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Objectives: The aim of the current study was to evaluate the application of two advanced
noise-reduction algorithms for dental micro-CT images and to implement a comparative
analysis of the performance of new and current denoising algorithms.
Methods: Denoising was performed using gaussian and median filters as the current filtering
approaches and the block-matching and three-dimensional (BM3D) method and total variation
method as the proposed new filtering techniques. The performance of the denoising methods was
evaluated quantitatively using contrast-to-noise ratio (CNR), edge preserving index (EPI) and
blurring indexes, as well as qualitatively using the double-stimulus continuous quality scale procedure.
Results: The BM3D method had the best performance with regard to preservation of fine
textural features (CNREdge), non-blurring of the whole image (blurring index), the clinical
visual score in images with very fine features and the overall visual score for all types of
images. On the other hand, the total variation method provided the best results with regard to
smoothing of images in texture-free areas (CNRTex-free) and in preserving the edges and
borders of image features (EPI).
Conclusions: The BM3D method is the most reliable technique for denoising dental micro-
CT images with very fine textural details, such as shallow enamel lesions, in which the
preservation of the texture and fine features is of the greatest importance. On the other hand,
the total variation method is the technique of choice for denoising images without very fine
textural details in which the clinician or researcher is interested mainly in anatomical features
and structural measurements.
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Introduction

Micro CT (micro-CT) is an X-ray attenuation method
for the study of the internal structure of materials and

hard biological tissues with a high resolution and in
three dimensions.1 In recent years, micro-CT has been
widely utilized in dentistry for the assessment of mineral
density distribution patterns of the bone and dental
tissues and of the microstructure of dental bio-
materials.2 Despite various advantages of micro-CT,
the produced images can suffer from a range of
artefacts such as image noise, beam hardening and ring
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artefact, all of which affect the diagnostic quality of the
images.3,4

Image noise is a particularly important artefact in
micro-CT imaging which reduces the contrast resolution
and degrades the image quality. The noise content also
prevents the effective performance of image processing
and analysis algorithms such as edge detection, feature
segmentation and three-dimensional (3D) volume ren-
dering which are very sensitive to noise. Furthermore,
low noise and unblurred images are essential for many
studies such as cariology and associated remineraliza-
tion research where reliable detection and quantification
of the demineralized area require clear images with
definable borders.5

Noise removal for biomedical images is a vital and
challenging task as it requires the elimination of ex-
traneous and spurious signals while preserving the
fine details pertaining to the diagnostic information.
Generally, denoising algorithms use a generic local or
global image as the smoothness model which is de-
sired following noise minimization.6 Although vari-
ous denoising approaches have been developed and
tested for different types of medical images,7 only
a few basic methods such as the gaussian8–11 and
median12,13 filtering methods have been applied for
denoising dental micro-CT and other types of maxil-
lofacial images.
Considering the significant increase in the application

of CT systems in clinical dentistry14 and maxillofacial
research,2 there is a great need for efficient and robust
methods for denoising dental radiographs. Therefore,
the aim of the current study is to evaluate the applica-
tion of two advanced noise reduction algorithms for
dental micro-CT images and to implement a compara-
tive analysis of the performance of new and current
denoising algorithms.

Methods and materials

Tooth samples
Extracted teeth were collected from the oral surgery
department at the Sydney Dental Hospital, University
of Sydney, NSW, Australia, according to protocols
approved by the Sydney Local Health District ethics
committee, protocol X12-0065 and HREC/12/
RPAH/106.

Data acquisition and image reconstructing
Imaging was performed using a high-resolution micro-
CT system (Skyscan 1172; Skyscan, Aartsellar, Bel-
gium). Imaging was undertaken using continuous mode
exposures at 0.5-s intervals and a binning value of 2,
with an accelerating voltage of 60 kV and a current of
120 mA. The samples were rotated over 360° at 0.14°
rotation steps producing 2571 projections. The resultant
reconstructed images had an isotropic pixel resolution
of 8.9mm and a dynamic range of 16 bits with an image
matrix of 10003 1000 pixels.

Image denoising
Compilation of the algorithms and quantitative analysis
of the proposed denoising methods were implemented
using MATLAB® v. 7.11.0.584 (R2010b) (Math-
Works® Inc., Natick, MA) on a computer system with
Intel® Core� i7 central processing unit (Q740 @1.73
GHz) and 4.00-GB random-access memory (Intel Cor-
poration, Santa Clara, CA).

Transverse micro radiography (TMR) images of thin
sections of the teeth15 were considered as the generic
smoothness model. Considering the TMR images and as-
suming the homogeneous structure of the enamel and dentin
which is mainly composed of uniform hydroxyapatite

Figure 1 (a) Transverse micro radiography image of a thin section of a tooth with a cavitated lesion. Reproduced from De Medeiros et al15 with
permission from John Wiley and Sons. (b) Optical image of a ground section of a premolar tooth.
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crystals,16 the noise-free images were expected to have a
smooth and non-textural appearance (Figure 1).

Following tomographic reconstruction, sectional
images were selected randomly from the associated
image stack of each specimen and were consequently
imported into MATLAB. Denoising of the images
was performed using gaussian and median filters as
current approaches, and the block-matching and 3D
(BM3D)17,18 and total variation19 methods as the
proposed new filtering methods.

Gaussian filters are a class of linear filters with the
weight chosen based on the shape of a gaussian function
(normal distribution). In this filter, two initial arbitrary
parameters, i.e. radius and standard deviation, are used
to create a two-dimensional matrix with gaussian dis-
tribution which is used to convolve the image. The

transformation, which is calculated using the gaussian
function, is applied to each pixel of the image.

Median filters are among the class of non-linear
image-smoothing filters which use the median of the
neighbourhood of the pixel in the original image. With
this filter, all pixels of the neighbourhood, which are
identified by a mask (window), are sorted in order
(i.e. the gray level), and the median value is calculated
and set as the pixel value. Following the application of
this filter, the pixel values which are very different from
the neighbouring pixels are eliminated, and the median
value of pixels within the defined mask is assigned in-
stead. The arbitrary length of the mask is determined by
the user.20

The total variation denoising or regularization
method is based on the principle that images with

Figure 2 Observations of an individual slice of a tooth with proximal enamel caries before and following processing using various filter options
and colourization: (a, g) original image; (b, h) gaussian blur filtering; (c, i) block-matching and three-dimensional filtering; (d, j) median filtering;
(e, k) total variation filtering; (f) regions of interest (ROIs).
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excessive details have high total variation.21 One of
the consequences of the presence of noise in images
is the increase in the variation of pixel values among
adjacent pixels. In noise-free images, such amount
of variation in the value of the neighbouring pixels
usually exists mainly at the edges, and the extent of
the variation in smooth and texture-free areas is
lower than in noisy images, which have a greater
amount of total variation. According to the above-
mentioned principle, reducing the total variation of
the signal, subject to it being a close match to the
original signal, eliminates the undesired details
whilst preserving important information such as
edges. The main advantage of this technique is the
simultaneous preservation of edges whilst smooth-
ing the noise in homogeneous regions.19

BM3D denoising, proposed by Dabov et al,18 is
a state-of-the-art denoising method which is based on
sophisticated mathematical theories and framework.
Simply speaking, the algorithm performs the denoising
in three steps:17

(1) Analysis: similar patches from the image are recog-
nized and collected in groups. Each group forms a 3D
stack using an invertible 3D transform, which enables
relocation of each patch of each stack to its original
place in the image.

(2) Processing: the 3D stacks are filtered by a hard-
thresholding denoising method based on wavelet
transform.

(3) Synthesis: the filtered stacks, which are actually
filtered patches, provide an initial estimation of the
denoised image for each patch. The filtered patches
are relocated to form the new image. The final
denoised image is calculated as a weighted average
of all the filtered patches.

Quantitative analysis of denoising methods
The performance of the above-mentioned denoising
methods was evaluated quantitatively using the fol-
lowing three image analysis parameters:

Contrast-to-noise ratio
The contrast-to-noise ratio (CNR) is a physical index,
which is intended to simulate human image perception.
Basically, the CNR is the measurement of the contrast
between a feature in the region of interest (ROI) and the
background noise.22 The CNR is defined as:
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respectively.
To compute the CNR for an image, at least two ROIs

should be selected from the image. One of the regions

represents a texture-free area from the background of
the image (ROI1 in Figure 2f) and the other represents
the ROI that contains the desired feature. In the current
study, two sets of regions were considered as the desired
areas. The first set of regions included the textural and
edge areas of the lesion surface layer at the air–enamel
boundary (ROI2) and the dentin–enamel junction
(ROI3). The CNR index for these regions was shown as
CNREdge. The second set of regions included texture-
free areas of the enamel (ROI4) and the dentin
(ROI5) for which the index was shown as CNRTex-free
(Figure 2f). The final CNR value for each set of
regions was calculated by averaging the CNR values
of different ROIs.

Edge preserving
The edge preserving index (EPI) evaluates the effect of
noise reduction on the degradation of the image edges
and measures the edge similarity between the original
and denoised images over the locally selected ROI. EPI
is defined as:
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where I ’m and Im are the intensities of the ROIm con-
taining edge information in noisy and denoised images,
respectively. D is the Laplacian operator with a stan-
dard 33 3 window. �I indicates the mean of I, and Г is
the correlation operator in the ROIm.

23

In the current study, the ROI included two edge
regions, the air–enamel and dentin–enamel boundaries
(ROI2 and ROI3 in Figure 2f).

Blurring index
The blurring index (BI) evaluates the overall quality of
the image. In image denoising, there is always a trade-
off between increasing the smoothness and losing the
fine details of the original image. Accordingly, an in-
crease in the CNR value does not necessarily reflect the
high performance of the denoising method as the blur-
ring of the fine features can also lead to an increased
CNR value. Other indexes such as the blurring index
were therefore introduced to provide better justification
regarding CNR values.24 The blurring index is de-
fined as:

Blurring5
TH

M3N
ð3Þ

where TH is the number frequency component of pixels
with image intensity greater than Fmax =

1000, Fmax is the
maximum absolute value of the frequency component,
and M3N is the dimension of an image.
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Qualitative analysis and visual evaluation by experts
Two experienced clinicians visually assessed and rated
the diagnosability of the images before and after the
denoising process. The visual evaluation was per-
formed with the double-stimulus continuous quality
scale procedure based on the recommendations of the
International Telecommunication Union Radiocom-
munication Sector.25

A total of 470 images from 16 teeth with a range of
features such as sound and carious enamel and dentin,
hypomineralized enamel, cracked tooth and artificial
caries were evaluated. The images included 47 original
images of sound enamel and dentine, 47 original images
of carious and lesion containing teeth and 376 denoised
images by the 4 methods.

For each case, the clinicians were presented with the
original and the denoised images randomly without la-
belling and were asked to allocate a score in the one-to-
five scale. Score of one corresponded to the lowest and
five to the highest subjective visual perception. The

maximum score for each filter was 235, if the expert
assigned the score of 5 for all 47 images denoised with
a method. For each filter, the average score was com-
puted and the score was divided by 2.35 to be expressed
in percentage format.

In order to improve the visualization of the original
and denoised images and to facilitate the visual percep-
tion of the filtering effect, the images were also colourized
using the colormapeditor command by choosing Jet col-
ormap in MATLAB. Fixed red, green and blue index
values were set for all the colourized images.

Results

Figure 2a–e shows a sample original micro-CT image of
a tooth with a natural enamel lesion along with the results
of different denoising methods. The original image had
a high level of noise content in the form of black and white
dots which was also reflected in the colourized image.

Figure 3 (a) Contrast-to-noise ratio (CNR) value in the texture-free area (CNRTex-free) of 36 specimens before and after denoising using the four
methods; (b) CNR value in the edge and textural area (CNREdge) of 36 specimens before and after denoising using the four methods.
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In addition, the original image suffered from the
presence of ring artefact which resembles concentric
rings in the dentin area. The feature of interest in
this specimen was an enamel lesion. The lesion had
the classic triangular shape with a wide base towards

the external surface of the tooth and two advancing
front tips towards the dentin–enamel junction.
There was a high mineral density layer with an
average thickness of 30 mm at the surface of the
lesion.

Table 1 Average and standard deviation value of contrast-to-noise ratios (CNRs) in the texture-free area, CNRs in the edge area, EPI, blurring
index, the performance time and the visual analysis score for the different denoising methods

Performance metric BM3D Gaussian Median TV Original
CNRTex-free 35.40 ± 2.02 36.63 ± 1.93 37.85 ± 2.16 43.7 ± 4.06 13.35 ± 2.35
CNREdge 6.48 ± 0.75 7.73 ± 0.87 7.87 ± 0.79 7.37 ± 0.74 4.19 ± 0.88
EPI 0.51 ± 0.10 0.48 ± 0.09 0.50 ± 0.10 0.52 ± 0.10 1
Blurring index 0.0104 ± 0.0039 0.0026 ± 4.04 0.0055 ± 0.0029 0.0088 ± 0.0037 NA
Performance time 301.57 ± 12.88 0.0997 ± 0.075 49.72 ± 0.71 17.76 ± 0.97 NA
Visual analysis score (%)
Lesion-containing teeth 94.82 35.95 25.31 69.21 81.05
Sound teeth images 89.54 35 34.80 100 75.60
Overall average 92.18 35.47 30.05 84.60 78.32

BM3D, block-matching and three-dimensional; CNREdge, CNR value in the edge area; CNRTex-free, CNR value in the texture-free area; EPI, edge
preserving index; NA, not available; TV, total variation.

Figure 4 (a) Edge preserving index value for 36 image specimens after denoising using the four methods. (b) Blurring index value for 36 image
specimens after denoising using the four methods.
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Quantitative analysis of denoising methods
The quantitative analysis was performed on 180 micro-
CT images (including 36 original and 144 denoised
images using 4 methods), and the values of 3 indexes
were calculated for each image.

Contrast-to-noise ratio
Figure 3a,b shows the CNR values of the original and
denoised micro-CT images in the texture-free and edge
areas, respectively.

For all the specimens, the denoising process led to
an increase in the CNR value in both the texture-free
and edge areas. However, this increase was more sig-
nificant in the texture-free area than in the edge and
textural area. Accordingly, following the noise-reduction
process, the average CNR value at the texture-free
area in all specimens (Table 1) increased from 13.35 ±
2.35 in the original images to 35.40 ± 2.02 (162.28%)
in images denoised using the BM3D method, to
36.63 ± 1.93 (163.5%) in images denoised using the
gaussian method, to 37.85 ± 2.16 (164.72%) in
images denoised using the median method and to
43.7 ± 4.06 (169.45%) in images denoised using the
total variation method.

In the texture-free area, the highest CNRTex-free
value was achieved by the total variation method
followed by the median, gaussian and BM3D meth-
ods, respectively. However, in the textural and edge
areas, the highest CNREdge value was achieved using
the median and gaussian filters followed by the total
variation and BM3D methods, respectively. It should
be noted that despite the non-textural areas where
higher CNR values indicate more smoothening and
therefore are more desirable, in the textural and edge
areas, lower CNR values which show sharper edges
and less texture smoothing are preferred. The great
challenge with all denoising methods is the loss of
information and sharpness in the textural areas
compared with the original image. Accordingly, our
goal was to obtain lower values of CNR_Edge as close
to the original image as possible. Therefore, the most
favourable smoothening performance in the textural
and edge area was obtained by the BM3D method
and in the non-textural areas by the total variation
method. These results indicate that while total vari-
ation had the best performance in smoothing the non-
textural areas of the images, the BM3D had the least
degrading effect on the fine textural features of the
images such as thin surface layer of the artificial
lesions.

Edge preserving
The EP index is normalized in the [0 1] interval, for which
higher values closer to 1 indicate better edge preservation
and greater similarity. The results (Figure 4a) indicated
that the highest edge-preserving value was achieved using
the total variation method followed by the BM3D,
gaussian and median denoising methods, respectively.

The mean and standard deviation of the EP index for all
images denoised using each of the methods are presented
in Table 1.

Blurring index
The results of the blurring index analysis indicated
that the BM3D method produced the highest blurring
index value followed by the total variation, median
and gaussian methods, respectively (Figure 4b). Based
on the definition of the blurring index, the higher
blurring index value indicates less blurring and sharper
image. Accordingly, the BM3D method caused the least
blurring and the gaussian method caused the highest
blurring of the images. The severe blurring effect of the
gaussian method can be observed from the colourized
image where the colour change at the enamel–air
boundary and dentin–enamel junction happens gradu-
ally owing to blurring and loss of sharpness at the edges
(Figure 2b,d).

Qualitative analysis and visual evaluation
The results of the visual analysis indicated that for
images with very fine features of interest such as the
thin surface layer of the carious enamel lesion and
small enamel caries, clinicians gave the highest score
to BM3D denoised images (94.82%) followed by the
original image (81.05%), and the total variation (69.21%),
the gaussian (35.95%) and the median (25.31%) denoised
images. For images of sound teeth without very fine
features, the clinicians gave the highest score to total
variation (100%) followed by BM3D (89.54%), orig-
inal (75.60%), gaussian (35%) and median (34.80%)
denoised images.

In addition to removing the noise content and pre-
serving the diagnostic information, the effect of the
denoising methods on eliminating the ring artefact in
the images was also considered in the visual evaluation
by the clinicians. As seen in Figures 2c and 3c, the total
variation method had the best performance in elimi-
nating ring artefacts followed by the gaussian, median
and BM3D methods.

Based on the overall results of the visual evaluation
of sound and non-sound dental images, the BM3D
method gained the highest score followed by the total
variation, original, gaussian and median methods,
respectively.

Performance time
The performance time is a critical parameter in image-
processing methods, as it considers the required time
for implementing an algorithm on a defined number of
images. In micro-CT imaging, each scan of a single
specimen produces a large number of images (.1000
images for scanning a premolar crown with an image
resolution of 8.9 mm) and therefore the performance
time of denoising and analysis processes is of great
significance.
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Evaluation of the time penalty of various methods
for denoising a stack of dental micro-CT images on
a personal computer with Microsoft® Windows X32
edition (Microsoft Corporation, Seattle, WA), Intel®

Core� i7 central processing unit (Q740 @1.73 GHz)
and 4.00-GB random-access memory (Intel Corpo-
ration), showed that the longest execution time oc-
curred with the BM3D method (301.57 ± 12.88 s),
which was considerably higher than for the other
methods including the median (49.72 ± 0.71 s), total
variation (17.76 ± 0.97 s) and gaussian methods
(0.0997 ± 0.075 s), respectively.

Discussion

The major dilemma in all denoising methods is filtering
out the noise content as much as possible while preserving
the important features of the original image such as tex-
ture, contour and fine details. To address these two
conflicting issues, we applied two advanced denoising
algorithms and used three image analysis parameters to
evaluate the smoothness (CNR), edge preservation and
blurring of denoised images in relation to the original
image. Each of these indexes assesses a different specific
aspect of the denoising performance, and therefore all of
them should be considered together before making
a comprehensive judgment. In addition, a subjective vi-
sual assessment of the images was performed to appre-
ciate the practical performance of the denoising methods
from the clinicians’ point of view. To our knowledge, very
few studies26,27 have investigated the denoising of dental
radiographs, and in fact, the current study is the first to
propose and evaluate the application of the BM3D and
total variation methods for denoising dental micro-
CT images.
Based on the outcomes of the quantitative and

qualitative evaluation of the denoising methods, the
BM3D method exhibited the best performance by
having the highest level of preservation of the textural
features (CNREdge), the lowest blurring of the whole
image (BI), the highest clinical visual score in images
with very fine features and the highest overall visual
score for all types of images. The BM3D method also
had the second best value of the EP index among the
other denoising methods which shows a high level of
edge preservation in denoised images.
Despite the high performance and great advantages

of the BM3D method, it could not completely remove
ring artefacts from the original images and the
smoothing of the texture-free area was the lowest
compared with the other methods. In addition, the high
time penalty of this method was a disadvantage com-
pared with the other denoising methods which were
significantly faster. Yet, the clinicians preferred the
BM3D method in the subjective visual analysis, as it
could remove the greatest amount of noise content
while still preserving the small and thin textural features
such as cracks and the surface layer of enamel caries. In

fact, the BM3D method had the best trade-off between
smoothening of the texture-free areas and preservation
of information in the textural areas with the lowest level
of blurring.

On the other hand, the total variation method
provided the best results with regard to smoothing of
the image in texture-free areas and preserving the
edges and borders of the image features. These issues
were reflected by the value of CNRTex-free and EP
indexes, which were the highest for the total variation
method among the other methods. These results were
also confirmed by the subjective visual evaluation of
the sound teeth images in which the total variation
method obtained a 100% visual score by both the
clinicians. The visual comparison of the total-
variation denoised images with TMR images, as the
smoothness model, indicated outright similarity with
the TMR images and excellent removal of noise in
micro-CT images.

TMR is considered as the gold standard two-
dimensional technique for the evaluation of carious
lesions,28 which produces high-quality images with
minimal noise owing to the micron-range thickness of
the specimens. However, it has limitations such as the
need for destructive sectioning of the specimen and the
impossibility for 3D studies. Although previous studies
have found good correlation between micro-CT and
TMR results,29 TMR produces smoother images with
greater details owing to the higher noise content in
micro-CT images.28

In the current study, we could achieve very-low-noise
micro-CT images with similar quality to TMR images
using the total variation method. These images obtained
100% visual score in sound teeth, and the clinicians
confirmed excellent denoising and similarity with TMR.
However, considering the non-preservation of very fine
textural features, revealed by subjective evaluation of
images with small lesions, there is a need for optimi-
zation of the total variation method, which can be
a topic for future research.

The other significant finding of this study was the
high capacity of the total variation method in elimi-
nating ring artefacts, which minimizes the need for
repeating the entire imaging procedure or extra pro-
cessing30 for ring artefact removal. This feature of the
total variation method relates to its high smoothing
performance, which is reflected by the high value of the
CNRTex-free for this method.

Regarding the performance time, although the total
variation method had a higher time penalty than the
gaussian and median methods, it was however signifi-
cantly faster than the BM3D method and thus may still
be considered as a fast denoising approach.

The two classic denoising methods of gaussian and
median, which have been commonly applied for
denoising dental micro-CT images, had very low
performance regarding the preservation of the edges
and caused significant blurring of the denoised
images. Similarly, clinicians gave the lowest scores to
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these two methods regarding their clinical diagnostic
value. In fact, these methods obtained lower scores
than the original image when implemented at their
full capacity.

In general, each denoising approach has its assump-
tions, advantages and limitations, and the selection of
each method depends on the type of image, noise model
and application purpose.31 However, considering the
findings of this study, we may suggest the BM3D
method as the most reliable and accurate technique for
denoising images with very fine details, such as shallow
artificial and natural enamel lesions, as well as other
fine biological and artificial structures in which the
preservation of the texture and fine features of the im-
age is of the greatest importance. On the other hand,
the total variation method is the technique of choice
for denoising images without very small details or fine
textures in which the clinician or researcher is inter-
ested, mainly for anatomical features and structural
measurements of the dental tissue. In addition, it is the

best technique for denoising micro-CT images that re-
quire removal of ring artefacts.

In terms of possible improvements and future re-
search, we suggest that the focus be on improving the
performance of the total variation and BM3D methods,
as their contribution in enhancing the quality of micro-
CT images may make micro-CT a reliable substitute for
TMR in all cases.

Finally, the promising results obtained by the two
new denoising methods provide an impetus for future
research into the issue of noise elimination and
quality enhancement for other types of dental
images, including CBCT, periapical and panoramic
radiography.
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