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Abstract
Purpose: Monte Carlo (MC) simulation studies, aimed at evaluating the
magnitude of tissue heterogeneity in 125I prostate permanent seed implant
brachytherapy (BT),customarily use clinical post-implant CT images to generate
a virtual representation of a realistic patient model (virtual patient model).Metal-
lic artifact reduction (MAR) techniques and tissue assignment schemes (TAS)
are implemented on the post-implant CT images to mollify metallic artifacts due
to BT seeds and to assign tissue types to the voxels corresponding to the bright
seed spots and streaking artifacts, respectively. The objective of this study is to
assess the combined influence of MAR and TAS on MC absorbed dose calcu-
lations in post-implant CT-based phantoms. The virtual patient models used for
125I prostate implant MC absorbed dose calculations in this study are derived
from the CT images of an external radiotherapy prostate patient without BT
seeds and prostatic calcifications, thus averting the need to implement MAR
and TAS.
Methods: The geometry of the IsoSeed I25.S17plus source is validated by
comparing the MC calculated results of the TG-43 parameters for the line source
approximation with the TG-43U1S2 consensus data. Four MC absorbed dose
calculations are performed in two virtual patient models using the egs_brachy
MC code: (1) TG-43-based Dw,w-TG43, (2) Dw,w-MBDC that accounts for interseed
scattering and attenuation (ISA), (3) Dm,m that examines ISA and tissue hetero-
geneity by scoring absorbed dose in tissue,and (4) Dw,m that unlike Dm,m scores
absorbed dose in water. The MC absorbed doses (1) and (2) are simulated in
a TG-43 patient phantom derived by assigning the densities of every voxel to
1.00 g cm−3 (water), whereas MC absorbed doses (3) and (4) are scored in the
TG-186 patient phantom generated by mapping the mass density of each voxel
to tissue according to a CT calibration curve. The MC absorbed doses calcu-
lated in this study are compared with VariSeed v8.0 calculated absorbed doses.
To evaluate the dosimetric effect of MAR and TAS, the MC absorbed doses
of this work (independent of MAR and TAS) are compared to the MC absorbed
doses of different 125I source models from previous studies that were calculated
with different MC codes using post-implant CT-based phantoms generated by
implementing MAR and TAS on post-implant CT images.
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Results: The very good agreement of TG-43 parameters of this study and the
published consensus data within 3% validates the geometry of the IsoSeed
I25.S17plus source. For the clinical studies, the TG-43-based calculations show
a D90 overestimation of more than 4% compared to the more realistic MC
methods due to ISA and tissue composition. The results of this work gener-
ally show few discrepancies with the post-implant CT-based dosimetry studies
with respect to the D90 absorbed dose metric parameter. These discrepancies
are mainly Type B uncertainties due to the different 125I source models and MC
codes.
Conclusions: The implementation of MAR and TAS on post-implant CT images
have no dosimetric effect on the 125I prostate MC absorbed dose calculation in
post-implant CT-based phantoms.

KEYWORDS
metallic artifact reduction, Monte Carlo dosimetry, post-implant CT, prostate brachytherapy, tissue
assignment schemes, voxelized virtual patient model

1 INTRODUCTION

In low dose rate (LDR) brachytherapy (BT), radioactive
seeds of short-lived, low-energy photon emitters, such
as 125I and 103Pd, are permanently implanted into the
prostate gland using transrectal ultrasound guidance.
This procedure has gained wide acceptance for the
treatment of early stage prostate cancer, in which the
tumor is within or near the prostate gland.1

Most commercial LDR BT treatment planning sys-
tems (TPSs) use the TG-43 absorbed dose calculation
formalism based on the isotropic point or line source
model. In this formalism, absorbed dose at a point in
water is calculated as the superposition of the absorbed
dose of each seed at the point, assuming that radia-
tion from each seed is unaffected by the presence of
the other seeds.1 Thus, the TG-43 formalism ignores
tissue heterogeneity and interseed scattering and atten-
uation (ISA), resulting in an overestimation of the total
absorbed dose delivered to the patient.2–6

The TG-186 report provides recommendations for
model-based dose calculation algorithms (MBDCA)
aimed at resolving the shortcomings of the TG-43
formalism.3 MBDCA offers the possibility of modeling
radiation transport in non-water media and consider-
ing ISA, resulting in a more accurate calculation of the
total absorbed dose actually delivered to the patient.3

MBDCA such as Monte Carlo (MC) methods generally
compute absorbed dose by assigning interaction cross
sections on a voxel-by-voxel basis, hence the need to
develop a virtual representation of a realistic patient
model (virtual patient model).The virtual patient-specific
model can be derived from the patient’s CT scans by
assigning CT numbers to tissue types.3,4,7,8 MC studies
aimed at evaluating the magnitude of ISA, and tissue
compositions in permanent seed implant BT custom-
arily use clinical post-implant CT images to generate
voxelized virtual patient models.

Metallic artifact reduction (MAR) techniques and tis-
sue assignment schemes (TAS) are applied to the
post-implant CT images to mitigate metallic artifacts due
to BT seeds and to assign tissue types to the voxels
corresponding to the bright seed spots and streaking
artifacts,respectively.Miksys et al. investigated four MAR
techniques on post-implant prostate BT–CT images and
reported the inability of all four MAR techniques studied
to completely eradicate artifacts, and the interdepen-
dence of MAR method and TAS.7 These findings may
have significant effects on the calculated absorbed dose
because photoelectric effect, the cross section of which
is proportional to the fourth power of the atomic number
(Z) of the medium, is the predominant mode of interac-
tion at low photon energies. Implementing MAR and TAS
on post-implant CT data results in differences between
the post-MAR CT numbers and the actual CT numbers,
assuming that the patients’ CT images were acquired
before BT seeds implantation.

The objective of this study is to assess the dosi-
metric effects of MAR and TAS on the MC absorbed
dose calculations in post-implant CT-based phantoms
for 125I permanent prostate implant. The voxelized vir-
tual patient models used for the 125I permanent implant
prostate BT MC absorbed dose calculations in this study
are derived from the CT images of an external radio-
therapy prostate patient without BT seeds and prostatic
calcifications, thus avoiding the need to implement MAR
and TAS. Post-implant CT-based phantoms are gener-
ated by implanting MAR and TAS on post-implant CT
images.

Four MC absorbed doses,Dw,w-TG43,Dw,w-MBDC,Dm,m,
and Dw,m, are calculated using the EGSnrc9 MC
application egs_brachy.10 Absorbed dose is also calcu-
lated with the TG-43 formalism–based commercial TPS
VariSeed v8.0 (Varian Medical Systems, Inc., Palo Alto,
CA).An absorbed dose profile analysis of a line through
the prostate and gamma index (γ index) methods11 is
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DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT 6197

used to evaluate the agreement between the TPS- and
MC absorbed dose distributions. The TPS- and MC
absorbed doses are compared using dose–volume his-
togram (DVH) dosimetry parameters D50, D90, D98, V75,
V100, and V150 for the prostate as the planning target
volume (PTV) as well as D10 and D2cc for the urethra
and rectum, respectively, as organs at risk (OARs). To
evaluate the dosimetric effect of MAR and TAS, the MC
absorbed doses calculated in this work are compared
to post-implant CT-based dosimetry calculations of dif-
ferent 125I source models and MC codes from previous
studies.

2 MATERIALS AND METHODS

2.1 Brachytherapy source geometry

The I25.S17plus 125I BT seed manufactured by Eck-
ert & Ziegler BEBIG (Berlin, Germany) is used here as
a loosed BT source. The modeled I25.S17plus source
geometry is directly taken from previous studies.12–14

The I25.S17plus is made up of a 0.055-mm thick tita-
nium grade 2 tube (percentage elemental composition:
0.015% H,0.1% C,0.03% N,0.25% O,0.2% Fe,99.405%
Ti) with a density of 4.512 g cm−3 encapsulating the
source element. The source element consists of a cylin-
drical silver rod of density 10.5 g cm−3 with an outer
diameter of 0.51 mm and a length of 3.40 mm. The sil-
ver rod is coated with a radioactive silver iodide layer
of thickness 1.0 μm and density of 5.675 g cm−3,
giving the source an active length of 3.40 mm. The tita-
nium encapsulation is sealed via laser welding using
two hemispherical end caps with an end-weld thickness
0.4 mm each. The I25.S17plus seed has a total length
and outer diameter of 4.5 and 0.80 mm, respectively.

2.2 Monte Carlo simulation

2.2.1 MC code description

This study uses the EGSnrc application egs_brachy
v2017.09.15, a versatile and fast MC code designed
specifically for BT applications.10 Detailed descriptions
of the egs_brachy MC code can be found in the
study of Chamberland et al.10 and the egs_brachy user
manual.15 The egs_brachy MC application has also
been benchmarked and validated against the exten-
sively used BT MC code BrachyDOSE.10,16,17 The Type
B uncertainties of egs_brachy are recently compared to
other state-of -the-art BT MC codes, PENELOPE-2018,
and MCNP.18

egs_brachy utilizes the modern and actively main-
tained EGSnrc C++ class library19 (called egs++) for
modeling geometries and particle sources. In addition,
egs_brachy also led to several enhancements to the

general-purpose egs++ library in the form of new geom-
etry and shape classes.10,19 This study utilizes the
reference features of the egs_brachy MC code without
modification.

2.2.2 MC absorbed dose calculation

Particles are initialized within the source using the 125I-
energy spectrum from the NCRP Report 58.20 The
photon cutoff energy of 1 keV is used in all calculations
except for the air-kerma strength simulation that uses
an energy cutoff of 5 keV to suppress the 4.5 keV char-
acteristic X-rays emanating from the titanium encap-
sulation as recommended.1 Electron transport is not
modeled due to the negligible range of the secondary
electrons produced by the relatively low-energy photons
emitted from the BT source.This study also utilizes parti-
cle recycling;a variance reduction technique that reuses
particles escaping from the source geometry an arbi-
trary number of times thus increasing the efficiency of
the simulation.15 Photons emitted from the source are
recycled once, and each emitted photon is rotated by
an arbitrary angle about the active length of the source
(z-axis) prior to being recycled. Simulations that applied
particle recycling are checked to ensure that the recy-
cled particles do not result in nonindependent events
and correlated data.

Photon cross sections and the distributed mass-
energy absorption coefficients for the various media are
taken from the XCOM data set.21 Compton scattering is
treated with the impulse approximation model, whereas
bremsstrahlung cross sections are modeled with the
NRC library, which is a version of the NIST database
with corrected electron–electron bremsstrahlung contri-
butions. Kawrakow’s theory22 is used to derive electron
impact ionization cross sections. Photoelectric absorp-
tion, Rayleigh scattering, and fluorescent emission of
characteristic X-ray after photoelectric absorption are
also explicitly modeled in each simulation. Due to the
negligible range of the secondary electrons produce
by 125I, the absorbed dose in the medium is approxi-
mated as collision kerma using the track length kerma
estimator.

The general two-dimensional (2D) line source
approximation1 is used and the absorbed dose is
outputted in Gy per effective number of histories.
The MC absorbed dose (DMC) is converted into total
absorbed dose Dtot in Gy using the following equation:

Dtot = SK,ref ⋅
DMC

Shist
K

⋅

tend
∫
0

e−𝜆t (1)

where SK,ref is the air-kerma strength of the source pro-
vided by the manufacturer in U (1 U = 1 μGy M2 h−1);
Shist

K is the air-kerma strength per history calculated by
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6198 DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT

egs_brachy in Gy cm2/history,whereas t = 0 and t = tend
are the treatment start and end times, respectively; and
λ is the radionuclide’s decay constant. For a permanent
implant, taking tend → ∞

Dtot = SK,ref ⋅
DMC

Shist
K

⋅ 𝜏 (2)

where τ (h) is the mean lifetime of the radionuclide
(1/λ).15

When a voxel in a scoring phantom is partially
occupied by a seed, an MC voxel–volume correction
technique is used to subtract the volume of the seed
from the phantom’s voxel. For accurate absorbed dose
calculation, energy deposition is only scored in the
portion of the voxel unoccupied by the seed.15

2.2.3 Source geometry validation

The geometry of the modeled IsoSeed I25.S17plus
line source is benchmarked by comparing the MC-
calculated results of the 2D TG-43 parameters with
published consensus values in the TG-43U1S2 report.23

The simulations of the TG-43 dosimetry parameters are
done according to Taylor et al.16 The NIST WAFAC pri-
mary collimator with a diameter of 8 cm located 30 cm
from the source subtends a circle with a diameter of
∼2.7 cm located 10 cm from the source. The air-kerma
strength per history is scored in vacuo in rectilinear vox-
els of thickness 0.05 cm with a voxel’s face of area
2.7 × 2.7 cm2 centered on the transverse axis at a dis-
tance of 10 cm from the source. The large voxel size of
2.7 × 2.7 × 0.05 cm3 averages the air-kerma strength
per history over a region covering approximately the
solid angle subtended by the NIST WAFAC primary
collimator.16

To calculate other TG-43 parameters, absorbed dose
rates are scored by aligning the source along the z-axis
of a cylindrical water phantom with a radius and height
of 15 and 30 cm, respectively. To minimize the impact of
the volume size effect, the following voxel sizes are used
with respect to the radial distance (r) from the cylinder’s
axis;0.01 cm3 for r ≤ 1 cm,0.05 cm3 for 1 cm < r ≤ 5 cm,
and 0.1 cm3 for 5 cm < r ≤ 10 cm.16 The dose-rate con-
stant is the quotient of dose at reference point and the
air-kerma strength per history. Enough histories (about
2 × 1010) are simulated to ensure the statistical compo-
nent of uncertainty in the area of interest is below 1%
in all simulations.

2.2.4 Virtual patient models

The voxelized virtual patient model enables MC
absorbed dose calculation in phantoms that are derived

TABLE 1 Mean CT number versus mass density calibration for
the SOMATOM Sensation CT scanner

Tissue equivalent inserts
Mean CT
number (HU)

Mass density
(g cm−3)

Lung (inhale) −795.94 0.20

Lung (exhale) −505.44 0.50

Adipose −64.56 0.96

Breast (50/50) −33.38 0.99

Water 5.19 1

Plastic water 12.56 1.029

Muscle 40.50 1.06

Liver 66.56 1.07

Trabecular bone
(200 mg cm−3)

237.75 1.16

Dense bone
(800 mg cm−3)

923.50 1.53

Core bone (1750 mg) 1487 2.15

Titanium 3070 4.51

Abbreviation: HU, Hounsfield unit.

from the patient’s DICOM CT data sets. The virtual
patient models of this study are generated by assign-
ing the mass density to the CT number of the tissue on
a voxel-by-voxel basis using a CT calibration curve.

An electron density phantom, model 062M (CIRS,
Virginia,USA) with its corresponding set of tissue equiv-
alent electron density insets, is used to calibrate the CT
number to mass density of the CT scanner.The electron
density phantom is scanned by a SOMATOM Sensa-
tion CT scanner (Siemens Medical Solution, Erlangen,
Germany) with the same scan protocol used for exter-
nal radiotherapy and post-implant prostate BT patients.
The Hounsfield unit (HU) versus mass density cali-
bration curve is derived by drawing ROIs over each
tissue-equivalent electron density insert and recording
the corresponding mean HU. Table 1 shows the CT
scanner’s calibration of HU versus mass density. The
CT calibration curve in this study is in good agree-
ment with the CT calibration curve derived from the
SOMATOM Emotion CT scanner (Siemens Medical
Solution, Erlangen, Germany), as discussed in Miksys
et al.7

The CT images of an external radiotherapy prostate
patient without implanted 125I BT seeds and prostatic
calcifications are used to generate two virtual patient
models: the TG-43 and TG-186 patient phantoms. CT
images without BT seeds avert the need to implement
MAR and TAS around the seeds, since there are no
bright seed spots and streaking artifacts compared to
post-implant CT images of permanent prostate implant
patients.

The EGSnrc application ctcreate is used to create
the two patient phantoms from the patient’s DICOM
CT images by converting the CT data to materials and
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DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT 6199

densities for each voxel according to the CT calibra-
tion curve.24 The TG-43 patient phantom is derived by
overwriting the CT numbers of all voxels to the ref-
erence medium, water (1.00 g cm−3), thus ignoring
the effect of tissue heterogeneity.1 The TG-186 patient
phantom is obtained by assigning one of the four tissues,
namely, prostate, rectum, mean adipose, and cortical
bone to each voxel using the CT calibration curve. The
body tissue compositions of the TG-186 patient phan-
tom are taken from TG-186 and ICRU 46 reports3,25 in
accordance with TG-186 recommendation.3

2.2.5 Clinical data study

The CT images of the external radiotherapy prostate
patient without 125I BT seeds implants and prostatic
calcification are imported into VariSeed TPS, and the
prostate,urethra,bladder,and rectum contours are delin-
eated. Urethra segmentation is used to contour the
urethra. Although it is difficult to delineate the absolute
position of the urethra in CT without catheter in place,
the differences in absorbed dose calculations are more
important than the absolute position of the urethra in
this study.Overall,41 loosed IsoSeed I25.S17plus seeds
with reference air-kerma strength (SK) of 0.635 U per
seed are virtually implanted into the prostate volume
of 28.37 cm3 with a prescription dose of 145 Gy. The
implantation is aimed at meeting the following dosimetry
constrains:D90 > 100% of prescription dose,V100 ≥ 95%
of PTV, and V150 ≤ 50% of PTV. D90 is the dose that
covers 90% of the PTV, and V100 is the percentage
of the PTV, which receives 100% of the prescription
dose of 145 Gy. For the OARs, the rectum’s D2cc ≤ pre-
scription dose and the urethra’s D10 < 150% of the
prescription dose, where D2cc is the dose that cov-
ers a volume of 2 cm3 of the rectum. The dosimetry
constrains are in conformity with ESTRO/EAU/EORTC
prostate BT guidelines.26 The TG-43 and TG-186 patient
phantoms created from the CT data set with voxel sizes;
0.13 × 0.13 × 0.30 cm3 are resampled to match the
VariSeed dose grid resolution of 0.10 × 0.10 × 0.30 cm3.
As voxels far away from the PTV receive very little or
no doses, both phantoms are cropped to a few cen-
timeters around the right and left femoral heads leaving
the prostate,bladder,and rectum for faster simulation as
shown in Figure 2.

Seed positions exported from the VariSeed treat-
ment plan are used to implant seeds perpendicularly
to the transverse plane of both the TG-43 and TG-186
patient phantoms. The following MC absorbed doses
are calculated following the specifications described in
Section 2.2.2:

1. Dw,w-TG43: A mock-up of TG-43 calculations where
absorbed dose is scored in the TG-43 patient
phantom by the superposition of single-source

absorbed dose-to-water, thus eliminating ISA and
tissue heterogeneity.1

2. Dw,w-MBDC: Absorbed dose is scored in the TG-43
patient phantom to disregard the effect of tissue
composition while accounting for ISA.3

3. Dm,m: Particles are transported in tissues of the TG-
186 patient phantom accounting for both ISA and
tissue heterogeneity, and absorbed dose is scored in
tissue.

4. Dw,m: Particles are transported in tissues of the TG-
186 patient phantom accounting for both ISA and
tissue heterogeneity but absorbed dose is scored in
water in accordance to TG-186 convention.3

The VariSeed-exported DICOM RT (absorbed dose,
structures) data set and the four MC calculated
absorbed doses are imported into the Computational
Environment for Radiological Research software27 for
cumulative DVHs computation, dose–line profile and
gamma index analyses. Before calculating the DVHs,
an upper cutoff absorbed dose of 500 Gy is applied
to the TPS and the four MC calculated absorbed doses
in order to remove the extremely high absorbed doses
at the seeds’ center, which are clinically irrelevant. The
voxel sampling size used for the DVHs calculation is the
same as the dose grid resolution (0.1 cm). The dosime-
try parameters extracted from the DVH for the TPS and
MC dosimetry comparison include D50, D90, D98, V75,
V100, and V150 for the prostate as well as D10 and D2cc
for the urethra and rectum, respectively.The relative per-
centage differences of the absorbed dose (ΔDx) and
volume (ΔVx) between two absorbed dose computation
methods A and B are calculated from Equations (3)
and (4), respectively. The results of both ΔDx and ΔVx
are presented in the tables as percentage difference,Δ
Method A, Method B:

Δ Dx =
DA

x − DB
x

DA
x

⋅ 100 (3)

Δ Vx =
VA

x − VB
x

VA
x

⋅ 100 (4)

As the DVHs do not display spatial information,a dose
profile analysis of a line through the prostate and the
gamma index (γ index) technique11 are used as addi-
tional absorbed dose comparison criteria to evaluate
the agreement of the four MC (Dw,w-TG43, Dw,w-MBDC,
Dm,m, and Dw,m) and TPS calculated absorbed dose
distributions. The gamma criteria used in this study
are 2%/2 mm and a 5% low dose threshold with
an acceptable gamma pass rates of over 90% for
each absorbed dose calculation. The stricter 2%/2 mm
gamma criterion is used, as opposed to the 3%/3 mm
recommended by AAPM TG-119,28 due to the high-
dose gradients encountered in BT as proposed by some
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6200 DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT

researchers.29–31 Absorbed dose comparison among
the various MC simulations aimed at quantifying the
effect of ISA (Dww-TG43 vs. Dw,w-MBDC), tissue compo-
sition (Dw,w-MBDC vs. Dm,m), and the combined effect
of ISA and tissue composition (Dww-TG43 vs. Dm,m) are
also calculated using Equations (3) and (4). The clinical
TG-43 MC simulation, Dw,w-TG43, is used instead of the
TPS in order to eliminate small differences in the TG-43
parameter results of this study and consensus data due
to differences in MC transport codes. VariSeed uses the
consensus data in routine clinical treatment planning.

The calculated MC absorbed doses in this study are
verified by comparing them with published MC absorbed
doses scored in homogeneous water or prostate tissue
phantoms using different 125I source models and MC
codes.2,5,6 These tissue phantoms are not CT-based
and are generated by overwriting all voxels to water
or prostate tissue. The tissue phantoms are therefore
independent of MAR and TAS.

To evaluate the dosimetric effect of MAR and TAS,
the MC absorbed doses of this work are compared to
post-implant CT-based dosimetry calculations of differ-
ent 125I source models and MC codes from previous MC
studies.5,8 The post-implant CT-based phantoms were
derived by applying MAR and TAS on post-implant CT
images, and tissues types are assigned to the voxelized
patient virtual phantoms using organ-specific material
assignment or a CT calibration curve.

3 RESULTS AND DISCUSSIONS

3.1 Source geometry and TG-43
parameters verification

The comparison between the TG-43 parameter results
calculated in this study and published consensus
values23 are shown in the Supporting Information
section.

3.1.1 Dose-rate constant and radial dose
function

The dose-rate constant of the NIST WAFAC (ΛWAFAC)
and line-source radial dose function (gL(r)) results of this
study and consensus are in very good agreement within
1.6% and 0.5%, respectively (Tables S1 and S2).

3.1.2 2D anisotropy function F(r,θ) and
along–away dose rates

The 2D anisotropy function results of this study (MCF
(r, θ)) and the consensus (CONF(r, θ)) show relative dif-
ferences of up to 9.0% at r = 0.25 cm and angles
less than 15◦ (Table S3a). Further comparison between
the 2D anisotropy function results of this study and

F IGURE 1 Two-dimensional (2D) anisotropy function, F(0.25 cm,
θ) values comparison from this study, the Carleton Laboratory for
Radiotherapy Physics (CLRP) TG-43 parameter database, and the
consensus

the values reported by Carleton Laboratory for Radio-
therapy Physics (CLRP) TG-43 parameter database
for BT, version 2 (CLRPF(r, θ))14,17 at r = 0.25 cm,
agrees with a maximum difference of 1.0% at θ = 0◦

(Table S3a). As this study and CLRP used the same
version of the egs_brachy MC code, the high dispar-
ity between this study and the consensus is due to the
larger Type B uncertainties between MCNP5 v.1.6 (con-
sensus) and egs_brachy MC transport codes,especially
when simulating doses in voxels that are very close to
the seed center.18 The 2D anisotropy function results
at r = 0.25 cm of all three simulations are depicted in
Figure 1.

The 2D anisotropy function results comparison of
this study with the consensus dataset show low rela-
tive differences of up to 3.8% at the reference distance
(r = 1 cm) and a very good agreement within 1.9% at
larger distances (Table S3b).

The calculated dose-rate per unit source strengths
(cGy h–1 U–1) at distances along the source long axis
and away from the source axis of symmetry are shown
in the along–away format in Table S4. This study and
the consensus data agree within 3.9% for distances less
than 6 cm along the source. The maximum uncertainty
of 5.3% is recorded at distances 7 and 4 cm along and
away from the seed center, respectively. The very good
agreement of TG-43 parameters of this study and the
published consensus data validates the geometry of the
IsoSeed I25.S17plus source.

3.2 Clinical data studies

The transverse views of the TG-43 and TG-186 patient
phantoms generated from CT slice 12 are shown in
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DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT 6201

F IGURE 2 The transverse view of the TG-43 (a)
and TG-186 (b) patient phantoms generated from
CT slice 12. Images are generated using the
dosxyz_show application of EGSnrc.

F IGURE 3 Prostate, rectum, mean adipose, and cortical bone tissues and particle tracks visualization of Dm,m simulation with the TG-186
patient phantom. Image is generated using the egs_view application of EGSnrc.

Figure 2a,b, respectively. The TG-43 patient phantom
is a homogeneous water tissue, whereas the TG-186
patient phantom consists of prostate, rectum, mean adi-
pose, and cortical bone tissues assigned to each voxel
using the CT calibration curve.

Figure 3 shows a subset of the Dm,m calculation
displaying tissues and photon tracks (yellow lines) of
photons emitted from the 125I seeds, which are virtu-
ally implanted in the prostate of the TG-186 patient
phantom. Up to 106 histories are used in this simu-
lation to visually verify that the seeds are confined in
the prostate; before starting the TG-43 calculations in
the TG-43 patient phantom which is a cube of water
(Figure 2a). The extend of the particle tracks also moti-

vated the cropping of both patient phantoms to a few
centimeters around the right and left femoral heads for
faster simulation as stated in Section 2.2.5 (Figure 2b).

The TPS- and MC (Dw,w-TG43, Dw,w-MBDC, Dm,m, and
Dw,m) calculated DVHs with an absorbed dose cutoff of
500 Gy for the prostate, urethra, bladder, and rectum are
shown in Figure 4.

3.2.1 Dose–line profiles and gamma
index analyses

Figure 5a shows the line AB through the prostate
with a high-density material, the pubis bone at B. The
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6202 DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT

F IGURE 4 Dose–volume histograms (DVHs) with a cutoff absorbed dose of 500 Gy for the prostate, urethra, bladder and rectum of
VariSeed treatment planning system (TPS), and Monte Carlo (MC) absorbed dose calculation methods; Dw,w-TG43, Dw,w-MBDC, Dm,m, and Dw,m

F IGURE 5 (a) The line AB through the prostate with a high-density material, the pubis bone at B. (b) Dose profile comparison among
VariSeed, Dw,w-TG43, Dw,w-MBDC, Dm,m, and Dw,m calculated absorbed doses along the line AB with an upper absorbed dose cutoff of 500 Gy

corresponding dose–line profiles of VariSeed and MC
calculations (Dw,w-TG43, Dw,w-MBDC, Dm,m, and Dw,m) in
the voxels along the line AB with an upper cutoff
absorbed dose of 500 Gy are depicted in Figure 5b.

The three peaks in Figure 5b are the centers of the
three seeds along the line AB in Figure 5a. The position
of the peaks of all the dose profiles along the line AB
are within a tenth of mm apart from each other, hence

 24734209, 2022, 9, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.15865 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [15/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT 6203

TABLE 2 The relative dose differences between VariSeed and the respective Monte Carlo (MC) absorbed dose calculations for the
prostate, urethra, and rectum

Calculated DVH parameter values Relative difference from TPS (%)

Structure
DVH
parameter

VariSeed
(TPS) Dw,w-TG43 Dw,w-MBDC Dm,m Dw,m Dw,w-TG43 Dw,w-MBDC Dm,m Dw,m

Prostate D50 (Gy) 230.7 228.3 225.1 220.8 222.5 1.0 2.4 4.3 3.6

D90 (Gy) 162.0 158.7 155.9 152.2 153.2 2.0 3.8 6.0 5.4

D98 (Gy) 134.9 131.6 129.0 125.3 125.7 2.4 4.4 7.1 6.8

V75 (%) 99.98 99.97 99.91 99.66 99.68 0.0 0.1 0.3 0.3

V100 (%) 95.93 94.87 94.39 92.94 93.28 1.1 1.6 3.1 2.8

V150 (%) 56.81 55.22 53.50 51.41 52.17 2.8 5.8 9.5 8.2

Urethra D10 (Gy) 198.1 192.0 190.3 186.0 187.4 3.1 3.9 6.1 5.4

Rectum D2cc (Gy) 101.5 94.05 92.55 86.05 83.05 7.3 8.8 15.2 18.2

Abbreviations: DVH, dose–volume histogram; TPS, treatment planning system.

substantiating that there are no seed positioning errors
between VariSeed and the MC simulations. The similar
shapes of the dose profiles also certify the integrity of
the MC simulations with respect to the TPS. The dose
profiles are not exactly superimposed on each other due
to their respective small absorbed dose differences.The
relative absorbed dose differences between the respec-
tive MC and VariSeed calculated values along the line
AB for this CT slice (26) are within ±5% in the prostate
and −20% in the regions immediately after the center
of the seed as displayed below the dose line profiles.
The negative values of the absorbed dose difference
close to the seeds’ center imply that TPS absorbed
doses are higher than the MC absorbed doses. The
absorbed dose differences are largely due to the high
relative differences in the 2D anisotropy function close
to the source center, F(0.25 cm, θ) between this study
and consensus as depicted in Figure 1.

The Dm,m dose profile shows a spontaneous increase
at the end of the line (B) compared to the other absorbed
doses. This sharp increase in Dm,m is due to the pres-
ence of the pubis bone at B. The more than 40%
increase in Dm,m at B relative to VariSeed (reference
medium) is due to the mass-energy absorption coeffi-
cients dependence on tissue composition,which is most
significant for photons at low energies below 50 keV.3

The fact that VariSeed, Dw,w-TG43, and Dw,w-MBDC dose
profiles are invariant at B also validates the veracity of
the MC code.

The γ index comparison of the MC-simulated
absorbed dose distributions of the prostate with respect
to the TPS gives the following results: the gamma pass
rates for Dw,w-TG43 and Dw,w-MBDC absorbed dose distri-
butions are 95.95% and 95.80%, respectively, whereas
the MC calculations where particles are transported in
tissues have the gamma pass rates of 95.31% and
95.78% for Dm,m and Dw,m absorbed dose distribu-
tions, respectively. The γ index global results for the 2%/
2-mm gamma criterion are clearly above the acceptable
gamma pass rates of over 90% for each absorbed dose

calculation,28–31 thus confirming the prostate absorbed
dose homogeneity of the MC calculations relative to the
TPS.

3.2.2 Superposition calculations

Both VariSeed and Dw,w-TG43 MC calculations are based
on the TG-43 dosimetry formalism, which is the super-
position of single-source absorbed dose-to-water, thus
eliminating ISA and tissue heterogeneity.1 The super-
position calculations are thus independent of MAR and
TAS.The results of the superposition calculations for the
prostate prescription dose of 145 Gy are presented in
Table 2.

The VariSeed calculated absorbed dose metrics are
slightly higher than their Dw,w-TG43 counterpart.The TPS
and MC superposition calculation (Dw,w-TG43) generally
agree within 2.8% (V150) for the prostate with the max-
imum relative difference of 7.3% for the rectum’s D2cc
dose. The small relative differences between VariSeed
and Dw,w-TG43 MC absorbed dose metrics reported in
this study are because VariSeed uses the consensus
data in routine clinical treatment planning instead of
the egs_brachy calculated TG-43 parameters. The rec-
tum’s D2cc relative difference of 7.3% is partly due to
along–away dose rates deviations at distances above
3 cm from the source (Table S4) and because less
particles transverse the rectum, hence larger Type A
uncertainties.

To verify the MC absorbed doses calculated in this
study, the MC absorbed doses are compared with MC
absorbed doses from previous studies scored in homo-
geneous tissue phantoms using different 125I sources
and MC codes. The tissue phantoms consist of either
water or prostate tissue and are independent of MAR
and TAS. The MC absorbed dose verification results are
shown in Table 3. The 2.4% relative deviation for D98
of this study concurs with previous studies by Mason
et al.32,33 who reported a maximum difference of 3.7%
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6204 DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT

TABLE 3 Comparison between the Monte Carlo (MC) absorbed dose scored in homogeneous tissue phantoms in this study and published
results from previous studies using different 125I sources and MC codes

Study MC code

125I source
model

Compared MC
doses

Relative difference of DVH parameters (%)
D90 D98 V100 V150 D10 D2cc

TG-43
formalism
with TPS

This study egs_brachy
v2017.09.15

I25.S17plus VariSeed vs.
Dw,w-TG43

2.0 2.4 1.1 2.8 3.1 7.3

Mason et al.33 MCNPX v2.5.0 Model 6711 VariSeed vs.
MC-SUP

3.3 3.7 1.5 5.6 1.8 2.2

Landry et al.5 GEANT4 v.9.3 Model 2301 VariSeed vs.
DTG-43

2.0

Carrier et al.6 GEANT4 v.8.0 SelectSeed Clinical vs.
NoSeedMC

0.0 0.0

ISA This study egs_brachy
v2017.09.15

I25.S17plus Dw,w-TG43 vs.
Dw,w-MBDC

1.8 2.0 0.51 3.1 0.89 1.6

Chibani et al.2 MCNP v.5 I25.S06 LSKS vs. FMCS 2.0–5.0 0.41 5.2

Carrier et al.6 GEANT4 v.8.0 SelectSeed NoSeedMC vs.
WaterMC

4.0 1.1

Tissue effect This study egs_brachy
v2017.09.15

I25.S17plus Dw,w-MBDC vs.
Dm,m

2.4 1.5

Carrier et al.6 GEANT4 v.8.0 SelectSeed WaterMC vs.
CompleteMC

3.0 –5.0 1.1

Overall effect This study egs_brachy
v2017.09.15

I25.S17plus Dw,w-TG43 vs.
Dm,m

4.1 2.0

Carrier et al.6 GEANT4 v.8.0 SelectSeed NoSeedMC vs.
CompleteMC

7.0 2.1

Note: The water or prostate tissue phantoms are independent of MAR and TAS. This comparison is intended to verify the MC absorbed doses calculated in this study.
MC-SUP,DTG-43, and NoSeedMC are the TG-43-based MC absorbed dose calculations (neglect ISA and tissue composition).Clinical is the absorbed dose calculation
with SPOT PRO TPS (Nucletron). LSKS is the line source MC simulation using TG-43 LS model. FMCS is the full MC simulation accounting only for ISA (excludes
composition). WaterMC is the MC absorbed dose calculation in water accounting for ISA (excludes composition). CompleteMC is the most realistic MC calculation.
Abbreviations: DVH, dose–volume histogram; ISA, interseed scattering and attenuation; TPS, treatment planning system.

for D98.They also reported a marginal overestimation of
VariSeed v8.0 absorbed doses compared to MC super-
position simulation MC-SUP for the 6711 seed using
MCNPX v2.5.0 MC code. For the D90, the relative differ-
ence between VariSeed and Dw,w-TG43 of 2.0% agrees
with the 2.0% relative difference between VariSeed and
DTG-43 for the model 2301 source reported by Landry
et al.5 using GEANT4 v.9.3 MC code, where DTG-43 is
equivalent to Dw,w-TG43. The perfect agreement of D90
and V100 between the Clinical absorbed dose calculated
with the SPOT PRO TPS (Nucletron) and TG-43-based
MC calculation NoSeedMC in Carrier et al.6 are in
good agreement with this study. Carrier et al.6 used
SelectSeed and GEANT4 v.8.0 MC code.

3.2.3 Interseed scattering and attenuation
(ISA)

The VariSeed and Dw,w-MBDC absorbed doses are cal-
culated in the reference medium but the Dw,w-MBDC MC
simulation takes ISA into account. In Table 2, the com-
puted dosimetry parameter results of VariSeed and
Dw,w-TG43 are slightly higher than their Dw,w-MBDC coun-
terparts due to ISA. The maximum relative variations
between VariSeed and Dw,w-MBDC in the PTV are 4.4%

and 5.8% for D98 and V150, respectively. The relative dif-
ferences for the OARs are 3.9% and 8.8% for the urethra
and rectum, respectively. The MC absorbed dose verifi-
cation for the contribution of ISA is shown in Table 3.
The D90 and V100 overestimation by the TG-43 cal-
culations of 1.8% and 0.51%, respectively, due to the
absence of ISA in this study is in good agreement
with the 2.0%–5.0% and 0.41% reported in Chibani
et al.2,34 The D90 in this study is, however, small com-
pared to the 4.0% reported in Carrier et al.,6 in which it
was found that although ISA depends on the number
of seeds per unit prostate volume nseed, a high nseed
does not correspond automatically to a high number of
small interseed distances because the seeds are not
distributed homogeneously. Thus, implants with higher
number of tightly clustered seeds will have a higher ISA
contribution to the overall prostate absorbed dose even
for cases with similar nseed.6 They exemplified their find-
ings with two patients having similar nseeds of 1.44 and
1.47 seeds cm−3 but different interseed attenuation on
the D90 of −2.3% and −4.0%, respectively. The patient
with −2.3% has 23 seed pairs with interseed distance
less than 6 mm compared to the 44 seed pairs for the
patient with −4.0%.6

In this study, 41 seeds are implanted in the prostate
volume of 28.37 cm3 giving a number of seeds per
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DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT 6205

TABLE 4 Comparison between the various Monte Carlo (MC) simulations give the percentage contribution of interseed scattering and
attenuation (ISA) (ΔDw ,w-TG43, Dw ,w-MBDC), tissue composition (ΔDw ,w-MBDC, Dm ,m), and the combined effect of ISA and tissue composition
(ΔDw ,w-TG43, Dm ,m)

Prostate Urethra Rectum
D50 D90 D98 V75 V100 V150 D10 D2cc

ISA (%) 1.4 1.8 2.0 0.1 0.5 3.1 0.9 1.6

Tissue composition (%) 1.9 2.4 2.9 0.2 1.5 3.9 2.3 7.0

Combined effect (%) 3.3 4.1 4.8 0.3 2.0 6.9 3.1 8.5

ΔDm,m, Dw,m (%) −0.8 −0.7 −0.3 −0.0 −0.4 −1.5 −0.7 3.5

ΔDw,w-TG43, Dw,m (%) 2.5 3.5 4.5 0.3 1.7 5.5 2.4 11.7

Note:ΔDm,m, Dw,m is the relative percentage differences of dose/volume between Dm,m and Dw,m.ΔDw,w-TG43, Dw,m is the relative percentage differences of dose/volume
between Dw,w-TG43 and Dw,m.

unit prostate volume of 1.45 seeds cm−3. The minimum
and maximum distances between each seed pairs are
4.4 and 41.9 mm, respectively, with a mean distance of
22.4 mm between seed pairs. In this work, there is a
total of two seed pairs with an interseed distance less
than 6 mm compared to 23 and 44 seed pairs of Carrier
et al.6 As both studies have similar nseeds of 1.45, 1.44,
and 1.47 seeds cm−3, the differences observed due to
the ISA contribution of this study (1.8%) with respect to
Carrier et al.6 (4.0%) is due to a much lower number
of tightly clustered seed pairs with interseed distance
less than 6 mm in this study (only two seed pairs). The
percentage contribution of ISA (Dww-TG43 vs.Dw,w-MBDC)
for all DVH parameters are presented in Table 4. ISA
contributes 1.8% and 2.0% of D90 and D98, respectively,
with V150 having the maximum ISA contribution of 3.1%
to the prostate. The OARs have an ISA contribution of
0.9% and 1.6% to the urethra and rectum, respectively.

3.2.4 Tissue composition, Dm,m

The TG-186 patient phantom is used for the substantial
MC simulations, Dm,m, where particles are transported
in tissues and absorbed dose is scored in tissue, thus
accounting for both ISA and tissue heterogeneities.3

According to Table 2,VariSeed overestimated the D90
and V100 parameters by 6.0% and 3.1%, respectively,
compared to the more realistic MC simulation, Dm,m.
These results agree with the D90 and V100 overestima-
tion of 7.0% and 2.1%, respectively, between the clinical
method (SPOT PRO TPS, Nucletron) and the Com-
pleteMC method reported by Carrier et al.6 as shown
in Table 3. The clinical and NoSeedMC methods have
the same absorbed dose distribution. This study shows
a systematic decrease of 2.4% for the D90 parameter
due to tissue composition and a global difference of
4.1% due to the combined effect of ISA (1.8%) and tis-
sue composition (2.4%) as depicted in Tables 3 and 4.
In Table 3, the decrease in D90 due to tissue composi-
tion in this study agrees with the 3.0%–5.0% reported
by Carrier et al.6,35 The combined effect of this study is

lower than the 7.0% mean difference reported by Carrier
et al.,6 of which 4.0% and 3.0% are due to ISA and tis-
sue composition, respectively.3,6 The reduced combined
effect is due to the small interseed attenuation contribu-
tion of this study discussed earlier.The voxelized patient
phantoms used in Chibani et al.2,34 and Carrier et al.6,35

are built by stacking voxels in an ellipsoid and cube,
respectively. These voxels are then given the densities
of water and prostate for TG-43 and MBDC calculations,
respectively. These phantoms and the one used in this
work are independent of MAR and TAS. The relative
percentage differences of ISA and tissue heterogene-
ity between this study and these published results by
Chibani et al.,2,34 Landry et al.,5 Mason et al.,33 and Car-
rier et al.6,35 are mainly Type B uncertainties due to the
different 125I source models and MC codes.

3.2.5 Dw,m MC method

For Dw,m, particles are transported in tissues but
absorbed dose is scored in water in accordance to
the conventions of TG-186.3 Although the TG-186
report only recommends reporting of Dm,m as opposed
to the competing Dw,m when using MBDCAs, some
MC researchers, however, used post-implant CT-based
phantoms to calculate Dw,m. It is thus also important to
investigate the dosimetric effects of MAR and TAS in
these studies. For the D90 parameter, the relative differ-
ence between VariSeed and Dw,m is 5.4% (Table 2) and
between Dm,m and Dw,m is −0.7%,whereas the percent-
age deviation between Dw,w-TG43 and Dw,m is 3.5%, as
shown in Table 4.

3.2.6 Comparison with post-implant
CT-based phantom publications

Post-implant CT-based phantom studies applied MAR
and TAS to mitigate metallic artifacts due to BT seeds
and the tissue types of the voxelized patient phantoms
are assigned using organ-specific materials or a CT
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6206 DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT

TABLE 5 Comparison between the Monte Carlo (MC) absorbed dose in this study and absorbed doses scored in post-implant CT-based
phantoms from previous studies using different 125I sources and MC codes

Study MC code

125I source
model

Compared
MC doses

Relative difference of DVH parameters (%)
D90 D98 V100 V150 D10 D2cc

Tissue effect
(Dm,m)

This study egs_brachy
v2017.09.15

I25.S17plus Dw,w-MBDC vs.
Dm,m

2.4

Oliveira et al.36 MCNPX v.27a Model 6711 HT vs. W 2.8–3.9

Overall effect
(Dm,m)

This study egs_brachy
v2017.09.15

I25.S17plus Dw,w-TG43 vs.
Dm,m

4.1 4.8 2.0 6.9 3.1 8.5

Mason et al.33 MCNPX v2.5.0 Model 6711 MC-SUP vs.
MC-CT-
TISSUE

2.9 3.1 1.6 5.9 3.5 10.6

Miksys et al.8 BrachyDOSE SelectSeed
model
125SL
model LS-1
model 6711

TG-43sim vs.
MCref

5.6 6.6* (D99) 2.4 5.2

Overall effect
(Dw,m)

This study egs_brachy
v2017.09.15

I25.S17plus Dw,w-TG43 vs.
Dw,m

−3.5

Landry et al.5 GEANT4 v.9.3 Model 2301 DTG-43 vs. Dw,m −2.0

Note:The post-implant CT-based phantoms applied MAR and TAS.This comparison is aimed at evaluating the dosimetric effects of MAR and TAS.HT is the calculation
in the heterogeneous CT-patient phantom (neglects ISA).W is the calculations in water (neglects ISA).MC-SUP,TG-43sim is the TG-43 MC dose calculation (neglects
ISA and tissue composition). MC-CT-TISSUE, MCref is the most realistic MC calculation.
Abbreviation: DVH, dose–volume histogram.

calibration curve. To evaluate the dosimetric effect of
MAR and TAS,the computed MC absorbed doses of this
work are compared to post-implant CT-based dosimetry
calculations from previous MC studies using different
125I source models and MC codes. The results of this
comparison are shown Table 5.

Oliveira et al.36 examined the effect of tissue hetero-
geneity for the model 6711 125I prostate implants in two
patients using MCNPX v. 27a code. They reported a D90
overestimation of 2.8%–3.9% in the water calculations
with respect to prostate tissue that agrees with the 2.4%
recorded in this study.

Mason et al.33 investigated the combined effect of
ISA and tissue compositions in 30 patients treated with
125I seeds model 6711 using MCNPX v2.5.0. MC-SUP
and MC-CT-TISSUE where MC-SUP is the TG-43 cal-
culation and MC-CT-TISSUE is MC absorbed dose
calculated in a CT-based patient phantom. According to
their calculations, the mean relative differences between
MC-SUP and MC-CT-TISSUE for D90, D98, V100, V150,
and D10 are 2.9%, 3.1%, 1.6%, 5.9%, and 3.5%, respec-
tively. These results concur with the contribution of ISA
and tissue composition to the global absorbed dose
of 4.1%, 4.8%, 2.0%, 6.9%, and 3.1%, respectively, as
documented in Table 5. They also reported a much
higher relative difference of 10.6% for the rectum’s D2cc
compared to the 8.5% recorded in this work.

Miksys et al.8 retrospectively performed MC absorbed
dose calculations with the EGSnrc-based MC code,
BrachyDOSE for 613 patients who received 125I perma-
nent implant prostate BT using Nucletron SelectSeed,
ProstaSeed 125SL, Draximage LS-1, and OncoSeed

6711 BT seeds.Similarly, the relative differences among
TG-43 calculation, TG-43sim, and the most realistic MC
calculation, MCref, are the combined effect of ISA and
tissue composition. The average percentage difference
between TG-43sim and MCref for D90 and V100 are
5.6% and 2.4%,respectively,and they are in good agree-
ment with 4.1% and 2.0% recorded in this study, as
shown in Table 5. For the rectum’s D2cc, the reported
global absorbed dose differences of 5.2% agrees with
the 8.5% documented in this study despite the fewer
energetic particles reaching the rectum. Although they
reported the prostate’s D99 instead of D98, the D99 of
6.6% is in concession with the D98 of 4.8% of this study.

To the best of our knowledge,Miksys et al.8 described
the largest MC dosimetric comparison between TG-
43 and MBDCA methods for 125I prostate BT with a
very large cohort of 613 patients. The BrachyDOSE
MC code used in their study and the egs_brachy MC
code used in this work are both based on the EGSnrc
MC system. This greatly reduces Type B uncertainties
due to differences in MC code between their study and
ours. They also used different 125I sources, implying the
reported mean absorbed doses is an average of Type
B uncertainties of the various 125I BT sources used
in their study. The study of Miksys et al.8 is thus the
most favorable work to be compared with this study in
order to evaluate the dosimetric effects of MAR and
TAS on post-implant CT-based MC absorbed dose cal-
culations for 125I prostate implants. DVH absorbed dose
metric parameters reported in the present work gener-
ally agree with such post-implant CT-based dosimetry
studies.

 24734209, 2022, 9, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1002/m
p.15865 by U

niversitatsbibliothek K
iel, W

iley O
nline L

ibrary on [15/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DOSIMETRIC EFFECTS OF METALLIC ARTIFACT REDUCTION AND TISSUE ASSIGNMENT 6207

Landry et al.5 investigated the uncertainties of tis-
sue composition in four patients treated with model
2301 125I BT source using GEANT4 v9.3 MC code.
The Dw,m is scored in a CT-based patient phantom,
MCρ = CT. The DTG-43 and Dw,m simulations are, respec-
tively, tantamount to Dw,w-TG43 and Dw,m in this study.
The reported mean relative difference of −2.0% for
D90 is congruent with the −3.5% found in this study.
The negative percentages imply that the TG-43 results
are higher than Dw,m values. Landry et al.37 also com-
pared Dw,m and Dm,m in four patients. The recorded
mean D90(w,m)/D90(m,m) ratio of 0.997 is in very good
agreement with the calculated D90(w,m)/D90(m,m) ratio
of 1.007 in this study; where D90(w,m) and D90(m,m)
are the D90 from the Dw,m and Dm,m MC calculations,
respectively.The D90(w,m)/D90(m,m) ratio is approximately
unity because the prostate is almost water equivalent
(ρ= 1.04 g cm−3).Scoring in water (Dw,m) overestimates
the prostate absorbed dose by less than 1% compared
to scoring in prostate (Dm,m), as depicted in Table 4.
Prostate with calcification will, however, give higher dif-
ferences between Dm,m and Dw,m due to increased
average density depending on the composition of the
calcification.

3.3 Study limitation

The major limitation of the study is the MC absorbed
dose calculations for patients with visible calcifica-
tion. The elemental composition and the mass density
of the prostate/calcification mixture must be known
and included as a tissue in the CT calibration curve
used to generate realistic patient phantom. Different
researchers used contrasting tissue densities for the
same tissue. Mason et al.33 reported an individual
CT voxel density range of 1.30–2.38 g cm−3 for the
prostate/calcification mixtures of 10 patients. Miksys
et al.8 used a CT density range of 1.14–1.27 g cm−3 for
50% prostate/50% calcification mixture and 2.0 g cm−3

instead of the recommended nominal density of
3.06 g cm−3 for the elemental composition of breast
calcification.3,34 The patient phantoms in these stud-
ies are derived by overwriting the CT voxels with the
densities of the prostate/calcification mixture.As the CT-
calibration curve in our study assigns tissues to voxels
automatically, it may be difficult to obtain the percent-
ages of the prostate and calcification in the generated
TG-186 patient phantom. The correct mass-energy
absorption coefficient for the elemental composition of
prostate/calcification mixture is paramount for accurate
MC absorbed dose calculations.

Mann-Krzisnik et al.38 highlighted the need to update
and unify the different elemental compositions of the
irradiated tissues reported in the various literatures for
more accurate MBDC calculations. They also noted
the vast discrepancy of the elemental composition

of prostate calcification used by various researchers.
As MC absorbed dose calculations of low-energy BT
sources are sensitive to elemental tissue composition,
inadequate information on the elemental composition
of homogeneous prostate/calcification mixtures,and the
uncertainties of the published nominal densities used
to derive CT number boundaries3,7 makes it difficult to
investigate the dosimetric effects of MAR and TAS on
post-implant CT data with prostate/calcification mixtures
in this work.

4 CONCLUSIONS

This work has demonstrated as a proof of concept the
possibility of performing MC absorbed dose calcula-
tions by virtually implanting seeds in a voxelized patient
phantom derived from non-post-implant CT images of
a patient. This study does not in any way demon-
strate or advise that the implementation of MAR and
TAS on post-implant CT images of patients should
be sidestepped or evaded in routine clinical practice.
The discrepancies observed between this work and
post-implant CT-based dosimetry are largely Type B
uncertainties due to differences in the 125I source
models and MC codes.

The implementation of MAR and TAS on post-implant
CT images to mitigate metallic artifacts due to BT seeds
and to assign tissue types to the voxelized patient phan-
tom has no dosimetric effect on the MC absorbed dose
calculations for 125I permanent prostate implant.
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