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Abstract 
Digital detector arrays are used for industrial radiography and cone beam CT.  Scattering and beam hardening 
artifacts reduce the achievable contrast sensitivity and can severely limit the size of the part to be scanned or 
require large amounts of shielding to block scatter outside the inspection area of interest.  Varian’s image 
processing toolkit contains a set of dll’s that can easily be deployed to correct radiographs and enhance CT 
system performance.  While this image processing package has been established in the medical area it is not 
starting to be applied to industrial imaging. Recently, a study was performed on a selection of aluminum 
industrial parts at 225 kV where computed scatter and beam hardening corrections were shown to improve DR 
contrast sensitivity and CT number uniformity.  In this study, new results are presented based on studies of steel 
and aluminum parts with 225 kV and 950 kV x-ray sources.  Additionally, the effect of a resolution enhancement 
algorithm (REA) that corrects the light spread from thicker scintillator screens and allows the user to take 
advantage of higher efficiency screens without sacrificing spatial resolution is evaluated. 
 
Keywords: Scatter correction, beam hardening, high energy, resolution, enhancement, processing, cone beam, 
CT 
 
1.  Introduction 
 
While digital radiography (DR) offers real time high fidelity imaging capabilities often with 
much higher conversion efficiency that either film or computed radiography (CR), significant 
challenges remain in order to provide the highest quality 2D radiographs and 3D cone beam 
computed tomography (CBCT) reconstructions. Specifically, inherent nonidealities in the flat 
panel imagers such as lag and signal-dependent gain changes, as well as object-dependent 
properties such as scatter and beam hardening must be addressed.  
 
Scattered radiation is perhaps the most significant concern particularly as the field of view is 
increased and scatter becomes a significant portion of the detected signal, resulting in 
decreased contrast and reduced CT number accuracy if not properly addressed.  Similarly, 
beam hardening of the x-ray spectrum through the object can cause cupping and streaking 
artifacts in 3D reconstructions.  In other applications, where high conversion efficiency is 
needed to achieve an imaging goal, the use of thicker scintillators can degrade spatial 
resolution due to the scintillation light spread.  
 
Varian has developed an image processing toolkit (CST) that operates on 2D projection 
radiographs and addresses these issues by providing model-specific lag corrections[1], 
material-specific scatter and beam hardening corrections[2.3], and scintillator-specific 
resolution enhancement.   The CST package also provides for cone beam reconstruction 
capabilities utilizing the FDK algorithm [4] with several choices of filters[5] for filtered back 
projection using either a CPU or GPU for increased speed.  Additional processing of the 
reconstructed image is provided in the form of ring correction[6] and volume reorientation.  
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Each of these corrections is available as set of dll’s that can be inserted into an existing image 
processing pipeline.   
 
To demonstrate the flexibility and effectiveness of the image processing toolkit, projection 
data were taken at 225 kV of aluminium components and 950 kV of steel and aluminium 
components and run through this imaging processing pipeline.  Corrections were applied to 
test articles for parameter tuning and also to “real world” items including engine parts.   
 
2.  Imaging Setup and Image Processing 
 
2.1 Imaging Setup  
 
Data were acquired at Varian’s Industrial CT Scanning Services location in Lincolnshire, 
IL. Two setups, one at 950 kVp and the other at 225 kVp, were investigated. The 950 kVp 
setup, shown in Figure 1 comprised a Varian M3 accelerator and a Varian Paxscan 2530HE 
imager specifically designed for industrial radiography applications.  The source had a 
maximum dose output of 25 R/min/m and a focal spot size of approximately 1.5 mm. The 
2530HE panel has a 139 micron pitch and used a DRZ+ scintillator screen.  Additional 
external shielding was installed to shield the detector electronics.  The source-to-imager 
distance (SID) was 1319 mm and the source-to-object distance (SOD) was 816 mm.  The 
following detector settings were used for all acquisitions: 1 frame per second, 1x1 pixel 
binning, 0.5 pf gain mode. CBCT images were acquired using a turntable and consisted of 
360 projections covering 360 degrees. 

 
 
Figure 1: Imaging setup with 950 kV source, collimator, 2530HE DR Paxscan, imager with 
extra detector shielding and turntable. The source to imager distance (SID = 1319 mm) and 
the source to object distance (SOD = 816 mm). 
 
The 225 kVp setup, shown in Figure 2, comprised a Varian HPX-450-11 x-ray tube also with 
a Varian 2530HE Paxscan imager using a DRZ+ screen.   The SID was 1289 mm and SOD 
was 997 mm. The following settings for all acquisitions: 3 frames per second, 1x1 pixel 
binning, 2.0 pf gain mode.  As with the 950 kVp set-up, CBCT acquisitions consisted of 360 
projections covering 360 degrees. 
 
 
 
 
 
 

source and collimator 
detector shielding 

imaging area 

object turntable 
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Figure 2: Imaging setup with 450 kVp Varian HPX-450-12, 2530HE DR Paxscan with a 
DRZ+ screen, extra detector shielding and a turntable. The source to imager distance (SID) 
is 1289 mm and the source to object distance (SOD) is 997 mm 
 
2.1 Imaging Processing 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: (Left) 2D image processing pipeline. (Right) 3D image processing pipeline.   

 
The CST imaging processing library is available as a set of DLLs.  This pipeline architecture 
is flexible such that an integrator can utilize one or more plugins based on their image 
processing requirements. An overview of the available plugins is shown in Figure 3.  2D 
processing is performed before any transformation and 3D processing. 
 
Each of the plugins is described below along with an overview of the applied correction for 
image quality improvement. 
1. Integrity check – The Integrity Check is a pre-processing plugin that checks that the input 

projection data falls within a range of expected values. If a projection passes all of the 
integrity checks, it will then be passed on to the next processing step. If a projection fails 
to pass an integrity check, then that projection will be dropped from further processing 
and the pipeline will continue on without it.  There are 3 different types of integrity 
checks. The first is a check for a predefined number of pixels falling outside of a 
minimum and maximum pixel value. In the event that the check does not pass, this plugin 
will post a message to the host application which can be configured to drop the projection 
or just log it. Additionally, this plugin can notify the host application if the angle 
associated with a projection is significantly different from the previous projection. Failing 
this check will not cause the projection to be dropped. The final check compares the size 
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of the projection to the size specified in the system geometry. If this check fails, the 
projection will be dropped.  The host application, upon receiving any of these messages, 
may decide to abort the pipeline. 

Note- The Integrity Check plugin performs very basic checks, including for too many 
low value pixels (which might occur if the beam were blocked or not on), and too 
many high value pixels (which might occur if too many pixels were saturated). 
However, other issues with projection quality, such as noisy projection images, are 
not addressed and could have a direct impact on the image quality of the 
reconstructed volumetric image. 

2. Lag correction - Amorphous silicon photodiodes have a random crystal lattice structure 
with material impurities that create charge trapping centers. There are shallow and deep 
charge traps that fill when exposed to light, and release charge when the light is removed.  
The gain/sensitivity of electronics can shift slightly with continuous exposure, and a 
residual signal is present in subsequent readout frames, resulting in CT number errors at 
the periphery of non-cylindrical objects.  As charge traps are continuously filled by 
incoming light photons, the gain/sensitivity of the readout electronics appears to increase 
by 3-5 % over a few hundred frames.  When the light is stopped, there is a few percent 
residual signal in subsequent readout frames based on the decay of the charge from the 
shallow and deep traps.    

Correction- The gain-lag characteristics of a flat panel detector are measured.  A 
multi-exponential fit is made to the lag data [1] . After data acquisition, frame data are 

corrected by 
subtracting a small 
percent of the 
previous frame’s 
signal from the 
current frame with 
the amount 
subtracted being 
based on the multi-
exponential curve fit.   

 
Figure 4: (Left) Beam on. (Right) Beam off lag 

 
3. Scatter correction – There are two sources of scatter in a digital radiography system which 

can result in an unwanted signal that reduces contrast and adversely affects primary 
attenuation estimates. These two sources are 1) Scattering from the object itself and 2) 
Scattering within the detector. Corrections have been developed for both these effects as 
described below:  

Object scatter correction:  Conventional scatter correction methods often employ radially-
symmetric scatter kernels to deconvolve scatter from individual projections[7]. In this case, 
the scatter is assumed to be a function of the raw measured data and the air scan: �� = 血(��, �待) = 血岫�� − �� , �待岻, 

where ��, ��, ��, and �待 are the estimated primary, estimated scatter, measured signal, and 
measured air scan, respectively. However, symmetric kernels implicitly treat the object as 
a uniform slab, which does not account for any elevated scatter through thinner 
neighboring regions or depressed scatter through thicker neighboring regions[2,3]. To fully 
account for the effect of object heterogeneity and spatially varying thickness, the 
symmetric kernel method has recently been extended to asymmetric kernels using the fast 
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adaptive scatter kernel superposition (fASKS) method, which allows for efficient 
implementation of non-stationary asymmetric kernels in Fourier space and estimates 
scatter from individual projections. The relationship between the estimated scatter and 
primary is as follows: ��岫捲, 検岻 = ∑(な − ���岫捲, 検岻)ℱ−怠 (ℱ 岾��岫捲, 検岻��岫捲, 検岻��岫捲, 検岻峇 ⋅ ℱ 岾訣�岫捲, 検岻�岫検岻峇)� + ∑  ℱ−怠 (ℱ 岾���岫捲, 検岻��岫捲, 検岻��岫捲, 検岻��岫捲, 検岻峇 ⋅ ℱ 岾訣�岫捲, 検岻�岫検岻峇) ,�  

where the index i indexes the thickness groups that are demarked by binary masks ��岫捲, 検岻 that are computed from �岫捲, 検岻, the estimated steel or aluminium-equivalent 
thickness at position 岫捲, 検岻. For each thickness group, �� is a proportionality constant for 
asymmetry that is largely dependent on object magnification,  ��岫捲, 検岻 is the amplitude 
factor of the scatter kernel, and 訣�岫捲, 検岻 is the functional form (shape) of the scatter 
kernel.  �岫検岻 represents the anti-scatter grid response and was set to 1 for modelling of a 
gridless system. Note that the fASKS method reduces to the conventional (symmetric) 
SKS method when � = ど. The scatter estimate �� is solved iteratively from the measured 
projection �� and converges within a few iterations. For our data sets, the kernels were 
divided into 3 thickness groups for steel objects and 4 thickness groups for aluminum 
objects to cover a wide range of material thicknesses that result in highly varying scatter-
to-primary ratios. The kernels were generated using Monte Carlo simulations of uniform 
slabs as previously described.[2,3,7] 

Detector scatter correction: Aside from the object, the detector housing is also a scattering 
source. Detector-induced scatter profiles can range over a few centimeters and mostly 
affect CBCT image quality near the edges of objects and high contrast structures. To 
characterize the scatter response of the imager housing, a Monte Carlo model of the 
imager was built that included the front cover, the back plate, and the scintillator. Based 
on the Monte Carlo result, the detector point-scatter function was parameterized as 
follows:  

))))((exp())(exp((),( 3
5

2/122
43

2/122
210 ayxaayxaaayxhd  , 

where a1…5 are fitting parameters. a0 is a normalization constant forcing the 2-D integral 
of hd to match the total 
detector SPR. The total 
detector-related scatter Ids is 
then estimated as follows: 

),(),(),( yxhyxIyxI dmds 
 and the estimate is then 
subtracted from the 
measured signal, Im.                                               

 
Figure 5: Cupping (left) resulting from scatter and the improvement from the 
correction (right) for an aluminum cylinder, 225 kV   
 

4. Normalization – This preprocessing step applies air normalization to each projection 
passed in. The air normalization may be either a single file containing the results of the 
average of multiple air projections or the air normalization can be a rotating air norm – a 
set of air projections taken at different gantry angles. 
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5. Beam hardening correction – The x-ray spectrum reaching the detector is shifted to a 
higher mean energy compared to the gain scan through air due to preferential attenuation 
of low-energy x-rays as the beam traverses the object.  A simple Io normalization is not 
sufficient due to the changing spectrum.    

Correction- The impact of beam hardening can be reduced using projection 
normalization by an analytical spectrum correction based on the path lengths and 
material being imaged as well as the x-ray source and filtration being used and the 
detector scintillator. The beam hardening correction alone does not completely 

correct the cupping 
in this uniform 
aluminium cylinder 
as scattered 
radiation also plays 
a large role in this 
cupping artifact [3].  

 
Figure 6: Cupping 

(left) resulting from beam hardening of the x-ray spectrum and the improvement from 
the correction (right) for aluminum cylinder, 225 kV 
 

6. Resolution enhancement – Thicker scintillators result in light spread that consequently 
reduces resolution.   

Correction - Using a measured MTF, the REA removes the impact of the scintillator so 
that a spatial resolution limited by the 
pixel pitch can be recovered. In Figure 7 
the blue indicates that the REA has 
recovered resolution from D6 to D8 with 
DRZ+ with a limiting spatial resolution 
of 139 microns for a 2530HE flat panel 
imager an example of an REA image for 
a cell phone radiograph is shown in 
Figure 8. The basic adjustment 
accessible to the user sets the upper 
bound for allowable noise amplification 
level in dB 

 
Figure 8: Cell phone radiograph demonstrating the effectiveness of the resolution 
enhancement algorithm (right) image is after application of REA). 

Figure 7: Line pair gauge without REA 
(red) and with REA (blue) 
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3. Results and Discussion 
 
For all CBCT results, the 
projections were down-
sampled with 2x2 binning. 
360 views were back-
projected to reconstruct an 
image with 0.5 mm isotropic 
voxels.  Note that an 
isotropic spatial resolution 
of up to 86 um is supported 
with 1x1 projection binning.  
The goal was of this study to 
test the newly developed 
corrections and not evaluate 
resolution. Also note that 
detector scatter at these 
energies is currently under 
further investigation. So at this 
point only object scatter was 
incorporated into the correction 
models.   
 
3.1 225 kV Results  
 
Using the 225 kV setup, an 
aluminum cylinder was 
imaged.  Without any 
correction there is significant 
cupping in the image due to 
beam hardening and scatter.  
Figure 9 qualitatively 
demonstrates the improvement 
in material uniformity and the 
reduction in cupping using the appropriate kernels and analytical spectrum (i.e. beam 
hardening) correction.  The line profile in Figure 10, quantitatively demonstrates the 
improvements in uniformity obtained after the corrections are applied.  Figure 11 
demonstrates that the correction kernels optimized and tested for the simple (cylindrical) 
object, also successfully reduce the artifacts from a more complex object.  Both the surface 
renderings (performed using Volume Graphics) and the slice data show a significantly 
improved uniformity and reduced streaking.    
Figure 12 demonstrates the effectiveness of the corrections when applied to just 2D imaging.  
Because the scattering essentially adds a quasi-constant signal over the entire image, contrast 
can be significantly improved by removal of the scatter.  The same cylinder head 
reconstructed and volume rendered is shown in Figure 11 and also demonstrates improved 
contrast from removal of scatter. 
 
 
 
 

Figure 9: Aluminum cylinder at 225 kV demonstrating 
the image quality improvement from each correction 
 

Figure 10: Line profile of aluminum cylinder at 225 
kV demonstrating the reduction in cupping after 
application of scatter and beam hardening 
corrections from Figure 9. 
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Figure 12: Aluminum engine head 2D projection imaged at 225 kV (left) without correction, 
(center) scatter kernel estimate (right) improved contrast image. All images are at the same 
window and level. 
 
3.2  950 kV Results 
 
The results from beam hardening and object scatter 
corrections are shown in Figures 14 and 15 for the 
aluminum and steel cylinders respectively.  In 
addition, to the axial images, a line profile across 
the center of the slice is shown.  Figure 16 shows a 
steel hydraulic piston jack, and Figure 17 shows a 
four cycle single cylinder engine.  The dimensions 
for each of the components are shown in the images.   
 
After scatter and beam hardening corrections, the 
reconstructed images exhibit substantially reduced 
artifacts, which can be quantified by an “artifact 

Figure 13:  Artifact ratio reduction 
for each imaged object based on 
applied corrections. 

Figure 11: (Top left) aluminum engine head cross section imaged at 225 kV without 
correction, (Top right) Volume Graphics surface rendering of aluminum cylinder head after 
correction (Center) photograph of the object imaged (Bottom left) Aluminum head cross 
section with all corrections applied, (Bottom right) Volume graphics surface rendering with 
corrections applied demonstrating the removal of surface artifacts from image. 
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ratio”. For the cylinders shown in Figures 14 and 15, the artifact ratio quantifies the amount of 
cupping by taking the difference in reconstructed value between the edge and center of the 
cylinder, normalized to the center value. The amount of artifact without corrections ranges 
from 26 – 37%, while the corrections reduce the artifact to less than 7.3%.  For the jack in 
Figure 15, the artifact ratio decreased from 51% to 31% shown in the area with red arrows. 
 
A similar artifact ratio was measured for the engine by analyzing the difference between the 
flywheel (located on the outside of the engine) and an inner disc (located inside the engine), 
which are composed of the same steel material. The results show a 3x reduction in artifact, 
from 36.5% to 12.5% (green arrows in Figure 17).  Additionally, the other steel components 
such as the gears and crankshaft show much better matched CT numbers (red arrows in Figure 
17).  The figure 13 graphic shows the decrease in artifact ratio for each item.

 
Figure 14: Aluminum cylinder object scattering and beam hardening at 950 kV. 

 
Figure 15: Steel cylinder at object scatter and beam hardening at 950 kV. 

 
Figure 16: Orthogonal slices of steel hydraulic 
jack at 950 kV with and without corrections using steel correction kernels 
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Figure 17: Small engine with and without corrections at 950 kV using aluminum correction 
kernels 
 
4.  Conclusions and Future Work 
 
Scatter and beam hardening corrections were developed for several different scenarios - 225 
kVp for aluminum objects and 950 kVp for aluminum and steel objects – utilizing the 
2530HE flat panel.  At 225 kV, the application of the corrections significantly reduced 
artifacts and improved 3D CBCT images and the resulting surface renderings.    At 950 kV, 
use of the object scatter kernels only (no detector scatter correction), while not perfect, also 
significantly reduced artifacts, and improved contrast for both steel and aluminum 
components.  Note that scatter correction kernels are generated using Monte Carlo simulations 
of flat slabs and are generally optimal for ideal cylindrical components. However, they were 
shown to be successfully applied to real world objects without modification.   
 
Further work will include refinements of the detector scatter correction.  Note that all object 
and detector scatter correction kernels are available in the CST imaging kit where they can be 
easily adjusted and combined for implementation with end-user applications to improve the 
fidelity of 2D projection images and 3D reconstructions. 
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