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Abstract 
The purpose of this study was to evaluate different approaches for scatter artifact reduction in the field 
of dimensional computed tomography (CT). The methods we investigated can be subdivided into one 
software-based method and three hardware-based methods. 
The software-based method uses a Monte Carlo scatter simulation to estimate scatter intensities for an 
initial model of the geometrical and physical properties of the object and the CT measuring machine. 
On the hardware side, we evaluated the influence of an anti-scatter grid with variable grid ratios, the 
impact of different beam collimations, and a water bath with the object immersed inside. 
Our preliminary results show that all tested methods are more or less successful in reducing scatter 
artifacts that show up in reconstructed CT images. 
Among all methods the water bath approach showed the worst performance in terms of scatter 
reduction. This is accompanied by the disadvantage that the object must be immersed in a material of 
similar density, which further devalues the practical use of this method. The slit scan method showed 
good results for scatter artifact reduction but has the disadvantage that multiple scans must be 
performed to measure the full 3D volume. 
Thus far, the Monte Carlo based method and the use of anti-scatter grids offer the best results for 
scatter reduction and practical application.  They reduce scatter artifacts to a great extent and offer 
vastly improved images. Furthermore, these two methods do not complicate the process of data 
acquisition as the water bath and the slit scan method do. 
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1  Introduction 
Today, x-ray computed tomography is an established technique in nondestructive material testing and 
since 2005 coordinate metrology [1]. The correctness of mass and electron density values and the 
resulting geometric accuracy is of particular importance for coordinate measuring machines (CMM) 
with computed tomography. 
One factor that degrades image quality is scattered radiation which leads to cupping and streak artifacts 
in reconstructed CT images. Especially when large metal components are scanned, such as injection 
pumps or motor blocks, the high ratio of scattered radiation causes extremely strong artifacts in CT 
images. This may impede correct geometrical measurements, especially of objects with both plastic 
and metal components.  
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Therefore, it is extremely important to account for scatter by incorporating scatter correction methods 
into the reconstruction algorithm and to optimize the CMM hardware to reduce the scatter content in 
measured intensities. 

To analyze the potential of software- and hardware-based approaches to reduce scatter artifacts in CT 
images, both principles were investigated. 

2  Materials and Methods 

2.1 Simulation Setup and Phantom 
For the evaluation of the different scatter reduction methods, simulations in a typical CMM geometry 
(Figure 1) were performed. Projection data of a motor block phantom made from aluminum (Figure 2) 

with and without scatter were simulated. All simulations were done at a tube voltage of 450 kV using a 
standard prefiltration. Figure 3 shows reference reconstructions of the motor block with and without 
scatter. 

2.2 Scatter Simulation by Monte Carlo method  
For the investigation of the scatter artifact reduction potential of the different methods, we 
implemented a Monte Carlo simulation tool for the simulation of scatter intensities based on a physical 
model of the CMM and the geometry of the measured object. The Monte Carlo simulation of scatter 

Figure 7: Scanner geometry used for the simulations. Left: The primary beam is projected to 
the full detector dimensions. Right: The primary beam is restricted by collimation. 

Figure 2: Volume rendering of our virtual motor 
block phantom. The phantom material is 
aluminum. 

Figure 3: Reconstructions of the motor block 
phantom. Left: a scatter free reference, Right: the 
uncorrected image containing scatter artifacts. 
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signals is considered to be a very accurate method to estimate the scatter fraction in detected intensities 
since here the real physics of photon transport through the object are modelled [2]. 
Monte Carlo simulation of photon transport is based on a random sampling process from physical data 
that describe the interaction of photons with matter.  Photon histories through the measured object are 
simulated based on tabulated data for the attenuation coefficient and the cross sections of the physical 
effects that account for the interaction of x-ray photons with matter in the energy range of dimensional 
CT imaging (Compton scattering, Rayleigh scattering, photo effect and, above 1022 keV, also pair 
production). 
Objects can be passed to the simulation either as voxel phantoms containing the known material and 
density composition or as reconstructed volumes. If reconstructed volumes are passed, a threshold-
based segmentation is used to obtain material and density information. 
To achieve a realistic simulation of the scatter intensity, the Monte Carlo software allows the 
simulation of polychromatic source spectra plus prefiltration, detector materials and detector 
thicknesses, beam collimation, and anti scatter grids. 
Since Monte Carlo scatter simulation involves random numbers, many photon paths must be simulated 
to obtain low noise estimates of the scatter intensity. This results in very long computation times for 
straight forward implementations. Therefore, the newly developed software contains several well 
known optimization techniques to reduce the simulation time [3, 4]. 

2.3 Monte Carlo based Scatter Correction 
Monte Carlo based scatter correction relies on the same principle as the Monte Carlo simulation of 
scatter signals. Based on an initial guess for the material and density distribution, an estimate of the 
scatter intensity is calculated by simulating the physical path of photons through the object. 
This estimate is then subtracted from measured intensities and a corrected volume is reconstructed [2]. 
To achieve accurate results for the estimated scatter intensities, the geometrical and physical properties 
of the object and the CMM as well as the measurement parameters must be known in advance. The 
latter are usually well known. The crucial point is the object itself, the information about the geometry 
and the physical properties. The density and the material composition are taken by segmentation from 
a reconstructed volume. The presence of artifacts in the volume may reduce the quality of the 
segmentation. This may in turn degrade the quality of the Monte Carlo based estimation of scatter 
intensities. 
To enhance the quality of Monte Carlo based scatter correction it is proposed to use prior information 
about the object. This is especially effective for binary objects, i.e. objects that consist of only one 
material and air. The mask for the Monte Carlo simulation may be generated not by segmentation of an 
initial uncorrected reconstruction but based on prior geometrical information that can be generated, e.g. 
from a CAD model of the object. 
To optimize simulation time for Monte Carlo scatter estimates the amount of simulated photon paths 
and to regularize noisy outputs of the Monte Carlo simulation can be reduced with an analytical model 
for scatter [5]. 

2.4 Anti-Scatter Grid 
The general concept of anti-scatter grids which are mounted on top of the detector is that the amount of 
scattered radiation that reaches the detector is reduced by restricting the acceptance angle of detector 
pixels. Thereby the direction of the grid lamellae is adjusted such that scattered x-ray photons are 
preferably absorbed in the grid while primary, i.e. unscattered photons pass the grid without 
attenuation. To minimize the amount of scattered radiation that passes through the grid, scatter grids 
are usually made from high-Z materials such as tungsten. 
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In this study an ideal, total absorbing grid is assumed and the influence of the grid ratio, i.e. the ratio 
between the grid height and the distance between the grid lamellae, on the scatter artifact reduction in 
reconstructed CT images are evaluated. This was done for typical grid ratios of 5 and 25. 

2.5 Water Bath 
The water bath method is adapted from the early days of clinical CT imaging where the patient was 
scanned with a surrounding water bath that has similar physical properties as the patient in terms of 
photon interaction to reduce beam hardening artifacts [6]. We adapted this method to reduce scatter 
artifacts in dimensional CT. The object was immersed in a water bath and prior to the actual object 
measurement, a scan of only the water bath is performed which is taken as basis for the I0 calculation. 
Projection values which are needed for the reconstruction of CT images are now computed by dividing 
the intensities measured with the object immersed in the water bath by the I0 scan containing only the 
water bath, followed by taking the negative logarithm. The principle behind this technique is that the 
scatter signal of the I0 measurement with the water bath and the actual object measurement are mainly 
the same due to the similar physical properties of the water bath and the object. To account for the 
different densities of water and typical materials in dimensional CT, we varied the density of the water 
bath. Additionally, we added a bowtie filter designed to achieve a uniform intensity over all detector 
pixels when the water bath is scanned alone (Figure 4). This reduces the intensity of the primary x-ray 
beam near the edges of the water bath to prevent high amounts of scattered photons that arise from 
these regions. 

2.6 Slit Scan 
It is well known from clinical CT imaging that the size of the irradiated object volume has a strong 
influence on the magnitude of the scatter intensity at the detector. The larger the irradiated volume the 
higher the scatter content in measured intensities [2]. Therefore, an obvious way to reduce scatter is to 
perform a slit scan, i.e. to collimate the x-ray beam to only a few detector rows (Figure 1). The 
disadvantage of this technique is that for the reconstruction of a full 3D volume several scans must be 
performed which increases the scan time compared to other methods. Nevertheless, from clinical CT 
imaging it is known that slit scans reduce scatter to a large extent which may justify longer acquisition 
times. 
We evaluated the scatter reduction potential of the slit scan method for two different collimations 
which equal a restriction of the primary x-ray beam to 10% respectively 1% of all detector rows. Thus, 
we assumed an ideal collimator, i.e. no primary photons reach the detector in the collimator shadow. 

Figure 4: Setup for the I0 measurements with the water bath. 
Due to the shape of the bowtie a uniform illumination of the 
detector is achieved. Note that this is only true if we neglect 
scatter. 
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3  Results 

3.1 Monte Carlo based Correction 
Figure 5 depicts the results for the image-based and the prior-based scatter correction. Using the 
image-based mask, which is generated by segmentation of the uncorrected image, yields only a 
negligible reduction of scatter artifacts. As seen in the images of the first row of Figure 5, the image-

based mask does not resemble the geometry of the object correctly. Compared to the ideal mask image, 
large errors occur. 
This issue can be solved if the prior-based mask is used for scatter correction (second and third row of 
Figure 5). To simulate small deviations between the prior geometry and the true geometry, and thereby 
to evaluate the robustness of the method, we shifted or dilated the prior-based mask by up to 4 mm. 
The second and third rows of Figure 5 show that using the prior-based mask almost completely 
removes the scatter artifacts. Neither shifting nor dilating the mask impairs image quality. In all cases, 
the prior-based Monte Carlo scatter correction is better than the scatter correction without prior 
information. All structures can now be clearly identified. 

Figure 5: Results for the image-based and the prior-based Monte Carlo scatter correction. The image-based 
mask does not resemble the object geometry correctly and scatter artifacts remain in the image. With the 
prior-based mask, almost perfect images are obtained. 
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3.2 Anti-Scatter Grid 
In Figure 6 the influence of an anti-scatter grid that is mounted on top of the detector is shown. As can 
be seen, the image quality strongly increases with the grid ratio. While for a grid ratio of 5, some 
artifacts remain in the reconstructed image, with a grid ratio of 25, almost perfect images can be 
obtained. For real measurements the performance of the anti-scatter grid might be slightly worse than 
in this simulation study since our assumption of total absorbing grids cannot be fulfilled with real anti-
scatter grids. 

3.3 Water Bath 
The results for the scatter reduction achievable with the water bath method are shown in Figure 7. In 
the first row of Figure 7 images reconstructed with and without the water bath are shown. As can be 
seen, using pure water with a density of ρ=0.001 g/mm3 offers only a negligible improvement in image 
quality. If the density of the water is doubled, contours of the motor block become visible which can be 
seen even more clearly when looking at the high pass filtered images in the second row of Figure 7. 
Note that increasing the density of the fluid can easily be achieved in practice by diluting a contrast 
agent into the water. 

3.4 Slit Scan 
The results from the slit scans are depicted in Figure 8. If the collimator is restricted to 10% of the 
available detector rows, only a minor reduction of scatter artifacts is observed. By restricting the 
primary x-ray beam further and illuminating only 1% of all detector rows, a strong reduction of scatter 
artifacts can be achieved as compared to the uncorrected image (Figure 8). Structures that disappear 
when the full detector is illuminated can now be clearly identified and thus be measured. It must be 
noted that for real collimators which do not totally absorb the primary beam, the results may be slightly 
worse. 

Figure 6: As compared to the uncorrected image, using an anti-scatter grid 
yields a strong increase in image quality. For a grid ratio of 25, almost perfect 
images are obtained. 
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4  Conclusions 
With all methods investigated in this study a reduction of scatter artifacts can be achieved. Compared 
to the other methods, the water bath method showed the lowest scatter reduction potential. The 
applicability and the practical use of this method might be further reduced by the fact that the object 
must be immersed in water or into a contrast enhanced liquid. 
The slit scan method shows very good results for the correction of scatter artifacts as long as the 
chosen collimation is adequately small. To acquire data for the reconstruction of a full 3D volume, 
with a slit scan multiple measurements must be done. This might limit the practical application to solve 
complex measurement problems and may serve as a reference method to test other new scatter 
correction methods. 
It is our belief that the anti-scatter grid and the Monte Carlo-based method offer the best potential both 
in terms of scatter reduction and practical application. Both methods do not influence or alter the 

measurement process and yield almost artifact free CT volumes. 
As shown, the Monte Carlo-based scatter correction strongly depends on the generation of a correct 
mask image. If the mask image is generated from a scatter degraded reconstruction, the scatter 
correction fails almost completely. This can be avoided if prior information is used for the generation 
of the mask image that might come, for example, from a CAD model of the object. 

Figure 7: The water bath approach may provide a method to enhance the 
detectability of object edges. 
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Instead of using the prior-based mask image, a combination of an anti-scatter grid with the Monte 
Carlo-based correction promises good results for artifact reduction. Doing so may improve the reduced 
performance of realistic anti-scatter grids as compared to the ideal simulation. The initial CT image 
reconstructed from a scan with a grid may serve as prior image for the Monte Carlo simulation. The 
reduced amount of scatter artifacts in this image may allow for a more accurate segmentation. This in 
turn may yield more correct Monte Carlo scatter simulation and therefore almost artifact-free volumes 
and more accurate results of coordinate measurement with computed tomography. 
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Figure 8: Images for different beam collimations are shown. Scatter artifacts 
decrease with decreasing detector illumination. If the primary beam is 
restricted to only 1% of all detector rows almost perfect images can be 
obtained. 


