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Abstract 

Objectives: Two- and three-dimensional (2D & 3D, respectively) filtering methods were examined to 

improve the accuracy of bone morphology depicted in dental cone-beam computed tomography (CBCT) 

images. An attempt to improve multiplanar reconstruction (MPR) image quality was carried out by 

reducing the image noise. 

Methods: CBCT examinations were performed with the following principal exposure parameters: 

I-mode, FOV 10 cm in diameter, 120 kV, 15 mA, 0.2 mm in slice thickness, and exposure time of 10 s. 2D 

and 3D filtering procedures for averaging, median smoothing, and Gaussian smoothing were applied for 

improvement of MPR images. For comparison, 2D and 3D Laplacian sharpening for images 

preprocessed by Gaussian sharpening was also tested. 

Results: MPR images at the midsagittal plane on the maxilla are presented. Three smoothing filters 

yielded improvements in slightly different ways. The Gaussian filter clearly showed moderate changes. 

Small but obvious differences were observed between 2D and 3D filtering. When we focused on the 

depiction of bone contours, the effects of these noise reduction filters seemed to be minimal in 

morphological bone depiction. The Laplacian filter was useful for sharpening and emphasized noise in 

the resulting images, in contrast to those processed by smoothing filters. 

Conclusions: Various smoothing filtering methods reduced the noise on MPR images of CBCT and also 

functioned differently between 2D and 3D filtering matrices.  
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Introduction 

Cone-beam computed tomography (CBCT) images are generally composed of fine and isotropic voxels 

and therefore show high spatial resolution. In comparison with multidetector-row computed tomography 

(MDCT) images, CBCT resolution is limited by the high noise due to the lower level of exposure in 

addition to the contrast resolution [1– 5]. As the bone structures in the maxillofacial region are 

complicated, reconstructed three-dimensional (3D) images are of value in clinical diagnosis. Therefore, to 

maximize the benefits of these characteristics, several studies of bone segmentation procedures and 

airway dimension measurements have been performed [6–11]. 

One method to improve the accuracy of tissue segmentation procedures for CBCT images is digital 

filtering as a post-acquisition procedure. The filtering procedure generally involves image transformation 

in which the output image is weighted for a specific goal. Filtering is an image-processing procedure 

using specific local operators, which are sometimes called local matrices. Such processing procedures are 

useful for image sharpening, smoothing, edge-detection, edge-enhancement, etc. Such procedures are 

applicable for two-dimensional (2D) images as described previously [12,13]. Usually, each pixel (or 

voxel) value of the output image is determined by convolution calculation with the corresponding pixel 

(or voxel) value and neighboring pixels (or voxels) of the input image. It is conceptually simple to extend 

from 2D to 3D filtering in local operators. Each pixel on a 2D image has a maximum of eight neighboring 

pixels, whereas each voxel on a 3D image has 26 neighboring voxels. Adaptive 2D and 3D filters have 

been applied to MDCT images for noise reduction and improvement of low contrast resolution [14–16]. 

However, 2D and 3D filters have not been applied to CBCT images. 

In the present study, 3D filtering methods and the corresponding 2D filters were examined to improve 

both CBCT image quality and the precision of bone depiction. The whole region of interest is scanned in a 

single exposure in CBCT, and the images have isotropic voxels that are different from the standard 

anisotropic voxels in MDCT, but the effects of filter dimensions are visible. The present study was 

performed to examine various digital filtering procedures using 2D and 3D local operators for 

improvement of multiplanar reconstruction (MPR) image quality. 
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Materials 

Image acquisition 

CBCT examination was performed using CB Throne (Hitachi Medical Systems, Tokyo, Japan). Principal 

exposure parameters were as follows: I-mode, Field of View (FOV) 10 cm in diameter, 120 kV, 15 mA, 

0.2 mm slice thickness, and 10 s exposure time [2,17,18]. The exposure dose was thought to be equivalent 

to those under similar exposure conditions reported for CB MercuRay (Hitachi Medical Systems) [2]. 

The isotropic voxels were 0.2 mm × 0.2 mm × 0.2 mm, and the individual image matrix was 512 × 512 × 

512. The 3D processing and display software OsiriX (Univ. Hosp. Geneva, Switzerland) was used [19]. 

 

Filtering procedures 

In general, the filtering procedure is the image transformation that the output image is weighted for a 

specific goal. The 2D and 3D filtering procedures of averaging, median smoothing, and Gaussian 

smoothing were compared. For further comparison, Gaussian smoothing followed by Laplacian 

sharpening was also applied. 

When 2D functions f(x, y) and g(x, y) are defined as input and output images, respectively, 2D filtering 

procedures are expressed as follows: 

g x , y
k M 2

M 2

l N 2

N 2

f x k , y l h k , l 1
 

The function, h(k, l), is a spatial filter (or local operator) with matrix size, M × N. Both M and N are odd 

numbers. Parameters x and y are variables to indicate the pixel at the center of the spatial filter.  

Similarly, the 3D filtering procedure is expressed as follows: 

g x , y , z
i L 2

L 2

j M 2

M 2

k N 2

N 2

f x i , y j , z k h i , j , k 2
 

f(x, y, z), g(x, y, z): input and output images in three dimensions 

h(i, j, k): a spatial filter (or local operator) and the matrix size is L × M × N. L, M, and N are odd 

numbers.  

x, y, z: variables to indicate the voxel at the center of the spatial filter. 

As shown in Formulas (1) and (2), the output image is calculated by summation of the product of pixel (or 

voxel) value and the filter value at the same pixel (or voxel) element corresponding to the center of the 



 5 

spatial filter. This is the convolution integral. The calculation is repeated while the center of the spatial 

filter is shifted at one-pixel (or voxel) intervals. The sizes of filters examined were set at either 3 × 3 in 2D 

or 3 × 3 × 3 in 3D, which were the minimal sizes for the operation. 

Due to the concept of the neighbor pixels (or voxels), two alternatives exist for the filtering procedures in 

2D and 3D, respectively. As shown in Fig. 1, two alternatives are possible in the numbers of neighboring 

pixels (or voxels) to be incorporated into the calculation: four neighbors or eight neighbors in 2D filtering 

and six neighbors or 26 neighbors in 3D filtering. Only eight neighbors in 2D and 26 neighbors in 3D 

were examined in the present study.  

The details of the filtering procedures are as follows: 

(1) Averaging: All nine pixels (the center pixel and eight neighbors) in 2D and 27 voxels (the center pixel 

and 26 neighbors) in 3D have uniform weighting.  

(2) Median smoothing: The value of the center pixel (or voxel) is replaced with the median value of nine 

pixels and 27 voxels.  

(3) Gaussian smoothing: According to the Gaussian function, weighting factors are changed between the 

center pixel (or voxel) and either eight neighbors in 2D or 27 neighbors in 3D.  

(4) Laplacian sharpening: The weighting factors are set -1 at all neighbors in 2D and 3D. The weighting 

factors at the center pixel and voxel are nine and 27, respectively. 
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Results 

Effects of various filtering procedures were examined for the MPR images. The original image (top row) 

and processed images at the midsagittal plane are presented in Fig. 2. The processed images in the array 

show averaging, median smoothing, Gaussian smoothing (Sigma, standard deviation, was set at 2.0 [σ = 

2.0]), and the Laplacian sharpening pre-processed by the Gaussian smoothing from the second row to the 

lowest row. Images processed by 2D filters are shown on the left, and those by 3D filters are on the right. 

Each image shows the grayscale profile along the specific vertical line, which is indicated by a vertical 

line and arrows. Line profiles show gray level distributions of corresponding pixels on each image. The 

close-up formula of processed images and profiles in Fig. 2 is shown in Fig. 3. Three arrows were added 

to the profiles of both the original image and the image processed by 2D and 3D Gaussian filters. Not only 

these profiles but also other profiles showed differences in shapes of the three peaks. 
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Discussion 

Averaging, median smoothing, and Gaussian smoothing are noise-reduction procedures. As the matrix 

size for convolution with filters was the smallest, i.e., 3 × 3 or 3 × 3 × 3, there seemed to be no changes in 

bone morphology depiction despite the clear appearance of noise reduction. Noise reduction was visible 

on both the image and the line profile of gray levels in Fig. 2 and Fig. 3. The Gaussian filter clearly 

showed moderate changes in the processed image and the profile in comparison with other smoothing 

filters. Gaussian smoothing was performed followed by Laplacian sharpening with good results, as 

shown in Fig. 3. Processing with only Laplacian sharpening was also performed, but the noise 

components degraded the images (data not shown). 

Due to the concept of the neighbor pixel (or voxel), two alternative filtering procedures are possible in 2D 

and 3D, as shown in Fig. 1. Only eight neighbors in 2D and 26 neighbors in 3D were examined in the 

study. Four neighbors in 2D and six neighbors in 3D, in which neighboring pixels (or voxels) in the 

diagonal direction were omitted, were not examined. These procedures have the advantage of shortening 

the calculation time. However, this is unnecessary, because filters with the smallest matrix sizes of 3 × 3 

or 3 × 3 × 3 for 2D and 3D, respectively, were applied. If filters with larger matrix sizes are used, it would 

be useful to use four neighbors in 2D and six neighbors in 3D to reduce the processing time. However, 

this is not practical if the original image contains relatively high levels of image noise. The loading of the 

calculation was higher with Gaussian smoothing than the others, and it required several minutes on a 

standard PC. 

Images at the midsagittal plane before and after processing are shown in Figs. 2 and 3, as the difference 

between 2D and 3D filtering procedures was thought to appear along the superior–inferior (S–I) direction. 

Images and their profiles processed by averaging, median smoothing, and Gaussian smoothing showed 

slight differences in noise components. This was because processing by 2D filtering retained the noise 

component along the S–I direction. 

Matrix sizes larger than 3 × 3 and 3 × 3 × 3 were not examined in this study, as large filters seemed to 

increase the time for calculation in 3D, and the depiction of bone morphology was reduced by excess 

smoothing. Applicable matrix sizes for filtering are thought to be dependent on pixel (or voxel) sizes of 

images, and only moderate filtering procedures were examined in the present study. 

In conclusion, CBCT images are composed of fine and isotropic voxels, but the noise level is 
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comparatively high due to the low exposure. Therefore, there are limitations of spatial resolution. In this 

study, the effects of three moderate smoothing filters and a smoothing filter followed by a sharpening 

filter were examined. None of these procedures resulted in degradation of images of bone morphology. As 

3D filtering works for smoothing along the S–I direction, resultant differences between 3D and 2D 

filtering procedures appeared on MPR images and their line profiles. 
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Figure legends 

 

Fig. 1. Two types of alternative matrix for filtering in 2D and 3D, respectively. From left to right, each 

matrix has four, eight, six, and 26 neighbors to the pixel (or voxel) at the center. In this study, only 

eight neighbors in 2D and 26 neighbors in 3D were examined. 

 

Fig. 2. MPR images at midsagittal plane are presented as follows. The original image (highest row) and 

processed images set in an array are averaging, median smoothing, Gaussian smoothing, and 

Gaussian smoothing followed by Laplacian sharpening (from the second row to the bottom row). 

The grayscale profile along the specific vertical line indicated by arrows was attached to each 

image. Images and profiles on the left were processed by 2D filters, and those on the right side 

were processed by 3D filters. 

 

Fig. 3. Close-up of processed images and their profiles in Fig. 2. Three arrows were added to the profiles 

of the original image and processed images by 2D and 3D Gaussian filters. 

 

 
 
 

 
 
 
 
Fig. 1 
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