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ABSTRACT

Lung diseases such as chronic obstructive pulmonary disease are a major health burden to society for which early detection
plays a crucial role for treatment success. For detection, as well as diagnosis and serial evaluation, imaging plays a major
role, but lung diseases are often still diagnosed in progressed states for which effective causal therapies do not presently exist.
Recently, dark-field lung imaging has been introduced as a promising technique for early stage detection of alterations in lung
micro-structures. This work presents an analyzer-free, full-scale lung imaging system based on a dual-phase interferometer,
which allows tuning and direct resolution of grating induced intensity fringes. It provides the classical absorption chest image
with additional dark-field information without significant attenuation of the patient-exposed photon-flux or the cost of large
area absorption gratings. The detailed system achieves a dark-field sensitivity adequate for lung imaging, governed by
system autocorrelation lengths of up to 0.6 µm. The computed tomography (CT) reconstructions show further evidence of the
emergence of the dark-field in the parenchyma.

Introduction

Chronic respiratory diseases affect roughly every thousandth person globally 1, 2 causing millions of deaths each year. A
particular problem is the slow, gradual progression of irreversible damage in the lung micro-structure (emphysema or fibrosis),
which is often diagnosed only after the first symptoms appear. At this point, treatment is already difficult as only the symptoms
but not the root-cause can be treated. In recent years, there have been notable advances in the field of lung imaging ranging from
high-resolution synchrotron imaging of small murine lungs 3–5, human-scale lung imaging with porcine lungs at synchrotrons 6, 7

to human dark-field lung imaging in hospitals 8, 9, but a diagnostic tool sensitive enough to detect these gradual changes before
symptoms arise remains highly needed.

The penetrating nature of X-rays allows for partial propagation through objects, yielding both a change in intensity and
direction. This allows imaging in a non-destructive manner that is widely used in medical and industrial applications 8, 10–12.
Most of these applications utilize only the attenuation of X-rays by the samples. The most sensitive attenuation-based diagnostic
tool to detect early forms of emphysema or fibrosis in the lungs is chest CT. Although CTs are capable of measuring changes
in the attenuation properties, the applied dose is high for screening applications 13 (typically above 1 mGy 14). With the use
of coherent X-rays it has become possible to routinely sense also the refractive properties of objects. Synchrotron facilities
leverage high spatial and temporal coherence to allow direct detection of the interference generated by objects (e.g., edge
enhancement) 15.

Grating interferometers utilize the Talbot effect to generate intensity fringes that can be measured on table-top X-ray
sources, which lack the spatial coherence of synchrotrons, using appropriate grating configurations and at much larger pixel
sizes 16. The gratings generate spatial coherence (source grating), induce intensity fringes (diffraction grating), and/or analyze



the fringe structure (analyzer grating). The analyzer grating is necessary to sample fringe periods smaller than the pixel size
through phase-stepping or fringe scanning 16, 17. An advantage of grating interferometers, is that they measure the geometric
refraction of an object. This allows tracking of scattering/diffusion that leads to a reduced intensity difference between the high
and low intensity regions of the fringe.

The diffusion property, captured in the dark-field, is caused by diffuse refraction of unresolved (micro-) structures or sharp
edges 18 and is difficult to obtain with direct imaging approaches. The dark-field signal obtained from an interferometer is
dependent on the autocorrelation length 19 ξ of the system defined as:

ξ =
λL
p f

, (1)

where λ is the wavelength, L the sample-to-detector distance and p f the period of the fringe. The blurring of the fringe is
maximal when the autocorrelation length and the micro-structure sizes are approximately equal 20, 21. Strong diffusers can blur
the fringe enough for it to become indistinguishable from noise, leading to a uniform illumination and rendering the dark-field
signal as a lower bound for the actual signal 22.

In the context of lung imaging, dark-field lung radiography is a promising option for screening programs due to its sensitivity
to the micro-structures even at low doses, which would enable the tracking of lung micro-structure over time; lungs generate a
strong dark-field signal due to the large difference of the refractive indexes of air and tissue. To be sensitive to small variations
in the dark-field, and thereby the structure size, unsaturated signals are necessary. Lung imaging thus requires autocorrelation
lengths orders of magnitude smaller than the alveolar structure size of roughly 200 µm 22 in order to not saturate through 20 cm
of lung tissue.

Dark-field lung imaging devices 8, 9, 23 are typically three-grating systems consisting of a source grating, diffraction grating
and analyzer grating. Most grating interferometers are designed for a specific configuration, inducing a well-defined energy
and fringe periodicity. This leaves only the sample-to-detector distance as a parameter to change the autocorrelation length,
resulting in a concurrent variation of the sample magnification in the case of a divergent beam geometry, complicating the
dark-field analysis of the identical region of the sample.

Dual-phase interferometers, as used for this study, generate Moiré-fringes of tunable period by superimposing the Talbot
carpets from two phase gratings 24–26, providing more freedom for scanning the autocorrelation length space. The Moiré-fringe
spacing can be varied by changing the distance between the two gratings. This has two significant advantages: the fringe
spacing can be made large enough for the fringe to be resolved directly with the detector and the autocorrelation length can be
tuned without moving the sample. Further, the method provides a reproducible dark-field analysis of the same structures for all
the autocorrelation lengths.

Resolving the fringe directly is advantageous as absorption gratings reduce the radiation exposed to a patient and worsen
the image quality. The radiation dose is directly related to the number of counts that can be measured on a detector and, with it,
image noise. Absorption gratings are problematic when placed after a patient as they yield worse images for the same applied
radiation dose. Therefore, analyzer gratings reduce the dose efficiency of an imaging system compared to devices without
them. The differential phase contrast and dark field should outweigh the increased noise to obtain diagnostic value. Absorption
gratings are also expensive, difficult to manufacture and, for insufficiently large gratings, need to be stitched together with
complex mechanical fixtures.

In this study the feasibility of dark-field lung imaging without analyzer gratings is evaluated at the SYnchrotron Radiation
for MEdical Physics (SYRMEP) beamline at Elettra. Analyzer-free systems are challenging to build for the autocorrelation
lengths needed in dark-field lung imaging due to the large fringe periods required for the pixel sizes of commercially available
X-ray detectors. The SYRMEP beamline provides infrastructure enabling autocorrelation lengths between 0.2 µm and 0.8 µm,
relevant for clinical dark-field lung imaging, for which no autocorrelation length-dependent dark-field scan has been published
to date. As porcine lungs have been used as a stand-in for human lungs in many translational medicine studies 27, this study
uses a lung phantom to scan inflated porcine lungs under conditions enabling dark-field radiography and CT close to clinical
conditions. The dark-field images obtained show the system’s sensitivity to lung micro-structures. The results demonstrate the
feasibility of dual-phase imaging with synchrotron radiation, measuring the dark-field signal of porcine lungs over a previously
unreported autocorrelation length range and suggesting a system design tailored to image human lungs in radiography.

Methods
SYRMEP Beamline and Sample Preparation
The experiments were conducted at the SYRMEP imaging beamline of the ELETTRA synchrotron facility in Trieste 28,
Italy. The 3rd-generation storage ring, of 259 m circumference, was operated in top-up mode 29 at an electron energy of
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Figure 1. A schematic drawing of the experimental setup used at the SYRMEP beamline. The experiment utilized 40.8 keV
monochromatic radiation, and the dual-phase grating optics were placed 21 m from the source, with the lung phantom at 22 m
and the detector at 32 m.

Figure 2. Preparation and mounting of porcine lungs into the phantom. Left: The outer membrane and most of the
surrounding fat tissue were removed from the lungs, leaving the heart muscle. Cuts were sewn or glued shut to ensure proper
inflation of the lungs. Middle: The prepared lungs were placed in the phantom onto a loosely placed artificial diaphragm,
supporting the weight of the lungs from beneath to minimize the force on the trachea, which is tied to the air inlet. Right: The
same inflated porcine lungs installed on the sample stage inside the experimental hutch.

2.4 GeV with a ring current of 150 mA. As sketched in Fig. 1 the SYRMEP beamline has a bending-magnet source of 1.45 T, a
monochromator providing well-defined energies with a specified energy range between from 9 keV to 40 keV 30 with a beam
size of 120× 4 mm2, at the sample position as well as a series of aluminum filters to suppress lower harmonics from the
monochromator or to reduce the flux in general (a 7.5 mm filter was used). The experimental hutch is located 21 m downstream
of the bending magnet and allows system configurations up to 32 m from the source spot, which is specified to be 327 µm wide
(full width at half maximum (FWHM)) 31. For the experiments a photon-counting CdTe XCounter (XC Hydra) detector with
2064× 62 pixels, 100 µm on a side, was used in charge-integrating mode with a threshold set to 20 keV to count all radiation
above this value.

The SYRMEP beamline offers an anthropomorphic chest phantom 7 that permits inflated porcine lungs to be imaged as
seen in Fig. 2. The lungs are inflated by applying a constant negative pressure to the chamber of the thoracic phantom with the
trachea at ambient pressure; this allows the lungs to draw air in a manner similar to that during physiological breathing. As
lung tissue needs to be elastic in order to be inflated properly, the lung samples were frozen to keep them fresh/elastic and
slowly defrosted in a styrofoam box over 5 to 6 hours before placing them in the phantom. To mount the lungs in the phantom,
the lungs were cleaned, trimmed of excess tissue and checked for cuts or other damage which was sealed as necessary. They
were subsequentially placed in the pressure container, with the trachea connected to the air inlet, supported on a diaphragm.
The phantom was placed on a sample stage 32 in the beamline hutch for the acquisition of radiography and CT scans.
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Dual-Phase Interferometry
There are different types of interferometry systems, each with its own advantages and disadvantages. Talbot-Lau interferometers
are widely used and have been studied extensively leading to well understood analysis protocols; however, they generally lack
flexibility after the design process as they are fixed to a single fringe period. For the experiments in this work, a dual-phase
system 24 was chosen for its ability to provide variable fringe sizes.

The dual-phase interferometer consists of two phase gratings, each inducing intensity fringes through the Talbot effect
downstream. The superposition of carpets of different period, due to gratings of different pitch and/or propagation-based
magnification between the spaced gratings, generates Moiré-fringe patterns. These Moiré-fringes can exhibit a wide range of
periods p f , which allows for measurement at various autocorrelation lengths without moving the sample from its fixed location,
in accord with Eq. 1. With two gratings of equal period the fringe period p f is 25:

p f =
sp
2dg

, (2)

where s is the total system length, p (=p1=p2) is the period of the phase gratings and dg is the distance between the two phase
gratings.

The source size required to obtain high visibilities can be calculated by considering a displacement of a second source
horizontally and perpendicular both to the beam axis and the grating lines to obtain the same fringe. This is analogous to the
period p0 of a source grating at the source’s position 25

p0 =
p f p1 p2

2p f (p2 − p1)+ p1 p2
. (3)

Increasing the size of the transmission lines (sources) will lead to an increased duty cycle of the grating, reducing the visibility
of the fringe. This shows that the source size is ideally below 50 % of p0 to obtain desired visibilities. This consideration is just
a way to calculate the source size, no source grating was used in the system.

For this experiment a dual-phase grating holder was built to optimize the grating alignment procedure and allow for a wider
range of distances between the gratings. The design is shown in Fig. 3 and consists of three piezo-positioner motors (SmarACT,
Germany) as well as one manual goniometer (OptoSigma, USA). One phase grating is mounted on a linear piezo-drive oriented
perpendicular to the beam axis (Fig. 3 A) for the phase-stepping measurements. The second phase grating is mounted on a
second linear piezo-drive (Fig. 3 B) that permits the distance between the two gratings to be changed. The distance of the
beamline hutch to the source point results in only a small magnification between the two gratings, so a long travel range
(upwards of 6 cm) is required for the gratings to generate fringe sizes on the order of a few hundred micrometers. The long
motor (B in Fig. 3) of the grating holder provides a movement range of 10 cm, which allows for generation of fringes from
well above 1 mm down to below 100 µm (the resolution capabilities of the detector), as can be determined through analytical
calculation (Eq. 2) 25 or numerical wave propagation calculations 33–35. On linear drive B, a piezo-goniometer (Fig. 3C) permits
alignment of the grating structures (i.e., trenches) of the two gratings. The whole motorized part is mounted on a manual
goniometer (Fig. 3 D) which allows for tilting of the aligned dual-phase fringe relative to the detector. This design covers the
necessary degrees of freedom, allowing for a reliable and simple alignment of the gratings.

The data were acquired with a monochromatic 40.8 keV dual-phase system consisting of two 1 µm-pitch phase gratings 12

and autocorrelation lengths ranging from 0.29 µm to 0.67 µm. The gratings used for the experiments were patterned with 9.2 µm
deep trenches at a 1 µm pitch and 50:50 duty cycle, etched into silicon (100 mm diameter and 250 µm thick double side polished
wafers) by deep reactive ion etching 36 and filled with gold 12, providing a π-shift at 40.8 keV. Notably, no X-ray optics were
placed behind the lungs.

Image Analysis
Dual-phase interferometers have a complex fringe profile 37. This is evident in the non-sinusoidal shape of the phase-stepping
curve shown in Fig. 4, which illustrates the intensity measured at a single pixel as the trenches in one phase grating are shifted
in the plane of the grating, orthogonal to the trenches in the other grating, over/along the distance of the trench pitch. Unlike the
single frequency sine wave often assumed for Talbot-Lau interferometers, the general dual-phase fringe or phase-stepping curve
is modeled with two frequency components, necessitating more phase steps to resolve the two phases. For the experiments in
this work the results were fitted to two superimposed sine curves, one at, and one double, the visible fringe frequency 38:

I(x) = A
(

1+V1 sin
(

2πx
n

+φ1

)
+V2 sin

(
4πx

n
+φ2

))
, (4)
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Figure 3. Image of the dual-phase grating holder installed at the beam entry into the SYRMEP experimental hutch. It consists
of piezo motors for phase-stepping (A), changing the inter-grating distance (B) and making the grating lamellae parallel (C), as
well as a manual goniometer to align the fringe to the detector (D).

where I(x) is the pixel intensity at the phase step x of n phase steps for a full period, A is the intensity, and V1 (V2) is the
visibility of the first (second) frequency with the phase offset φ1 (φ2). The term φ2 is the offset of the second frequency term
and is not shifted relative to φ1 at different locations on the sample (i.e., φ2 = φ1 +∆, where ∆ is a phase offset between the two
sine terms in Eq. 4). In order to fit both frequency components, 15 to 20 phase steps were performed over a grating period. To
analyze the data, a flat-field phase-stepping curve, Eq. 4, was fitted for every single pixel, obtaining all constant parameters (the
number n of steps required for a period and the relative displacement of phase φ2 from phase φ1), which were inserted in all
further fits making the signal retrieval more efficient and accurate.

Both the attenuation and dark-field follow the Beer-Lambert law, which describes an exponential decrease of the corre-
sponding parameter (intensity for attenuation and visibility for the dark field, respectively). The dark-field extinction coefficient
(similar to attenuation coefficient but describing the amount of diffusion per thickness) can also be obtained if the thickness of
the imaged object is known.

The attenuation Λ is calculated by

Λ =− ln
(

As

Are f

)
, (5)

where As is the overall image intensity with the sample in the beam and Are f is the intensity of the reference image without the
sample. The overall dark-field Σ is defined as

Σ =− ln
(

Vs

Vre f

)
, (6)

and gives the reduction of the linear combination of both visibilities V =V1 +V2, where Vs and Vre f are the visibilities of the
sample and reference measurement, respectively. An interesting quantity to consider is the so-called R value 39, defined as:

R =
Σ

Λ
, (7)

which is a thickness-normalization of the dark-field of a homogeneously diffusing sample and thus gives insight into the
mean diffusion coefficient. For dark-field lung imaging this value can give information about lung regions with higher and
lower scattering properties, i.e., regions with smaller or larger overall feature sizes or volume fractions, and is potentially
important for the diagnosis of diseases like chronic obstructive pulmonary disease 40. The differential phase contrast is defined
as dpc = φ1sample −φ1re f erence with φ1 being the phase shift from Eq. 4.

As each image sampled a vertical field of view (FOV) (i.e., height along the area of specimen) of ≈ 2 mm, the radiography
images were stitched from projections at different sample heights, taking the mean within the overlapping regions.
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Figure 4. A phase-stepping measurement of 15 steps over a 1 µm period fit to Eq. 4 at a single measurement position. The
shallower the oscillation in the fringe, the lower the value of visibility.

For the CT reconstructions a filtered back-projection algorithm of the ASTRA toolbox 41, 42 for parallel beam geometry
was performed. The images of the projections at each angle were flat-field corrected and re-arranged into sinograms and
reconstructed separately in attenuation and dark-field.

Results
Results from the system characterization followed by dark-field imaging of porcine lungs without analyzer gratings under
radiographic and CT acquisition settings are now presented.

System Characterization
To characterize the dual-phase interferometer, the full available inter-grating distance was scanned to match motor positions
to fringe sizes observed at a single location (as in Fig. 5). For fringe periods between 1100 µm to 500 µm phase-stepping
measurements with 15 to 20 phase steps were performed as shown in Fig. 4, displacing one phase grating over its 1 µm period to
evaluate the linear combination of the V1 and V2 visibility values for the autocorrelation lengths of all configurations (per Eq. 1),
as shown by the black data points in Fig. 6. The overall autocorrelation length range for this system was between 0.29 µm
and 0.67 µm, however, the larger autocorrelation lengths had lower fringe visibility. Fig. 6 shows that the visibility curve can
be recreated for a source size of (500±50) µm, compared to a stated nominal horizontal source size of 327 µm at SYRMEP
by Peiffer et al. 31. The monochromatic 40.8 keV wave propagation simulations from the RaveSim package 35 in Fig. 7 that
predict these visibility values also show that, with increasing source size, the visibility reduces more rapidly for smaller fringes.
The entrance dose-rate of the imaging setup was 0.56 mGy per second, measured with a thermo-luminescence dosimeter of
4.5 mm diameter (GR-200 A, based on LiF:Mg,Cu,P; Hangzhou Freq-control Electronics Technology Co., Ltd) and compared
to measurements of an ionization chamber.

Radiography
To benchmark the dark-field lung imaging capabilities of the system, polymethylmethacrylate (PMMA) micro-spheres
(Cospheric LLC, USA) were utilized due to the scattering properties broadly resembling those of lung tissue 22, 43. In order to
compare the R-value of lungs and PMMA spheres, the attenuation was adjusted to account for the inverted spatial filling of the
diffusing structures 22 (PMMA spheres are filled spheres surrounded by air, where lungs are air spaces surrounded by tissue).
Three vials with 1 cm diameter were filled with PMMA spheres of different size in the range of: 20 µm to 27 µm, 180 µm to
212 µm and 425 µm to 500 µm. The average dark-field signal corresponding to each autocorrelation length can be seen in Fig. 8.
The PMMA spheres were imaged with 45 phase steps and an exposure time of 3 s per phase step.

The inflated porcine lungs, prepared as shown in Fig. 2, were also imaged. Due to the phantom’s significant attenuation,
with Λ values exceeding 5 and thus much higher than the lungs themselves, the measurements were adjusted for the phantom’s
attenuation using data from an empty phantom measurement. The R-values for the lungs are shown along with the PMMA
values in Fig. 8. The image of a full lung lobe shown in Fig. 9 (and Fig. S1) includes 120 vertical images stitched together, each
obtained with 3 s exposure time at each of the 15 phase steps, requiring a 1.5 h total acquisition time.
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Figure 5. Images of the fringe with a period of 800 µm. To the right of the images the histogram is displayed. Top: The raw
fringe image with the spatial variation of counts according to the gray-scale shown on the left. Bottom: Map of the assessed
visibility with the local value according to the gray-scale shown on the left.

Figure 6. The mean visibility plotted over the autocorrelation lengths of the measurement points with an exponential fit in
black. Simulated Gaussian source sizes show a reduction in visibility with increasing source size. Comparison of the data and
simulations indicates a full width at half maximum (FWHM) of the source size at SYRMEP between 450 µm and 550 µm. The
data points correspond to the mean value of the measured and simulated visibilities, and the error-bars are the standard
deviation of the distributions.
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Figure 7. Simulations of the fringes for different source sizes and the indicated values of system visibility (vis). Left:
Simulation for a fringe size of 1000 µm. Middle: Simulation for a fringe size of 800 µm. Right: Simulation for a fringe size of
500 µm. With decreasing fringe size, the source size penalty increases as expected from Eq. 3. The fringes show examples from
which the visibility simulation points from Fig. 6 were obtained.

Figure 8. A scatter plot of the measured R-values (scaled combined visibility normalized by scaled attenuation as per Eq. 6)
for the three sizes of PMMA spheres and the porcine lung acquired for the select motor positions with a linear fit to the data for
each. The absorption data for the PMMA spheres were adjusted with a factor of 1.778 22 to account for the inverse filling of the
space. The x-markers are measurements that were excluded from the analysis due to problems with the diffraction orders close
to the fringe period (vide infra, Fig. S2) and insufficient visibility (at the highest autocorrelation lengths). The points correspond
to the mean values of a region of interest, while the error bars correspond to the standard deviation of the region of interest.
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Figure 9. Stitched planar views of an inflated porcine lung at an autocorrelation length of 0.36 µm. The images consist of 120
fields of view, each 2 mm tall (vertical) and acquired in 45 s with 15 phase steps, for a total acquisition time of 1.5 h. Left: The
attenuation image was corrected for the container attenuation. Middle: The dark-field channel. Right: The R-value. The forked
red arrows point to artifacts from the artificial diaphragm. The triangular blue arrows point out one of the visible bronchi. The
green diamond head arrows highlight interfaces (lung fissures) between different lobes of the lung.
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Figure 10. CT reconstructed slice of a porcine lung. The green arrows with triangular heads point to air spaces (secondary
bronchi), the red arrow with forked head points to heart tissue and the blue arrow with diamond head to lung tissue. Left: The
attenuation image of the lung, with gray scale bar to the right. Right: The median filtered extinction coefficient is superimposed
on the attenuation image with extinction coefficients close to 0 being transparent and the higher coefficients having deeper red
coloring according to the scale bar to the right. Lung tissue causes diffusion while the large air cavities as well as the heart
tissue without micro-structures do not.

CT
Tomography scans, shown in Fig. 10, were acquired for a region of the lungs. The acquisition involved a full tomographic
scan for each phase step, a single phase step taking 5 min for 3000 projections over 180 ◦ of sample rotation, adjusted for the
visibility at the autocorrelation length of 0.36 µm. The total acquisition of the dark-field CT took 100 min for the tomographic
scan (20 phase steps times 5 min). The CTs were binned by a factor of 250 (2 horizontal by 25 vertical pixels over 5 angular
projections, binned to a single value) due to the low fringe visibility and strong absorption of the phantom, which reduced the
overall counts. To obtain an unsaturated 22 signal in the retrieved sinogram for the dark-field, the raw data were binned over the
full vertical FOV and 5 projections in the angular direction (in total 0.18 ◦ per frame). This led to unsaturated data for even the
thickest and most diffusing regions in the sinogram.

The container also caused phase-wrapping artifacts, interfering with signal retrieval according to Eq 4. Technical issues with
the rotation stage also resulted in missing projections that created streak artifacts in the reconstructed dark-field tomograms.
A Fourier wavelet filter 44 was applied on the sinograms to remove ring artifacts. The results were additionally filtered by a
gaussian filter of kernel size 6 to remove the diffraction order effects.

To superimpose the dark-field data on the attenuation reconstruction, a linear color-bar was generated which is transparent at
zero and fully opaque red at a set threshold. The dark-field reconstruction was superimposed on the attenuation reconstruction
to produce the right image in Fig. 10.

System Optimization
The interferometer presented was constructed using available hardware and gratings, and optimized for the existing beamline. A
custom design would enhance the system’s performance by addressing its limitations. Specifically, as shown in Eq. 3, increasing
the period of the phase gratings not only allows lower Talbot order systems to improve visibility but also reduces source size
constraints. Additionally, rotating the gratings by 90 ◦ could utilize the smaller source size in the beam’s vertical direction.
For a system targeting an autocorrelation length of 0.36 µm, the optimal configuration would involve 2.2 µm phase gratings,
yielding predicted visibilities close to 30 %. The planned upgrade of ELETTRA 2.0 28, 45 will also reduce the source size,
thereby improving visibility.

Discussion
This study demonstrates the feasibility of dark-field imaging without analyzer gratings at a synchrotron imaging beamline,
providing classical attenuation images as well as dark-field data compared to conventional X-ray imaging setups that provide
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only the former. The method is demonstrated using human-relevant porcine lungs with radiograms of the attenuation and
dark-field contrasts as well as a CT reconstruction.

Dual-phase interferometry is a versatile system for assessing the dark-field properties of a sample over the autocorrelation
length space because the sample does not have to be moved. For systems with polychromatic sources this does, however, lead
to the need for beam hardening corrections as changing the fringe period also changes the spectral properties of the system 46.
For monochromatic sources as used here, such correction is not necessary. The dual-phase fringe is not a simple sinusoidal
curve 26, 37 and varies throughout the image. As captured in Fig. 4, the model introduced in Eq. 4 fits the data well. Although
more phase steps are necessary to fit the two frequency components, phase-stepping provides a more reliable signal retrieval
than single shot fringe analysis.

The results in Fig. 8 show R-values and trends with autocorrelation length for the PMMA micro-spheres and the lungs as
were obtained in an earlier study on a polychromatic Talbot-Lau interferometer 22. The lungs in this study induced a dark-field
signal more closely resembling densely packed 200 µm diameter PMMA spheres compared to the previously reported values 22.
This is likely due to higher differential pressure between lung and ambient that caused the alveoli to expand more and leading
to a lower dark-field signal. Also, the overall slope of the dark-field or R-value over the autocorrelation lengths (provided
in Fig. 8) is larger compared to the study 22, which can be attributed to visibility hardening 47 that is manifest in the gradual
reduction of the slope towards saturation under their polychromatic illumination. The radiographs in Fig. 9 show the added
information provided by the dark-field. This includes signal generated by the alveoli, the measurement being sensitive to the
mean structure size 19–21, and could benefit the diagnosis of emphysema, fibrosis or similar diseases that alter the structure of
the lung and are hence expected to change the dark-field signal 48. The R-value of the radiography is constant for the lung
tissue and drops for regions with large air vessels which have relatively thick and absorbing walls. This is also evidence for a
uniformly inflated lung without noticeable tissue damage from slaughter process, freezing or disease. The artifact visible in the
middle region of Fig. 9 (and Fig. S1) stems from the diaphragm underneath the lungs (visible in Fig. 2 on the middle image)
which is not fixed to the outer shell of the phantom and is moved between the sample and reference measurements.

The attenuation images of the PMMA micro-sphere containers showed diffraction artifacts as visible in Fig. S2. We
thoroughly investigated this issue and have provided detailed findings in the supplementary materials. Despite our understanding
of these artifacts (Fig. S3 and Fig. S4), we were only able to partially mitigate and correct them.

The dark-field of dual-phase systems offers two frequency components which in principle correspond to two different
autocorrelation lengths. For this study the visibilities have been added as the feature size is much greater than the autocorrelation
length and the images are not saturated, leading to a linear dependence for both autocorrelation lengths, and thus also for their
addition. The comparison to the earlier study with the PMMA spheres 22 shows that the behavior of the dark-field over the
range of autocorrelation lengths is similar, albeit the slope is slightly larger (12 %), also due to a different design energy 19.

The source size is a crucial parameter, important for the visibility of smaller fringe sizes. To estimate the source requirements,
a system with a source grating placed at the position of the bending magnet can be imagined. In order to obtain high visibility,
the source size should be smaller than half the period of the required source grating 25. Smaller fringes require smaller source
sizes. The simulations in Fig. 6 indicate that the visibility curve can be recovered for a source size of roughly 500 µm. The
effect from the source size is overestimated due to the ideal simulation conditions. Placement errors and grating imperfections
will lead to additional visibility reductions which shift the curves from Fig. 6 and Fig. 7 down to lower visibilities. Therefore,
the estimated source size is an upper bound. For future experiments it would be beneficial to rotate the gratings by 90 ◦ as the
source size in the vertical direction is significantly smaller than in the horizontal direction at 3rd generation synchrotrons. The
green simulation values in Fig. 7 indicate the visibility potential specific setup parameters at optimal fringe orders can provide.

The CT reconstruction posed difficulties due to low statistics and noise. For the acquired data with a visibility of 0.13 and
the number of phase steps used here, high temporal beam and sample stability were required for more than an hour. These
problems could be solved in part through binning 2 horizontal by 25 vertical pixels over 5 angular projections to avoid saturation
of the phase-stepping curve’s visibility in the thickest parts of the lung. The best results were obtained for a min-max signal
retrieval where only the minimum and the maximum of the phase-stepping curve were used to calculate the visibility as the
signal retrieval algorithm failed to converge with Eq. 4. The reconstruction shows that the dark-field signal arises from the
inflated lung tissue, but not the air spaces and the heart tissue. Small regions in the heart that showed some dark-field signal
might be due to small air inclusions in the surface of the heart or the vertical binning of the data with modest positioning
instability over the 1.5 h long acquisition. The origin should be investigated in future experiments. For improved acquisition
protocols, the image quality could be improved by using more elaborate reconstruction algorithms such as shown by Guo et
al. 43

A dedicated system could be further optimized for higher visibilities, simpler mechanics, with envelope-gratings 49 (with
the caveat of a fixed autocorrelation length), higher energies (if available at the beamline), and adjusted diffraction order
separation. This would lead to simpler data analysis by simplifying the fringe to a single frequency and fewer required phase
steps, improved dark-field sensitivity through smaller fringe periods, and/or better statistics. The proposed system optimization
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to phase gratings of 2.2 µm provides improvements to the visibility and a reduced artifact from the diffraction orders. This
could significantly reduce the dose compared to the shown measurements at 25 mGy entrance dose. All technologies required
to manufacture these components exist already and thus provide feasible parameters to build the described system. If the
source coherence is still problematic for the improved grating parameters or experiments with a lab-based X-ray tube are to be
implemented, a dedicated source grating could be employed.

Conclusion
Dark-field lung imaging is a promising diagnostic tool for the early detection of structural damage in the lungs. Early clinical
trials have demonstrated the benefits of dark-field imaging; however, previous studies required analyzer gratings, which
absorbed 50 % or more of the subject’s X-ray radiation dose. This work outlines an approach that provides an equivalent
absorption image to classical radiography systems, with the addition of a dark-field image.

Our work demonstrated the feasibility of dual-phase imaging at synchrotron facilities, able to cover a large autocorrelation
space. However, for resolutions below those relevant for dark-field lung imaging, issues from multiple diffraction orders still
need to be addressed.

The system lengths at synchrotron beamlines like SYRMEP allow for the measurement of relevant autocorrelation lengths
without analyzer gratings by trading propagation distance for increased fringe period. The results of this first dark-field
porcine lung study without analyzer gratings yielded the dark-field signal of porcine lungs as well as PMMA micro-spheres at
autocorrelation lengths optimal for lung imaging at clinical doses, results which have not been reported before.

An interferometry system enabling full-scale dark-field lung imaging was detailed. Improvements to the interferometry
system will lead to better results in terms of higher visibility, fewer phase steps for signal retrieval, and therefore, shorter
imaging time and dose.

Dual-phase imaging offers a versatile tool to achieve a wide range of autocorrelation lengths, from a few nanometers
up to the order of microns, making it an attractive option for measuring and characterizing the dark-field at synchrotron
facilities. Future ring upgrades, which will reduce the source size of the systems, will further enhance the overall performance
of dual-phase interferometers.

Data Availability
The data and code of this study are publicly available on ETH Research Collection and GitHub.

Ethical Agreement
The four porcine lungs utilized for this study were all acquired from a slaughterhouse as a side-product of the meat production
chain. Therefore, no ethical agreement was required.
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