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Background: Metal artifacts due to spinal implants may affect the accuracy of dose calculation for 
radiotherapy. However, the dosimetric impact of metal artifact reduction (MAR) for spinal implants in 
stereotactic body radiotherapy (SBRT) plans has not been well studied. The objective of this study was 
to evaluate the dosimetric impact of MAR in spinal SBRT planning with three clinically common dose 
calculation algorithms. 
Methods: Gammex phantom and 10 patients’ computed tomography (CT) images were studied to 
investigate the effects of titanium implants. A commercial orthopedic MAR algorithm was employed to 
reduce artifacts. Dose calculations for SBRT were conducted on both artifact-corrected and uncorrected 
images using three commercial algorithms [analytical anisotropic algorithm (AAA), Acuros XB (AXB), and 
Monte Carlo (MC)]. Dose discrepancies between artifact-corrected and uncorrected cases were appraised 
using a dose-volume histogram (DVH) and 3-dimensional (3D) gamma analysis with different distance to 
agreement (DTA) and dose difference criteria. The gamma agreement index (GAI) was denoted as G(∆D, 
DTA). Statistical analysis of t-test was utilized to evaluate the dose differences of different algorithms.
Results: The phantom study demonstrated that titanium metal artifacts can be effectively reduced. The 
patient cases study showed that dose differences between the artifact-corrected and uncorrected datasets 
were small evaluated by gamma index and DVH. Gamma analysis found that even the strict criterion local 
G(1,1) had average values ≥93.9% for the three algorithms. For all DVH metrics, average differences did not 
exceed 0.7% in planning target volume (PTV) and 2.1% in planning risk volume of spinal cord (PRV-SC). 
Statistical analysis showed that the observed dose differences of MC method were significantly larger than 
those of AAA (P<0.01 for D98% of PTV and P<0.001 for D0.1cc of spinal cord) and AXB methods (P<0.001 
for D98% and P<0.0001 for D0.1cc).
Conclusions: Dosimetric impact of artifacts caused by titanium implants is not significant in spinal 
SBRT planning, which indicates that dose calculation algorithms might not be very sensitive to CT number 
variation caused by titanium inserts. 
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Introduction

Bone metastasis is one of the most common diseases for 
patients with advanced-stage cancers in breast, prostate, 
lung, and other sites. Spinal metastasis represents 
about 70% of all bone metastases and is the third most 
common site of metastasis (1,2). Metastatic spinal tumors 
can drastically reduce patients’ quality of life as they 
frequently cause severe pain and are associated with spinal 
cord compression, pathologic fractures, hypercalcemia, 
immobility, and ultimate mortality (3). Conventional 
external beam radiotherapy (cEBRT) is a mainstay to reduce 
the risk of pathological fractures, neurological deficits, and 
pain (4). A study reported that around 60–80% of patients 
with painful spine metastases experienced pain relief after 
cEBRT, but the median duration of pain relief was only 
4 months and only 25% of patients achieved complete 
remission (CR) (5). Stereotactic body radiotherapy (SBRT) 
is an effective approach for the management of spinal 
metastases (6). It uses intensity-modulated radiotherapy 
(IMRT) or volumetric-modulated arc therapy (VMAT), 
taking advantage of image-guided radiotherapy techniques, 
to produce highly tumor-conformal dose distributions 
with sharp dose fall-off to spare adjacent normal tissue. 
Typical SBRT delivery improves the radiotherapeutic index 
by precisely delivering the high radiation doses to the 
treatment area while keeping the spinal cord under a lower 
dose exposure to avoid severe toxicity (7,8). Several studies 
have reported the potential benefits of SBRT over cEBRT in 
relieving pain resulting from spinal metastases and achieving 
high rates of local tumor control with low-grade toxicity 
(9-11). In a recent randomized, controlled, multicenter, 
phase 2/3 trial, SBRT with a dose of 24 Gy in 2 daily 
fractions resulted in significantly higher rates of complete 
pain relief compared to cEBRT with a dose of 20 Gy  
in 5 daily fractions at 3 and 6 months post-treatment (12). 
A recent systematic review showed a satisfying result for 
the patients who received re-irradiation with SBRT after 
cEBRT, with 1-year local control rates ranging from 66% 
to 90% and the pain response rates ranging from 65% to 
81% (13).

With the increasing utilization of SBRT in the 
management of spinal metastases, metal spinal implants 

adjacent to or within the treatment area are attracting 
attention because the sharp dose fall-off of SBRT requires 
a higher dose accuracy. The metal implants cause beam 
hardening, scattering effects, and photon starvation, which 
can lead to a reduced quality of computed tomography (CT) 
scans with the formation of dark streaks between the metals 
and bright streaks surrounding them. The resulting image 
degradation makes the delineation of the region of interest 
(ROI) a great challenge as well as affects negatively the 
tissue density estimate resulting in the potential of decrease 
in the dose calculation accuracy. In a single-patient study 
by Rong et al. (14), the metal artifacts caused by stainless 
steel spinal inserts were considered too severe, making 
conventional kV CT imaging unusable for treatment 
planning. Hence, megavoltage CT (MVCT) images were 
acquired to substantially reduce metal artifacts. Dose 
calculation on the MVCT images of the “cheese” phantom 
with different density plugs showed good agreement to 
measurement with a 3%/3 mm gamma criterion. In a 
phantom study, Son et al. (15) reported an average reduction 
of 2% in the dose calculation accuracy between titanium 
implants at the center of the phantom and a decrease in the 
dose calculation accuracy in the areas close to the surface 
of the titanium inserts. Spadea et al. (16) reported that 
underdosages of 20–25% were yielded in area around the 
high-Z metal implants in the uncorrected images whereas 
no significant discrepancies between the uncorrected and 
artifact-corrected images were observed for low-Z metal 
inserts. Nevertheless, comparatively few efforts have 
thoroughly investigated and quantified the clinical relevance 
of metal artifact reduction (MAR) method for different dose 
calculation algorithms in spinal SBRT planning.

Furthermore, metal artifacts due to spinal implants, 
including low-Hounsfield unit (HU) dark streaks and high-
HU bright streaks, will lead to highly heterogeneous in 
structure. The heterogeneities of scattered radiation have to 
be considered because the dose distribution can be affected 
by changes in tissue composition. Dose calculation engines 
that precisely account for the heterogeneities contribute to a 
better insight into the radiation dose-response relationships 
between tumors and normal tissues. In general, different 
dose calculation algorithms provide different heterogeneity 
correction methods and hence they have different 
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sensitivities to metal artifacts. Some previous studies have 
investigated the impact of MAR on dose calculation for 
different algorithms (17-19). However, limitations exist: On 
the one hand, the compared dose calculation algorithms are 
not commonly used in clinical practice. On the other hand, 
some studies only experimented on phantoms without using 
clinical patient data. Analytical anisotropic algorithm (AAA), 
Acuros XB (AXB), and Monte Carlo (MC) are 3 commonly 
used commercial algorithms (20), and MC has been widely 
used as the gold standard method for dose calculation 
(21,22). However, few studies have sufficiently evaluated 

in actual patients the sensitivity of these three commonly 
clinical-used algorithms to metal artifacts.

The purpose of this work was to evaluate dosimetric 
effect of CT MAR in patient’s spinal SBRT plan and the 
sensitivity of three commercial dose calculation algorithms 
(AAA, AXB, and MC) to the presence of titanium implants.

Methods

Phantom study

Phantom images and MAR
A common quality assurance (QA) phantom in radiotherapy 
was used to evaluate the image quality and dosimetric 
impact of MAR for planning dose calculation. This 
Gammex 467 tissue characterization phantom (Gammex-
RMI, Middleton, WI, USA) was made of a solid water 
disc of 33 cm diameter, comparable in size to the average 
pelvis. A matrix with 16 holes of 2.8 cm diameter in the 
disc accommodates interchangeable rods of different tissue 
and water substitutes, as shown in Figure 1. The physical 
characteristics of these substitutes are listed in Table 1. A 
Philips Brilliance big bore CT scanner (Philips Healthcare, 
Amsterdam, Netherlands) was used to scan the phantom 
with 3 mm slice thickness at 140 kVp. A planning target 
volume (PTV) was contoured for the SBRT planning. The 
target extended 1.8 cm in the superior-inferior direction to 
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Figure 1 Layout of different inserted materials in the phantom.

Table 1 Physical characteristics of the Gammex phantom inserts

Label index Material Physical density (g/cm3) Electron density relative to water

1 AP6 adipose 0.945 0.928

2 LN-450 lung 0.47 0.456

3 Cortical bone 1.824 1.696

4 BR-12 breast 0.977 0.954

5, 11, 14 Solid water 1.017 0.988

6 CB2-30% 1.333 1.278

7 CB2-50% 1.561 1.471

8 LN-300 lung 0.28 0.275

9 B200 bone 1.150 1.102

10 Water insert 1 1.000

12 LV1 liver 1.095 1.063

13, 15 Titanium 4.54 3.730

16 Inner bone 1.133 1.086

The label indexes correspond to the labels shown in Figure 1.
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include virtually all volumes of the titanium rods and most 
of the artifacts. The area next to the target was selected and 
delineated as pseudo organ at risk (p-OAR).

At present, a commercial artifact reduction algorithm 
is a feasible strategy to solve the problem of metal artifacts 
in CT images. In most MAR algorithms, the damaged 
data due to the presence of metals is first detected and 
treated as missing data. The data is then restored by 
various interpolations of different algorithm designs, 
and subsequently reconstructed to final CT images. The 
orthopedic metal artifact reduction (OMAR) iterative 
algorithm (23), equipped on a Philips CT scanner, was 
employed to suppress the artifacts caused by titanium 
rods in this study. In order to obtain a ground truth image 
without metal artifacts, two solid water rods were used 
to replace the titanium rods in the phantom before the 
phantom was scanned. Subsequently, we assigned titanium 
density of 4.5 g/cm3 to the volumes of the two solid water 
rods.

Treatment planning and dose calculation
A VMAT plan that followed the SBRT treatment planning 
guidelines (24) was designed on Monaco treatment 
planning system (TPS) (Elekta AB, Stockholm, Sweden). 
The plan was optimized on the ground truth image, and 
then duplicated to the uncorrected and artifact-corrected 
images, respectively, with identical beam parameters. Dose 
calculation was then carried out on all three image sets 
using MC algorithm with dose grid of 1.8 mm and dose 
reporting mode set as dose-to-medium. The MC algorithm 
is more accurate than other dose calculation algorithms 
and hence it was chosen for dosimetric evaluation of this 
phantom study. The electron density of the area where the 
HU value exceeded 2,300 was set to 3.73 according to the 
titanium’s physical properties.

Data analysis
SNC Patient (Sun Nuclear Inc, Melbourne, FL, USA) was 
used to evaluate the planar dose distribution differences of 
the uncorrected/corrected CT images from the reference 
CT images. The dose coverage difference (corrected vs. 
uncorrected) was scored by using the 2-dimensional (2D) 
gamma (γ) index using both global and local difference 
setting. The dose threshold was set to a 10% cutoff value 
of prescription dose to exclude low-dose areas. Various 
threshold criteria were used: dose difference (∆D) = 1%, 2%, 
and 3%, distance to agreement (DTA) = 1, 2, and 3 mm. We 
obtained a total of 3 gamma agreement index (GAI) values 

G(∆D, DTA): G(1,1), G(2,2), and G(3,3).
We evaluated the dose distribution differences for the 

various structures by comparing typical clinical dose-
volume histogram (DVH) metrics. The DVH analysis of 
PTV included D98% (% of prescription dose covering 
98% of the volume), D50%, D2%, D2cc (the percentage of 
the prescription dose received by 2 cc of the volume), and 
Dmean (mean dose). For the p-OAR, D0.1cc, D1cc, D3cc, 
and Dmean were compared.

Patient study

Patient data and MAR
A total of 10 patients with spine metastasis were randomly 
selected from 2019 to 2021 in Sun Yat-sen University 
Cancer Center for this study. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the Ethics Committee 
of Sun Yat-sen University Cancer Center (No. B2022-498-
01) and the requirement for individual consent for this 
retrospective analysis was waived. Radiation treatments 
were administered after surgical resection of the tumor 
and insertion of titanium implants for stabilizing the spinal 
column. The implants included a spinal fusion cage and 
three screws that are partially contained within the PTV. 
The artifacts were mainly manifested as dark streaks that 
overlapped heavily with normal tissue in the central area. All 
the CT images of patients were also acquired on a Philips 
Brilliance Big Bore CT scanner with 3 mm slice thickness 
at 140 kVp. OMAR was also used to reduce the artifacts 
caused by the titanium inserts. The radiation treatment 
included one plan using IMRT and nine plans using the 
VMAT technique.

Treatment planning and dose calculation
We designed five SBRT plans in the Eclipse TPS (Version 
15.5; Varian Medical Systems, Palo Alto, CA, USA). All 
plan optimizations were based on the uncorrected images. 
Calculation of dose distribution was performed on both the 
uncorrected and artifact-corrected images by using the AAA 
algorithm (Version 15.5.12) with heterogeneity correction. 
Subsequently, the AXB algorithm (Version 15.5.12) with 
dose reporting mode and dose-to-medium setting was used 
to recalculate all these plans.

Another five SBRT plans were designed in the Monaco 
TPS (Version 5.11.03; Elekta AB). The MC algorithm 
(Version 1.6) equipped in the Monaco TPS was employed 
to perform the dose calculation. Previous studies have 
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shown that this MC calculation can provide an accurate 
dose distribution in both homogeneous and heterogeneous 
media (25-27). Dose-to-medium was considered for 
calculation.

The SBRT delivery technique included IMRT and 
VMAT. Grid size was set to be 1.8 mm for all calculations. 
Note that, numbers of pixels with a CT value corresponding 
to a mass density value above 3.0 g/cc (2,435 HU) exceeded 
the tolerance limit defined in the AXB calculation options. 
We collected all high-density pixels and assigned titanium 
alloy material for them. All dose calculations were 
conducted by using a corrected CT density curve where the 
titanium density was 4.5 g/cm3.

Data analysis
3D Slicer (Version 4.11.20210226; https://www.slicer.
org/) was used for evaluation in these patient cases. Dose 
coverage difference was scored by using the 3D γ index with 
both global and local normalization. The DVH analysis 
of PTV included D98%, D50%, D2%, and Dmean. 
For the planning risk volume of spinal cord (PRV-SC), 
which is obtained by extending 5 mm in each direction of 
the spinal cord, indicators recommended by stereotactic 
ablative body radiotherapy (SABR) consortium guidelines 
of UK (28) are quantified which included mean dose and 
maximum significant doses such as D0.1cc and D1cc. 
Statistical analysis was conducted using GraphPad Prism 8.0 
(GraphPad Software, San Diego, CA, USA). Differences 
between groups were analyzed by t-test. The difference was 
considered statistically significant if P<0.05.

Results

Phantom study

The representative slices of the uncorrected, artifact-
corrected, and reference CT images are shown in  
Figure 2A-2C. CT numbers for 1 horizontal profile 
connecting the two titanium inserts and the other vertical 
profile passing through the middle of the line connecting 
the two titanium inserts are shown in Figure 2D,2E. 
The specific locations of the profiles are indicated in the 
reference image in Figure 2C. The CT numbers for the 
uncorrected images deviated significantly from those of 
the reference image, whereas the CT numbers for the 
corrected images were close to those of the reference image, 
indicating that the CT numbers were prominently retrieved 
in the heavily shaded area between the two titanium inserts 

by using OMAR. However, additional artifacts were 
introduced, as indicated by the yellow arrows in Figure 2B.  
Figure 2F-2I presents dose profiles and dose differences 
from the reference dose distribution. A better agreement 
is achieved between the dose distributions calculated 
from OMAR-corrected images and the reference images, 
compared with that of uncorrected images.

Table 2 presents the gamma analysis results within 10% 
isodose volume, quantifying the distribution of doses 
calculated on corrected and uncorrected images versus 
ground truth image. OMAR-Org denotes the comparison 
of uncorrected and OMAR-corrected datasets. Ref-Org 
represents the comparison of uncorrected and reference 
datasets. Ref-OMAR indicates the comparison of OMAR 
and reference dataset. The calculated dose distribution on 
the corrected images is consistent with the reference dose 
distribution. With global normalization, all passing rates 
exceeded 94%. With local normalization, passing rates were 
over 92%, except for the G(1,1) for OMAR-Org and Ref-
Org, which were 88.7% and 84.9%, respectively. Table 3  
presents the DVH analysis results. In terms of D0.1cc, 
D1cc, and D3cc for p-OAR, OMAR-Org and Ref-Org 
showed high differences which were more than 4% due 
to large sizes of titanium inserts. The differences between 
OMAR and the reference dataset did not exceed 1% for all 
parameters, indicating that OMAR can achieve satisfactory 
reduction of metal artifacts and it can be used to deal with 
the metal artifacts in patients’ images.

Patient study

In Figure 3, a representative slice of the uncorrected and 
artifacts-corrected CT, the dose difference and DVH from 
a representative patient case are shown. The minimum and 
maximum values of dose difference were approximately 
within ±30 cGy (±1%). Differences ranging from 26 to  
30 cGy (0.88–1%) are mainly distributed around the 
titanium inserts. The dose differences in other regions were 
lower than 26.6 cGy (0.88%) and randomly distributed, 
which may be related to the probabilistic process used 
in MC dose calculation. No significant difference was 
observed between the corrected and uncorrected datasets 
from the DVH of this patient case. CT numbers for one 
horizontal profile connecting the two titanium inserts and 
the other vertical profile passing through the middle of 
the line connecting the two titanium inserts are shown in  
Figure 4A,4B. The specific locations of the profiles are 
indicated in the original image in Figure 3. Figure 4C-4F  

https://www.slicer.org/
https://www.slicer.org/
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Figure 2 Illustration of phantom study and profile comparison. The uncorrected image (A), artifact-corrected image (B), and reference CT 
image (C). The arrows indicate the additional artifacts introduced by OMAR algorithm. (D-G) The HU and dose profile through the region 
of the most significant artifacts indicated by the red dashed line on the image, respectively. (D) Horizon profile (left to right) and (E) vertical 
profile (up to down) of CT number along the two lines indicated in the reference image. (F,G) The corresponding dose profiles. (H,I) The 
corresponding dose difference plots. CT, computed tomography; OMAR, orthopedic metal artifact reduction; HU, Hounsfield units. 
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Table 3 A summary of results for all dosimetric parameters analyzed

Group comparison
PTV p-OAR

Dmean D98% D2% D50% Dmean D0.1cc D1cc D3cc

OMAR-Org 1.28% 3.62% 0.24% 1.06% 2.27% 4.51% 4.63% 4.06%

Ref-Org 1.68% 3.80% 0.66% 1.49% 2.63% 4.46% 4.86% 4.21%

Ref-OMAR 0.39% 0.17% 0.42% 0.42% 0.36% −0.04% 0.22% 0.15%

PTV, planning target volume; p-OAR, pseudo organ at risk; OMAR, orthopedic metal artifact reduction; Org, original.

Table 2 Gamma analysis results

Group comparison
Global Local

G(1,1) G(2,2) G(3,3) G(1,1) G(2,2) G(3,3)

OMAR-Org 96.2% 99.3% 99.8% 88.7% 99.6% 99.9%

Ref-Org 94.7% 98.9% 99.7% 84.9% 98.5% 99.8%

Ref-OMAR 99.0% 99.9% 100.0% 92.3% 99.6% 99.9%

OMAR, orthopedic metal artifact reduction; Org, original.

presents dose profiles and dose differences between 
corrected and uncorrected datasets. Although significant 
shadows caused a noticeable decrease in the representative 
HU values, dose differences between corrected and 
uncorrected datasets did not exceed 1 Gy.

The graphic results of the 3D gamma analysis between 
uncorrected and artifact-corrected datasets for all 
algorithms are presented in Figure 5A,5B. With both global 
and local normalization, the AAA method yielded the values 
of both G(2,2) and G(3,3) equal to 100% for all patients. 
AXB was yielded a minimum G(2,2) value of 98.2% with 
global normalization and 95.4% with local normalization. 
MC yielded minimum G(2,2) values with global and 
local normalization of 97.9% and 97.7%, respectively. 
The highest passing rates of G(1,1) were observed to be 
99.9%±0.1% with global normalization and 99.5%±0.2% 
with local normalization in the AAA algorithm. In contrast, 
AXB yielded values with an average of 96.0%±3.7% 
with global normalization and 95.0%±6.6% with local 
normalization, respectively. MC yielded values with an 
average of 94.5%±2.6% and 93.9%±1.3% with global and 
local normalization, respectively. Furthermore, we found 
that the passing rates of AAA are significantly higher than 
that of AXB (global: P=0.003; local: P=0.03) and MC (global: 
P<0.001; local: P=0.001), respectively.

Figure 5C,5D present a summary of the absolute dose 
differences between uncorrected and corrected datasets 

comparison of DVH obtained from the dose distributions 
of calculated with AAA, AXB, and MC. Due to the variety 
of prescriptions, all data were shown as percentages. Minor 
discrepancies were seen between uncorrected and artifact-
suppressed datasets for all algorithms. In all cases for PTV, 
average differences did not exceed 0.7%, for PRV-SC these 
reached 2.1%. Moreover, in terms of D0.1cc, D98%, and 
D2%, the observed dose differences of the MC method 
were statistically significantly larger than those of the AAA 
(P<0.01 for D98% and P<0.001 for D0.1cc) and AXB 
(P<0.001 for D98% and P<0.0001 for D0.1cc) methods, yet 
no significance was determined in terms of Dmean, D50%, 
and D1cc.

Discussion

In this work, we investigated the dosimetric impact of MAR 
for spinal implants in SRBT. Some previous studies have 
evaluated the dosimetric impact of metal artifacts on dose 
calculation algorithms. Using MC as a reference, Wang  
et al. (17) evaluated the accuracy of an analytical (Pinnacle3) 
dose calculation in the presence of titanium rod in water. 
In a study by Shen et al. (18), dosimetric effects of OMAR 
in different metal locations and dose calculation algorithms 
were evaluated. Furthermore, the dosimetric accuracy 
of AAA and AXB for small radiation fields incident on 
phantoms of various metals was investigated by Akdeniz 



Quantitative Imaging in Medicine and Surgery, Vol 13, No 12 December 2023 8297

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2023;13(12):8290-8302 | https://dx.doi.org/10.21037/qims-23-442

0.7%

0.5%

0.3%

0.1%

−0.1%

−0.3%

−0.5%

−0.7%

0.88%

−0.88%

0 1000 2000 3000 4000
Dose, cGy

Original PTV MAR PTV

Original PRV-SC MAR PRV-SC

Vo
lu

m
e,

 %

100

80

60

40

20

0

B

E

A

C

D

F

Figure 3 Illustration of one patient’s images and planning dose comparison of the uncorrected and OMAR-corrected datasets. (A) 
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et al. (19). However, certain limitations remain: (I) using 
non-clinically common algorithms; (II) only analyzing 
phantoms without clinical patient data. In order to more 
closely match the actual clinical conditions, this work 
makes two contributions: (I) quantifying dosimetric effect 

of CT MAR in spinal SBRT plan using both phantom and 
patient experiments on three mainstream commercial dose 
calculation algorithms (AAA, AXB, and MC); (II) assessing 
the sensitivity of three commercial dose calculation 
algorithms to titanium implants.
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Figure 4 CT number and planning dose comparison. (A) Horizon profile (left to right) and (B) vertical profile (up to down) of CT number 
along the two lines indicated in the original image in Figure 3A. (C,D) The corresponding dose profiles. (E,F) The corresponding dose 
difference plots. CT, computed tomography; Org, original; OMAR, orthopedic metal artifact reduction.

The results of the phantom study showed that OMAR 
can achieve satisfactory reduction of metal artifacts. Analysis 
of gamma index and DVH in patients revealed small 
dosimetric discrepancies between uncorrected and artifact-
corrected datasets for all dose calculation algorithms. 
With the thresholds of 3%/3 mm and 2%/2 mm, all 
dose calculation algorithms yielded high gamma passing 
rates exceeding 95.4%. Even using the stricter criteria of  
1%/1 mm, passing rates with global normalization still 
exceeded 90%. Note that relatively lower local gamma 
passing rates were found in two cases (81.8% for AXB, 
88.8% for MC), due to bigger dose discrepancy in the steep 
dose gradient region. In the case of AAA and AXB methods, 
the maximum difference of each evaluation index of DVH 
is less than 0.6%, except for an AXB case where the D50% 
difference in PTV reaches 0.8%. For the MC method, 
the median of D0.1cc was 2.19% and the maximum of 

D0.1cc reached 3.3%. The average of Dmean and D1cc 
were 0.74%±0.34% and 0.87%±0.93%, respectively. The 
small dosimetric differences might be accounted for in 
the following aspects. Firstly, titanium is a relatively low 
atomic number (Z) metal. Spadea et al. (16) found that 
low-Z metallic materials, such as titanium inserts, have 
little perturbation in the precision of the dose distribution 
near the metal attachment in IMRT. Secondly, in case of 
the same type of metal, the degree of artifacts also relies on 
the size of inserts with larger implants yielding more severe 
artifacts. In the phantom study, even for two titanium rods 
with a diameter of 2.5 cm, the maximum dose error was a 
4.86% decrease in D1cc in the p-OAR. The diameter of 
titanium implants in the spine is generally not large enough 
to produce artifacts causing large dose perturbations. 
Thirdly, the estimation errors depend on the number 
of beams applied in a plan, the dosimetric effect might 
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Figure 5 Statistical results of 3D gamma analysis and dose difference. (A,B) The 3D gamma analysis between uncorrected and artifact-
suppressed datasets for all algorithms using global and local difference setting, respectively. (C,D) The dose difference between the 
uncorrected datasets and artifact-suppressed datasets in PTV and planning risk volume of spinal cord for all algorithms. The lines in the 
boxplot denote the median. Differences between groups were analyzed by t-test. P<0.05 was considered statistically significant. *, P<0.05; 
**, P<0.01; ***, P<0.001; ****, P<0.0001. PTV, planning target volume; AAA, analytical anisotropic algorithm; AXB, Acuros XB; MC, Monte 
Carlo; 3D, 3-dimensional.

be reduced by the increasing number of beams (29). In 
contrast, Brożyna et al. (30) detected an overdose of 109% 
due to back scatter in a single-beam study. In this study, 
the plans employed the VMAT technique or IMRT with 
seven beams, where the doses were delivered from multiple 
directions, resulting in averaging of the artifact-induced 
dose inhomogeneity.

In terms of D98% and D2% for PTV, and D0.1cc 
for PRV-SC, the observed differences between MC and 
AAA, as well as between MC and AXB, showed statistical 
significance. MC was found to have the highest sensitivity 
to artifacts caused by titanium implants compared with 
the AAA and AXB methods, because it explicitly models 
the interaction of radiation within and around the 
inhomogeneous media, resulting in accurate dose estimates. 
Currently, MC has been widely used as the gold standard 
method for dose calculation (22,31). Note that MC in the 
Monaco system would not allow the designation of titanium 
and this might cause the inaccuracy dose around spinal 
implants. On the other hand, the AAA method showed the 

lowest sensitivity to artifacts caused by titanium implants, 
with the maximum difference of each evaluation index of 
DVH not exceeding 0.5%. This is probably due to the 
fact that AAA is developed based on the superposition/
convolution method, where approximation exists in the 
dose calculation process. In AAA, dose is calculated by 
superposition of the dose kernels of the primary and 
scattering components obtained by MC, and all model 
parameters were calculated in water equivalent medium. 
Tissue inhomogeneity corrections were performed in only 
four lateral directions and were approximated. It has been 
reported that the dose distribution in AAA deviates from the 
measured values in and around the non-uniform medium 
(32,33). Although the same photon beam source model is 
shared by the AXB and AAA, differences exist in radiation 
transport and energy deposition within volumes. AXB 
improves the accuracy of dose calculation by solving the 
linear Boltzmann transport equation to calculate the particle 
fluence based on specific material and energy interactions. 
Obviously, it is configured with dose-to-medium reporting 
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mode, which is more common than dose-to-water mode.
One limitation of this work is that no actual measurement 

experiments were conducted, because the main scope of 
this study was to evaluate the dosimetric impact of MAR 
on dose calculation algorithms in spinal SBRT planning. In 
the future, we would design anthropomorphic phantoms 
to validate the dose calculation accuracy by comparing 
different calculation algorithms with measured dose 
distribution. Another limitation is that AAA/AXB and MC 
were not performed in the same plan. Ideally, a rigorous 
evaluation is calculating the same plan in different dose 
calculation algorithms to compare their sensitivity to 
spinal implant artifacts. In our institution, there is no same 
machine modeled in both Monaco and Eclipse systems. 
This makes the same plan calculated in 1 TPS unable 
to be recalculated in another TPS. In a feasible way, we 
used statistical analysis of multiple cohorts to compare the 
sensitivity of different dose calculation algorithms to the 
titanium artifacts.

Conclusions

In this study, we evaluated the dosimetric impact of MAR 
for spinal implants in SBRT plans. From the perspective 
of dose calculation accuracy, CT image artifacts caused by 
titanium implants have little effect on dose distribution of 
spinal SBRT plans. Moreover, the MC algorithm has higher 
sensitivity to metal artifacts compared to AAA and AXB, 
indicating that MC is preferable for dose calculation in 
spinal SBRT planning.
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