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Abstract
Metal artefacts pose a common problem in single energy computed tomography (SECT) images used for radiotherapy. Virtual 
monoenergetic (VME) images constructed with dual energy computed tomography (DECT) scans can be used to reduce 
beam hardening artefacts. Dual energy metal artefact reduction is compared and combined with iterative metal artefact 
reduction (iMAR) to determine optimal imaging strategies for patients with metal prostheses. SECT and DECT scans were 
performed on a Siemens Somatom AS-64 Slice CT scanner. Images were acquired of a modified CIRS pelvis phantom with 
6, 12, 20 mm diameter stainless steel rods and VME images reconstructed at 100, 120, 140 and 190 keV. These were post-
reconstructed with and without the iMAR algorithm. Artefact reduction was measured using: (1) the change in Hounsfield 
Unit (HU) with and without metal artefact reduction (MAR) for 4 regions of interest; (2) the total number of artefact pixels, 
defined as pixels with a difference (between images with metal rod and without) exceeding a threshold; (3) the difference in 
the mean pixel intensity of the artefact pixels. DECT, SECT + iMAR and DECT + iMAR were compared. Both SECT + iMAR 
and DECT + iMAR offer successful MAR for phantom simulating unilateral hip prosthesis. DECT gives minimal artefact 
reduction over iMAR alone. Quantitative metrics are advantageous for MAR analysis but have limitations that leave room 
for metric development.

Keywords  Metal artefact reduction · Dual energy computed tomography · iMAR · Computed tomography · Radiation 
therapy

Introduction

Conventional single energy computed tomography (SECT) 
simulations have become the standard of care in the treat-
ment planning of patients undergoing radiotherapy as the 
ability to convert CT Hounsfield Unit (HU) to tissue electron 
density is necessary for dose calculations [1]. SECT simula-
tion images provide the foundation for treatment plans and 
are used for visualising the tumour, contouring structures 

and calculating the dose to the patient accounting for dif-
ferent tissue types. The accuracy and image quality of the 
CT images are therefore important in reducing uncertainties 
that are carried on into patient treatment [2]. A problem in 
using SECT scans for dose calculations is when image qual-
ity is compromised by metal artefacts due to dental implants 
and metal prostheses [3–5]. Metal artefacts consisting of 
streaks caused predominantly by beam hardening and photon 
starvation can compromise delineation of the tumour target 
and can result in under dosing the target as well as tissue 
complications from overdosing surrounding normal tissues 
[6]. Among the metal artefact reduction (MAR) techniques 
used in CT imaging, dual energy computed tomography 
(DECT) designed to give the dose of SECT and iterative 
metal artefact reduction (iMAR) applied retrospectively are 
potential methods which do not increase the dose burden to 
the patient [7]. DECT is an adaptation to the conventional 
technique that acquires two images at different x-ray ener-
gies to describe the energy dependent tissue interactions 
that provide image contrast [8, 9]. Multiple studies have 
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shown the superiority of using DECT to standard SECT in 
oncology and radiotherapy applications [6, 7, 10]. Virtual 
monoenergetic (VME) images, constructed from dual energy 
scans simulate a monochromic x-ray beam to reduce beam 
hardening artefacts. iMAR is a postprocessing software 
implemented on Siemens Syngo platform which combines 
the normalised metal artefact reduction (NMAR) and fre-
quency split metal artefact reduction algorithms (FSMAR) 
in an iterative loop [11, 12]. These MAR approaches inde-
pendently and in combination have the potential to improve 
tumour delineation and dose calculations where CT numbers 
have been distorted due to metal artefacts from hip prosthe-
ses in prostate and rectal cancers [6, 8, 13–15].

Methods

Unilateral hip prosthesis phantom

Hip prostheses typically consists of a metal head taper-
ing to a metal stem to replace the anatomical femur head 
and the superior portion of the femur bone. A custom built 
phantom attachment was added onto the anthropomorphic 
CIRS Dynamic Pelvis Phantom, model 008P (CIRS, Vir-
ginia, USA), to simulate the metal artefacts seen in a uni-
lateral hip prosthesis (Fig. 1a). The materials used in the 
attachment included, Transil silicon rubber and TC808 
fast set rigid polyurethane (Barnes, Sydney, AU) and 316 
surgical grade stainless steel. Stainless steel rods at 6 mm, 
12 mm and 20 mm diameters were used as substitutes for 
hip prostheses which vary in size, shape and design. The 
rods represent the metal stem of the prosthesis, with typi-
cal cross-sectional dimensions at the distal portion tapering 
to between 4 and 22 mm, commonly in the same plane as 
radiotherapy evaluations of the prostate and rectum. The 
steel rods were imbedded in a polyurethane cast and a set 
of four polyurethane inserts were constructed (Fig. 1b). The 
interchange of inserts (no metal, 6, 12 and 20 mm diameter) 
in the silicon attachment produced a total of four phantom 
setups used in this experiment.

Computed tomography imaging protocols

SECT and DECT scans were performed on the single 
source Siemens Somatom Definition AS - 64 slice scanner 
(Siemens Healthcare, Forchheim, Germany). The CT scan 
parameters are listed in Table 1. SECT images were acquired 
with each phantom setup for comparison to standard CT pro-
cedures. DECT scans were performed using a dual energy 
protocol designed to match the standard SECT settings to 
ensure that the overall imaging dose of the two acquisitions 
(80 kV and 140 kV) were equivalent to SECT scans. For 
VME extrapolation, the 80 kV and 140 kV acquisitions were 

reconstructed to create VME images at 100, 120, 140 and 
190 keV. Lastly, iMAR (Siemens Healthcare, Forchheim, 
Germany) was applied to SECT and DECT acquisitions with 
the hip prosthesis setting. Images for all the CT acquisitions 

Fig. 1   Phantom simulating unilateral hip prosthesis a final phantom 
setup with attachment (highlighted in red) and polyurethane insert, b 
set of 4 removable polyurethane inserts (no metal, 6 mm, 12 mm and 
20  mm 316 stainless steel rods), c Topogram of the phantom setup 
showing the position of the insert (purple) relative to phantom anat-
omy
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and post-processed reconstructions performed on the CT 
workstation were exported and viewed using DicomBrowser 
(NeuroInformatics Group, Washington School of Medicine, 
USA).

Image acquisitions

The different MAR approaches evaluated in this experi-
ment included the CT acquisitions and post-processed 
reconstructions. 10 image sets were generated for each of 
the four phantom setups; SECT, SECT reconstructed with 
iMAR (SECT + iMAR), DECT VME reconstructions at 100, 
120, 140 and 190 keV and the four VME reconstructions 
processed with iMAR (DECT + iMAR). The first phantom 

setup with the polyurethane insert was used to obtain the 
non-metal images used as ground truth (GT) for change in 
metal artefacts seen with 6 mm, 12 mm and 20 mm inserts.

Qualitative analysis

As the first step in MAR analysis, images with fixed win-
dow width and window level were placed side by side and 
compared on visual appearance of artefact. Specific areas 
of interest for artefacts were close to the metal as well as 
streaks propagating throughout the phantom body (Fig. 2). 
The visual reduction from DECT and iMAR approaches 
were compared relative to the severity of metal artefact 
observed in SECT. ImageJ (NIH, Bethesda, MD) was used 
for image processing of the transverse image slice located 
mid-way through the prostate with rigid registration per-
formed between image sets used to minimise phantom setup 
variations. Three different metrics were used to quantify 
MAR (Fig. 3).

Quantitative metric 1: CT HU change in regions 
of interest (ROI)

The change in CT HU within several specifically placed 
regions of interest (ROI) has previously been reported to 
determine CT HU accuracy [3, 15, 16]. ROI were chosen 
in the phantom image based on artefacts observed from 

Table 1   CT scan parameters for SECT and DECT

Includes the parameters for both dual energy acquisitions

CT scan parameter SECT DECT

Tube voltage (kV) 120 80 140
Tube current (mAs) 298 300 71
Acquisition 64 × 0.6 mm 64 × 0.6 mm 64 × 0.6 mm
Slice thickness 2 mm 2 mm 2 mm
Pitch 0.6 0.6 1.2
Reconstruction kernel B31f B31f B31f
Scan protocol Pelvis_Adult DE_Abdomen DE_Abdomen

Fig. 2   SECT after applying 
MAR approaches. Change of 
metal artefacts from SECT 
to residual artefacts after 
DECT, SECT + iMAR and 
DECT + iMAR approach. 
The virtual monoenergetic 
energy corresponding to the 
optimal DECT images varied 
between 100 and 120 keV. The 
virtual monoenergetic energy 
corresponding to the optimal 
DECT + iMAR combina-
tion varied between 140 and 
190 keV
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all three stainless steel diameters (Fig. 3a). Two ROI were 
placed on the main hypodense (dark) streaks near the metal, 
a third on a hyperdense (bright) streak and a fourth on a 
hypodense streak adjacent the prostate. The CT HU within 
the four ROI were measured and the change in HU due to 
metal artefacts was determined using Eqs. (1) and (2).

For each image set, the change in HU (∆HU) Eq. (1) was 
calculated as the absolute change in the HU measured in 
each ROI compared to the corresponding GT image. The 
total difference HU (∆HUTotal) in Eq. (2) was determined 
by summing the ∆HU across the four ROI and used as the 
effective artefact magnitude metric. The ∆HUTotal was meas-
ured for the polyurethane insert to look at the effect of MAR 
on non-metal GT images. The ∆HUTotal for the three metal 
inserts was used to look at the effect of MAR. The ∆HUTotal 
of SECT images of the metal rods represented the maximum 
artefacts.

Quantitative metric 2: threshold count for metal 
artefact pixels

Images were thresholded to highlight metal and artefact 
regions and quantified with a difference image from GT [17]. 
Since metal artefacts can appear as light or dark streaks an 
unsigned (absolute) difference image was generated accord-
ing to Eq. (3).

The artefact image referred to in Eq. (3) is the abso-
lute difference between the metal and corresponding non-
metal image generated for each image set (SECT, DECT, 
SECT + iMAR and DECT + IMAR). The stochastic noise 
contaminating the accurate estimation of metal artefact 

(1)ΔHU = |
|HUMAR/Metal − HUNo MAR/Non-metal GT

|
|

(2)
ΔHUTotal = ΔHUROI1 + ΔHUROI2 + ΔHUROI3 + ΔHUROI4

(3)Artefact image = |
|ImageMetal − ImageNon-metal GT

|
|

pixels in the phantom regions was estimated in non-metal 
GT images across the image sets. The average noise based 
on the standard deviation (SD) of the mean pixel intensity 
was 17 ± 2 Gy values. After the high intensity metal insert 
was segmented out, thresholding at 2SD, 3SD and 4SD was 
applied to the artefact image to subtract the stochastic noise. 
The total number of residual pixels in each image set after 
thresholding were considered artefact pixels and was used to 
quantify the effect of MAR relative to the number of artefact 
pixels in SECT (Fig. 3b).

Quantitative metric 3: intensity of metal artefact 
pixels

It was hypothesized that a higher artefact pixel intensity cor-
responds to an increased severity or density of the metal 
artefact streaks. The mean pixel intensity of the remaining 
artefact pixels selected in metric 2 were determined for each 
artefact image and used as the artefact magnitude metric 
(Fig. 3c). To quantify this, the mean pixel intensity was 
recorded from the mean value of the pixel intensity histo-
gram of the artefact pixels. This was then normalised to the 
mean pixel intensity of the SECT artefact image.

Results

Qualitative analysis

Figure 2 shows the total artefact seen in SECT decreasing 
to residual artefact after application of DECT, iMAR and 
DECT + iMAR. The severity of the metal artefacts increased 
with larger metal inserts and decreased the degree of MAR 
seen using DECT. The optimal DECT VME energy for the 
highest reduction of metal artefacts was different for the 
three diameters. For the 12 mm and 20 mm phantom setups, 
the higher VME (120, 140 and 190 keV) caused secondary 
artefacts around the metal insert where the strong photon 

Fig. 3   Quantitative metrics shown for 20 mm phantom setup a Met-
ric 1 using ROI on hypodense streaks (ROI 1, 2, 4) and hyperdense 
steak (ROI 3) b Metric 2 artefact image highlighting artefact pixels 

with 4SD threshold c Metric 3 artefact image highlighting the artefact 
pixel intensity on a 16 colour lookup table
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starvation was replaced with bright streaks. For the 6 mm 
phantom setup, the higher VME resulted in minor second-
ary artefacts and resulted in better MAR. In contrast, iMAR 
applied to SECT images significantly reduced the metal 
artefacts without any secondary artefacts. DECT + iMAR 
achieved the lowest residual artefacts across the three diam-
eters with no visual difference in combinations of 100, 120, 
140 and 190 keV as iMAR removed the secondary artefacts 
caused by high VME energies.

Quantitative metric 1: CT HU change in ROI

The polyurethane insert was used to evaluate the effect of 
the MAR approaches on the ∆HUTotal of GT images. The 
∆HUTotal effect with iMAR applied to SECT GT and DECT 
GT images was 0.5–2.2HU. The ∆HUTotal difference between 
DECT GT and SECT GT images was 21.9–32.1HU. The 
three metal inserts were used to evaluate MAR approaches 
on the degree of metal artefacts. DECT performed increas-
ingly better at higher energies for hyperdense artefacts 
(ROI3) by reducing ∆HU (Eq. 1) in SECT to 63%, 37%, 20% 
and 3% in the 20 mm rod while iMAR reduced the ∆HU 
to 28%. iMAR performed consistently better for hypodense 
artefacts (ROI1, ROI2, ROI3) by reducing ∆HU in SECT to 
an average of 9% compared to the average 21% with DECT. 
Figure 4 shows the ∆HUTotal across the MAR approaches for 
the three diameter rods.

The optimal DECT VME energy dependent on the 
diameters of the stainless steel rod varied between 100 
and 120 keV. A peak ∆HUTotal at 190 keV was caused by 

a secondary hyperdense streak affecting ROI1 and ROI2. 
SECT + iMAR and DECT + iMAR approaches had the 
lowest ∆HUTotal to ground truth between 5-10HU which 
is in the same order of noise in the images. The less than 
2HU ∆HUTotal between the DECT + iMAR combinations 
reflect the small visible differences observed in the qualita-
tive analysis. The corresponding images from each MAR 
approach is shown in Fig. 2. The ∆HUTotal for the 6 mm 
diameter rod were low and reflect the low density artefact 
seen in the first column of Fig. 2. There is less variation in 
MAR between DECT and iMAR when the level of artefact 
is low but the relative trend in MAR is similar to that of 
the 12 mm and 20 mm diameter rods (Fig. 4).

Quantitative metric 2: threshold count for metal 
artefact pixels

The artefact image considered the overall effect of metal 
artefacts (Eq. 3). A threshold at 4SD of the random noise 
was found to optimally reduce artefact pixels likely due 
to random noise while keeping artefact pixels that were 
clearly metal artefact. In the resulting artefact images for a 
particular insert, significant differences in HU at regions of 
very high image gradients led to a fixed number of bound-
ary/edge pixels to be classified as artefact.

For the 20  mm diameter rod, DECT VME images 
reduced the metal artefacts in SECT to between 85–95%, 
SECT + iMAR to 58% and DECT + iMAR to 43–49%. 
SECT + iMAR and DECT + iMAR showed the low-
est number of residual artefact pixels. This metric dis-
tinguished only small differences in DECT + iMAR 
images with the lowest number of artefact pixels seen in 
190 keV + iMAR (Fig. 5). This trend was seen in 6 mm 
and 12 mm diameters to a lesser extent.

Quantitative metric 3: intensity of metal artefact 
pixels

Mean pixel intensity was determined for the artefact pixels 
highlighted with 4SD in metric 2. Metric 3 had a reduced 
MAR sensitivity with a maximum of 12% pixel intensity 
change between MAR for all diameter rods. In Fig. 6 the 
pixel intensity decreases with the DECT + iMAR combi-
nations for the 6 mm diameter rod. The pixel intensity for 
the 20 and 12 mm diameters were abnormally high and 
favoured SECT + iMAR for the lowest artefact intensity. 
The regions of artefact with high intensity values were 
predominantly around the edges of the high density bone, 
metal inserts, phantom attachment and phantom outline.Fig. 4   ∆HUTotal (Metric 1) from all MAR approaches for 3 metal 

rods. Columns represent the ∆HUTotal measured across four ROI. 
SECT is shown in first column for reference to DECT VME and 
iMAR combinations
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Discussion

The severity of the metal artefacts seen with SECT 
reflected the high density of steel [14, 15]. The steel rods 
produced photon starvation and beam hardening artefacts 

which increased with diameter size. The effect of the vari-
able metal artefacts on the MAR approaches highlight how 
MAR is highly case specific and dependent on the pros-
thesis size. 6 mm diameter stainless steel was smaller than 
the average size of a typical hip prosthesis. 12–20 mm 
diameters may better represent the typical hip prostheses 
in adults. Another interpretation of the metal diameters is 
that hip prostheses are morphologically complicated. Dif-
ferent diameters can represent the tapering of the prosthe-
sis (superior to inferior) and represent different anatomical 
levels of the metal prosthesis [18].

For DECT alone, higher energy DECT reconstructions 
were preferred for the small diameter rod while DECT 
between 100 and 120 keV was optimal for the two larger 
diameters. This could be because larger diameters have a 
higher contribution from photon starvation artefacts. The 
DECT observations are in agreement with the subjective 
assessment by Wang et al. showing that DECT images above 
100 keV marginally improved MAR [18]. Bamberg et al. 
observed that DECT did not completely but substantially 
reduced artefacts when compared to the increase of tube 
voltage and the addition of a tin filter to harden the beam [8]. 
Due to the restricted selection of virtual monoenergetic ener-
gies available, the optimal DECT energy seen in this study 
could not be compared to the optimal 130 keV as observed 
by Zhou et al. and other authors [19]. DECT was not the 
optimal approach for MAR as high VME extrapolations 
remove beam hardening artefacts without compensating for 
artefacts caused by photon scattering and photon starvation 
[20]. Additionally, secondary artefacts were seen around 
the metal with high energy VME images. Similar second-
ary artefacts were also observed by Yagi et al. adjacent to a 
high density cortical bone insert with the use of high energy 
VME extrapolations [21]. These artefacts would change CT 
values around the metal and be suboptimal for assessment of 
targets and regions around the metal. However, in the case of 
prostate treatments, the secondary artefacts would not have 
significant impact.

SECT + iMAR was able to significantly reduce artefacts 
observed in this study. Although projection based MAR 
algorithms are known for primarily addressing photon star-
vation artefacts, iMAR was able to suppress most of the 
metal artefacts (photon starvation and beam hardening). 
This is likely due to the normalised interpolation algorithm 
(NMAR) removing photon starvation artefacts and a beam 
hardening correction algorithm in iMAR separately address-
ing beam hardening artefacts. The use of iMAR can poten-
tially cause blurring as seen by Bar et al., as the interpolation 
method used by iMAR removed projection data that were 
considered metal artefacts [15]. Secondary artefacts from 
iMAR which appear distant to the metal were observed by 
Baron et al. However, no additional artefacts from iMAR 
were seen in this evaluation [22].

Fig. 5   Artefact pixels (metric 2) highlighted in phantom setups. The 
DECT + iMAR combinations decreasing number of artefact pixels 
with higher energy extrapolations. 190 keV + iMAR with the lowest 
number of artefact pixels in all three diameter rods

Fig. 6   Mean pixel intensity (metric 3) at 4SD threshold. The mean 
pixel intensity of SECT + iMAR and DECT + iMAR artefact images 
were normalised to SECT. Difference in mean pixel intensity was 
higher for all the MAR approaches in the 12 mm setup
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The combination of DECT + iMAR was able to achieve 
the optimal MAR because applying iMAR to DECT 
removed the secondary artefacts. These observations are 
aligned with the qualitative results by Bongers et al. where 
a significant difference was seen with DECT in combination 
with iMAR [20]. The advantage of the quantitative analysis 
was to further extract information of the effect of MAR from 
DECT, SECT + iMAR and DECT + iMAR to give a better 
estimation of differences. The CT HU values in metric 1 
successfully quantified the MAR but only reflected the small 
differences between DECT + iMAR combinations. The 
artefact pixels from metric 2 better distinguished the small 
differences in DECT + iMAR to show 190 keV + iMAR as 
the best combination with the lowest metal artefacts. Over-
all, with the small ∆HUTotal in DECT + iMAR, it can be 
assumed any DECT energy combined with iMAR would be 
acceptable for the entire range of diameters.

In terms of the level of MAR required for radiotherapy, 
either SECT + iMAR or DECT + iMAR would be accept-
able. The level of CT HU accuracy achieved with these 
approaches can be translated to a less than 1% difference in 
dose in most regions [15]. As for radiotherapy, the treatment 
outcome is reliant on dose accuracies of ± 3–4% [23]. A con-
sideration for the practical implementation of DECT on the 
current CT scanner is that DECT scans must be decided 
before scanning whereas iMAR can be applied retrospec-
tively as a post-processing technique. In addition, treatment 
planning systems are typically not well designed for using 
scans with variable energy and the associated variable CT 
to ED lookup tables.

Three quantitative metrics were used to quantify MAR 
through ∆HU, artefact pixels and artefact pixel intensity. 
The GT differences measured for iMAR are in the order of 
the differences observed by Axente et al. [24]. Observations 
with ROI highlighted the effect of the different approaches 
on metal artefacts stemming from beam hardening verses 
photon starvation. For the hypodense ROI, iMAR performed 
better than DECT confirming that projection based MAR 
methods primarily suppress photon starvation artefacts [25]. 
For the hyperdense ROI3, DECT performed increasingly 
better at higher VME energies confirming the inherent abil-
ity to minimise beam hardening artefacts. Positioning of ROI 
took into consideration the hyperdense artefact around the 
metal, however with ROI placed elsewhere the effect of the 
secondary artefact could have been missed. The limitations 
in this metric included the use of ROI which may be lim-
ited due to the small coverage. The selection of ROI size 
and position would affect the results from this metric. A 
ROI which is too large would allow the non-artefact regions 
enclosed to average out the CT HU changes in the artefact 
streaks.

The advantage of metric 2 and 3 was the analysis of MAR 
throughout the phantom. These metrics relied on the artefact 

image generated between metal and non-metal images. How-
ever, metrics 2 and 3 were contaminated by edge artefacts. 
This was likely due to the movement of the attachment rela-
tive to CIRS phantom which therefore could not be fully 
corrected by image registration prior to creating a difference 
image. Only rigid transformations were used to correct for 
offsets in the phantom setup to minimise the introduction 
of uncertainties from image processing. Another possibility 
could be due to differences in the reconstruction algorithm 
and image registration interpolation that were most pro-
nounced at the edges. While metric 2 was capable of identi-
fying artefact pixels, the same number of pixels around the 
edges for a particular insert represented a baseline shift in 
the number of pixels identified as artefact. Only differences 
in the number of artefact pixels could be quantified and not 
the absolute number of artefact pixels with MAR. Metric 3 
was more sensitive to the contamination of edge artefacts 
that were predominantly high intensity. These edge artefacts 
had severe impact on this method for MAR. The segmenta-
tion of these artefacts would improve this metric and give a 
more accurate quantitative representation of MAR.

The limitations in this phantom study include inherent 
differences between simulated anatomical structures and 
the larger complexities in patient anatomy. The dual energy 
analysis on a single source scanner was constrained to fixed 
VME reconstruction energies. The MAR analysis was per-
formed on a single CT slice in the centre of the phantom 
where phantom volume could provide a more robust analy-
sis. Additional motion artefacts were not considered for a 
phantom but would need to be considered for patient scans 
due to the sequential scanning method used by single source 
scanner. This limitation is specific to the current scanner 
and not for the new scanners with dual x-ray tube, fast kV 
switching or spectral detector technologies. The metrics 
evaluated in this study may be limited to phantom studies 
as ground truth images are not available for patients. The 
effect of prosthesis size on the effect of MAR was evaluated 
for a simulated hip prosthesis. However, differences in metal 
composition, positioning and body region could alter the 
response. Therefore these results are limited to unilateral 
hip prostheses and may not be translated to dental implants 
or spinal fixation devices.

Conclusion

In comparison, MAR with DECT did not perform as well as 
SECT + iMAR or DECT + iMAR. Both SECT + iMAR and 
DECT + iMAR achieved adequate MAR to be successfully 
used in radiotherapy for the purpose of accurate structure 
delineation. This work has covered the imaging perspective 
and set up the groundwork for further work in analysing the 
dose errors due to metal artefacts from the different MAR 
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approaches. This work has been based on the assumption 
that an effect on the CT HU accuracy will affect the resulting 
dose calculations. From this study, not only was there a need 
to determine the optimal MAR approach but also the need 
to determine an appropriate metric to quantitatively analyse 
the effect of MAR.
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