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This work aimed to characterize a dedicated phantom for assessing the dose near
metal implants for radiotherapy with photons and protons. A dosimetry audit
phantom was redesigned to position a Gafchromic EBT-3 film within a bisected
titanium pedicle screw (6.5 mm diameter). The mass density and the water
equivalent thickness (WET) of the phantom material were determined. The
phantom was irradiated using a photon arc and a horizontal proton beam in
combination with a couch rotation of 20°, with three repeated measurements
each. Treatment plans utilizing a single field covering the screw and the EBT-3
film were optimized to deliver a physical dose of 2 Gy using a collapsed cone and
Monte Carlo dose engine for photons and protons, respectively. Themass density
and the WET of the phantom were determined as (1.033 ± 0.010) g cm−3 and
(1.022 ± 0.013), respectively. Ionisation chambermeasurements agreedwithin 1%
(photons) and 0.5% (protons) with the calculated dose values. Relative photon
dosimetry measurements using EBT-3 films revealed an agreement between
measured and calculated horizontal profiles within the confidence interval for
areas beyond 5 mm from the center. For photon plans, significant deviations of
more than 10% were found at the interfaces between phantom material and
screw. The proton measurements showed a gradual decrease of 3% across both
profiles. In contrast to photon plans, no dose increase was measured within the
screw, but significant dose fluctuations (>5%) in the beam’s exit region. This study
showed that the behavior of dose engine is affected by metal implants and thus
dosimetric measurements are highly recommended. The presented phantom
can serve as foundation for dedicated end-2-end phantoms.
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1 Introduction

The clinical practice in radiation oncology has changed considerably during the last
decade. First, precision radiotherapy techniques based on fluence modulation and image
guidance became the new standard. Second, the aging population, characterized by
comorbidities and/or prior radiotherapy, along with those having oligometastatic
disease represent a new and continuously growing patient cohort. In light of this
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overall new setting in radiation oncology, some challenges remained.
One of those are metallic implants, such as hip prostheses, dental
fillings or metallic screws, which lead to imaging artifacts and
consequently affect target volume and organ at risk delineation
[1]. Next, these imaging artifacts can impair dose calculation
accuracy and metal implants can be associated with other
dosimetric effects, like local dose hot spots at their tissue interfaces.

Giantsoudi et al. provided a topical review on metal artifacts in
Computed Tomography (CT) imaging and briefly outlined the
dosimetric effects [2]. They concluded that dosimetric errors of
more than 25% can arise in dose calculation near hip prostheses.
These discrepancies are reduced to a level of approximately 12%
near dental implants. However, their findings are mainly based on
dose calculation considering the presence of imaging artifacts than
discrepancies found in actual measurements. However, imaging
artifacts and inaccuracies in structure segmentation can be
overcome by state-of-the art metal artifact reduction algorithms,
which have been further improved by applying deep learning
algorithms [3].

Dosimetric effects caused by metallic implants remain a
challenge, which have been explored in the context of dose
calculation algorithm assessment, mainly for photon beam
therapy [4–8]. For example, Pawałowski et al. compared an
advanced pencil beam algorithm, a Boltzmann equation solver
based algorithm with Monte Carlo (MC) simulations and found
an agreement within 4% for titanium and tungsten for a static field
without fluence modulation [7]. Gnanasambandam et al. reported
an overall cumulative uncertainty of the delivered dose of more than
3% for metal inserts in photon beam therapy. They have investigated
low- and high-density metal inserts (aluminum, titanium, stainless
steel, cerrobend, amalgam, and gold) for 6, 10 and 15 MV photon
beams as well as 6 and 10 MV beams in flattening filter free mode.
Unfortunately, their work lacked experimental validation, similar to
many published studies investing metal implants in photon
beam therapy [9].

Effects of metallic implants in proton therapy are a matter of
research as well. Jia et al. investigated the effect of dose perturbations
for two metallic spinal screw implants in proton beam therapy using
radiochromic film dosimetry [10]. They concluded that the dose
enhancement effect at interfaces was not correctly modeled by their
pencil beam algorithm. Verburg and Seco performed a detailed
study on implants for proton therapy and pointed at the change of
Coulomb scattering for various proton energies and titanium
thicknesses [11]. They investigated also the potential impact on
chordoma patient treatments for a passive scattering beam delivery
technique. However, this beam delivery technique has been eclipsed
by pencil beam scanning as the preferred dose delivery technique in
particle beam therapy. Another effect caused by metal implants in
particle therapy is related to changes in the linear energy transfer
(LET), as reported by Oancea et al. [12]. Their analyses showed that
the number of particles, detected in the interval from 92 to
100 keV μm−1, was increased by 39.5% for grade-5 titanium and
27.5% for grade-2 titanium, respectively, as compared to the number
of particles detected in the area without implants.

The development of dedicated phantoms plays a vital role in
current radiotherapy practice. The applications range from simple
phantoms for checking basic beam parameters to phantoms capable
of performing 4D-dosimetry within moving targets [13, 14]. With

the increasing demand for flexibility the use of in-house produced
components, e.g., employing additive manufacturing methods,
became crucial [15–17]. Moreover, phantoms also serve as
backbone for modern dosimetry audit services which help to
improve the quality of dose delivery around the world [18–25].

The present study aims to report on a dedicated phantom for
investigating dosimetric effects for small metallic implants in
advanced radiotherapy. As a use case a typical metal screw as
used in spinal surgery was selected and feasibility studies were
performed in both photon and proton therapy. This type of
screw is often placed in close proximity of the spinal cord where
dosimetric errors can have a severe effect.

2 Materials and methods

2.1 Phantom design

The design of the phantom was based on a dedicated phantom
for remote audits developed and manufactured within the
framework of a coordinated research project hosted by the
International Atomic Energy Agency (IAEA). This phantom
consisted of several slabs made of polystyrene. Fully assembled,
the phantom had outer dimensions of 15 cm × 15 cm × 15 cm. A film
insert was able to hold a radiochromic film with dimensions of
6.2 cm × 6.2 cm.More details on the basic design of the phantom can
be found in the original publication by Wesolowska et al. [23]. The
insert of the original phantom was re-designed to accommodate a
metal screw together with a cylindrical housing made of polystyrene.
In this work a VERTAUX pedicle screw (Auxein Medical, Haryana,
India) with a diameter of 6.5 mm and a length of 55 mm, a type of
screw typically used in spinal surgery, was investigated (see
Figure 1B). The top part of the screw was removed and the
screw was drilled into the cylindrical housing. The housing
including the screw was cut in half to facilitate the positioning of
a radiochromic film between the two parts of the screw. This design
allowed dose measurements within the screw itself as well as directly
at the interface between metal screw and phantommaterial and thus
an assessment of the radial dose distribution as function of the
distance to the center of the screw. The insert also contained two
small metal pins near the bottom edge of the film to allow an
accurate alignment of the film dose with the calculated dose.
Additionally, the phantom had an alternative insert to hold an
detector with dimensions of a PTW 31010 Semiflex (PTW
Dosimetry, Freiburg, Germany) ionization chamber (IC). An
explosion sketch of the phantom is shown in Figure 1A.

2.2 Irradiation and imaging

An Elekta Versa HD linear accelerator (Elekta AB, Stockholm,
Sweden) was used for the photon experiments. Proton irradiations
were conducted at the horizontal research beam line of the
synchrotron-based Ion Therapy Center MedAustron (Wiener
Neustadt, Austria) [26, 27].

Photon dose calculation employed CT scans were acquired with
a Siemens Somatom Definition AS CT scanner (Siemens
Healthineers AG, Erlangen, Germany) using clinical scan settings
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(exposure modulation 70–250 mAs, 120 kVp, 2 mm slice thickness
and 50 cm reconstruction diameter) with the iterative metal artifact
reduction algorithm.

CT scans for proton dose calculation were performed at a
Big Bore CT scanner (Philips, Netherlands) using the
clinical scan settings (300 mAs, 120 kVp, 2 mm slice
thickness and 35 cm reconstruction diameter) without metal
artifact reduction algorithm. The phantom was positioned using
laser markers during all imaging and irradiation steps. Indexing
bars assured the reproducible alignment during the
entire workflow.

2.3 Mass density and water equivalent
thickness determination

The mass density of the phantom was assessed by the ratio of the
mass to the volume of a slab with a simple geometry. The
dimensions of the slab were determined using a caliper and the
mass was determined using four different scales.

We determined the Water Equivalent Thickness (WET) of the
material using a 148.2 MeV proton beam (FHWM = 9.7 mm, R80 �
150.1 mm), employing the PEAKFINDER water column system
(PTW, Freiburg, Germany) with and without phantom material in
front [16, 28]. The step size in the Bragg peak region was 0.2 mm and
a 50.3 mm thick slab of the phantom was used. To account for
phantom heterogeneity the measurement was repeated three times
at various positions. For uncertainty estimation, the change of the
proton stopping power ratios (SPRs) between polystyrene and water
over the clinically available proton energy range was considered.

2.4 Treatment plan generation

Independent of the treatment modality (photon or proton),
three different sets of treatment plans were generated: 1) One
treatment plan was generated where the same specific mass
density was assigned to the whole phantom (PS) simulating the
situation where no screw is present. The material override was based
on the chemical composition of polystyrene with a specific mass-

FIGURE 1
(A) Shows an explosion sketch of the whole phantom. (B) A picture of the VERTAUX pedicle screw which was used in this work. (C) An isocentric
coronal slice of a CT scan of the assembled phantom including the screw. The green box illustrates the target region (PTV) later used for irradiation, while
IC indicates the position of the ionization chamber.
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density of 1.033 g/cm3 as determined in Sections 2.3, 3.1. 2) the
original CT-numbers expressed as Hounsfield unit (HU)-values of
the CT scan including the screw were used for dose calculation
(HU). This was representative for a realistic clinical scenario. 3) for
the third treatment plan, the material polystyrene with the density
mentioned above was assigned to the body of the phantom and the
material titanium with a mass density of 4.54 g/cm3 was assigned to
the contoured screw (Ti). This represented a clinical scenario
including a measure to improve the dose calculation accuracy.

The aim during treatment plan optimization was to generate
treatment plans with a homogeneous dose distribution in the target
using a similar set-up for both photons and protons. The target
volume of 422 cm3 was designed to cover the film and the ionisation
chamber as depicted in Figure 1C. Homogeneity of the target was
defined as the near-minimum dose (D98%) higher than 95% of the
prescribed dose and the near-maximum dose (D2%) lower than
105% of the prescribed dose. The treatment plans were designed to
deliver a median dose to the target of 2 Gy.

The photon treatment plans (i.e., X-HU, X-PS and X-Ti) were
calculated using the Treatment Planning System (TPS) RayStation
(V12A SP1, RaySearch, Stockholm, Sweden) employing the
collapsed cone (CC) dose engine v5.7. The isotropic dose
calculation grid was 2 mm and 1 mm for optimization and final
dose calculation, respectively. These plans were created using a
6 MV beam with flattening filter and Volumetric Modulated Arc
Therapy (VMAT) as treatment technique. The arc length of the
VMAT beam was 200° (start angle 260°, stop angle 100°) to avoid
irradiation through the couch. A couch rotation of 340° was used to
irradiate the film at an oblique angle. Additionally, the X-PS and the
X-HU plans were recalculated using the SciMoCa MC algorithm
(V1.7.2.5381, Scientific RT GmbH, Munich, Germany) with a 1 mm

grid size, the lowest MC uncertainty setting available and dose-to-
water conversion. X-Ti was not recalculated as SciMoCa does not
allow to assign titanium to a structure but rather detects the material
titanium based on the CT number.

All three proton treatment plans (p-HU, p-PS and p-Ti) were
generated using the TPS RayStation (V2023B, RaySearch,
Stockholm, Sweden) employing the MC dose engine v5.5. To
ensure a homogenous spot distribution, a grid of 3 mm was used
for plan optimisation and final dose calculation (statistical MC
uncertainty 0.5%, 106 ions/spot) together with a 5 mm spot
spacing. One single beam from the horizontal direction was
combined with a couch rotation of 20° to avoid tunneling
effects around the film insert. 35 to 42 energy layers ranging
from 74.2 to 146.5 MeV were delivered in a total of approximate
12,000 spots which were homogeneously distributed over the
target volume. For a more detailed investigation of the influence
of the dose grid size, also 1 and 2 mm grids were utilized. An
illustration of the isodose distribution of both treatment
modalities is provided in Figure 2.

2.5 Dosimetry and γ-ray spectroscopy

EBT-3 films (Ashland, Wayne, NJ, United States) were used
during photon (lot #11192002) and proton (lot #03082203)
irradiations. In addition to the films a PTW 31010 Semiflex IC
(PTW Dosimetry, Freiburg, Germany) was placed inside the
phantom and used in combination with Unidos webline
electromter (PTW Dosimetry, Freiburg, Germany). Each
measurement was repeated three times determining the standard
deviation. The results of the measurements were corrected for daily

FIGURE 2
A cranial slice through the dose distribution at the isocenter calculated based on the original CT densities with a 20° couch rotation; (A) photon VMAT
plan with a 1 mm calculation grid; (B) proton plan with 1 beam and a 3 mm calculation grid; the black structure represents the position of the semiflex
chamber and the purple square the target volume.
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output variations of the therapy unit for the photon plans but not for
the proton plans. The latter was reflected in the uncertainty budget.

Films underwent scanning before irradiation and again at 24 h post-
irradiation with three repetitions. The scanning was performed using an
Epson 11000 XL for protons, and an Epson Expression 12000 XL
flatbed scanner for photons (EPSON, Suwa, Nagano, Japan). All scans
were acquired in 48-bit RGB color channel (16 bits per color)
transmission mode, with a resolution of 150 dpi (0.169 mm/pixel),
with all available color correction options turned off and saved in the
tagged image file format (tiff). Optical density was calculated as
described by Khachonkham et al. [29]. The proton calibration curve
wasmeasured in the plateau region of a 148MeV 10 cm× 10 cmproton
beambetween 0 and 12Gy. The photon calibration curve wasmeasured
in reference conditions using a 6 MV beam with flattening filter and a
10 cm × 10 cm field for a dose ranging from 0 to 4 Gy. A scanner
uniformity correction was not applied for both scanners.

A γ-ray spectroscopy of the titanium screw was performed using
a High Purity Germanium (HPGe) radiation detector (Mirion
Technologies, Canberra, Australia) after completing the proton
irradiation.

2.6 Analysis

The calculated and measured dose distributions were analyzed
using the Verisoft software (PTWDosimetry, Freiburg, Germany). The
measured and calculated dose distributions were aligned using the
position of the pins on the film. The dose distributions of each film and
and the corresponding calculated dose distributions were re-normalized
to a dose value of 2 Gy at the same point in a homogeneous dose region
at least 2 cm away from the screw in direction of the entrance region of
the proton beam. Two different line profiles were extracted from each
film. For both beammodalities a horizontal profile through the center of
the screw was employed. For the photon plans, a vertical profile was
extracted through the screw’s center, whereas for the proton plans, the
profile was located 10 mm behind the screw (see Figure 3).

The line profiles in horizontal direction were calculated as
follows: First, the mean value (�d) and standard uncertainty
(σ(�d)) of five neighboring pixels were calculated (Eqs 1, 2).

df � ∑4
j�0D x, y − 2 + j[ ]

5
(1)

σ df( ) � 1�
5

√
�����������������������∑4

j�0 D x, y − 2 + j[ ] − df( )2
4

√
(2)

With D[x, y, f] as the 2D dose distribution
measured by the film f and x and y as discrete coordinates
of the film. Second, a weighted mean value dw (Eqs 3, 4) and the
corresponding standard uncertainty σ(dw) (Eq. 5) was
calculated based on the mean values and standard
uncertainties of three films:

wf � 1

σ df( )2 (3)

dw � ∑3
f�1wfdf∑3
f�1wf

(4)

σ dw( ) � �������
1∑3

f�1wf

√
. (5)

The confidence interval (CI) was calculated by
multiplying σ(dw) (Type A uncertainty) with a factor of
4.302 which is the value of the two-tailed t-distribution for a
CI of 95% with a number of degrees of freedom of two. The
vertical profiles were calculated analog to the horizontal profile
but with swapping x and y. Type B uncertainties were not
considered for the line profiles as these were normalized to
the calculated dose.

3 Results

3.1 Mass density and water equivalent
thickness determination

The mass-density was determined as (1.033 ± 0.010) g/cm3 and
the measurements conducted using the PEAKFINDER system
indicated a WET of (1.022 ± 0.013).

FIGURE 3
An illustration of how the films were irradiated and where the horizontal (h) and vertical (v) line profiles were located. (A) Shows the photon and (B)
the proton irradiation. The grey area indicates the position of the screw. The arrows indicate the incident angels of the irradiation.
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3.2 Absorbed dose to water determination

The results of the absorbed dose to water determination using
the ionization chamber for the photon and proton experiments are
summarized in Table 1. The magnitude of the temperature and
pressure correction was (1.019 ± 0.003) and (1.053 ± 0.003) for the
photon and proton experiments, respectively. An uncertainty
budget for both irradiations is provided in Table 2. The IC

measurements of the photon and proton plans agreed within 1%
and 0.5% with the calculated dose, respectively. While the PS
scenarios agreed within 0.3% for both, photons and protons, the
HU scenario for photons showed the highest disagreement (1%).
While the p-HU calculation overestimated the dose in comparison to
the measurements, similar to all photon scenarios, both the p-PS and
p-Ti dose calculations revealed smaller values than the
corresponding measurements.

TABLE 1 The three photon (X) and the three proton (p) plan scenarios were irradiated with either the titanium screw as insert (Ti) or a polystyrene pin (PS).
�Dmeas is the average dosemeasured with the IC including the standard deviation.Dcalc refers to themedian dose within the contoured volume of the IC. The
last column depicts the average ratio of the measured dose and the calculated dose.

Plan label Insert Dmeas [Gy] �Dmeas [Gy] Dcalc [Gy] Dev [%] Dev �Dmeas/Dcalc

X-PS PS

2.027

(2.026 ± 0.001) 2.032

−0.20

0.9972.026 −0.30

2.026 −0.30

X-Ti Ti

2.021

(2.022 ± 0.001) 2.032

−0.50

0.9952.022 −0.50

2.022 −0.50

X-HU Ti

2.018

(2.0180 ± 0.0005)a 2.038

−1.00

0.9902.018 −1.00

2.018 −1.00

p-PS PS

2.024

(2.024 ± 0.001) 2.018

0.30

1.0032.025 0.36

2.023 0.22

p-Ti Ti

1.998

(1.9980 ± 0.0005)a 1.991

0.38

1.0041.998 0.38

1.998 0.38

p-HU Ti

2.004

(2.005 ± 0.001) 2.012

−0.40

0.9972.005 −0.34

2.006 −0.28

aStandard deviation assessed using the resolution of the electrometer.

TABLE 2 The uncertainty budget for absorbed dose to water determination. All standard uncertainties are with a coverage factor of k � 1. Note that the
uncertainty of the calibration coefficient of the reference chamber was not considered for comparison with the calculated dose, since the same chamber
was also used to calibrate the respective therapy unit.

No. i
Quantity or source of

uncertainty
Uncertainty

type
Photon standard
uncertainty ui/%

Proton standard
uncertainty ui/%

1 Reading electrometer A 0.05 0.05

2 Correction for influence quantities B 0.3 0.3

3 Beam quality factor B 0.6 2.4

4 Cross-calibration with reference chamber B 0.5 0.5

5 Beam output variation B 0.1 1.0

Combined standard uncertainty combined 0.8 2.7
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3.3 Relative dosimetry

On average, the CI was 2.2% and 1.7% for the photon and
proton plans, respectively. This difference between the CIs of the
photon and proton irradiation was tested using Fisher’s F-test,
which showed a p-value of 0.278 which indicated no statistically
significant difference between the two modalities. The measured
dose of the X-PS plans showed excellent agreement with the dose

calculated using the RayStation photon CC and the SciMoCa MC
algorithm as shown in Figures 4A, B. The measured and
calculated horizontal profile of the X-HU plan and the X-Ti
agreed within the CI in regions located at a distance larger than
5 mm from the center of the screw for both algorithms.
Significant deviations exceeding 10% were found between the
calculated and measured values at the interface between
phantom material and the screw as well as within the screw,

FIGURE 4
Line dose profiles of the photon plans. The horizontal and vertical profile of the X-PS plan are shown in (A,B), respectively. The horizontal and vertical
profile of the X-HU plan are shown in (C,D), respectively. The horizontal and vertical profile of the X-Ti plan are shown in (E,F), respectively. The shaded
grey area indicates the position and extension of the screw. The dashed red line is the dose calculated by RayStation (RS). The dotted red lines indicate
±3% of the dose calculated by RS. The solid red line is the dose calculated by SciMoCa (SMC). The solid blue line is the measured dose. The shaded
blue area shows the 95% CI of the measured dose.
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for the RayStation CC photon dose calculation (see Figures
4C–F). In contrast to that, the SciMoCa MC algorithm agreed
within the CI with the measured dose within a region of 10 mm
around the screw as depicted in Figures 4C, D. The vertical
profile of the X-HU plan displayed in Figure 4D showed an
overestimation of approximately 3% of the calculated dose with
both algorithms between the coordinates −20 mm <y< − 15
mm. This was not visible in the vertical profile of the X-Ti
plan (Figure 4F).

The p-PS showed a gradual decrease in dose of approximately
3% across the horizontal and the vertical profile despite the
homogeneous material composition as illustrated in Figures 5A,
B. Compared to the dose calculated for the p-HU plan, the
measured dose decreased by more than 5% in the exit region
of the beam (behind the screw). In contrast to the photon plans,
no dose increase in the screw itself occurred. However, significant
dose fluctuations of more than 5% were observed in the exit
region of the beam as shown in Figures 5C–F. Using the material

FIGURE 5
Line dose profiles of the proton plans. The horizontal and vertical profile of the p-PS plan are shown in (A,B), respectively. The horizontal and vertical
profile of the p-HU plan are shown in (C,D), respectively. The horizontal and vertical profile of the p-Ti plan are shown in (E,F), respectively. The shaded
grey area indicates the position and extension of the screw. The dashed red line is the dose calculated by RayStation (RS). The dotted red lines indicate
±3% of the dose calculated by RS. The solid blue line is the measured dose. The shaded blue area shows the 95% CI of the measured dose.
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overriding technique in p-Ti improved by approx. 2% the dose
calculation accuracy on average compared to p-HU in the exit
region of the beam, but dose fluctuations were also observed in
this scenario.

Recalculating the p-HU plan (3 mm grid size) with smaller
resolution revealed more than 60% dose difference behind the screw
for a 1mm grid. More distant points, e.g., the position of the semiflex
chamber, were not affected.

3.4 γ-ray spectroscopy

Measurement of the titanium screw 96 h after the proton irradiation
detected the following isotopes; 44Sc, 46Sc, 47Sc, and 48V with an activity
per gram of 0.77 ± 0.11, 0.16 ± 0.02, 0.99 ± 0.16, 0.54 ± 0.06 Bq/g.
The measured γ-ray spectrum is shown in Figure 6.

4 Discussion

This work focused on the characterization of a phantom for the
acquisition of 2D dose profiles near small metal implants. The mass
density of the phantom material agreed within one standard
uncertainty with the generic value specified in the original
publication [23]. Using the value determined in our work led to
an agreement of absorbed dose between calculation and
measurement of less than 0.3%. The difference between the PS
and the HU plans was 0.7% and 0.6% for the photon and proton
plans, respectively. This shows the impact of mass density variations
on dose calculation. However, the mass density showed a larger
discrepancy (more than two standard uncertainties) to generic
values published in codes of practice such as the IAEA-TRS
398 and IAEA-TRS 483 [30, 31]. This justifies a determination of

the mass density of individual phantoms as mass density variations
can occur between different manufacturers or different batches.
Using the density of 1.06 g/cm3 would have decreased the calculated
dose of the photon plans by 0.5%. However, the calculated and
measured values agreed within the specified measurement
uncertainties with a coverage factor k � 2.

Besides the determination of absorbed dose delivered by
different treatment plans, the presence of the IC also has the
advantage, that the repeatability of the set-up and dose delivery
can be characterised. In this work, standard deviations of 0.001 Gy at
the most were observed, indicating excellent repeatability.

The detection limit of effects related to the presence of metal
implants can be defined as the CI of the relative film measurements.
The results showed an 0.5% larger CI for the photon measurements
compared to the proton measurements. One possible explanation
might be a higher homogeneity of the film batch used for protons.
This statistically insignificant difference might indicate that both
detection limits are statistically equal or that the number of
repetitions was too low to show a statistically significant result.
The measured dose profiles showed a random variation between
neighboring points. This due to variations of thickness of the dye of
the film and due to noise of the scanning which was not completely
compensated using the averaging of several lines and films. In
reality, the dose profile would be smoother. Additional
smoothing of the measured profiles was not performed to avoid
a deterioration of the spatial resolution. A scanner uniformity
correction of the measured dose profiles was not performed as
Palmer et al. showed a variation of the scanner uniformity of less
than 1% in the scan region used in this work [32].

Film measurements for the proton irradiations showed a
decrease in dose at the distal part of the target area. This is in
accordance with reports on quenching effects of EBT-3 films caused
by the increased LET in this area (e.g., [29, 33, 34]). Moreover, due to

FIGURE 6
Gamma-energy spectrum of the titanium screw in logarithmic scale.
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the angular distribution of nuclear interactions of a proton beam
hitting titanium, dose variations orthogonal to the beam direction
occur, as also reported by Oancea et al. [12]. This potentially
accounts for the observed dose fluctuations along the vertical
profile in Figure 5D. Furthermore, these nuclear scattering effects
seem to be accurately modelled in scenario p-Ti by the MC
simulations in the TPS. An additional reason for the dose
fluctuations behind the screw is the insufficient geometrical
modelling of the screw itself. With a slice thickness of 2 mm, a
structure resolution of 1 mm and the blurred representation of the
screw, the thread cannot be contoured or modelled adequately.
Consequently, also the dose calculation is affected by these
contouring imperfections.

MC dose calculation became standard for proton therapy. At
present speed optimised MC dose engines implemented in clinical
TPSs are capable of accurately predicting the dose distribution also
in the presence of tissue interfaces [17, 35, 36]. While 2 mm or 3 mm
are standard grid dimensions in agreement with the CT resolution,
there is no common agreement on an optimal dose calculation grid
size in the presence of implants [37, 38]. A thorough analysis of the
CT numbers in the screw and its translation to density and SPR
reveals an overestimation of the titanium density by up to 100% for
grid sizes of 1 and 2 mm as visualised in Figure 7. These results
support overriding the screw contour with its dedicated material
properties to mitigate the effect of the dose grid on the SPR [10, 11].

Our results indicate that in the absence of a MC simulation-
based dose calculation the employed TPS fails to account for the
presence of an implant (Figure 4) for photon therapy. However,
findings from other groups showed good results with different (not
MC simulation-based) dose calculation algorithms near and inside
metal implants [7]. What appears to be a clear drawback, can be
turned to an advantage in generating treatment plans without dose
gradients at the interface between titanium and tissue. Using the CC
algorithm during optimization generates a treatment plan which is
more robust against small variations in patient positioning. Final
dose assessment should be performed using MC simulation to
visualize the consequences of the presence of the metal implant.
However, before implementing a clinical protocol for handling
patients with metal implants, dosimetric measurements with a
phantom as presented here are strongly recommended to
understand the impact of the used dose calculation engine.

Titanium has five stable isotopes, where 48Ti is the most
common one with 73.72%. The production of the scandium
isotopes 44Sc, 46Sc and 47Sc via (p,X) reactions as well as the
production route 48Ti (p,n) 48V is reported in Michel et al. [39].

A limitation of this work is the low number of repetitions of
measurements of individual treatment plans, which has a large
impact on calculating the CI of the line profiles. The number of
repetitions was a compromise between the investigated treatment
plan scenarios and the limited beam time available at the proton
facility. Increasing the number of repetitions of the individual
treatment plans will further improve the CI and consequently the
detection limit of this methodology. The current design of the
presented phantom is limited to accommodate implants of up to
3 cm in diameter. This includes implant types such as small plates,
rods and dental implants. Other parts such as femoral heads or
entire hip prostheses would require a redesign of this version of
the phantom.

A direct comparison of the results found in this work for photon
beams is challenging as other groups mainly investigated simple
static fields. Qualitatively, the dose increase at the tissue-metal
interface in the entrance region of the photon beam was also
found by other groups [5–7]. The dose distribution within the
screw was only investigated by Pawałowski et al. who also found
a dose increase within the screw in their experiments [7]. Kamomae
et al. investigated the dose distribution near dental implants and
found an increased dose compared to the calculated dose of about

FIGURE 7
Comparison of CT values (A), density (B) and stopping power
ratio (C) for different resolutions extracted from the TPS. Grey shaded
area indicates the position of the screw.
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(10.4 ± 8.1) % [4]. Available proton experiments are even more
scarce with no reports on how the dose distribution is affected within
a screw. Jia et al. have reported a dose enhancement of up to 8%
immediately downstream of the screw, with no perturbations
measured outside the lateral edges of the phantom [10]. This has
been contradicted by Oancea et al. who have reported a dose
increase of up to a factor of 13 [12].

This work clearly demonstrated that dedicated end-2-end
phantoms for commissioning TPSs, such as described in this
work, will help reduce the uncertainty of dose calculation near
metal implants. Further, this methodology should be included in
dosimetry audits [23, 24].

5 Conclusion

Our study characterized a dosimetric phantom dedicated to metal
implants in photon and proton beams. The employed methodolgy
showed a detection limit of 2.2% and 1.7% for photons and protons,
respectively. The necessity of such phantoms was demonstrated by the
varying characteristics of the dose distribution between the two beam
qualities in the vicinity of the implant. Furthermore, depending on the
used dose calculation engine the dose distributions differ, and thus
experimental verification becomes mandatory. Clear guidelines for
radiotherapy patients with metal implants are often lacking. A
phantom, as described in this study, can serve as the foundation for
dedicated end-2-end phantoms for dosimetric measurements in close
proximity to metal implants.
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