal spot position, dark-
field CT with flying focal spot should be feasible. However, for
now, this simplification comes at the cost of spatial resolution.

A significant resolution loss is expected from the processing,
as it is based on sliding-window signal extraction. Here,
several consecutive projections are combined to one projection
under the assumption that the sample movement is insignifi-
cant [42] (i.e., the variation of the intensity within the window
is dominated by the change of the relative grating positions and
not by the changing line path during the rotation). The ignored
movement within a set of projections caused by the system
rotation introduces motion artifacts in the transmission and
dark-field signal and leads to a blurring of the reconstructed
image. At the presented dark-field CT prototype, the window-
size is 17 projections for the scans shown throughout this
work. Furthermore, a weighted median filter is applied on
the dark-field channel in projection-space, which also lowers
the spatial resolution [43]. This filter is adaptive to the count
rate and helps to avoid artifacts when X-ray flux is low, e.g.,
in low-dose scans or when strongly attenuating samples are
examined, as in these cases the extraction of the dark-field
signal otherwise can become biased and unstable [44].

To analyze the effective image resolution of the presented
dark-field CT, we use the filtered back-projection reconstruc-
tion of the previously introduced POM and neoprene cylinder
phantom. The object has been positioned 6.5 cm shifted from
the iso-center to include the blurring effect of the sliding
window processing. This contribution would vanish if the
cylindrical objects were placed in the iso-center because
then they would appear stationary in the sinogram and the
sliding windows. This scan was measured with 1s rotation
period, 80kVp, and 300 mA tube current, i.e., at a comparably
low radiation dose and a ramp filter is used during the
reconstruction. From the sharpness of the interface between
POM and neoprene, the edge spread function and subsequently
the modulation transfer function (MTF) as a measure for the
resolution is extracted. Results are shown in Fig. 11c and d.

In the attenuation image the MTF drops to 10% at 4.7 1p/cm
and in the dark-field channel the drop is already at 2.3 1p/cm.
As expected, the results show that our prototype system has
a lower resolution compared to state-of-the-art clinical CT.
Reasons for the loss of resolution are the missing flying focal
spot, blurring induced by the sliding-window signal extraction
which neglects the system rotation, and the use of a weighted
median filter in the dark-field channel.

IX. DOSE ESTIMATION

For clinical relevance of the presented dark-field CT system,
the applied patient dose level must be in a reasonable range.
In clinical practice, chest CT protocols have a wide range of
applicable computed tomography dose index CTDIy, from
4mGy up to 10mGy [45].

To analyze the radiation dose at the presented dark-field
CT, the constancy test protocol [46] is used with a standard
body phantom of 32 cm diameter and a calibrated Dosimeter
(NOMEX, PTW, Germany). We found that the scanner settings
80kVp and 550mAs, which have been used for the first
published results of a human-sized anthropomorphic body
phantom in [11], lead to a CTDIyq of 7.4 mGy.

To demonstrate that dark-field CT scans are feasible
well within the suggested dose index range, a scan of the
anthropomorphic body phantom and neoprene insert with
a CTDI,, of only 4.0mGy is shown in Fig. 12 (scanned
at 80kVp with 300mAs). Due to the lower X-ray flux in
this scan, a stronger noise reduction via the adaptive filter
in the dark-field channel is required and leads to a lower
resolution in this channel. Nevertheless, the spatial resolution
remains sufficient to easily resolve the individual tubes, and
we expect that already with this resolution a diagnostic value
is provided by the dark-field signal. However, future work
including reader studies with radiologists will be required to
answer this research question.

The conducted measurements also confirmed the findings in
Section V-A that the G absorbs roughly 50% of the generated
X-rays before the patient. This means that a dark-field CT
requires twice the mAs of a conventional CT to apply the
same CTDIy.

X. DISCUSSION

The presented results demonstrate that dark-field CT of the
human body is feasible using a Talbot-Lau interferometer in a
state of the art clinical CT gantry. Previous publications dis-
cussed the design, processing, and the initial implementation
of the dark-field CT system [11], [19], [31]. Here, a detailed
characterization of the interferometer analyses the challenges
that the translation from optical bench to rotating gantry brings
and shows insights into the particular solutions.

We found that the interferometer performs comparable in
the clinical CT gantry and in the laboratory implementation,
as similar visibility and transmission is achieved in both
setups. From this, we can conclude that the translation from
laboratory to clinical gantry works and that the presented
approaches to solve the related challenges such as shadowing,
vibrations, or the focal spot size were successful. Our results
demonstrate that the vibrations, the clinical X-ray detector,
and the rotation of the gantry have no major impact on the
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anthropomorphic CT phantom is filled with a neoprene insert, which is used to model the lung tissue. The low density and high porosity of the
neoprene is similar to the structure of the lung. a, The attenuation reconstruction shows dense structures such as ribs, spine and the soft tissue well
but lacks contrast in the neoprene foam. b, The dark-field image is more noisy and less sharp, however, a strong signal from the porous neoprene
foam structure is reconstructed. The three cylinders filled with air, sugar, and water can be identified easily.

performance, but some problems, such as the Gg acceptance,
persist and must be addressed in the future. We found that
the combination of the large X-ray source spot with the
small acceptance of the high aspect ratio Gy degrades the
visibility towards larger fan angles. For now, as a prototype,
the performance is sufficiently high in the center and this can
be tolerated. A solution could be a structured X-ray source
which makes Go obsolete by integrating it into the anode,
however, currently the X-ray flux is not sufficient for clinical
sample sizes, and it would require horizontal instead of vertical
grating lines [47].

An important characteristic of the gantry implementation is
the stability of the system, and here the focus lies particularly
on the vibrations and their origin. We conclude that at the
Brilliance iCT gantry, the vibration from the rotating anode
(175Hz) and the electromagnetic distortion of the X-ray source
spot (189 Hz) have the strongest impact on the interferometer.
Since the frequencies are well sampled at the frame rate of
the CT detector and the amplitudes are sufficiently small,
so that smearing of fringes is not a major effect, we could not
find a negative impact on the system performance. Another
important finding is that characteristics of these oscillations
are reproducible, which is important for long-time stability,
consistency of the results, and is exploited in the data
processing. Details about this will be the subject of a future
publication. While the low-frequency oscillations — induced by
the gantry rotation — are reproducible in phase and amplitude
from one scan to the next, the high-frequency variations are
only stable in frequency and amplitude, but the oscillation
phase is lost between scans.

In order to correct for beam hardening induced dark-field
signal, we introduce a correction based on the measured
transmission and validate its performance experimentally.

For clinical use, the resolution, and dose of the dark-field
CT is an important measure to characterize the proposed
system. An experimental evaluation showed that a resolution
of up to 2.31p/cm at 10% MTF is achieved in the dark-field

channel, but varies for the different modalities, i.e., the
resolution in the attenuation channel is 4.71p/cm at 10%
MTEF. These results are expected since the modifications
of the system and the extended data processing approach
come at the cost of spatial resolution loss. Particularly,
an implementation of the flying focal spot into dark-field CT
could improve this situation, will require more sophisticated
data processing and only a deflection in z direction, parallel
to the grating lines, is assumed to be feasible without
significant drawbacks. Furthermore, advanced processing and
reconstruction algorithms such as IBSIR [34] can be applied
to increase the spatial resolution by compensating for motion
artifacts caused by the sliding window signal extraction.

XI. CONCLUSION

Considering the hostile environment of a rotating clinical
CT gantry into which the Talbot-Lau interferometer is
integrated, the identified oscillations are relatively well-
behaved. We know from experiments over the last two years
that the frequencies and amplitudes are stable over a long time,
which allows consistent processing and reconstruction results.

Our current processing scheme allows us to reconstruct at
reasonable spatial resolution and free from artifacts, however,
further improvements are required, i.e., introduction of the
flying focal spot. We could show that the patient dose of a
dark-field CT lies within the suggested limits for chest CT
examinations. These results demonstrate that clinical dark-field
CT is within reach.
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