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ABSTRACT

In recent years, the complementary nature of multi-contrast imaging has increased the popularity of x-ray phase contrast imaging, including
edge illumination. However, edge illumination system optimization most often relies on phase and transmission contrast only, without con-
sidering dark field contrast. Computer simulations are a widespread approach to design and optimize imaging systems, including the bench-
marking of simulation results, i.e., the comparison to a reference value. Providing such a reference is, however, particularly challenging for
the dark field signal. In this work, we present a practical method to directly estimate transmission, refraction, and dark field contrast refer-
ence values from simulated x-ray trajectories in Monte Carlo simulations. This allows an immediate comparison of the retrieved simulated
contrasts to their respective references. We show how the generated reference values can be used effectively for benchmarking simulation
results and discuss other potential applications of the presented approach.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0244152

I. INTRODUCTION

The increased accessibility of x-ray phase contrast imaging
(XPCI) using compact laboratory systems has boosted its develop-
ment in recent years,1–5 resulting in various applications such as
spectral imaging and material decomposition,6–8 virtual histology,9

and clinical dark field based imaging of lungs.10 XPCI, or more
specifically, differential phase contrast (DPC) imaging, is known
for its capability to yield high contrast compared to conventional
attenuation contrast (AC) in, e.g., soft tissue and polymer samples,
making it a valuable tool for non-destructive testing and (bio)
medical applications. Next to AC and DPC, dark field contrast
(DFC) is a third contrast type that has been receiving increased
interest in recent years due to its unique ability to provide informa-
tion about unresolved microstructures.11,12 Both DPC and DFC are
related to the x-ray refractive index of the object, but as opposed to
DPC, DFC results from refractive index fluctuations that cannot be
resolved by the imaging system.13 This results in a local increase in
the angular spread of the x-ray beam,14,15 referred to as angular
broadening. Measurement of the DFC signal is traditionally per-
formed with XPCI methods featuring optical components, such as
analyzer based imaging (ABI),16 grating-based interferometry

(GBI),11 edge illumination (EI),12 beam tracking (BT),17 single-grid
imaging (SGI),18 and speckle-based imaging (SBI).19 More recently,
however, DFC imaging has been demonstrated using propagation-
based imaging (PBI) as well.20,21

Whereas GBI is arguably the most popular experimental con-
figuration for DFC imaging, EI is another emerging DFC method
suitable for lab-based setups.4 Relying on two gratings, the EI
DFC signal is extracted from the broadening of an intensity curve,
generated by laterally shifting one grating with respect to the
other.22 In contrast to recent developments in GBI,10,23–26 DFC is
hardly ever considered when making design choices for multi-
contrast EI systems. Indeed, most studies are predominantly ori-
ented toward DPC, while assessment of DFC is minimal or even
absent.27–35 A rare exception is the work of Astolfo et al. concern-
ing the design of a large field-of-view (FOV) EI system.36,37 It has
been shown that, compared to AC and DPC, DFC is significantly
more sensitive to grating imperfections and misalignment38 and is
affected by polychromatic effects such as beam hardening, result-
ing from both the imaged object and partially transmitting
grating bars.15,39 Furthermore, it has been suggested that the
choice of system and grating parameters could influence the
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linearity of the measured DFC,40 which is important for tomogra-
phy applications.41

Optimization and design of EI setups often relies on computer
simulations.28,33,35,36,42,43 Benchmarking the simulated DFC signal
originating from an arbitrary object is not trivial and is often
omitted. Since the first observations of x-ray beam broadening due
to microstructures,44 there have been many efforts in modeling this
effect and relating it to unresolved sample properties.13,45–58 In
practice, simulation models are often simplified to reduce simula-
tion times, for example by condensing the dark field effect in a
single (linear) material parameter or by imposing an a priori scat-
tering distribution.16,36,48,59,60 Another possible approach is to cali-
brate the linear model using experimental data,36 but this quickly
becomes unfeasible if there is a directional dependency in the
signal due to the complicated sampling schemes involved in mea-
suring directional DFC.61,62 Among other methods, Monte Carlo
(MC) simulators are commonly used for EI-XPCI
simulations.36,63–65 A balanced approach, avoiding a number of
limiting assumptions such as isotropic distributions or linearity
while keeping the simulation cost reasonable, is to explicitly model
the microstructures in the simulation.50,62,66 In such a MC simula-
tion, angular broadening is generated by the combined effect of
many refraction events. The retrieved DFC will depend on the
characteristics of the simulated setup and contrast retrieval algo-
rithm as well.36,37 As such, in order to assess which parameters
yield the most accurate result, the retrieved DFC must be bench-
marked using a reference value.59 In general, however, such a refer-
ence value is not readily available for comparison.

In this work, we demonstrate an approach to simultaneously
simulate the retrieved contrasts (AC, DPC, and DFC) and corre-
sponding reference values, allowing full multi-contrast benchmark-
ing of MC simulation results. The presented method relies on the
virtual grating approach, which was recently developed to reduce
simulation times for large parameter studies.65 We show how this
method can be used for multi-contrast benchmarking of simulation

results and briefly discuss both its limitations and other potential
applications.

II. METHODS

A. Edge illumination

Figure 1 shows a schematic overview of an EI setup, including
two absorbing gratings: one in front of the sample and one in front
of the detector. The first grating is known as the sample mask and
serves as a beam splitter, subdividing the incoming x-ray beam in
several smaller beamlets. In a standard EI configuration, each
beamlet corresponds to exactly one pixel column on the detector.
The amount of illumination received by each pixel depends on the
relative position between the sample mask and second grating, the
detector mask. By shifting the sample mask along the x-direction
in Fig. 1, the projected positions of the beamlets on the detector
mask will shift accordingly. If the projected beamlet falls perfectly
within the aperture of the detector mask, the measured intensity is
maximal. Shifting away from this position to either side will gradu-
ally decrease the received illumination, until the beamlet is fully
blocked by the grating bar, resulting in minimal illumination.

The detector pixel illumination as a function of the sample
mask translation is referred to as the illumination curve (IC).12 The
IC, depicted in Fig. 1, can be used to retrieve three different con-
trasts. First, part of the incoming x rays will be absorbed by the
object, reducing the total intensity in the beamlet and the area
under the IC (AC). Second, refraction in the object will deflect the
beamlet from its original path, shifting the IC (DPC). Finally,
angular broadening due to unresolvable microstructures increases
the IC width (DFC).

In practice, an EI experiment involves sampling the IC with a
finite number of grating shifts, known as mask stepping. At least
three IC positions are required to retrieve all three contrasts.
Contrast retrieval is usually performed by fitting the sampled IC

FIG. 1. Left: schematic overview of an EI system (not to scale). Right: illustration of an IC with and without sample. The arrows indicate the IC shift and broadening, which
are linked to refraction and dark field, respectively.
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with a Gaussian function in the sample mask plane

IC(xs) ¼ a

c
ffiffiffiffiffi
2π

p exp � (xs � b)2

2c2

� �
, (1)

with a being the area under the IC, b being the position of the
mean, and c2 being the variance. As such, transmission, beamlet
shift, and beamlet broadening in the sample mask coordinate
system are given by

T ¼ a1
a0

, (2)

Δb ¼ b1 � b0, (3)

Δc2 ¼ c21 � c20, (4)

respectively, where the projection with the sample and correspond-
ing flat field are denoted by indices 1 and 0, respectively. The AC
can be computed from T as � lnT , although this additional con-
version step is omitted in this work. The local x-ray refraction
angle α (DPC) can be calculated from Δb by accounting for the dis-
tance between sample and detector dOD and the magnification M,67

α ¼ M
dOD

Δb: (5)

Here, it is assumed that the small angle approximation holds.
Similarly,36,41 the angular broadening σ2 can be calculated from Δc2,

σ2 ¼ M
dOD

� �2

Δc2: (6)

It should be noted that under certain circumstances, such as resid-
ual transmission through the grating bars, an offset might be
present in the measured IC, which can be modeled by adding an
offset parameter to the model in Eq. (1).15,36,39 Similarly, overlap of
neighboring beamlets can hamper the detection of weaker dark
field signals, which can be compensated for by simultaneous fitting
of neighboring curves.68,69

B. Monte Carlo simulations in GATE

The simulations in this work are performed with our previously
developed in-house version of GATE, a versatile MC framework for
computed tomography (CT), positron emission tomography (PET),
and single-photon emission computed tomography (SPECT) simula-
tions based on Geant4.70–72 In our in-house version, EI-XPCI simu-
lations rely on the implementation of x-ray refraction.66 On top of
the already implemented XPCI functionalities, a novel method to
model the gratings was recently introduced, being the virtual grating
(VG) approach.65 In the VG approach, each grating in the simula-
tion is replaced by a transparent volume at the exact same location.
These volumes register the entrance and exit coordinates of intersect-
ing photon trajectories, adding them to the ROOT output.73 As a
consequence, given that the intersection coordinates of all detected
photons are known for both grating positions, the grating geometry
can be defined post-simulation. This leads to significantly reduced

simulation times if many grating geometries are to be tested for the
same phantom, at the cost of an increased output size.65

C. Finding reference values using a virtual grating
approach

Multi-contrast reference values are required for the bench-
marking of EI simulations, meaning the reference T , α, and σ2 are
to be determined for each x-ray beamlet. Here, σ2 is the increase in
angular variance of photon directions within a single beamlet. The
angular variance is a measure for the spread in photon directions
relative to the average direction in the beamlet. This is illustrated in
Fig. 2.

If a virtual grating volume is placed at the position of the
sample mask in the simulation, and a second virtual grating
volume is placed at the detector mask position, the direction
vectors of the photon trajectories before and after interaction with
the phantom can be retrieved. Indeed, if the intersection points
with the front and back planes of the virtual grating volume
are written as rin ¼ xin, yin, zinð Þ and rout ¼ xout, yout, zoutð Þ,
then the direction vector for a given photon m is
rd,m ¼ xd,m, yd,m, zd,mð Þ ¼ rout,m � rin,m. Due to the orientation of
the grating bars (Fig. 1), the system will only be sensitive to refrac-
tion and broadening along the x-axis. Hence, to make a correct
comparison with the contrast retrieval results, the reference σ2 and
α should be estimated from direction vectors projected along the
y-axis. Assuming the projected direction vectors are normalized,
the average projected direction of Nb photons in a beamlet
rav ¼ xav, yav, zavð Þ can be written as

rav ¼ 1
Nb

XNb

m¼1

xd,m, 0,
1
Nb

XNb

m¼1

zd,m

 !
: (7)

Subsequently, the individual angular deviations from all projected
rd,m with respect to the average direction rav can be found through
their respective dot products, yielding the angular variance around
the mean direction

σ2
av ¼

1
Nb

XNb

m¼1

arccos (rd,m � rav)2: (8)

FIG. 2. Left: close up of a photon trajectory within a beamlet (not to scale).
Right: intersection of a photon trajectory with the virtual grating volume.
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If σ2
av,0 denotes the result of Eq. (8) for the undistorted beamlet,

then the reference for the angular broadening (and thus DFC) is
given by

σ2
R ¼ σ2

av � σ2
av,0: (9)

The change in average direction of the beamlet can be used to
provide a reference for the refraction angle αR,

αR ¼ arccos (rav � rav,0), (10)

yielding a reference value for DPC. In addition, due to the nature
of the VG approach, the transmission reference TR can be gener-
ated as well by omitting the gratings in the simulation, resulting in
a conventional radiograph. For each measurement point (pixel),
the reference values are extracted from the corresponding idealized
beamlet, which is defined as the collection of photons passing
through the aperture of an infinitesimally thin but perfectly absorb-
ing mask. Hence, undesirable effects such as grating bar transmis-
sion and shadowing are eliminated, while still matching the mask
stepping. This is a reasonable definition, since it leads to the exact
set of photons that would contribute to an idealized EI measure-
ment with perfect gratings. By design, the generated VG output can
be used in parallel to generate simulated detector measurements,
meaning that a single MC simulation suffices to simultaneously
generate the reference and contrast retrieved values for an arbitrary
number of grating geometries.65 Subsequently, these profiles can be
converted to T , α, and σ2 through contrast retrieval.

To summarize, the proposed method uses the information
stored by the VG approach to extract a complete set of reference
values for all three contrasts, as well as mask stepping measure-
ments. To differentiate between the contrast retrieval results (T , α,
and σ2) and the corresponding reference values, we will refer to the
latter as TR, αR, and σ2

R, respectively.

D. Geometrical optics model for EI simulations

A full description of x-ray phase effect generally requires wave
optics modeling. Using GATE with x-ray refraction but without
wavefront propagation, however, implies geometrical optics model-
ing. Although EI is an imaging method that can, in most cases, be
modeled with geometrical optics, it is useful to briefly touch upon
the geometrical optics approximation. In general, a distinction is
made between three imaging regimes: the Fraunhofer regime, the
Fresnel regime, and the geometrical optics regime. Although
moving from one regime to another is a gradual change without
clear boundaries, differentiation is possible through the Fresnel
number NF ,

NF ¼ M Δxrð Þ2
λdOD

, (11)

where λ denotes the x-ray wavelength and Δxr is the smallest
resolvable transverse characteristic feature size.74 The typically used
condition for using the geometrical optics model, is that NF � 1,
with lower limit NF . 10, demarcating the relevant imaging condi-
tions. Smaller Fresnel numbers lead to the Fresnel (NF � 1) and

Fraunhofer (NF � 1) regimes. An in-depth discussion with respect
to aperture size and focal spot can be found in the work of
Munro et al.75,76

III. EXPERIMENTS

A number of VG simulation experiments were performed in
GATE to demonstrate the proposed method. The
source-to-detector distance (SDD) of the simulated system was
1800 mm, with a 1.5 magnification factor for the sample mask,
placed at distance of 1200 mm from the source. The detector mask
was positioned at 5 mm in front of a line-detector, which consisted
of 444 pixels with a size of 150 μm. X rays were generated from a
polychromatic 40 kV source77 (Fig. 3) with a Gaussian focal spot of
50 μm FWHM. Given the system dimensions and the spectrum
having a weighted mean x-ray energy of 15.3 keV, Eq. (11) sets the
geometrical optics limit for Δxr at 18 μm. Since in EI, the aperture
size determines a lower limit to the smallest resolvable features,30

this means the aperture size should, in this case, be at least 18 μm.
In total, 108 photons were generated at the source for every VG
simulation. The phantoms were positioned between the two grat-
ings, 30 mm from the sample mask. For each phantom, one VG
simulation was performed, providing the required output for gener-
ating both the mask stepping results and reference values. To
produce the mask stepping profiles, 15 mask steps were taken post-
simulation for every grating geometry.65 The sample mask aperture
size was varied in steps of 5 μm from 20 to 40 μm, whereas the
grating thickness for both gratings was varied from 150 to 350 μm
in steps of 50 μm. The detector mask apertures scaled with the

FIG. 3. (a) Spectrum of the simulated 40 kV x-ray source. Schematic view (not
to scale) of (b) the simulated 10 mm epoxy cylinder, (c) the CFRP phantom with
10 μm symmetric fibers, and (d) the CFRP phantom with eccentric fibers (semi-
axes of 12.5 and 5 μm).
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sample mask apertures according to the magnification. This
resulted in 25 different parameter combinations and 375 profiles in
total for each phantom. For the mask stepping results, gold gratings
were considered.

In total, three different phantoms were designed for the simu-
lations. First, a 10 mm thick carbon fiber reinforced polymer
(CFRP) phantom was used, consisting of cylindrical carbon fibers
embedded in an epoxy matrix. The diameter of the fibers was set to
10 μm. To demonstrate the method on more arbitrarily shaped
structures, the fibers were, in a second simulation, elongated to
elliptical tubes with a long semi-axis of 12.5 μm and short semi-
axis of 5 μm. The y-axis rotation of the eccentric fibers was ran-
domly assigned, in order to avoid global directional dark field
effects (Fig. 3). A Poisson disk sampling algorithm was used to
determine the positions of the symmetric and eccentric fibers in
the phantoms, where the longest axis of the eccentric fibers was
used to define the minimal separation distance between sampling
points. In total, 290 755 sampling points were generated for both
phantoms. In addition to the microstructure phantoms, a homoge-
neous epoxy cylinder with 10 mm diameter was simulated. Finally,
a simulation without phantom was performed. The imaging condi-
tions were kept the same for all simulations.

GATE simulations were performed on a server with 16 Intel
Xeon E5-2670 @ 2.60 GHz CPUs (dual core) and 64 GB RAM,
using five cores in parallel for each simulation. The subsequent pro-
cessing and analysis of the virtual grating simulation results was
performed in MATLAB R2019a on a local machine with an
NVIDIA GeForce GTX 1080 GPU, 6 Intel Core i7-6850K 3.60 GHz
CPUs (dual core), and 64 GB RAM.

IV. RESULTS

The simulation times in GATE and the subsequent MATLAB
processing times required to compute the mask stepping profiles
are summarized in Table I. For GATE, the phantom complexity is
the main factor determining the simulation time for a given
number of photon trajectories. Since tracking of absorbed photons
is stopped after absorption by the phantom, the average simulation
time of the cylinder simulation is shorter compared to the average
flat field simulation time. The processing times in MATLAB are
mostly determined by the number of detected photons, given that
the number of VG parameter variations is kept constant. The
higher memory cost associated with an increasing number of
photons, i.e., larger arrays, leads to longer computation times.

A. Interpretation of αR and σ2
R

In Figs. 4–6, αR and σ2
R profiles are plotted jointly with α and

σ2 profiles for the epoxy cylinder and the two fiber phantoms,
respectively. In these plots, a distinction is made between type-1
and type-2 reference values.

The type-1 reference values require two simulations: one with
and one without object in the beam path. When calculating σ2

R
using Eq. (9), the simulation without object yields σ2

av,0 and the
simulation with object σ2

av. In the type-2 reference plots, σ2
av,0 and

σ2
av both result from the simulation with object. However, σ2

av,0 is
calculated from the photon trajectories registered before interaction
with the object and σ2

av from the same trajectories after interaction.
Since by default only photons reaching the detector plane contrib-
ute to σ2

av,0 and σ2
av in GATE, this implies that, for the type-2 case,

σ2
av,0 and σ2

av are extracted from the exact same set of simulated
photons at different points in time. Hence, type-2 reference values
are free from beam hardening effects. All previous considerations
apply to type-1 and type-2 versions of αR with respect to rav and
rav,0 in Eq. (10) as well.

Due to the definition of type-2 reference values, the corre-
sponding type-2 plots for the epoxy cylinder in Fig. 4 show no fluc-
tuations. Using a type-1 reference with a different set of simulated
photons results in statistical fluctuations, visible in the type-1 plots.
Furthermore, it can be seen that in the contrast retrieval plots the
fluctuations become even more apparent due to the contrast
retrieval procedure. The edge effects in the outer cylinder regions
can be clearly seen in the reference plots but are washed out by the
contrast retrieval.

It should be noted that all plots in Figs. 5 and 6 show fluctua-
tions inside the CFRP phantom region, including the type-2 plots.
Outside the object, however, the type-2 profiles are still flat. This
indicates that these fluctuations are due to local spatial variations in
the object microstructure, which is supported by the absence of
these fluctuations in the type-2 profiles of the homogeneous cylin-
der. Since type-1 reference values are closer to actual EI measure-
ments than type-2 reference values, type-1 will be used in the
remainder of the work. Hence, unless stated otherwise, all reference
values should be interpreted as type-1 reference values.

B. Benchmarking contrast retrieval results

In this section, the contrast retrieval results are benchmarked
to the corresponding reference values. Assessment is performed in
terms of the sum of squared errors (SSE) for α and accuracy A for
T and σ2, defined as the relative difference between the spatially
averaged values

Aσ2 ¼ hσ2iROI � hσ2
RiROI

jhσ2
RiROIj

, (12)

where h�iROI denotes the spatial average in the object region of
interest (ROI), which is defined as the image region containing
only the object pixels and no background pixels. An equivalent
expression is used for AT . The results of Eq. (12) are summarized
in heat maps shown in Figs. 7 and 8. Each value corresponds to a
specific grating geometry, defined by its aperture size and grating
thickness. This is indicated on the horizontal and vertical axis,

TABLE I. Monte Carlo simulation (GATE) and processing (MATLAB) times required
to compute the mask stepping profiles for all experiments for each phantom
described in Sec. III. All times are expressed in seconds, and the tabulated values
are averages of the five parallel simulations.

GATE MATLAB

Cylinder 5 410 ± 20 6 940 ± 60
Symmetric fibers 10 390 ± 80 4 510 ± 30
Eccentric fibers 36 500 ± 400 4 270 ± 20
Flat field 6 480 ± 40 7 280 ± 20

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 104904 (2025); doi: 10.1063/5.0244152 137, 104904-5

© Author(s) 2025

 18 M
arch 2026 15:07:58

https://pubs.aip.org/aip/jap


FIG. 4. α (refraction), αR (refraction reference), σ2 (dark field), and σ2
R (dark field reference) profiles resulting from the VG simulation with the single epoxy cylinder. The

aperture size was set to 20 μm. For the contrast retrieval results, the grating thickness was set to 200 μm. The cylinder edges are clearly represented in all profiles except
for the DFC retrieved from the IC profiles. The contrast retrieval results show the strongest signal fluctuations, whereas the type-2 references are, by definition, completely
free of such fluctuations.
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FIG. 5. α (refraction), αR (refraction reference), σ2 (dark field), and σ2
R (dark field reference) profiles resulting from the VG simulation with the 10 μm symmetric fiber

CFRP phantom. The aperture size was set to 20 μm. For the contrast retrieval results, the grating thickness was set to 200 μm. The CFRP edges are clearly represented
in all profiles. Here, the fluctuations only disappear in the background of the type-2 references and not within the CFRP region, indicating that they are in this case related
to the presence of microstructures.
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FIG. 6. α (refraction), αR (refraction reference), σ2 (dark field), and σ2
R (dark field reference) profiles resulting from the VG simulation with the eccentric fiber CFRP

phantom. The aperture size was set to 20 μm. For the contrast retrieval results, the grating thickness was set to 200 μm. The average DFC is clearly higher compared to
the CFRP with symmetric fibers. In addition, the signal fluctuations within the CFRP are visibly stronger for both DPC and DFC compared to the symmetric fibers, indicat-
ing that the magnitude of the fluctuations is related to the microstructure properties.
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respectively. The color map is chosen such that a green value corre-
sponds to optimal accuracy, i.e., A close to 0, whereas darker red
and blue values indicate stronger deviations. Some degree of satura-
tion in the color scale is tolerated for higher values, to ensure suffi-
cient contrast in the heat map for lower, more optimal values.

Tables summarizing the T and σ2 values used to generate the accu-
racy heat maps can be found in the supplementary material.

It can be seen from Fig. 7 that smaller apertures tend to give
more accurate σ2 results, which is in line with expectations and the
higher DPC sensitivity generally associated with smaller apertures.

FIG. 7. Accuracy heat maps of σ2 (dark field) and T (transmission) for the CFRP phantom with symmetric 10 μm fibers. Tabulated values are expressed in % and repre-
sent the accuracy as defined in Eq. (12) for different combinations of grating parameters (thickness and aperture size). Values represented by red cells indicate an overesti-
mation of the respective reference values, whereas blue indicates an underestimation. Green cells represent the most optimal grating parameters. Smaller apertures tend
to give more accurate σ2 estimates, whereas larger apertures yield more accurate T values.

FIG. 8. Accuracy heat maps of σ2 (dark field) and T (transmission) for the eccentric fiber phantom (10/25 axis ratio). Tabulated values are expressed in % and represent
the accuracy as defined in Eq. (12) for different combinations of grating parameters (thickness and aperture size). Values represented by red cells indicate an overestima-
tion of the respective reference values, whereas blue indicates an underestimation. Green cells represent the most optimal grating parameters. The most accurate σ2 esti-
mate is found for the 20 μm aperture with 200 μm thickness, whereas no clear trend is visible for T values of this phantom.
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A similar result is found from the eccentric fibers in Fig. 8, where
again the 20 μm aperture is more favorable compared to other
aperture sizes. In general, the effect of the grating thickness seems
to be more subtle than the effect of the aperture size. The heat
maps show a gradually decreasing trend for increasing grating
thickness, indicating a lowering average σ2 compared to the σ2

R
(see the supplementary material). Differences are, however, small
compared to the differences for varying aperture sizes. It should be
noted that shadowing is a problem affecting all contrasts for setups
with larger cone angles and thicker gratings. Some shadowing is
present in the results shown here as well, but only limited for most
grating configurations due to the relatively small cone angle in the
simulated geometry (2.1�).

Judging from the accuracy maps for T , smaller apertures tend
to give a more profound underestimation of T . Differences are,
however, small, especially in Fig. 8. The slightly decreasing trend
observed for Aσ2 with increasing grating thickness is present for AT

as well.
The results of the SSE between α and αR are summarized in a

heat map shown in Fig. 9. The color map, chosen to visualize the
SSE, shows darker red for a lower SSE and lighter yellow for a
higher SSE. It can be seen that the 40 μm apertures result in the
highest SSE, whereas the lowest SSE is found for the 25 μm aper-
ture. The influence of the grating thickness on the SSE appears to
be negligible, with a consistently decreasing SSE for thicker gratings
only visible with aperture sizes of 25, 35, and 40 μm. The negligible
SSE variation within columns indicates that the effect of shadowing
is small for the considered system geometry. The overall SSE is,
however, clearly higher in the last column.

V. DISCUSSION

The results shown in Sec. IV A illustrate that the most suitable
definition for the reference type is problem-specific. Indeed,
although type-1 reference values were chosen here to account for
the most relevant physical interactions of x rays in the phantom,
other arguments may lead to different choices. If beam hardening
effects are to be removed from the reference, type-2 reference
values gain interest. Choosing a type-2 reference does not avoid a
change in effective spectrum, but by design absorbed photons do
not contribute to the reference. Given that the energy of every
photon is stored in the VG output, a more dedicated approach
could be to carefully select a subset of photons from the VG
output, in order to reconstruct the original spectrum. Although
this avoids a change in effective spectrum, the significant loss of
photons can affect the reference estimates.

Furthermore, the type-2 reference profiles plotted in Figs. 5
and 6 reveal that the presence of microstructures leads to fluctua-
tions in α and σ2 that cannot be attributed to photon statistics or
the contrast retrieval procedure. This implies that these fluctuations
result from intrinsic phantom properties such as local spatial varia-
tions in fiber concentration. It should be noted that such spatial
signal fluctuations have received attention in recent experimental
work as well,78,79 where the standard deviation of α is treated as an
alternative contrast type. The method presented in this work allows
us to separate the intrinsic spatial fluctuations from other contribu-
tions such as photon statistics and contrast retrieval algorithms.
The proposed method, therefore, seems well-suited to provide addi-
tional insight into how these fluctuations are related to specific
microstructure properties, especially since this effect is mostly of
interest for larger microstructures.

The accuracy and SSE maps shown in Figs. 7–9, provide a
direct comparison of different grating designs for use in EI experi-
ments based on all three contrast types. Figure 7 shows a slow but
steady increase in AT for increasing aperture size. Given that TR is
estimated from fully illuminated pixels, it is indeed to be expected
that AT improves when the effective pixel area illuminated by the
beamlet approaches the full pixel size. This trend is less apparent in
Fig. 8, where the AT values show a more constant behavior. It is
expected that this is due to the stronger beamlet broadening associ-
ated with the eccentric fiber phantom. Given that the size and
shape of the fibers were different in both phantoms for the same
total number of fibers, different packing densities are obtained. For
the symmetric fibers, the packing density was found to be 7%,
whereas for the eccentric fibers this was 17%, i.e., approximately
2.5 times higher. This difference is reflected by the corresponding
average and standard deviation of the dark field (σ2

R), which are
consistently higher for the eccentric fiber phantom (see
supplementary material). Differences in σ2

R between apertures are
likely due to a change in number of photons and the effectively
illuminated sample area. A possible alternative strategy could be to
take the full period into account, although this implies that the set
of trajectories used for the reference will no longer spatially match
that of the contrast retrieval results. In addition to the examples
presented in this work, the method is perfectly suited to test con-
trast retrieval methods, as its primary goal is to assess if informa-
tion is extracted correctly from the simulation.

FIG. 9. SSE (sum of squared errors) heat map of α (refraction) for the single
cylinder simulation, showing different combinations of aperture size and grating
thickness. Darker red cells indicate lower, more optimal refraction estimates,
whereas lighter yellow cells indicate larger deviations from the reference values.
Smaller apertures yield more accurate refraction estimates, whereas the grating
thickness has only limited influence.
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In Sec. III, Eq. (11) was used to find a lower limit on Δxr for
the validity of the geometrical optics model. It should be noted that
this limit is indeed system dependent. A shorter system (dOD #)
would, for example, result in a smaller Δxr value. Although for the
10 μm fiber case, the microstructure size lies below the estimated
limit, the associated diffraction effects would not be resolvable with
the modeled aperture and pixel sizes. If smaller apertures are of
interest, wave optics simulations should be considered.
Alternatively, the geometrical optics model could be extended
through the geometrical theory of diffraction.80 This would,
however, result in a significantly increased computational cost.
Hence, the current scope of our work is limited to systems for
which the geometrical optics approach is a reasonable approxima-
tion. It should be noted that the weighted mean energy of the spec-
trum was used to determine the Δxr limit. In practice, however, the
majority of x rays that are not absorbed by the object and, there-
fore, contribute to the measurement, will have higher energies. The
associated shorter wavelengths imply a lower effective Δxr limit for
these x rays.

A practical limit of the presented method is the fact that the
VG approach tends to produce rather large output files for larger
simulations.33 If large simulations are required for a specific
problem (e.g., 3D CT studies), the size of the output files could
reach challenging proportions. A possible way to reduce the
required output size would be to develop a dedicated VG output
format storing only minimal amount of data. Standard ROOT
output files store information that is not used in VG applications.
However, data storage problems are not expected to become a lim-
iting factor in the majority of cases.

VI. CONCLUSION

A method was presented to simultaneously simulate EI
measurement data and corresponding T , α, and σ2 reference
values for multi-contrast benchmarking of EI simulations. The
example cases presented in this work demonstrate how bench-
marking can be performed without the need for additional sim-
ulations. Although GATE was used for our simulations, the
method can be incorporated in any MC toolbox. Given the
increasing interest in multi-contrast imaging, it is expected that
the proposed method will prove to be useful for the optimiza-
tion of future EI systems. In addition, we see a broader poten-
tial toward investigating the recently described “standard
deviation of refraction contrast” attributed to mainly larger
microstructures.

SUPPLEMENTARY MATERIAL

Data tables underlying the results presented in Figs. 7 and 8
are available in the supplementary material.
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