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ABSTRACT

The presence of metal artifacts in dental CT prevents the cor-
rect exploration and planning of dental interventions. This
paper addresses a new paradigm in metal artifact reduction
that uses the backprojected data available in the DICOM files.
The method, based on variational image registration and mor-
phological lambda reconstruction, enhances the image quality
using not only the information of the artifacted image (hori-
zontal approach) but also the information of adjoining images
(vertical approach). Some preliminary results involving dif-
ferent CT scanners and patients are presented and discussed.

Index Terms— Metal artifact reduction, dental CT, vari-
ational image registration, morphological lambda reconstruc-
tion

1. INTRODUCTION

CT scan has become a standard tool for medical examination.
The data acquired from CT studies are usually reformatted
in 2D images by means of the filtered back projection (FBP)
method. When objects with high density are present in a CT
scan, the method induces nonlinearities that have a highly
negative impact on the images, giving rise to the appearance
of radial patterns known as streaking and beam hardening.
This is a common problem in dental CT due to the presence of
dental fillings (usually gold or amalgam) and implants (usu-
ally titanium). At the same time, the use of computer appli-
cations for the diagnosis and the planning of dental surgery is
usual among dentists and surgeons. These applications repre-
sent a 3D reconstruction of the patient’s anatomy and allow
the ex vivo exploration and manipulation of the data as well
as the planning of the surgery. The metal artifacts make the
visualization of the 2D sections difficult and distort the 3D
reconstruction. A metal artifact reduction (MAR) processing
is therefore needed to adapt the CT data to dental planning
tools.

Most of the previous work in the MAR field use the CT
raw data. There are several approaches to the problem. On
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one hand, some of them reconstruct the image with the FBP
and detect the artifacted areas so as to replace that informa-
tion. Kallender et al. [1] proposed a method to linearly inter-
polate the problematic data in the projection domain and then
replace the affected image data. Afterwards, Watzke et al. [2]
and Yu et al. [3] reviewed the method improving its perfor-
mance. Shiying et al. [4] proposed a similar approach using a
wavelet-based interpolating method. On the other hand, there
are other methods which avoid the FBP, such as the method
presented by Wang et al. [5] which considers the CT scan as
a deblurring problem, and the one proposed lately by Murphy
et al. [6] which tries to maximize the similarity among the
data and their estimations minimizing the I-divergence.

Nevertheless, the great majority of the aforementioned
software applications (to plan the dental surgery) do not have
the raw data available and therefore use the backprojected
data to reconstruct the patient’s anatomy, so MAR methods
are needed in this domain. Sohmura et al. [7] proposed a
method that uses a cast of the patient’s anatomy to replace
the artifacted data. Tognola et al. [8] presented a method to
enhance the image contrast before reconstructing the volume.
In a similar way, Naranjo et al. [9] proposed a method which
filters the metal artifacts in the polar domain.

The MAR methods presented above use information of
the current affected slice, either its raw data or its backpro-
jected data, to enhance itself. This paper presents a new
method which uses the information of the adjoining slices of
an affected one to detect its artifacted areas and remove them.

2. THE METHOD

In order to detect the artifacted areas of a slice, the method
performs a comparison between the artifacted slice and a
clean adjacent slice. To ensure a successful comparison two
methodologies are taken into account: image registration and
morphological filtering. Figure 1 shows the block diagram of
the method, where Ii is the original artifacted slice and Ij is
the clean image closest to Ii. The main idea of the method
consists in defining a binary mask, in which the artifacted ar-
eas/pixels are set to ”1” (artifacted) and the rest are set to ”0”
(non-artifacted). With this aim, the residue resulting from the
λ-reconstruction filtering and the original artifacted image is
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computed and thresholded. Only detected areas are restored
by means of an inpainting method.

The residue of the λ-reconstruction filter is a morpho-
logical filter whose aim is to obtain only the artifacted areas
avoiding as much as possible the anatomical structures, such
as teeth or cavities, with gray level similar to the artifact. This
filter needs two input images: a reference image and a marker
image. The more similar the marker and the reference are,
the less anatomical structures are present in the residue. For
this reason, the clean slice and the artifacted one must be as
close as possible. In order to increase the similarity between
both images, a registration step is performed in which slice Ij
is registered to Ii using a variational approach. This process
obtains the marker of the morphological filter.

A brief explanation of both methodologies will be pre-
sented below. Finally, the resulting output images of the dif-
ferent blocks as well as the results of the algorithm, are de-
picted in Section 3.
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Fig. 1. Block diagram of the proposed MAR method.

2.1. Variational image registration

Image registration is the process of finding the global and/or
local correspondence between two datasets (the so-named
template and reference images) in such a way that the trans-
formed template matches geometrically the reference. This
task is widely used in image analysis and computer vision,
having applications in various fields [10, 11]. Though its
classical formulation is usually given in the spatial domain,
a novel theoretical framework defined in the frequency do-
main is proposed in [12]. The variational minimization of the
joint energy functional is performed entirely in the frequency
domain, leading to a simple formulation and design, and
providing more efficient implementations of the most com-
mon registration methods than the current approaches [13].
The practical implementation of this algorithm relies on a
semi-implicit time-marching scheme, yielding the following
iteration:

u(ξ) = IFFT
{
H · FFT{u(ξ−1) − τ · q(ξ−1)}

}
, (1)

where u is the transformation which aligns the reference (Ii)
and the template (Ij), q is the external forces field which
drives the deformation, and H = (1 + τ · α ·K)

−1, with
K = 2 (2− cos(ω1)− cos(ω2)), ω1,2 being the variables in

the frequency domain. In the previous expression, the nota-
tion u(ξ) = u(ξ · τ) has been used, where ξ ∈ N and τ > 0
are the iteration index and the time-step, respectively. Finally,
the parameter α > 0, usually referred to as the regularization
parameter, is a scalar which controls the smoothness of the
resulting transformation.

2.2. Morphological lambda reconstruction

The λ-reconstruction operator is a family of transformations
called geodesic operators [14, 15]. A geodesic operator in-
volves two input images: the marker and the reference. A
morphological transformation is applied to the marker and the
gray levels of the resulting image are forced to remain above
or below the reference. Let f and g (two grayscale images)
be the reference and the marker images, respectively, which
are both defined in the same domain as:

f(x) : E → T ,

where (x) ∈ E is the pixel position. In the case of valued
discrete images, T = {tmin, tmin + 1, ...tmax} (in general
T ⊂ Z or R, or any compact subset of Z or R) is an ordered
set of grey-levels. Typically, in digital 8-bit images we have
tmin = 0 and tmax = 255.

Let us define the unitary geodesic λ-dilation of the marker
g with respect to the reference f , δ(1)f,λ(g), as the point-wise
minimum between the reference and the unitary non-flat dila-
tion, δ(1)λ , of the marker, which is:

δ
(1)
f,λ(g) = δ

(1)
λ (g(x)) ∧ f(x). (2)

The unitary λ-dilation, δ(1)λ , represents the dilation with
a unitary non-flat structuring function b(x), with b(x) ∈
F{E, T } being a weighting function defined as:

b(x) =

{
−λ x ∈ B
−∞ x /∈ B

(3)

Thus, the unitary λ-dilation, δ(1)λ , will be defined by the
expression:

δ
(1)
λ (f)(x) = {f(y) : f(y) = sup[f(z)−λ], z ∈ Bx}∨f(x).

(4)
The geodesic λ-dilation of size n of the marker g with

respect to the reference f is obtained by performing n suc-
cessive geodesic λ-dilations of g with respect to f :

δ
(n)
λ,f (g) = δ

(1)
f,λ[δ

(n−1)
f,λ (g)], (5)

with δ
(0)
f,λ(g) = g.

The λ-reconstruction [16] of the reference image f from
the marker g is defined as the geodesic λ-dilation of g with
respect to f until stability:

γrec
λ (f(x), g(x)) = δ

(k)
f,λ(g(x)), (6)
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where k is δ(k)f,λ(g) = δ
(k+1)
f,λ (g).

Using the λ-reconstruction operator, only the pixels of the
reference image that match up the marker are reconstructed
with the maximum value of the reference. The rest of the
connected matched areas are reconstructed with an intensity
level that will decrease with a slope equal to λ [17, 16].

With respect to the streaking artifact, since it has gray lev-
els similar to the teeth and bones to which it is connected, the
idea is to use the most similar image to the reference (spe-
cially in the surroundings of teeth and bones) as marker. This
way, only the clear matching areas in both images will be re-
constructed by the morphological filter and not the artifact,
only present in the residue. The process is the same for the
beam hardening, which defines a dark pattern in the surround-
ings of the metallic object. In this case the dual operator of
the λ-reconstruction filter is used.

3. RESULTS

The method presented in this paper has been tested using sev-
eral CT studies obtained using different CT scans: the GE
Medical Systems HiSpeed QXi and the Philips Medical Sys-
tems CT Aura. The data have been reformatted into DICOM
files. For all experiments shown in this work, the registration
parameters are α = 35, τ = 1 and ξmax = 50. With these
values, the optimal performance of the registration algorithm
is achieved, obtaining at the same time a likely and smooth
transformation. On one hand, if a lower value of α is consid-
ered, holes or foldings could appear in the registered image.
On the other hand, a high value of this regularization param-
eter would cause a slow convergence of the registration algo-
rithm. The λ parameter of the morphological filter has been
set to 15 in all the cases. This parameter controls the trade-off
between detected and removed artifacts (true detections) and
the anatomical structures wrongly detected as artifacts (false
positives). The higher λ is, the more true detections and false
positives are achieved.

Figure 2 shows the performance of the detection method
with an illustrative example. In the first row, the figure de-
picts (a) an artifacted slice Ii, (b) an adjoining clean slice Ij
and (c) the result of the registration of Ij and Ii, m. In the sec-
ond row, the figure depicts the pairwise differences between
(d) Ij and Ii using the substraction, (e) m and Ii using the
substraction, and (f) m and Ii using the lambda reconstruc-
tion. As shown, the λ-reconstruction of the registered image
present fewer anatomical structures.

Figure 3 shows several artifacted images (on the left), the
masks obtained with the proposed method (center) and the
restored image (right). For the interpolation, a linear 2D in-
painting method [18] has been used.

(a) (b) (c)

(d) (e) (f)

Fig. 2. (a) Original image Ii. (b) Adjacent clean slice Ij . (c)
Registered image m. (d) Difference between Ii and Ij . (e)
Difference between Ii and m. (f) Result of the whole method
proposed in figure 1.

4. CONCLUSIONS

In this paper a new paradigm for metal artifact reduction has
been proposed. The method uses a 3D approach, since it pro-
cesses the information of the affected slice (horizontal plane)
and also the information of adjoining slices (vertical plane).
The algorithm is based on variational image registration to
register the clean adjoining image to the artifacted one and
the morphological λ-reconstruction to detect the artifact ex-
cluding anatomical structures such as teeth and bones. This
way the artifact can be isolated and restored with non-affected
data. The method has been tested on several CT studies from
different CT scanners with promising results. This fact en-
courage us to develop new methods to reduce the false posi-
tive rates in the detection of the artifact and to test different 2D
and 3D inpainting methods that provide better interpolations
without giving rise to new artifacts and that can be applied on
larger artifacts. Future work will also focus on automatize the
method and extend it to a complete CT dataset and test it by
means of 3D reconstructions of the anatomy.
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