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 Abstract– Metallic implants, such as hip implants, are known 
to induce streaking artifacts in CT images which can cause 
over/underestimation of the activity uptake in CT-based 
attenuation corrected PET images. Hence, metal artifact 
reduction (MAR) of CT images is essential in order to obtain 
accurate quantification of PET data. The proposed MAR 
technique replaces the projection bins of the virtual sinogram 
affected by metallic implants using a 2D cubic interpolation 
scheme. Since removing the affected projection bins renders the 
sinogram grid irregular, a Delaunay triangulated gridding 
together with Clough-Tocher cubic interpolation, which is 
compatible with this irregular grid, is used to substitute the 
values of the affected bins. A cylindrical phantom filled with 
uniform activity concentration incorporating metallic inserts and 
30 clinical PET-CT studies containing hip prostheses were used 
to assess the performance of the proposed approach. The 
resulting images were compared to those obtained using the 
built-in MAR algorithm on a Siemens mCT64 PET/CT scanner. 
Phantom and clinical studies showed that the proposed algorithm 
performed considerably better than Siemens’s method in the 
regions corresponding to dark streaking artifacts 
(underestimated regions), whereas it performed equally well 
compared to Siemens’s method in the other regions. In the 
underestimated regions, the proposed method increased the 
uptake value up to 45%, whereas the Siemens’s method kept 
almost the same uptake as the uncorrected PET images. In the 
overestimated regions both methods decreased the uptake by 
~45%. The phantom experiment also revealed that the proposed 
approach is in better agreement with the actual activity 
concentration compared to both the uncorrected and corrected 
images using Siemens’s method. It can be concluded that the 
proposed method allows more accurate attenuation correction of 
PET data thus preventing misinterpretation of activity uptake in 
regions adjacent to metallic objects. 
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I. INTRODUCTION 

he presence of metallic implants in patients undergoing x-
ray computed tomography (CT) scans, manifesting itself in 

the form of dark and bright streak artifacts, is considered to be 
one of the most important sources of artifacts. Depending on 
the implant size, these artifacts can degrade image quality in 
the regions surrounding the metallic object or of the whole 
image. CT-based attenuation correction of positron emission 
tomography (PET) images is the standard technique 
implemented on commercial PET/CT systems [1]. Following 
application of this procedure, metal artifacts can propagate and 
cause errors in the attenuation corrected PET images. The 
artifactual CT images lead to erroneous attenuation 
coefficients in some region of the generated attenuation map 
(µmap). This results in inaccurate quantification of the tracer 
uptake in the attenuation corrected PET data in the regions 
corresponding to the streak artifacts [2-5]. In patients with 
prosthetic replacements, such as hip or knee metallic implants, 
severe artifacts usually cause over/underestimation of the 
activity concentration around the prostheses. Decreased image 
quality impacting diagnostic accuracy has been also reported 
in some cases [3, 6]. 

After total hip replacement, local complications most 
likely take place including infection, mechanical loosening, 
prosthetic and preprosthetic fractures …etc. The diagnosis of 
such complications might be influenced by artifacts caused by 
metallic hip prosthesis [7-9]. Although moderate or minor CT 
streak artifacts might not affect the visual quality of the 
attenuation corrected PET images [10], it definitely influences 
the quantitative accuracy to some extent, thus leading to some 
bias when quantification of physiologic or pharmacokinetic 
processes occurring in the region of interest is desired. To 
enable accurate quantification of PET data, the reduction of all 
sources of errors and artifacts, including those generated by 
metallic implants, is required. 

The challenging issue of metal artifact reduction (MAR) 
has been addressed by several approaches which can be 
generally categorized into sinogram- and image-based 
methods [11]. Sinogram-based methods manipulate the raw 
CT data in the sinogram space; linear interpolation of the 
missing sinogram bins being one of them [12, 13]. This 
approach detects metallic objects using a thresholding 
technique and then identifies the sinogram bins affected by 
metallic objects by forward projection of the segmented 
image. The affected bins are then replaced by linear 
interpolation of the neighbouring bins of the same projection 
angle. Cubic spline interpolation of the neighbouring bins is 
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another similar method belonging to sinogram-based 
approaches [14]. Jeong et al. applied a linear interpolation 
scheme on the projection data obtained from a metal-free 
image prepared such that the intensities of metallic regions are 
replaced by those of non-metallic surrounding pixels [15]. 
Veldkamp et al. performed metal object segmentation in 
sinogram space using a Markov random field model and 
replaced the corresponding values using different interpolation 
schemes [16]. One-dimensional spline interpolation of the 
projection bins of a virtual sinogram is another sinogram-
based MAR technique [17]. 

Image-based methods are directly applied to the 
reconstructed image. Iterative deblurring methods [18], 
wavelet-based techniques [19, 20], knowledge-based 
approaches [21] and pattern recognition-based methods [4] are 
examples belonging to this category. The main complication 
associated with this category of methods is the fuzziness of 
CT numbers in the artifactual regions and the surrounding 
tissues, which makes the metallic object and the surrounding 
tissues undistinguishable and might result in lower 
performance. 

Despite the fact that the sinogram-based methods usually 
result in more accurate correction [22], the practical 
implementation of such techniques is challenging owing to the 
encrypted proprietary format, manufacturer dependency and 
large size of the raw CT data. The advantage of our proposed 
MAR method is that it utilizes a virtual sinogram as an 
alternative to overcome the above mentioned drawbacks. It 
must be emphasized, however, that the smooth pattern of the 
sinogram has to be preserved after correction since 
smoothness is an inherent property of sinograms and any 
discontinuity and roughness can introduce extra artifacts in the 
reconstructed image. Therefore, the correction method has to 
be chosen cautiously so that the smoothness and continuity 
criterion will be met. 

The purpose of this study is to develop a novel MAR 
approach by generating a smooth and continuous virtual 
sinogram. Since metallic hip prostheses are known to produce 
severe streaking artifacts and non-negligible activity 
concentration bias [3], the main focus of the proposed method 
is on reducing metallic artifacts associated with metal hip 
implants. 

II. MATERIALS AND METHODS 
The MAR procedure starts by generating the virtual sinogram 
by forward projection of the original CT images. The 
projection bins affected by metallic objects are determined by 
segmenting the metallic objects in the original CT image using 
a thresholding method followed by forward projection of the 
segmented image. In the obtained sinogram, the projection 
bins having values higher than zero present the affected 
projection bins. To preserve the smoothness of the sinogram, a 
2D cubic interpolation technique was applied to substitute the 
erroneous values of the affected bins. Since we omit the 
projection bins affected by metallic artifact from the regular 
grid of the sinogram, the interpolation scheme has to be 
performed on an irregular grid. Therefore, an irregular grid has 
to be defined on the unaffected projected bins over which a 

cubic interpolation can be performed.  Delaunay triangulated 
grid was used for this purpose [23]. This method divides the 
whole data plain into triangles whose vertices are located on 
the data points. These triangles intersect in a common side and 
no data point can be inside the circumcircle of the triangles. 
Normal cubic interpolation method requires four data points in 
the grid, while in a triangulated grid only three are needed. 
The Clough-Tocher interpolation, which is compatible with 
the triangulated grid, was used in the proposed approach [24]. 
It divides each triangle into three sub-triangles by adding a 
fourth vertex on the triangle centroid. Thereafter, an 
interpolating cubic polynomial is formed on each sub-triangle. 
To define the cubic polynomials, 12 parameters (called nodal 
values) are required which include the function value at each 
vertex, first derivative of the function with respect to x and y at 
each vertex, and normal derivative at each mid-point of each 
side of the triangle. Then 12 cardinal functions of each sub-
triangle are determined and multiplied by the corresponding 
nodal value and the results integrated to find the final value at 
a given point [25]. This algorithm was implemented using a 
MATLAB toolbox routine. The corrected sinogram is finally 
reconstructed using a filtered backward projection MATLAB 
routine to generate the corrected CT images. 

The proposed algorithm was assessed using phantom and 
clinical studies. For the phantom experiment, a uniform 
cylindrical phantom containing 37 MBq of Fluorine-18 and 
incorporating metallic pacemakers to produce streaking 
artifacts was used. In addition, 30 clinical PET/CT studies of 
patients with metal hip prostheses (in one or both sides) were 
used in this study. The results were analyzed by defining 45 
regions of interest (ROIs) on each dataset in the regions 
corresponding to bright and dark streaking artifacts as well as 
artifact-free regions. The mean relative difference of the tracer 
uptake in the uncorrected and corrected PET data was 
calculated for the same regions. In the case of the phantom 
study, the values were compared with the actual activity 
concentration in the phantom. The results were also compared 
with images corrected using the MAR method proposed by 
Hamill et al. which is used as a built-in function in the 
Siemens Syngo software [21]. 

III. RESULTS  

Fig. 1 shows the results of the phantom experiment. The 
reconstructed attenuation corrected PET images using 
uncorrected CT images, those corrected using the proposed 
MAR method and those corrected using the Siemens’s MAR 
method are presented in this figure. Since the commercial 
Siemens PET-CT scanner doesn’t provide corrected CT 
images to the user, only the uncorrected and corrected CT 
using the proposed MAR approach are illustrated. The bright 
and dark streaking artifacts in the CT image have caused 
overestimation and underestimation of the activity 
concentration in the corresponding attenuation corrected PET 
image (Fig. 1c). These effects are reduced by the proposed 
MAR method and the quality of the image is substantially 
improved (Fig. 1d). The Siemens’s method is only successful 
in the overestimated regions, whereas it fails to correct for the 
artifacts in the underestimated regions (Fig. 1e). 
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(a)                                               (b) 

  
(c)                                               (d) 

 
(e) 

Fig. 1. Phantom study results. Uncorrected (a) and corrected (b) CT images of 
the phantom using the proposed MAR method. CT-based attenuation 
corrected PET images (c) using the image shown in (a), (d) using the image 
shown in (b) and (e) using the Siemens’s MAR method. 

 
Fig. 2 shows the results for CT and PET images of a 

clinical study. It can be observed that the proposed method 
decreases the artifacts in the CT image. The arrows point to a 
region corresponding to dark streak artifacts in the CT image. 
The PET image corrected for attenuation using the original CT 
images doesn’t show high activity in the corresponding region, 
whereas a high uptake appears after applying the proposed 
algorithm. The uptake in this region remains almost similar to 
the uncorrected image when using Siemens’s method. This is 
in agreement with the results of the phantom study. 

Fig. 3 illustrates the results for CT and PET images of 
another clinical study. The arrows point to a region 
corresponding to bright streak artifacts in the CT image. Both 
methods successfully decrease the overestimated activity 
uptake caused by the bright streaking artifacts in the 
corresponding CT image. 

The analysis of the 30 clinical PET-CT studies revealed 
that both MAR methods reduce the activity uptake values in 
the overestimated regions by up to ~45%. In the 
underestimated regions though, only the proposed method 
increases the values up to ~45%, while the Siemens’s MAR 
approach keeps almost the same values in these regions. The 
uptake values remain similar to the uncorrected PET data for 
both techniques in the unaffected regions (Table I). 

 

  
(a)                                               (b) 

  
(c)                                               (d) 

 
(e) 

Fig. 2. A clinical PET-CT study showing (a) uncorrected and (b) corrected CT 
images using the proposed MAR method. (c),(d) Attenuation corrected PET 
images using (a) and (b), respectively. (e) Attenuation corrected PET data 
using Siemens’s MAR method. The arrows point to a dark streaking artifact 
region in the uncorrected CT image and the corresponding region in the other 
images. 

 

  
       (a)                                            (b) 

  
   (c)                                            (d) 

 
(e) 

Fig. 3. Another clinical PET-CT study showing (a) uncorrected and (b) 
corrected CT images using the proposed MAR method. (c),(d) Attenuation 
corrected PET images using (a) and (b), respectively. (e) Attenuation 
corrected PET data using Siemens’s MAR method. The arrows point to a 
bright streaking artifact region in the uncorrected CT image and the 
corresponding region in the other images. 
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TABLE I. MEAN RELATIVE DIFFERENCE (%) BETWEEN THE ACTUAL 
ACTIVITY OF THE PHANTOM IN DIFFERENT REGIONS AND THE UNCORRECTED 
CLINICAL PET DATA AS WELL AS THOSE CORRECTED USING THE PROPOSED 
AND SIEMENS’S MAR METHODS. 

 

Regions Datasets 
Uncorrected Proposed MAR  Siemens’s MAR 

Overestimated 127.95±35.7 25.49±9.5 -20.96±9.2 
Underestimated -82.21±4.5 -45.76±11.9 -81.81±5.5 
Unaffected -2.48±3.5 -5.73±3.4 -5.47±3.4 

IV. DISCUSSION 
The phantom study revealed that the proposed MAR algorithm 
results in visually acceptable PET images. The black and 
white regions in Fig. 1c represent over- and under-estimation 
of activity concentration since the phantom is filled with 
uniform activity. These artifacts are caused by the bright and 
dark streaks shown in Fig. 1a. It can be seen that the proposed 
method has successfully suppressed erroneous estimations 
around the metallic object (Fig. 1b). However, Siemens’ 
method fails to correct the underestimation (white regions 
around the metallic object), although it corrects appropriately 
the overestimated regions. 

The quantitative analysis further demonstrates that the 
estimated activity concentration approaches the actual activity 
concentration within the phantom when using the proposed 
MAR method. Although there is a slight difference between 
the corrected and actual activity concentration (Table I), this 
difference was reduced from over 120% in the overestimated 
regions to less than 30% and from about -80% to -45% in the 
underestimated regions. On the other hand, Siemens’ MAR 
method over-corrects the activity concentration (the difference 
decreases from ~120% to -20%) in the overestimated regions. 
However, the method doesn’t seem to handle appropriately the 
underestimated regions where the activity concentration 
remains similar to the uncorrected data. In the unaffected 
regions, both methods keep the original uptake unchanged, 
which is desirable. 

The clinical PET/CT studies had a similar trend. In the 
underestimated regions, the uncorrected PET image has no 
significant uptake in the corresponding region (Fig. 2), which 
corresponds to dark streaking artifact regions in the CT image. 
After correction using the proposed MAR, a high activity 
uptake is visible in the same region, while the image corrected 
using Siemens’ MAR technique remains unchanged. In Fig. 3, 
while the uncorrected PET image shows a high activity uptake 
in the region corresponding to bright streaking artifacts in the 
CT image, both corrected PET images have low uptake in the 
same region, which confirms that both MAR methods perform 
similarly in overestimated regions. These results are in 
agreement with the phantom study.  

It must be emphasized that in the absence of gold standard 
for the clinical studies, it is challenging to draw general 
conclusions with respect to the relevance of MAR in clinical 
setting [26]. Nevertheless, the phantom study revealed that the 
activity concentration in regions corresponding to bright and 
dark streaking artifacts best match the actual activity 
concentration after applying the proposed MAR technique. 
This supports the opinion that the clinical results obtained 
using the proposed method are also more reliable than the 

uncorrected data as well as those obtained using Siemens’ 
method. 

V. CONCLUSION 
We presented an approach for reduction of artifacts in PET/CT 
images caused by metallic hip prostheses allowing the 
generation of a smooth and continuous sinogram. The 
performance of the proposed method in regions corresponding 
to bright streaking artifacts and artifact-free regions is similar 
to the method proposed by Hamill et al. [21] implemented on 
Siemens PET/CT scanners. However, the proposed method is 
superior in the regions corresponding to dark streaking 
artifacts. This approach makes CT-based attenuation 
correction of PET images more accurate and prevents 
misinterpretation of activity uptake in some regions which 
might be biased due to the propagation of bright and dark 
streaking artifacts of CT images. The proposed method 
increases both the quantitative accuracy and the diagnostic 
image quality of PET images when compared to Siemens’ 
method. 
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