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A Hybrid Approach to Simulate X-Ray Imaging
Techniques, Combining Monte Carlo and
Deterministic Algorithms
Nicolas Freud, Jean-Michel Létang, and Daniel Babot

Abstract— In this paper, we propose a hybrid approach to
simulate multiple scattering of photons in objects under X-ray
inspection, without recourse to parallel computing and without
any approximation sacrificing accuracy. Photon scattering is
considered from two points of view: it contributes to X-ray
imaging and to the dose absorbed by the patient. The proposed
hybrid approach consists of a Monte Carlo stage followed by a
deterministic phase, thus taking advantage of the complementarity
between these two methods. In the first stage, a set of scattering
events occurring in the inspected object is determined by means of
classical Monte Carlo simulation. Then this set of scattering events
is used to compute the energy imparted to the detector, with a
deterministic algorithm based on a “forced detection” scheme. As
regards dose evaluation, we propose to assess separately the energy
deposited by direct radiation (using a deterministic algorithm)
and by scattered radiation (using our hybrid approach). The
results obtained in a test case are compared to those obtained
with the Monte Carlo method alone (Geant4 code) and found
to be in excellent agreement. The proposed hybrid approach
makes it possible to simulate the contribution of each type
(Compton or Rayleigh) and order of scattering, separately or
together, with a single PC, within reasonable computation times
(from minutes to hours, depending on the required detector
resolution and statistics). It is possible to simulate radiographic
images virtually free from photon noise. In the case of dose
evaluation, the hybrid approach appears particularly suitable to
calculate the dose absorbed by regions of interest (rather than
the entire irradiated organ) with computation time and statistical
fluctuations considerably reduced in comparison with conventional
Monte Carlo simulation.

radiation (i.e. photons that do not interact in the object before
being detected) is usually considered. To assess the role of scattered radiation (and, possibly, of secondary radiation), several
groups have proposed quite sophisticated methods, based on
deterministic or stochastic approaches [4]–[8]. The computing
resources required by these approaches are considerable, and
parallel implementations have been reported [9], [10].
In this context, we have recently proposed a hybrid simulation approach, combining Monte Carlo and deterministic
algorithms, to simulate multiple photon scattering [11]. This
work has demonstrated the feasibility of simulating the contribution of multiple scattering to transmission images, with
limited computing resources (single PC).
In the present paper, we address the simulation of multiple
scattering from two viewpoints: transmission imaging and dose
deposition in the irradiated sample. As a test case, we will consider a polymethyl methacrylate (PMMA) step wedge irradiated
with 20 keV X-rays.
The outline of this paper is as follows: after summarizing the
principle of the hybrid approach, we illustrate its performance
with an example in the case of transmission imaging; then we
broach the calculation of the dose deposited in the sample by
direct and scattered radiation. We compare our results to those
obtained with the Monte Carlo method alone (Geant4 code) in
the same configuration.

Index Terms— Rayleigh and Compton scattering, X-ray imaging, Monte Carlo method, deterministic simulation, hybrid simulation, forced detection, dose calculation.

II. P RINCIPLE OF THE METHOD

I. I NTRODUCTION

D

URING the last decade, several research groups have
investigated the issue of fast simulation of X-ray imaging.
It is now well established that deterministic algorithms based on
ray tracing techniques make it possible to simulate in a short
time realistic radiographs, taking into account polychromatic
X-rays, intricate three-dimensional objects, geometric unsharpness, etc. [1]–[3]. Actually, the deterministic approach proves
really fast at the expense of physical accuracy: only direct
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The proposed hybrid method consists of two stages (Fig. 1):
• Firstly, a set of scattering events occurring in the inspected
object is determined by means of classical Monte Carlo
simulation. Each photon is tracked from its point of
emission to the point where it is absorbed or crosses the
boundaries of the simulated experiment. Each time the
photon is scattered, the coordinates of the interaction point,
the direction of propagation and the energy of the incident
photon, as well as the type (Rayleigh or Compton) and
order of scattering are recorded.
• Secondly, the set of scattering events is used to compute
the energy imparted to the detector, with a deterministic
algorithm based on a “forced detection” scheme [12], [13].
In both the Monte Carlo and deterministic stages, the
same physical models are used, namely the form factor (FF)
and the incoherent scattering function (ISF) approximations,
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Fig. 1.
The hybrid simulation method consists of two stages. The first
stage is a Monte Carlo simulation, whose result is a list of scattering events
{S1 , . . . , Sk , Sk+1 , . . . , Sn } (left). This list is used during the second stage,
in which scattering is forced towards every pixel of the detector (right).

for Rayleigh and Compton scattering of unpolarized photons
respectively. The FF and ISF values, as well as the mass
attenuation coefficients are taken from the EPDL97 database,
distributed by Cullen et al. [14].
A. Case of imaging: detector placed outside the sample
For each scattering point Sk , the probability for the scattered
photon to reach pixel Pj of the detector is given by
dpkj =



1
dσkj (θkj , Eki )
s
exp −µ(Ekj
)xkj dΩkj , (1)
i
dΩkj
σk (Ek )

where σk (Eki ) is the total cross section for scattering off Sk
over 4π sr, function of the energy Eki of the incident photon,
dσkj /dΩkj is the differential cross section (DCS), function of
the scattering angle θkj and of Eki , µ is the linear attenuation
s
of the scattered photon,
coefficient, function of the energy Ekj
xkj is the attenuation path length traversed by the scattered
ray in the object and dΩkj is the solid angle corresponding
to pixel Pj seen from scattering point Sk . The probability
dpkj given by (1) has to be computed for each scattering
event in the object and for each pixel of the detector. This
calculation is completely deterministic. Assuming the detector
to be perfect (i.e. that is detects all the photons that hit its
surface and integrates their energy), the final image is obtained
by summing the contributions of all scattering points Sk . The
energy received by pixel Pj is given by

s
Ej =
dpkj Ekj
.
(2)
k

1 dpkj
2 dΩ ,
rkj
kj

(4)

where rkj is the distance from scattering point Sk to the center
of voxel Vj .
In this work, the energy lost by photons during photoelectric
or Compton events is assumed to be deposited locally. Three
arguments back up this assumption:
• The range of electrons is much smaller than the scale
of observation. In the test case chosen for this paper,
the range of electrons in PMMA, at 20 keV, is about
7 µm (range calculated in the continuous-slowing-down
approximation), whereas the voxel size is 1 mm. More
generally, electrons with a kinetic energy below 100 keV
have a range in soft tissue shorter than 150 µm [15].
• The radiation yield (average fraction of the initial kinetic
energy of an electron that is converted to bremsstrahlung
energy) is very low, in the energy range of diagnostic Xrays. In other words, there is very little energy escaping
as bremsstrahlung emission during the slowing down of
electrons, because collisional energy losses are by far the
dominating process. For example, in PMMA, the radiation
yield is smaller than 10−3 for electrons with kinetic energy
below 200 keV [15].
• In low-Z elements (Z < 10), all radiative transitions
are below 1 keV, therefore a very short distance (a
few micrometers in our test case) is sufficient for all
fluorescence photons to be absorbed. Note, however, that
in materials containing higher-Z elements, higher-energy
fluorescence photons would travel longer distances and,
therefore, would have to be taken into account in the
simulation.
Finally, µd (E)/ρ can be written as
µd (E)
µph (E) µCo (E) E − ECo 
=
+
,
ρ
ρ
ρ
E

(5)

where µph /ρ and µCo /ρ are the mass attenuation coefficients
for photoelectric and Compton effects respectively, and ECo 
is the average energy of the Compton-scattered photon (also
function of the incident photon energy). All these data are
available in EPDL97 [14].
III. R ESULTS IN A TEST CASE AND COMPARISON WITH THE
M ONTE C ARLO METHOD
A. Simulated configuration

B. Case of dosimetry: detector placed inside the sample
To compute dose profiles or maps, we place a virtual detector
inside the irradiated sample. The dose deposited at voxel Vj by
photons coming from Sk is given by
s
s
Φskj µd (Ekj
)/ρ
Dj = Ekj

(3)

where Φskj is the photon fluence scattered off Sk towards Vj
and µd /ρ is the mass energy-deposition coefficient, function of

We have chosen to test our hybrid method in the configuration presented in Fig. 2. The first simulation stage was carried
out with the Monte Carlo code Geant4 (release 6.0, patch 01)
[16]. The incident photons were generated with equiprobable
directions within a cone beam. Only photons were tracked in the
simulation (electronic processes were inactivated). The spatial
distribution of the scattering interactions in the sample can be
visualized in Fig. 3.
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To illustrate the highly anisotropic character of Rayleigh and
Compton interactions, we have represented their DCSs, in the
FF and ISF approximations respectively, in the case of PMMA,
at 20 keV (Fig. 4).
Detector: 100 × 100 pixels
Pixels: 2 mm × 2 mm
SI
IJ

= 525 mm
= 50 mm
I

S

Point source
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J

stage. The whole simulation took 10 minutes with a 2.8 GHz
processor (PC architecture). To validate our hybrid simulation
method and to assess its performance, we have simulated the
same experiment (except for the number of incident photons,
which was set to 5 × 108 ) with the Monte Carlo method alone
(Geant4 code). This simulation took about 20 hours. The results
of both approaches are presented in Fig. 5, and the profiles
extracted from the 50th (central) detector column in Fig. 6.
Remarkably, the results of the hybrid approach are very smooth,
compared to the Monte Carlo simulation, even though the latter
involved many more incident photons. Apart from noise, the
agreement between the two methods is excellent.

Polymethyl methacrylate step wedge
Overall dimensions: 10 cm × 10 cm × 8 cm
5 steps: thickness [2 – 10] cm

Fig. 2. Geometric arrangement of the simulated experiment. The incident
photons are emitted isotropically in a cone with half angle at the apex θmax =
0.242 rad. A radiographic image is obtained on the detector placed behind the
step wedge (this detector is considered to be perfect). Besides the radiographic
image, a dose map is computed in the vertical symmetry plane (100 × 100
cubic voxels of 1 mm3 ).

Fig. 5. Simulated image formed by scattered radiation, obtained with the
hybrid approach, with 5 × 105 incident photons (left) and with the Monte
Carlo approach, using 5 × 108 incident photons (right). Computation times
were about 10 min (hybrid) and 20 h (Geant4), with a 2.8 GHz processor (PC
architecture).
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Fig. 3. Orthographic projection of
scattering events (about 7.1 ×
Compton and 2.9 × 103 Rayleigh events) generated by the Monte Carlo stage
in the configuration of Fig. 2.
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Fig. 6. Profiles corresponding to the 50th column of the images of Fig. 5
(hybrid simulation: solid line; Monte Carlo simulation: dots). The results of
the hybrid method were multiplied by 103 to correspond to the same number
of incident photons (5 × 108 ) as in the Monte Carlo simulation.
Fig. 4. DCSs for Rayleigh (solid line) and Compton (dashed line) scattering
of unpolarized radiation in PMMA, in cm2 · g−1 · sr−1 , computed using the
FF and ISF values tabulated in EPDL97.

C. Dose deposited by direct radiation

B. Role of multiple scattering in transmission imaging

The dose deposited in the sample at Vj by the radiation
coming directly from the X- or γ-ray source can be computed
using a simplified version of (3):

We have simulated the image formed by scattered radiation
with our hybrid approach, with 5 × 105 incident photons,
which generated 55640 scattering points in the first simulation
stage; all these scattering events were processed in the second

Dj = E i Φij µd (E i )/ρ,

(6)

where E i is the incident photon energy and Φij the incident photon fluence at Vj . If the source emits a polychromatic spectrum,
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the calculation has to be repeated for a set of energy values
and the corresponding doses are summed. Even with a polychromatic spectrum and a complex geometric configuration, the
computation can be carried out in a very short time (typically a
few seconds) using a fully deterministic algorithm. It is worthy
of note that (6) gives the expectation of the absorbed dose,
without any statistical fluctuation. The results obtained in our
test case are presented in Fig. 7. Profiles extracted from the
images are plotted in Fig. 8. Note that we have chosen to
present our results in terms of deposited energy (MeV per
voxel), rather than in grays. The agreement between the results
of the deterministic and Monte Carlo methods is excellent. In
contrast to the Monte Carlo results, the deterministic method
gives an image free of noise.

Fig. 9. Energy deposited by scattered radiation, computed using the proposed
hybrid approach. The first image (left) was obtained by processing 5 × 104
scattering points (corresponding to about 5×105 incident photons). The second
image (right) was obtained with 5 × 106 scattering points (about 5 × 107
incident photons). Simulations carried out in about 10 min and 16 h respectively
(2.8 GHz processor, PC architecture).

Deposited energy (MeV)

3

Fig. 7. Energy deposited by direct radiation (5 × 108 incident photons),
obtained with the deterministic approach (left) and compared with the results
of the Monte Carlo method (right). Computation times were about 1 s
(deterministic) and 20 h (Geant4), with a 2.8 GHz processor (PC architecture).
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Fig. 10. Profiles corresponding to the 82th column of the detector, obtained
with the hybrid approach, with increasing numbers of scattering points, and
scaled up to correspond to 5 × 108 incident photons. The first simulation
(5 × 105 scattering points) took about 25 min, with nearly equal times spent in
the two simulation stages. The two other simulations lasted 10 and 100 times
longer.
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Fig. 8. Profiles corresponding to the 82th column of the images of Fig. 7
(deterministic approach: solid line; Geant4: dots).

D. Dose deposited by scattered radiation
Keeping the same test case, we have computed maps of
the dose deposited by scattered radiation, using the hybrid
approach. We have carried out simulations with increasing
numbers of incident photons to test the convergence of our
results. Two dose maps are presented in Fig. 9, and profiles
taken at the 82th column of the detector are plotted in Fig. 10.
The bright dots in the images (or peaks in the profiles) are

the signature of scattering points located within short distance
of the voxel array. As the photon fluence Φskj scattered off
2
Sk towards Vj is proportional to 1/rkj
, the scattering points
that happen to be near voxel centers are the source of very
high dose contributions for these voxels. This type of artifact
is a consequence of voxel discretization (Φskj is computed at
the center of voxel Vj ) combined with insufficient statistics.
Globally, as the number of scattering points processed in the
simulation increases, the results become smoother and smoother
(see Fig. 9). The profiles, once scaled up to correspond to
the same number of incident photons, converge. Finally, the
excellent agreement between the hybrid and Monte Carlo
methods is illustrated in Fig. 11 and 12.
The performance of the hybrid approach gives rise to the
following comments:
•

The computation time spent in the deterministic stage is
roughly proportional to the number of voxels in the volume
of interest. Therefore the hybrid approach is particularly
suitable to compute dose maps limited to regions of
interest or profiles, rather than 3D dose distributions.
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•

For a given number of incident photons, the hybrid approach makes it possible to improve considerably the
results given by conventional Monte Carlo simulations, by
reducing statistical fluctuations.

In a short term perspective, further work is needed to limit the
artifacts due to scattering points located within short distance
of the detector. We consider using splitting or a strategy of
spatial averaging. We also plan to extend the scope of the
hybrid approach by addressing the simulation of fluorescence
and bremsstrahlung emission.
R EFERENCES

Fig. 11. Energy deposited by scattered radiation, computed using Geant4,
with 5 × 108 incident photons.
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Fig. 12. Profiles corresponding to the 82th column of the detector, obtained
with the hybrid approach (solid line) and with Geant4 (dots). The same number
of incident photons (5 × 108 ) was used in both simulations.

IV. C ONCLUSION AND PERSPECTIVES
This work demonstrates that the proposed hybrid simulation
method is efficient to simulate the contribution of scattered
radiation to X- or γ-ray images and to the dose deposited in
the irradiated sample. Evidently, the hybrid approach is also
particularly suitable to simulate techniques for which scattered
radiation (or secondary radiation) represents the signal of
interest. This approach constitutes an alternative to conventional
methods (probabilistic or deterministic), which opens up new
possibilities.
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from the point of view of computation time, to focus on the
properties of the hybrid method in itself. However, it should be
kept in mind that well-known variance reduction techniques,
such as Russian roulette and splitting may be used to further
improve the performance of the hybrid approach. For example,
Russian roulette can be used to kill scattering points located far
from the detector (the contribution of such points to the image
or dose map is very limited).
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