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ARTICLE INFO ABSTRACT

Background and Purpose: Inverse treatment planning for lung cancer can be challenging since density hetero-
geneities may appear inside the planning target volume (PTV). One method to improve the quality of intensity
modulation is the override of low density tissues inside the PTV during plan optimization. For magnetic re-

Keywords:
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IMRT ) sonance-guided radiation therapy (MRgRT), where the influence of the magnetic field on secondary electrons is
x;n':TCar ° sensitive to the tissue density, the reliability of density overrides has not yet been proven. This work, therefore,
MRiinac gains a first insight into density override strategies for MRgRT.

Material and methods: Monte Carlo-based treatment plans for five lung cancer patients were generated based on
free-breathing CTs and two density override strategies. Different magnetic field configurations were considered
with their effect being accounted for during optimization. Optimized plans were forward calculated to 4D-CTs
and accumulated for the comparison of planned and expected delivered dose.

Results: For MRgRT, density overrides led to a discrepancy between the delivered and planned dose. The tumor
volume coverage deteriorated for perpendicular magnetic fields of 1.5T to 93.6% (Dggs,). For inline fields a
maximal increase of 2.2% was found for the mean dose. In terms of organs at risk, a maximal sparing of 0.6 Gy
and 0.9 Gy was observed for lung and heart, respectively.

Conclusions: In this work, first results on the effect of density overrides on treatment planning for MRgRT are
presented. It was observed that the underestimation of magnetic field effects in overridden densities during
treatment planning resulted in an altered delivered dose, depending on the field strength and orientation.

Magnetic field
Lung cancer

Dose delivery
Tumor motion

1. Introduction

The implementation of treatment planning margins accounting for
the expected position variability of the tumor is one strategy to mitigate
motion uncertainties on the dose delivery [1]. For lung cancer, how-
ever, an enlarged planning margin will inevitably include low-density
tissue into the planning target volume (PTV). This can introduce sub-
stantial density heterogeneities to the target volume and presents a
difficulty for inverse treatment planning. Particularly, when dose cal-
culations are performed with model-based algorithms capable of ac-
counting accurately for density heterogeneities, high dose gradients can
arise inside the PTV [2]. Model-based dose calculation algorithms in-
clude physical models to incorporate the effect of heterogeneities on
lateral scattering into dose calculation. Typical examples of model-

based dose calculation algorithms include kernel superposition, de-
terministic solution of the linear Boltzmann transport equation or
Monte-Carlo methods [3,4].

The aim of conventional intensity-modulated radiotherapy (IMRT)
is a conformal, homogenous dose in the PTV. To this end, a higher
fluence has to be delivered to low density lung tissues than to tumor
tissue with a higher density. Consequently, when performing IMRT, the
optimization algorithm will set a higher weight to beamlets super-
imposing in low density regions inside the PTV. This, however, re-
presents an overprediction of the fluence required to provide sufficient
dose to the solid tumor when it is shifted to positions where low density
tissue was expected. Furthermore, these strongly weighted beamlets
can lead to unnecessarily increased dose to healthy tissue. Wiant et al.
could show for an analytic anisotropic algorithm (AAA) that the
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overriding of CT values inside the PTV for treatment planning improved
the dose delivery to the gross tumor volume (GTV) and reduced the
dose to surrounding tissues [5].

The presence of a permanent magnetic field in magnetic resonance-
guided radiation therapy (MRgRT) influences the dose distribution due
to the Lorentz force acting on secondary electrons. The distortion of the
dose depends on the orientation and strength of the magnetic field as
well as on the patient tissue [6]. Dose effects are known to be parti-
cularly strong in lung where high density variations occur [7,8]. These
dose effects have to be taken into account during treatment planning
and are usually integrated in Monte Carlo-based treatment planning
algorithms. The effects of density overrides on the treatment planning
for MRgRT have not been evaluated yet. In this work, we investigate the
impact of different magnetic field orientations and strength on the
dosimetric outcome, when density overrides are applied during IMRT
treatment planning for lung cancer patients.

2. Material and methods
2.1. Treatment planning

IMRT step and shoot plans were generated using the in-house de-
veloped open-source multimodality treatment planning system matRad
[9]. To account for the effect of magnetic field already during optimi-
zation, matRad was extended to enable Monte Carlo-based dose cal-
culation using the EGSnrc particle transport code [10]. The particle
transport in the presence of magnetic fields was realized by means of a
specialized macro integrated into the EGSnrc code [8,11].

The radiation field of a 6 MV linear accelerator was simulated by a
simplified fluence-modulated point-source model along with an addi-
tional electron point-source to account for contaminating electrons.
Single beamlets were set to a 10 x 10 mm? cross-section in the isocenter
plane. A uniform magnetic field was defined for all simulations, while
the impact of the magnetic fringe field was not considered. The max-
imum electron step-length was set to 0.025 times the gyration radius.
The total number of particle histories in the simulations of single
beamlets for generation of the dose influence matrix as well as for the
forward calculations of the optimized plans was chosen to provide an
overall statistical uncertainty of less than 1% for dose in the PTV. An
internal target volume (ITV) concept was applied to account for the
geometrical uncertainties of the target volume with the ITV defined as
the sum of the GTV delineations in all breathing phases of the 4D-CT.
For the clinic target volume, a 5 mm margin was added to the ITV. The
final PTV encompassed an additional safety margin of 2 mm. For the
analysis of the tissue outside the treatment planning volume, a sup-
plementary 5mm help margin was defined surrounding to the PTV
(MPTV+5mm)-

2.2. Density override strategies

The concept of density overrides was described by Wiant et al. [5].
They introduced various density override strategies and investigated
their impact on stereotactic body radiotherapy treatment for lung
cancer patients. In their work, four different density override strategies
were compared to a free-breathing CT (FBCT) approach, using an AAA
for dose calculation. In this work, the two strategies performing best for
the AAA in Wiant et al. were selected for the current investigations in
the presence of a magnetic field, namely the strategies DO1 and DO2 as
described in Fig. 1. Treatment plans were generated for the free-
breathing approach, used as a reference condition, and for the two
density override strategies. Furthermore, since MRgRT systems enable
real-time MR-imaging during irradiation, there is the possibility of
margin reduction along with gating or tracking approaches what shall
reduce the ratio of lung tissue inside the PTV and eventually mitigate
the effect of density overrides. To investigate this issue, a gating PTV
was defined as a single 5 mm margin enclosing the GTV. Subsequently,
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Fig. 1. Schematic representation of the density override strategies adapted
from [5]. (left) Free-breathing CT (FBCT). (middle) Density override strategy
DO1: the density of the PTV is replaced by the mean density of the GTV. (right)
Density override strategy DO2: the density of the ITV is replaced by the mean
density of the GTV and the density of the remaining PTV is set to the average
density between the mean GTV density and the surrounding tissue described by
the mean density of a 5mm margin surrounding the PTV (MPTV . 5m)-

Table 1

Table of the density values used for density overrides. (1) Mean density § of the
GTV; (2) mean density g of the MPTV , 5ym; (3) average of (1) and (2). All
values are listed in g/cm®,

Pat Apo Pat Bpo Pat Cpo Pat Dpo Pat Epo
0.75 0.76 0.90 0.98 0.90
@
p (GTV)
0.37 0.52 0.52 0.80 0.43
2
p (MPTV 4 5:0m)
0.56 0.64 0.71 0.89 0.88

3)
Av. of (1) & (2)

the density override concept DO1 was applied on the gating PTV for
treatment planning (DO1gating)-

The mean density values used to override the density of the voxels
inside the ITV and the PTV are listed in table 1, for the patient data set
investigated in this work. In addition, Fig. 2 shows the distribution of
density values inside the GTV and MPTV 5.

2.3. Study design

IMRT plans were created for five lung cancer patients considering
two different magnetic field to beam orientations each with two dif-
ferent magnetic field strengths as described in the literature, namely a
0.35T and 1.5T magnetic field perpendicular to the beam direction,
and a 0.5T and 1.0 T inline magnetic [12-15]. Optimization was per-
formed according to the RTOG 1021 guideline [16] with the optimi-
zation goal of homogeneous dose in the PTV within Dggo, > 95% and
D, less than 107% of prescribed dose. Further details about the treat-
ment planning set-up for individual patients are listed in table 2.
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Fig. 2. Boxplot distribution of the density values inside the GTV (black) and
MPTV , 5mm (grey).
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Table 2
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Overview of patient-specific data used in this study. DO1g.ng refers to a gating margin of 5mm added to the GTV.

Patient Tumor location No. of Beams Volume [cm®] Volume [cm®]
GTV PTV DO1gating Ipsilateral lung
A Right Upper Lobe 9 10.6 47.1 45.3 1575.7
B Left Upper Lobe 10 27.0 102.8 90.7 2650.0
C Right Middle Lobe 10 50.3 169.2 145.5 2086.6
D Left Upper Lobe 10 91.6 166.2 217.8 1551.3
E Right Middle Lobe 10 47.0 138.6 157.2 2142.3

After optimization, plans were forward calculated to the corre-
sponding 4D-CT phases without density overrides. The total dose of all
ten breathing phases was then accumulated to the initial FBCT using
deformable B-spline-based image registration with plastimatch [17]
and dose accumulation based on energy mass transformation [18]. In
this way, the planned dose with density overrides could be compared to
the expected delivered dose. The current analysis was based on imaging
data from patients enrolled in a prospective multicenter trial
(NCT01396551) investigating real-time lung tumor motion monitoring
based on implanted anchored electromagnetic transponders. The trial
was approved by the independent ethics committee of the College of
Heidelberg (MZmu-026/2011).

3. Results
3.1. Dose evaluation in the tumor

To evaluate the robustness of the dose delivery when density
overrides are performed, the planned dose on free-breathing CTs with
density overrides was compared to the forward-calculated dose on 4D-
CT data without density overrides, representing the expected delivered
dose. Fig. 3 shows the mean dose metrics of Dggoy, Dimean and Daog, in the
GTV for all patients. All plans showed comparable dose quality for the
case of FBCTs where no density override was applied. Independent of
the magnetic field present the difference between planned dose and
delivered dose to the GTV was less than 0.4%. However, when density

overrides were applied during optimization, the planned dose and de-
livered dose differed substantially in the presence of magnetic fields,
with the effect depending on the magnetic field strength and orienta-
tion.

For the case of perpendicular magnetic fields, the gap between Dogo,
and Do, of the forward-calculated plans increased, leading to a con-
siderable deterioration of the dose conformity in the GTV. This effect
increased with the higher magnetic field strength. In the perpendicular
magnetic field of 0.35 T, Dggo, was reduced to 95.4% and 95.6% of the
prescribed dose for DO1 and DO2, respectively, while Do, raised to
104.6% and 104.1%. The 1.5 T perpendicular magnetic field resulted in
average Dogo, values of 93.6% and 94.0% for DO1 and DO2, respec-
tively, and average Do, values of 107.1% and 106.8%. Dyean did not
change substantially due to the presence of perpendicular magnetic
fields.

The presence of inline magnetic fields resulted in an overall increase
of delivered dose to the GTV in comparison to the planned dose. For the
inline magnetic field of 0.5 T, the average D,ean increased by 1.5% for
DO1 and 1.3% for DO2. As for the case of a 1.0 T inline magnetic field,
Dinean increased by 2.2% and 1.9% for DO1 and DO2, respectively. In
addition, the average Dggo, and Doy, values were also enhanced by the
presence of inline magnetic fields.

The results of the simulations for the case of DO1g,ing, showed no
relevant deviations to DO1 with the conventional PTV margins.
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Fig. 3. Average values across the five lung cancer patients for the GTV dose metrics of D2y, Dimean and Dogo,. The prescribed dose is here represented with 100%. Error
bars indicate corresponding standard deviations. Bars with black outline depict results from FBCT, dark red from DO1 and green from DO2 approaches. The results
from treatment planning based on a reduced gating margin are represented by bars with red dashed-dotted outline (DO14ing). Dark-colored bars present the results
from treatment plan optimization taking into account the magnetic field during optimization, while light-colored bars present dose metrics for the forward-calculated
dose to 4D-CT phases accumulated to the corresponding free-breathing CT. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 4. Differences between the FBCT strategy and the density override strategies DO1 and DO2 in terms of mean dose (Dpean) to organs at risk, including the total
lung, esophagus, spinal cord, and heart. The mean difference is calculated over all patients. All values stated are in absolute dose assuming a prescribed dose of 70 Gy.

3.2. Dose evaluation at OAR

The differences between the conventional FBCT strategy and the
density override strategies DO1 and DO2 in terms of dose to organs at
risk are shown in Fig. 4. The results showed neither clear general de-
pendency on the magnetic field strength or orientation, nor on the
density override strategy itself.

For the dose to the total lung, the average D,can Was reduced in all
cases. A minimal Dy, reduction of 0.3 Gy for DO1 and 0.2 Gy for DO2
was found for the 0.5T inline magnetic fields, while a maximal re-
duction of 0.6 Gy for DO1 and 0.5 Gy for DO2 was observed for the case
of a 1.5T perpendicular magnetic field.

The average mean doses to the esophagus and spinal cord did not
show any pronounced tendencies. The mean esophagus dose decreases
for 0T, 1.5 T perpendicular, 0.5T and 1.0 T inline magnetic fields by a
maximum of 0.3 Gy, while it increased slightly by 0.1 Gy for DO1 in a
0.35T perpendicular magnetic field. The mean dose to the spinal cord
was reduced for 0T, 1.5T perpendicular and 1.0 T inline magnetic
fields by less than 0.2 Gy while it increased for the 0.35 T perpendicular
and 0.5T inline magnetic fields by maximal 0.3 Gy. The largest dose
reduction gained by density overrides was observed in the heart where
the average Dpcan decreased by up to 0.9 Gy for DO1 and DO2inal.5T
perpendicular magnetic field.

4. Discussion

The strategy of density overrides for lung cancer radiation treatment
planning can be advantageous for conventional IMRT. The assumption
of a homogeneous density inside the PTV, equal to the density of the
solid tumor, allows the optimization algorithm to generate a superior
fluence modulation with optimal dose coverage, independent of the
solid tumor location inside the PTV. For MRgRT, the impact of the
magnetic field on the dose distribution depends on the field strength
and orientation as well as on the density of the tissue in which sec-
ondary electrons propagate. This study provides an insight into the

26

effects of density override strategies on lung cancer treatment planning
for different magnetic field set-ups.

For conventional IMRT treatment planning, Wiant et al. could de-
monstrate that density override strategies are beneficial for the treat-
ment plan quality of lung cancer patients [5]. Moreover, an improved
stability of dose distributions in lung was reported during organ mo-
tion, when a homogeneous density override was applied with a density
of 1 g/crn3 [2,19]. In this work, similar results related to conventional
radiotherapy were obtained. In terms of dose to organs at risk, density
overrides were observed to improve the healthy tissue sparing, with the
mean dose being reduced when no magnetic field is present. These
results are in agreement with Wiant et al., where planned and delivered
dose only differed slightly. Furthermore, the impact of considered
magnetic fields on the FBCT approach was investigated and no sub-
stantial differences were observed between the planned and accumu-
lated delivered dose. Treatment planning strategies using CT data ac-
quired from dynamic or temporal information of 4D-CTs such as
maximal- or average- intensity projection as well as breath-holding
techniques were not incorporated in this work [20-22].

When treatment planning was performed in the presence of mag-
netic fields and density override strategies were applied, the results for
the delivered dose differed substantially from the planned dose. For the
considered perpendicular magnetic fields, results showed a loss of dose
conformity in the GTV due to underestimation of the electron return
effect in regions where low-density tissues were replaced during
treatment planning. This impact was more pronounced for the magnetic
field of 1.5 T than for 0.35 T. For the 1.5 T perpendicular magnetic field,
results indicated that a considerable part of the GTV received less than
95% of the prescribed dose. An underdosage of this extend may com-
promise tumor control and counterbalance the possible benefits of
MRgRT.

Inline oriented magnetic fields caused a reduction of laterally
scattered electrons and led to a pronounced forward orientation of
secondary electrons. This effect was underestimated when density
override strategies were applied for treatment planning and eventually
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resulted in an increased delivered dose to the GTV. The dose increase in
the GTV was more pronounced for the inline magnetic field of 1.0 T
than for 0.5 T. The effect of the inline magnetic fields on dose values,
however, was small and it is not expected to have a substantial impact
on the treatment outcome.

For the two investigated density override strategies DO1 and DO2,
no significant differences were found, indicating an equivalence of both
strategies. In terms of dose to OARs, the results showed neither clear
dependency on the magnetic field orientation and strength nor on the
density override strategy itself. A systematic decrease in Dy,c., Was only
found for the heart and total lung. The dose sparing, however, was
small and did not exceed 1 Gy.

The results presented in this work provide a first insight into the
effect of density overrides on treatment planning for MRgRT. It could be
shown that the underestimation of the impact of magnetic fields on
secondary electrons in overridden densities during treatment planning
can limit the applicability of density override strategies for MRgRT.
While for inline magnetic fields the effects are only small, density
overrides can lead to systematical underdosage of the tumor for per-
pendicular magnetic fields of 1.5 T. More conformal results were ob-
tained when the FBCT was used for treatment planning. From the cases
studied the conclusion can be drawn that for MRgRT a recalculation of
optimized plans on the original CT is mandatory when density override
strategies are applied during treatment planning. The suitability of
density overrides, particularly for perpendicular magnetic fields, needs
to be determined case-specific.
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