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Abstract

Metal artefacts obscure the organs as shown on a computed tomography (CT)
image. The effect of the artefact can be reduced by using sinogram
completion techniques. The aim of this study is to evaluate interpolation
methods - linear interpolation (LI), total variation in painting (TV), high order
total variation inpainting (HTV) for reducing the effect of the artefact. In this
study, the sinogram completion technique applied on the simulated pelvic CT
image of a hip prosthesis. Algorithms consist of four steps: 1) segment the
metal region on the image, 2) transform the image into a sinogram and find
the boundary of the metal sinogram, 3) estimate the new value of the missing
data using three different methods 4) reconstruct the modified sinogram and
add back the metal region into the reconstructed image. The percentages of
the difference of intensity value between the artefact image and the non-
artefact image of three techniques were computed. The percentages of artefact
reduction were evaluated to compare the effectiveness of algorithms. The
HTV method can provide the lowest difference of intensity value amongst
three interpolation algorithms. The artefact reduction of the HTV method
reduced 89.43%. The HTV technique could be used for solving the metal
artefact problem effectively on CT images.

Keywords: Metal artefact reduction, Sinogram completion, Iterative interpolation,
CT image.

1. Introduction

One problem of the computed tomography (CT)imaging is the effect of artefacts.
Avrtefacts can degrade the image quality and effect diagnosis. Artefacts may include
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Nomenclatures

D The region to be inpainted

E The outer neighbourhood of D

fx) Target value

F A called double-well potential

lini The initial image

In Metal image

Ivar Metal artefacts reduction image

Ir Image reconstruction of modified sinogram
J The value of energy function

RSME; Root mean square error of the artefact image

RSME,  Root mean square error of the reduced artefact image
Sma, 6 Metal sinogram image

Srw, &  Thresholded sinogram image

Th, T Threshold value

u, U The target pixel value

Greek Symbols

Vu The gradient of u

by A fitting constant or Lagrange multiplier
Q Metal regions.

Abbreviations

Al Avrtefact image

CT Computed tomography

HTV High order total variation inpainting
LI Linear interpolation

NI Non-artefact image

ROIs Region of interest

v Total variation inpainting

RMSE Root mean square error

ROIs Region of interest

noise, motion and metal artefacts. Metal artefacts are the most common cause of
disturbed CT images. These artefacts frequently occur when scanning patients
with prosthetic implants. Medical implants may be prosthetic implants for
supportive treatment or for the treatment of a health problem. Examples of
implants include screws or rods for spinal treatment, dental fillings or dental
implants, stents for vascular support, metal clips for the treatment of cerebral
thrombosis and prostheses for joint replacement [1].

In the case of hip prostheses, a dark band obscures the critical organs between
the sides of the prosthesis and the surrounding streak effect radiates into the
surrounding area, obscuring the organs and tissues [2-3]. A way to reduce the
effect of the artefact is the technique of adjusting the parameters, for example,
adjust the tube current and voltage, and reconstruct the image to multiplannar [4].
Another method is the applied algorithms - iterative reconstruction [5]. Sinogram
completion methods may also be used [6-8]. Iterative reconstruction is the best
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way to eliminate the effect of artefacts, but it takes more time. Thus, the sinogram
completion method is considered to be an appropriate method to reduce these
effects. One of the procedures of metal artefact reduction is the estimated
sinogram to complete the missing value using the linear interpolation technique.
This technique induced the effects of the artefacts, something that needs to be
avoided. Iterative interpolation is the means to correct this error. The verification
of the iterative interpolation technique was examined.

This paper compares three iterative interpolation techniques; total variation
inpainting (TV), high order total variation inpainting (HTV) and the traditional
(linear interpolation) method. The algorithms applied to the simulation of
phantom images and used to measure the qualitative image quality.

2. Materials and Methods
2.1. Materials
Phantom simulation

In this study, a pelvic phantom image was simulated and a prosthetic hip
replacement was inserted on both sides of the pelvis. A computer simulation
generated the metal artefact (streak artefact and dark bands). The simulated
prostheses were divided into two groups: one side and both sides of the pelvis.
The phantom was modified from the shepp-logan phantom data [9]. The intensity
value of the phantom are 0-255 (the image data is an 8 bit image).

2.2.Methods

The main algorithm is the sinogram completion method. This study tested three
algorithms to reduce the streak artefact and dark bands in CT images. Three

interpolation algorithms were compared to test the performance in the estimation
of new data processes.

The metal artefact reduction method consists of four steps:

(i) Implant identification: to determine the shape of the metal objects on the initial
image, the image data are segmented (intensity value) into two groups; soft tissue
and metal. The image data are identified as belonging to the soft tissue regions
and the metal regions by simple thresholding, as follows:

0 for (x,y) & Q

Qx,y) for(x,y) € Q 1)

%mw={

where 1, (X, y) is metal image, Q = {(x, ¥)| lini(X, y) > Th}, Q is metal regions,
lini(X, ¥), is the initial image, Th is threshold value.

After metal segmentation, the soft tissue regions and the metal regions are
transformed into sinogram domains.
(if) Metal sinogram segmentation: the global thresholding method [10] is algorithms
to identify the suitable boundary of the metal on metal sinogram as follows:
1 ifS,(u,0) > T
0 otherwise

Sr(w,0) = { )
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where T is the threshold value, S, (&, 6) is the metal sinogram image, St (u, 6) is
the thresholded sinogram image.

(iii) Estimation of the missing data on the soft tissue sinogram: to calculate the
new value of the missing data from the thresholded sinogram, the three algorithms
are used.
(a) The linear interpolation technique: linear interpolation is the straight line
between the two known co-ordinate points. Calculate the interpolated value
using Eq. (3).

Fx) = £xy) + L 6 =) Q

where, f(x) is the target value, f(x0) are first co-ordinates, and f(x1) are second
co-ordinates.

(b) The total variation inpainting (TV) technique: the missing data was estimated
to complete the sinogram by TV inpainting [11] as follows:

J@D) = [, \Vuldxdy +3 [, [ —uol? dxdy )

where D is the region to be inpainted, and E is the outer neighbourhood of D, u is the
target pixel value, Vu is the gradient, A is a fitting constant or Lagrange multiplier, J is
the value of energy function. The TV inpainting model is to minimize.

The Euler-Lagrange equation of the TV inpainting energy is given by

A, (xy) €EE
0,(x,y) €D

Vu

Vg () + Al —u) =0, 2, = | ©)

(c) The high order total variation inpainting (HTV) technique: Cahn-Hilliard
inpainting [12] was used for reading the sinogram data by Eq. (6) and the
convexity splitting of second order total variation inpainting used to
smooth monotone regularizations on the data between the missing data on

soft tissue sinogram data in Eq. (7) with 0<d<«1, the details of the HTV are
explained in [13].

U = A(—EAu + iF’(u)) +AUf-u) inQ

1 (6)
u=f,—eAu+;F’(u)=0 on 3Q
Vu
U = —AV - (—’WMT&Z) + /1(f - u) (7)
i = {0 ®

where u; is the region to be inpainted, F(u) is called double-well potential, Fu) =
u’(u—1)? f is the given sinogram image defined on a sinogram domain, Q. u is the
target pixel value, Vu is the gradient, A is a fitting constant in Eq. (8).
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(d) Image reconstruction: a modified sinogram is then reconstructed by using
filtered back-projection. Finally, the metal regions of the original metal
class image are added back to complete the modified image.

Imar(X, ¥) = [r(X, Y) U (X, Y). ©)

where Iuar(X, y)is a metal artefact reduction image, Ig(X, Yy)is image
reconstruction of a modified sinogram, I«(X, y) is metal region image.

2.3. Evaluation of effectiveness of algorithms

To verify the algorithms, the intensity value was measured and calculated the
percentages of difference on the simulation phantom images. The root mean
square error between the artefact image and the reduced artefact image of
the three algorithms was calculated. The percentages of artefact reduction were
also calculated.

2.3.1. Intensity value measurement and the percentages of difference calculation

The region of interest (ROIs) on 1) the streak artefact area beside the hip
prosthesis, 2) the dark band between the hip prosthesis, 3) the low-density object
and 4) the high-density object in order to measure the intensity value were
pressed, Fig. 1(a). In the case of critical organ phantom, the intensity value at 1)
the streak artefact area beside the hip prosthesis, 2) the dark band between the hip
prosthesis, 3) the bladder and 4) the rectum position were measured, Fig. 1(b).

Fig. 1. The regions of interest (ROIs) for measurement of the intensity value.

The percentages of difference of the intensity value between the artifact image
or the reduced artefact image and the non-artefact image of three techniques were
computed by Eq. (10),
|ALNI|

NI

The percentages of difference of intensity value = ( ) X 100. (10)

where Al is the intensity value of the artefact image or the reduced artefact image,
NI is the intensity value of non-artefact images.

2.3.2. The root mean square error (RMSE) measurement and the percentages
of artefact reduction calculation

To evaluate the RMSE of the simulation images, a reference image (non-artefact:
r(x, y)) was compared with a test image t(x, y). The two images must have the
same size [ny, n,]. The RMSE [14] are calculated as Eq. (11).
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RMSE =J— n S i (x,y) — £ )12 (11)

1
NxNy 0
The percentages of artefact reduction was calculated by Eq. (12),

RMSE;-RSME;

T ) x 100. (12)

The percentages of artefact reduction = (

where, RSME; is the root mean square error of the artefact image, RSME, is the
root mean square error of the reduced artefact image.

3. Results

Figures 2 and 3 display the three algorithms that can reduce the artefact, both of
the small rod phantom and the critical organ phantom images.

Figure 2 shows the result of metal artefact reduction by three different
algorithms (LI, TV and HTV) on the phantom inserted small rod. a) The non-
artefact images (NI) of one side prosthesis, b) the artefact images (Al) of one side
prosthesis, ¢, d and e) the reduced artefact image by LI, TV and HTV algorithms
respectively. f) The non-artefact images (NI) of both sides prostheses, g) the
artefact images (Al) of both sides prostheses, h, i and j) the reduced artefact
image by LI, TV and HTV algorithms respectively.

Fig. 2. The result of metal artefact reduction by three different
algorithms (LI, TV and HTV) on the phantom inserted small rod.

Figure 3 shows the result of metal artefact reduction by three different
algorithms (LI, TV and HTV) on the phantom with critical organs (bladder and
rectum). a) The non-artefact images (NI) of one side prosthesis, b) the artefact
images (Al) of one side prosthesis, ¢, d and e) the reduced artefact image by LI,
TV and HTV algorithms respectively. f) The non-artefact images (NI) of both
sides prostheses, g) the artefact images (Al) of both sides prostheses, h, i and j)
the reduced artefact image by LI, TV and HTV algorithms respectively.

In the case of the critical organ phantom, LI created a new artefact beside the
hip prosthesis (Fig. 3(c, h)) more than the result image of TV (Fig. 3(d, i)). The
HTV significantly, appeared smoother than LI and TV (Fig. 3(g, j)). The artefact
reduction of the small rod phantom of HTV algorithms appeared smooth, similar
to LI and TV (Fig. 2).

In the streak artefact area, dark band, the low-density object or bladder region
and the high-density object or rectum regions, the qualitative analysis (Tables 1 and
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2), shows that the intensity value of the HTV algorithm was close to the non-
artefact image value. In the case of a small rod phantom, the intensity value of the
LI image was closer to the non-artefact image value than TV and HTV. In the streak
artefact (the one side prosthesis) area, the low-density object (the one and both sides
prosthesis) areas, and the bladder area of critical organ phantom (the one side
prosthesis) the LI image was closer to the non-artefact image value than TV and
HTV. In the case of small rod phantoms, the intensity value of TV was closer to the
non-artefact image value than LI and HTV at the streak artefact (prosthesis on both
sides) area and the low-density object (the one side prosthesis) area.

Fig. 3. The result of metal artefact reduction by three different algorithms (LI,
TV and HTV)on the phantom with critical organs bladder and rectum.

Table 1. The percentages of intensity value difference
of three different methods on the streak artefact and dark band.

Streak NI Al LI TV HTV

. Intensity 5100 10768 5098 5143 4984

small  ~9% . difference 11113 004 085 228
rod Both Intensity 5100 8293 5029 5103 4976
sides o difference 6261 139 006 244

. Intensity 5100 11833 4318 4698 4910

critical 5% difference 13202 1534 788 373
organ Both Intensity 5100 11830 5009 5086 5111
sides o difference 13196 178 027 022

Dark Band NI Al LI TV HTV

. Intensity 5100 535 4946 4793 5083

small 8% difference 8950 303 603 033
rod Both  Intensity 5100 329 3587 4311 4879
sides % difference 9355 2967 1546 433

. Intensity 51.00 177 4948 4770 5035

critical  ~%'%€  difference 8476 298 647 128
organ Both  Intensity 5100 750 4215 4685 4935
sides % difference 8530 1735 814 323

NI is a non-artefact image, Al is an artefact image, LI is the reduced artefact
image of the LI technique, TV is the reduced artefact image of the TV technique,
and HTV is the reduced artefact image of the HTV technique.
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Table 2. The percentages of intensity value difference of
three different methods on the low and high density objects.

Low-density objects /

NI Al LI TV HTV

Rectum
1 side Intensi_ty 12.86 5.86 1254 1126 11.37
Small % difference 54.40 2.47 1243 1156
rod Both Intensity  12.86 3.13 13.07 12.06 10.48
sides % difference 75.66 1.66 6.20 18.54
- 1 side Intensi'ty 6.46 7.42 4.68 4.63 4.47
Critical % difference 1487 2745 28.23 30.80

organ Both  Intensity 6.46 19.10 4.63 4.58 4.59
sides % difference 19591 28.26 29.12  28.92
High-density objects /

NI Al LI TV HTV
Bladder
1 side Intensity 77.30 71.34 7434 7505 75.16
Small % difference 7.71 3.83 2.92 2.77
rod Both Intensity 77.30 69.33 7235 7402 74.60
sides % difference 10.31 6.40 4.24 3.49
1 side Intensity 153.00 138.24 138.08 139.51 148.24
Critical % difference 9.64 9.75 8.82 3.11

organ Both Intensity 153.00 129.76 153.62 152.38 152.33
sides % difference 15.19 0.41 0.40 0.44

NI is a non-artefact image, Al is an artefact image, LI is the reduced artefact
image of the LI technique, TV is the reduced artefact image of the TV technique,
and HTV is the reduced artefact image of the HTV technique.

Table 3 shows the comparison of the RMSE between the artefact images and
the reduced artefact images of the critical organs phantom. The efficiency of
HTV algorithms can significantly reduce metal artefacts better than LI and TV
algorithms. In the case of small rod phantoms, HTV algorithms of one side

and both side of the prosthesis, artefact decreased 68.54% and 85.09 %
respectively. In the case of critical organ phantoms, artefact decreased 77.48 %
and 89.43 % respectively.

Table 3. The percentages of artefact
reduction for the three different methods.

RMSE Al LI TV HTV
1 side 1176 377 376 370
_Pha”ttoén % Artefact reduction 6794 6803 6854
Inserte .
smallrod  Bothsides 2811 431 430 419
o Artefact reduction -8467 8470 -85.09
Phantom 1 side 17.05 525 444 384
with % Artefact reduction -69.21 7396 71748
critical Bothsides 3840 509 411 406
organ o Artefact reduction 8674 8930  -8943
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Al is the artefact image, LI is the reduced artefact image of the LI technique,
TV is the reduced artefact image of the TV technique, and HTV is the reduced
artefact image of the HTV technique.

4.Discussion

In this study, metal artefact reduction was demonstrated by using the sinogram
completion method. We compared three algorithms (LI, TV and HTV) for
interpolation of the missing data of the sinogram of the artefact image after
finding the boundary of the metal sinogram. Linear interpolation (L) is a simple
method to estimate the new straight line between the two known co-ordinates.
Total variation inpainting (TV) is an iterative interpolation method for image
denoising or image restoring [11]. TV was applied to compute the value with the
curve model. The curve line appeared between the two co-ordinates and created
smoother sinogram data than the LI method. High order total variation inpainting
(HTV) is an iterative interpolation method. In this work, second order variation
inpainting was applied to smooth the sinogram data with convexity splitting [12-
13]. The sinogram data of HTV algorithms was smoother than LI and TV.

The reconstructed image of the three algorithms, the intensity value of the
HTV algorithm image were close to the non-artefact image, and appeared in the
new artefact less than LI and TV. Many previous studies [7, 15-17] reduced metal
artefact, providing a consistent improvement in image data and depressed the
effect of the artefact on critical organs. The linear interpolation remained in many
of these studies - a drawback is the new artefact [6, 8, 18].

The limitations of the iterative interpolation method may be that it is more
time consuming than linear interpolation. The time of the LI algorithm was 0.084
seconds, TV was 217.08 seconds, and HTV was 128.26 seconds. The time of the
iteration method (TV and HTV) about 2000 times and 1000 times, respectively
and related to the work of Zhang et al. [16]. The compared time of TV was 1.69
times of HTV algorithm. The suggestion of iterative interpolation can reduce the
metal artefacts and can improve image quality. The choice of the high effective
energy function could decrease time consumption.

5. Conclusion

The sinogram completion method is an important and well-studied method to
reduce metal artefacts. The interpolation algorithms are procedures and precise
ways for estimating the value of the missing data of the sinogram domain of
computed tomography imaging. This paper compared three interpolation
algorithms (LI, TV and HTV) for reducing artefacts on simulated phantom
images. The HTV algorithm can create a smooth image and fewer new artefacts
appeared beside the hip prosthesis. This is an improvement on LI and TV. The
intensity values of the reduced artefact images of the HTV algorithm was also
close to the non-artefact image values. The HTV algorithm appears to be efficient
in reducing artefact.
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