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The brain and the skull base tumors are the most common cases treated in Kraków with proton
therapy. Due to the need to deliver a high dose of ionizing radiation (70–74 Gy RBE) and the close
presence of critical structures such as the brainstem, optic chiasm, and optic nerves, the use of a
proton beam creates better opportunities for dose escalation to the target volume compared to photon
radiotherapy. A problem in planning such treatment is the presence of metal stabilizers on the beam
path in about 40% of patients, which increases the uncertainty of the planned dose delivery. Acquisition
of the computed tomography layers, necessary for treatment planning, was performed with the Siemens
Somatom Definition AS apparatus, equipped with the iMAR software, an optimized iterative algorithm
for reducing metal artifacts. Then, a dedicated calibration curve for the Varian Eclipse treatment
planning system (Hounsfield Units to relative proton stopping power conversion) was prepared. The
geometry of the beams is also optimized with respect to the metal element and the critical organs.
The presented procedure allowed for the safe proton radiotherapy treatment using a scanning beam in
over 50 patients with metallic stabilizers, which was additionally confirmed by Monte Carlo simulations
using the FRED tool.
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1. Introduction

Since the beginning of radiotherapy in Kraków,
skull base tumors have been one of the main cases
treated here. Tumors of this kind are usually treated
with a high dose of ionizing radiation (70–74 Gy
RBE) and localized near critical structures. More-
over, in locations such as the base of the skull or
the spine, there may be metal stabilizers that may
enter the radiation field. It has been already intro-
duced that spinal implants interfere with the dose
distributions calculated in the treatment planning
system [1].

To prepare a treatment plan using a scanning
proton beam, verified experimental data for the
treatment planning system, such as beam param-
eters and calibration curve for the computed to-
mography (CT) scanner, are needed. For the imag-
ing protocol of the patients with metal components,
a dedicated calibration curve is prepared that con-
verts Hounsfield Units (HU) to relative proton stop-
ping power (RPSP). Additionally, patient’s target

structures, such as planning target volume (PTV)
and organs at risk (OARs), contoured by the physi-
cian, are necessary for treatment planning and plan
evaluation.

The calibration curve is the main source of sys-
tematic uncertainty in the planning of proton radio-
therapy as it determines the beam range calculated
by the treatment planning system (TPS) at a given
proton energy [2]. In patients who have metal ele-
ment, CT image artifacts appear, giving false infor-
mation about the density of the medium. Instead
of the HU numbers characteristic of soft tissue or
bone tissue, their significant reduction is visible —
even to the value corresponding to the air.

There are three main sources of artifacts on a CT
image with metal elements:

1. Beam hardening — where low-energy photons
are much more absorbed by the metal ele-
ment. High-energy photons passing through
metal do not provide adequate image quality,
especially for soft tissues.
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2. Undersampling — the area with a large differ-
ence in densities (metal and surrounding tis-
sue) is not sampled sufficiently.

3. “Photon Starvation” — where a small number
of photons is registered by the CT system,
which increases the statistical uncertainty.

The above-mentioned factors causing the forma-
tion of artifacts on CT images with metal stabilizers
significantly increase the range uncertainty, empiri-
cally determined at 3.5% for the regular medium [3].

2. Material and methods

In order to safely plan the treatment for patients
with metal stabilizers, it is necessary to eliminate
the artifacts derived from metal, visible on the CT
image, and to obtain complete information about
the HU numbers for the metal material. Artifacts
on the CT image can be corrected manually, how-
ever, it is time-consuming and not very accurate.
Dedicated algorithms, cooperating with a computed
tomography system, can be also used. Only CT lay-
ers with eliminated artifacts can be used to prepare
an appropriate treatment plan.

2.1. Metal artifact reduction

At the National Institute of Oncology in Kraków,
two software solutions are available to reduce metal
artifacts. The first is MARS (Metal Artifacts Re-
duction Software) — installed on the GE Discov-
ery 750 HD CT scanner. It uses a dual-energy solu-
tion (differences in cross-sections for photon inter-
actions as a function of energy). Image reconstruc-
tion is carried out using filtered back projection
(FBP) method. The second one, i.e., Siemens So-
matom Definition AS, uses a single energy Itera-
tive Metal Artifacts Reduction (iMAR) software,
based on iterative reconstruction with respect to
a given/expected preset. To assess which of the
available tools is better for eliminating artifacts,
a special phantom was built containing (see Fig. 1)
a titanium spine stabilizer embedded in gelatin.

Fig. 1. (a) Spine stabilization system in the phan-
tom; (b) phantom’s image reconstructed by MARS;
(c) phantom’s image reconstructed by iMAR.

Fig. 2. Metal artifacts correction with Siemens
iMAR algorithm.

The stabilization system was made from
Ti 6AL4V alloy (6% of aluminum and 4% of
vanadium added) as a routinely used clinical spine
stabilization system.

The prepared phantom with Ti stabilizers was
scanned in a bigger water phantom on each tomo-
graph, using both methods of reduction metal arti-
facts. The placement of the gelatin phantom inside
the water phantom is closer to the clinical condition
in terms of the field of the view and the attenuation
of the scanner radiation. A visual assessment of the
phantom images was carried out. The iMAR recon-
structed images have less artifacts. Based on the
above, a Siemens CT with an iterative algorithm
reducing artifacts was used for further work. The
example of the CT scan corrected with iMAR algo-
rithms is shown in Fig. 2.

Acquisition of CT layers was performed with the
Siemens Somatom Definition AS apparatus using
the iMAR iterative algorithm optimized for the pur-
pose of reducing metal artifacts. Then, a protocol
dedicated for iMAR calibration curve was prepared.
For each patient having a stabilizer, computed to-
mography was additionally reconstructed in the ex-
tended HU scale to transfer information necessary
for treatment planning algorithm like implant den-
sity [4]. Then, high-density structures from the ex-
tended HU scale were copied to planning CT. Ac-
quired CT values of metal elements were assigned
on CT prepared for treatment planning.

When iMAR did not correct the image as ex-
pected, artifacts were manually overwritten using
the HU values, from tissue of a close density to the
expected one.

Planning CT used a dedicated iMAR calibration
curve up to the 9074 HU as there was no denser in-
sert available in the calibration phantom. Materials
with the HU numbers greater than the last point
of the calibration curve were overwritten with 9074
HU after contouring.

2.2. Preparing beam geometry

In tumors of the base of the skull, especially
chordomas and chondrosarcomas, the PTV area
surrounds the spinal canal on the anterior and
lateral sides. For patients after implantation, the
appropriate beam geometry should be selected in
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addition to the artifact reduction method presented
in the paragraph above. The direction of the beams
should be selected so that the metal element is not
in the path of the beam, which is very difficult to
achieve. In clinical practice, the beam should not
pass proximally through the metal element in rela-
tion to the spinal canal and other critical organs at
risk, if present.

Treatment plans were also based on individually
defined structures, the so-called “target per field”
(TPF), i.e., volumes to be irradiated from a given
therapeutic beam. The purpose of this method is to
avoid fragmented artifact areas being reconstructed
in an unacceptable way. The geometry of the beams
and TPFs have also been optimized with respect to
the metal component and critical organs.

2.3. Range uncertainty

Due to the multiple sources of proton beam
range uncertainties (including both biological [5]
and physical uncertainties [6]), it is possible to cal-
culate an additional margin for PTV reducing the
influence of the beam range uncertainty on the tar-
get coverage. Range uncertainties were calculated
for the clinical target volume (CTV) structure sepa-
rately for each of the field according to the formulae:

• Proximal margin (PM)

PM =
(
NR− SOBP

)
× 3.5% + 0.1 cm, (1)

• Distal margin (DM)

DM = NR× 3.5% + 0.1 cm, (2)
where NR — nominal range (energy-dependent)
given in cm, SOBP — spread out Bragg peak width
of the target, given in cm.

An additional 0.1 cm margin was added to ac-
count for the uncertainty of patient movement to
ensure PTV coverage. A treatment plan was then
prepared for the defined beam geometry in the
Eclipse v. 16.1 treatment planning system (Var-
ian Medical Systems) in inverse planning tech-
nique using Non-Linear Universal Proton Optimizer
(NUPO), which allows to reduce plan uncertainty
by robust optimization.

2.4. Analysis

For the clinically accepted plan, assuming the
same conditions (regarding CT scan, structure set,
and beam geometry), the dose distribution was cal-
culated using the Monte Carlo tool FRED (Fast
paRticle thErapy Dose evaluator). The result —
as dose-to-medium — was experimentally and clin-
ically validated in Kraków [7].

For both calculation methods (PTS, Fred), the
same data (especially dedicated to iMAR) was used
to prepare the CT calibration curve for the rela-
tive proton stopping power (RPSP). It can cause
systematic variation for the calculated doses, so the
precise preparing of such relationship is crucial to
minimize systematic error. Several methods of CT

calibration can be found in the literature. The most
common is the one proposed by Schneider et al. [8],
the so-called stechiometric method, which allows to
minimize the uncertainties of the calculation ranges
to the level of 3.5% of the beam range [9]. The
method was used to prepare the CT calibration
curves in this case.

Finally, a dose distribution comparison was made
in Sun Nuclear SNC Patient software using the
gamma method for the parameters: dose difference
DD = 3%, distance to agreement DTA = 2 mm,
threshold of 60%. Doses for PTVs and OARs were
evaluated and compared in Eclipse TPS.

To date, treatment has been finished for more
than 50 patients with cervical/occipital stabilizer,
without any signs of complications in follow-up.
Monte Carlo calculation was performed for 10 pa-
tients using the Fred tool. Due to the anatomical
location of PTVs, the spinal cord with extra 3 mm
margin, was a critical organ analyzed for all 10 pa-
tients (maximum point dose). In addition, for three
of them — brainstem maximum doses were also
analyzed.

3. Results

Due to the different doses assigned to the treat-
ment volumes in the treatment plans, the differences
in doses received by critical organs and target struc-
tures as calculated by TPS Eclipse and MC FRED
were relatively assessed.

An example of a dose distribution in a patient
with chordoma is presented in Fig. 3. The max-
imum doses expressed in Gy RBE for the spinal
cord + 3 mm were compared. The differences be-
tween the Eclipse and MC Fred calculations ranged
from 0.65 to 6.95% with an average value of 2.86%
and a standard deviation of 2%. Doses for brain-
stem were also compared in a similar way. The dif-
ferences between the Eclipse and MC Fred calcula-
tions ranged from 0.11 to 3.97%, respectively, with
an average value of 1.61% and a standard deviation
of 2% (see Table I).

Target structures were also analyzed, i.e., GTV
(gross tumor volume), CTV (clinical target vol-
ume), PTV (planning target volume), for the pa-
rameters: near minimum dose — D98%, mean dose
— Dmean, near maximum dose — D2%. The results
are shown in Table II.

Additionally, a comparison of the dose
distributions calculated by MC Fred and TPS
Eclipse for the five transverse layers for each patient

TABLE I

Maximum doses Dmax for organs at risk (OARs).

OAR
Dmax Eclipse

vs Dmax Fred [%]
Spinal cord + 3 mm 2.86± 1.99

Brainstem 1.61± 2.07
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TABLE IIReported doses for target structures.

Target structure
D98% Eclipse

vs D98% Fred [%]
Dmean Eclipse

vs Dmean Fred [%]
D2% Eclipse

vs D2% Fred [%]
GTV 3.32± 2.09 1.27± 0.79 1.62± 1.17

CTV 6.87± 2.42 1.80± 1.21 1.47± 0.82

PTV 7.89± 3.97 1.36± 1.10 1.86± 0.9

Fig. 3. Dose distribution for TPS Eclipse vs MC Fred tool. Black lines correspond to the beam’s direction.

Fig. 4. Fred vs Eclipse doses — gamma evaluation for 3% and 3 mm. In panel (a), TPS dose distribution is
presented. Panel (c) presents MC generated dose distribution. Panel (b) corresponds to gamma difference.

was performed using the gamma method. A clini-
cally acceptable agreement between layers is when
gamma ≤ 1 is met for more than 90% of the pixels.

An example of the analyzed layer is presented
in Fig. 4. The average percent of pixels meeting the
gamma criteria was 95.7 (values from 85.8 to 100)
with a standard deviation of 3.9. Out of the 50 dose
layers analyzed, only 2 did not meet defined clinical
requirements.

4. Conclusions

The presented procedure allowed for safe proton
radiotherapy using proton-pencil beam scanning in
over 50 patients with metallic stabilizers, which was
additionally confirmed by Monte Carlo simulations
with the FRED tool. The dose for the selected or-
gans at risk (spinal cord and brainstem) is the same

in the MC calculation as in TPS. For OARs, the
maximum difference between the Eclipse dose and
Fred calculation is 7%, which is a clinically satis-
factory result. A good agreement of the TPS dose
distribution with the MC dose distribution was ob-
tained, as confirmed by gamma analysis. Only 4%
of dose layers did not meet clinical requirements.
Therefore, it is possible to reduce the uncertainty
of the treatment plan by reducing metallic artifacts
and selecting the appropriate beam geometry in re-
lation to critical organs and metal elements. It will
allow safe proton radiotherapy with a stabilizer in
this critical area of the base of skull tumors.

As one of the few proton radiotherapy centers in
the world, we safely treat patients with spine and
skull base stabilizers using proton-pencil beam scan-
ning. This is a significant complement to the devel-
opment of radiotherapy in Poland [10].
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