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Purpose 

In digital volume tomography (DVT) the 
image quality often suffers from beam 
hardening (BH) artifacts. The artifacts 
appear in the vicinity of strong attenu-
ating objects like bones, teeth or im-
plants which are densely positioned in 
the dentition. The polychromatic nature 
of x-ray radiation causes the BH arti-
facts. Several publications [1-3] have 
shown that suitable combinations of the 
low- and high-energy images of a dual-
energy scan can provide images with 
different image characteristics like 
reduced BH and metal artifacts as well 
as an improved contrast-to-noise ratio 
(CNR). However, the solutions are mu-
tually exclusive and only one parameter 
can be optimized at the same time. For 
example metal artifact reduced images 
always suffer from high noise [4] and 
require post-processing by noise reduc-
tion techniques like adaptive filtering, 
which might degrade spatial resolution. 
In the dental field, a special need for 
high spatial resolution and high 
contrasts exists [5].  

State-of-the-art DVTs perform at high 
spatial resolution (100 m) [6] to visu-
alize dental structures correctly. Each 
BH reduction technique leading to a 
blurring or a contrast reduction is not 
acceptable especially for dental 
diagnostics.  

Materials and Methods 

To minimize BH artifacts we utilize the 
fact that BH occurs with different 
strength in the low- and high-energy im-
ages. By using a linear weighting be-
tween these images, the artifacts can 
be significantly reduced. This kind of 
weighting, however, leads to increased 
image noise (fig. 1) and a decrease of 
the CNR (fig. 9) in the resulting BH-
reduced image. To overcome this issue 
we propose a voxel-wise non-linear 
blending (fig. 5) between the soft-tissue 
regions of the previously generated BH-
reduced image and the strong atten-
uating regions, e.g. teeth, of the low-
energy image which shows a good con-
trast. After all, the combination of the 
low frequencies of the non-linear 
blended image and the high frequen-
cies of a minimal noise image (fig. 6) 
re-establishes fine structures and low 
image noise (fig. 8). A schematic over-
view of the algorithm is presented in 
figure 2. The proposed algorithm per-
forms in image domain because the 
angular sampling between the two dual-
energy scans might differ. If not noted 
otherwise all reconstructions are per-
formed using a filtered backprojection, 
in our case the Feldkamp-Davis-Kress 
(FDK) [7] reconstruction without any 
further post-processing. 

Data Acquisition: Cadaver heads were 
scanned on a Galileos DVT (Sirona, 
Bensheim, Germany). Each scan was 
performed over an angular range of 
210° and the number of projections was 
200 per scan.  

 

The following scans were performed: 

• reference scan fRef: 98 kV, 12 mAs 

• low energy fL: 65 kV, 36 mAs 

• high energy fH: 120 kV, 18 mAs, Cu 

For a better comparison all images are 
without post-processing. The dual-
energy scan has the same total dose as 
the reference scan.  

Results 

Fig. 8 and 9 illustrate the potential of 
the proposed BH artifact reduction for 
DVT. The reduction of the streaks can 
also be seen in tiny spaces between 
the teeth, where a diagnosis can be 
strongly affected by this kind of 
artifacts. The number and magnitude of 
the BH streaks has decreased in the 
final image in comparison to the low 
and high energy images. The ROIs for 
the CNR evaluations are depicted in fig. 
7. Arrows pointing in fig. 9 to regions 
which benefit from the pro-posed BH 
reduction algorithm. 

A short overview of noise, contrast and 
CNR for the basis and final images are 
presented in fig. 7. The proposed 
method achieves the highest CNR com-
pared to the reference scan at 98 kV 
and the two single scans of the dual-
energy scan. This is a consequence of 
the properties of the non-linear blen-
ding, which assures the high contrast of 
low energy image and the frequency 
split, which in an ideal case only 
contains the low noise level of the mini-
mal noise image also achieved by line-
ar weighting. This leads to a CNR out-
performing all 3 initial reconstructions. 

Conclusion 

The herein proposed method can easily 
and automatically reduce beam harden-
ing artifacts in DVT routine and the 
results indicate that it is superior to 
previously published BH-correction [6] 
algorithms in terms of noise and dose 
usage. The spatial resolution which 
plays an important role for the dentist is 
not degraded by the new algorithm. It 
can also be noticed that reduced noise 
and BH in the proximity of bone and 
teeth structures clearly improve the ca-
pabilities for the diagnostics. As a result 
of the higher CNR, a dose reduction for 
some applications could also be pos-
sible and leads to a increased patient 
safety.              , 
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Figure 1: State-of-the-art beam hardening correction techniques 

and challenges for a dual-energy DVT system. 

Figure 2: Block diagram of the whole algorithm. Linear weigh-

ting of fL and fH generating fBH, fL, and fNoise. fNoise is used as a 

guide for the non-linear blending of fL and fBH. The final image fFS 

is generated by a voxel-wise summation of the high pass of fNoise 

and the low pass of fNB. 

Figure 3: Different linear -blendings of the low (65 kV) and the 

high (120 kV) energy images resulting in images with different 

characteristics like minimal beam hardening, good contrast and 

minimal noise. (C=500 HU, W=3000 HU) 

Figure 6: Illustration of frequency split of the non-linear blended 

BH-reduced and the minimal noise image. This operation is 

performed in the image domain by applying a Gaussian filter. 

Figure 7: An overview of CNR levels for  the intermediate 

resulting images, the reference image fRef and the final image fFS. 

The ROIs to measure mean and noise inside the soft tissue and 

the bone are indicated at the bottom.  

Figure 9: Direct comparison of the final beam hardening 

reduced image of the new approach and the 98 kV reference 

image. 

Figure 10: Short discussion of practicability of the proposed 

algorithm and the benefits of the dual-energy acquisition 

compared to a single-energy scan. 

Figure 4: Left part of the figure illustrates the relation between 

Entropy S and the linear -blending.  The right hand-side shows 

the automatic calculated soft-tissue mask which is used to 

estimate the amount of beam hardening.  

Figure 8: A common clinical case is a MPR along the jaw. Center 

and window are adapt for each image according the contrasts 

inside the ROIs. The windowing corresponds to C=1500 HU, 

W=3000 HU of fRef. Voxel size 250 µm³. 

Figure 5: Non-linear blending of the noisy BH-reduced image and 

the good contrast image. The final blended image is a combi-

nation of the resulting soft tissue and bone images. 


