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Abstract:  
 

This study aimed to evaluate the effect of Dual Energy Computed Tomography (DECT) 

imaging on radiotherapy planning for Ti6Al4V (grade 23), a high-density implant 

material, using the Treatment Planning System (TPS) and Monte Carlo (MC) simulation. 

For this purpose, Ti6Al4V implants with diameters of 6.4 mm and 28 mm were produced 

with a 3D printer and placed in a Cheese phantom. Single Energy Computed Tomography 

(SECT) and DECT images were obtained for each implant. SECT and DECT plans were 

created using TPS on SECT and DECT images. DECT plans were simulated using the 

BEAM nrc MC code system based on EGSnrc. For the reference plan consisting of the 

artefact-free image, the Cheese phantom SECT image consisting entirely of water 

equivalent material was transferred to the planning. In planning, implants were created 

virtually and reference plans were created. The obtained planning and simulation results 

were compared with the reference plan and dose errors in planning were determined. As 

a result of the study, it was observed that DECT imaging significantly increased the dose 

accuracy for the 6.4 mm diameter TI6Al4V implant compared to conventional planning.  

For the 28 mm diameter implant material, it was observed that DECT imaging decreased 

the success of artefact suppression, but significantly increased the dose accuracy in 

treatment planning. It was observed that DECT scanners could be used for simulation 

purposes in radiotherapy clinics for patients with Ti6Al4V implant material. The study 

needs to be extended to other high-density implant materials encountered in patients 

receiving radiotherapy. 

 

1. Introduction 
 

Computed tomography (CT) images are used to 

define the target volume and organs at risk (OAR) of 

the patient in radiotherapy (RT) treatment planning. 

The calculation of the treatment dose is based on the 

conversion of CT numbers (Hounsfield Units, HU) 

to electron densities (ρe)[1]. Radiation oncologists 

require detailed and accurate visualization of the 

anatomical structure for 3D reconstruction of both 

target volumes and organs at risk (OAR) of the 

patient to be treated. In patients with high-density 

implant material such as hip, shoulder, or dental 

implants, these implants may cause harmful artifacts 

in CT images. Metallic hardware causes severe beam 

hardening and significantly attenuates the X-ray 

degrading the image quality to the extent that the 

resulting image is either incomplete or an inaccurate 

projection of data causing in reconstruction artifacts 

[2]. However, metal artifacts adjacent to or even 

included in the target volume or nearby OARs 

impair dose calculations and render accurate target 

delineation difficult or even impossible [3]. 

DECT has been used in radiology departments in the 

world and in our country since 2006. DECT allows 

different materials in distinguishing the tissues to be 

distinguished by scanning the objects in two 

different energy spectra. Van Elmth al. (2016) 

conducted preliminary studies for radiotherapy and 

showed that the errors in dose estimation can be 
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reduced with better tissue segmentation and better 

tissue electron density estimation with DECT 

images compared to SECT images [4]. Bongers et al. 

(2015) valuated the effects of dual energy-based 

imaging and iterative metal artifact algorithm and 

their combination in hip prosthesis and dental 

implants [5]. In subjects with the hip prosthesis, 

Dual Energy Metal Artifact Reduction (DEMAR) 

and Iterative Metal Artifact Reduction (IMAR) 

resulted in a significant reduction in artifacts 

compared to standard reconstructions (33% vs. 56%, 

respectively. p<0.05 for DEMAR and IMAR), but 

the degree of artifact reduction was significantly 

higher for IMAR. In contrast, for dental implants, 

only IMAR showed a significant reduction in 

artifacts, while DEMAR did not (71% vs. 8% p<0.01 

and p=0.1, respectively). Nevertheless, IMAR itself 

showed a significant reduction in dental artifacts, 

while DEMAR did not (71% vs. 8% p<0.01 and 

p=0.1, respectively). Bazalova et al. (2008) used 

DECT-based material extraction for tissue 

segmentation in Monte Carlo calculations [6]. As a 

result of this study for normal tissues, dose 

calculation errors were found to be less than 1% in 

all beam planes. Akyol et al. (2021) found a 12.3% 

dose increment in front of the implant when the 

scattered doses were calculated using the Pencil 

Beam (PB) algorithm with a Thermo Luminesans 

Dosimetry (TLD) dosimeter placed in the jaw region 

of the dry head of the Ti alloy dental implant [7]. 

This study was done with conventional CT using the 

extended HU scale. Beyzadeoglu et al. (2006) 

observed an 18% dose increment in the scattered 

dose value obtained with the PB algorithm just in 

front of the Ti implant for 6MV photon energy using 

TLD in the human mandible placed in the water [8]. 

Pawalowski et al (2020) have shown that the use of 

70 keV pseudo monoenergetic image sets with 

IMAR provides a significant reduction of metal 

artifacts and low CT number errors around dense 

materials [9]. Therefore, Pawalowski et al (2020) 

determined DECT and IMAR to be an attractive 

alternative to high keV imaging with metallic 

implants especially, in the context of radiotherapy 

planning [9]. However, this study was limited to 

image evaluation and did not evaluate its 

contribution to radiotherapy treatment doses. 

The current study was carried out for 4.43g/cm3 

Ti6Al4V (grade 23 alloy) used in the production of 

patient-specific implants at Gulhane Medical Design 

and Production Application and Research Centre, 

University of Health Sciences Turkey. For this 

purpose, implants produced in this centre of 6.4 mm 

and 28 mm diameter sizes were placed in the Cheese 

phantom. The produced materials were placed in the 

Cheese phantom to obtain SECT and DECT images 

were obtained and the results of the planning on 

these images were evaluated by treatment planning 

and Monte Carlo simulation. 

 

2. Material and Metods 

2.1. Implant material 

Ti6Al4V alloys used in this study were produced 

using a 3D printer (Concept Laser M2 Cusing Metal 

3D Printer, GE Addictive, Germany) at the 

University of Health Sciences, Gülhane Medical 

Design and Production Application and Research 

Centre. The Ti6Al4V alloy used in this study is a 

standard alloy with the trade name Ti6Al4V garade 

23 Eli. The atomic composition of the alloy defined 

in the MC simulation with respect to molecular 

weight and physical density is shown in Table 1. 

 

2.2. Acquisition of SECT and DECT images 
 

The images required for the study were obtained 

using the extended HU scale with the GE brand 

Revolution model DECT device with a fast 

switching feature operating in the Radiology 

Department of Istanbul Yeditepe University 

Kosuyolu Hospital. SECT imaging at standard 

120kVp was used for conventional planning. DECT 

images were used in dual-energy modes at 80kVp-

120kVp energy values. From these images, 

monoenergetic image sets and their MAR algorithm 

image sets were created using DECT image 

processing methods. 

A wooden plane was used during imaging to enable 

the computed tomography device couch in the 

radiology department to consistently function as the 

radiotherapy treatment couch. We have taken the 

same DECT and SECT imaging parameter protocols 

to be able to obtain comparable treatment plans. All 

the parameters except for the imaging energies were 

the same. The cheese phantom was placed on the CT 

device in a similar position for all the images with a 

2.5 mm section thickness for Scanner Field of View 

(SFOV): large body and Display Field of View 

(DFOV): 35 cm. Imaging setups are given in 

Figure1. 

2.3 Selection of DECT images for treatment 

planning 

Ti6Al4V Eli (grade 23) implants with diameters of 

6.4 mm and 28 mm were placed in Cheese phantom 

for two different sizes and DECT images were 

obtained. From these images, monoenergetic image 

sets at 70keV, 90keV, 110keV, 130keV, and 140keV 

and their MAR algorithm image sets were generated 

using DECT image methods. These images were 

evaluated by six radiation oncologists at the 
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Table 1. Physical and chemical properties of the implant material 

Material Chemical 

Composition 

Physical Density 

(g/cm3) 

Relative Electron Density 

(g/cm3) 

Ti Alloy (Ti6Al4V Eli(Grade 

23)) 

Ti,Al,V,Fe,C,O,N,H 4.43 3.92 

 

 

 

Figure 1. Cheese Phantom Acquisition Images. (A) Phantom With Water Equivalent Plugs, (B) Phantom With Density 

Plugs, (C) Phantom With 6.4 mm Diameter Ti6Al4V Implants, (D) Phantom With 28 mm Diameter Ti6Al4V Implants. 

 

Radiation Oncology Clinic of Gülhane Training and 

Research Hospital, Health Sciences University 

Turkey. The SECT image obtained with 120kVp 

was accepted as an evaluation criteria reference and 

the image sets obtained from DECT images were 

compared with this image. In the comparison of the 

images, the image with the sharpest and least 

scattering of the implant material was considered the 

best, and the image with the least sharpness and the 

most scattering was considered the worst. The best 3 

images according to the reference image were also 

ranked by the physicians.  

The ranking order was done separately for the 6.4 

mm Ti6Al4V and 28 mm TiAl4V implants and the 

images evaluated by the radiation oncologists are 

shown in Figure 2 for the 6.4 mm Ti6Al4V implant 

and Figure 3 for the 28 mm TiAl4V implant. The 

results of the ranking order are shown in Table 2 for 

the 6.4 mm Ti6Al4V implant and Table 3 for the 28 

mm TiAl4V implant. 

The DECT image planning sets chosen for each 

implant based on the evaluations of radiation 

oncologists are shown in Table 4. 

2.4. Treatment planning 

In this study, treatment planning was done using the 

Monaco (v.5.10.04, Elekta) treatment planning 

system and MC algorithm for the Elekta brand 

Synergy model linear accelerator device available in 

the Radiation Oncology Clinic of Health Sciences 

University. Treatment planning was done for the 

head first position. The implanted surface of the 

Cheese phantom was considered as the head in 

planning. Therefore, the image of the Cheese 

phantom in the planning is the exact reflection of the 

image seen in the CT scan. For treatment planning, 

the center of the homogeneous region of the 6.4 mm 

and 28 mm diameter implants placed in the Cheese 

phantom was determined as the center of the 

treatment area. All treatment plans were made for the 

6 MV photon beam. The plans were calculated for 

200 MU by the Monte Carlo algorithm with an area 

size of 20 cm x 4 cm, Gantri 270⁰ , Collimation 0⁰ , 

and the center of the phantom at the midline of the 

area where the implants were placed on the Cheese 

phantom as isocenter. 
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Figure 2. Dual energy image sets obtained for 6.4mm Ti6Al4V implant: (a)70keV monoenergetic (mono) image, 

(b)70keV mono+MAR (monoenergetic+metal artefact reduction) image, (c)90keV mono+MAR image, (d)90keV mono 

image, (e)110keV mono image, (f)110keV mono+MAR image, (g)130keV mono+MAR image, (h)130keV mono image, 

(i)140keV mono image , (j)140keV mono+MAR image, (k)120kVp Single energy reference image 

 

 
Figure 3. Dual energy image sets obtained for 28mm Ti6Al4V implant: (a)70keV monoenergetic (mono) image, 

(b)70keV mono+MAR (monoenergetic+metal artefact reduction) image, (c)90keV mono+MAR image , (d)90keV mono 

image, (e)110keV mono image, (f)110keV mono+MAR image, (g)130keV mono+MAR image, (h)130keV mono image, 

(i)140keV mono image , (j)140keV mono+MAR image, (k)120kVp Single energy reference image 
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Table 2. Ranking order of DECT image sets of radiation oncologists for 6.4mm Ti6Al4V implant

Ti6Al4V 6.4 mm Best image order 

Radiation Oncologist 1. 2. 3. 

1 110 keV mono+ MAR 130 keV mono+ MAR 140 keV mono+ MAR 

2 140 keV mono+ MAR 130 keV mono+ MAR 110 keV mono+ MAR 

3 140 keV mono+ MAR 130 keV mono+ MAR 110 keV mono+ MAR 

4 140 keV mono+ MAR 130 keV mono+ MAR 110 keV mono+ MAR 

5 90 Kev mono+ MAR 130 keV mono+ MAR 140 keV mono+ MAR 

6 140 keV mono+ MAR 130 keV mono+ MAR 110 keV mono+ MAR 

 
Table 3. Ranking order of DECT image sets of radiation oncologists for 28 mm Ti6Al4V implant 

Ti6Al4V 28 mm Best image order 

Radiation Oncologist 1. 2. 3. 

1 110 keV mono 140 keV mono 130 keV mono 

2 110 keV mono 140 keV mono 130 keV mono 

3 110 keV mono 130 keV mono 140 keV mono 

4 110 keV mono 130 keV mono 140 keV mono 

5 110 keV mono 130 keV mono 140 keV mono 

6 110 keV mono 130 keV mono 140 keV mono 
 

Table 4. DECT image planning sets chosen by radiation oncologists 

Implant Selected DECT Image Set 

6.4 mm Ti6Al4V implant 140 keV mono+ MAR 

28 mm Ti6Al4V implant 110 keV mono 

2.5. Monte Carlo Simulation 

The 6-MV photon beam of the Elekta Synergy Linac 

was simulated with the EGSnrc-based MC code 

system BEAMnrc (Version, 2010) [10,11]. The 

component modules (CMs) SLABS, CONS3R, 

SLABS, FLATFILT, CHAMBER, MIRROR, JAW, 

MLCE, and MLCQ of BEAMnrc were used to 

simulate the target, primary collimator, vacuum 

window, flattening filter, ion chamber, mirror, jaws, 

and multileaf collimators, respectively. The total 

electron and photon cut-off energies - ECUT and 

PCUT were 0.7 and 0.01 MeV, respectively. 

Variance reduction techniques such as Directional 

Bremsstrahlung Splitting (DBS) were used to 

improve computational efficiency [12].To determine 

the optimum average energy of the initial electron 

beam, simulations with an average energy between 

5.4 and 6.6 MeV in 0.2 MeV increments and a 1 

MeV FWHM energy distribution were used. Using a 

10 × 10 cm2 open field and 1 × 109 initial particles, 

simulations were done with a 30 × 30 × 30 cm3 water 

phantom with a Source-Skin Distance (SSD) of 100 

cm. The water phantom had 2 × 2 × 2 mm3 voxels. 

Three-dimensional dose distributions, percentage 

depth dose (PDD), and profile curves were obtained 

for each initial electron beam energy. The minimum 

difference between MC and ion chamber 

measurements was obtained at an average energy of 

6.0 MeV. After the optimization run, the percentage 

depth dose (PDD) differences up to 30 cm depth of 

water were less than 1% for a 10 × 10 cm2 open field. 

Since one monitor unit (MU) of the linac results in 1 

cGy dose absorption in the water phantom at the 

maximum dose depth (dmax) (which is 1.5 cm for 6 

MV photon beams), a similar calibration was applied 

for the MC simulation. A single dose pixel of 3 × 3 

× 3 mm3 was placed in a 30 × 30 × 30 cm3 water 

phantom at a depth of 1.5 cm on the central axis of 

the photon beam for calibration. Using a 10 × 10 cm2 

open field and 2 × 109 initial particles, the dose to the 

dose pixel was calculated in units of dose per 

particle. From this calibration, it was determined that 

1.1236 × 1015 particles were required to absorb 1 

cGy at dmax. In this study, to compare the MC dose 

distribution with the dose distribution obtained from 

the TPS, the CT number - Relative electron density 

conversion defined in the TPS was used for the CT 

number - Physical density conversion in the MC 

simulation. For the conversion of relative electron 

density to physical density, the bi-linear 

transformation obtained from the use of Cheese 

Fantom electron density implants was used. The 

results are shown in Figure 4. 

 

2.6. Evaluation and Analysis of Data 

In this study, plans obtained from SECT and DECT 

images were analyzed in the presence of artifact-
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forming implant materials. For ideal planning 

without artifacts, the Cheese phantom was filled 

with water-equivalent material, and 120 kVp single 

energy computed tomography images were loaded  

into the treatment planning system. While planning 

on these images, each implant was virtually 

contoured in the Monaco treatment planning system 

and the relative electron density values of the created 

structures were manually defined in the treatment 

planning system. In this way, treatment plans were 

created for the ideal situation and these plans were 

accepted as the reference treatment plan (TPref) in 

our data analyses. Treatment plans obtained from 

SECT images are defined as (TPSE) and treatment 

plans obtained from DECT images are defined as 

(TPDE) in TPS.  

TPDE plans were simulated with the EGSnrc MC 

simulation program and simulation dose values were 

evaluated as TPSIM results.  

The relative dose differences between the dose 

values obtained from the reference treatment plan 

and TPSE, TPDE, and TPSIM were calculated by the 

following formulas; 

The difference (%) of TPSE dose distribution from 

TPref dose distribution is as shown in Eq.(1); 

The difference (%) of TPDE dose distribution from 

TPref dose distribution is as shown in Eq.(2); 

The difference (%) of TPSIM dose distribution from 

TPref dose distribution is as shown in Eq.(3); 

 

3. Results and Discussions 

 
Treatment plans were done for each implant material 

in SECT and DECT images, and the results were 

obtained by simulating the DECT plan in the 

EGSnrc program. The dose distributions obtained 

from the planning were transferred to PTW Verisoft 

software (Version 7.0, PTW-Freiburg). The dose 

distributions in the transverse section of the isocenter 

in the Cheese phantom were compared for two 

separate lines along the beam, the isocenter line and 

the implant center. Comparison results for 6.4 mm 

Ti6Al4V are shown in Figure 5 and for 28 mm 

Ti6Al4V in Figure 6. For 6.4 mm Ti6Al4V and 28 

mm Ti6Al4V implant materials, the relative 

differences of the dose values in the transverse axis 

in the isocenter from the reference plan and the 

horizontal axis passing through the implant center in 

the phantom are shown in Table 5, and horizontal 

central axis in the phantom in Table 6. 

Figure 4. HU-RED curves for the energies used in 

planning 

In this study, artifact reduction with DECT or 

DECT-MAR imaging for two different sizes of 

Ti6Al4V implant material, 6.4 mm and 28 mm in 

diameter, and their effect on radiotherapy treatment 

planning were examined. The planning results 

obtained from virtually generated reference plans, 

SECT and DECT images of the implants, and MC 

simulation results of the DECT plan were examined 

for comparison. 

Two major methods have been defined in the 

literature for the reduction of metal artefacts. These 

are dual-energy computed tomography (DECT) 

virtual monochromatic extrapolations [3] and metal 

artifact reduction (MAR) algorithms [13,14]. 

Besides radiation is well studied in recent works [15-

23], Wang at al.(2013) and Yu at al. (2012) have 

reported that DECT virtual monochromatic images 

between 95 and 150 keV levels effectively reduce 

beam hardening artifacts from various metallic 

prostheses [24,25]. In this study, the best image set 

for Ti6Al4V implant material determined by the 

physicians was 140keV monochromatic with MAR 

for a 6.4mm implant diameter and 110keV 

monochromatic image set for a 28mm implant 

diameter. These images were obtained from shots 

taken in the extended HU range. As yet there is no 

study using extended HU curves of SECT and DECT 

images for Ti6Al4V implant material and EGSnrc 

MC simulation obtained from DECT images 

evaluated together. 

Akyol et al (2021) observed a dose increment in 

front of the Ti alloy implant and a dose decrease 

behind it [7]. In this study, similar results were 

obtained by evaluating the planning results obtained 

from DECT images. The results of the current study 
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are summarized in Table 5 and Table 6. The reason 

why the dose change at the entrance and exit of this 

implant could not be detected in SECT planning is 

the maximum distinguishable RED value for 

120kVp images in the Elekta Monaco planning 

system is 3.58, whilst the actual RED of TI6Al4V is 

3.92. Since the planning system does not detect the 

real RED value, it cannot calculate the real dose 

values in front of and behind the implant. Since the 

maximum RED values used in the planning obtained 

from DECT images were above the RED value of 

the Ti6Al4V implant material, the implant material 

was correctly included in the calculation of DECT 

planning. The reason for the lower simulated dose 

results around the implant compared to the reference 

plan is the phenomenon of partial volume effect [26]. 

High physical density changes within a voxel are 

uniformly represented in CT images. Thus, the HUs 

in the boundary voxels are the average of the HUs of 

the implant material and soft tissue, whereas all 

backscattered electrons are generated in the 

boundary voxels, resulting in small dose increases 

just in front of the implant material. 

In this study, the effect of SECT and DECT imaging 

of Ti6AL4V implant materials with 6.4mm and 

28mm diameters on the radiotherapy plan was 

examined. For 6.4mm diameter Ti6Al4V implant 

material, the relative dose difference of the planning 

results obtained from the SECT image from the 

reference plan was determined in the range of 

0.45%-10.95% in the treatment field. The relative 

dose difference of the planning results obtained from 

DECT images from the reference plan was 0.11%-

7.63%, and the relative dose difference of the results 

obtained from MC simulation from the reference 

plan was 0.45%-4.74%. Here, the maximum error 

obtained from the SECT image is in the high dose 

region just behind the implant line, while for the DE 

plan in DECT imaging, this maximum error is in the 

exit region where the treatment dose drops. 

Although the dose differences in this low-dose 

region are large in percentage terms, they represent 

dose differences of a few cGy. For 28mm Ti6Al4V 

implant material, the relative dose differences of the 

dose results obtained from SECT images, dose 

results obtained from DECT planning, and MC 

simulation results obtained from DECT imaging 

from the reference plan were determined to be 

(1.95%-20.58%); (0.41%-7.98%); and (1.28%-

5.54%), respectively.  

 

Figure 5. Treatment plans and simulation results for the 6.4 mm Ti6Al4V implant for the implant centre-line and 

bundle centre-line along the bundle orientation in the transverse section at the plan isocenter. 
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Figure 6. Treatment Plans And Simulation Results For The 28 mm Ti6Al4V Implant For The Implant Centre-

Line And Bundle Centre-Line Along The Bundle Orientation In The Transverse Section At The Plan Isocenter 
 

Table 5. Relative dose differences of the dose values in the transverse axis at the isocenter from the reference plan for 

6.4 mm Ti6Al4V and 28 mm Ti6Al4V implant materials are given for the horizontal axis passing through the line at the 

implant centre. 
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Table 6. The differences of the dose values in the transverse axis at the isocenter from the reference plan for 6.4mm 

Ti6Al4V and 28mm Ti6Al4V implant materials are given for the horizontal axis passing through the line at the centre of 

the phantom.

 
 

4. Conclusions 

 
Ti6Al4V implant material was assessed to be more 

successful in artifact reduction with DECT imaging 

than conventional SECT imaging. However, an 

increase in the diameter of the implant material 

reduced this artifact suppression success. It can be 

concluded that the monochromatic images obtained 

with DECT imaging and the accompanying MAR 

algorithm reduce errors in radiotherapy planning. 

Nevertheless, in patients with Ti6Al4V implant 

material, DECT imaging provides us with the 

opportunity to create image sets at different 

monoenergetic levels and MAR versions of these 

image sets. These procedures do not require an 

additional dose to the patient and help to reduce the 

artefacts in the image. It prevents unnecessary dose 

exposure in patients and is a promising method for 

radiotherapy treatment planning. 
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