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DARK FIELD SENSITIVITY IN SINGLE MASK EDGE ILLUMINATION LUNG IMAGING
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imec-Vision Lab, Department of Physics, University of Antwerp,
Universiteitsplein 1, 2610 Antwerp, Belgium

ABSTRACT

X-ray phase contrast imaging is a rapidly evolving field, cov-
ering a range of different imaging methods. Its integration
in the daily medical imaging routines, however, has proven
to be difficult, despite encouraging results. In addition to the
phase information, small angle X-ray scattering information
is accessible through the so called dark field signal. The dark
field signal holds great potential for lung imaging applications
due to its ability to detect sub-pixel structures. Edge illumi-
nation, an incoherent form of phase contrast imaging, is par-
ticularly promising due to its low coherence requirements. A
remaining issue in conventional edge illumination phase con-
trast imaging, however, is the absorption of photons by the
detector mask, as these photons contribute to the dose but not
to the image. In this work, we explore the dark field potential
of a setup without detector mask for lung imaging through
Monte Carlo simulations. In order to approximate the irregu-
lar shape of alveoli, surface roughness is taken into account.

Index Terms— X-ray phase contrast imaging, dark field
imaging, edge illumination, computer simulation, lung

1. INTRODUCTION

Conventional, attenuation based X-ray imaging has been em-
braced by the medical community since its discovery and has,
among other applications, become the standard method for
the inspection of bone fractures [1]. Whereas attenuation
based X-ray imaging is very successful in distinguishing bone
from soft tissue, discrimination between different types of
soft tissue based on attenuation contrast can be a challeng-
ing task. X-ray phase contrast imaging (XPCI), on the other
hand, is well-suited for this purpose [2], as it does not rely on
attenuation differences but on the local refraction of X-rays.
Several practical implementations of XPCI exist, and
these can be roughly divided into two classes: interferometric
methods and non-interferometric methods. This work focuses
on edge illumination (EI)[3], which is a non-interferometric
method. In addition to the phase contrast image, EI also
yields the conventional attenuation image and the so-called
dark field image. The latter is a measure for the amount of
small angle scattering within the sample, originating from
sub-pixel structures that cannot be resolved directly with the

detector [4]. From the perspective of (potential) medical
applications, the human lungs are of great interest, as they
exhibit a complex microstructure consisting out of hundreds
of millions of pulmonary alveoli [5].

As will be explained in Section 2, the conventional EI
setup involves placing an absorption grating in front of the
detector, partially masking the detector pixels. This configu-
ration blocks a significant amount of the photons arriving at
the detector, after interaction with the imaged object. This
has a negative effect on the delivered dose, but is in principle
resolved by removing the detector mask.

In this work we will, through Monte Carlo simulations,
explore the potential of dark field imaging with an EI setup
without detector mask, also known as single mask EI [6] or
beam tracking [7], depending on the exact implementation.
More specifically, we will quantify the relative broadening
of the X-ray beam due to small angle scattering. In order
to approximate the irregular shape of pulmonary alveoli [8],
surface roughness is taken into account in our digital phantom
and its influence on the beam broadening is evaluated.

2. METHODS

2.1. Edge illumination

A conventional EI setup consists out of an X-ray source and
detector, with two parallel gratings or masks placed in be-
tween. This is shown in Fig. 1. During an EI acquisition, the
sample is placed directly behind the sample mask for imag-
ing.

The first mask, which we will refer to as the sample mask,
acts as a beam splitter, dividing the incoming X-ray beam into
several smaller beamlets. The position of the sample mask
can be chosen such that these beamlets hit the edges of the
second mask, referred to as the detector mask. The detector
mask coincides with the pixel edges, leaving only the cen-
tral part of each pixel exposed to incoming radiation. In this
configuration, a deflection of a certain beamlet will either in-
crease or decrease the intensity measured in the correspond-
ing pixel. As such, refraction of the beamlets can be detected,
effectively making the system sensitive to phase variations.

In order to retrieve all three signals (phase, attenuation
and dark field), the sample mask is shifted perpendicular to
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Fig. 1. Schematic overview of a conventional two mask edge
illumination setup (not to scale).

the grating bars, hereby changing the amount or radiation in-
cident on the detector pixels [3]. Gradually shifting the beam-
let over one period of the detector mask generates a Gaus-
sian intensity modulation in each pixel, called the illumina-
tion curve (IC). In practice, the IC is sampled for a small set
of sample mask positions and a Gaussian fitting procedure is
performed. The three signals are subsequently retrieved from
the fitting parameters.

As can be seen from Fig. 1, both the sample mask and de-
tector mask block arriving photons, resulting in a significant
loss of photons. In the context of medical imaging, the loss of
photons at the sample mask is less important, as this does not
affect the patient dose. A straightforward approach to avoid
the loss of photons at the detector mask or reduce acquisition
time (single shot), is to simply remove the mask from the EI
setup, which is shown in Fig. 2. This, however, drastically
changes the geometry, raising the question to which extent
we are still able to retrieve the signals of interest.
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Fig. 2. The considered single mask edge illumination setup
(not to scale).

Given its relevance to lung imaging [5], we will investi-
gate the sensitivity of such an adjusted system for dark field
imaging by quantifying the beam broadening directly from
simulated beamlet intensity profiles.

To this end, we consider a geometry with three adjacent
beamlets, as shown in Fig. 3, configured to illuminate 12 pix-
els in total. As opposed to conventional EI, each beamlet cov-
ers more than one detector pixel. Assuming a Gaussian focal
spot, the beamlet intensity profiles exhibit Gaussian shapes as
well.

The broadening is measured by determining the standard
deviation of the Gaussian fitted to the central beamlet and
comparing this to the standard deviation of the unaltered
beamlet without object in the beam.
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Fig. 3. Schematic view of the three beamlets considered in
the simulations (not to scale). The corresponding Gaussian
intensity profile at the detector is shown as well.

2.2. Simulation framework

The simulations are performed using an extended version of
GATE [9], an application layer on top of the Geant4 Monte
Carlo software [10]. The extensions on the physics side, as-
signing a phase to each photon and incorporating Snell’s law
for refraction, allow the simulation of XPCI using GATE. The
full framework was originally implemented for grating based
phase contrast imaging, an interferometric method, and thus
includes a subsequent numerical wavefront propagation part
to account for interference effects. EI, however, is inherently
non-interferometric, meaning this wavefront propagation part
can be omitted. As a consequence, the full experimental flow
is modeled in GATE, from photon generation at the source to
detection.

In order to simultaneously monitor pixel measurement
and beamlet intensity profiles, a virtual detection plane is
inserted in front of the actual detector (Fig. 3), acting as a vir-
tual high resolution photon counting detector with 100% de-
tection efficiency. This virtual plane is, however, transparent
to the photons and does not influence the pixel measurements.



2.3. Surface roughness

In GATE, test phantoms can easily be defined using geomet-
rical building blocks such as boxes and spheres. As these
are continuous in space, voxelization effects do not hamper
the refraction. Indeed, a determining factor in the X-ray re-
fraction process, which is called when a photon crosses the
boundary between two materials, is the orientation of the sur-
face normal. Pulmonary alveoli are highly irregular in shape
[8], but the geometrical building blocks in GATE, on the other
hand, exhibit perfectly smooth surfaces. To account for this,
we have introduced a simple yet effective surface roughness
model for X-rays in GATE [9]. In this model, a random pro-
cess is triggered whenever a photon crosses a material bound-
ary, locally changing the orientation of the surface normal.
The direction of this change is drawn uniformly, while its
magnitude follows a Gaussian distribution centered around 0.
As the amount of variation introduced in the simulation is de-
termined by the standard deviation of the Gaussian distribu-
tion, we will use this parameter as a measure for the surface
roughness of the phantom.

3. EXPERIMENTS

Since dark field imaging of lungs is of key interest, the phan-
tom designed for our simulations exhibits a strong microstruc-
ture. It is designed as a collection of hollow glass spheres
with radius 23 pm, randomly distributed in water, and ac-
counting for approximately 30% of the total phantom volume.
The hollow spheres are filled with air, and in total the phan-
tom measures 10 cm in thickness. This phantom is placed
directly behind the sample mask in GATE, which in turn is
positioned 1875 mm downstream of the source. The total dis-
tance between source and detector is 2500 mm, resulting in a
geometrical magnification factor of 4/3. The sample mask is
made of 300 um Tungsten and has a period of 450 pm, with
an aperture of 150 ym forming the beamlets. In our simulated
setup, no detector mask is present. The CsI detector measures
550 pm in thickness, consists out of pixels with a size of 150
pm and is preceded by both a 250 pm plastic layer and a 750
wm carbon layer. During each simulation, 30-10° photons are
emitted from a polychromatic (60 kVp, 1.1 mm Al filtration)
source in a fan beam geometry. The focal spot is Gaussian in
shape with a FWHM of 600 pm, in line with clinical condi-
tions.

In order to investigate the effect of the surface rough-
ness of the phantom, the simulation is repeated for 7 different
roughness levels, defined through the standard deviation of
the Gaussian distribution: 0°, 3°, 6°, 9°, 12°, 15° and finally
18°. As mentioned in Section 2.2, a virtual detector is placed
in front of the actual detector pixels in order to simultaneously
extract the pixel measurements and beamlet profiles. The lat-
ter are sampled at 1 ym and subsequently used to quantify the
beamlet broadening.

4. RESULTS AND DISCUSSION

Simulated beamlet intensity profiles are shown in Fig. 4. For
clarity of the plot, the results for 3°, 9°, and 15° are omitted.
As can be seen from this figure, increasing the surface rough-
ness lowers the intensity modulation in the beamlet profiles,
indicating an increased beamlet broadening.
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Fig. 4. Simulated beamlet profiles for surface roughness val-
ues of 0°, 6°, 12° and 18°.

The broadening was subsequently quantified for every
considered roughness value, by determining the standard de-
viation of a Gaussian fitted to the beamlets and comparing
this to the standard deviation in the absence of a phantom as
a reference. This resulted in the relative width increase of the
beamlets (the broadening), which is plotted in Fig. 5.
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Fig. 5. Relative beamlet broadening calculated from the
beamlet profiles shown in Fig. 4.

The plot confirms the previous observation based on Fig.
4 that an increased surface roughness results in stronger beam
broadening. Furthermore, this increase appears to behave lin-
early.

To give an indication of the dark field sensitivity of the



simulated setup, the question raises whether or not this
increase in beam broadening translates into a measurable
change in pixel intensity at the detector. The detector pixel
measurements corresponding to the beamlet profiles in Fig.
4 are plotted in Fig. 6. As can be seen from this plot, the
changes in beam broadening indeed affect the intensity mea-
sured in the pixels. The latter is an encouraging result in the
context of lung imaging using EI, as this indicates that a sin-
gle mask setup indeed has the potential to achieve sufficient
dark field sensitivity.
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Fig. 6. Simulated detector pixel measurements for surface
roughness values of 0°, 6°, 12° and 18°.

5. CONCLUSION

In this work, we have explored the potential of a single mask
EI setup for dark field imaging using numerical simulations
in GATE. It was shown that increasing surface roughness af-
fects the broadening of the beamlets. Furthermore, this varia-
tion was visible in the simulated pixel measurements. This is
a strongly encouraging result in the search for practical lung
imaging solutions based on EI dark field contrast imaging.
Here, simulated high resolution beamlet profiles were used to
quantify the broadening. In practical applications however,
the broadening (and thus the dark field) can only be measured
from the pixel values and suitable methods are currently under
development. The parameter range explored in this work was
chosen mostly for demonstration purposes. Determination of
representative roughness values based on experimental mea-
surements is work in progress. Finally, future experiments
will shed light on the trade-off between faster imaging and
expected loss of resolution compared to conventional EI se-
tups.
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