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Abstract 

This paper proposes a method for generating computed tomography (CT) volumes with less metal 
artifacts by scanning the object twice in different orientations and integrating the two CT volumes. After 
the first scan, the X-ray projection images are analyzed to select the optimal object orientation for the 
second scan. This procedure aims to minimize the impact of metal artifacts in the regions where the 
first CT volume has been heavily degraded. Following the second scan (using the selected orientation), 
the two CT volumes are combined into a single volume. To suppress the metal artifacts in the integrated 
volume, the integration procedure estimates the confidence level for each voxel in the scan, which is 
estimated from the projection images. Our findings show that the proposed method considerably 
reduces (but not entirely eliminate) the metal artifacts.  

Keywords: X-ray Computed Tomography (CT), Cone-beam X-rays, Metal Artifact Reduction, Multi-

pass CT Scan. 

1 Introduction 

In X-ray computed tomography (CT), metal artifacts caused by highly attenuating components in the 

scanned object are a major issue (Figure 1) [1]. Since the artifacts appear in different regions 

depending on the geometric relation between the scanner and the object, we can obtain CT volumes 

with artifacts in different regions by scanning the object multiple times and orienting the object 

differently for each scan. 

 

Figure 1: Examples of metal artifacts 
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Herein, we propose a method for generating a CT volume with less metal artifacts by scanning the 

object twice in different orientations and then combining the two CT volumes. Figure 2 gives an 

overview of the proposed method. After the first scan, we analyze the X-ray projection images to 

identify the optimal object orientation for the second scan. This procedure aims to minimize the 

impact of metal artifacts in regions where the CT volume produced by the first scan has been heavily 

degraded. Following the second scan using the selected orientation, the two CT volumes are 

combined into a single volume. We first apply a registration algorithm to adjust the positions of the 

CT volumes and then blend them by considering the weighted averages of the CT values. To suppress 

the metal artifacts in the integrated volume, both integration steps consider the confidence level for 

each voxel in the scan, which is estimated from the projection images. 

 
Figure 2: Overview of multiple-pass computed tomography (CT) scanning using the proposed method 

2 Methodology 

2.1 Orientation Selection 

Artifacts appear in parts of the CT volume that lie in the shadow of a heavy metal part during the 

scanning process (Figure 3), i.e., they appear along lines that pass through these regions. For the second 

scan, we propose to orient the object such that one of these lines is parallel to the axis of the rotation 

table. This prevents the parts of the object that were in the shadow of the heavy metal part during the 

first scan from entering the shadow of the same part again during the second scan. 
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The direction that should be parallel to the rotation axis in the second scan is calculated as follows. For 

each pixel i in the object projection, we define the X-ray direction as 纂沈, which is relative to the object 

and can be expressed in terms of two angles, 肯沈 and	剛沈, as follows: 

 纂沈 噺 	 岫cos 肯沈 cos 剛沈 cos 肯沈 sin 剛沈 sin 肯沈岻 (1) 

We then divide the pixels into groups such that all the pixels in a given group have similar 肯 and	剛 

values. For each group of pixels	罫沈, we calculate the attenuation of the X-ray as follows: 

 ∑ 岫log 喧岻態弔日 , (2) 

where	喧 represents the transmittance of the X-ray. Finally, we assume that the group with the largest 

attenuation represents the most attenuated direction and propose the average direction of the group as 

the direction that should be parallel to the rotation axis for the second scan. 

 

Figure 3: Expected artifact distribution 

2.2 Volume Integration 

2.2.1 Registration 

Because the object is placed in different positions and orientations for the two obtained CT volumes, 

we first need to align them before we can integrate them. To this end, we convert each volume into a 

point cloud and employ an algorithm based on the iterative closest point (ICP) method [2]. 

First, we extract two sets of voxels 鶏怠 and 鶏態 representing the points on the surface of the object. We 

consider a voxel as being on the surface of the object when its CT value and the Laplacian at that point 

are both above a given threshold. 

After voxels 鶏怠  and 鶏態  are obtained, we calculate the rigid transform which moves 鶏態  to fit 鶏怠  as 

follows 

After obtaining the voxel sets 鶏怠 and 鶏態, we calculate the rigid transform from 鶏態 to 鶏怠 as follows:	
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1. Compute an initial transform	劇 from the orientations of the first and second scans. 

2. For each voxel 喧怠,沈 in 鶏怠, find the corresponding voxel 喧態,沈 that minimizes the following distance 

from 鶏態: 

	 舗喧怠,沈 伐 劇岫喧態,沈岻舗態 髪 糠 岾懸盤喧怠,沈匪 伐 懸盤喧態,沈匪峇態
, (3) 

where	懸盤喧怠,沈匪 and	懸盤喧態,沈匪 are the CT values for 喧怠,沈  and 喧態,沈 , respectively, and 糠  is a constant 

value that balances the weight assigned to a position and CT value differences. 

3. Find the rigid transform that minimizes the cost  

	 	布舗喧怠,沈 伐 劇岫喧態,沈岻舗態|牒迭|
沈退待  (4) 

via singular value decomposition [3], and update 劇 using this transformation. 

4. Iterate steps 2 and 3 until the transform converges. 

2.3 Blending 

Finally, from the CT volumes and the rigid transform between them, we generate a single blended CT 

volume by considering the weighted averages of the CT values for each voxel in the two volumes. 

The average CT value for the i-th voxel, defined as 撃沈, is calculated as follows: 

	 撃沈 噺 系沈怠撃怠,沈 髪 系沈態撃態,沈系沈怠 髪 系沈態  (5) 

Here, i is the voxel index, 撃怠,沈 and 撃態,沈 are the CT values from the first and second volumes, respectively, 

and 系沈怠 and 系沈態 are the weights.  

Weights are calculated for each small region in the two CT volumes, where each region is a cube of など 抜 など 抜 など voxels. The weights are set such that the regions that are more affected by artifacts are 

assigned lower weights. To evaluate the impact of artifacts in a given region, we use the minimum pixel 

value among the pixels onto which the region was projected as the weight.  
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3 Results and Discussion 

3.1 Results 

Figure 3 shows the results of applying our technique to a motorcycle lever made from aluminum parts 

and steel bolts. The weights assigned to each region in the two original volumes are shown in the colored 

weight map, and the colors are explained in Figure 4. The volumes obtained by both scans show a 

significant amount of noise on their isosurfaces. This noise was significantly reduced by simple 

averaging of the two volumes; however, some noise still remained, particularly in the areas marked with 

the red circles in the figure. In contrast, the weighted average shows a considerably smoother isosurface 

even in these areas. As the shown in the colored weight map, the weights assigned to the CT values 

from the second scan in these areas were significantly higher than those assigned to the CT values in 

the first scan. This shows that the proposed method was effective in reducing artifacts and that it made 

a good choice of orientation direction.  

Original volume (first scan) 
 

Original volume (second scan) 
 

Object (motorcycle lever) 

 
Simple average 

 
Proposed weighted average Weight map for averaging 

Figure 1: Isosurfaces of the CT volumes of the motorcycle lever 

 

Figure 4: Colors assigned to the weights for the two volumes 
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Figure 5 shows the results of applying our technique to a hair dryer. The original volumes have rough 

surfaces, with some holes on these surfaces. Simple averaging of the volumes reduced these artifacts, 

but weighted averaging generated smoother surfaces. However, some areas, such as that indicated by a 

red circle in Figure 5, were still noisy because, in these areas, the first and second scans were both 

affected by the artifacts.  

 Original volume (first scan)  Original volume (second scan)  Object (hair dryer) 

 Simple average  Proposed weighted average Weight map for averaing 

Figure 5: Isosurfaces of the CT volumes of the hair dryer 

To quantitatively evaluate the proposed method, we applied it to a stepped aluminum cylinder and 

measured the distances between its surface and the accurate cylinder dimensions, as measured using a 

coordinate measuring machine. Figure 6 shows these distances for both the first scan and the 

combined volume, and Table 1 lists the minimum error, maximum error, and standard deviation of the 

distances for each cylindrical step. In each step of the step cylinder, the measurement errors were 

reduced by the proposed method. 

Surface of first scan Surface of proposed multi-pass scan 

Figure 6: Measurement errors for the stepped cylinder 
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step Min. error; 

first scan 

[um] 

Max. error; 

first scan 

[um] 

SD; 

first scan 

[um] 

SD; 

proposed 

[um] 

SD; 

proposed 

[um] 

SD; 

proposed 

[um] 

1 −33 34 10 −18 6 6

2 −20 20 6 −9 10 3

3 −17 16 5 −11 11 3

4 −19 11 6 −14 9 5

5 −21 64 7 −18 6 6

Table 1: Quantitative evaluation of the results shown in Figure 6 

3.2 Limitations 

There is still some scope to improve the proposed method. When the object has a complex structure 

with many heavy metal parts, it is difficult to entirely remove the noise through only two scans. 

Although the remaining noise could be reduced via additional scans and by integrating all the volumes, 

the proposed orientation selection method is not suitable for more than two scans.  

In addition, the proposed volume integration method only considers the darkest projection values when 

determining the weights used for the weighted average. At times, these values can be unrealistically 

low, even when the region is far from the heavy metal parts and is unaffected by the artifacts. 
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