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Zusammenfassung

Die Partikeltherapie fiir Tumore in der Lunge z.B. nicht-kleinzellige Bronchialkarzinome
stellt eine vielversprechende Therapieoption dar. Zugleich stellt die Bestrahlung von Lun-
genkarzinomem mit Protonen oder Kohlenstoffionen eine vielseitige Herausforderung dar.
Die Bewegung des Tumors, des Herzens und des gesamten Thorax durch die Atmung
und den Herzschlag fordern eine zeitlich mit der Atmung und Tumorbewegung gekoppelte
Bestrahlungsapplikation. Zusatzlich bringt das Lungengewebe durch seine mikroskopische
Struktur weitere Unsicherheiten in die Dosisberechnung.

In klinischen CTs, welche die Grundlage der Bestrahlungsplanung und Dosisberechnung
bilden, werden die Mikrometer groBen luftgefiillten Alveolen der Lunge nicht aufgeldst,
sondern durch eine mittlere Dichte abgebildet. Der Bragg Peak wird bei Durchstrahlen
eines solchen heterogenen Gewebes jedoch aufgeweitet, da einzelne Partikel im Strahl eine
immer leicht andere Kombination aus Luft und Gewebezusammensetzung passieren und
dies wiederum zu eine leicht unterschiedlichen Reichweite der Teilchen fiihrt.

Wird diese Verbreiterung des Bragg Peaks in der Bestrahlungsplanung nicht beriicksichtigt,
so kann diese potenziell zu einer Unterdosierung im Zielvolumen und somit dann zu einer
schlechteren Tumorkontrolle fiihren und zusatzlich zu einer hoheren Dosis in den Risikoor-
ganen und im Normalgewebe, so dass die Toxizitatsrate den Therapieerfolg gefahrdet.

In der vorliegenden Dissertation werden die Auswirkungen der Bragg Peak Verbreiterung
auf die Dosisverteilung simuliert und analysiert, so dass eine Abschatzung der Effekte im
klinischen Alltag moglich ist. Dafiir werden CT Bilder mit Hilfe einer Dichtemodulations-
funktion der Lunge manipuliert, welche die Verbreitung der mikroskopischen Strukturen
auf makroskopische Strukturen ibertragt. Somit kann ein direkter Vergleich zwischen
den Dosisverteilungen mit und ohne die Verbreiterung gezogen werden. Verschiedene
Abhangigkeiten wie die TumorgroBe und -lage, sowie die Tumorform werden systematisch
untersucht und die Ergebnisse fiir fiinf Patienten dargestellt, so dass die klinische Relevanz
abgeschatzt und beurteilt werden kann.

Zudem werden Messungen vorgestellt, welche die eingefiihrte Materialeigenschaft der "Modu-
lationsstarke" eines Gewebes fiir Lungengewebe zeigen. Auf Basis dieser Daten konnen die
offenen Punkte der Analysen angegangen und die Unsicherheiten verringert werden, so dass

besser begriindete Einschatzungen vorgenommen werden. Zudem wird ein mathematisches
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Modell prasentiert, welches die Abschatzung der Modulationsstarke auf Basis einer CT-

Histogrammanalyse erlaubt.

Zusammen bilden die vorgestellten Arbeiten die Grundlage und Voraussetzung der Integra-

tion der Bragg-Peak Verbreiterung des Lungengewebes in die klinische, patientenindividuelle

Bestrahlungsplanung.
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Summary

Particle therapy offers to be a promising therapeutic option for tumors in the lung like Non-
small cell lung cancer (NSCLC). However, the irradiation of NSCLCs with protons or carbon
ions poses different challenges. The movement of the tumor, the heart and the entire thorax
through breathing and the heartbeat requires a motion mitigated radiation application. In
addition, the microscopic structure of the lung tissue holds further uncertainties of the
calculation of the optimized dose distribution.

In clinical CTs, on which treatment planning and dose calculation is based, the micrometer-
sized air-filled alveoli of the lungs are not fully resolved, but are mapped through a medium
density. As each particle of the beam passes a slightly different composition of air and
tissue which leads to a slightly different range of the particles, the Bragg peak is degraded
when irradiating such a heterogeneous tissue as lung.

If this degradation of the Bragg peak is not taken into account into treatment planning,
it can potentially lead to an underdose in the target volume and thus to a loss in tumor
control. Additionally, the degradation can also lead to a higher dose in the organs at risk and
normal tissue, endangering the success of the therapy by a higher toxicity of the treatment.
In this dissertation, the effects of the Bragg Peak degradation on the dose distribution
are calculated and analyzed so that an assessment of the effects for the clinical routine is
available. For this purpose, CT images are manipulated with the help of a density mod-
ulation function, which modulates the density of the macroscopic lung voxel to reproduce
the microscopic effect. Thus, a direct comparison between the dose distributions with and
without the degrading effect is possible. Various dependencies like the tumor size, position
and shape are systematically examined and the results of the degradation on clinical plans
are presented for five patients. Hence, the clinical relevance can be estimated and assessed.
In addition, measurements are presented which show the introduced material property of
the "modulation power" of lung tissue. On the basis of this data, the uncertainties of the
presented calculation and analysis can be reduced and estimated better. In addition, a

mathematical model is presented which allows to estimate the modulation power on the



basis of a clinical CT histogram analysis.
Together, the works presented offer a basis for the patient-specific translation of the Bragg

peak degradation of lung tissue into the clinical treatment planning procedure.
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1 Introduction

1.1 Lung cancer and its treatment

With 19.3 million estimated new cancer cases in 2020 worldwide and almost 10 million
cancer related deaths, cancer is one of the world's leading cause of death and its effective
treatment an all-embracing issue in every health system [Sung et al., 2021]. Lung cancer
as subset has the second highest incidences of the new cancer cases (11.2%) and is the
leading cause of cancer related death with roughly 1.8 million deaths in 2020 [Sung et al.,
2021]. This shows that the established treatment procedures do not have the high tumor
control rates and survival outcomes that are available for other cancer entities.

For cancer, especially lung cancer, the three pillars on which treatment relies on are surgery,
chemotherapy and radiotherapy. In most cases, a combination of the treatment modalities is
recommended to the patient. Recently, immunotherapy (e.g. immune checkpoint inhibitors
or vaccine therapy) for advanced stages of lung cancer has been added to the available
treatment options and show promising results [Lemjabbar-Alaoui et al., 2015]. Lung cancer
is highly heterogeneous and has to be divided into two main categories: Small cell lung
cancers (SCLCs) which are derived from the hormonal cells of the lung and Non-small cell
lung cancers (NSCLCs) which are large cell anaplastic carcinomas and make up most of the
lung cancer cases with roughly 85% [Lemjabbar-Alaoui et al., 2015]. NSCLCs are staged
into one of four categories which mostly define the proposed treatment options and have a
major influence on the overall-survival. While five year survival for stage | NSCLC ranges
from 80-60% after surgery and for stage Il from 50-30%, the overall-survival is drastically
reduced for stage Il and stage IV NSCLCs to 15-2%. Unfortunately, more than 70% of
the diagnosed NSCLCs are stage Il or higher [Lemjabbar-Alaoui et al., 2015] and many
are unresectable at the point of their diagnosis. Several radiotherapeutic studies [Mehta
et al., 2001, Kong et al., 2005, Bradley et al., 2015] show that the local tumor control is
improved in dose escalation studies for NSCLCs. However, with an increased dose given to
the patients, an increase in dose to the organs at risk (OARs) comes along. In most cases
radiation induced pneumonitis is the severely limiting factor to the dose escalation needed

to control the tumor growth [Sonke and Belderbos, 2010].



1.2. RADIOTHERAPY WITH A FOCUS ON PARTICLE THERAPY Introduction

1.2 Radiotherapy with a focus on particle therapy

In the conventional external radiotherapy, photon bremsstrahlung (mostly 6 MV) is directed
on the tumor to damage the tumor cells. When irradiated with an energy high enough to
ionize the atoms in the cells, damage in the deoxyribonucleic acid (DNA) can occur. The
probability for an unrepairable double-strand break in the DNA is increased with the energy
deposited in the cells [Fowler, 1989]. Thus, an increase in the dose applied to the cells
decreases the cell survival. As the radiation is applied externally to the patient, also healthy
tissue is irradiated and therefore damaged. With fractionating the dose given to the patient
and repeating the irradiation after a defined time, the cell repair mechanisms are enabled
and some radiation damage is repaired. Fortunately, these fractionation schemes have a
greater influence on the normal tissue than on tumor cells, helping to reduce the damage
to the surrounding normal tissue [Tubiana, 1988]. To additionally minimize the dose given
to specific OARs or the normal tissue, the patient is irradiated under different angles or
via a 360° rotation, smearing the exposure outside and concentrating the dose inside the
tumor volume. Modern techniques further reduce the dose to critical OARs by modulating
the beam fluence [Otto, 2008, Nutting et al., 2000].

However, with a look at figure 1.1a, a major disadvantage of photon beam radiation becomes
obvious: The maximum dose deposition is between 1-2cm under the skin (depending
on the photon energy) and even so the fluence is attenuated, the theoretical range is
infinite. Therefore, the treatment with heavy ions like protons, helium or carbon ions has
a physical advantage: the particles stop after a defined range and the highest energy is
deposited nearby (also see figure 1.1a). In 1946, Wilson proposed to use this advantage in
clinical radiotherapy with protons [Wilson, 1946]. Roughly ten years later, the first clinical
studies were performed at experimental beam sites [Lawrence, 1957]. Figure 1.1b shows
the exemplary dose sparing in a clinical set-up with two beams entering from left and right.
The sparing of the surrounding normal tissue and organs at risks outside the ion beams
allows a higher dose per fraction to increase the tumor control rate. For heavier ions like
helium or carbon ions, the benefit is increased by the higher biological effectiveness of this
radiation [Kraft, 2000, Paganetti et al., 2002]. Today, over 110 treatment sites worldwide
offer a therapy with protons of which 12 also offer carbon ions and more than 30 new
centers are planned to be built [PTCOG, 2021a,b].

Figure 1.1a shows the depth dose curve for Protons and Carbon ions, which is also called

the Bragg curve. It is described via the Bethe-Bloch equation (without corrections):

dE  4mn2? [ €\’ 2m..c*[3? )
“ e (i) [ (7555) -

dE/q; describes the energy loss of a charged particle with charge z, energy E and speed

[ = v/c after traveling a distance x in a material with an electron density n and a mean
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Figure 1.1: Depth dose distributions for different radiotherapy treatment modalities. (a)
shows the physical depth dose curves and (b) shows the application of state-of-the-art
photon VMAT versus a proton therapy SOBP. The proton plan has two opposing field from
left and right, thus there is dose in L-R direction but not outside the field in anterior-
posterior direction. The photon VMAT is constantly irradiating while the photon beam
rotates around the body. Thus, the dose is accumulated in the center but the shown profile
indicates the dose in the irradiated region (valid for both L-R and A-P). Thus, the photon
plan deposits dose everywhere in the irradiated body region, while the proton plan deposits
only a slightly higher dose in a defined region where the beams enter the body. A proton
VMAT would lose this advantage. Exemplarily, the rotationally symmetric photon curve
(green) and the proton curve in beam direction (light blue) and parallel to the beam (dark
blue) are displayed.

excitation potential /. Thus, the energy deposition increases with increasing the atomic
number or decreasing the velocity of the particle. Therefore, the highest energy is deposited
at the point where the particle is the slowest and comes to a stop.

To reach an extended dose distribution as presented in figure 1.1b, two different application
techniques are used in the clinical context. For the passive scattering application, the beam
is scattered and the energy is continuously degraded via a modulator wheel. The beam is
then collimated and a patient specific range compensator adapts the beam to the distal
edge of the target volume. Advantages lie in the fast application and the availability to
include organ motion into the target margin. The main disadvantage is due to the fact, that
even so the distal edge is optimized to the target extension, tissue proximal to the target is
unnecessarily irradiated [Goitein et al., 2002, Kase et al., 2012]. The active raster scanning
technique or pencil beam scanning (PBS) on the other hand delivers single energy spots
which are overlayed to accumulated in the target volume. This is achieved in the lateral
dimension via bending magnets and in beam directions via a change in energy. Thus, this
application technique is much slower and has its own time structure that could interfere

with internal organ motion [Bert and Durante, 2011, De Ruysscher et al., 2015]. However,
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in comparison to the passive application technique, only the target volume is irradiated with
the prescribed dose [Zhang et al., 2010].

In general, two different accelerator types are clinically available: synchrotrons or cyclotrons.
The passive application can only be performed with a cyclotron, while helium or carbon

ions are (at least at the moment) only available in synchrotron sites [PTCOG, 2021a].

1.3 Computer tomography in radiotherapy

In radiotherapy, the patient-specific dose calculation is essential for the success of the
treatment. Thus, highly accurate dose calculation algorithms need to be combined with
the patient geometry and information about the absorption and stopping power of the
specific tissue. For this, computed tomography images are essential to radiotherapy. Before
every radiotherapy, a planning CT is acquired underlying strict constraints. In conventional
radiotherapy, the Hounsfield units of the CT image are transferred to the property of electron
density via a lookup table [Schneider et al., 1996]. The relative electron density (RED) is
needed to calculate the absorption of the tissues in the beam path. This calibration curve
is depending on the chosen tube voltage. Thus, in most radiotherapy departments, only a
single calibration curve for 120 kVp tube voltage is implemented in the treatment planning
system (TPS). In particle therapy, the procedure is similar, however in this case, the relative
stopping power is of interest [Bourque et al., 2014]. Then, ray-tracing algorithms calculate
the accumulated path length through the patient and thus, where the beam comes to a
stop [Hong et al., 1996].

The patient is immobilized to reproduce the planning CT image at best. Even so, the imaged
patient geometry is always only a snap-reading method, small differences are bound to occur
between the planning image and the patient positioning during treatment, especially in the
thoracic and abdominal region, where organs are constantly moving through breathing, the
heart beat and the muscle constrictions of the digestive tract. In photon therapy, slight
differences like e.g. a different filling of the bladder or a different respiration phase have
only a minor effect on the dose distribution. In particle therapy, however, this could lead
to a completely different beam path length which could potentially lead to the dose being
applied to the OAR and not to the target [Jiang, 2006, Bert and Durante, 2011]. To
estimate and include the effect of movement into the planning routine, 4D-CTs offer a time
resolved imaging [Brandner et al., 2006, Hof et al., 2009]. A 4D-CT includes a set of eight
to ten 3D-CT sets, which were only acquired at a specific respiratory state. With these
sets, the movement of the OARs and the tumor can be analyzed over a complete breathing

cycle.
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1.4 Treatment planning in radiotherapy

On the planning CT, radiation oncologists delineate the OARs and the target volume
with the help of additional information from diagnostic images like magnetic resonance
imaging (MRI) or positron emission tomography (PET). The clinical target volume (CTV)
includes the clinical delineation and uncertainties of the solid tumor (Gross target volume
- GTV) [ICRU, 2016]. In the case of moving targets, the CTV is contoured on every
phase of a respiratory-gated 4D-CT. The internal target volume (ITV) is then produced
by the accumulation of the outlines of each CTV on every 4D-CT-phase [Muirhead et al.,
2008]. Additional margins are applied to the CTV or if existent the ITV to account for
the uncertainties in the immobilization, the beam application technique and other inter-
fractional changes [ICRU, 2016, Purdy, 2004]. The so obtained planning target volume
(PTV) is then the defined volume which is optimized to be irradiated with the prescribed
dose.

Then, medical physicists choose the beam application technique (e.g. the beam energy
in photon therapy, the beam angles and beam modulation technique) and optimize the
dose distribution. This is performed with dedicated treatment planning system (TPS)
computers. In clinical routine, the TPS offers fast analytical algorithms to calculate the
dose distribution in the patient. In the presented works, treatment planning was performed
with the Eclipse TPS (Varian). The base data in Eclipse were measured and simulated with
a Monte Carlo code (see section 1.5) to fit the corresponding measurement sites, in this case
the Truebeam radiotherapy system [Glide-Hurst et al., 2013] in the clinic for radiotherapy
and radiooncology Marburg and the Marburg lon-Beam Therapy Centre (MIT) Accelerator
Facility [Scheeler et al., 2016].

However, the prescribed dose is optimized and calculated for each patient on the planning
CT. In general, a typical dose per fraction given to the tumor is between 1.8-2.2 Gy and
the fractionation schemes offer between 13 and 33 fractions [ICRU, 2016, Degro, 2021].
In case of small tumor volumes, an increased dose per fraction in 1-5 fractions is applied
in photon therapy [ICRU, 2017, Wilke et al., 2019]. The so called stereotactic treatment
offers an increased tumor control because of the high dose per fraction. The toxicity is
controlled by an increased number of beam directions. As the tumor volume is small,
the integral dose given to a patient in a single fraction is comparable to the conventional
fractionation schemes of 2Gy. Thus, the application of the beam has to be even more

precise as uncertainties are not washed out by the large number of fractions.
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1.5 Monte Carlo code TOPAS

However, these clinically used dose algorithms have weaknesses when it comes to high
density deviations like the transition from tissue to lung and for very high or low densities
in general. In these cases, Monte Carlo (MC) calculations offer a much higher accuracy.
In general, Monte Carlo simulations use a stochastic approach to solve a problem by
simulating a huge number of random experiments. Via the law of large numbers, the
result verges towards the expected mean value. This method introduced by Metropolis and
Ulam [1949] is used in many fields of research. In radiation physics, this method is used to
simulate the transfer and interactions of particles through and with matter. In specialized
toolkits, the basis of radiation physics like particle characteristics, interaction processes and
cross sections is implemented. Geant4 is such a toolkit used for various research topics
[Agostinelli et al., 2003]. TOPAS (TOol for PArticle Simulation) is based on Geant4 but
specializes on medical applications of ionizing radiation [Perl et al., 2012, Faddegon et al.,
2020].

Due to the nature of Monte Carlo, these calculations are highly accurate if the number of
simulated particle tracks is also high. A high number of simulated particles goes inherently
with a high calculation capability or a waste amount of time. Thus, in the clinical context,
the radiation transport is calculated via analytical algorithms. These are fast and for the
main clinical cases accurate. However, in cases deviating from the main clinical set up, the
models are not optimized or trained for and thus, less accurate. In these cases, the MC
method is highly suggested. With a steady increase in computing power, MC calculations
are emerging to be clinical useful [Pemler et al., 2006, Wagenaar et al., 2020].

All MC simulations that were performed, were conducted with the TOPAS toolkit. To
ensure a good agreement between measurement, TPS and MC simulation. The parameters
(e.g. the initial beam width and the energy spread) were optimized to best reproduce
the measured data before the code was used for the investigation of a specific problem.
Therefore, the complete beam application and monitoring system (BAMS) was built and
validated in TOPAS.

As TOPAS does not feature an treatment plan optimizer, plans were optimized in Eclipse
and then recalculated with TOPAS. For this, a python script was written which automati-
cally converts DICOM RT-Plan files into TOPAS input files, corresponding to the patient

and beam set-up from the Eclipse treatment plan.
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1.6 Particle therapy for lung cancer

— benefits against challenges

As radiotherapy for lung cancer benefits from an increased dose per fraction, particle therapy
offers a dose distribution with a decreased dose to the OARs like the lungs, the heart or
the spinal cord while applying an increased dose to the tumor compared to photon therapy
[Widesott et al., 2008, Zhang et al., 2010]. However, the beam application on a moving
target surrounded by lung tissue combines the most challenging aspects of particle therapy.
This is especially true for active scanning application, where interplay effects of organ or
tumor motion with the movement of the beam are likely to occur [De Ruysscher et al.,
2015].

In conventional radiotherapy or passive scattering sites, the movement is included in a
simple margin concept of the ITV (as described in section 1.4). As the 3D conventional
photon therapy and the passive scattering proton therapy irradiate the enlarged tumor
volume completely during the beam-on time, the tumor is irradiated independent on the
respiratory phase. The downside of this is the large volume that is irradiated with the
prescribed dose and hence, the additional dose in the OARs. Therefore in most cases, an
additional sparing of the normal tissue is gained via gating techniques: When the beam
application is gated, the breathing phase and the beam on signal is correlated. This can be
implemented via pressure sensitive belts and other external markers, 3D camera systems,
constant x-ray imaging or the tracking of implanted magnetic fiducial markers [Keall et al.,
2006]. Another method that gains attraction is the tumor tracking option. In this case,
the tumor movement is not only observed but the beam application is following the tumor
in its movement [Keall et al., 2006, Desplanques et al., 2013].

In active scanning particle treatment sites, additional techniques are used for motion
mitigation. Gating plays also the most important role in active scanning applications.
The gating window, however is narrowed down to acquire an almost unmoved target set-up
[Lu et al., 2007]. The Particle Therapy Co-Operative Group (PTCOG) advises a maximum
tumor movement of 5mm for active scanning [Chang et al., 2017]. Gating is mostly
combined with a fast rescanning beam application [Ebner et al., 2017, Tsunashima, 2012].
Rescanning describes the application, where the dose of each beam spot is reduced while
the scanning of the target is repeated. The same dose is applied but the time structure
has changed. This reduces the likelihood that a single beam spot is completely missing the
moving target which would minimize the dose given to the tumor.

Another idea which would also allow synchrotron treatment facilities to irradiate the tumor
faster are the implementation of 3D patient specific range modulators. These are scanned
with an iso-energetic pencil beam and optimize the irradiated volume not only to the distal

edge of the tumor (as done with passive scattering) but also to the proximal edge [Simeonov
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et al., 2017].

Besides the difficulties in implementing these motion mitigation techniques in particle
therapy, clinical trials show a good outcome for particle therapy of early-staged and advanced
NSCLC. In a meta-analysis by Grutters et al. [2010], the particle therapy studies were found
to be as effective as stereotactic body irradiation (SBRT) for early-stage NSCLC. The
meta-analysis showed that SBRT and particle therapy with lower doses per fraction offered
the same tumor control and survival rates as surgical interventions and where inferior to
conventional radiotherapy [Grutters et al., 2010].

In a phase Il study, Chang et al. [2011] combined a 74 Gy proton therapy scheme with
concurrent chemotherapy for stage Ill lung tumor patients. The reported overall survival
and progression-free survival rates were 86% and 63% after 1 year and a median survival
time of 29.4 months. These are promising results, as the mean survival time for conventional
radiotherapy with concurrent chemotherapy ranges about 15 months [Zarogoulidis et al.,
2013].

This shows that even so particle therapy for lung tumors faces higher uncertainties and
challenges than conventional therapy, the result are favoring particle therapy treatment. If
the current uncertainties are under control or bypassed, the results should be expected to

be even more promising.

1.7 Bragg peak degradation due to heterogeneous

materials

This work focuses on the uncertainty caused by the Bragg peak degradation, when irradi-
ating lung tumors with particles. Urie et al. [1986] stated in the eighties that the BP is
degraded when it passes inhomogeneities: If particles travel a slightly different composition
of materials, they also stop after a slightly different range. Thus, the BP is not as sharp as
it would be in a homogeneous material and the BP is degraded [Sawakuchi et al., 2008].
This is shown in figure 1.2. The measured pristine BP (top panel in blue) is degraded when
the lung tissue mimicking sample is inserted (top panel in yellow). In the human body,
lung is one of the most inhomogeneous organs. On a microscopic scale, lung parenchyma
is a mixture of air and tissue. Thus, the BP is broadened and degraded when it passes
through lung [Titt et al., 2015]. Measurements verified this degradation effect for lung-
equivalent materials [Sell et al., 2012, Titt et al., 2015, Ringbaek et al., 2017]. Due to the
micrometer scale of the degrading structures, common clinical CT images do not resolve
these inhomogeneities. Instead an average density value is given [Espafia and Paganetti,
2011, Perles et al., 2011]. Hence, the effect is not accounted for in clinical treatment
planning.

Baumann et al. [2017] and Ringbaek et al. [2017] found a way to quantify the extend of
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Figure 1.2: Exemplary graph showing the Bragg peak degradation. The blue BP in the
upper graph shows the reference curve without a modulating material in the beamline. In
yellow, the measured degraded BP is shown and the green dashed curve represents the
convoluted curve which was obtained by convolution of the reference curve and the normal
distribution shown in the lower graph. The mean of the normal distribution shifts the BP,
thus this value is obtained by calculating the difference of the range in water for the distal
82% dose value, for both, the reference and the degraded curve. At this point, the BP is
minimal affected by range straggling. The width of the normal distribution is then adjusted
to minimize the difference between the resulting convoluted curve (green dashed curve) and
the measured degraded curve (in yellow) for LN-300. Figure taken from ([Flatten et al.,
2021]). © Institute of Physics and Engineering in Medicine. Reproduced with permission.
All rights reserved.

the Bragg peak degradation by introducing a new material characteristic: the modulation
power Proq4. A larger value of the modulation power means a stronger degradation effect.

Figure 1.2 illustrates how the modulation power of materials can be calculated: If the
unperturbed BP curve (top panel in blue) by is convolved with a normal distribution F’
(bottom panel), a convolved curve b, (top panel in green) is obtained. If the parameters
of the normal distribution are optimized, the convolved curve equals the curve degraded by
a modulating material. The normal distribution F', in this case, describes the probability
of the water-equivalent thickness a particle accumulates when traversing the modulating
material. In the example of figure 1.2, the mean water-equivalent thickness f is 19.6 mm

and 68.3% of the particles will stop within 2.0 mm of this mean range.
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Equation 1.2 gives the described correlation (from [Baumann et al., 2017]):

(e 9]

bo(2) = (F % bo)(2) :/ F(t|p, o)bo(z + t)dt (1.2)

—0o0

The modulation power can then be calculated via the mean water equivalent thickness of

the material ¢ and the width of the normal distribution o:
Prod = — (1.3)
i

The ability to quantify the Bragg peak degradation leads to follow up questions: How
large is the modulation power for lung tissue and thus, how large is the effect on the dose
distribution?

Witt [2014] measured the modulation power at different points of a ventilated porcine lung.
The lung was irradiated with a carbon ion BP. The pristine BP and the curve with the lung
positioned in the beam path were measured to determine the modulation power as described.
The resulting modulation powers ranged from 150 pm up to 750 pm. However, most values
centered around 450 pm. This measurement gave a first indication of the modulation power,
allowing to estimate the effects on the dose distribution for these modulation power values.
However, for a patient specific treatment option, it would be favorable to determine the
individual modulation power at the exact beam position.

In his work, Baumann et al. [2017] proofed that the degradation effect can be reproduced
on a macroscopic scale by modulating the density values of the CT voxels. He showed that
the dose calculated on an image resolution which divides the CT voxel in e.g. 100 equally
small voxels equals the dose calculated on CT images where the density of the voxel was
changed for ~100 times. Depending on the concept of the introduced modulation power,
the density value was changed according to a discrete probability density function optimized
for a specific Ppoq. This work proofed that the concept was valid for two dimensional simple
geometries. Thus, the next steps to translate the concept to clinical patient CTs can be

approached.

1.8 Aim and motivation

This dissertation focuses on the degradation of the BP when treating lung tumors with
proton therapy. It aims to give answers and methods to answer the open questions that
need to be addressed for a more profound handling of the degradation in the clinical context.
Therefore, the first main objective is to translate the concept of the density modulation of
voxel presented by Baumann et al. [2017] to a more clinical set-up and quantify the effect
on the dose distribution.

In a CT-based phantom study, the dependencies of different geometrical and anatomical

10
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parameters like the tumor size, shape and position within the lung are analyzed to determine
the major influences on the disturbed dose distribution. Thereafter, an estimation of
the effects on the dose distribution in dependence of determinable CT parameters can
be performed.

In a next step, the model is then transferred to five patient plans. For each patient three
single beam plans are optimized and the effects of the BP degradation is analyzed. For the
first time, the effects of the Bragg Peak degradation are shown on the dose distribution of
proton treatment plans. Additionally to the single beam configuration, the influence of the
number of beam directions is addressed. The results are then compared to the phantom
study. These calculations of the effect of the BP degradation on the dose distribution for
various clinical set-ups show the effect for different values of the modulation power.

As the effects strongly depend on the chosen value for the modulation power, it is crucial
to improve the window of the assumable modulation power values. Hence, the next steps
focus on the measurement of the modulation power of frozen porcine lung samples as these
are the closest to human lung samples. The mean variation of the modulation power of
lung tissue is analyzed and gives an estimate of the modulation power for patient cases.
In the final step, a model is derived that allows an estimation of the modulation power
from clinical CT images, even so the modulating structures are not fully resolved by the
clinical CT resolution. The model is calibrated with modulation power values acquired via
the in-beam measurement of these heterogeneous materials. To confirm and test the model
in the set-up closest to the patient anatomy, the results of the frozen porcine lung samples

are also analyzed and compared to the model.
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2 Summary of the published results

2.1 Publication 1
Quantification of the dependencies of the Bragg
peak degradation due to lung tissue in proton

therapy on a CT-based lung tumor phantom

2.1.1 Summary of publication 1

In Publication 1 [Flatten et al., 2019], the work by Baumann et al. [2017] is transferred and
continued on CT-based phantoms. The aim of this work is to show the effect of the Bragg
peak degradation on the dose distribution and to answer the questions of which parameters
influence the strength of the effect on the dose distribution. Furthermore, the influence of
the parameters under investigation was quantified.

In a first step, CT based phantoms were produced that allowed to investigate the parameters
of interest, mainly: the tumor size, the position within the lung and the tumor shape (see
figure 2 in Publication 1). Each CT phantom had a voxel size of 1.5x1.5x 1.5 mm? and was
built with a 2 cm water slab to mimic the thorax wall. A spherical water volume positioned
within the lung mimicked the tumor. All voxels within the lung were set to have a density
of 0.26 g/cm? corresponding to an inhaled lung [Schneider et al., 1996].

Six different spherical tumor volumes were investigated: 1cm?, 2cm?, 6cm?, 14 cm?, 25 cm?
and 43cm?.

For each of the six tumor sizes, six positions within the lung were evaluated. The distance
between lung entry and tumor center was 2cm, 4cm, 6cm, 10cm, 15cm, and 20cm,
respectively.

To investigate the tumor shape, which is not always spherical in the patient, two differently
sized ellipsoids were investigated.

As proposed by Baumann et al. [2017], the modulation was reproduced by performing
a density modulation on the lung voxels for a specific modulation power. For each CT
phantom set, 100 differently modulated data sets were produced for a modulation power of

250 pm, 450 pm and 800 pm. A single proton beam was optimized on the original CT set in
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Figure 2.1: General effects of the Bragg curve degradation for two modulation power
values (450 pm in orange and 800 pm in red) in comparison to the originally planned dose
distribution (in black). Figures taken from [Flatten et al., 2019] - Figure 3. © Institute of
Physics and Engineering in Medicine. Reproduced with permission. All rights reserved.

the TPS Eclipse (Varian). The plan was then recalculated on all modulated CT sets with
the Monte Carlo code TOPAS. For this, a tool was developed that transformed DICOM RT
plans into TOPAS input files. To obtain the final modulated dose distribution, the 100 dose
cubes were superposed. The non-modulated plan was also recalculated in TOPAS to allow
a distinct evaluation of the differences caused by the modulation and not the difference of
the calculation methods.

The general effects of the Bragg peak degradation on the dose distribution are shown in
figure 2.1 (also see Publication 1, figure 3). The depth dose curves show that the dose is
smoothed and degraded, leading to a decreased dose in the tumor and an increased dose
distal to the tumor volume. The decrease in dose is also observable in the DVH. As to be
expected, the effect increases with increasing modulation power.

Figure 2.2 (see also Publication 1, figure 4-6) shows the main dependencies of the resulting
underdose in the PTV: The mean dose in the PTV decreases with increasing depth in
lung (d;) and increasing modulation power. However, it decreases with increasing tumor
volume.

The tumor volume was further investigated by means of tumor shape: It was found that
rather than the tumor volume, the tumor length in beam direction is the parameter of
interest. An empirically found parameter was introduced to better describe the geometrical

dependency:

CZ2

Vi e

In equation 2.1 (also see Publication 1, equation 1), a is the tumor length in beam direction

Lg=2- (2.1)

while b and ¢ describe the lateral tumor extension. With the help of this so-called scaled
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Figure 2.2: Differences of the mean PTV dose of the modulated dose distribution in
comparison to the original dose distribution in dependence on the distance in lung dj, .
Figures taken from [Flatten et al., 2019] - Figure 4 and 6. © Institute of Physics and
Engineering in Medicine. Reproduced with permission. All rights reserved.
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Figure 2.3: Dose difference for the mean PTV dose for all calculated dose distributions. All
performed calculations are divided by the three chosen modulation power values of 250 pm
(red), 450 pm (green) and 800 pm (yellow). The straight lines are linear regressions to the
data sorted by modulation power. Figure taken from [Flatten et al., 2019] - Figure 7. ©

Institute of Physics and Engineering in Medicine. Reproduced with permission. All rights
reserved.

tumor length, a universal presentation of the results can be given, as shown in figure 2.3

(also see Publication 1, figure 7) .
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Figure 2.3 allows an estimation of the underdose of the PTV in dependence on the scaled
tumor length Lg and the distance in lung d;, for three different modulation power values.
Additional investigations, which examine the effect of the thickness of the thorax wall and
the dependency on planning parameters such as the lateral and longitudinal spot spacing
showed only a minor effect and were included in figure 2.3.

Publication 1 is the first publication that measures the effect of the Bragg peak degradation
on a 3-dimensional dose distribution and identifies the extent and the important parameters
that influence the dose disturbance. As visible from figure 2.3, for small tumor volumes and
the maximum modulation power, a decrease in the mean dose up to -16% was found. The
more probable values (in terms of tumor volume and distance in lung, as well as modulation
power) identify dose differences between -5% and smaller than -1%. This work allows an
estimation of the underdose in the PTV in dependence on the specific situation.

However, figure 2.3 also shows that the main unknown parameter that strongly influences
the dose distribution is the modulation power, as all other parameters can be obtained from
the treatment planning CT and thus be included correctly in possible calculations of the
effect. Thus, Article 3 and Publication 4 will tackle the task to give a better estimation of

the modulation power of lung tissue.

2.1.2 Contribution

V. Flatten wrote the manuscript and executed most the study. She set up the treatment
plans and converted the DICOM plans into TOPAS input files. V. Flatten analyzed
the simulation results. K.-S. Baumann aided with the design of the study. He created
all CT-based phantoms and applied the density modulation. The MC calculations were
performed with the beam monitor system of the Marburg lon-beam therapy center, which
was commissioned by K.-S. Baumann beforehand. U. Weber had the original idea for
the density modulation and the mathematical model. The tool to optimize the density
probability functions was created by U. Weber. R. Engenhart-Cabillic supported the clinical
assessment with her expertise. K. Zink supervised the work and helped with the physical

assessment. All authors revised this manuscript, substantively.
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2.2 Publication 2
Effects of the Bragg peak degradation due to
lung tissue in proton therapy of lung cancer

patients

2.2.1 Summary of publication 2

Publication 2 [Baumann et al., 2019] aims to transfer the method and findings of Publication
1 to clinical patient data and thus, evaluate the effects of the BP degradation in potential
lung treatment cases. Therefore, five lung cancer patient CTs were chosen. The patients
were originally treated with hypofractionated stereotactic body radiotherapy (SBRT) with
photons at the clinic for radiotherapy and radiooncology in Marburg and replanned for this
study with protons giving 30 Gy in one fraction. The tumor volume of the five exemplary
patients ranged between 2.7cm?® and 46.4cm?. For particle therapy of lung tumors, most
published studies treat larger tumor volumes, as the movement is smaller in these cases.
However, also smaller volumes would benefit from proton therapy and have been treated
with [Hata et al., 2007, Bush et al., 2004, Chen et al., 2019].

The tumor volumes were positioned at different parts of the right lung, not directly attached
to the thorax wall or the mediastinum, as Publication 1 showed that distal tissue has an
impact in the spot optimization. The different patients are shown in figure 2.4 (also see
Publication 2, figure 1 and 2). To systematically review the effect of the Bragg peak
degradation, a single beam was optimized in the Eclipse TPS (Varian) from a gantry
angle of either 0°, 270° and 315° for all patients. In the clinical routine, some of these
configurations would be neglected (e.g. see figure 2.4, patient 3, beam from 0°) as the beam
would penetrate most of the body. This would result in unnecessary dose to the patient and
additionally increase range uncertainties. Similar to Publication 1, constraints were only
given to the PTV to ensure the dose to be within 95% to 110% and organs at risk (OAR)
were not close to the tumor volumes. The PTV was produced by expanding the clinically
contoured CTV by a 3mm margin. The beams were analyzed separately as well as three-
field proton plan. As with active scanning, a modulation of the beam can be achieved quite
easily, two intensity modulated proton therapy (IMPT) plans were additionally optimized
and analyzed (see Publication 2, figure 3). An overview of the volumes and the tumor
position is given in Publication 2, table 1.

Corresponding to Publication 1 and the method described by Baumann et al. [2017],
voxel that were assigned to the lung contour were modulated with a P,,,4 specific density
function. The modulation power values under investigation were chosen to be 100 pm,

250 ym, 450 pm and 800 pm. Again, the values were orientated on the measurements by
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Figure 2.4: Axial views on the center of the tumor volume for the optimized proton
treatment plans of five exemplary patients. For each patient, a single beam was optimized
from 0°, 315° and 270°, respectively. As shown, also the resulting dose distributions with
all three beams were evaluated. On the basis of [Baumann et al., 2019] - Figure 1 and 2.
© Institute of Physics and Engineering in Medicine. Reproduced with permission. All rights
reserved.
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Witt [2014]. As before, all modulated and the original plans were calculated with the Monte
Carlo code TOPAS.

The resulting dose distributions were compared by means of the mean dose of the CTV
(Dinean), the Dogy and the Dyg, of the CTV. The Dggy, and the Do, describe the dose given
to at least 98% (2%) of the volume. Thus, these values are the robust equivalents of the
minimum and maximum dose.

In general, the dose distributions showed the same behavior when comparing the modulated
dose with the originally planned dose as presented in Publication 1. This is shown in
Publication 2, figure 5: The dose in the tumor is smoothed and decreased and the dose
distal to the tumor is increased. As the distances in lung are small, the effect on the dose
is not as profound as assumable from figure 2.3.

Table 3 and 4 in Publication 2 give the evaluated parameters for the CTV as well as for the
OARs (for patient 1 only) that might be affected. Figure 2.5 (also see Publication 2, figure
6) shows the effects graphically: The degradation transports more dose distally. Thus,
the high doses presented by the 95% and 80% isodose lines are decreased in its extension
and volume but the low dose represented by the 20% isodose line is increased in its distal
extension and volume in all cases. It is also visible, that the effect is more developed in
the lung (figure 2.5, patient 1-2,5) than in normal tissue (patients 3-4). This is quantified
as range uncertainty in table 2 (Publication 2): In normal tissue the range uncertainty for
the 800 pym modulation power is about =3 mm and in lung roughly =8 mm. In all fifteen
patient plans, a decrease in the mean dose of up to 5% was found.

However, these results are a very conservative approximation, as the modulation power is
more likely to be below 450 pm. In this case, the decrease in D,,cq, is reduced to 3%
at maximum and more likely to be around 1%. The range uncertainty is reduced to be
approximately within =2 mm in normal tissue.

To transfer the results of the single beam plans to more clinical plans, the three field plans
and the IMPT plans were also evaluated. The results showed for both, the single beam
optimized plans and the IMPT plans the same reductions in the mean dose as for the single
field plans. In most cases, the decrease in the mean dose correlated with the decrease of
the mean dose of the beam with the longest path in the lung. Thus, the maximum decrease
found for the single field set-up defines the decrease of the whole plan.

Hence, the resulting effects on the mean dose are in an order of magnitude that is clinically
acceptable at the current state of accuracy for lung tumor treatment as the likely deviation
in the mean dose is roughly -1% (up to -3% for a P,,,q of 450 pm). Nevertheless, the results
are strongly depending on the modulation power and a better knowledge of the modulation

power of lung tissue would reinforce the drawn estimations and conclusions.
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Figure 2.5: The 95% (left column), 80% (middle column) and 20% (right column) isodose
lines for four different patient cases and beam configurations. In purple, the planned
dose without the Bragg peak degradation is shown and in green, the corresponding dose
distribution when a modulation power of 800 pm is assumed and accounted for. Figure
taken from [Baumann et al., 2019] - Figure 6. © Institute of Physics and Engineering in
Medicine. Reproduced with permission. All rights reserved.
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2.2.2 Contribution

K.-S. Baumann designed the study and prepared the manuscript. He produced the density
modulated DICOM sets. The MC calculations were performed with the beam moni-
tor system of the Marburg lon-beam therapy center, which was commissioned by K.-
S. Baumann beforehand. He analyzed the DVHs and produced all figures. V. Flatten
optimized the treatment plans and converted the DICOM plans into TOPAS input files.
She subsequently generated the DVHs and supported the analysis. U. Weber had the
original idea for the density modulation and the mathematical model. The tool to optimize
the density probability functions was created by U. Weber. S. Lautenschlager and F. Eberle
contributed to this work by contouring the DICOM sets and helped with clinical information
on treatment plans. K. Zink supervised the work and helped with the physical assessment.
R. Engenhart-Cabillic helped with the clinical assessment and supervised the work. All

authors revised this manuscript, substantively.
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2.3 Article 3 - submitted to be published
Experimental determination of modulation power

of lung tissue for particle therapy

2.3.1 Summary of publication 3

Publication 1 and Publication 2 use values for the modulation power that are based on the
measurements by Witt [2014], which covered a range of P,,,q from 100 up to 750 pm. This
measurement was performed with a complete, ventilated porcine lung. However, the results
were not published and adequate image material to estimate the beam path through the
lung and to describe the ventilated state of the lung is missing. The only other publication
which gives results for ex-vivo lung measurements features plastinated lung samples [Titt
et al., 2015]. The effect of the plastination, however, might affect the modulation power.
Thus no reliable values for the modulation power of human lung in its physiological state
can be estimated.

The aim of this publication [Burg et al., 2021] was to produce citable data for the modulation
power of lung and to narrow the range of the values for P,,,4 as the results from Publication
1 and Publication 2 strongly depended on the chosen modulation power.

Two porcine lungs from domestic pigs and one lung from wild boar were chosen, as porcine
lung offers the closet approximation to human lung [Judge et al., 2014]. To extend the data
not only by reproducible in-beam measurements but also by additional and CT imaging,
the porcine lungs were deep frozen during ventilation and cut into 5 samples (Sample 1-3
from domestic pig, 4-5 from wild boar). Each sample had a size of 4x4x10 cm3, as this
size and the frozen state offered the possibility to perform CT imaging with a conventional
(resolution of 1 mm) and an industrial CT scanner (resolution up to 50 pm). A 3D printed
sample holder was designed to allow careful handling and distinct positioning of the samples
in the beamline (also see Article 3, figure 1).

Figure 2.6 shows a CT scan of the five samples after cutting. The industrial CT scan on the
right shows the clearly increased resolution. The high resolution CT indicates that the lung
sample consists of larger structures which are mainly due to the larger bronchial structure
in the lung. These are also blurrily visible in the conventional CT scan. Additionally, the
high resolution image shows also the fine substructure of the alveoli filled with air.

Each sample was irradiated with a 140 MeV carbon ion beam at three different positions
within the sample at the Marburg lon-Beam Therapy Center. The resulting Bragg curve
was measured with the peakfinder watercolumn (PTW) with and without the sample placed
in the beam line (also see Article 3, figure 2).

Analog to the described determination of the modulation power P,,.4 in figure 1.2, figure 2.7

shows exemplarily the resulting modulation power for one sample: The measured reference
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Figure 2.6: CT images of the central slice of the five porcine lung samples. On the right, the
high resolution CT image of sample number two acquired with the industrial CT scanner
is shown. Figure taken from [Burg et al., 2021] - Figure 3. © Institute of Physics and
Engineering in Medicine. Reproduced with permission. All rights reserved.

curve is convolved with an optimized normal distribution to fit the measured degraded
curve. The given values for the width of the normal distribution ¢ and the displacement in
water u allow the calculation of the modulation power via equation 1.3.

As also illustrated in the top part of figure 2.7, the optimization with a single Gaussian dis-
tribution does not always result in a complete agreement between the measured modulated
curve and the convolved curve in all cases. These discrepancies mainly occur when larger
structures are visible in the beam path as indicated by the black arrow on the left side of
figure 2.7. In these cases, the measured modulation power and thus the measured structure
size is a cumulative structure size consisting of two or more different structure sizes: the
larger bronchial structure size and the fine alveoli structure size. Thus, we introduced an
optimized method to better estimate the modulation power and achieve a higher agreement
between the measured and convolved curve: Instead of a single Gaussian distribution, a
double Gaussian was optimized. This is shown in the bottom part of figure 2.7. In this case,
two different modulation power values are obtained, which describe the smaller structures
as well as the possible larger structures in the lung. With the normalization factors (also
see Article 3, equation 4), a cumulative modulation power can be derived. All resulting
modulation power values for the 3 positions at the five samples are given in Article 3, table
1.

Additionally, the energy independence was confirmed, which was postulated by the definition
of the modulation power [Baumann et al., 2017, Ringbaek et al., 2017] but never tested
for lung measurements (see Article 3, figure 6).

Finally, to give an estimate of the uncertainty and the range of fluctuation of the modulation

power for adjacent lung tissue, repositioning measurements were performed. As shown in
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Figure 2.7: Determination of the modulation power P,,,4 for sample number 3 at the central
position. In the top graph, the optimization with a single Gaussian distribution is shown and
in the bottom plot, the proposed analysis with the double Gaussian optimization is show.
Figure taken from [Burg et al., 2021] - Figure 5. © Institute of Physics and Engineering in
Medicine. Reproduced with permission. All rights reserved.

Article 3, table 1, the center position of sample number one was repositioned twice to
estimate the measurement uncertainty. It was also shifted by 2mm or rotated by 2° to
estimate the fluctuation of the modulation power over a small area of lung tissue.

With the systematic freezing of the samples, we were able to produce reproducible results
for the modulation power of lung tissue. The probable values for the modulation power are
in average around 220 pm with a measured minimum of 62 pm and a maximum of 583 pm.
This drastically reduces the range of probable modulation power values, as the old values
proposed 100 pm-800 ym. The larger values were measured in lung sample number five,
which was not ventilated probably. So, for a healthy lung, the range can even be reduced to

62 pm-367 pm. In cases where patients have a collapsed lung, COPD or severe pneumonia,
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the higher modulation power measured in the not probably ventilated lung sample cloud be
a better estimate.

The repositioning showed deviations of roughly 10% and the rotation and shift a deviation
up to 30%. This, however, indicates that the modulation power strongly depends on the
exact position where the beam passes the lung and can change by almost 30% within the
normal setup accuracy of the clinical routine. Nevertheless, as shown in Publication 1 and
Publication 2 the effect on the dose distribution does not drastically change between an
assumed modulation power of 200 pm or 250 pm. However, it might be of interest if the
modulation power of the region of interest in the lung is tending more towards the 60 pm
or the 600 pm. Therefore, the acquired data was further used in Publication 4 to validate a

model to estimate the modulation power calculated with a clinical CT histogram analysis.

2.3.2 Contribution

J. Burg wrote the manuscript and performed all measurements. He designed and executed
the freezing process as well as the sample acquisition and cutting. V. Flatten helped
with the BP measurements and documented the sample cutting. U. Weber helped design
the experimental set up and the freezing process. H. Vorwerk and R. Engenhart-Cabillic
contributed to the clinical interpretation of the collected data. K. Zink helped with the
physical assessment. He established the contact to the industrial micro CT site. K.-S.
Baumann supervised this work and supported designing the study. He helped with the
freezing and cutting procedure and the BP measurements. K.-S. Baumann performed parts

of the analysis of the modulation power. All authors revised this manuscript, substantively.
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2.4 Publication 4
Estimating the modulating effect of lung tissue
in particle therapy using a clinical CT voxel his-

togram analysis

24.1 Summary of publication 4

In Publication 4 [Flatten et al., 2021], the topic of an estimation of the modulation power
via a clinical CT histogram is addressed. Even so Article 3 [Burg et al., 2021] narrowed the
range of probable modulation power values for lung, a patient specific high precision lung
cancer treatment with protons or carbon ions should include the effect of the Bragg peak
degradation. Thus, a patient specific evaluation and estimation of the modulation power
is needed.

The mathematical derivation given in Publication 4 is based on a basic assumption: Even
in the case, where the resolution of the image is not sufficient, the microscopic structure
of heterogeneous tissue spreads around a mean value and thus, broadens the width of an
histogram. This is shown in the summarizing figure 2.8:

With the assumption that the heterogeneous material consist of two materials (tissue and
air in the case of lung), a high resolution CT image would result in a histogram, which
clearly identifies each voxel as either air or tissue. Mathematically, this would equal a
binominal distribution. A decrease in the resolution would lead to intermediate density
values and a further decrease would center around the mean density without displaying the
original materials. For a low resolution, the binomial distribution can be approximated by
a normal distribution. However, the modulation power P,,,q correlates with the structure
size d [Baumann et al., 2017] and the structure size correlates with the high resolution
ro needed to clearly identify all voxel as one of either original material. The width of the
clinical CT histogram correlates with the ratio n of the clinical image resolution r and the
original resolution ry. Thus, the modulation power P,,,; can be correlated with the width
o and the mean p of a normal distributed CT histogram of a clinical CT image. The exact
mathematical derivation is given in Publication 4 equations 2-7 and 10-15 and results in

the proportionality under investigation:

f 02
Fnoa o \5/—1000HU g (22)

Two measurement series were performed and analyzed. First, eight differently heteroge-
neous materials were measured in a proton beam at the West German Proton Therapy

center Essen (WPE) and scanned with a conventional CT scanner (Somaton Definition,
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Figure 2.8: Schematic overview of the basic concept for the CT histogram analysis and
the mathematical relations. On the left, images of a homogeneous material are shown.
In the middle, the images for the heterogeneous material are shown and on the right,
the corresponding histograms. The resolution is decreased from top to bottom from the
highest resolution needed to fully resolve the heterogeneous material to the clinical CT
image. Additionally, the corresponding proportionalities are given. On the basis of [Flatten
et al., 2021] - Figure 2.
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Figure 2.9: CT histograms for the nine materials under investigation. Each plot shows
three different slice thicknesses: 0.1 mm (small animal CT) in green, 0.6 mm in blue and
1.5mm in red. Note the different scales on the x-axis. Figure taken from [Flatten et al.,
2021] - Figure 5. © Institute of Physics and Engineering in Medicine. Reproduced with
permission. All rights reserved.

Siemens Healthineers) with a resolution of 1.0x1.0x0.6 mm?®. Second, the lung sample
measurements performed for Article 3 were used in combination with CT images of the
same CT scanner and parameters. The measurement procedure in both series was the
same as already described in Article 3.

Before analyzing the resulting CT histograms, measurements to determine the influence
of various set-up and CT parameters on the width of the histogram were performed and
analyzed. It was found, that the effective exposure, defined as the applied exposure per slice
and the surrounding attenuating material had a significant influence on the width of the
histogram (see Publication 4, figure 3 and 4). Therefore, a reference material was placed
next to the sample under investigation and was always scanned in the same scan to allow
an estimation of the set-up-specific attenuation.

Figure 2.9 shows the resulting CT histograms for the heterogeneous materials. The influence
of the CT resolution is shown with the additional curves for a high resolution small animal

CT (X-Cube, Molecubes) with a resolution 0.1x0.1x0.1mm? and a lower resolution of
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Figure 2.10: The modulation power P,,,; acquired by the BP measurement plotted against
Prit (Ppoa) calculated with the CT histogram analysis. The dotted linear regressions
are marked by the green and blue line, respectively. The surrounding bands indicate an
agreement with the regression line within £ 0.04 mm for (a) and + 0.06 mm for (b).
Figures taken from [Flatten et al., 2021] - Figure 6 and 8. © Institute of Physics and
Engineering in Medicine. Reproduced with permission. All rights reserved.

1.0x1.0x1.5mm? (also see Publication 4, figure 5). From left to right the histograms in
figure 2.9 are roughly increasing in their modulation power that was measured in the particle
beam. This is underlined by the increasing discrepancies between the three curves for each
material. In general, the more the small animal CT features a binomial distribution and
not a normal distribution, the higher is the probable modulation power. The measurement
results are given in Publication 4, table 1.

As equation 2.2 only shows a proportionality, the first step was to prove this relation and
the second step was to derive the proportionality factor. Figure 2.10a shows the values of
the modulation power P,,,4, measured in-beam, plotted against the calculated values for
Pyiy which were derived via equation 2.2 from the fitted mean and width of the normal
distribution. The dotted line shows the fitted normal regression. The band indicates a
good agreement within +=0.04 mm. The obtained proportionality factor for the 0.6 mm
slice thickness was 1.28 mm.

In a final step this proportionality factor was taken and multiplied with the Pp;; values for the
lung sample CT histograms. The results are given in figure 2.10b. Again, the modulation
power acquired via the in-beam measurement described in Article 3 and the ones obtained
with the CT histogram analysis are in good agreement.

The uncertainties shown in figure 2.10a mark the deviation of the analyzed clinical CT
histograms from a normal distribution, especially for higher values of P,,.4. However,

the accuracy in x-direction in figure 2.10b is highly influenced by the exact position of
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the analyzed CT region. Thus, the uncertainty was estimated by slightly shifting the
contour within 2 mm as a more exact matching between scan and in-beam measurement
position could not been performed. This corresponds to the discussion and uncertainty
measurements of Article 3: In y-direction, the 30% uncertainty caused by the 2 mm shift
or 2° rotation was chosen as uncertainty even so this is probably a very conservative
assumption. The error bars underline the discussion in Article 3: The higher modulation
power values mostly correspond to two or more structure sizes, therefore, a single Gaussian
distribution might not completely describe the CT histogram.

Nevertheless, this model enables a patient individual or even regional analysis of the
modulation power of a distinct region in a clinical CT. This is the basis to incorporate
the effects of the Bragg peak degradation into the planning procedure to estimate and

hopefully compensate the underdose in the tumor volume.

2.4.2 Contribution

V. Flatten wrote the manuscript and executed most of the measurements of the study. She
designed the study and performed the analysis of the data. J. Burg supported this work by
providing the lung samples and the results of their in-beam measurement. Beforehand, he
deigned the freezing, cutting and sample handling process. M. Witt and L. Derksen helped
with the estimation of the modulation power via the BP measurement. P. Fragoso Costa
performed the measurements with the small animal CT. J. Wulff and C. Baumer supported
the original idea and helped design the study. They helped perform the BP measurements
of the heterogeneous surrogates and gave input for the data analysis, continuously. B.
Timmermann supported the idea and allowed a clinical assessment. U. Weber helped with
the lung sample acquisition, handling and measurement. H. Vorwerk and R. Engenhart-
Cabillic contributed to the clinical interpretation of the collected data. K. Zink helped
with the physical assessment and supported the taken measurements. K.-S. Baumann
supervised the work and the design of the study. He helped with all the BP measurements.
K.-S. Baumann performed parts of the analysis of the modulation power. All authors revised

this manuscript, substantively.
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2.5 Publication 5 - side project
A phantom based evaluation of the dose predic-
tion and effects in treatment plans, when calcu-

lating on a direct density CT reconstruction

2.5.1 Summary of publication 5

The last Publication 5 [Flatten et al., 2020] is labeled as side project as it has no direct
attachments to the topic of the Bragg peak degradation. Nevertheless, for the measure-
ments and dependencies discussed in Publication 4, a serious engagement with the topic
of clinical CT imaging in radiation therapy was essential. Thus, this publication deals with
the implementation of CT imaging in the clinical workflow for photon radiotherapy with a
focus on a commercial algorithm that directly converts the measured Hounsfield units (HU)
to density values.

The commercially available 'DirectDensity’ reconstruction algorithm (Siemens Healthineers)
uses a threshold to divide the acquired CT image into a 'bone image’ (see Publication 5,
figure 1). As bone is describing the highest natural density values and is present in every
clinical CT image, it offers a good reference. In projection space, this bone sinogram is
combined with a physical attenuation model and the original sinogram. Put together, a
relative electron density (RED) sinogram and thus, a RED CT image can be reconstructed.
Figure 2.11 (also see Publication 5, figure 2) shows the benefit of the implementation of
the DD algorithm: The standard HU reconstruction is strongly depending on the chosen
tube voltage. Whereas the DD reconstruction features the same calibration curve for all
tube voltages. Additionally, it features just one regression curve which is needed to be
implemented over the range of image values, while the HU reconstruction is divided in at
least two curves.

The DD reconstruction was evaluated for different photon radiation techniques (single
field, 3D conformal radiotherapy and VMAT) and for different phantoms evaluating basic
geometries as well as anthropomorphic set-ups (see Publication 5, figure 3). To test the
limits of the manufacturer recommendation, the algorithm was tested at the presence of
metal implants, as these feature a higher density as bone. Thus, the algorithm with
its simple threshold will assign the metal implants to the bone image, which could lead
to distortion and errors. Additionally, the combination with an iterative Metal Artifact
Reduction (iMAR) algorithm was evaluated.

The calculated dose distribution were evaluated by means of dose profiles (see Publication
5, figure 4-6), DVHs (see Publication 5, figure 7 and 8) and mean doses (see Publication

5, table 2). As visible from the dose profiles, the highest discrepancy was found in air with
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Figure 2.11: Calibration curves for the two different reconstruction algorithms for four tube
voltages of 80 kVp (blue), 100 kVp (red), 120kVp (grey) and 140kVp (yellow). The dotted
line shows the fit that was included in the TPS for the typically used 120 kVp curve. Figures
taken from [Flatten et al., 2020] - Figure 2. Reproduced with permission.

a deviation of +3.3% locally compared to the HU dose calculation. However, in clinical
cases the deviations are reduced as the number of beam direction is increased. The results
agree with Van der Heyden et al. [2017]: The maximum dose difference for clinical plans
was found to be within 1% (0.7% in the trachea) and more likely in the order of 0.4%. The
DVHs showed no visible differences.

The estimated RED values were also evaluated (see Publication 5, table 1 and 3): Again,
difference occur for the low densities like air or lung tissue and for the evaluated metal
implants. However, in case of metal, the use of a higher tube voltage (in this case 140 kVp)
which can be used with the DD algorithm shows a significantly better estimation of the
RED for metals than the standard HU reconstruction. Therefore, the DD implementation
shows deviations in regions where the uncertainties in the clinical routine are high in the
first place (e.g. in regions like air and metal) and gives even better results for the metal
reconstruction.

This is also visible in figure 2.12 (also see Publication 5, figure 9 and 10). The ideal RED
value should be around seven. This means, that the RED value is underestimated in all
cases but better represented by the high tube voltage DD images. Additionally, the DD
image show less image artifacts surrounding the metal implant. This would severely increase
the accuracy of the calculated dose.

Being restricted to only one calibrated tube voltage is a disadvantage in radiotherapy as the
patient could clearly benefit form an optimized tube voltage. The implementation of such an
algorithm would allow to scan children with the 80 kVp and adipose patients with 140 kVp.
For both patient groups, this would result in a higher image quality and thus less dose given
to the patient for a constant image quality. The found differences in RED and dose are

neglectable for most clinical situations. Even in the regions where differences are higher,

31



2.5. PUBLICATION 5 Summary of the published results

3.5

—HU eee HUIMAR
e®®ceseec®
3 —=DD80 e+ DD80 iIMAR
=—=DD100 *++DD100 iIMAR
2.5 DD120 ee¢DD120iMAR |

++DD140 iMAR |

_ RED

5

0.5

position (cm)

Figure 2.12: RED profile through the metal implant and the surrounding tissue for all
reconstructions under investigation. Figure taken from [Flatten et al., 2020] - Figure 10.
Reproduced with permission.

a change of the patient geometry is likely and more severe. Additionally, the implemented
algorithms for the dose calculations have also high uncertainties in the problematic region.
For particle therapy, such an algorithm would be very beneficial. However, as the stopping
power and not the electron density is needed, this cannot be easily implemented in particle

therapy.

2.5.2 Contribution

V. Flatten prepared the manuscript and executed the measurement series with metal. She
coordinated and supported the study design and all measurements. The figures and the
analysis of the metal effects were performed by V. Flatten. A. Friedrich executed the
measurements without metal and produced most of the figures. She performed the general
analysis. R. Engenhart-Cabillic supported the clinical assessment with her expertise. K.
Zink supervised the work and helped with the physical assessment. All authors revised this
manuscript, substantively.
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3 Discussion

3.1 Dependencies of the effects caused by the lung

modulation

The dependencies of the Bragg peak degradation on the dose distribution were analyzed
in Publication 1 [Flatten et al., 2019]. In this phantom study, we showed that the effect
increases with an increasing path through the lung, a decreasing volume (more precisely:
the scaled tumor length in beam direction as defined in equation 2.1) and the modulation
power. These results were confirmed in Publication 2 [Baumann et al., 2019] and the
publication by Winter et al. [2020], where both include the degradation effect in the
calculation of lung cancer treatment plans. In both publications, the resulting differences
between the non-modulated plan and the modulated plan increase for a small volume after a
large beam through lung. For example, Publication 2, table 3 shows that for the same tumor
volume, the effect increases from a difference in D, ¢4, of -0.9% (270°) to -2.1% (0°) for an
increasing depth in lung. And comparing two different volumes with the same mean depth
in lung (see Publication 2, table 3 and 4, Patient 1 and 5 for the 315° beam configuration)
a decrease in the underdose from -4.9% to -1.5% is observable for an increased volume
(3cm? to 47 cm?).

Other effects like the spot spacing in longitudinal direction also influenced the strength of
the effect but depended strongly on the optimized spot weights. For the plans optimized
with the open-source software tool matRad [Wieser et al., 2017], this was also identified as
critical parameters [Winter et al., 2020].

The results of Article 3 show a mean modulation power of 220 pm. Therefore, the red band
(Proa = 250 um) in figure 2.3 gives the most probable dose difference that can be assumed
for the patient specific configuration. For a worst-case scenario, the results shown in green
(Proa = 450 pum) should be consulted.
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3.2. EFFECTS OF THE LUNG MODULATION FOR CLINICAL CASES Discussion

3.2 Effects of the lung modulation for clinical cases

Publication 2 gives the first published results of the degradation effect on lung cancer
patients. In 2020, Winter et al. implemented the degradation by convolving the pristine
Bragg peak with a normal distribution. The width of the normal distribution depends on
the distance in lung which was calculated via ray-tracing. Thereafter, the analytical dose
calculation is used to sum the dose of the degraded BPs. This method was then performed
on 10 patients for a representative modulation power of 256 ym and a worst-case scenario
of 750 pm. This study focuses on the effects in IMPT plans consisting mostly of three
beams. Thus, the results cannot be directly compared, however, the two IMPT plans under
investigation in Publication 2 showed that the results of the mean dose is in the same
order of magnitude as for the most degraded single beam. Nevertheless, effects on the
minimum and maximum dose as evaluated by Winter et al. are not comparable as this is
highly influenced by the spot weights and additionally, we investigated the Dy and the
Dgsy, because of the high uncertainties on such single voxel values like the minimum and
maximum dose.

Comparing the mean doses shows that the reported differences compared to the non-
modulated cases are of the same magnitude: a maximum deviation of the mean dose
of -4.9% (Proda = 750 pm) is decreased to -1.6% (Pr0q = 256 pm) [Winter et al., 2020].
These results are stated for the patient with the highest effects. However, the tumor volume
and dimensions are not given. Therefore, no deeper comparison can be made. Because the
author states that the effect is reduced for larger tumor volumes, it is presumably a small
tumor volume.

As the influence on the dose distribution are small in the clinical context of moving targets,
the effects can be easily compensated for in clinical treatment planning. Publication 2,
figure 7 proposes two different options to acknowledge the effects of the BP degradation:
the first option, that is clinical already in use, is the extension of the PTV margins in
proximal but mainly in distal beam direction. The application of such beam specific targets
feature a severe increase of target coverage for range uncertainties [Park et al., 2012] and
are implemented in commercial TPS (e.g. Eclipse, Varian). Especially for thoracic tumors,
including all parameters of uncertainties resulting from stopping power, set-up and motion
in a beam specific target increases target coverage and dose sparing at pencil beam scanning
facilities [Lin et al., 2015].

The second option displayed in Publication 2, figure 7 proposes a slightly increased dose
in the PTV margin (not the CTV) to compensate the effect of the degradation. As the
guideline of the ICRU [ICRU, 2016, 2017] proposes the dose of the target to be within 95%
to 107%, a minimal increase of 3% in the target margin would be feasible for proton therapy.
However, this implementation would increasingly benefit from the exact calculation of the

patient and plan specific disturbed dose calculation. Hence, this method is not likely to be
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integrated into the clinical routine. Especially, since the publication of Winter et al. [2020]
is a step further to the implementation of the effects of the Bragg peak degradation in
a clinical TPS. Then, the effect can be directly integrated into the optimization process.
Nevertheless, this concept should demonstrate that hotspots (points exceeding 105% of
the prescribed dose) are not critical as these points are smoothed by the lung degradation.
Points that are underdosed however, will most likely be further reduced in dose, especially
at the proximal or distal end of the PTV.

3.3 Measurement of the modulation power

The results for the degradation effect on the dose [Flatten et al., 2019, Baumann et al.,
2019, Winter et al., 2020] indicate that the knowledge of the modulation power is essential.
Some publications have measured the modulation power and effect for heterogeneous lung
substitutes: Titt et al. [2015] used substitutes and a plastinated lung to evaluate the
modulation effect. He estimates the uncertainties in the distal fall-off up to 3mm. As
the plastinated lungs probably differ from physiological lungs, plastinated lungs are more
a substitute than a precise measurement of data for physiological lung. Hranek et al.
[2020] presents measurements of seven different lung mimicking substitutes. The measured
modulation power values ranged between 0.1 mm and 1.1 mm. This demonstrates the broad
range of the modulation power for materials with similar densities to lung (0.03-0.51 g/cm?).
Dal Bello [2017] also presents measurements and simulations for lung substitutes and a 3D
printed phantom which center around a mean modulation power of 250 pm. Publication 4
[Flatten et al., 2021] also presents new values for the modulation power of eight different
heterogeneous materials, ranging from 0.03 mm to 0.69 mm with a mean modulation power
of 0.20 mm.

Measurements in lung were performed in a master thesis [Witt, 2014] and recently, in a
publication which facilitates proton radiography [Meijers et al., 2020]. Unfortunately, the
work by Meijers et al. does not present values of the modulation power but compares
measurements of the water-equivalent thickness (WET) to TPS calculations. Nevertheless,
the thesis by Witt, which presents measurements with a carbon ion beam, gives a first
indication of the range of the modulation power of lung tissue. The mean modulation
power measured was 0.44 mm and the minimum and maximum values were 0.15 mm and
0.75 mm, respectively.

The results presented in Article 3 narrow down the range of probable values for the modu-
lation power in lung to 0.06 mm-0.59 mm with most values in the range of 0.2540.15 mm.
An advantage compared to the other results is clearly the handling of the frozen samples.
In the unfrozen case, the lung degenerates over the measurement session of 4 hours or more
and thus, reproducibility is not given and matching of image and measurement results need

to be considered with special care. The newly presented method to optimize two Gaussian
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distribution offers a higher conformity between measurement and extracted modulation
power. Additionally, these results agree with the assumable mixture of structure sizes: One
of the two fitted Gaussian distributions represents the structure size of the alveoli in the
range of roughly 0.2mm [Ochs et al., 2004] and the larger one (if present) represents the
structure size of the bronchi of 0.8 mm [Seneterre et al., 1994].

For the treatment planning, the larger structures of the bronchi are probably accounted for
as these are visible in the clinical CT. Hence, for the additional effect of the Bragg peak

degradation by the alveoli a smaller modulation power of 0.2 mm should be assumed.

3.4 Estimation P,,,; on clinical CT data sets

Implementing the estimation of the effect of the Bragg peak degradation in the clinical
routine requires in total three points: First, a valid method to calculate the degradation
effects is needed. This is given with the MC method established in Publication 1 and even
more in Publication 2 or with the integration into an analytical PB calculation engine as it
is done by Winter et al. [2020]. Second, as for every patient plan, the information about
the exact geometrical conditions and the estimated stopping power of the anatomy in the
beam path are needed to be known. Hence, a clinical CT and stopping power lookup-table
are the essential basics. And third, the modulation power of the patient lung is needed for
the exact calculation of the degradation.

As a first approximation for the modulation power of lung, the results presented in Article
3 can be used. For a rough estimate of the degradation effect on the basis of a plan
recalculation, this will be sufficient, as Publication 1 and Publication 2 show only small
deviations for modulation power values +100 pm.

However, the next step would be to optimize the plan with acknowledging the modulating
effect of the lung tissue. Hence, a rough estimate of the modulation power in general is not
sufficient. In this case, a patient and even lung region specific analysis is essential, which
is possible with the method presented in Publication 4.

The results published in Publication 4 show that the modulation power of heterogeneous
materials and the frozen lung samples could be well estimated with the derived mathematical
relation. For the clinical implementation, a CT and program specific calibration is needed
to be performed with a lung substitute (e.g. LN-300) and a reference material that is
present during the patient scan (e.g. the vacuum mat). Then, all patient scans with the
calibrated CT program and the reference material can be used to estimate the modulation
power for a specific region in the lung. As soon as the region of interest is contoured, a
CT voxel histogram can be generated and scaled to the width of the reference material
histogram. The resulting mean and width of the lung histogram enable the calculation
of the modulation power via the calibration factor gained from the LN-300 measurement.

This workflow can be established easily and economically in every clinic.
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As particle therapy claims for itself to be a high precision therapy modality, an implemen-
tation of the degradation effects for the treatment of lung cancer patients is consequential

for the long-term perspective.

3.5 Patient specific uncertainty analysis of the lung

modulation effect

If we have now estimated the modulation power of the patient via the described method,
the next step is to obtain an estimate for the dose uncertainties. As the optimization with
degraded curves is a current topic of research, the integration into the clinics is on the verge
but not jet realizable. In clinics where a MC tool with the density modulation as presented
in Publication 1 and Publication 2 is established, the step is straight-forward. However,
also other clinics can estimate the effects for each patient with the presented publications.
As an example: Table 1 in Publication 2 states the tumor characteristics needed to evaluate
the estimation proposed in Publication 1. Thus, the configurations with the maximum and
minimum dose difference are investigated (see Publication 2, tables 3 and 4: minimum found
for patient 1 at 270°; maximum for patient 5 at 315°). The length in lung is measured
to be 3.3cm (3.6cm) for Patient 1 (5) and the tumor length in beam direct is given as
4.2cm (0.6 cm). Including the volume, this results in values for Lg of 3.8cm (0.7cm) and
thus for d;,/Ls =0.86 (5.13). Hence, figure 2.3 enables the estimation of decrease of the
mean dose for the modulation power of 450 pm of roughly -0.5% (-2.7%). This correlates
well with the calculated values of -0.5% for patient 1 and -3% for patient 5 as published
in table 3 and 4 (see Publication 1).

The uncertainties on the presented values are still high but the presented works are the only
published results that fulfill the aim to allow a patient-specific estimation of the effect of

the Bragg peak degradation on the dose distribution.

3.6 Uncertainties for lung cancer treatment with
PBS

There is one important point of criticism when it comes to evaluate the uncertainties
of particle therapy for lung cancer patients that all presented results have in common:
The investigated set-ups assume no movement of any kind. Besides every day set-up
uncertainties, movement caused by breathing is the major source of uncertainty in the
thoracic region. There are techniques like high frequency jet ventilation which hold the
patient in a defined respiratory status [Santiago et al., 2013]. The downside of the method
is that the patient has to be put under anesthesia over the whole course of treatment.

Recent studies propose the utilization of deep-inspiration breath-hold in combination with
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a breath-hold training for patients [Emert et al., 2021]. However, in most cases the aim
to stop the motion caused by breathing is neglected and shifted towards control of the
motion. Mostly, this is done by gating techniques [Lu et al., 2007, Ebner et al., 2017],
where the respiratory phase is monitored and the beam-on time is synchronized with the
breathing cycle. In a consensus statement from 2017, the PTCOG thoracic and lymphoma
subcommittee defines the main requirements that need to be met to treat thoracic tumors
with PBS [Chang et al., 2017]. As an upper limit, a movement of 5mm is defined as
reasonable for PBS. In comparison, for passive scatter techniques a movement up to 10 mm
is acceptable. The main argument is the interplay effect between the different motions:
the tumor movement caused by breathing and the beam movement due to the application
technique [Tsunashima, 2012]. Hence, fast rescanning is recommended [Phillips et al.,
1992, Knopf et al., 2011, Chang et al., 2017] so that the complete dose of a spot is not
deposited at once, where the tumor might be not at the targeted position.

Gating only reduces the amplitude of motion to an acceptable value. Without gating, up
to 20% decrease in dose for a 20mm amplitude can be estimated [Tsunashima, 2012].
Rescanning on the other hand increases a homogeneous dose application in the target
leading to a 7% decrease in dose if only rescanning and no gating is applied and a reduced
decrease in dose of only 2-5% if both is used [Tsunashima, 2012].

Additionally, uncertainties resulting from the dose calculation algorithms and the HU to
stopping power conversion are present for all particle plan calculations. Paganetti [2012]
summarizes these uncertainties to uncertainties in the commission of the beam data and
the beam application accuracy to + 5mm, uncertainties related to the dose calculation
method with +4.6% for analytical PB algorithms and +£2.6% for MC dose engines and
uncertainties due to the biological models by +0.8%.

These are the uncertainties specific to particle therapy, however, uncertainties that are also
existent in photon therapy have been simply translated to particle therapy but the outcome
might have more impact: Set-up errors in photon therapy are compensated by an additional
margin to the CTV forming the PTV. In particle therapy however, a simple margin does
not lead to a reliable coverage of the target as range changing material might displace
the beamspot position in the target. In the mediastinum and abdomen, a 6 mm margin is
typical (in dependence on the in room imaging option). Park et al. [2012] calculated a
decrease of 4% of the minimum dose in the CTV for a 6 mm set-up error. Including a 8 mm
motion amplitude, this would lead to a decrease of 11% (in agreement with [Tsunashima,
2012]). Hence, only a margin does not sufficiently account for the uncertainties as it does
in photon therapy. The described method of beam specific targets in combination with
robust planning, which calculates and optimizes the dose distribution for different scenarios
effectively reduces the uncertainties to 4% for both, the set-up and motion uncertainty
[Park et al., 2012].

Even with all these uncertainties, the interfractional changes in the anatomy are not jet
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accounted for which could potentially result in an even more severely disturbed dose. This
is mainly addressed via frequent imaging and recalculations. Promising steps to integrate
the cone-beam CT (CBCT) and establish fast and reliable workflows for online adaptive
replanning are being incorporated in the first clinics [Thummerer et al., 2020, Albertini
et al., 2020].

With all these sources of uncertainties in mind, at the current situation in the clinical routine,
the uncertainties in dose calculation and application due to the Bragg peak degradation
in lung tissue are neglectable with a realistic estimation of a decrease in dose by 1-3%
[Baumann et al., 2019]. Nevertheless, a lot of the uncertainties can already be minimized by
the application and integration of new techniques and workflows. Hence, the uncertainties
are steadily better under control and further minimized. For a high precision patient specific
treatment, the consideration of the effects of the Bragg peak degradation should be a future

step. In cases of interest, the presented results offer the possibility to estimate the effects.

39



4 Conclusion & Outlook

The presented works address the topic of the degradation of the Bragg peak through lung
tissue for proton therapy of lung tumors. In four publications, the concept of a density
modulation of the lung voxels was transferred to clinical CT data sets [Flatten et al,
2019, Baumann et al., 2019], different parameters and their effect on the disturbed dose
distribution were evaluated [Flatten et al., 2019] and the effect was estimated for clinical
patient plans [Baumann et al., 2019]. As the material characteristic of the modulation
power is of interest, measurements were performed to evaluate the modulation power for
lung tissue [Burg et al., 2021] and a model was derived and validated that allows to estimate
the modulation power from clinical CT images [Flatten et al., 2021]. The combination and
spectrum of these publications shad a light into the topic of the degradation effect which
has been known for quite some time [Urie et al., 1986].

The effects on the dose distribution were found to be with a 1-3% decrease in dose and an
additional uncertainty of roughly 2mm WET in a clinical acceptable range - at least at the
moment.

Even though these uncertainties are not the leading and defining uncertainties, they should
be minimized. The presented works offer a great opportunity and lay the foundation for
further steps towards a translation into the clinic. The next step of Publication 1 and
Publication 2 would be the implementation of the degradation into a treatment planning
system and consequently to not only calculate but also to optimize the dose distribution with
the degradation accounted for. This goes hand in hand with further testing and analyzing
of the method to estimate the modulation power from Publication 4. It would be of interest
to analyze the modulation power for different respiratory states for which 4D-CT data sets
could be examined. The results in Article 3 show that the lung is mostly a mixture of two
structure sizes. Hence, the topic of structures already considered by the TPS needs to be
evaluated, e.g. larger bronchial structures in the order of millimeter are probably visible
in the CT and thus accounted for by the TPS. All together, the effects of movement and
degradation could be combined via dose calculation on 4D-CTs with different modulation
power values depending on the breathing phase.

The consideration of the Bragg peak degradation and the modulation power in the optimiza-
tion process would decrease the uncertainties in treatment planning. If it is implemented

in a robust optimization method, where additionally to the degradation of the BP, patient
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set-up uncertainties, stopping power uncertainties and movement would be calculated for
different scenarios, the robustness and safe application of proton therapy for lung tumors
would strongly enhance and reach the uncertainties of photon therapy. With this, the higher
tumor control rates combined with the lower toxicities of proton therapy for lung cancer

would be even better as the benefits outweigh by far the challenges and uncertainties.
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Abstract

The fine, sub-millimeter sized structure of lung tissue causes a degradation of the Bragg peak curve in
particle therapy. The Bragg peak is degraded because particles of the same energy traverse lung tissue
of different compositions of high and low density materials. Hence, they experience different energy
losses resulting in variable ranges and a broadened Bragg peak.

Since this fine structure of lung tissue is not resolved in standard treatment-planning CTs, current
state-of-the-art dose calculation procedures used in the clinical routine are unable to account for this
degradation. Neglecting this Bragg peak degradation in treatment planning can lead to an underdose
in the target volume and an overdose distal to the target.

Aim of this work is to systematically investigate the potential effects of the Bragg peak degradation on
the dose distribution in dependence of different parameters like the tumor volume and its depth in lung.

Proton plans were optimized on CT based phantoms without considering the Bragg peak
degradation and afterwards recalculated with the Monte Carlo toolkit TOPAS: first, without
consideration of the degradation and second, with the Bragg peak degradation accounted for. The
direct comparison of these two dose distributions enables a quantification of the degradation effect.
To carve out the dependencies of various parameters that could influence the Bragg peak degradation
and thus the target dose, the simulations were performed for a variety of tumor sizes and shapes, as
well as different positions within the lung.

The results show that due to the Bragg peak degradation the mean dose in the target volume can
be reduced by a few percent up to 14% (for extreme cases) depending on the geometry. It was shown
that this effect increases with a decreasing tumor volume and increasing depth of the tumor.

For the first time, a tumor specific estimation of the effect on the dose distribution due to the
Bragg peak degradation in lung tissue is presented.

1. Introduction

Since first proposed by Wilson (1946), proton irradiation to treat cancer has evolved from an experimental
treatment in research facilities to a routine treatment option in specialized cancer centers. In scanned proton
beam facilities, each tumor is irradiated with an optimized combination of proton beams of different energies
and positions, concentrating the Bragg peaks in a plateau which encloses the tumor. The low dose in the entrance
channel and the high energy deposition at a finite range qualify for a good tumor control with a low toxicity in
the surrounding tissue and organs (Schulz-Ertner and Tsujii 2007, Zhang et al 2010). As in all common radiation
therapy treatments, treatment plans nowadays are optimized for the specific anatomy of the patient by calculating
the specific dose distributions on the acquired CT images. Eventhough CT resolution allows a macroscopic

© 2019 Institute of Physics and Engineering in Medicine
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visualization and delineation of the organs in combination with additional dose calculation information, no
information about microscopic tissue characteristics can be obtained with a conventional CT scanner. The CT
resolution results in an averaged representation of the lung ashomogenous medium in CTs while on a microscopic
scale it consists of pulmonary alveoli with a density close to water filled with air having a much smaller density. For
ion therapy this is challenging as heterogeneous materials on a microscopic scale cause the Bragg peak to smear out
(Urie et al 1986, Sawakuchi et al 2008). The smearing-out arises because some particles might pass through more
lung tissue with a high density and others through more air cavities with a low density. Hence, these particles are
slowed down unevenly resulting in different ranges and the degradation of the Bragg peak. Even though the Bragg
peak degradation when traversing heterogeneous media has been known for some time and it was shown that
this could have a significant impact on the target dose (Goitein 1977, Espana and Paganetti 2011), state-of-the-art
treatment planning systems and routines do not account for this Bragg peak degradation, ignoring the potential of
an underdose in the target volume and an overdose distal to the target (Goitein 1977, Sawakuchi et al 2008).

Nevertheless, first steps to include the Bragg peak degradation in treatment planning have been performed.
To quantify the effect of the Bragg peak degradation on a depth dose curve, measurements in waterphantoms
positioned downstream from 3D-printed and other porous lung substitutes (Sell eral 2012, Titt et al 2015, Ring-
baek et al 2017) have been performed. With the help of Monte Carlo simulations, the concept of the ‘modula-
tion power’ based on a mathematical model was introduced to describe and quantify the effects of the Bragg
peak degredation on a mono-energetic Bragg peak (Witt et al 2015, Ringbaek et al 2017). Baumann et al (2017)
introduced and extensively tested a mathematical model to reproduce this artificial Bragg peak degradation on
rougher structures like CT voxels with dimensions in the millimeter range: by sequentially modulating the den-
sity of the CT voxels within the lung, the Bragg peak degradation can be reproduced. Hence, it is possible to
reproduce the Bragg peak degradation due to lung tissue on the basis of clinically acquired CT images, although
they do not resolve the fine structure of the lung tissue.

In this study, the effects of the Bragg peak degradation on various target volumes in dependence on their
depth in lung were analyzed. As the individual anatomy of each patient and thus the tumor shape and its position
in the lung differs, the comparison and analysis of the degradation effect is more evident and systematic when
performing the calculation of this effect on geometrical, CT-based phantoms. For each of these dicom-based CT
slab phantoms a treatment plan was optimized without considering the degradation. These plans were subse-
quently recalculated with TOPAS in two scenarios: with and without the density modulation reproducing the
Bragg peak degradation. Therefore, we were able to perform Monte Carlo simulations for different tumor sizes
and distances in lung on the regular CT, as well as on the modulated CTs as proposed by Baumann et al (2017).
This allows the analysis of the effects of the Bragg peak degradation dependent on tumor size and the depth in
lung and thus enabling an uncertainty estimation for proton therapy treatments for lung carcinomas in clinical
cases. The effects of other parameters like the tumor shape, the energy and the planning setup on the Bragg peak
degradation were also evaluated.

2. Materials and methods

2.1. CT modulation

As shown by Baumann et al (2017), on a macroscopic level the Bragg peak degradation can be reproduced by
alternating the density of the voxel that the particle passes through between either the density of air or tissue.
To reproduce the effect of the Bragg peak degradation a sequence of 100 CTs with differently randomized lung
density voxels was implemented in the Monte Carlo simulations, as displayed in figure 1. The expectation value
of the density of each voxel is 0.26 g cm > corresponding to the average density of an inflated lung (Schneider et al
1996). The superposition of the dose distributions from each of the 100 randomized CTs modulates the density
and hence the Bragg peak degradation is reproduced. A more detailed description of the mathematical model
and the modulation process is described by Baumann et al (2017).

Measurements indicated that the modulation power for lung tissue ranges between 100 ym and 800 ym
(Witt 2014). To be able to conduct an approximation for the effect of the Bragg peak degradation, a modulation
0f 450 pum was chosen for most setups in this study. Some simulations were repeated with a more probable modu-
lation power of 250 um and a extreme modulation power of 800 um, to allow an estimation of the influence of
the modulation power.

2.2. Phantoms

To fulfill the objective of the pure assessment of the differences in the dose distribution especially in the target
due to the Bragg peak degradation in lung tissue, a phantom study was conducted in a static setup so that organ
motion was ignored. Reducing the phantom to the most simplistic case as shown in figure 2, each CT consisted of
two water slabs of 2 cm thickness seperated by 25 cm of lung tissue, representing the lung enclosed by the thorax
wall and the mediastinum or other distal tissue. The density of the water slabs was 1.00g cm ™. The lung was
set to have a density of 0.26 g cm ™ corresponding to the density of an inflated lung (Schneider et al 1996). The
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Figure 1. Schematic overview of the setup and the occurring effects on the depth dose curve, when ignoring (top) and accounting
for (bottom) the Bragg peak degradation. On the left side, the phantom is shown for the CT clinical (averaged) case (lung window)
in the upper part and modulated in the lower part for one exemplary tumor size and position. On the right side the resulting depth
dose curves are shown for the CT averaged in black (top), a high modulation effect (modulation power 800 ym) in red and a low
modulation effect (modulation power 250 ym) in blue (bottom).

(a) distance in lung (b) tumor volume (c) tumor shape

®
depth in phantom

Figure 2. The major variations of the used CT phantoms are displayed. Featuring two exemplary options for the five major
differences in the phantom setups. From left to right, different depths of the tumor in the lung, different tumor volumes and shapes
are visible. As well as a change in the thickness of the proximal and distal water slab. The yellow lines enclosing the tumor display the
solid GTV and the larger red line surrounds the PTV, respectively.

- ' ' i (d) thorax wall (e) distal tissue
02 10 20 30 e

CT voxels had a size of 1.5 x 1.5 x 1.5 mm?®. The artificial tumors were represented by spheres or ellipsoids of
different sizes with a density of 1.00 g cm > that were positioned at various depths within the lung.
Various phantoms and thus treatment plans were produced to allow an extensive evaluation of the dependen-

cies of the Bragg Peak degradation. In the following, a brief description of the varied parameters is given (com-
pare figure 2):
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2.2.1. (a) Distance traveled in lung tissue

Six different depths in lung were investigated ranging from 2 cm to 20 cm (2 cm, 4 cm, 6 cm, 10 cm, 15 cm, 20 cm)
for the distance (d;) between the beginning of the lung and the tumor center. The smallest and largest distance are
displayed in figure 2.

2.2.2. (b) Size of tumor volume
Six different spherical volumes (1cm?, 2cm?, 6cm?, 14cm?, 25cm?, 43 cm?) were chosen to be evaluated, the
smallest, with a volume of 1 cm?, and largest, which has a volume of 43 cm?, are shown in figure 2.

2.2.3. (c) Shape of tumor volume

As tumor volumes in patients are not always shaped spherically, two different ellipsoids were investigated. The
parameters a,b and ¢ denote semi-axes of the ellipsoid. Length a always describes the axis parallel to the beam
direction and b and c the axis perpendicular to the beam. Two axis had always the same length for both ellipsoids.
The smaller ellipsoid (9 cm?) features the short axis (a = b = 2 cm) twice and the long axis (c = 4 cm) once while
the larger one (19 cm®) features the short axis only once and thus the long axis twice (a = 2cm, b = ¢ = 4cm).
Both ellipsoids were irradiated with the short axis (as just described) and the long axis (by switching a <> ¢) in
beam direction.

2.2.4. (d) Thickness of thorax wall
The simulations for the smallest tumor volume (1 cm?) were also performed with a thicker wall as displayed in
figure 2.

2.2.5. (e) Tissue distal to the tumor volume
The simulations for the longest distance in lung were performed with and without the wall distal to the tumor.
This represents tumors close to the mediastinum in comparison to tumors only surrounded by lung.

2.3. Planning setup and Monte Carlo simulations

Treatment plans for spot scanning protons were optimized using the commercially available treatment planning
system Eclipse version 13.7 (Varian). One single field from the left side was optimized with a lateral spot spacing
0f 60% of the FWHM in air and an energy spacing of 3 MeV or 1 MeV for larger or smaller volumes, respectively.
The volume optimized for was the PTV, which encloses the voxels identified as tumor (GTV) with a margin of
3 mm lung tissue. 30 Gy RBE were planned to be applied in a single fraction.

All simulations were conducted with the Monte Carlo code TOPAS (TOol for PArticle Simulations) version
3.1.p1 (Perletal 2012) which is a Geant4 (GEometry ANd Tracking) (Agostinelli eral 2003) based toolkit focused
on proton therapy applications. Each optimized RTplan was recalculated with TOPAS in two scenarios: with and
without the Bragg Peak modulation model.

The dose distributions of both scenarios were scored as dose-to-water and compared by evaluating the mean
dose (Dyean), the dose in at least 20% of the volume (D5g) and 95% of the volume (Dys), respectively. These three
dose values were determined for both, the GTV and the PTV. To evaluate also small dependencies, the modula-
tion effects for the setups shown in figures 2(c)—(e) are presented with the strong modulation power of 800 pm.
All other results are presented with a modulation power of 450 pm to give a more reasonable estimation of the
effect.

3. Results

3.1. General effect of the Bragg peak degradation
Figures 3(a) and (c) show two exemplary depth-dose curves along the beam axis. For the first 2 cm the particles
travel through the water slab and thus no modulation is observed. From depth 2 cm on, small discrepancies
in dose can be observed as the particles traverse the lung. Reaching the Bragg peak plateau, the differences
between the non-modulated scenario giving the dose distribution as predicted by the TPS and the modulated
scenario giving the dose distribution, as it would be in the patient, increase and show the systematic effect of the
degradation: on the one hand less dose at the beginning and the end of the spread out Bragg peak and on the other
hand an higher dose distal to the Bragg peaks induced due to a broader fall off.

The dose curve for the modulated cases is smoother in the high-dose region showing that the Bragg peak deg-
radation leads to a smoothing effect on the dose in beam direction similar to a ripple filter (Ringbaek et al2017).

The dose-volume histogram (DVH) presented in figures 3(b) and (d) show the influence of the Bragg peak
degradation on the GTV. It can be observed, that the mean dose in the GTV is reduced in the modulated case in
comparison to the predicted dose. In general, the dose coverage in significantly deteriorated.
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Figure 3. Depth-dose curves ((a) and (c)) through the central beam line and the corresponding DVHs ((b) and (d)) with and
without simulation of the lung modulation effect. The modulating lung tissue, with a modulation power of 800 zm (red line)
or 450 ym (orange line), starts at 2 cm. The depth dose curve in panel (a) and the corresponding dose-volume histogram in panel
(b) feature a small tumor while panel (¢) and (d) present a larger tumor extension.

3.2. Dependency on depthin lung tissue and the tumor volume

Figure 4 shows the evaluated dose parameters (D001, Dos and Dy) for the modulated and non-modulated cases in
dependency on the depth of the tumor in lung and different tumor volumes. All results are presented as a relative
difference of the modulated and TPS calculated dose, which is used as reference dose. To make an estimate of the
statistical error done with the Monte Carlo simulation, several plans were recalculated with different random
number seeds. The reference mean dose without the modulation effect was found to have an uncertainty of
about 0.05% for the presented values, nevertheless as the modulation is produced by the sum of 100 dose plans
with each one-hundredth of the total number of particles, the uncertainty is increased to roughly 0.5%. Thus all
presented values have to be reviewed with an uncertainty of 0.5%, which corresponds in most cases to the marker
size. For single voxel values such as the maximum and minimum dose the uncertainty is slightly, as only a minor
part of the simulated particles contribute to the dose value of this voxel.

In the upper part of figure 4, the mean dose is evaluated for the PTV (a) and the GTV (b), respectively. A clear
correlation between the tumor depth and the dose reduction can be observed: the greater the distance traveled in
lung, the higher the dose difference. Additionally, a clear dependence on the tumor volume is visible: the smaller
the tumor size, the larger the dose difference. Figures 4(a) and (b) show a almost linear relationship between
tumor depth and the dose difference.

The highest deviation from the expected value of Dy, is found to be —8% for the largest distance of 20 cm
in combination with the smallest volume of 1 cm?. With decreasing distance in the lung it decreases below —1%.
The smallest differences occur for the largest sphere with a volume of 43 cm?. D, ., rises from —1% ata 4 cm dis-
tance between the beginning of the lung and the sphere center to —3% at 20 cm distance.

Even though both upper plots look quite similar, differences can be noted. On the one hand, the effect for the
smallest tumor is higher when only the GTV is evaluated, while on the other hand the effect for the larger sized
tumors is reduced for the GTV in larger distances, broadening the range covered in figure 4(b). For the GTV, the
smallest tumor shows differences from a 0% difference at 2 cm lung distance up to —9% at 20 cm, while differ-
ences for the largest tumor are between —1% and —2% for 4 cm and 20 cm, respectively.

In the bottom panel of figure 4 the relative differences of the dose values enclosing 95% (Dys) and 20% (D)
of the volume, respectively, are shown. The D,y show more scatter but the trend of more passed lung resulting in
a higher dose reduction is still valid. For the largest distance, a D,y dose difference between —2% and —11% is
observed.
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Figure 4. Relative effect of the Bragg peak degradation on the dose distribution in dependency of the tumor depth in lung tissue
with a modulation power of 450 pm for (a) the mean dose (D,yeq,) of the PTV and (b) the GTV and (¢) for the D, and (d) D5 dose,
respectively. Different markers indicate the tumor volume. Note the different scaling in (d).

For the Dy, the data points scatter more randomly. Some points show even a positive discrepancy between
the modulated and original calculation. Thus no clear correlation can be found.

The lung modulation influences the dose at the distal end of the tumor the most. Thus, plans optimized in
a way that all the high dose area coincidences with the distal region of the PTV show more effect on the D,y. On
the other hands plans barely surrounding the distal region with the proposed 95% of the planned dose, will show
a significant reduction of the Dys. For example, two identical volumes positioned in the dose distribution pre-
sented in figure 3(c) at depths 10-11.5cm and 11-12.5 cm show a similar behavior in their decrease of the mean
dose (around 1%). The D, is decreased by 2% for the proximal volume and by only 1% for the distal volume. The
big difference is observed for the Dys: while the coverage for the proximal volume is even increased by 2% due to
the smoothing effect of the Bragg peak degradation, the Dys for the distal volume is decreased by —5% because
of the strong impact of the degradation effect at the distal end. Thus, small variation in the optimized plan, which
are not observable from the DVH but only from the actual dose distribution have a great influence on parameters
like the Dys.

In the further analysis only the mean dose is evaluated as (accounting to figure 4) it is a good indicator for the
effects of the modulation.

3.3. Dependency on the shape of the radiated volume
It was found that the underdosage of the ellipsoid-shaped PTV depends on its orientation rather than on its
volume: if the short axis was orientated in beam direction, the underdosage was about —9% for both volumes.
For thelong axis in beam direction the underdose was around —3%.

To be able to approximate the decrease of the mean dose not only for different positions in lung but also for
different tumor sizes and shapes, an empirically found parameter is presented, which well describes the geo-
metrical dependencies:

a2

(1)
Vb-c
adenotes the axisinbeam direction (as describedinsection 2.2(d)). Ls, which can be described as the scaled tumor
length in beam direction, offers the possibility to normalize the different orientations of the tested ellipsoids with

the spherical setups. This means if the x-axis in figure 4(a) is transformed from dj to d; / Ls, the different slopes
for the different tumor sizes are leveled into one and thus a simple approximation for all cases can be made.

Lg=2-
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Figure 5. Depth dose curve for reference plan of the same tumor set-up with a different longitudinal energy spacing.

3.4. Dependency on the lateral and longitudinal spot spacing
As the Bragg peak degradation changes the width of each Bragg peak in beam direction, differences in the energy
spacing may have an influence on the outcome of the Bragg peak degradation effects.

For the simulations redone with a different energy (longitudinal) spacing, a higher dose difference was
observed in the cases where a more narrow spot spacing was optimized. For the 1 MeV energy spacing, the under-
dosage showed an about 40% higher dose difference in comparison to the 3 MeV energy spacing. Plans with a
wider energy spacing have often a lower conformity and the smoothing effect of the Bragg peak degradation flat-
tens the profile but does not reduce the mean dose significantly. For a high conformity plan, the smoothingleads
to a more decreased mean dose. A higher conformity also allows the optimizer to spare dose in the surrounding
normal tissue, which leads to a steeper dose fall-off which is also closer to the PTV. Figure 5 shows two different
reference plans, which show the steeper gradient for the closer energy spacing. Of course, this can be accounted
for during the planning procedure.

Regarding the lateral spot spacing, no difference within the uncertainties of the simulation with a lower lat-
eral spot spacing was observed.

3.5. Energydependency

To analyze the dependency of the Bragg peak degradation on the energy, the plans for the 1 cm? spherical tumor
werealso calculated with a thicker entrance wall (4 cminstead of 2 cm) leading to higher proton energies to enclose
the tumor volume. Because this effect is expected to be smaller, the highest modulation power was chosen. The
results are displayed in table 1. While for the GTV, only the small distances in lung show some discrepancies when
the energy is increased, all dose differences for the mean PTV dose increase when applying a thicker wall. Higher
proton energies have a smaller peak to plateau ratio as well as smaller lateral FWHM. Thus, lower energy plans
might show less conformity than higher energy plans. As presented in section 3.4, a plan with higher conformity
is more affected by the Bragg peak degradation. In general, applying higher proton energies increases the dose

differences about additional —2% for the PTV .

3.6. Effect of distal tissue
If the tumor is placed in the vicinity to the mediastinum, tissue follows distal to the tumor. Simulations for the
2 cm’ tumor were performed to analyze the effects of the Bragg peak degradation with and without distal tissue.
Again, the highest modulation power of 800 ym was used, to give a very conservative approximation. The results
are presented in table 2. The mean dose was reduced by 19%, if the plan was optimized with no tissue distal to the
tumor. However, with the optimization performed with distal tissue, the mean dose was only decreased by 10%,
independent on the presence of distal tissue during the dose calculation. This outlines that the effect caused in the
presence of distal tissue is solely caused by the optimized spot setting, as plans optimized with distal tissue feature
more energy layers behind the tumor volume and thus leading to a smoother distal fall-off.

For a smaller distance of 6 cm and a larger distance between the PTV and the distal tissue, the effect is signifi-
cantly reduced as the case in brackets in table 2 shows. The closer the tumor lays to distal tissue and the more the
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Table 1. Dose differences for the mean dose of the GTV and the PTV, for a wall of 2 cm and a wall of 4 cm thickness (see figure 2). The
tumor volume was 1 ¢cm® and the modulation power 800 zzm.

GTV ean dose difference (%)

Depth 4 cm 6 cm 10 cm 15cm
2 cm wall —4 -5 -9 —12
4 cm wall -3 -7 -9 —12

PTV ean dose difference (%)

Depth 4 cm 6 cm 10 cm 15cm
2cm wall -3 —4 -7 —11
4cm wall -5 -7 -9 —13

Table 2. Dose differences for the PTV mean dose when calculated and optimized on a CT with or without tissue distal to the tumor. The
distance in lung was 25 cm (6 cm) for all settings and the modulation power 800 pm.

PTV yean dose difference (%)

Calculated on CT with distal tissue Calculated on CT without distal tissue
Optimized on CT with distal tissue —10 [—4] —10 [—4]
Optimized on CT without distal tissue —19 [-5] —19 [-5]

of PTV overlaps with the mediastinal wall, the smaller is the effect of the lung modulation. The occurrence of this
effect depends on the settings of the machine in the treatment planning system.

3.7. Modulation power

As described in section 2.1 and by Baumann et al (2017), the modulation power is a parameter in the
mathematical model used to reproduce the Bragg peak degradation, indicating the strength of the modulation
effect. Measurements indicate a modulation power between 100 gm and 800 pm (Witt 2014). The modulation
power in the simulations presented was chosen to be mostly 450 pm but also 800 ym to make a conservative
approximation for clinical cases. As the modulation power has a great influence on the modulation effect, some
of the simulations were redone with a modulation power of 250 ym as presented in figure 6 to also give a less
conservative approximation of the Bragg peak degradation. As expected, alower modulation power decreases the
dose differences occurring due to the Bragg peak degradation. For a linear approximation a lower slope would be
assigned. Still, the increase of the dose difference for both, the GTV and the PTV in dependency of the distance in
lung is clearly visible. A lower modulation power of 250 pm reduces the effect further to 0% for a depth of 4cm
and to —3% for the 20 cm depth.

3.8. Combined approximation of the degradation
As the aim was to allow an estimation of the change in the dose distribution for clinical cases, all data were
combined in figure 7. To connect all different setups and results, the dose difference was plotted against the ratio
of the penetration depth in lung and the scaled tumor length in beam direction as proposed in equation (1). This
condenses all data allowing a linear approximation and thus enabling a prediction of the reduction of the mean
dose in the tumor.

The GTV volumes and the depths in lung were chosen to represent a realistic variety over all possible lung
tumor scenarios.

For a less conservative approach, figure 7 also gives the approximation for a modulation power of 250 pm,
which seems to be clinically more likely. The slope was gained by a fit through all data calculated with 250 ym
whereas the width of the uncertainty band was taken from the 800 yym fit.

4. Discussion

The presence of the Bragg peak degradation due to microscopic inhomogeneities is well known, however its
effects are not accounted for in any TPS, hence the impact of the patient dose is not know.

In this phantom based study, the impact of the Bragg peak degradation on the dose of lung tumors was esti-
mated in dependence on different clinical treatment parameters such as the tumor depth in lung, the tumor
volume and its shape, the proton energy and the energy spacing. All in all, the results show that the longer the
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Figure 6. The dose difference of the mean dose of the PTV and GTV for a modulation power of 250 ym, 450 gm and 800 zzm,
respectively is plotted against the distance in lung. As size, the smallest volume of 1 cm? was chosen.

distance the particles travel through lung and the smaller the tumor volume, the higher is the difference between
planned mean dose and actual mean dose of the target volume. In all cases an underdosage of the tumor vol-
ume was found. The most extreme case investigated in this work showed an underestimation of the mean dose
of —14% (800 pm,). But more clinical relevant setups (distance of 6 cm, modulation power of 250 pm, see fig-
ure 6) result in an underestimation of about 2%.

In general, it was found that the Bragg peak modulation smooths the dose distribution: hot spots are reduced
leading to a steeper gradient in the DVH around a reduced mean value in comparison to the DVH predicted by
the TPS.

Another dependency that was investigated was the energy selection by the TPS, which was found to have an
influence on the dose distribution. All plans calculated with a thicker thorax wall and thus higher energy selection
showed an increased dose difference. This correlates with the results obtained for the spot spacing as param-
eter under investigation: energy spacing has a relevant impact on the dose when the Bragg peak degradation is
accounted for. An increased number of energy layers throughout the tumor (and not distal to the tumor) leads
to a decrease of the weight of each spot. With the Bragg peak degradation the peak dose is decreased and as the
missing dose is only distributed in the distal region, more spots result in a decreased peak dose thus a decreased
mean dose.

Atlast, the effect of tissue distal to the tumor was investigated as it is the case when the tumor is attached to the
meadiastinum. It was found that this has no direct influence on the dose calculated with and without the Bragg
peak degradation accounted for. However, for the given TPS settings, the plan optimization process was highly
influenced by distal tissue. When a plan is optimized with tissue distal to the tumor with the same margin around
the tumor more energy layers have spots within this margin because a spot spacing of e.g. 1 MeV results in about
1 mm distance in water but a far higher distance in air. Therefore, plans optimized with distal tissue feature a
higher dose behind the tumor, resulting in a decreased dose reduction when accounting for the Bragg peak degra-
dation. For small tumor volumes, the dose difference could be decreased by a half.

It was possible to include most results in the dose difference band in figure 7. This band allows an estimation
of the uncertainty when not including the Bragg peak degradation in lung tissue for many clinical cases. If an
approximation of the effect on the dose distribution for clinical case is of interest, the average distance in lung
needs to be estimated and the tumor length in beam direction needs to be measured and evaluated. With these
information and the results presented in figure 7 the reduction of the mean dose can be estimated in a conserva-
tive approach or a more probable approach.

In comparison to the intra- and interfractional motion in proton treatment of lung cancer (Widesott et al
2008, De Ruysscher et al 2015), the underestimation of 2% in the best case seems negligible, but differences
around 10% that were also observed should rather not be neglected. Nevertheless, as tumor movement is more
and more accounted for by robust planning, gating, tracking and plan-of-the-day concepts thus reducing the
effect on the dose distribution to a minimum, future treatment concepts should aim for an incorporation of the
Bragg peak degradation.
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Figure7. All dose differences for the mean dose are presented in a combined format as they are plotted against the depth in lung
(dp) divided by the scaled tumor length in beam direction (Ls) as proposed in equation (1). All PTV and GTV mean dose differences
are displayed. The yellow band marks the fit through all data points as presented for a modulation power of 800 ym, visualizing the
20-range of the dose differences in dependence of the parameters. The green band fits through all data points calculated with the
450 pm modulation power. The red band has the same dimension as the yellow band but the slope is optimized to fit to all results
present for a modulation power of 250 ym.

As the measurements of the modulation power covers a broad range and the change in the modulation power
shows the most severe changes in the dose effects, more data for the modulation power in human lungs are
needed.

5. Conclusion

A detailed 3D systematic analysis of the effect of the Bragg peak degradation was performed. The results were
presented in dependency of the distance through lung tissue, the size and shape of the treatment volume, as
well as plan specific parameters as particle energy and spot distance. The effects were estimated for different
modulation powers, giving a worst-case scenario and more likely scenarios. The results allow for the first time an
approximation of the uncertainty on the mean dose for a clinical scanned proton treatment plan. Even though
tumor movement affects the treatment outcome more than the Bragg peak degradation, an inclusion of the
dose changes due to the Bragg peak degradation is bringing proton therapy for lung carcinomas closer to a high
precision therapy.
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Abstract

analysis was performed.

investigated.

and range uncertainties in proton therapy.

Purpose: To quantify the effects of the Bragg peak degradation due to lung tissue on treatment plans of lung
cancer patients with spot scanning proton therapy and to give a conservative approximation of these effects.

Methods and materials: Treatment plans of five lung cancer patients (tumors of sizes 2.7-46.4 cm? at different
depths in the lung) were optimized without consideration of the Bragg peak degradation. These treatment plans
were recalculated with the Monte Carlo code TOPAS in two scenarios: in a first scenario, the treatment plans were
calculated without including the Bragg peak degradation to reproduce the dose distribution predicted by the
treatment-planning system (TPS). In a second scenario, the treatment plans were calculated while including the
Bragg peak degradation. Subsequently, the plans were compared by means of Dyean, Doge and Dag, in the clinical
target volume (CTV) and organs at risk (OAR). Furthermore, isodose lines were investigated and a gamma index

Results: The Bragg peak degradation leads to a lower dose in the CTV and higher doses in OARs distal to the CTV
compared to the prediction from the TPS. The reduction of the mean dose in the CTV was — 5% at maximum
and — 2% on average. The deeper a tumor was located in the lung and the smaller its volume the bigger was the
effect on the CTV. The enhancement of the mean dose in OARs distal to the CTV was negligible for the cases

Conclusions: Effects of the Bragg peak degradation due to lung tissue were investigated for lung cancer
treatment plans in proton therapy. This study confirms that these effects are clinically tolerable to a certain
degree in the current clinical context considering the various more critical dose uncertainties due to motion

Keywords: Proton therapy, Lung modulation, Bragg peak degradation, Treatment planning

Background

Since proposed for radiation therapy, ion beams are of
increasing interest in radiation oncology [1, 2]. In homo-
geneous materials the dose profile of heavy charged par-
ticles such as protons consists of a low dose plateau at
small depths followed by the so-called Bragg peak where
most of the dose is deposited. The Bragg peak is
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followed by a sharp distal fall-off. This finite range and
sharp distal fall-off of the dose deposition as well as the
comparable low entrance dose lead to a reduction in the
integral dose. These advantages of protons in radiation
therapy lead to the possibility of a conformal dose distri-
bution in the target while sparing surrounding healthy
tissue [3]. Mainly two approaches for the use of proton
therapy have evolved [4]: 1) to escalate the dose in the
tumor while allowing the same dose to organs at risk
(OAR) compared to conventional photon therapy and 2)
keeping the target dose constant compared to conven-
tional photon therapy and reducing the dose deposited

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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to OARs as much as possible. Both approaches can be
considered for the treatment of lung cancer patients
with protons. On the one hand, it has been shown in
some studies that a dose escalation in the tumor
improves local control and survival in non-small cell
lung cancer (NSCLC) patients [4]. On the other hand,
the sparing of healthy tissue is of interest for tumors in
difficult anatomies where the tumor is located near to
sensitive structures or even enclosed by OARs. This is
often the case for lung cancer patients due to the
possible proximity of OARs like the heart, esophagus,
trachea, large blood vessels and the spinal cord [4].

For early-stage NSCLC patients the outcomes achieved
with proton therapy are similar to those achieved with
stereotactic body radiotherapy (SBRT) [4] despite excel-
lent dose distributions and sparing of OARs. This holds
especially for small peripheral lesions, since these are
mostly located far from critical structures (except for
ribs and chest wall) and hence a sparing of OARs is well
achievable with SBRT. However, for larger tumors,
especially those located near to OARS, proton therapy
might be superior to SBRT.

For locally advanced (stage III) lung cancer patients,
virtual clinical studies showed that in proton plans it is
possible to reduce the dose deposition in normal tissue,
especially in the heart, compared to photon plans [3-5].
Additionally, a phase II study with 44 patients showed
an enhanced median survival in a combined radio-
chemotherapy when irradiating with protons compared
to photons. The patients treated with protons showed
minimal grade 3 toxicities [4, 6].

In addition to the debatable benefits of proton therapy
compared to SBRT in lung cancers, some difficulties in
treating lung cancers with protons arise due to the
underlying physics as well as the technical application of
the proton beam. One of the main issues is the range of
protons that depends on the material in the beam path:
in case that the patient’s anatomy changes and hence is
different during the treatment compared to the treatment-
planning process, the range and hence the dose deposition
can be different to that predicted by the TPS. Hence, the
outcome of the treatment is vulnerable to changes in the
anatomy of the patient as the patient moves, is not opti-
mally positioned or the anatomy of the patient changes
between fractions, e.g. due to a shrinkage of the tumor or
weight loss [7-10]. Especially the change in the anatomy
between fractions causes a need in plan adaption
strategies for proton therapy [11].

Another issue is that the range of protons is predicted
based on X-ray CT images while the conversion of
stopping powers from X-ray CT images is inaccurate
[12, 13]. Furthermore, uncertainties in the dose depo-
sited arise from uncertainties in biological effectiveness
models [7, 14].
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A crucial topic in the proton therapy of lung cancer
patients is motion management since interplay effects
due to respiratory motion or motion of the heart com-
bined with the precise application of actively scanned
proton beams can lead to a severe underdosage of the
target volume [15-20].

Another uncertainty in proton therapy of lung cancer
patients arises from the characteristics of the lung tissue
itself: The heterogeneous structure of the lung tissue
leads to a degradation of the Bragg peak and to a wider
distal fall-off [21, 22]. If this degradation is not consi-
dered correctly during the treatment planning of lung
cancer patients, it might lead to an underdosage of the
target volume and an overdosage of normal tissue distal
to the target volume [22, 23]. Although this degradation
has been described in numerous works [24—29], it can-
not be considered in the clinical treatment-planning
process and dose calculation on treatment-planning CT
images. The reason is that due to the restricted reso-
lution of treatment-planning CT's, the microscopic struc-
ture of lung tissue is not resolved sufficiently and a more
homogeneous tissue distribution is predicted [26, 30].

Baumann et al. [29] introduced and extensively tested
an efficient method to consider the Bragg peak degrad-
ation on the base of typically used treatment-planning
CT data in Monte Carlo codes by applying a density
modulation to voxels associated with the lung. Flatten
et al. [31] used this model to estimate the effects of the
Bragg peak degradation based on a phantom study
where spherical tumors of different sizes were placed at
different depths in the lung and the underdosage of the
target volume was quantified. The result showed that
the underdosage of the target volume increases with an
increasing depth of the tumor in lung and a decreasing
tumor volume. The maximum underdosage in terms of
the mean dose was — 15% compared to the dose distri-
bution predicted by the treatment-planning system that
did not consider the Bragg peak degradation.

In this study the effects of the Bragg peak degradation
were investigated on clinical cases for various anatomical
locations of the tumor in the lung and different treat-
ment plans. We chose simple field configurations so that
the results can be used by a large variety of proton cen-
ters. The goal is to give upwards estimations for the dose
uncertainty in the target volume and OARs. For that, we
included also extreme cases (e.g small tumor volumes
and large depths in lung) to quantify the maximum
degradation effect in realistic patient anatomies.

Methods and materials

Selection of patients

We investigated five exemplary clinical cases with tumor
volumes between 2.7 cm® and 46.4cm® The tumors
were located in the right lung in the upper lobe (two
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cases) or the central lobe (three cases). We chose the
clinical cases to have tumors located in the center of the
lung as well as tumors that are located near to soft tissue
or OARs. In doing so we are able to investigate different
depth of the tumor in the lung as well as the effects of
the Bragg peak degradation on surrounding normal tis-
sue and OARs. For two cases the tumor was located
near to the spinal cord. No tumor was located directly at
the thorax wall in order to always have lung tissue
between the thorax wall and the tumor and hence in the
beam path. The patients were originally treated with
photons and retrospectively re-planned with protons for
this study. We used different beam directions in the
proton plans to generate different path lengths in the
lung (see Fig. 1 and Table 1).

As described in the introduction, small tumor volumes
as investigated in this study might not benefit from pro-
ton therapy compared to SBRT and hence tend to be
less relevant for proton therapy. Yet, small tumor
volumes have been treated with protons at different cen-
ters [32-34], with volumes going down to only 1cm?.
Furthermore, Flatten et al. [31] showed that the effects
of the Bragg peak degradation increase with a decreasing
tumor volume. Thus, we investigated these small tumors
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as well, in particular to derive an upwards estimation for
larger and thus clinically more relevant tumor volumes.

Treatment planning

All treatment plans were optimized with Eclipse v.13.7
(VARIAN) using the non-linear universal proton optimizer,
v.13.7.15. The total prescribed dose was 30 Gy (RBE) and
the only planning objective was to deliver at least 95% of
the prescription dose to at least 98% of the planning target
volume (PTV). For small tumor volumes we accepted hot
spots (up to 115% of the prescribed dose) in the PTV. The
PTV was the clinical target volume (CTV) plus an isotropic
margin of 3 mm, although most PTV concepts proposed in
the literature [7, 34—36] are field specific and account for
uncertainties of the proton’s range or the positioning of the
patient. However, in the majority of clinical situations, an
isotropic margin around the CTV is used for treatment
planning as done in this study. Additionally, we planned on
static CT data, ignoring movements of the anatomy due to
respiration in both the planning and dose calculation. By
excluding any effects due to motion, positioning of the
patient or range uncertainties, we are able to extract the
pure effects of the Bragg peak degradation. We analyzed
these effects on the CTV and not the PTV, since the CTV

On the right a color bar is given indicating the relative dose

Fig. 1 CT slices of one exemplary patient (patient 1): for the beam directions 0°, 270° and 315° plans were optimized individually consisting of
one single field. On the bottom right the sum of these plans is shown. The CTV is marked in white, trachea in light green and spinal cord in red.

N\

65



Baumann et al. Radiation Oncology (2019) 14:183

Page 4 of 15

Table 1 Volumes of the CTVs and lungs for the five patients and minimum and maximum diameter of the CTVs as well as depths in
lung of the CTVs for each beam direction. The depth of the CTV corresponds to the path length through lung tissue for the spot at

the isocenter

Patient Lung volume Volume of min./max. Depth of CTV in cm for different beam directions

in cm CTVin cm? g%n}?tirmof o 270° 3150
1 2294 464 29/4.2 6.2 33 36
2 1882 42 1.8/2.3 1.8 2.1 15
3 1705 32.1 3.5/5.2 122 9.2 9.2
4 1780 6.2 2.2/24 6.9 2.7 53
5 1600 27 1.6/2.0 45 38 36

is the clinically relevant structure. Since for each optimized
plan the dose deposited in the OARs was below any critical
value we did not include any constraints for OARs in the
treatment-plan optimization.

We decided to investigate simple treatment plans
consisting of only one single field coming from ei-
ther 0°, 270° or 315°. We used different beam direc-
tions to generate different depths of the CTV in the
lung. The distal spot spacing was 3 mm, the lateral
spot spacing was 0.45 times the full-width-half-max-
imum (FWHM) in air. The FWHM for 70 MeV pro-
tons was 32.5mm and for 221 MeV protons it was
8.1 mm.

The different beam directions are shown in Fig. 1 for
one exemplary patient. As described later in the text, we
also made a sum plan of the three single field plans for
each patient as shown in Fig. 1 bottom right. In Fig. 2
the remaining four patients are shown with one
exemplary treatment plan each.

Although some of these beams may not be the
best choice from a clinical point of view (e.g. OARs
distal to the PTV, large depth of the tumor in the
lung), we decided to investigate these cases anyway
to give an upwards estimation for the effects of the
Bragg peak degradation also for worst-case scenarios.

The motivation for using simple treatment plans is
to highlight the effects of the Bragg peak degrad-
ation. Furthermore, there is no gold standard in plan
design for lung cancer patients, especially concerning
the choice of number of fields and beam directions,
although several proton centers have already treated
lung cancer patients with protons [6, 32-34]. Thus,
in keeping the treatment plans simple, we can assure
that the results from this study are usable for as
many different proton centers as possible since the
dependencies of the Bragg peak degradation (e.g. on
the depth of tumor in lung) can be assessed more
easily using simple treatment plans compared to
complex IMPT plans.

In order to assess whether the results from this study
can be used to estimate the effects of the Bragg peak

degradation for more complex plans, we investigated
two IMPT plans, one each for patient 1 and 5 as shown
in Fig. 3. The choice fell on these two patients since they
have the largest and smallest tumor volume (compare
Table 1). Multi-field optimization was enabled to
optimize three fields for each plan. The same PTV con-
cept and planning objectives were used as for the simple
plans. For patient 1 the beam directions were 180°, 270°
and 330°. For patient 5 the beam directions 10°, 180° and
270° were used.

Simulations

Simulations were performed using the Monte Carlo code
TOPAS (Tool for Particle Simulations) version 3.1.p1 [37],
a toolkit based on Geant4 (Geometry And Tracking) ver-
sion geant4—10-03-patch-01 [38]. We used the same beam
data in both TOPAS and Eclipse and commissioned these
data to match the beam delivery system at the Ion-Beam
Therapy Center Marburg. Dose calculation results in
water between TOPAS and Eclipse agreed well. The
passing rate of the gamma index 1%/1 mm for voxels with
dose values greater than 20% of the maximum dose was
larger than 98% for single spots. It is known that dif-
ferences between dose calculation algorithms as used in
Eclipse and Monte Carlo codes such as TOPAS exist
especially for dose calculations in the lung [39]. Hence, all
dose calculations were performed with TOPAS so that
differences in the dose calculation between TOPAS and
Eclipse do not falsify the results.

Each treatment plan optimized with Eclipse was
recalculated in TOPAS in two scenarios: In the first
scenario, each optimized treatment plan was calculated
on the original CT data. Hence, this calculation cor-
responds to the prediction from the treatment-planning
system. In a second scenario, the plans were recalculated
while considering the Bragg Peak degradation. To do so,
we used the mathematical model presented by Baumann
et al. [29]. The strength of the Bragg peak degradation is
quantified by the material characteristic “modulation
power” P, The greater the modulation power of a
heterogeneous material like lung tissue the broader the
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Fig. 2 CT slices of the remaining patients. The patient's numbers are marked in red. For each patient one exemplary plan is shown. The CTV is
marked in white, trachea in light green and spinal cord in red. On the right a color bar is given indicating the relative dose

Bragg peak and the less steep the distal fall-off as shown
in Fig. 4. Based on the modulation power a density dis-
tribution can be derived. When modulating the density
of each voxel associated with the lung within the patient
following this density distribution, the Bragg peak deg-
radation due to the lung tissue is being reproduced [29].
The dose distributions for each plan obtained from using

the original CT data (non-modulated case) and when ap-
plying the density modulation (modulated case) were
compared in means of cumulative dose volume histo-
grams (DVH), mean doses Dyean, Dogy and Do in the
CTV and OARs. Additionally, we investigated the differ-
ences in the dose distribution when combining the dose
distributions from the single plans (beam directions 0°,

Fig. 3 CT slices of the patients 1 and 5 (marked in red numbers) with the dose distributions for the optimized IMPT plans. The CTV is marked in
white, trachea in light green and spinal cord in red. On the right a color bar is given indicating the relative dose
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Fig. 4 Depth dose curves of protons in water. In black the Bragg curve as predicted by the treatment-planning system that does not consider
the Bragg peak degradation due to the lung tissue. In red and blue the degraded Bragg curves based on modulation powers P4 of 100 um
and 800 um. The greater the modulation power the broader the Bragg peak and the less steep the distal fall-off

270° and 315°) for each patient to an added-up dose
distribution to investigate the influence of the number of
irradiated fields on the degradation effects.

In a study by Witt [40] the modulation powers of por-
cine lungs were measured in proton beams to be in the
range from 300 pm to 750 pm. Since the measurements
were performed with complete lungs, the measured
modulation powers correspond to integrated modulation
powers of all the structures of the lung being arranged
in the beam that cannot be identified in CT images. The
modulation power increases with increasing structure
sizes [29]. Thus, the modulation power varies with the
position in the lung. In the peripheral region of the lung
the modulation power tends to be smaller compared to
the central lung where the size of the structures is
greater. For almost each measurement the modulation
power was in the range from 300 um to 500 um with an
average of 450 um. For one measurement the modula-
tion power was 750 pm. However, for this measurement
the lung was positioned in a way that a large bronchial
structure was in the beam line.

To clarify whether these results obtained with porcine
lungs are applicable for human lung tissue, high-resolution
CT images with a resolution of 4 pm of human lung tissue
samples were investigated by Witt [40] and Baumann et al.
[29]. The so-gained modulation powers were in the range
from 50 pm to 250 um. The authors discussed that the
preparation of the tissue samples resulted in a noticeable
loss of water of up to 37% and hence in a reduction of the
sizes of the lung structures. Therefore, the modulation
powers gained in this investigation are lower compared to
the measurements with porcine lungs.

Both the measurements with porcine lungs and the
investigation of human lung tissue samples indicate that
the modulation power of lung tissue is in the order of
some hundred micrometers. However, until now there is
no possibility to determine a patient-specific modulation
power for each region of the lung. Therefore, in this
study we investigated the effects of the Bragg peak
degradation based on modulation powers of 100 pm,
250 pm, 450 pm and 800 um, covering the whole range
of modulation powers found in the measurements of
porcine lungs and the investigation of human lung
tissue samples with some additional buffer to determine
the minimum and maximum degradation effects in
exemplary clinical cases. For the IMPT plans we only used
a modulation power of 450 pm.

Results

In Fig. 5 on the left side the DVH for patient 1 and the
beam direction 270° is shown for the CTV and the OAR
trachea. The Monte Carlo calculated DVH for each vol-
ume is shown for the non-modulated case representing
the dose distribution predicted by the treatment-planning
system and the modulated cases where the Bragg peak
degradation based on modulation powers between 100 um
and 800 um is considered. The dose coverage of the CTV
decreases with an increasing modulation power. The dose
deposited in the trachea increases with an increasing modu-
lation power. On the right side the depth dose curves along
the center of the beam for the non-modulated scenario and
the modulated one based on the maximum modulation
power of 800 pm are shown. The positions of the body, the
lung and the CTV are marked by dashed black lines. We
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decided to show the results for the extreme modulation
power of 800 um since for a smaller modulation power the
effects are not visible as clearly: when entering the body
both dose distributions are the same. In the lung the effects
of the degradation can be seen resulting in a broader dose
curve and a less steep fall-off for the modulated case.
Within the CTV there is a slightly higher dose for the non-
modulated case. In the lung distal to the CTV there is a
significantly higher dose for the non-modulated case. The
background is that in this case a spot is used by the TPS
where the Bragg peak is located distal to the CTV in order
to achieve a sufficient dose coverage within the CTV. This
peak is smoothed in the modulated case as described by
Flatten et al. [31]. In the body distal to the lung the
dose for the modulated case is higher due to the
broader fall-off resulting in a larger range and hence a
higher dose deposition.

In Fig. 6 exemplary isodose lines [41, 42] for 95, 80
and 20% of the prescribed dose are shown for the non-
modulated case (pink) and the modulated case based on
a modulation power of 800 um (green). Additionally, the
CTV is marked in white, the trachea in light green and
the spinal cord in red. Again, we decided to show the
results for the extreme modulation power of 800 pum.
The 95% isodose lines are shown in the left column, the
80% in the middle column and the 20% in the right
column. In the first line the isodose lines for patient 1
(marked with a white number) are shown for the beam
direction 270°. The regions enclosed by the 95 and 80%
isodose lines are larger for the non-modulated cases

indicating the underdosage of the CTV due to the Bragg
peak degradation (compare DVH and depth dose in
Fig. 5). The 20% isodose line for the modulated case
reaches farther compared to the non-modulated case.
The same effects can be seen for all patients.

The greater range of the 20% isodose lines shows the
potential risk of an overdosage in OARs distal to the
target volume. Especially for patient 3 and 4 in Fig. 6 the
isodose lines for 20% of the prescribed dose reach into
the spinal cord. However, the additional range of the
20% isodose lines is 2 mm at maximum for these two
patients. The maximum shift of each isodose line for the
modulated case compared to the non-modulated case
for the patients as shown in Fig. 6 are listed in Table 2.
A negative sign marks a shorter range compared to the
non-modulated case. The range uncertainties of the iso-
dose lines in lung (patient 1 and patient 2 except for the
20% isodose line) are larger compared to those in tissue
(patient 3 and 4 all isodose lines and 20% isodose line of
patient 1).

To quantify the effects shown in Figs. 5 and 6 in terms
of dose, the absolute dose values for the non-modulated
case and the differences in percent of the mean dose
Dieans Dogy, (the dose that is received by 98% percent of
the volume) and Dy, between the modulated cases and
the non-modulated case for patient 1 are reported in
Table 3 for the CTV, the trachea and the spinal cord.
The Dggsy is taken to quantify the minimum dose re-
ceived by a volume while the D,y is taken to quantify
the maximum dose received by a volume. For the OARs
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Fig. 6 Isodose lines for 95, 80 and 20% of the prescribed dose. In pink for the non-modulated case, in green for the modulated case based on a
modulation power of 800 um. In the first column the 95%, in the middle column the 80% and in the right column the 20% isodose lines.
Different patient cases are marked in white numbers. The CTV is marked in white, the trachea in light green and the spinal cord in red
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the mean dose Dy,can and the Dy as a quantification of
the maximum dose are shown.

The mean dose Dean, Dogy and Doy, in the CTV are
smaller for the modulated cases compared to the non-
modulated case and hence the prediction from the
treatment-planning system. The differences increase
with an increasing modulation power. The largest
differences can be seen for the beam direction 0°
(corresponding to the largest depth in lung) and the
maximum modulation power of 800 um. Concerning the
OARs trachea and spinal cord, the doses deposited in
the modulated cases are greater compared to the non-
modulated case for the beam directions 270° and 315°.
The differences increase with an increasing modulation
power. The maximum difference in the mean dose
Dijean is + 24% for the trachea as well as the spinal cord.

However, these relative deviations correspond to low
absolute deviations of 0.3 Gy and < 0.1 Gy, respectively.
The largest difference for the Doy value for the trachea
is +24% and + 21% for the spinal cord. These deviations
correspond to 1.5 Gy and 0.2 Gy, respectively. It can be
seen, that the effects of the Bragg peak degradation on
the OARs are almost non-existent for a beam direction
0° since in this case no OAR is positioned distal to the
PTV. The effects on the trachea are largest for the beam
direction 270°. For the spinal cord the effects are largest
for the beam direction 315°.

In Table 4 the absolute dose values and the differences
in percent of the mean dose Dyean, Dogy, and Doy for
the CTV between the modulated cases and the non-
modulated case are shown for the patients 2 to 5. The
results are given for a modulation power of 800 pm to
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Table 2 Maximum shift in mm of the isodose lines for the
modulated case based on a modulation power of 800 um
compared to the non-modulated case for the patients and
beam directions as shown in Fig. 6. A negative sign stands
for a shorter range

Patient/beam  Maximum range uncertainty in mm for isodose lines
direction 95% 80% 0%

1/270° -8 -5 3

2/0° -8 -10 5

3/270° —4 -3 2

4/315° -2 -2 2

give an estimation of the maximum effects. Additionally,
the results for a more realistic modulation power of
450 um are given. The deviations between the modulated
cases and the non-modulated case for the OARs are as
small and negligible as for patient 1 and hence not
shown for the other patients. As it is the case with
patient 1, the dose coverage of the CTV in the modulated
cases is lower compared to the non-modulated case.

For a modulation power of 800 um the maximum
differences in the mean dose Dyy,.n as well as the Dogy, are
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roughly —5%. For the Dy it is about —4%. The average
difference in the mean dose Dy, ¢, is in the order of — 2%,
for Dogy it is — 3% and for D,y it is about — 2%.

For a more realistic modulation power of 450 pm the
maximum differences in the mean dose Dy ean, the Dogy
as well as the Dyy are roughly -3%. The average
difference in the mean dose Dyeqn is in the order of — 1%,
for Dogy, it is roughly — 2% and for Dy it is — 1%.

Additionally, we looked at the differences in the mean
dose Dieans Doge, and Doy, for the CTV between the
modulated cases and the non-modulated case when all
three plans from the beam directions 0°, 270° and 315°
are combined. As for the irradiation with one single
field, in the combined scenario with three fields, the
differences between the modulated cases and the non-
modulated case are at maximum about - 5% for a modu-
lation power of 800 um. For a modulation power of
450 um the maximum difference is about — 3%.

In Table 5 the passing rates for the gamma index
3%/1 mm (local) are shown for each patient and the dose
distributions based on modulation powers of 450 ym and
800 pum. All voxels with at least 20% of the maximum dose
were included in the analysis. We chose to set a small

Table 3 Absolute dose values for the non-modulated case and differences in percent of the mean dose Dypean, Dogs (Only for the
CTV) and Day, for the CTV and OARs between the modulated and the non-modulated cases for patient 1

Modulation c1v Trachea Spinal cord
Dmean D98% DZ% Dmeam Dz% Dmean DZ%
beam direction: 0° (depth in lung: 6.2 cm)
Dronmod IN Gy (RBE) 299 257 322 0.1 05 <01 0.1
100 um -0.3% —0.4% -04% -1% +1% 0% -1%
200 um -0.7% —12% —08% 0% +1% 0% - 1%
450 um -1.3% —3.0% —-12% 0% +2% 0% - 1%
800 um -2.1% —4.9% - 1.8% 0% +2% +1% -1%
beam direction: 270° (depth in lung: 3.3 cm)
Dron-mod in Gy (RBE) 30.1 273 304 1.1 56 0.1 0.7
100 pm -0.2% —0.1% —0.2% +7% + 9% +2% + 6%
200 um -0.5% —1.0% —-03% +12% +13% +2% + 9%
450 um - 0.5% —2.2% —0.5% +16% +17% +7% + 14%
800 um —0.9% —4.1% —0.6% + 24% +24% + 9% +21%
beam direction: 315° (depth in lung: 3.6 cm)

Dhon-mod IN Gy (RBE) 2938 266 416 02 10 0.1 07
100 um 0.0% 0.0% +0.1% +3% +2% + 6% +7%
200 um —0.4% —1.5% —0.2% +2% +1% +11% +11%
450 um -0.8% -1.5% —04% +2% +2% +15% + 14%
800 um - 1.5% -3.0% —0.6% + 5% +5% +24% +21%
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Table 4 Absolute dose values for the non-modulated case and differences in percent of the mean dose D, nean, Doge and Do,
between the modulated and the non-modulated cases for the CTV and the patients 2 to 5. The modulation powers used in these

cases are 450 um and 800 um

Patient Modulation Beam direction: 0° Beam direction: 270° Beam direction: 315°
Drmean Doss Do Drmean Doss Dag Dnean Doso Dags
2 Dron-mod in Gy (RBE) 299 234 320 30.1 252 311 30.0 22.1 323
450 pm -1.8% —0.7% -0.2% -1.1% - 0.8% —-0.7% -1.1% - 15% —-0.7%
800 um -3.1% —2.9% —3.8% - 1.9% —14% -1.1% —2.0% -25% -1.2%
3 Dron-mod in Gy (RBE) 300 25.8 322 30.1 283 315 300 270 319
450 um -1.1% —1.4% -0.9% —0.6% —2.9% —0.5% —08% —22% —08%
800 um -1.8% —2.8% -1.5% -1.1% —5.1% —0.8% —14% —-42% -1.1%
4 Dronmod in Gy (RBE) 300 257 310 300 242 322 300 268 308
450 um -13% —2.5% —0.8% —0.6% -12% -03% —0.6% -1.1% -04%
800 pm —22% —4.2% -1.2% —1.0% —2.0% —0.5% —1.0% —2.0% —-0.7%
5 Dron-mod in Gy (RBE) 30.1 272 328 30.0 237 316 30.1 279 338
450 um —2.6% -0.5% -1.1% —2.0% -3.0% -21% -3.0% -15% -32%
800 um —4.7% —2.8% —2.1% -3.1% —4.6% -32% —4.9% —2.5% —43%

distance-to-agreement since the effect of the Bragg peak
degradation leads to a broadening of the Bragg peak and
hence a small shift in the dose (compare Figs. 5 and 6).
The allowed dose difference was set to 3% since this is
roughly the average effect on the mean dose in the CTV
for a modulation power of 800 um. For a modulation
power of 800 pm, the minimal passing rate is 90.4% for
patient 5 and the beam direction 315° corresponding to
the maximum difference in the mean dose (compare
Table 3). The average passing rate is 96.8%. For a modula-
tion power of 450 pm the minimum passing rate is 93.1%
and the average passing rate is 98.5%. We also investigated

Table 5 Passing rates in percent of the gamma index 3%/1 mm
including all voxels with at least 20% of the maximum dose for all
patients depending on the modulation power and beam
direction

Patient Modulation Beam direction
power 0° 270° 315°
1 450 um 98.5 97.2 99.0
800 um 96.4 954 973
2 450 um 973 99.3 99.9
800 um 94.7 95.5 99.2
3 450 ym 99.5 99.8 99.6
800 pm 98.8 99.0 99.0
4 450 um 99.9 100 999
800 um 99.6 100 99.9
5 450 um 96.0 98.2 93.1
800 pm 91.7 95.6 904

the gamma index when including only those voxels with
at least 80% of the maximum dose. For this gamma index
the minimum passing rate is 84.0% with an average
passing rate of 94.6% for a modulation power of 800 pm.
In order to assess whether the results from this study
being derived using simple treatment plans can be used
to estimate the dose uncertainty due to the Bragg peak
degradation on more complex plans like IMPT plans, we
investigated two IMPT plans - one each for patient 1
and 5. The reduction of the mean dose D,,.,, of the
CTV was - 1% for patient 1 and a modulation power of
450 pm. For patient 5 it was about — 3%. For patient 1,
the reduction of the mean dose of the CTV approxi-
mately corresponds to the average dose reduction for
the simple treatments plans with beam directions 0°,
270° and 315° (compare Table 3). For patient 5 the dose
reduction for the IMPT plan is in the order of the
maximum effect for the simple treatment plans.

Discussion

The influence of the Bragg peak degradation due to lung
tissue on treatment plans of lung cancer patients was in-
vestigated. For all cases the treatment-planning system
overestimated the dose delivered to the CTV and in
some cases underestimated the dose delivered to distal
OARs. This effect increases with an increasing modula-
tion power. The maximum underestimation of the mean
dose Dyean is — 5% for the CTV and an extreme modula-
tion power of 800 pm. The average underestimation is in
the order —2%. This extreme modulation power of
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800 um can occur in cases where a larger bronchial
structure in the lung is positioned in the proton beam.
However, for a more realistic modulation power of
450 pm, the underestimation of the mean dose D,y is
only about - 3% at maximum. The average underestimation
is roughly - 1%.

Concerning the effects on OARs, it was shown that
the effects are dependent on the beam direction which
defines the relative position between the target volume
and OAR for a given anatomy: As shown in Fig. 5 on
the right side, the Bragg peak degradation results in a
higher dose distal to the Bragg peak. Hence, only OARs
distal to the PTV can receive a higher dose than pre-
dicted by the treatment-planning system. Due to range
uncertainties in proton therapy it would typically be
avoided to arrange fields in a way that an OAR is located
directly distal to the PTV. Nevertheless, in some cases
this is inevitable for example when the patient has been
previously irradiated in this region or due to technical
limitations of the beam delivery system. Additionally,
anatomical characteristics could enforce an irradiation
where an OAR is positioned distal to the PTV as it is
the case with patient 3 as shown in Fig. 2: for the beam
directions 315° and 270° the spinal cord is positioned
distal to the PTV. However, for the beam direction 0°
the beam crosses the heart and the distance in lung is
quite large. Since a patient’s anatomy can oblige to use
beams where an OAR is positioned distal to the PTV,
we also investigated these cases. The underestimation of
the mean dose Dy, in the OARs trachea and spinal
cord was 0.3 Gy at maximum. For the Dy, quantifying
the maximum dose deposited in these OARs it was 1.5 Gy
at maximum. The resulting enhanced dose deposited to
OARs is far from any dose constraints used in the
conventional treatment planning. Thus, the effects of the
Bragg Peak degradation on OARs distal to the PTV are
negligible for the cases investigated. However, in cases
where the OAR is located directly distal to the PTV the
effects might be larger and significant.

We were able to reproduce the findings from Flatten
et al. [31] that the effects of the Bragg peak degradation
increase with an increasing depth of the tumor in the lung
and a decreasing tumor volume: for example, for patient 1
the underdosage of the CTV increases from - 0.5% to
- 1% (for a modulation power of 450 pm) between the
beam direction 270° where the tumor depth is 3.3 cm and
the beam direction 0° where the depth is 4.6 cm.

When comparing the results from patient 1 for the
beam direction 315° with the results from patient 5 for
the beam direction 315° one can see that in both cases
the tumor is at a depth of 3.6 cm (see Table 1). However,
the CTV of patient 1 is with 46.4cm® much larger
compared to patient 5 with a volume of 2.7 cm®. The
effect of the Bragg peak degradation on the mean dose
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in the CTV for patient 1 is with —1% much smaller
compared to patient 5 with - 3% (for a modulation
power of 450 pum).

Regarding the number of fields used to irradiate the
CTV, it was shown that as expected, the effect of the
Bragg peak degradation is independent on the number
of fields as long as these fields are optimized
individually.

Concerning the complexity of the irradiation plans,
we decided to investigate simple plans with only one
single field as described in the Methods & materials
section. By investigating different beam directions, a
large variety of scenarios (depth of tumor in lung,
OAR distal to the PTV) has been covered and even
for the worst cases the underdosage of the CTV was
- 5% at maximum for an extreme modulation power
of 800 um and only about —3% for a more realistic
modulation power of 450 um. To assess whether these
results can be applied to more complex treatment
plans, we investigated two IMPT plans for a realistic
modulation power of 450 um. For both patients the
reduction of the mean dose of the CTV was in the
same order compared to the simple treatment plans.
This supports the statement that the results found in
this study — although being derived using simple
treatment plans — can be used to estimate the dose
uncertainties due to the Bragg peak degradation for
more complex plans.

The passing rate of the gamma index was on average
96.8% for a modulation power of 800 um and 98.5% for
a modulation power of 450 um. The minimum passing
rate for a realistic modulation power of 450 um was
93.1%. The high passing rate of the gamma index is rea-
sonable because as shown in Figs. 5 and 6 the Bragg
peak degradation leads to a shift of the isodose lines.
This shift is on average very small and hence covered by
the distance-to-agreement in the gamma index. For all
cases investigated in this study the passing rate was
clinically acceptable. In addition to the finding that the
reduction of the mean dose is on average only in the order
of — 1% and at maximum - 3% for a realistic modulation
power of 450 um, this supports that the effects of the
Bragg peak degradation are clinically tolerable.

What is more, it is well-known in the literature
that the relative biological effectiveness (RBE) of
protons is larger than 1.1 at the distal part of the
Bragg peak [43]. At the moment, this change in RBE
is not considered in commonly used treatment-
planning systems, hence, this larger biological effect
might partially balance out the physical underdosage
of the target volume due to the Bragg peak degrad-
ation which mainly occurs at the distal end of the
Bragg peak and hence the target volume (compare
Fig. 5). However, this change in RBE could also
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potentially increase the effects of the larger dose de-
posited in normal tissue distal to the Bragg peak.

The Bragg peak degradation due to lung tissue is only
one of various issues in proton therapy in general and in
proton therapy of lung cancer patients in particular as
mentioned in the introduction. Thus, the dose and range
uncertainties due to this degradation shall be compared
to these other uncertainties in order to quantify its im-
portance in the current clinical context. In a study by
Paganetti [7] an overview of range uncertainties is given.
Range uncertainties in proton therapy arise — among
other things — from measurement uncertainties in water
for commissioning (+0.3 mm), patient setup (+0.7 mm)
or differences in the dose calculation between the
treatment-planning system and Monte Carlo codes as a
gold standard for dose calculation (+2mm). Other
reasons for range uncertainties are due to the conversion
of x-ray HU to stopping powers (+1% of the range) or
biological effects (~0.8% of the range or ~3 mm [14]).
These range uncertainties refer to the range of the 80%
distal dose and correspond to average values. Further-
more, these uncertainties might be bigger in lung treat-
ments [7]. The maximum range uncertainties for the
80% isodose lines due to the Bragg peak degradation
based on an extreme modulation power of 800 pm found
in this study (see Table 2) are 10 mm in lung and 4 mm
in tissue and hence are in the order of the mentioned
average range uncertainties. Note that the values given
by Paganetti [7] are average values while the range
uncertainties investigated in this study are maximum
values.

Additionally, range and dose uncertainties arise when
changes of the anatomy due to weight loss or a shrink-
age of the tumor are not accounted for. Szeto et al. [10]
analyzed robust intensity modulated treatment plans of
16 patients with locally advanced NSCLC. The treatment
dose was recalculated based on daily anatomy variations.
Eight patients had an undercoverage of the target vol-
ume larger than 2 GyE with a maximum of 12 GyE in
terms of the Dgg (dose that is received by 99% of the
target volume). With a prescribed dose of 66 GyE this
corresponds to relative deviations in the Dggy of 3% to
18%. The maximum difference in the Dggy found in this
study was 3% for a realistic modulation power of 450 um.

Another crucial issue in proton therapy of lung cancer
patients is motion. Dowdell et al. [20] investigated treat-
ment plans for 5 lung cancer patients. Due to the inter-
play effects caused by the patient’s motion, the mean
dose in the target volume was only 88% to 92% of the
prescribed dose. These interplay effects are however
highly patient specific.

At last, we want to introduce and discuss two possible
PTV concepts to account for and to avoid an under-
dosage of the target volume due to the Bragg peak
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degradation: following the range shifts as shown in Fig. 6,
one possible PTV concept could be to increase the mar-
gin around the CTV at both the distal and proximal end.
The effects of such a PTV concept are depicted in Fig. 7:
the dose distributions in a water phantom downstream
from 80 mm of lung tissue with a modulation power of
450 pm are shown for the non-modulated (black) and
the modulated case (yellow). The CTV marked with
dashed lines is at depths between 34 mm and 47 mm. In
(a) the dose distributions can be seen for a PTV concept
as used in this study with an isotropic margin of 3 mm
around the CTV. The red line marks the prescribed dose
within the CTV and PTV. In (b) the dose distributions
are shown for the case where the PTV is the CTV plus a
margin of 5mm at the proximal end and a margin of
7mm at the distal end. The dose coverage within the
CTV and PTV is better compared to (a). The disadvantage
of such a PTV concept is that the dose distribution
reaches farther and hence leads to a higher integral dose
in the normal tissue and maybe OARs distal to the PTV.

To avoid this larger range and additional dose de-
posited in normal tissue, another PTV concept might
be used as depicted in Fig. 7c: in this case the same
PTV concept as in (a) is used (isotropic margin of 3
mm around the CTV), however, during the
treatment-planning process a larger dose is prescribed
within the margin at both the proximal as well as the
distal end. In this case we used a 3% larger dose in
the proximal and a 6% larger dose in the distal mar-
gin. By doing so a comparable dose distribution in
the CTV as in Fig. 7b can be achieved, however, the
dose deposited in normal tissue is smaller due to the
shorter range. Note that such a PTV concept is con-
nected to challenges since it is hard to guarantee a
dose homogeneity in such a small volume. Further-
more, a difference of only 3% in dose in such a small
volume is in the order of the uncertainties in proton
therapy as discussed above, hence, it would hardly be
possible to measure this difference in dose (e.g. as
part of quality assurance).

For both PTV concepts an exact knowledge of the
anatomy (depth of tumor in lung, tumor volume,
location of tumor relative to soft tissue) is important
to choose the appropriate values for the additional
margin (case b) or the additional dose (case c). Fur-
thermore, the knowledge of the modulation power
within the lung tissue is important, since this defines
the range and dose uncertainties connected to the
Bragg peak degradation. Unfortunately, there is
currently no solution to determine the modulation
power in patients in-vivo. This is a critical issue still
to be solved.

Altogether, the effects of the Bragg peak degrad-
ation are at maximum about 5% concerning the
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Fig. 7 The effects of different PTV concepts. In a the effects for a PTV as used in this study consisting of an isotropic margin of 3 mm around the
CTV are shown. In b for a PTV concept that has a 5mm margin at the proximal end and a 7 mm margin at the distal end of the CTV. In ¢ for the
same PTV concept as used in a, however, in this case the prescribed dose within this margin is larger than the prescribed dose in the CTV. In
black the dose distribution for the non-modulated case and in yellow the dose distribution for the modulated case based on a modulation
power of 450 um. The CTV and the margin as well as the resulting PTV are marked in dashed lines. The red line marks the prescribed dose within
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underestimation of the mean dose D, in the CTV
when optimizing the treatment plan without consider-
ing the degradation due to the lung tissue. Compared
to the range and dose uncertainties in proton therapy
of lung cancer patients due to the addressed reasons,
the effects of the Bragg peak degradation are clinically
tolerable to a certain degree in the current clinical
context. However, these mentioned dose uncertainties
are constantly being reduced which might change this
clinical context. Hence, a consideration of the Bragg
peak degradation could become more relevant in the
future and would bring proton therapy for lung can-
cer patients closer to a high-precision therapy. The
effects of the degradation might be accounted for in
the treatment-planning process by applying a corre-
sponding PTV concept as suggested in this study.
What is more, this PTV concept and hence the dose
deposition in the patient could be optimized when
having a detailed knowledge of the lung tissue’s
modulation power. In our opinion, the exact deter-
mination of this modulation power is one crucial
issue still to be solved.

Conclusion

The effects of the Bragg peak degradation due to lung
tissue on lung cancer patients were investigated. The
maximum effect on the mean dose D,,.,, in the CTV ac-
cording to this study was about 5% at maximum for an
extreme modulation power of 800 um, a long distance
travelled through lung and a small tumor volume. For a
more realistic modulation power of 450 um the max-
imum effect was only about 3% in terms of D,,. For
OARSs the effect was negligible for the cases investigated.
This study confirms that the effects of the Bragg peak
degradation are clinically tolerable to a certain degree in
the current clinical context considering the various more
critical dose uncertainties due to motion and range un-
certainties in proton therapy. Furthermore, these effects
might be accounted for by using corresponding PTV
concepts as suggested in this study.
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Abstract. In particle therapywef lung tumors, modulating effects on the particle
beam may occur due to the microsgopic structure of the lung tissue. These effects are
caused by the heterogeneous nature of the lung tissue and cannot be completely taken
into account during treatment planning, because these micro structures are too small to
be fully resolved in the planning CT. In several publications, a new material parameter
called modulationpower (P,,,,q4) was introduced to characterize the effect. For various
artificial lung surrogates, this parameter was measured and published by other groups
and ranges qip to_approximately 1000 pm. Studies investigating the influence of the
modulatiompower on the dose distribution during irradiation are using this parameter
in the rang of 100.to 800 pm. More precise measurements for P,,,q on real lung tissue
have mot yet)been published. In this work, the modulation power of real lung tissue
was measured using porcine lungs in order to produce more reliable data of P,,,q for
real lungntissue. For this purpose, ex-vivo porcine lungs were frozen in a ventilated
state and measurements in a carbon ion beam were performed. Due to the way the
lungs were prepared and transferred to a solid state, the lung structures that modulate
the'beam could also be examined in detail using micro CT imaging. An optimization
of the established methods of measuring the modulation power, which takes better
account of the typical structures within lung tissue, was developed as well.
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Bragg peak degradation due to lung tissue 2

1. Introduction

Particle therapy with protons and carbon-ions is increasingly used as ahtreatment
modality for cancer patients (Kraft; 2000; Schulz-Ertner and Tsujii; 2007;Grutters et al.;
2010), since the method was first presented in 1946 (Wilson; 1946)./The advantage of
particle therapy is, besides an increased biological effect for carben-ionspthe physically
induced inverse depth dose profile of heavy charged particles in matter, which results
in the so-called Bragg peak (Schardt et al.; 2010). Due to,the low applied dose in the
entrance channel and the significant decrease of the dosendistal to the Bragg peak, a
high-conformal irradiation with better sparing of the healthy surrounding tissue can be
achieved (Chang et al.; 2006).

The described sharp distal dose fall-off is\particularly pronounced for homogeneous
material. In particle therapy using the'raster scanning technique, particles are being
applied in pencil beams with beam widths'perpendicular to the beam axis in the order
of 1 cm (FWHM). If such a beamtraverses heterogeneous materials, different particles
within the pencil beam will experience different compositions of material or density,
respectively, resulting in various ranges of the individual particles. As a result, the
width of the Bragg peakiincreases. This effect is referred to as Bragg peak degradation.
(Urie et al.; 1986; Weber and Kraft; 1999; Sawakuchi et al.; 2008). Note that this effect
decreases withsaidecreasing width of the pencil beams since the smaller the extension of
the beam the fewerdifferent pathways the particles can take through the heterogeneous
material,, In the borderline case where the pencil beam is infinitely small, no Bragg
peak degradation would be observed, since all particles would take the same pathway
(disregarding lateral scattering). The modulation power which is used to describe
the Bragg peak degradation is a property of the heterogeneous material. Hence, the

modulation power does - in first proximity - not depend on the particle type, energy or
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beam width.

With regard to clinical use, especially for the irradiation of lung cancer, this effect should
be taken into account. Due to its anatomy, the lung is particularly heterogeneous and
therefore the effect described has an influence on the dose distribution, especially in
the treatment of lung cancer (Sell et al.; 2012; Titt et al.; 2015; Bawmann et al.; 2017,
2019; Flatten et al.; 2019). Since the heterogeneous micro-structures, of the lung are
smaller than the typical voxel size of a clinical planning CT, these structures are not
fully resolved in the image and therefore cannot be completely taken into account during
treatment planning. In particular, this can lead to anmunderdosage of the target volume
and an overdosage of distal normal tissue in comparison to the planned dose and can
thus influence the success of therapy (Espanasand Paganetti; 2011).

In order to investigate and describe the effeet of microstructures on the Bragg peak,
several studies have been carried out ‘en lung-like plastic phantoms as well as other
porous materials (Sell et alj52012; Ringbaek et al.; 2017; Hranek et al.; 2020).
Furthermore, there is a publication that uses plastinated lung samples to study the
effect (Titt et al.; 2015). However, it is unclear how the plastination process affects the
modulation effect comparediterphysiological lung tissue. In addition to investigating
the effect with the help of surrogates, a mathematical model to predict and quantify
the effect was develeped /in earlier studies, leading to a new material property called
'modulation power’ (P,,.q) (Witt; 2014; Witt et al.; 2015; Ringbaek et al.; 2017). In
the work” of Baumann et al. (2017), the mathematical model was verified by means
of Mente Carlo simulations. The calculation of P,,,; provides a representative and
efficient method for describing Bragg curve degradation due to porous material and
is independent of the material thickness. The model allows to directly determine the

modulated dose distribution by convoluting a normal distribution with the pristine
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Bragg curve. By optimizing the parameter ¢ and p of a normal distribution on thesbasis
of the modulated curves, the modulation power of a certain material can de determined.
For treatment planning, this means that if the modulation power of a porous material
is known, the degradation of the Bragg peak can be predicted.  For a given
modulation power, the corresponding normal distribution can be determined'by u (which
corresponds to the water equivalent thickness of the traversed heterogeneous material)
and 0 ( 0 = \/Ppoa * 1t). Subsequently, the depth dose distributions from the base
data are being convolved with this normal distribution. TheseSo-modified base data
then include the Bragg peak degradation effects mimimizing dose uncertainties. (Paz
et al.; 2021) The material property P,,,q is used imseveral publications to study the
influence of modulating material on the 'dose distribution during irradiation for lung
cancer treatment (Baumann et al.; 2017, 2019; Flatten et al.; 2019). The assumed
values of P,,,4 in these publications range between approximately 100 gm and 800 pm
and are mainly based on a measurement by Witt et al. (2014). The results of the
measurements of modulation power omlung surrogates by Harnek et al. (2020) are in
the same order of magnitude. This wide range of values for the modulation power is also
reflected in a wide range of tesults in publications that use this parameter to calculate
the effect on the dosexdistribution. In order to obtain a reliable statement for real lung
tissue, the actual modulation power of lung tissue is of major importance. However, due
to the challenging nature of measuring FP,,,q on real lungs, published data on this topic is
rarely available, In this work, reliable values for P,,,q were determined in physiological
lung tissue t6 reduce the range of assumed values. A more accurate value for P,,,q of
lung tissue is the basis for more accurate calculations when using the parameter.

When. physiological lung tissue is considered as the modulating material, its structure

differs significantly from the structure in the mathematical model as well as in
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measurements on surrogates. The basic approach in both, the measurementsmon
surrogates and the mathematical model, is the assumption that the magerial/ which is
modulating the beam is equally heterogeneous over its entire extension. This means that
for the porous material under consideration, an almost homogeneous and uniform micro
structure with approximate equal size is to be expected. However, this assumption
is not valid for physiological lung tissue. Within physiological lungitissue, there are
different structure sizes that influence the beam. In additionte these different micro
structures within the lungs, there are also larger structuresisuch as bronchial tubes
and blood vessels. Besides the determination of reliable valuesfor P,,.4, the influence of
physiological structures within a lung and their effection modulation power were studied
in detail in this work. The already published model for calculating the modulation
power was adapted to better describe the influences of different structure sizes within
lung tissue.

For the measurement focused on. in this work, this means that depth dose distribution
with and without lung samples in the beam were measured and the modulation power
for lung tissue was calculated. Using porcine lungs as a model for human lungs, the
modulation power fordungitissue was measured and compared with measurements
on surrogates. Furthermore, the results were related to the assumed values of the
publications that use the mathematical model to study the impact of the modulation
effect on the doge distribution. For this purpose, samples of porcine and wild boar lungs
were prepared to get as close as possible to the physiological ventilated state of a human
lung.«By freezing five samples in ventilated states, they were preserved for a certain
periad of time. The samples preserved this way allow measurements in a particle beam
as'well-as imaging with a CT at different times without changing the structure of the

lung samples. This enables a detailed examination of the structures of the lung samples
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at the exact same position at which the sample was measured in the particle beam.
The influence of macroscopic structures within the lung such as bronchial tubes and
blood vessels were examined using high-resolution CT-imaging and were gonsidered for
the calculation of the modulation power. In addition, measurements were performed to
determine whether the effect of the modulation of the Bragg peak is energy-independent

as expected.

2. Materials and methods

To get as close to physiological lungs as possible, thessample preparation is essential
for measuring the degradation of the Bragg curve, caused by lung tissue during particle
beam irradiation. In its physiological form, thelung as‘an organ for efficient gas exchange
with the blood, is mostly filled with air. During respiration, the volume of the lung
changes significantly depending on the respiratory state. Due to a variable negative
pressure in the thorax, the lunguis inflated” and filled with air while breathing. Even
when fully exhaled, the lung inside the thorax still has a residual filling, caused by the
pressure difference between inside and outside the thorax. If the lung is removed from
this physiological environment within the thorax, the lung collapses completely and is no
longer in a physiolggical,state. Therefore, the main challenge in the preparation of the
test samples was to bring the lung into a physiological ventilated state and to preserve
it over the measurement period. In this work this was achieved by shock freezing the

lungs during ventilation, using positive pressure inside the lungs.

2.1: Selection of the sample material

For the  experiment, porcine lungs were selected as they are a well suited model due

to their similarity to human lungs in size and structure (Judge et al.; 2014). We
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used two different types of lungs. On the one hand, those were porcine lungssfrom
slaughterhouse waste and on the other hand, we used wild boar lungseprovided, by a
hunter. The difference between these two lungs, relevant for this paper, isithe different
amount of residual blood in the lungs due to the method of slaughter. When'slaughtering
domestic pigs in a slaughterhouse, special attention is paid to the bleeding of the animal,
which results in a lower quantity of residual blood in the animal compared to hunting,
where controlled bleeding of the animal cannot be guarantéed.yThe increased amount
of residual blood within wild boar lungs can affect the densityidistribution of the lungs
and thereby the modulation power. Lungs with more residual blood seem to be more
similar to an in-vivo lung which is also heavily perfused. When selecting the lungs,
special attention has to be paid to their integrity. Asialready mentioned, the lungs need
to be placed in a physiological condition by means of ventilation. To achieve this, the
lungs have to be undamaged and airtight and should have an undamaged trachea for

ventilation.

2.2. Ventilation and freezing

To bring collapsed lungs inte-asventilated state as close as possible to a physiological
lung, the sample lungywas inflated using pressured air. For this purpose we inserted a
plastic tube into/the trachea or a main bronchus of the lung and sealed the connection
point with a cable tie. Thelungs prepared in this way were connected to the laboratory
compressed air system with a hose and an adjustable pressure regulator. The pressure
regulator wastused to create a constant pressure in the lungs which led to a constant
state,of ventilation during the entire freezing period. To avoid damage to the lungs,
the,pressure in the lungs was increased only until there was no visible change in volume
Air loss caused by possible damage to the sample lungs could also be compensated

for with this method. Due to the fact that the lungs collapse completely during the
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22 Figure 1. Part A shows a lung before and

23 side in B, it can be seen that the lower par lung could not be ventilated
24 correctly. Part C shows the cutting pr from the frozen lung to the final lung
25 sample for the measurements. CI: Cutting g to sample size. C2: Fixation in
the sample frame. C3: Final lu the sample holder for measurements.

collection process, adhesions of th

32 remove any possible adhesions that may have formed, the lungs were first fully inflated.

ally inflated to approximately half of their maximum

&

38 for ex-vivo ventilation is pletely collapsed lung, ventilation to half the maximum

34 Subsequently, the lungs were'v
36 volume. Since, in contrast to p cal conditions in the thorax, the starting point
volume corresponds t ath to moderate respiratory state. Low respiratory states
43 seem to be more s for therapy in the context of tumor motion. (Plathow et al.;
45 2006) A lung s e and after ventilation is displayed in Figure 1A and 1B. When
47 inspecting theventilated lung in Figure 1B, it becomes apparent that the lower part

gz of the left lung\could not be ventilated properly. Nevertheless, a sample was prepared
g; fro s part to investigate the effect on the modulation power for non-ventilated lung
2431 tiss‘mhe following, this sample will be referred to as sample No. 5. In order to
22 e formation of ice crystals which could potentially damage the microstructure
gé f the lung tissue, the freezing process had to be as quick as possible. Therefore, the
p
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lungs were pre-cooled after ventilation using ice water in order to bring them as clese.to
the freezing temperature as possible. The positive pressure inside the ventilatedslungs
prevented water from entering the lungs through possible leaks. The ventilated and
pre-cooled lung samples were then placed in an insulated box filled with dryice pellets.
Special care was taken to ensure that the lungs would not touch the wall of the box
or the dry ice inside. To optimize the heat exchange between the lung sample and the
environment, a fan was installed in the lower part of the box te cireulate the cold air
towards the lungs. The temperature measured in the box was held to a maximum of
—25°C throughout the whole period. To ensure complete freezing, a freezing time of at

least one hour was chosen.

2.3. Preparation of the samples for measurements

The entire lungs could not be used fox, further measurements, as the high-resolution
CT technically limits the maXimum sample size. Therefore, a size of 4 x 4 x 10 cm?
was defined for all lung samplés. Thefrozen lungs were cut to the sample size with a
oscillation saw inside a cold“environment to prevent thawing. The saw blade was also
cooled with dry ice before each’ cut. Due to the very low heat capacity of the lung
tissue, the samples are particularly vulnerable to thawing. Even a short contact to non
cooled material orthe skin while handling the samples can cause thawing and structural
damage to the samples. To'avoid any direct contact to the lung sample and to simplify
the handling of the samples, 3D printing was used to create plastic frames in which the
samples weresfixed. These frames could be mounted in a sample holder, also produced
by 3D printing, which can be seen in Figure 1C. The sample holder has additional space
above and below the sample that can be filled with dry ice pellets to constantly cool
the samples during the measurement procedure. With the help of this setup, the frozen

samples could be positioned with repeatable accuracy in all further experiments. A total
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of 5 ventilated and frozen lung samples were prepared from 3 existing porcine lungsswith
a size of about 4 x 4 x 10 cm? seen in Figure 3. Samples No. 1 to 3 arefporcine lungs,
samples No. 4 and 5 are wild boar lungs. To avoid the accumulation @of ice en. the
samples due to freezing moisture from the ambient air, it is important to protect the
samples from the ambient air. In the setup used in this work, the evaporating dry ice
creates a moisture-free protective atmosphere inside the sample bexas The storage of
the final samples between the measurements was realized in” a‘standard deep freezer at

—18°C.

2.4. CT imaging

In order to obtain information about the strueture of the lung samples and to investigate
the influence on the modulation power caused by the lung tissue or by the bronchial
tubes and/or blood vessels, CT scans were performed. On the one hand, a conventional
CT scanner (Somaton Confidence, Siemens Healthineers, Erlangen Germany) was used
to produce CT scans with a resulting pixel size of 0,97 mm at 120 kV for all samples.
In addition, further CT images with a significantly higher resolution were produced to
examine the microstructuressofthe lungs. For this purpose CT scans were made on an
industrial CT scanners,(Werth TomoScope® XL NC) at 102 kV with a resulting pixel
size of 50 pm. Duesto the time-consuming measurements especially for the industrial
CT scanner, the samples nmeeded to be cooled throughout the measurement. For this

purpose,/the ahove described sample holder was used in combination with dry ice pellets.

2.50 In-beam experiment

All_measurements for the in-beam experiment were performed at the Marburger Ion-
Beam Therapy Center (MIT). The MIT facility is operating with a synchrotron

accelerator designed by Siemens Healthcare/Danfysik which allows to accelerate both
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Insulation box Lung sample

Beam Nozzle PTW Peakfinder
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Dry ice pellet
16 YI1Ce PEICtS  bMIMA Window

19 Figure 2. Sketch of the measurement setup for thedn-beam eéxperiment. The isolated
20 box for positioning the lung samples and the PTW' Peakfinder for measuring the depth
21 dose distributions are located on the patient tables Inside the isolating box, dry ice
22 pellets are placed both above and below thenlung sample to cool the sample during
23 the measurements. In beam direction, the box has . windows made of PMMA for beam
24 entry and exit.

27 protons and carbon-ions with a maximumuenergy of 220 MeV for protons and
430 MeV /u for carbon-ions. The faeility usesipencil beam scanning technology for the
32 treatment application. We used an isocentzric beam application without any deflection of
34 the pencil beam. Carbon-ions with an energy of 140,01 MeV /u and a spot size FWHM
36 of 6,9 mm were used for all measurements, due to the sharper Bragg Peak compared
38 to protons. This energy proved te be suitable for measuring all samples with the same
settings in an acceptable time. Since the modulation power exclusively depends on the
43 material properties’and not on the ion type, the results from this study gained with C-12
45 beams is applicable for proton beams, as well. We conducted Monte Carlo simulations
47 with voxelisedy,‘hetergeneous geometries as used by Baumann et all (2017) to verify this
49 assumption forja large range of P,,,q (100 gm to 800 pum) and all clinical proton and
carhon ion energies. For the measurement of the energy dependence of the modulation
54 power,iearbon-ions with an energy of 190,17 MeV /u were also used together with the
56 same measurement setup. The setup for the experimental determination of the range

58 modulation of the carbon ions consisted of two main components as shown in Figure
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2. The first component was the peakfinder water column (PTW, Freiburg Germany )
to measure the integral depth dose distribution for the carbon-ion beam. The second
component was an insulating box with an integrated sample holder tosposition . the
prepared lung samples with repeated accuracy. In order to prevent thawing ef the lung
samples during measurement, the sample box was mainly made of pelystyrene and was
filled with dry ice pellets to about 5 cm. In the direction of the beamy the walls of the
box were made of 5 mm PMMA in order to prevent any possiblesmodulation effects due
to the heterogeneous polystyrene wall. The resolution for the measurement of the depth
dose distribution was set to 20 um between each measuring point for the Bragg peak
region. For the entrance channel no fast significant signal changes were to be expected,
therefore the resolution was reduced to save.measuring time. All samples were first
irradiated at the center and then 2 cm above (top) and below (bottom) the center by
using different spacers underneath the sample box. Thus, we obtained measured values
for 3 positions from all samples (top, center, bottom) as seen in Figure 4. For the
measurement of the reference lcurve, the same setup was used, but without the lung

sample in the sample holder.

2.6. Calculation of the modulation power

Based on the in-beam experiment for each lung sample we obtained a modulated depth
dose distribution in'water ‘and a corresponding reference measurement without a lung
sample in the beam. From these data, we calculated the modulation power according to
the methodidescribed by Baumann et al. (2017). The modulated depth dose distribution

b.(z)as a function of depth z in water can be mathematically described by a convolution:
bo(2) = (F*xbo)(z) = / F(2'|p,0) - bo(z + 2')dx’ (1)

—00

Agcording to Equation 1, a modulated depth dose distribution can be calculated by a
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convolution of a Gaussian distribution F'(z'|u, o) with the reference curve by(z).

To fit the measured modulated depth dose distribution b, (z), the mean y and the width o
of the Gaussian distribution were optimized to achieve high coverage by the convelution
of the Gaussian distribution with the reference curve. Here, u represents the shift of
the center of the distribution in relation to the position of the 82% distal ‘dose fall-off
(Bichsel et al.; 2000) and o represents the width of the distributiongasiseen in Figure 4.
From the parameters of the Gaussian function, the modulation power can be calculated
using Equation 2:

0.2

Proi = — 2
= (2)

Since in this work the modulation power was determined for real lung tissue, a further
approach to calculate the modulation power is,introduced. For lung samples with
different structures, the fit as described above doés not represent the modulated depth
dose distribution well. To better take intosaccount different modulating effects within
the lung, in a further approach twe Gaussian distributions F; and F5 (seen in Figure

5) were optimized, analogue to the procedure described above resulting in:

bi(2) = ((F1 4 Fy)a* bo) (2) = /OO (Fy(2)) + Fy(2))) - bo(z + 2')da' (3)

— 00

For both Gaussian_distributions, ¢ and o were optimized and the modulation power
was calculated. Assuming that F} 4 F3 are normalized to 1, the total modulation power
Prod, tor Was Obpained by taking into account the respective fraction A; and A, for each

Gaussian/function to the total modulation function resulting in:

(Al : Pmodl) + (AQ : Pmon)
Pmo ot = 4
. tot A+ A )
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3. Results

3.1. Sample preparation

From 3 different lungs a total of 5 samples were prepared. The centrakslice of the
CT scan of all prepared lung samples and an image of sample No. 2 obtained with
the industrial CT scanner are shown in Figure 3. Due to the pre-cooling of the lungs
and the resulting fast freezing process with a high temperatire gradient, no visible ice
crystals were formed within the lung samples. In contrast e artificial lung surrogates,
which consist of a completely homogeneous porous structure,.the lung samples which
were prepared in this work differ significantly. Itwean be'seen that the lung samples
have macroscopic structures within the pérous lung tissue. These structures are mainly
blood vessels and bronchial tubes that are present in‘various sizes throughout the whole
lung due to the physiology of lungs:s, As mentioned above, sample No. 5 could not
be ventilated properly, whicharesults in higher gray values in the CT for this sample

compared to the ventilated samples.

... F. 5 __'\c
e B h D nccnes Beccnet oD

Figure 3. Left: Central slice of the CT scans for all lung samples obtained using a
clinical CT scanner. Right: CT scan of sample No. 2 using an industrial CT scanner
with a pixel size of 50 ym.
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3.2. In-beam experiment single Gaussian fit

Figure 4 shows an analysis of the results for the in-beam experiment on sample No. .2
as a representative for all 5 lung samples. The CT image shows the central layerof the
lung sample which also corresponds to the center of the applied beam##The thrée beam
positions (top, center, bottom) for all samples are represented by, the black arrows. For
the top position of sample No. 2 the results of the measurements of the depth dose
profiles with and without lung sample in the beam and the associated optimized single

Gaussian function are illustrated. It can be seen that ghe.convelution of the measured
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Figure 4. Results of the in-beam experiment for sample No. 2. Left: Micro-CT image
of the center of the sample. The beam positions (top, center, bottom) are indicated
by the blackyarrows. Right: The upper graph shows the reference curve measured
without a sample in the beam and the modulated curve measured with a sample in
the,beam.»The dashed line represents the convolution of the reference curve with the
calculated modulation function for the top beam position. The lower part shows the
optimized modulation function with the two parameters o and u from which P,,,q was
caleulated. The y axis is normalized to the maximum.

reference curve with an optimized single Gaussian distribution reproduces the measured
modulated depth-dose distribution with high accuracy. Using the parameters o and u
from the Gaussian distribution obtained in this way, the modulation power P,,,4 was

calculated. This procedure was repeated to calculate the modulation power for all 5
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samples at all 3 positions. The results of the modulation power for all samplesrand

beam positions, using single Gaussian optimization, are summarized in Table 1.
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Figure 5. The influence of macroscopic structures is shown on sample No. 3. For the
central\beam peosition, a larger structure is visible. The beam, indicated by the black
arrow,partially penetrates the macroscopic structure which leads to a smearing of the
modulated curve in the proximal direction. On the right, the single and the double
Gaussian fit methods are displayed. It can be seen that the double Gaussian method
represents the modulated curve more accurately.
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3.3. In-beam experiment double Gaussian fit

The evaluation of the results by means of a single Gaussian fit showed a deviation
between the fit and the measured modulated curve, especially for samples with more
macroscopic structures in the CT (see Figure 5). Therefore, we optimizéd the fit'method
and extended it by performing a double Gaussian fit. The fitting by means of two
gaussian distributions also reflects the two main structures withimthe lungs, alveoli and
bronchi, with their associated sizes. A continuous size progression.from large to small,
which would require a fitting with several Gaussian functions; is not observed. In
detail, the influence of macroscopic structures on theimodulation of the Bragg peak
and a comparison of the single Gaussian/fit with /theyoptimized double Gaussian fit
method is shown in Figure 5. Using the example of sample No. 3 at the central beam
position, it can be seen that both ghesmicroscopic heterogeneous structure as well as
larger bronchial structure are being penetrated by the beam. Due to the heterogeneity
within the sample, the Bragg peak is clearly changed in shape compared to a more
homogeneous sample like sample No. 2in Figure 4. When looking at the single Gaussian
fit (Figure 5) to determine the modulation power, it becomes apparent that it does
not represent the actual.modulation well. The structures within this sample create a
superposition of different, modulation effects, which leads to a smearing of the peak in
the proximal dizection.To better account for this modulating effect, an optimization
of the existing/method was made. Instead of optimizing a single Gaussian distribution
to fit the curve, we optimized two Gaussian distributions. The addition of the two
distributions results in the modulation function with which the curve was fitted. Taking
into acgount the fraction of each of the individual Gaussian distributions to the overall
modulation function, the modulation power was calculated according to Equation 4.

A direct comparison of the single Gaussian fit and double Gaussian fit for the same
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location in the sample is shown in Figure 5. It can be seen that for this samplesthe
double Gaussian method has a significantly higher coverage of the curve ¢han thesingle
Gaussian method. Using this method, all 5 samples were evaluated at ally3 positions.
The results for P,,,q can also be seen in Table 1.

In summary, we measured values for P,,,; in the range of 62 to 583 yum. However, the
values measured on sample No. 5 are significantly higher than the wvalues measured on
the other samples. As mentioned earlier, sample No. 5 wag taken from a not properly
ventilated part of the lung and was not suitable for evaluation. e comparison of single
Gaussian fit with double Gaussian fit varied dependingon the sample. For samples where
different structures could be seen at the beam positiomin the CT image, a large deviation
between the two methods was observed. For samplesswithout visible structural changes
in the beam, the single Gaussian and double Gaussian methods give almost identical
results for P,,q. Samples that can already sufficiently be analyzed using the single
Gaussian method can also be/analyzed using the double Gaussian method. In this case,
the fraction of the second Gaussian distribution is reduced to an insignificantly small
fraction in relation to the total modulation function. Thus, this method can be used for
all samples and is superior imneases where different structure sizes are present.

In order to validate thesaccuracy of the measurement system with regard to the geometric
misalignment, several measurements were carried out for the central beam position on
sample No. 1. The results for P,,,, after repositioning the sample on the same position
as well a8 with, offset and rotation can be seen in Table 1. Repeated repositioning to
the same position in the sample results in a standard deviation of the measured value
Poavof approximately 10%. Taking into account the measured value for rotation and
displacement of the sample, the standard deviation increases to a value of approximately

30%.
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4

5 Table 1. Results of measured modulation powers (P,0q) for all lung samples. The
6 modulation power was calculated using single Gaussian fit as well as double’Gaussian
; fit. The last column of the table shows the results of the repeat measurements,and
9 measurements with displacement and rotation of sample 1. These measurements were
10 made to estimate the measurement errors.

:; Sample Beam Position Prioa (m) Poqe () Poa (pm)
:i (No.) single Gaussian fit double Gaussiah fit  diff 1-2
15 porcine lungs

16 1 top 355 367 -12
:27; center 225 225 0
19 bottom 228 171 57
20 2 top 64 62 2
21 center 161 137 24
- bottom 74 73 1
24 3 top 145 119 26
25 center 345 274 71
20 bottom 151 112 39
28 wild boar lungs

29 4 top 348 256 92
i center 194 143 51
32 bottom 290 288 2
33 5 top 586 550 36
o center 531 583 -52
36 bottom 499 497 2
37 sample 1 center

o repositfogéd 1 225 225 0
40 repositioned 2 191 175 16
41 repositioned 3 217 209 8
o displaced +2 mm 218 277 59
44 rotation 2° 387 285 102
45 rotation —2° 142 169 =27
46

47

48

49 3.4. Energy dependence of the modulation power

50

g; To investigate if the modulation power is energy independent, lung sample No. 2
gi was Irradiated with two different beam energies without moving it between the
gg measurements. The modulation power was determined for both energies analogous
57

gg to_the other samples. The results of the measurements are shown in Figure 6. It can
60
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clearly be seen that the modulation power for both beam energies shows only mimimal

deviations with good coverage of the fit.

—reference curve measured
- -modulated curve measured

convolution reference and modulation function

E =140.01 MeV/p
P .o 217.1 ym

mo

relative ionization

50 55 60
depth in water in mm

65 70 75

80

L T T, 000 B B p e
6 F [—reference curve measured E
c 5 Z_ - -modulated curve measured _Z
O I convolution reference and:modulation function ]
el - -
c F ]
N 4F |E =190.17 MeV/ E
O [|P.os 216.8 pm ]
o 3F _ r
> L ]
= 2F .
o F J

1} i
o'l....|....|....|....|....|....|....|....| [P rs

25 30 35 40 45 50 55 60
depth in water in mm

Figure 6. Measurements to verify the energy independence of Pp,.q.

The same

sample was. itradiated at the same location first with carbon-ions with an energy of
140, 01\MeVi/u (top) and second with 190,17 MeV /u (bottom).

4. Discussion

The presented method, which uses freezing of lungs in the ventilated state to obtain

samples, proved to be well applicable. With this preservation method it was possible

to/examine lung samples with both particle beam irradiation and CT imaging without
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changing the ventilation state of the samples. This stable condition can not be achieved
using in-vivo lungs. Therefore, ex-vivo porcine lungs appear to be the& most similar
and feasible model for studying the effect of the degradation of lung tissuesdue to. their
resemblance to human lungs (Judge et al.; 2014). An influence of the residual blood
volume in the lungs on the modulation power, which we assumed, could not be reliably
proven in our model. The difference between physiological lung tissuerand surrogates is
basically that for the surrogates there is only one modulating structure size. In the lung,
on the other hand, due to the physiology of the lung, there are several structures with
different structural sizes that create a superposition'of modulating effects in the lung.
The adapted method using double Gaussian fit presented in this work is more suitable
for lung tissue. It better accounts for the different modulation effects within the lung.
The maximum difference we found betweenithe two fitting methods for the samples
examined was 102 pym . Since the double Gaussian fit method works for all samples, it
can always be used and produees a higher accuracy in the calculation of P,,,q due to
the more precise fit. A pre-selection of the fitting method based on structures in the
sample by means of a CT image is therefore not necessary. For use in therapy planning
one main outcome of\this study'is that lung tissue may consist of different modulation
powers. In studies thatshave been published so far, a constant modulation power within
the whole lung wasiregarded. Especially the solution of considering lung modulation
effects during treatment planning presented by Pez et al. (2021) can only process one
modulation power for each applied pencil beam. The question is, how to bypass lung
samples that'clearly show different modulation powers. Fitting the modulated depth
dose distribution with two normal distributions gives the most precise results, however,
thercorresponding two modulation powers cannot be processed by the solution presented

by Pez et al. (2021). In that case, calculating a total modulation power cannot reproduce
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the double-peak structure that can clearly be seen in the depth dose distribution, though,
however, is clinically spoken more accurate than any other approach presented so far.
The most accurate solution might be to use the model presented by Flattemset al.y(2021)
to calculate a locally resolved modulation power. Using that model, the lung, can be
divided into ROIs, each having a specific modulation power (corresponding to the fit
with one normal distribution). This map of modulation power§ couldythen be used to
feed the optimization process presented by Pez et al. (2021).

For five lung samples and 12 beam positions measured here, we have succeeded in
confirming and even narrowing down the assumptions for the modulation power in the
range of 100 to approximately 1000 gum mentioned in'preyious publications (Witt; 2014;
Baumann et al.; 2017; Flatten et al.; 2019; Baumannset al.; 2019; Hranek et al.; 2020).
Since it was clear that sample No. 5 was net properly ventilated, this sample is not
suitable as a model for physiologically ventilated lungs. Removing this sample from the
data pool again significantly reduces the range for the measured P,,,q for lung tissue to
62 to 367 um. The repeated measurements at the same location used for the uncertainty
analysis show a standard deviation of approximately 10%. If the measurements with
an intentional displacement and rotation of the sample are also taken into account, the
standard deviationdmereases'to about 30%. In the case of rotation and displacement,
however, it must’ berassumed that other parts of the sample are also irradiated, which
corresponds fo a further measuring point for P,,,q rather than an uncertainty. Within
the lungy however, the modulation power is particularly dependent on the structure of
the lung tissue at a particular location and can fluctuate significantly. This leads to
a possible/overestimation of the uncertainties in the measurement. Nevertheless, even
assuming a deviation of about 30%, the impact is relatively small with respect to the

effects in the clinical context. In the publication of Baumann et al. (2019) it is shown for
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protons that a modulation power of about 450 pum has an effect of 3% on the meamsdose
distribution within the tumor. This was considered to be clinically tolerable at/the time
of publication. For the values determined in this work, this means that the maximum
measured value of the modulation power, together with a very conservativerestimation
of the deviation (367 pm + 110 pm), just reaches the range for P,,,g.which'is currently
considered clinically tolerable for protons. The mean value of thesmodulation power
for ventilated lung tissue measured in this study is significantlyismaller (approximately
200 pm) and therefore not relevant in the clinical context at.the moment. For the
measurements regarding the energy dependence of the modulating effect, we could not

measure any energy dependence of the effect in éur model in the used energy range.

5. Conclusion

For porcine lung tissue the modulation pewer could be determined in the range between
62 to 367 pm. With these measurements we could generate more reliable values for
P,..a and specify the so far published values at this point. Compared to previous
publications on the determination of P,,,; based on surrogates with modulation powers
up to approximately 1000 pymthe real modulation power for lung tissue turns out to be

lower and in a smaller range.
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37 Abstract. To treat lungtimours with particle therapy, different additional tasks and
38 challenges in treatment, planning and application have to be addressed thoroughly. One
39 of these_tasks 'ig'the quantification and consideration of the Bragg peak degradation
40 due to lung tissue: As lung is an heterogeneous tissue, the Bragg peak is broadened
41 when particlesitrayerse the microscopic alveoli. These are not fully resolved in clinical
42 CT imagestand thus, the effect is not considered in the dose calculation.

ji In this work, a correlation between the CT histograms of heterogeneous material and
45 the impact on the Bragg peak curve is presented. Different inorganic materials were
46 scanned with,a conventional CT scanner and additionally, the Bragg peak degradation
47 was measured in a proton beam and was then quantified. A model is proposed that
48 allows an estimation of the modulation power by performing a histogram analysis
49 on the CT scan. To validate the model for organic samples, a second measurement
50 series was performed with frozen porcine lunge samples. This allows to investigate the
51 possible limits of the proposed model in a set-up closer to clinical conditions. For lung
52 substitutes, the agreement between model and measurement is within +0.05 mm and
53 for the organic lung samples, within £ 0.15 mm.

>4 This work presents a novel, simple and efficient method to estimate if and how much a
35 material or a distinct region (within the lung) is degrading the Bragg peak on the basis
26 of a common clinical CT image. Up until now, only a direct in-beam measurement of
g; the region or material of interest could answer this question.
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1. Introduction

Particle therapy with protons and heavy ions is still a niche in radiation therapy but has
gained more and more attention world wide. In a review article, Gjyshi and Liao (2020)
described the interest and urge, as well as the challenges of proton therapy for non-small
cell lung cancer (NSCLC). Due to a high mortality combined with, radiein$ensitiveness,
lung cancer appears to be the ideal candidate for the higher biological effectiveness of
particle therapy (especially carbon-ion radiotherapy) and ghe additional dose sparing in
surrounding organs at risk (Gjyshi and Liao; 2020; Bradley et al.; 2015; Chang et al.;
2006) compared to conventional photon therapy. Howewer, treating lung cancer with
particles seems to combine several of the/most'challenging aspects of state-of-the-art
treatment routine: From imaging over treatment planning to the particle application,
the topics of movement mitigation (Bertwand Durante; 2011; De Ruysscher et al.;
2015), radiobiology modelling (Sgrensen etval; 2017; Willers et al.; 2018) and the range
degradation through lung tissue (Titt et al.; 2015; Urie et al.; 1986) need to be handled.
Target movement is addressed by the dimplementation of gating (Lu et al.; 2007; Ebner
et al.; 2017) or tracking (Desplanques et al.; 2013) in combination with fast rescanning or
the accelerated application via passive range-modulators (Simeonov et al.; 2017), while
better biological modelling is under constant discussion (Paganetti et al.; 2002; Griin
et al.; 2015; MeNamara'et al.; 2020). The effect of the Bragg peak (BP) degradation,
however, is on the«erge of being accounted for in dose calculation and optimization
(Winter et al.; 2020): the BP curve is degraded when particles travel through porous
material like lung tissue, which was shown in measurements (Sawakuchi et al.; 2008; Titt
et al.; 2015; Ringbaek et al.; 2017; Witt et al.; 2015; Hranek et al.; 2020; Burg et al.;
2021). The lung consists of microscopic, air-filled alveoli and larger bronchial structures.

The resolution of the treatment planning CT, on which dose calculation is performed,
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is not sufficient to differentiate between these micrometer scaled air cavities andsthe
surrounding tissue. Instead it displays a homogenised density (Espana @nd Paganetti;
2011). The particles of the treatment field, on the other hand, do differemtiate.,Thus,
each particle is travelling on a slightly different path through the body and aecumulates
a different composition of air and tissue. Therefore, it stops at a slightly different range:
the Bragg peak is degraded.

Previous works (Baumann et al.; 2017; Flatten et al.; 2019; Bawmann et al.; 2019) have
estimated the effect on the proton dose distribution using Monte Carlo simulations.
These studies show the effect and the dependencies on patient treatment plans. The
assessments were recently expanded to carbon ighs using an analytical dose calculation
algorithm (Ringbek et al.; 2020). However, these estimations depend strongly on the
power of the modulation effect. To effectively predict and calculate the degradation
effect, information on the modulation “power is needed. Unfortunately, there is little
published experimental data of the BP degradation when irradiating lungs (Burg et al.;
2021).

Besides the implementation into, treatment planning software as presented by Winter
et al. (2020), a method tonguantify the strength of the BP degradation is needed.
Meijers et al. (2020)presented results obtained with proton radiography from which the
information needed for the treatment planning could be extracted. However, although
the idea of proton CTs is promising, the clinical implementation will take time. Other
promising tools that compensate the information loss in clinical CT resolutions are dark
field .and phase-contrast CTs (Bech et al.; 2013; Braig et al.; 2020). Recent studies
(Willer etaal.; 2021) show that chronic obstructive pulmonary disease (COPD) patients
canrbe.staged with these novel radiography techniques, indicating a connection to the

probable strength of the BP degradation. However, the available data to estimate the
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modulation power of lung tissue is incomplete and can only be obtained via direetsin-
beam measurements.

In this study, we want to address the question of how to estimate the strengthnof. the
modulating effect for a specific region in the 3D CT data set. For this reasom, in-beam
measurements were performed to determine the modulation power of heterogeneous
substitutes and lung tissue samples. To allow a specific match(to thexCT information,
scans of the samples were acquired with a conventional CT scanmer. Using these data, a
CT based histogram analysis was motivated and developed torestimate the modulation
power for a specific region of a clinical CT image.

The aim of this work is to present a method to use the clinical treatment planning
CTs to predict and analyse the lung modulation pewer. Thus we want to proof and
determine the proportionality between the CT histogram parameters and the measured
modulation power. This could allow to estimate a specific modulation power for a clinical
patient CT image. Thus, a patient-specific'implementation of the BP degradation in

the treatment planning process is viable.

2. Material & Methods

2.1. Determination of the modulation power P,,.q via in-beam measurements

The process ofsestimating the modulation power from a degraded Bragg curve has been
described in détail by Witt et al.(2015) and Ringbaek et al.(2017). In general, for each
material the reference curve obtained without the degrading material in the beam line
was takenand convolved with a normal distribution as indicated by the blue curves in

figure 1.
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Figure 1. Exemplary graph showing the extraction of the modulation power from a
measured degraded curvesin this case for/the LN-300 material. The blue BP in the
upper graph shows the réference curve without the modulating material for this specific
set-up. In yellow, the measured degraded BP is shown and the green dashed curve
represents the convoluted curve which was obtained by convolution of the reference
curve with the normal distribution shown in the bottom graph. The mean of the
normal distribution /45 obtained by calculating the difference of the range in water
for the distal 82% dose value. At this point, the BP is minimally affected by range
straggling. The widthyof the normal distribution is then adjusted to minimize the
difference between the, resulting convoluted curve and the measured degraded curve.

The modulation power isithen calculated via

0_2

PmodE_
v

2.2. Mathematical description of the modulating effect

In géneral, a substance is degrading the Bragg peak, if it consists of structured mixture of
materials' with different water-equivalent thicknesses on a microscopic scale. Imaging of
such a modulating sample with a macroscopic resolution, leads to a loss in information

about the mixture and the microscopic structure. To describe the imaging process
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Figure 2. Exemplary binomialddistributions for p = 0.26 and increasing values of n,
which indicates the number of air or tissue voxels that are merged. k counts the voxels
of the n merged voxels that are tissue. (a)shows the case for n = 1: The sampled voxel
is either air (kK = 0 with a probability of 74%) or tissue (k = 1 with a probability of
26%). (b)-(d) show higher values 6f m: The sampled voxel is probably a mixture of air
and tissue. k/n of the sampledyyoxel is tissue. E.g. in (b) the probability to sample a
voxel with no tissue is about 40%, which is a slightly lower probability than to sample
a voxel which is about, a third tissue. (d) shows the case where the probability to find
a purely air or tissuesvoxel is almost zero. And all voxel contain roughly a fourth of

tissue.

mathematically, a model is proposed in the following.

In a clinical context, lung,is the composite material of interest when considering the BP

degradation. Hence, approximations for the mathematical model can be made:

e Only composite materials that consist of exactly two different materials are

considerediwThis restriction is applied as the composition of lung tissue can be

approeximated to consist of air and tissue - as blood, vessels, fat and soft tissue have

nearlyjthe same density or Hounsfield unit (HU) value.

e For a simply computable example, air has -1000 HU (HU,,;,) and tissue 0 HU

(HUpax). The (inhaled) lung has a typical density of about 0.26 g/cm?® ~ -740 HU

(Schneider et al.; 1996).
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e For the modulating material (e.g. a porous material), we assume a constantwand
uniform structure size (as defined by Baumann et al. (2017)). In other words, the

size of the clusters of tissue and air are the same throughout the geometry.

When sampling this approximated porous material with an infinite, resolution the
resulting HU histogram would consist of two bins. This is exemplarily shewn in figure
2(a). In this case, the 'finest’ resolution (r() is defined as thestesolution needed to
clearly identify each voxel as either air or tissue. Every increase in.resolution would not
change the obtained histogram. If the resolution is notssufficient to resolve the ’finest’
structures, the structures are merged and intermediate walues are obtained as shown in

figure 2(b) and (c). Mathematically, this can be described by a binomial distribution:
BINOMIAL DISTRIBUTION :\B(k) = (Z)pk(l —p)k (2)

p is the probability of the voxel being tissue, (1 — p) the counter probability of sampling
air and n is a measure for the resolution. In one dimension, n can be calculated as the
ratio of the image resolution-#.andithe 'finest’ resolution ry. Hence, it gives the number
of united "finest” voxels. 'B(k) gives the probability that the merged voxel contains k
(0 < k < n) of the "finest™tissue voxels.

For high values 6f n the discrete binomial distribution can be approximated by the
differential normal \distribution. This is then transferred to a continuous normal

distributiemy which'is shown in figure 2(d). It is described by:

1 k— u* 2
NORMAL DISTRIBUTION : F(k|u*,0*?) = Wexp (—%) (3)

S0, a histogram of a macroscopic image of the lung can be described by a normal

distribution with the corresponding parameters y* = np and 0*? = np(1 — p) (via the
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Moivre-Laplace central limit theorem).
To transfer the k-axis into HU values, a substitution has to be performed on the
differential form of the normal distribution. The details are given in the appendix.

This transfer gives the new parameters:

p = p*Az/n =1000HU - (p — 1) (4)

0? = 0" Ax*/n* = (1000HU)? - p(1L&p)/n (5)

From these equations it is clear, that the width of the normal distribution o depends
on the resolution ratio n, whereas the mean is independent on the resolution.

To correlate this to the modulation power, as defined by Baumann et al. (2017), the
relation between the resolution ratio n and the modulation power P,.q has to be
specified: n can be computed as the ‘measured voxel length r divided by the ’finest’
voxel length ry in three dimensions. ry depends on the structure size d as referred to by

Baumann et al., which in turnfis propertional to P,.q, resolving to:

T3 TB / 7,3 Tranforming Eq. 4&5 —1000HU - o — ,u2
n:=-—4=c—==.C AND n = 6
TS d’ Pr?lod o? ( )
where ¢ and ¢ describe axbitrary proportionality factors.
Finally, the correlationithat needs to be evaluated is given by:
P, ’ i P (7)
m 6.8 =
U\ Z1000HU - — g2 =01

This\correlation shows that there is a mathematical relation between the parameters
fand o of a CT histogram and the modulation power P,.q measured in the particle
beam. Py and the proportionality factor will depend on the resolution r. Aim of the

study is to proof and determine the proportionality in order to directly calculate the
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(b)

measurement series (a) and the lung sample
defines the contoured region of interest. Om'the le nel (a), the three different
PMMA thickness set-ups are indicated: attenuation set-up (green arrow

low attenuation set-up was use
the center on top of the dry ice A reference material (in yellow) is added to

modulation power from the CT histogra

2.3. CT measurement b

The proposed model is ba; n the width of the CT histogram. Thus, it is essential to

understand which measure arameters influence the measured width.
To understand t ndencies of the CT parameters on width, a series of CT
measurements was The factors that primarily influence the width are described

by Verdun et'ald (2015). The CT configuration and the results are given in the appendix.
All scans werg, performed with a conventional CT-Scanner (Somaton Confidence,
Sie ineers, Erlangen Germany) with 120kVp and the Br43s convolution
kern e test samples were scanned with a resolution of 1.0x1.0x0.6 mm?® and

ed as shown in figure 3. For low density materials the influence of the partial

olume effect is minimal. To further minimize the influence, the region of interest was
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contoured excluding material and HU boundaries (orange contour in figure 3). Then, a
HU histogram was produced and a normal distribution was fitted to the data. From the
optimized parameters p and o the parameter Py, (eq. 7) was calculated and compared
to the modulation power P,,q measured in the proton beam. The porous samples were
additionally scanned with a 1.0x1.0x 1.5 mm? resolution, as well as with a small animal

CT (X-Cube, Molecubes, Gent Beligum) with a resolution of 0i1 x0slx 0.1 mm?.

2.4. Measurement of the modulation power of heterogeneous,surrogates

To determine the proportionality factor of the mathematical’ model in equation 7, a
correlation between the in-beam measurement résults and the CT histogram needs to
be established. Hence, measurements of the BP degradation of various porous materials
were performed at the West German Proton Therapy Center (WPE). Since 2013,
the WPE features a Proteus®Plus (IBA International, Louvain-la-Neuve, Belgium)
cyclotron system, where active,and passive proton beam treatment with energies up
to 230 MeV is offered in four clinical rogms.

Nine different materials that promise a heterogeneous composition were selected: rigid
foam, polystyrene, synthetiessponge, SikaBlock PUR, black abrasive fleece, Gammex
LN-300, Gammex LN=450, rubber granulate and clay granulate. For each material, the
laterally integratedidepth dose distributions (IDD) were measured with the ” Giraffe”-
type multi-layer/ionizations¢hamber (IBA Dosimetry, Schwarzenbruck Germany), while
the porous material was placed directly in front of the Giraffe. Each measurement was

performed with proton beam energies of 100, 130, 160, 190 and 205 MeV, respectively.

2.5. Measurement of the modulation power of porcine lung samples

To further test the model, the modulation power of frozen porcine lung samples

was measured by in-beam experiments. The measured modulation powers were then
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compared to the modulation power determined via the CT histogram analysis.
The IDD measurements of the frozen lung samples were performed at)the Marburg
Ion Beam Therapy Center (MIT). It features a Siemens synchrotron acceleratorsystem
(Siemens Healthineers, Erlangen, Germany), which offers raster-scanning proton (48-
221 MeV) and carbon ion (88-430 MeV/u) beam treatment to patients in four rooms.
A detailed description of the lung sample selection and handling, themmeasurements and
evaluation is given in (Burg et al.; 2021). Five lung sample$ (three from domestic pigs
and two from a wild boar, all were slaughterhouse waste) werenacquired by freezing and
cutting the two lungs into samples of about 4x 10x4cm?. After the freezing process,
the samples were continuously cooled using solid carbon, dioxide (dry ice pellets). The
lung tissue samples under investigation differed in their air filling or their localization
in the lung, as these factors can be expected to play a role for the BP degradation
effect. The samples were mounted in anretainer, allowing a distinct positioning of the
sample and a possibility to match the CT ‘scan to the beam path. Again, each lung
sample was positioned in the beam linedirectly in front of the peakfinder water column
entrance window (PTW, Freiburg Germany) and irradiated with a 140 MeV /u carbon
beam. Three different/ measurément positions were irradiated for each sample. For
two positions, positioning uncertainties were evaluated by repositioning the samples, as
well as slightly rotating (~ £+2°) and shifting (£2mm) the samples and repeating the

measurement.

3. Results

3.1. "Bualuation of the heterogeneous surrogates

Figure 4 shows the HU histograms (0.1 mm, 0.6 mm and 1.5mm resolution) of all nine

porous materials that were scanned and for which the BP degradation was measured.
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Figure 4. Hounsfield unit histograms for each of the nine investigated materials for

three different slice thickness: ‘0.1 mm (small animal CT) in green, 0.6 mm in blue and
1.5mm in red. Note the different scales on the x-axis. As the small animal CT is not

calibrated, small ghifts)in center of gravity of the histograms can occur.

The mathematical model'shows that the histogram will follow a normal distribution for

increasing value of i (see figure 2 and equation 6). n is either increased by increasing the

measured CT'resolution i, (different colours in figure 4) or by decreasing the structure

size d of themmaterial. Thus, the curve progression for each material is correlated with the

structure size and therefore the modulation power. In figure 4, the first four materials

(a-d) already have an almost Gaussian shape in the small animal CT, indicating, that

these materials have a small structure size and hence a low modulation power. LN-300

(e) aridd LN-450 (f) however, show a broader HU histogram in the small animal CT but a

Gaussian distribution in the clinical CT. Thus, a higher modulation power is expected.
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Table 1. Values for 4 and o obtained by the Gaussian fit for the 0.6 mm CT scan series
and the 1.5 mm series, accompanied by the calculated Pg; (as proposed by equation 7)
and values of the modulation power P,,q obtained via proton beam measurements.

0.6 mm slice thickness || 1.5 mm slice thickness Pobq BP-

LLsit O5t Pt it Ogt Pt measurement

HU) | [HU] [HU) | [HU] ]
Rigid foam 58 3 0.03 57 2 0.01 0.03
Polystyrene 35 4 0.04 34 3 0.02 0.05
Sponge 46 4 0.04 44 3 0.02 0.03
Sika 237 8 0.08 236 9 0.06 0.01
LN-300 271 41 0.20 272 34 0.17 0.20
LN-450 462 22 0.11 461 19 0.10 0.13
Clay 657 | 208 0.65 651 | 161 0.48 0.69
Abrasive fleece | 59 52 0.36 88 51 0.31 0.43

The histogram for rubber (g) on the other hand, shows in the small animal CT that
the main modulation effect is caused by two, higher density materials as the green curve
distinctively indicates two peaks. /Therefore, the assumptions and simplification that
were made in the mathematical model camynot be applied and this surrogate was not
considered further in the analysisy, The highest modulation power is assumed to be
observed for clay granulate and the black abrasive fleece (h,i). While the small animal
histogram shows a merely merged binomial distribution, the clinical CTs indicate a
transition towards a normal distribution.
As the focus lies on a model for the clinical CT resolution, a normal distribution was
fitted to the elimical data sets and the mean (u) and width (o) was determined for
each. For claya normal distribution was also fitted but the fit is less accurate. The
uncertainty on the fit values were set to be higher.

Table 1 summarizes the values of the fitted Gaussian distribution for all materials,
for both, the 0.6 mm and the 1.5mm CT scan series. The value for Py; correlates with
the described relation of the CT histograms. In general, a broader distribution (large

value of o) leads to a higher Pgq, but it also depends on the mean pg; as shown by the
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Figure 5. The modulation power)(Pmed)ratquired by the proton BP measurement
plotted against Pgy calculated with the CT histogram analysis for the 0.6 mm (in green)
and 1.5 mm series (in ble)s For each slice thickness, there is one curve with very high
exposure (crosses) and one curve with a lower, more clinical exposure (triangles). The
fitted linear regressions for the highveéxposure series are marked by the blue and green
line, respectively.’ The, surrounding bands indicate an agreement with the regression
line within £0.05 mm" For,each point error bars are calculated but in most cases they
are smaller than the symbol size.

abrasive fleece.
The last column in table,1 gives the modulating power calculated from the proton

BP-measurements for the heterogeneous surrogates.

3.2. Analysis.of the parameters of the mathematical model

To acquire a calibration curve, the measured values for P,,q are plotted against Py in
figure 5. For the proportionality factor (equation 7), two linear regressions were fitted
to the 0.6 mm (in green) and 1.5mm (in blue) curve. The proportionality factors are:
1:28 mm for the 0.6 mm curve and 1.50 mm for the 1.5 mm curve.

In/figure 5, additional curves for each of the chosen slice thicknesses of 0.6 mm and
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Figure 6. CT histograms of the porcine lung samples for a smaller (left panel) and
a larger modulation power (right panel). In blue, the original data is shown and in
orange the fitted Gaussian distribution.

1.5 mm are shown: Next to the analysed high expostite curve (E.; = 0.37mAs™2) , one
with a lower exposure (E.f = 0.64 mAs~2for0.6 mmiand E ;7 = 0.41 mAs~2 for 1.5 mm,
respectively) is given. The error bars indicate,the nonconformity with the fitted normal
distribution: the difference between the,mean of the complete HU histogram and the
mean of the normal distribufion was taken’as uncertainty. However, the band shows
that all data points lie within’ +0.05mm from the regression line even for the lower
exposure curves.

As to be expected from theprévious analysis, the normal distribution broadens with
a smaller slice thickmess (meving from the blue to the green curves) and with a lower
exposure (moving from crosses to triangles). The increase in the width and thus Py were
expected from the mathematical model, where an increasing n correlates to a smaller
width (equation 5) . The increased width caused by a lower exposure correlates to an

increased noise in the measurement.

3.3. Application of the model to porcine lung samples

To apply the model in a more clinical set-up, the measured modulation powers of

the porcine lung samples are compared to the ones calculated with the CT histogram
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analysis.
In comparison to the technical, heterogeneous samples, which have uniform structure
sizes, the lung samples show different sizes of the micro-structure (small alveolinversus
larger bronchial tubes). For this reason, the CT contour was only analysed imthe region
where the beam traversed the sample (orange contour in figure 3b). Due to the different
sized micro-structures, the CT histogram often did not feature a moermal distribution.
Instead, a superposition of two or more normal distributions andithus structure sizes was
visible for higher values of the modulation power. Figure 6 shows.the C'T histogram for a
smaller (a) and a larger (b) modulation power and the fitted mormal distribution, which
shows the discrepancy between the data and the fityespecially for higher modulation
powers. The larger structures would be considered imsthe treatment planning system as
they can be observed in the planning CT (seejlung sample in figure 3b). However, as we
compare the CT histogram analysis with a measured reference curve everything needs
to be included and accounted for. Hence, a single Gaussian was fitted to all samples.
This suggests that the modulation power calculated with the CT histogram will most
likely underestimate the trtie degradation effect with increasing modulation power.
Figure 7 shows the correspondence between the modulation power P,,,q measured in-
beam and the one based on the CT histogram analysis. The estimation of uncertainties
was determined in‘two ways: for the uncertainty of the BP measurement (y-axis) the
sample was rotated by 2° or shifted by 2mm to force a positioning uncertainty. This
was only evaluated at two positions but the estimated uncertainty of about 30% was
applied to allimeasurement points. This rather large uncertainty is due to the very small
beamywidth and sharp BP of carbon ions and is a very conservative estimation. For the
histogram analysis, the dominant source of uncertainty is the defined region of interest

that was evaluated. Therefore, the contour was shifted in two directions by £2mm (a
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29 Figure 7. The modulation power ‘acquired by the carbon BP measurement against
30 the modulation power calculated.with the’histogram analysis for the 0.6 mm series of
31 the porcine lung samples. Pgyis transferred to Poq by applying the fitted calibration
32 factor for the 0.6 mm series from figure 5. The dashed line indicates a perfect agreement
33 between both methods and the band a range of about +0.06 mm. The uncertainties in
34 x indicate the strong dependence of the contoured structure that was analysed. The
35 uncertainties in y display the measurement and set-up uncertainty.

38 shift in beam direction wag net performed). This was done for each measurement point.
The ends of the error bars mark the lowest and the highest calculated modulation power.
43 As shown in figure 7,nthe uncertainty of both, the measured and the calculated
45 modulation power israther large, especially for the high modulation power values. This,
47 in combination/with/the not Gaussian CT histograms, makes an estimation of the model
49 difficult.! However, the data still shows that the calculated modulation power trends to
the one measured in-beam, which is here taken as ground truth. The band in figure 7
54 indicatesran ideal agreement within +0.06 mm which includes 60% of the data points.
56 80% lie within +0.1 mm and all within +0.15 mm with the values ranging from 0.06 mm

58 up,to 0.6 mm. Most data points agree within their uncertainty with the measured values
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for the modulation power.

4. Discussion

In general, the results indicate that the presented model is adequate. Especiallys for the
inorganic heterogeneous samples, a clear correlation between a clinical CT' histogram
and the modulation power is visible, when the mathematical modelds applied. This is an
improvement to the measurement series done by Hranek et al., where no correlation was
found between the width of the histogram and the modulating effect. We could validate
that if only the width on the histogram is taken as measure (asshown in table 1), no clear
correlation can be found. In most cases, a broader widthiindicates a higher modulation
power, but not in all cases. As motivated by the mathematical description, the relation
between the mean and the width of the CT histogram influences the calculated value of
the modulation power.

The test of the model on the lung samples shows the limits of this model. The lung
samples show a range of structure sizes that strongly depend on the specific region
and filling of the lung. Thus, for small regions of interest, the CT histogram might
vary depending on theexact positioning and matching of the samples. Whereas for the
heterogeneous materialsy no significant differences in the modulation power was observed
when the contouring was/altered.

By adding a low density reference material as reference width in each scan of the lung
samples [and then correcting for the offset, we were able to analyse data with different
CT measurement parameters.

Howevers<even with these restrictions and high uncertainties, the model allows an
estimation of the modulation power with a clinically available set-up which gives a

good indication of the strength of the modulation effect. It is not as precise as e.g.
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proton radiography for lung as described by Meijers et al.(2020) but can easilysbe
applied without additional dose given to patients in any clinic. From & clinicalypoint
of view, the presented high uncertainties will be drastically reduced whem larger, fields
and thus, larger regions in the CT image will be included into the analysis.yThe effect
of the degradation will be smoothed as all the different modulation powers level to
an averaged modulation power. And even with an uncertainty ofroughly 0.15mm in
mind, the studies of Baumann et al.(2019) show, that the differencé’of 0.15mm in the
modulation power has only a small effect (0.5% - 1% difference)yon the dose distribution
of the calculated patient dose distribution.

In a next step, the model can be used to analyse patient CTs and indicate the
dependency of the modulation power on the breathing phase by analysing 4D-CT data
sets. To further reduce the large uncertainties of the BP measurement, the model can
be tested for proton fields in comparisomto single BP spots as it was done in this study.
An extended field would average the modulation power which could lead to a better
agreement between the measured datarand the calculated values.

With further investigations, the utilization of the model together with analysis of the
effect of the BP degradation omspatient treatment plans as done by Baumann et al.(2019)
or even the incorporation of the degradation effect in the treatment planning software as
proposed by Winteriet al.(2020) could help estimate the effects in a worst-case scenario

and allow a more robust planning.

5. Conclusion

In this,stidy, a novel method to analyse the CT histograms of porous materials to
derive the modulation power P,,,q, which describes a measure of the effect of the Bragg

peak degradation by porous materials is presented. The mathematical derivation of a
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(CT-) measurement of a heterogeneous material with a defined resolution is combined
with the definition of the modulation power. This model was then tested 'omyeight
heterogeneous materials. Although the model based on the CT histogramssis very. basic
it gives a good indication of the modulation power with a set-up available in‘évery clinic.
For heterogeneous materials, the model correctly estimated the modulation power within
£0.05 mm.
In a second step, the model was then transferred to frozen poreine lung samples. In this
case, both, the measurement of the modulation power and theeal¢ulation via the model
showed an agreement within larger uncertainties. Most points were within £0.1 mm of
the measured value and all within £0.15 mm for' measured modulation powers ranging
from 0.06 mm up to 0.6 mm. This validates that a tramslation to clinical data sets can be
performed, allowing in a next step the estimation of the modulation power for clinically
available patient data.
In conclusion, this work allows an estimation of the modulating effect of the material or
tissue in question by analysing/the CTrhistogram obtained with a common clinical CT
scanner. This is one of thefineertainties which has to be addressed for a high precision

particle therapy of lung carcinomas.
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Appendix - Mathematical Model

The following steps describe the substitution that was mentioned in the Mathematical
description of the modulating effect, allowing to reproduce the derivation of the model
without interfering the reading. Starting at equation 3, the steps to’obtain equation 4
and 5 are described.

Transferring k-space to CT values is performed via a substitution on the binomial

distribution or on the differential form of the normal distribution;

F(kly, o*?)

oo (BT ®

\/ 27ra*2

The substitution takes advantage of the assumptions made before (ACT=HU .-
HUpin = 0 — (—1000)HU and Ak = kpax = kmin = 7 — 0). Thus, the substitution

can be defined and simplified as :

CT := % S H U, = 1OOOHUE — 1000HU (9)

This gives the new substitution variable z:

1000HU - ¢ dt n
= " " _1000HU —» —dz = —— 1
n 000 dzdz 1000HU (10)

Thus, the substitution is performed:

Pl o3 ==y [ e (<3St
1 10003 1,n2/1000 — p*
_ 11
~ /27(1000 - 0% /n)? /_oo eXp( 2( o* ))dz -

= F(CT|p,0%)
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With new parameters:

oOoNOULT D WN =

1t := 1000HU - p* /n — 1000HU = 1000HU - (p — 1) (12)

12 o2 := (1000HU)?0*?/n? = (1000HU)? - p(1 — p)/n (13)

16 Appendix - Impact of CT parameters on the width of the histogram

As the model is based on the width of the CT histogram, it. is essential to know what
influences the measured width.
24 Taking a CT image of a sample is a measurement process which is associated with noise.

26 The actually measured histogram width @peqsured in terms of HU is given by:

% menset =\t + PR Cerrte = \ P — Toose (14)
34 as the noise of the measurementican be described by a normal distribution, too. oyeise
36 depends on the specific CT parameter set-up, especially the exposure.

38 To understand the dependéncies on o,ise, a series of CT measurements was taken. The
40 factors that primarily influence the width are described by Verdun et al. (2015). Major
factors like the C'Iitself, the chosen tube voltage, the filter kernel, the x-ray beam
45 collimation and the imterpolation algorithm, were kept constant as a change for these
47 parameters obyiously leads to a change in the HU scale and thus the histogram width.
49 Also dose sparing techniques like a modulated exposure rate or improved reconstruction
51 algorithms were not used as these would influence the width entailing a more extensive
analysis.

56 The characterization scans were taken for a number of different combinations of exposure

58 (mAs), slice thickness (Az) and spatial resolution (Az/Ay) given in table 5. Beam
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Attenuation Exposure | Number of | Slice thickness | spatial resolution g
low med high | Eioa [mAs] | slices N Az [mm] Az /Ay [mm] [mAs]
X b b 50 664 0.6 1.0 0.08
X X X 200 664 0.6 1.0 0.30
X b X o974 664 0.6 1.0 0.86
X X 722 512 0.6 1.0 1.41
X X 722 512 0.6 1.5 1.41
X X 722 512 0.6 0.6 1.41
X X 700 213 1 1.0 3.29
X X 700 142 1.5 1.0 4.93
X X 700 142 1.5 1.0 4.93
X X 700 71 3 1.0 9.86
X X 700 355 0.6 1.0 1.97
X X 700 355 0.6 1.0 1.97
X X 700 357 0.6 1.0 1.96

Table 2. CT configurations for/the characterization measurements. For the three
different attenuation set-ups, the applied exposure Fia1, the number if slices N,
the slice thickness Az, the reconstructed spatial resolutionAxz/Ay and the effective
exposure Feog (see equation 15 are given.  All measurements were performed with the
Somaton Confidence and the Br43s kernel. The attenuation set-ups correspond to
figure 3. The results are displayed in figure 8.

hardening was investigated by adding additional absorbing material (PMMA) around
the sample, as shown in figure 3(a). In most characterization scans, water was the sample
medium. However, some [scans were also performed with the LN-300 lung substitute
(Gammex) to validate the effeets with a modulating material (Ringbaek et al.; 2017).
Figure 8 shows/that,width of the HU histogram is changed via three different
parameters: the applied/exposure (Fioa in mAs) in combination with the length of
the CT scan (Ngices# Az) and for phantom measurements, the surrounding material. It
was found that\the slice thickness and the exposure in terms of the so called ’effective
exposure’ (Verdun et al.; 2015) had a significant effect on the width of the HU histogram
for themscanned water sample. As there is no easy way to obtain a measure for the

attenuating material for clinical CTs, the parameter was not included in the effective
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Figure 8. Width of the fitted normal distribution of the HU histogram for various
different settings in dependency of the inverse square root of the effective exposure
(relation from Verdun et ali(2015)). The data is divided into four main measurement
set-ups: the high attenuated set-up with water as sample (blue), the medium (red)
and the low attenuated set-up (green), both with water as sample and a series with
the low attenuating set=up and LN-300 as sample (yellow) (corresponding to figure 3a).
Diamond (reconstrugted spatial resolution Az =1 mm; slice thickness Az =3 mm) and
square (filled: Az =1mm; Az=0.6mm) (hollow: Az=0.6mm; Az=0.6mm) data
points indicate a_measuremeént series where the applied exposure Fi.a was changed.
Crosses show series where the slice thickness was changed and the applied exposure
was held constant.

exposure but analysed.separately. Thus, the effective exposure E.g was calculated via

Etotal

Eeﬂ =
Nslices

(15)

Figure 8 shows'a clear dependence of the widths o of the histograms on the effective
exposure and the attenuating material. A higher attenuation (blue squares in figure 8)
leads toa lower signal measurement and thus a higher poisson noise ojse.

For the modulating material LN-300 (Ringbaek et al.; 2017; Hranek et al.; 2020),

however, the data shows a different dependency: The effects of a change in slice thickness
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vary drastically in comparison to effects of a change in the applied exposure FEiqigenThis
supports the mathematical model, where the proportionality factor is gpecific for the
resolution which is given by the analysed slice thickness. After the calibrationy oyoise
is approached by including a reference material next to the sample as shown in figure
3(b). This enables to specifically calculate op0ise via equation 14. All other changes in
parameters had only a minor effect. Thus, they were neglected in.the, further analysis

with negligible impact on the uncertainty.
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Abstract

In radiation therapy, a Computed Tomography (CT) image is needed for an accurate
dose calculation. To allow such a calculation, the CT image values have to be con-
verted into relative electron densities. Thus, standard procedure is to calibrate the
CT numbers to relative electron density (RED) by using a phantom with known com-
position inserts. This calibration curve is energy and CT dependent, therefore most
radiotherapy CT acquisitions are obtained with 120 kVp, as each tube voltage needs
an additional calibration curve. The commercially available DirectDensityTM (DD)
reconstruction algorithm presents a reconstruction implementation without any
dependence on the tube voltage. In comparison, it allows a calibration curve that is
directly proportional to the RED, reducing the need of more than one calibration
curve. This could potentially optimize CT acquisitions and reducing the dose given
to the patient. Three different phantoms were used to evaluate the DirectDensity™
algorithm in simple and anthropomorphic geometries, as well as setups with metal
implants. Scans with the DD algorithm were performed for 80, 100, 120, and
140 kVp. As reference a scan with the standard 120 kVp scan was used. Radiother-
apy photon plans were optimized and calculated on the reference image and then
transferred to the DD images, where they were recalculated. The dose distributions
obtained this way were compared to the reference dose. Differences were found
mainly in pure air and high density materials such as bones. The difference of the
mean dose was below 0.7%, in most cases below 0.4%. No indication was found
that the algorithm is corrupted by metal inserts, enabling the application for all clini-
cal cases. This algorithm offers more variability in CT parameters for radiation ther-
apy and thus a more personalized image acquisition with a high image quality and a

lower dose exposure at a robust clinical workflow.
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1 | INTRODUCTION

In radiation therapy, the Computed Tomography (CT) images provide
the essential patient geometry and electron density information
needed not only to delineate the tumor and organs at risk but also
to calculate dose. Beforehand, a relation between CT numbers and
relative electron density (RED) or mass density (MD) has to be
established in the form of a calibration curve in the treatment plan-
ning system (TPS) as described by e.g., Schneider et al.l. In the com-
mon case, the CT pixel values are given in Hounsfield units (HU) and
depend on the tube voltage. Thus, a calibration curve for each tube
voltage is needed.? Some clinics feature more than the standard
120 kVp calibration curve e.g., an additional 80 kVp curve for pedi-
atric patients. This potentially reduces the CT dose for the patient or
offers a higher contrast-to-noise ratio but increases the amount of
work while the workflow robustness is decreased by the additional
selection of the calibration curves. Other clinics only implement the
standard 120 kVp curve for all scans ignoring the potential benefit
of a higher signal-to-noise ratio or a decreased dose exposure that
could be achieved with an optimized tube voltage.>=

The commercially available reconstruction algorithm ‘DirectDen-
sity’ (DD) (Siemens Healthcare, Erlangen, Germany) promises a feasible
workflow as it constructs the RED information directly from the raw
CT data.® DD-CT images obtained this way are independent of the
tube voltage once the calibration curve is implemented in the TPS.

Van der Heyden showed in a patient study for 33 patients that
the mean dose difference between HU based dose calculated plans
and those calculated on the DD image sets were found to be smaller
than 1%.” In this study, the relative mean dose difference was evalu-
ated for the planning target volume (PTV) and the organs at risk
(OAR), as well as the relative difference in the volume receiving 95%
of the prescribed dose were evaluated. These differences were also
found to be less than 1%. These results are in agreement with the
evaluation presented by Ritter.® Nevertheless, both works do not
differentiate for cases that provide high uncertainties in imaging and

dose calculation, such as air or metal cavities.

’ ) bone thickness )
Sinogram Material Sp RED-Sinogram
Su decomposition dg = s Srgp = REDy - dy + REDg - dp
B

The present study analyzes the effect of the DD images on the
dose distributions for a phantom with materials with high, medium
and low density, exemplary for the density range present in the
human body. As analyzing tools, a simple dose difference is accom-
panied by dose profiles, allowing a distinct analysis where the differ-
ences occur.

Additionally, CT scans with metal implants are compared as well
as the combination of the DD algorithm with a metal reduction algo-
rithm,8 to evaluate if DD can be used in all clinical cases. Otherwise,
for metal implants a standard conversion curve would be needed,
revoking the easy setup and robust usability when implementing the
DD algorithm.

Finally, the potential CT dose reduction benefits that could be
utilized when dose acquisition parameters (e.g., the tube voltage) are

optimized for image quality, are presented.

2 | MATERIALS AND METHODS

2.A | DirectDensity reconstruction

To understand the procedure behind the DirectDensity images and
understand problematic setups and cases, a brief introduction of the
algorithm is given. A more detailed description is given by Ritter.®
Figure 1 describes the main steps in the algorithm. First, a single
energy CT image (l) is needed for the DirectDensity reconstruction.
By applying an attenuation threshold (Is), a bone image (lg) is gener-
ated. In the projection plane, a model based material decomposition
is applied to the original sinogram (S,), separating all materials pre-
sent in the human body into either water or bone. With an underly-
ing physical attenuation model, the effective water thickness (dw)
for all materials can be obtained. The combination of the effective
bone thickness (dg) gained from the information of the bone sino-
gram (Sg) and the effective water thickness (dy) together with the
RED of water and bone gives an electron density line integral (Sgep).
Thus, in a final step a RED proportional image (Ipp) via filtered back

projection of the RED sinogram is gained.

1
- Filtered back projection

Effective
water thickness

dy (S dp)

Y
i Forward projection

Effective

T

E Bone :

i Projection space | Sinogram S; ;
Fic. 1. A flowchart Ritter® that displays ”r_n_a_ _e_ _s ———————————————————————————————————— : _________
the main steps of the DirectDensity i ge space i
algorithm. The steps can be divided in the i Bone i
ones taking place in the image space and Input detection via Bone image DirectDensity image
the ones performed in the projection image threshold [g Ip Ipp = (RED - 1) - 1000

space.

I> I
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The connection between the image values of the final DD image
and the RED is given in eq. (1).6

Ipp = (RED — 1) % 1000 = Ipp = (RED — 0.994) % 1000 (1)

Implemented calibration in this work

2.B | Density calibration

To obtain the RED information from the CT scan, calibration curves
for 80, 100, 120, and 140 kVp tube voltage were generated with
the Gammex 467 Tissue Characterization Phantom (Gammex, Gies-
sen-Allendorf, Germany) for the HU and the DD reconstruction. All
scans were taken with a constant tube current of 250 mAs on the
SOMATOM Confidence (Siemens Healthcare, Erlangen, Germany).
The reconstruction with 3 mm slice thickness was executed with the
B40s and E30s convolution filters. For the calibration, the mean CT
value of each tissue mimicking insert was plotted against the RED of
the material. The mean CT value for each insert was obtained in
Image) (v1.50i, National Institutes of Health, Bethesda, USA). The
CT values were averaged over a sphere of 2 cm diameter, centered
in the middle of the insert. As the calibration curves in Fig. 2 show,
the energy dependence vanishes when the DD reconstruction is
applied. The right panel displays this implemented calibration given
in eq. (1).

2.C | Study setup

All phantoms displayed in Fig. 3 were scanned with the SOMATOM
Confidence CT. In general, images for 80, 100, 120 kVp, as well as
140 kVp were generated for the E30s (DD) kernel. The reference
images (HU) were done with 120 kVp and the B40s kernel, as this
represents the standard parameters in the clinical routine. The tube
current was set between 140 and 300 mAs, depending on the thick-
ness of the phantom, but held constant for each phantom. Slices of

(a)
1-8 T T T T T
24 A ®
16} .
>
G 14t AR .
3 15l e |
c p AN
g 10 o 1
3 08} l
]
() -
g 06 r = 80 KVp
S 4 100 kVp
0.2 120 kvp
0.0k . , , 140 kVp
-1000 -500 0 500 1000 1500 2000

HU-image value

3 mm thickness were acquired. All scans were imported into Eclipse
(version 13.6, Varian Medical Systems, Palo Alto, CA, USA). The con-
touring was performed on the HU image and then copied to the DD
images. The same procedure was followed creating the dose plans:
Each plan was optimized and calculated on the 120 kVp HU image
and transferred to all DD images. Then, each plan was recalculated
holding all beam parameters constant.

The dose was calculated in the TPS Eclipse with the Anisotrop
Analytical Algorithm (AAA) (v.13.6.23, Eclipse, Varian Medical Sys-
tems, Palo Alto, CA, USA), a 3D pencil beam superposition convolu-
tion algorithm. For this algorithm, only RED but not MD needs to be
assigned to the CT voxels for a correct dose calculation.”*® Thus,
the immediate relation between dose and the DD images which con-
tain RED information is evaluated. The dose calculation grid size was
chosen to be 0.125 cm.

To compare the different dose distributions, a dose difference
between each plan on the DD reconstruction with the HU dose dis-
tribution as reference was created. Because the dose distributions
were calculated on identically positioned phantom CT scans, which
were performed without moving the phantom, the gamma criteria®!
which is typically used is not needed. However, passing rates for the
dose differences are presented which equal a gamma analysis with
0 mm distance-to-agreement and 0.5% dose difference in the region
with doses higher than 5% of the maximum dose.

Additionally, dose-volume histograms (DVH) were used to evalu-
ate dose distributions in specific regions like the PTV and surround-
ing OARs as contoured in Fig. 3. For the general evaluation, dose
profiles were used to further investigate the effect of high and low
density materials on the dose distribution.

2.C.1 | Setup for the general DD evaluation

To evaluate the dose distribution in simple geometries a slightly
modified version of the planar IMRT phantom Gammex 473

(b)
18 T T T T T T T
g |
1.6 .
= o
[ 14 - o .
S 12} A~ .
c o
S 10 ol .
© *
9 08¢t . :
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Fic. 2. The calibration curves to convert the CT image values into RED for the HU reconstruction (left) and the DD reconstruction (right)
for all four tube voltages. The values were obtained with inserts of the Gammex 467 Tissue Characterization Phantom. The dotted linear

regression was performed on the 120 kVp data points.
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Fic. 3. Phantom overview: Panel (a)
shows the IMRT phantom in a transverse
view. Panel (b) displays the CBCT phantom
with its inserts. In panel (c) the metal insert
is included in the ART phantom head.
Panels (d) and (e) show the ART phantom
in a transverse slice in the abdominal and
thoracic region.

(Gammex, Giessen-Allendorf, Germany), scanned with 250 mAs, was
used. The phantom, consisting of solid water slabs, was extended by
a cork as well as two plaster inserts as shown in (a) in Fig. 3. These
materials were chosen because the RED of plaster is close to typical
bone RED, while the cork RED matches lung density. One cavity
was left unfilled to also examine effects in air.

To also evaluate a more realistic setup, the anthropomorph male
Alderson Radiation Therapy (ART) Phantom (RSD Radiology Support
Devices, Long Beach, USA) was additionally investigated. Scans were
conducted for the pelvis (scanned with 250 mAs) and thorax region
(scanned with 140 mAs) as presented in part (d) and (e) of Fig. 3.

On the IMRT phantom, a single 6 MV open field was planned in
Eclipse with a TrueBeam model (Varian Medical Systems, Palo Alto,
CA, USA). The plan was computed on the HU image and then copied
to all DD images, whereas the assigned monitor units (MU) were
held constant. For the Alderson phantom, a 3D conformal and a vol-
umetric modulated arc therapy (VMAT) plan was optimized for a
simulated prostate and lung carcinoma treatment.

2.C.2 | Setup for metal implants

One of the main advantages of the implementation of the DD algo-
rithm in the clinic is the reduction from many CT calibration curves
to only one. Therefore, the effect of metal implants in combination
with the DD reconstruction was tested, as the DD reconstruction
could define the metal as high density bone due to the applied
threshold. If this is the case, an inadequate interpretation of metal

TaBLe 1 Mean RED and its standard deviation for three different
materials of the IMRT phantom for all reconstructions.

CT set RED piaster RED cork RED 4

HU120 1.37 + 001 0.26 + 0.02 0.04 + 0.01
DDgg 1.43 + 0.06 0.27 + 0.02 0.03 + 0.01
DD10o 1.39 £ 0.02 0.26 + 0.02 0.03 + 0.02
DD120 1.35 £ 0.03 0.26 + 0.02 0.02 + 0.01
DD14o 1.35 + 0,01 0.26 + 0.02 0.02 + 0.01

could wrongfully influence the reconstruction around these implants.
For this study, a third phantom was used. The CBCT Electron Den-
sity Phantom (CIRS, Norfolk, USA), as shown in (b) in Fig. 3, which is
comparable to the Gammex Tissue Characterization Phantom, was
chosen. It has the possibility to insert high density materials like tita-

nium and stainless steel next to bone, adipose and lung tissue
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Fic. 4. Lateral dose profile along the red line indicated in the
upper left corner for the single field irradiated from above for the
HU and the four DD reconstructions. The lower plot shows the
relative differences of the DD doses compared to the HU dose.
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Fic. 5. Depth dose curve through solid water and plaster

indicated by the red line in the upper right corner for the single field
irradiated from above for the HU and the four DD reconstructions.
The lower plot shows the relative differences of the DD doses
compared to the HU dose.

equivalents. Using this phantom allows unbiased results because it
was not used to produce the calibration curve. The scan was per-
formed with 300 mAs.

For a more anthropomorphic setup, the ART head was scanned
with and without a brass insert simulating a dental prosthesis at
200 mAs. As differences due to the artifacts induced by metal ought
to appear, an additional reconstruction with a metal reduction algo-
rithm (Siemens Healthcare, Erlangen, Germany) was also evaluated.
The iterative Metal Artifact Reduction (iIMAR) algorithm reduces the
artifacts caused by metal implants via beam hardening correction,
sinogram inpainting and frequency split®. As most dose calculation
algorithms have large uncertainties when calculating in metal, only a
RED comparison was performed.

All RED estimations were performed with the presented calibra-
tion curves limited to a maximum RED of 1.7. Thus differences for
higher RED ought to appear.

2.C.3 | CARE dose option

To evaluate the possible dose savings when the DD algorithm is
implemented, the tube-current as well as the voltage were varied.

The pelvis and thorax of the ART phantom was scanned again using
CARE kV and CARE Dose4D (Siemens Healthcare, Erlangen, Ger-
many). The CARE Dose4D algorithm modulates the tube current on
the basis of a topogram®? during the scan to reduce dose exposure
while maintaining a high image quality without affecting CT num-
bers. CARE kV on the other hand suggests a probable tube voltage
and regulates the tube current to deliver the same Contrast-to-
Noise-Ratio. These CARE options changed the CT parameters in
such a way that the patient could potentially benefit from a reduced
dose exposure without reducing the image quality.

3 | RESULTS

3.A | General evaluation of the DirectDensity
algorithm

3.A1 | RED comparison

First, the relative electron density of different materials in the IMRT
phantom is compared. As the dose computation relies on the right
mapping of the RED, differences in the mean RED will most likely

result in dose differences. Table 1 gives the mean RED found in the
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Fic. 6. Depth dose curve through solid water and air indicated by

the red line in the upper right corner for the single field irradiated
from above for the HU and the four DD reconstructions. The lower
plot shows the relative differences of the DD doses compared to
the HU dose.
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Exemplary traversal slices of the dose distribution on the left and the DHV for the thorax 3D conformal as well as the VMAT plan

on the right. The dots in the DVH mark the DD results, while the solid line the HU reference DVH.

different materials of the IMRT phantom with its standard deviation
for all CT reconstructions. It can be observed that the assigned RED
in the DD cases is higher the lower the tube voltage. Thus, the tube
voltage dependence is not completely vanished.

3.A2 | Simple geometry

Figure 4 displays a lateral profile and Figs. 5 and 6 two depth dose
curves through the center of the inserts of the IMRT phantom. The
maximum dose discrepancy for plaster was —1.7% in the DDgg (see
Fig. 5) and for air +3.3% in the DD14¢ (see Fig. 6). The dose difference
in the depth dose curves for air is resolved beyond the air insert.
Whereas after the plaster insert, there is still a noticeable discrepancy
in the solid water after the beam traverses the plaster insert.

Despite the differences observed in the depth dose curves, there
is a good agreement between the DD dose distribution and the HU
reference dose for the evaluation of the 0.5% dose difference with
passing rates over 98.3%. Having a closer look at the location of the
failed points, it can be noticed that for the lower tube voltages more
points in the plaster regions fail, while for the higher tube voltages
this shifts to the air region. Because there are two plaster inserts, far

more points for the DDgq fail resulting in a lower passing rate
(98.3% in comparison to over 99%).

3.A.3 | Anthropomorphic geometry

Figures 7 and 8 show the dose distribution for the 3D conformal
and VMAT plans that were optimized on the ART phantom. All
DVHs for the HU and the DD dose distributions are displayed next
to the transverse slice. In the DVH only minor differences can be
observed, e.g., a minimal higher dose in the PTV calculated on the
DD images.

The passing rates of the 0.5% dose difference for the anthropo-
morphic ART phantom, again, show the good agreement between the
DD dose distributions when compared to the dose calculated on the
HU reconstruction. The VMAT plans show an agreement of over
99.3%, while a slightly lower agreement is found in the 3D-conformal
plans (all over 98%). An exception is the 3D-conformal thorax plan,
where a large dose is deposited in the trachea leading to passing rates
around 90% for 0.5% and over 98% for 1% dose difference.

As the DVH show no visible differences, the mean dose was the
point chosen to evaluate. The results are shown in Table 2. In the
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TaBLE 2 Mean discrepancies as well as the minimum and
maximum value for the mean dose of each ROI over all DD plans on
the ART phantom in the form of “Mean ADyyean [Min AD hean; Max
ADmean]"~

Mean ADean (%)

3D VMAT

Thorax

Trachea 0.7 [0.0; 1.1] 0.0 [0.0; 0.0]

Sternum 0.1 [0.0; 0.6] 0.4 [0.4; 0.4]

PTV 0.2 [0.1; 0.2] 0.3 [0.3; 0.3]
Pelvis

Femur left -0.1 [-0.2; 0.0] 0.2 [0.0; 0.3]

Femur right -0.3 [-0.3;-0.2] 0.0 [0.0; 0.0]

Rectum 0.2 [0.1; 0.3] 0.2 [0.2; 0.2]

PTV 0.0 [-0.1; 0.1] 0.3[0.2; 0.3]

PTV, planning target volume; ART, alderson radiation therapy; VMAT,
volumetric modulated arc therapy.

lung as well as in the bladder, no deviation in the mean dose was
found. The largest difference was observed in the trachea for the
conformal thorax plan. This is due to two reasons: For one, one of

the three beams aims directly at the trachea leading to a high dose
in this region and additionally, the trachea is filled with air. With the
results of the IMRT air cavity in mind, a higher dose has to be
expected and is observed. Nevertheless, the values in Table 2 are in
an order to be negligible.

3.B | Effects of metal implants

Table 3 presents the mean RED values for the CBCT inserts gained
with the calibration curve obtained without metal inserts (stopping
at a RED value of 1.7). For both, the standard reconstruction as well
as the DD reconstruction, the RED values agree with the reference
given by the manufacturer for materials found in the human body
and thus in the range of the calibration curve. For high density
bones (or high density materials like teeth), which are not within the
range of the calibration curve, a slight difference occurs and for
metal, there are severe deviations. However, the differences for tita-
nium (—25% for the HU and between —33% and —8% for the DD
reconstruction) and for stainless steel (-59% HU and —64% to
—50% for DD) show an equally bad RED determination of metal for

all reconstructions. Figures 9 and 10 shows the same effect for the
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TaeLe 3 Mean RED values and its standard deviation for the different inserts of the CBCT phantom for all reconstructions.

Insert Reference HU120 DDgo DD100 DD12o DD140

Lung Inhale 0.20 0.22 + 0.02 0.23 + 0.05 0.22 + 0.03 0.22 £ 0.02 0.22 + 0.02
Lung Exhale 0.50 0.50 + 0.03 0.50 + 0.05 0.49 + 0.02 0.49 + 0.02 0.49 + 0.02
Adipose 0.95 0.94 +0.03 0.92 + 0.05 0.93 + 0.03 0.93 £ 0.02 0.93 £ 0.02
Breast 0.98 0.98 + 0.02 0.96 + 0.04 0.97 + 0.03 0.97 £ 0.02 0.97 + 0.02
Muscle 1.04 1.03 £ 0.03 1.03 £ 0.04 1.03 £ 0.03 1.04 £ 0.02 1.04 £ 0.02
Liver 1.05 1.04 + 0.02 1.05 + 0.04 1.05 + 0.02 1.05 + 0.02 1.06 + 0.02
Bone 200 1.12 1.13 £ 0.03 1.12 + 0.02 1.12 + 0.02 1.11 £ 0.01 1.11 £ 0.01
Bone 800 1.46 149 + 0.04 1.48 + 0.03 1.47 £ 0.02 1.46 + 0.02 1.46 + 0.01
Bone 1250 1.70 1.76 £ 0.03 1.80 £+ 0.04 1.77 £ 0.03 1.75 £ 0.02 1.74 + 0.02
Titan 3.74 2.81 £ 0.01 2.51 + 0.03 2.99 + 0.05 3.28 £ 0.05 3.45 £ 0.06
Steel 6.92 2.81 +0.01 2.50 + 0.08 2.97 +0.13 3.24 £ 0.16 3.41 £0.19

brass insert in the ART head phantom, which should have a RED

value around 7. In every case, the RED is severely underestimated.
Surprisingly, the DD reconstructions show no metal shadow around
the insert in comparison to the HU reconstruction. No significant dif-
ference can be found between the standard and the iMAR recon-
structions.

However, a calibration for high density materials could be added,
diverging from the straight line from eq. (1). If this is implemented,
CTs with high density materials should only be acquired with one
chosen tube voltage as the metal values are not independent of the
tube voltage anymore as visible in Table 3 and Fig. 10.

3.5

Fic. 9. CT images with brass inserts (left
on both panels) and the iMAR algorithm
(right on both panels) for the HU
reconstruction (left panel) and the 120 kVp
DD reconstruction (right panel).

3.C | Dose reduction with CARE dose

The use of the CARE kV and CARE Dose4D options allow the CT to
acquire a high quality image with a potentially reduced dose expo-
sure by choosing the kV and adapting the mAs to the given situa-
tion. While CARE Dose4D can be used with the conventional HU
calibration, CARE kV can only be enabled in radiation therapy when
the DD algorithm is implemented.

A comparison between the CT parameters estimated during the
acquisition with and without the CARE options is given in Table 4. It

shows a dose reduction via the reduction in the dose length product

—HU

—=DD80
-—DD100
25 DD120

==DD140

RED

1.5

Fic. 10. RED line through the brass 0.5
insert for all reconstructions as presented
with the red line on the CT image. The

eeeHUIMAR
e+ DD80 IMAR
«++DD100 iIMAR
e+ DD120iMAR

+«+DD140iMAR §

underestimation of the RED values around
the metal can only be observed for the HU
reconstruction.

1 15 2 2.5 3
position (cm)
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TaeLe 4 Comparison of the CT parameters before and after the CT options CARE kV and CARE Dose4D parameter optimization.

Thorax
Routine Care dose
Tube voltage (kVp) 120 120
Current-time product (mAs) 140 104
Dose-length product (mGy-cm) 411 306
CTDlIvol(32 cm) 11.3 8.4

CTDI, CT Dose Index.

of 26% for the thorax scan and 46% for the pelvis scan, for the
CARE Dose4D option. The pelvis scan chooses a lower voltage when
CARE kV is turned on. This does not further reduce the CT dose,
however, this might in some cases result in an optimized image with-
out a higher CT Dose Index (CTDI).

The passing rate for the dose difference between the dose calcu-
lated on these scans and the HU dose are in the same order of mag-
nitude as all other DD scans. The image quality (see Fig. 11) was

found to be sufficient.

4 | DISCUSSION

The Siemens DirectDensity™ algorithm was implemented and vali-
dated. With a simple phantom, the consistency of the RED conver-
sion for the conventional HU to RED conversion and the Direct
Density to RED conversion was tested. The results show small dis-
crepancies that indicate that there will be discrepancies in the dose
distributions. These were evaluated for different radiation modalities
and setups as well as simple and also anthropomorphic geometries.
A direct correlation was observed between an overestimated RED
and an overestimation in dose and vice versa. Air was found to pro-
duce the biggest dose discrepancies. The highest RED difference in
air was +3.3%. In general, dose was overestimated in the DD air
regions in comparison to the HU dose distributions. In air, decreasing
the x-ray tube voltage lead to a decreased RED deviation and thus
to a decreased dose difference. For plaster as bone substitute, a
maximum RED difference of —1.7% was noticed. Here, an increased
tube voltage results in an increasing agreement.

Almost all evaluated phantoms showed a good passing rate of

over 99% at 0.5% dose difference (the one exception reached 98%

Fic. 11. Check view image as quality check for the dose
reduction with CARE. The upper left und lower right part of each
view show the HU image, while the upper right and the lower left
show the CARE image.

Pelvis
Care d
Care kV Routine sare dose Care kV
120 120 120 100
103 250 133 223
303 609 329 321
8.4 20.0 10.8 10.5
at 1% dose difference). This matches the results of Ref. 1° where the

passing rates for the gamma criteria of 1 mm and 1% were found to
be greater than 99%. The results presented in this work suggest that
the gamma criteria tool to evaluate the effects of the direct density
dose gives a good indication but for a complete analysis it is not suf-
ficient.

The differences for the mean dose (see Table 3) are in agree-
ment with results from Ref. 7. Van der Heyden et al. identified that
all dose deviations in the mean dose for the target volume and all
ROIs were below 1%. In this work, the largest difference was found
in the trachea with a deviation of 0.7% in the mean dose all other
deviations were found to be below 0.4%.

Additionally, we showed that the DD reconstruction can also be
used when metal implants are present. However, the metal density
is dramatically underestimated in all cases.

It is advisable to focus on one tube voltage when metal implants
are present and extend the calibration curve for this specific tube
voltage. As this study is limited to the selected materials, a general
statement about the correctness of materials foreign to the body is
critical as other chemical compounds might have an influence. In
these cases, however, the HU calibration is probable to also give a
wrong output.

Two major benefits could result from the implementation of the
DirectDensity™ algorithm in the clinical routine in radiotherapy
departments besides a robust workflow: The first side effect that
could be exploited is the comparability with other institutions as the
CT characteristics are reduced. Thus, the RED curve needed for the
implementation are more alike than a standard Hounsfield lookup
table. A comparison to the Siemens RED curve and to the curves

used by Ritter and Van der Heyden®”'#

shows that the slope of the
calibration curve is the same in all cases (0.001, see section 2.2).
However, the intercept differs by 0.006 in the maximum case, as
Ritter and Van der Heyden used 1 and we fitted 0.994 as intercept.
Chancing the intercept would change our results not significantly.
The deviations in air would decrease while the ones for bone would
slightly increase in case of low tube voltages. Thus, CTs of other
institutions with DirectDensity™ could be used with differences of
less than 1% in the mean dose. If acceptable, this would benefit the
patient by canceling the additional dose of another planning CT.

The second major benefit is the patient dose reduction by the
implementation of DD with CARE kV and CARE Dose4D. This can
reduce the dose significantly without reducing the image quality,

allowing a more patient specific CT acquisition.
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A problem that could occur with the implementation are the dan-
ger of CT scans with an unsuitable tube voltage, resulting in an

unusable scan and thus a rescan with additional dose to the patient.

5 | CONCLUSION

A CT reconstruction method for a direct translation between image
values and relative electron density was implemented and found to
provide sufficient image quality and dose calculation accuracy. The
evaluated dose distributions showed only small differences between
the dose calculated on the DirectDensity™ images and on the stan-
dard HU images. The results for dose distributions calculated on CT
scans containing metal implants showed a larger difference but are
still in good agreement, opening up the possibility to implement the
direct density reconstruction algorithm for all clinical protocols. The
DirectDensity™ implemented in the clinical routine allows a robust
workflow while moving CT acquisition in radiotherapy to a dose

optimized and thus a more personalized medicine.
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