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Introduction



1.7 Radiotherapy

Radiotherapy is a treatment for cancer that kills tumor cells by means of ionizing radia-
tion. Radiation damages the DNA of cells and thereby stops further cell division. Approx-
imately 50% of cancer patients are treated with radiotherapy, often in combination with
surgery or chemotherapy, and either with curative or palliative intent (1). Patients treated
with curative intent generally receive the radiation dose in multiple treatment fractions
(approximately 20 fractions on average) as a means to reduce the damage in healthy
tissues and ‘organs-at-risk. Prior to treatment, a personalized treatment plan is made
using a ‘planning’ CT-scan of the patient in treatment position. The physician contours
the tumor and organs-at-risk in this CT-scan and provides the dose prescriptions, after
which the treatment plan can be generated. This plan specifies the delivery settings (e.g.
beam directions, field shapes and beam intensities) with which the patient is irradiated
and describes the anticipated dose distribution inside the patient. A treatment plan is
typically generated once before the start of the first treatment fraction and is applied in
all subsequent fractions. The most favorable delivery settings are obtained by performing
a mathematical optimization, which aims at finding a balance between the tumor dose
and healthy tissue dose. The tumor should receive a sufficiently high dose to achieve
local tumor control, whereas the dose in healthy tissues and organs-at-risk should be
kept as low as possible or below a certain tolerance level in order to minimize the risk of
treatment-related side effects.

In recent decades, radiotherapy has improved greatly by the introduction of tech-
niques that enabled healthy tissue doses to be reduced. Such techniques include intensity-
modulated radiotherapy, image-guided radiotherapy and rotational delivery techniques
in which the patient is irradiated from many directions (e.g. tomotherapy or volumetric
modulated arc therapy) (2-9). Two examples of relatively new radiotherapy techniques,
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particularly aiming at a highly localized dose delivery and sparing of surrounding healthy
tissues, are high-precision robotic radiotherapy and intensity-modulated proton therapy
(IMPT) (10-13). For both treatment modalities, promising treatment outcomes have
been obtained for a selection of tumor sites (14-18). However, the application of robotic
radiotherapy and IMPT for a wide range of treatment sites is currently limited by a
number of obstacles concerning the treatment accuracy and the efficiency of treatment
planning and delivery.

The aim of this thesis is to address these obstacles for both treatment modalities. The
core of this thesis is divided into two parts: Part I (chapters 2—4) deals with improving
the delivery efficiency and accuracy of high-precision robotic radiotherapy using the
CyberKnife, and Part II (chapters 5-9) deals with improving the efficiency of treatment
planning and delivery for IMPT and addresses the high sensitivity of IMPT treatment
plans to treatment uncertainties. This thesis is concluded by a general discussion covering
both treatment modalities in chapter 10.

High-precision robotic radiotherapy using the CyberKnife

The CyberKnife robotic radiosurgery system consists of a small linear accelerator, pro-
ducing 6-MV photons (X-rays), which is mounted on a robotic manipulator as depicted
in figure 1.1. This configuration allows the CyberKnife to move relatively freely around
the patient and irradiate the patient from many directions. The robotic manipulator
can be positioned at so-called ‘node positions, which are approximately 120 pre-defined
locations distributed semi-spherically around the patient. From each node position, mul-
tiple fields can be delivered by adjusting the orientation of the linear accelerator. The
system is equipped with an integrated stereoscopic imaging system, which allows for
positioning errors to be corrected in between and during treatment fractions. Irradiating
the patient from many (non-coplanar) beam directions using hundreds of small beams
while performing image-guidance enables adequate irradiation of the tumor and a very
good sparing of healthy tissue and organs-at-risk. As a result, excellent clinical outcomes
have been obtained in hypofractionated treatments (typically 3-4 fractions) for stage
I non-small-cell lung cancer patients and for low to intermediate risk prostate cancer
patients (14, 15).

Although clinical outcomes have been very promising, CyberKnife treatments are
also associated with a number of challenges. Firstly, the treatment time per fraction is
relatively long compared with conventional radiotherapy techniques (19). This affects
patient comfort, treatment accuracy and may reduce the biological effectiveness of a



4 | Introduction

e

RoboCouch®

Figure 1.1: The CyberKnife robotic radiosurgery system at the Erasmus MC Cancer Institute in Rotterdam.

treatment. Moreover, the long fraction duration causes the CyberKnife to be unsuitable
for conventionally fractionated treatments, as this would result in the overall treatment
time to become unacceptably long. A substantial shortening of the fraction duration will
facilitate a more widespread use of the CyberKnife, as it enables tumor sites to be treated
for which hypofractionation cannot be applied. A second issue concerns the accuracy
of ‘tumor tracking’ using the integrated imaging system. During tumor tracking, images
are acquired with a certain time interval (not continuously) and tumor displacements
are subsequently corrected for by adjusting the position of the robotic manipulator (up
to a certain extent). Prostate tumors, however, were shown to display very rapid excur-
sions of considerable magnitude (20, 21). Prostate displacements can therefore remain
undetected in between the acquisition of successive images and might not be fully ac-
counted for by robot corrections. The resulting dosimetrical accuracy of tumor tracking
and the optimal imaging and correction settings have not been determined before for
CyberKnife prostate treatments. We address these issues regarding treatment efficiency
and treatment accuracy of the CyberKnife in Part I of this thesis. More specifically, we
considered the following research objectives:
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Improving treatment efficiency by using a mini-multileaf collimator

Traditionally, CyberKnife systems are equipped with collimators that produce circular
fields. The field diameter can be specified either by applying a certain fixed-aperture
collimator or by using the ‘Iris’ variable-aperture collimator. Alternatively, the use of
a mini-multileaf collimator (mMLC) would allow the fields to be shaped freely and to
match the tumor shape. A mMLC does not restrict the fields to a circular shape and is
therefore expected to enable more efficient dose delivery. In chapter 2, we present the
first treatment planning study that was performed to compare the Iris collimator with a
mMLC, evaluating the expected delivery time and plan quality for early-stage lung cancer
patients.

Improving treatment efficiency by reducing the number of node positions in the
treatment plan

During a CyberKnife treatment, the time required for the robotic manipulator to travel
between node positions takes up the largest part of the delivery time per fraction. A
reduction of the number of node positions in the treatment plan is therefore likely to
result in a shortening of the fraction duration. A method to reduce the number of node
positions while preserving plan quality is described in chapter 3. The method was eval-
uated for two lung cases, a prostate case and a head-and-neck case. A similar approach is
presented in chapter 6 to reduce the number of energy layers in IMPT treatment plans.

Assessing the impact of intrafraction prostate motion and the effectiveness of tu-
mor tracking

Prostate tumors can display considerable motion during a treatment fraction (intrafrac-
tion motion), for example due to organ filling and peristaltic motion. During CyberKnife
prostate treatments, fiducial marker tracking is used to correct for tumor displacements
and an additional safety margin of 3 mm around the prostate is applied to account for any
residual errors. However, the effectiveness of these measures to account for intrafraction
motion has not been studied before. In chapter 4, we assessed the dosimetric impact of
intrafraction prostate motion and we investigated the effect of the frequency and extent
of robot corrections, and of the applied safety margin.

Intensity-modulated proton therapy

IMPT is a radiotherapy treatment in which the patient is irradiated using protons in-
stead of the traditional photons. Protons are positively charged particles that interact
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Figure 1.2: Integral dose of a 148 MeV proton beam as function of the depth.

differently with tissue than photons. Protons have a finite range in tissue and deposit a
high peak-dose just before the end-of-range. This so-called ‘Bragg peak’ is depicted in
figure 1.2. The range of the protons and the resulting depth of the Bragg peak depend on
the initial energy of the proton beam. A low-dose plateau can be observed in front of the
Bragg peak and the dose decreases rapidly to zero beyond the peak. As a consequence, the
Bragg peak is very suitable to deposit a high dose inside the tumor while keeping the dose
in the surrounding healthy tissues relatively low. In IMPT, thousands of small proton
pencil beams (or ‘spots’) are delivered to the tumor one-by-one, each time adjusting the
lateral position and/or energy of the proton beam (12, 22). The lateral spot position can
be adjusted rapidly by magnetically deflecting the positively charged protons. By varying
the intensity of each spot, the dose can be modulated such that it conforms accurately to
the tumor shape. Promising clinical outcomes have been reported for a number of tumor
sites, including skull-base tumors and tumors in pediatric patients (16-18), but a more
widespread application of IMPT is currently limited by a number of issues.

Firstly, the use of thousands of small beams to achieve a highly localized dose depo-
sition puts pressure on the time-efficiency of treatment planning and treatment delivery.
The time required to generate a high-quality IMPT treatment plan is relatively long,
because the optimization time scales polynomially with the degrees of freedom (i.e. the
number of proton pencil beams). The delivery time per fraction can become relatively
long as well, especially when compared with time-efficient rotational delivery techniques
in photon therapy (23). In particular, the time spent on adjusting the energy of the proton
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Figure 1.3: Dose distributions for a non-robustly optimized IMPT treatment plan. The tumor is delineated
in white and organs-at-risk are delineated in yellow. The colors indicate isodose levels (blue = low dose,
red = high dose). The left panel shows the intended (planned) dose distribution without treatment errors.
The right panel depicts a degraded (delivered) dose distribution resulting from errors in patient setup and
in proton range. The isodose lines nicely conform to the target volumes in the left panel, whereas they
display a disturbed pattern in the right panel.

beam (to adjust the spot location in depth) can take up a large proportion of the delivery
time. Improved efliciency of planning and delivery will improve plan quality, patient
comfort and treatment accuracy, and maybe most importantly, it will contribute to a
reduction of treatment costs. IMPT treatment costs (both investment and operational)
are higher than in conventional radiotherapy. As a result, an IMPT treatment fraction
is on average approximately 3 times more expensive than a conventional treatment frac-
tion (24). Improved time-efficiency might make IMPT a more attractive and affordable
treatment modality for a wider range of treatment sites.

The second issue concerns the fact that IMPT is very sensitive to treatment uncer-
tainties. The highly localized dose deposition improves healthy tissue sparing on the
one hand, but it makes proton therapy also very sensitive to motions of the tumor and
surrounding tissues that may occur on all relevant time scales (from seconds to days
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to weeks). This sensitivity can severely limit the targeting accuracy and affect the effi-
cacy and safety of IMPT. As a result, it is not trivial that the high plan quality obtained
during treatment plan generation can be realized during actual treatment delivery. This
is illustrated by the dose distributions depicted in figure 1.3. The figure shows that the
intended dose distribution can degrade substantially due to errors in patient setup and
proton range. In order to unleash the full potential of IMPT, it is of great importance
to accurately quantify the degradation of the intended dose distribution and to design
strategies to mitigate these dose degradations, thereby ensuring an effective and safe
delivery of IMPT. We address the abovementioned issues regarding IMPT in Part IT of
this thesis. More specifically, we considered the following research objectives:

Improving efficiency of high-quality treatment plan generation

The time required to generate a high-quality IMPT treatment plan can be relatively long,
due to the large number of beams that is optimized. In chapter 5, we present a new
treatment planning approach for IMPT called ‘pencil beam resampling. Resampling was
originally developed to improve the efficiency of CyberKnife treatment planning. The
method aims at reducing optimization times by dividing the large optimization problem
into multiple smaller sub-problems, and by allowing the proton pencil beams (the Bragg
peaks) to be distributed more freely within the target volume. We evaluated the method
in terms of optimization time and corresponding plan quality for 5 head-and-neck can-
cer patients.

Improving treatment efficiency by reducing the number of energy layers in the
treatment plan

In current commercial IMPT systems, the time required to adjust the energy of the
proton beam is the major component of the treatment time. Treatments can be made
more time-efficient by shortening the energy switching times, but also by reducing the
number of energy layers in an IMPT treatment plan. A method to reduce the number of
energy layers in robust IMPT treatment plans while preserving plan quality is presented
and evaluated in chapter 6. The method is similar to the node reduction technique as
presented in chapter 3 for the CyberKanife.

Assessing the sensitivity of IMPT in the presence of treatment uncertainties

In chapter 7, we performed extensive treatment simulations to investigate the impact
of uncertainties in patient position, patient anatomy and proton range on the delivered
dose for high-quality IMPT treatment plans of 10 head-and-neck cancer patients. The
treatment plans were generated using the conventional approach of applying a safety
margin around the tumor in order to account for treatment uncertainties. In addition,
we investigated whether the dose uncertainty could be reduced by generating a new



Intensity-modulated proton therapy | 9

treatment plan halfway the treatment course (adaptive planning) or by increasing the
number of beam directions.

Assessing impact of respiratory motion and the effectiveness of tumor (re)tracking
Dose uncertainties due to respiratory motion can be reduced either by minimizing po-
sition errors during dose delivery or by reducing the impact of the position errors on
the delivered dose. The first can be achieved by performing ‘real-time tumor tracking, in
which the moving tumor is continuously followed by magnetically adjusting the position
of the proton pencil beam. The latter can be achieved by performing ‘rescanning, in
which the position errors are averaged out by scanning the tumor volume several times
while delivering a fraction of the dose in each rescan. Combining the two methods results
in ‘retracking’ and might further reduce dose uncertainties. In chapter 8, we investigated
the effectiveness of real-time tumor (re)tracking to deal with respiratory motion during
IMPT treatments.

Assessing the price of robust treatment plan generation

The use of traditional safety margins around the tumor is considered inadequate to deal
with treatment uncertainties in IMPT, as margins do not account for the additional un-
certainty in proton range. Instead, so-called ‘robust’ treatment planning should be per-
formed, in which possible error scenarios (errors in patient position and proton range)
are explicitly included in the plan optimization. This will minimize the dose uncertainty
in the tumor and healthy tissues for treatment errors up to a certain extent. However, the
magnitude of treatment errors accounted for during robust treatment planning is likely
to have an effect on the dose received by surrounding healthy tissues and organs-at-risk.
We assessed the effect of the degree of robustness on the dose received by organs-at-risk
and the resulting risk of treatment-related side effects in chapter 9.
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Abstract

Purpose: Compared with many small circular beams used in CyberKnife treatments,
beam’s eye view-shaped fields are generally more time-efficient for dose delivery. How-
ever, beam’s eye view-shaping devices, such as a mini-multileaf collimator (mMLC), are
not presently available for CyberKnife, although a variable-aperture collimator (Iris, 12
field diameters; 5-60 mm) is available. We investigated whether the Iris can mimic non-
coplanar mMLC treatments using a limited set of principal beam orientations (nodes)
to produce time-efficient treatment plans.

Methods and Materials: The data from 10 lung cancer patients and the beam-orientation
optimization algorithm ‘Cycle’ were used to generate stereotactic treatment plans (3 x
20 Gy) for a CyberKanife virtually equipped with a mMLC. Typically, 10-16 favorable
beam orientations were selected from 117 available robot node positions using beam’s
eye view-shaped fields with uniform fluence. Second, intensity-modulated Iris plans were
generated by inverse optimization of non-isocentric circular candidate beams targeted
from the same nodes selected in the mMLC plans. The plans were evaluated using the
mean lung dose, lung volume receiving >20 Gy, conformality index, number of nodes,
beams, and monitor units, and estimated treatment time.

Results: The mMLC plans contained an average of 12 nodes and 11690 monitor units.
For a comparable mean lung dose, the Iris plans contained 12 nodes, 64 beams, and
21990 monitor units. The estimated fraction duration was 12.2 min (range, 10.8-13.5)
for the mMLC plans and 18.4 min (range, 12.9-28.5) for the Iris plans. In contrast to the
mMLC plans, the treatment time for the Iris plans increased with an increasing target
volume. The Iris plans were, on average, 40% longer than the corresponding mMLC
plans for small targets (<80 cm?) and <121% longer for larger targets. For a comparable
conformality index, similar results were obtained.

Conclusion: For stereotactic lung irradiation, time-efficient and high-quality plans were
obtained for robotic-controlled non-coplanar treatments using a mMLC. Iris is a time-
efficient alternative for small targets, with similar or better plan quality.
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2‘| Introduction

Excellent local tumor control has been achieved in patients with early-stage non-small-
cell lung cancer treated using the CyberKnife robotic radiosurgery system (Accuray,
Sunnyvale, CA). The CyberKnife consists of a compact 6-MV linear accelerator mounted
on a robotic manipulator and performs real-time tumor tracking to compensate for res-
piratory motion. Despite the high local tumor control rates, the long treatment time per
fraction is an area for improvement (19).

The fraction duration mainly consists of the beam-on time, robot motion time, and
image guidance time and can be reduced by developing time-efficient treatment plans.
The beam-on time can be reduced by reducing the number of monitor units (MUs). The
robot motion time —the prevalent factor— can be reduced by reducing the number of
node positions and beams. The node positions are the preset locations where the robotic
manipulator can position the focal spot of the linear accelerator (i.e. the source of the
X-ray beam). From these node positions, multiple beams can be targeted at various
locations in the tumor by adjusting the orientation of the linear accelerator. Traveling
between node positions takes longer than a reorientation of the linear accelerator be-
tween beams at a node position. The imaging time is reduced automatically by reducing
the overall treatment time, because fewer images are required to ensure position and
tracking accuracy.

The number of node positions, beams, and MUs in a treatment plan can be reduced
by increasing the degrees of freedom of beam collimation. The CyberKnife at our institute
has 12 collimators with fixed circular apertures ranging from 5 to 60 mm in diameter.
Generally, only one or two collimators are used per treatment. Clinical treatment plans
typically contain 60 node positions, 125 beams, and 35000 MUs. Péll et al. (19) showed
that the number of MUs in lung cancer treatments could be reduced by an average of 31%
if two collimator sizes were used instead of one. An even larger reduction in the required
number of MUs (~60% in lung cancer treatments) was achieved when a variable-aperture
collimator was used (25). This variable-aperture collimator is called the Iris Variable-
Aperture Collimator (Accuray) and allows 12 field diameters to be used without the
manual exchange of collimators.

A mini-multileaf collimator (mMLC) mounted on the CyberKnife could lead to even
more time-efficient treatment plans, because it does not restrict the field to a circular field
shape as does the Iris collimator. It allows for three-dimensional conformal radiotherapy
(3D-CRT) to be performed using fields shaped according to the beam’s eye view projec-
tion of the target. This will make dose painting with a large number of circular beams su-
perfluous, thereby reducing the required number of beams and MUs. Moreover,a mMLC
is also expected to require a limited set of node positions, because a feasible number of
beam directions is 10-15 in stereotactic radiotherapy for lung and liver lesions using a
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MLC (26, 27). A CyberKnife equipped with a mMLC could even be more efficient in
delivering non-coplanar beams than gantry-based modalities, because time-consuming
manual couch adjustments would not be required. However, a mMLC is not yet available
for the CyberKanife.

The goal of the present study was first to assess the plan quality and delivery time for
computer-optimized non-coplanar 3D-CRT plans designed for a CyberKnife theoreti-
cally equipped with a mMLC. The second goal was to compare these mMLC plans with
intensity-modulated plans developed for the currently available Iris collimator, only us-
ing those node positions selected in the mMLC plans to generate time-efficient treatment
plans. To generate the Iris plans, a dedicated inverse planning algorithm was developed
in-house for the present study.

Methods and materials

Patient group and dose prescriptions

The data from 10 lung cancer patients treated at our clinic with the CyberKnife were used.
These patients were also included in the study by P6ll et al. (19). The gross target volume
ranged from 5.9 to 78.0 cm?® (median, 14.1) and was delineated using the lung level
and window settings on computed tomography (CT). A gross target volume to planning
target volume (PTV) margin of 5 mm was used to include microscopic extension of the
tumor and to account for inaccuracies of the Synchrony Respiratory Tracking System
(28). The PTV ranged from 20.8 to 152.3 cm? (median, 40.5).

The PTV was prescribed a dose of 60 Gy at an isodose level of >80%, to be delivered
in three fractions. At least 95% of the PTV had to receive >60 Gy. The dose constraints
for the organs-at-risk were mainly defined by the Radiation Therapy Oncology Group
0236 protocol for stereotactic radiotherapy for lung cancer (29). These constraints are
listed in table 2.1. A conformality index (CI) of <1.20 was required, defined as the ratio
of the volume receiving the prescription dose (=60 Gy) and the PTV.

CyberKnife characteristics
One of the standard CyberKnife extracranial node sets was used, which included

117 node positions. The node positions are distributed semispherically (non-coplanar)
around the patient at a distance to the imaging center of 8oo-1000 mm. Each node
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Table 2.1: Maximal dose constraints for organs-at-risk and con-
formality constraint.

Organ Volume Dose

Spinal Cord Any point 6 Gy/fraction
Liver Any point 8 Gy/fraction
Ipsilateral Brachial Plexus Any point 8 Gy/fraction
Esophagus Any point 9 Gy/fraction
Heart Any point 10 Gy/fraction
Trachea and main Bronchus Any point 10 Gy/fraction
Ribs Any point 20 Gy/fraction
Lung < 10% of total volume 20 Gy in total
Conformality constraint <12 xPTV 60 Gy in total

Abbreviation: PTV = planning target volume

position effectively acts as a focal spot position. The Iris variable-aperture collimator
allows 12 field diameters to be used: s, 7.5, 10, 12.5, 15, 20, 25, 30, 35, 40, 50, and 60
mm defined at 800 mm from the focal spot (25). The 6-MV linear accelerator delivers
an unflattened beam and is calibrated such that 1 MU corresponds to a dose of 1 cGy in
a reference point located on the central axis of a 60-mm field, at 800 mm from the focal
spot and a 15 mm depth in water.

Step 1: mMLC plans generated using ‘Cycle’

The mMLC plans for the CyberKnife were developed using Cycle, an algorithm devel-
oped in-house for simultaneous optimization of beam orientations, shapes, and weights
(30). Cycle generates treatment plans by sequential selection of beams from a set of
user-defined candidate beam orientations. Sequential selection means that the planning
process starts with an empty plan and that beams are added one-by-one to the plan. In
each iteration, the optimal beam is selected from the candidate beam orientations using a
weighted-sum score function, which takes into account the imposed dose constraints and
the dose given by the beams previously added to the plan. Favorable beam orientations
can be selected more than once, increasing the beam weight. The iterations are performed
until a feasible solution has been found (i.e. a solution that satisfies all dose constraints).
The minimization or maximization of plan parameters can be achieved by repetitive
application of Cycle, each time adjusting the constraint until a feasible solution can no
longer be found.

In the present study, the candidate beam orientations were defined by the 117 node
positions of the CyberKnife and the center of mass of the tumor as the isocenter. The 3D-

17
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CRT fields were shaped, assuming the use of a mMLC with a resolution of 2.5 mm at the
isocenter. The beam’s eye view projection of the PTV was taken as the initial field shape
for each beam. This field shape was subsequently optimized by extending or retracting
the edges of the field in four perpendicular lateral directions, according to de Pooter et
al. (31). Performing 3D-CRT requires the CyberKnife to be additionally equipped with a
flattening filter. Because such a CyberKnife does not exist, the beam data from a gantry-
based 6-MV linear accelerator equipped with a mMLC and flattening filter was used,
normalized according to the CyberKnife conventions. The field intensity was uniform,
and the penumbra was constructed by convolution of the field intensity matrix with an
oft-axis kernel. The dose was calculated on a rectangular dose grid with a grid spacing of
1 x1x3mmor 3 x 3 x 2 mm, depending on the CT slice spacing. An equivalent path
length algorithm was used to correct for density heterogeneities. After obtaining the final
treatment plan, the dose was recalculated using a grid spacing of 1 x 1 x 1.5 mm or 1 x
1 x 2 mm, depending on the CT slice spacing.

Step 2: Iris plans generated using inverse optimization

The treatment plans for the Iris collimator (Iris plans) were generated using a new treat-
ment planning algorithm for the Cyber-Knife that has been developed in-house for the
present study. A flow chart of the planning algorithm is depicted in figure 2.1.

The planning process starts with the selection of candidate beams, defined by a node
position, a target point, and a collimator size. For each node position, a projection of
the PTV was made onto a reference plane at 800 mm from the node position. The target
points were regularly distributed over the reference plane with user-defined spacing. For
all target points within the projected PTV contour, all 12 collimator sizes were selected
as candidate beams. The target point spacing was set to 7-14 mm, depending on the
tumor size and number of node positions, to obtain 3000-4000 candidate beams. For
each patient, only those node positions selected by Cycle in the mMLC plan were used
for candidate beam selection.

The next step is the construction of an individual dose matrix for each structure
involved in the optimization, containing the dose deposited (in Gy/MU) in every voxel
of the structure by every candidate beam. It was constructed by performing dose cal-
culations for each element of the matrix, using the tissue maximal ratio/oft-axis ratio
formalism and beam data from the CyberKnife. Density heterogeneities were accounted
for by calculating the equivalent path length for each voxel. The use of separate dose
matrices for each structure allowed the dose grid spacing to be adjusted to the size of the
structure. The default grid spacing was set to 3 x 3 x 3 mm or 3 x 3 x 2 mm, depending
on the CT slice spacing. Smaller grid spacing was used to ensure sufficient coverage or
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Figure 2.1: Flow chart of inverse planning algorithm for Iris plans.

sparing of small structures. Larger grid spacing was used for large structures such as the
lung. The final dose distribution in the entire patient was recalculated using a dose grid
spacing of 1 x 1 x 1.5 mm or 1 x 1 x 2 mm, depending on the CT slice spacing.

The core of the planning algorithm is the inverse multi-criteria optimization algo-
rithm developed in-house by Breedveld et al. (32). Using dose matrices and prescriptions
asinput, it is capable of determining the optimal weights (in MU) of the candidate beams.
It makes a distinction in the prescriptions between the constraints and objectives. The
constraints are prescriptions that must be fulfilled, otherwise the solution is invalid.
Objectives are prescriptions for which the optimal value (minimum or maximum) is
searched without violating the constraints. Minimization of the total number of MUs was
the only objective in the optimization of the Iris plans. Because the linearity of the dose
delivery cannot be guaranteed at <5 MU/fraction, the candidate beams should either be
ascribed >15 MU (in three fractions) or not selected at all. This was achieved by repeating
the inverse optimization, typically one to three times, each time excluding the beams that
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had been ascribed <15 MU, until all remaining candidate beams had a weight of >15
MU. Typically, only a small fraction of the candidate beams (~60-360 beams) was not
excluded. Because the CI constraint could not be directly included in the optimization,
a maximal dose constraint on a shell structure around the PTV was used as a surrogate.

As can be seen in figure 2.1, the steps described are embedded in the so-called re-
sampling loop. Resampling is a method to improve the optimality of a treatment plan by
iteratively increasing the total number of candidate beams (33). It makes use of the fact
that most of the candidate beams are excluded by the inverse optimization, owing to the
minimal beam weight of 15 MU. In each resampling run, all excluded candidate beams
were replaced by newly selected candidate beams, after which the inverse optimization
was repeated. The new candidate beams were selected by repeating the candidate beam
selection using a target point spacing lowered by 1 mm. A decreasing target point spacing
results in an increasing number of candidate beams and resampling was terminated when
the maximum of 10000 candidate beams was exceeded. Resampling was also terminated
when the improvement in the number of MUs was <1%.

The final optimization step is the minimization of the total number of beams in the
treatment plan, indicated by the beam reduction loop in figure 2.1. During beam re-
duction, the inverse optimization was performed repeatedly, each time excluding beams
with the lowest contribution, until a feasible solution could no longer be found. The
contribution of a beam was defined as the dose delivered to the isocenter, if the beam
would have been targeted at the isocenter.

Plan evaluation

All treatment plans were inspected by a physician and only clinically acceptable plans
were included. The quality of the treatment plans was assessed using the biologic equiv-
alent mean lung dose of 2 Gy fractions (MLD), total lung volume receiving >20 Gy,
CI, number of node positions, number of beams, total number of MUs, and estimated
treatment time for each fraction. The MLD is the most accurate parameter to predict the
incidence of radiation pneumonitis and was calculated using the linear quadratic model
(a/B = 3 Gy for the lung) (34). The estimated treatment time for each fraction was calcu-
lated using a dedicated algorithm that included the beam-on time, robot motion time,
and time needed for imaging during treatment. It assumed a dose rate of 8oo MU/min,
a CyberKnife G4 robot speed, and approximately 5 s/image pair, acquired every three
beams. Because the CyberKnife is not equipped with a flattening filter, the beam-on
time of the mMLC plans was increased by 20% to account for flattening of the fields,
according to the off-axis profile of the uncollimated CyberKnife beam. The treatment
time estimations did not include the time needed for patient setup or for building a
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correlation model between the positions of the implanted markers and external markers
on the patient’s chest (28).

The MLD was used as primary objective in the comparison of the mMLC and Iris
plans. For each patient, the MLD was minimized in the mMLC plan and an equal MLD
was aimed at in the MLD-equivalent Iris plan. In addition, several Iris plans with varying
MLD constraints were developed for each patient. A relaxed MLD constraint (15 Gy)
was prescribed for the first plan and was lowered by o.5 Gy in successive Iris plans until
a feasible treatment plan could no longer be found, thereby, resulting in the range of
MLD values that can be obtained within other constraints. From all Iris plans, a CI-
equivalent Iris plan was selected, having a CI closest to that of the mMLC plan. Finally,
the physician selected the one preferred Iris plan from all Iris plans for each patient that
in the physician’s opinion provided the optimal balance between the plan quality and
treatment time.

Results

Table 2.2 lists the average plan parameters for the mMLC plans, the MLD-equivalent
Iris plans, the CI-equivalent Iris plans, and the preferred Iris plans. Cycle selected 10-16
node positions in the mMLC plans, depending on the patient. These node positions were
subsequently used in the generation of the Iris plans. The average estimated treatment
time/fraction was 12.2 min for the mMLC plans and 18.4 min for the MLD-equivalent
Iris plans. When the CI was used as similarity measure, the results differed little from

Table 2.2: Average plan parameters of mMMLC plans, MLD-equivalent Iris plans, Cl-equivalent Iris plans, and
preferred Iris plans.

Parameter mMLC MLD-equivalent Iris Cl-equivalent Iris Preferred Iris
MLD (Gy) 8.0 (4.8-123) 7.8 (43-123)* 7.9 (4.0-12.2) 74 (40-11.4)*

V2o (%) 3.9 (24-6.7) 3.8 (2.1-6.4) 3.9 (2.0-6.4) 3.6 (2.0-6.0*

Cl 1.20 (1.14-1.27) 1.17 (1.11-1.20) 1.17 (1.11-1.20) 1.15 (1.09-1.20)
Node positions (n) 124 (10-16) 11.7 (10-14) 11.8 (10-15) 11.5 (9-14)*

Beams (n) 12.4 (10-16) 63.5 (31-120)* 59.2 (34-120)* 59.6 (31-127)*

MUs (n) 11690 (10764-13554) 21990 (14692-33358)* 21215 (14692-31217)* 21961 (16695-32849)*
Fraction duration (min) 12.2 (10.8-13.5) 184 (12.9-28.5)* 17.8 (12.9-28.5)* 18.1 (14.0-29.8)*

Abbreviations: mMMLC = mini-multileaf collimator; MLD = biologically equivalent mean lung dose of 2 Gy fractions; V5o = percentage
of total lung volume receiving >20 Gy; Cl = conformality index (ratio of volume receiving prescription dose [>60 Gy] and PTV); MU =
monitor unit; PTV = planning target volume.

¥ Significantly different (p < 0.05) from mMLC plans (Wilcoxon signed-rank test).
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Figure 2.2: Dose distributions of (A) mini-multileaf collimator plan and (B) mean lung dose-equivalent Iris
plan for patient 4 (isocenter slice). Thick white lines indicate planning target volume contour. Depicted
isodose lines ranged from 10% to 90% of maximal planning target volume dose.

those using the MLD; sometimes, the same plan was selected as being equivalent. The
preferred Iris plans selected by the physician had alower MLD than the MLD-equivalent
Iris plans, and a treatment time/fraction of 18.1 min on average.

During Iris plan generation, the inverse planning algorithm performed an average of
7 resampling runs, thereby increasing the total number of candidate beams from 3300 to
31000 on average. The number of MUs was consequently reduced by an average of 28%
compared with treatment planning without resampling. The beam reduction resulted,
on average, in the use of 42% fewer beams at the cost of an increase in the number of
MUs of only 5%. In 2 patients, the tumor was located within 2 cm of the spinal cord.
The conformality constraint was sacrificed in the mMLC plans of these 2 patients to
improve the sparing of the spinal cord. Moreover, the spinal cord constraint was relaxed
to 8 Gy/fraction in one of these patients. The rib constraint was relaxed in the mMLC
and Iris plans of 3 patients who had one or two ribs located partially within the PTV,
because the PTV coverage was given the greatest priority. The dose distributions of the
mMLC plan and MLD-equivalent Iris plan of patient 4 are given in figure 2.2.

The variation in the fraction durations of the mMLC plans was small, but they varied
greatly for the Iris plans (figure 2.3). Figure 2.3 shows that the fraction duration increased
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Figure 2.3: Estimated treatment time/fraction as function of planning target volume for all 10 patients.
Lines indicate linear fits to data (mini-multileaf collimator, R? = 0.04, p = 0.6; mean lung dose-equivalent
Iris, R2 = 0.62, p = 0.007; conformity index-equivalent Iris, R2=0.81, p < 0.001; t test, null-hypothesis, slope
=0).

with an increasing target volume when using circular fields, similar for MLD-equivalent
Iris plans (p = 0.007) and CI-equivalent Iris plans (p < 0.001). When conformally shaped
fields were applied, the treatment time for each fraction was not significantly influenced
by the target volume (p = 0.6). Thus, the fraction duration of MLD-equivalent plans
was, on average, 40% longer than that of the mMLC plans for tumors <80 cm?® and
<121% longer for larger targets. For 1 patient, the Iris plan (same plan as for the MLD-
equivalent and Cl-equivalent plans) was more time-efficient than the mMLC plan. For
this patient, this could be explained by the fact that the Iris plan contained only 12 of the
16 node positions of the mMLC plan. Although Iris plan generation started with all the
node positions of the mMLC plan, some node positions were not selected by the inverse
optimization algorithm. This was also observed in 5 other patients, but to a much lesser
extent.

In figure 2.4, the MLD is plotted as a function of the estimated fraction duration
for the mMLC plan (with a minimized MLD) and all Iris plans (with various MLD
constraints) of each patient. The solutions in the lower part of each Iris graph are Pareto-
efficient in terms of the MLD and fraction duration. Thus, a reduction in MLD was
inevitably accompanied by an increase in the fraction duration and vice versa. How-
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Figure 2.5: Box plots of relative use of field sizes in mean lung dose-equivalent Iris plans of all patients,
measured in number of beams and monitor units delivered. Whiskers indicate extreme values.

ever, this Pareto-efficiency no longer holds for a greater MLD, because the solutions are
restricted by different constraints in both regions of the graphs. The prescribed MLD is
the limiting constraint in the lower part of the graphs, and the CI constraint is limiting in
the upper part. The CI constraint also restricts the maximal MLD that can be obtained,
which, in 2 patients, was even lower than the minimized MLD of the mMLC plan. The
lowest MLD in all patients was obtained using the Iris collimator.

On average, nine collimator sizes were used in the MLD-equivalent Iris plans. Fig-
ure 2.5 shows the relative use of the collimator sizes, measured in the number of beams
and in the number of MUs delivered. The smallest collimator size was never used, while
beams with field diameters of 15-40 mm were present in every treatment plan. A collima-
tor size of 35 mm was, on average, most frequently used. The four largest collimator sizes
delivered more MU/beam than the smaller collimators. Figure 2.6 shows the targeting
of beams in the MLD-equivalent Iris plan of patient 4. The large fields were typically
aimed at the center of the PTV, and the smaller beams were used to deliver the dose at
the PTV periphery. The corresponding fluence profiles of each node position are given
in figure 2.7. Considerable fluence variation (i.e. intensity modulation) was observed
within almost all fields delivered from each node position.
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Figure 2.6: Targeting of beams from node positions in mean lung dose-equivalent Iris plan of patient 4.
For each node position, beam’s eye view projection of planning target volume given in black, and field
contour (50% isodose) of each beam in red.
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Figure 2.7: Delivered fluence corresponding to figure 2.6. Beam's eye view projection of planning target
volume given in black. Fluences normalized to maximal fluence for each node position.
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24 Discussion

The use of a mMLC on the CyberKnife was found to give time-efficient treatment plans in
lung cancer patients. Iris plans generally had a greater treatment time/fraction, especially
in large tumor volumes. Both the mMLC and Iris plans were much more time-efficient
than the traditional fixed-collimator plans, which contain, for these patients, approxi-
mately 60 nodes positions, 125 beams, and 35000 MUs. The Iris plans are also likely to
be more time-efficient than the two-collimator plans from the study by Poll et al. (19) for
the same patient group. The Iris plans contained an average of 47% fewer beams and 2%
more MUs. Although the number of node positions in the two-collimator plans was not
reported, it is evidently expected to be much greater than in the Iris plans. The average
MLD and CI were also considerably lower in the Iris plans.

The mMLC plans and Iris plans were generated using two different planning algo-
rithms. Therefore, our observations could be biased by differences in these algorithms. As
both algorithms were developed in-house, the parts of the algorithms such as structure
segmentation, heterogeneity correction, dose grids, and plan evaluation, were deliber-
ately kept similar. However, some differences were inevitable, because the algorithms had
to serve a different purpose (beam-angle optimization vs. inverse optimization for given
node positions) and had to manage different field characteristics (isocentric conformal
uniform beams vs. non-isocentric circular non-uniform beams). Another limitation of
the present study was that a CyberKnife equipped with a mMLC and a flattening filter
does not exist. The beam model, derived from a 6-MV gantry-based stereotactic lin-
ear accelerator, could therefore not be verified with a real machine. We furthermore
assumed the use of an idealized mMLC. Instead of performing actual leaf segmentation,
an arbitrarily orientated collimator grid was used with 2.5-mm resolution. Moreover, the
mMLC was assumed to perfectly block the beam.

In the present study, we used flattened fields for the mMLC plans. Unflattened fields
are becoming more common but require intensity modulation to cope with the non-
uniform beam profiles, especially for larger tumors. The use of intensity-modulated ra-
diotherapy (IMRT) on conventional gantries caused the delivery time to increase con-
siderably compared with that for 3D-CRT. Because the aim of the present study was
to improve the time-efficiency of the CyberKnife treatments, we benchmarked the Iris
plans with flattened non-intensity-modulated fields. To account for a flattening filter, the
beam-on time was increased by 20%. The estimated mMLC fraction duration was, how-
ever, rather insensitive to this assumption. If a dose rate loss of 30% was assumed instead,
the average mMLC treatment time would increase by only 4%. The use of flattened and
unflattened fields in relation to plan quality and treatment time is the subject of future
research.
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The mMLC plans were not reproduced exactly by the Iris plans. This was, for ex-
ample, illustrated by the dose distributions in figure 2.2 and by the fact that not all
node positions of the mMLC plans were selected in the Iris plans. Moreover, figure 2.7
shows that the fluence profiles were highly modulated in the Iris plans. In contrast, a
uniform fluence was used in the mMLC plans. Thus, the dosimetric plan quality of the
Iris plans could be superior to that of the mMLC plans. However, it raises the question
of whether the node positions selected by Cycle were optimal for use in the Iris plans.
De Pooter et al. (27) used a similar approach for liver tumors, in which the selection of
beam orientations by Cycle was followed by inverse IMRT optimization. The two-step
optimization of beam orientations and IMRT profiles was, in some cases, found to result
in suboptimal treatment plans. It is, therefore, likely that the quality of the Iris plans
can be improved further if the beam orientation selection is integrated into the inverse
planning algorithm. Simultaneous orientation and profile optimization for IMRT and
CyberKnife are currently being developed at our institute.

Conclusion

Non-coplanar robotic stereotactic radiotherapy using a mMLC was found to give very
time-efficient treatment plans in lung cancer patients. For small target volumes (<80
cm?), the Iris variable-aperture collimator is a time-efficient alternative to a mMLC. The
fraction duration of these Iris plans (MLD-equivalent) was, on average, 40% longer than
mMLC plans, with similar or better plan quality. For larger tumors, the treatment time
of the Iris plans was <121% longer.
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Abstract

Purpose: The fraction duration of robotic radiosurgery treatments can be reduced by
generating more time-efficient treatment plans with a reduced number of node positions,
beams, and monitor units (MUs). Node positions are preprogramed locations where the
robot can position the focal spot of the x-ray beam. As the time needed for the robot
to travel between node positions takes up a large part of the treatment time, the aim of
this study was to develop and evaluate a node reduction technique in order to reduce the
treatment time per fraction for robotic radiosurgery.

Methods: Node reduction was integrated into the inverse planning algorithm, developed
in-house for the robotic radiosurgery modality. It involved repeated inverse optimiza-
tion, each iteration excluding low-contribution node positions from the planning and
resampling new candidate beams from the remaining node positions. Node reduction
was performed until the exclusion of a single node position caused a constraint violation,
after which the shortest treatment plan was selected retrospectively. Treatment plans
were generated with and without node reduction for two lung cases of different com-
plexity, one oropharyngeal case and one prostate case. Plan quality was assessed using
the number of node positions, beams and MUs, and the estimated treatment time per
fraction. All treatment plans had to fulfill all clinical dose constraints. Extra constraints
were added to maintain the low-dose conformality and restrict skin doses during node
reduction.

Results: Node reduction resulted in 12 residual node positions, on average (reduction
by 77%), at the cost of an increase in the number of beams and total MUs of 28% and
9%, respectively. Overall fraction durations (excluding patient setup) were shortened by
25% (range of 18%-40%) on average. Dose distributions changed only little and dose in
low-dose regions was effectively restricted by the additional constraints.

Conclusions: The fraction duration of robotic radiosurgery treatments can be reduced
considerably by node reduction with minimal changes in dosimetrical plan quality. Ad-
ditional constraints are required to guarantee low-dose conformality and to avoid unac-
ceptable skin dose.
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3‘| Introduction

Design of time-efficient treatment plans is attractive for reduction of the relatively long
treatment times of the CyberKnife robotic radiosurgery system (RRS) (Accuray Inc.,
Sunnyvale, CA, USA) (10, 19). Time-efficient treatment plans can be created by ex-
ploiting the degeneracy of the planning problem, i.e. different beam setups can result in
similar dose distributions (35, 36). This degeneracy can be used to reoptimize a treatment
plan such that the plan requires less time to be delivered, but without compromising
dosimetrical plan quality.

Treatment delivery using the RRS is schematically illustrated in figure 3.1. At the start
of the treatment, the robotic manipulator moves from its rest position to the first node
position. Node positions are preprogramed locations where the robot can position the
focal spot of the x-ray beam. By adjusting the linac orientation and the collimator size,
multiple beams can be delivered from a single node position. The time needed for linac
reorientation between beams delivered from a single node position is much shorter than
the robot motion time between node positions. The robot moves on to the next position,

Figure 3.1: Schematic illustration of the RRS delivery sequence. The cross section of a patient (trunk and
arms) is depicted with the target volume located in the center. The node positions are indicated by Ro-
man numerals. Multiple beams (beam axes indicated by dashed lines, drawn from node position to target
point) can be delivered from each node position. Beam numbers indicate the order in which the beams
are delivered. The treatment starts at the first node position and when all beams of a node position are
delivered, the robot moves on to the next node position. Node positions can be skipped if there are no
beams to be delivered. Note that in reality the node position distribution is non-coplanar.
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3.2

when all beams from a node position have been delivered. In between beam delivery,
orthogonal kV images are acquired for position verification and correction.

To deliver a 20 Gy fraction to a lung tumor, ~45% of the fraction duration (exclud-
ing patient setup) is spent on robot motion between node positions, ~35% on beam-
on time, ~10% on linac reorientation between beams, and ~10% on image acquisition.
These numbers will differ for different treatment sites, protocols, fractionation schemes,
complexity of cases, size of cases, and versions of the RRS, but it illustrates that the
fraction duration is greatly influenced by the number of node positions. Reducing the
number of node positions in a treatment plan is therefore essential in order to minimize
the treatment time per fraction. Previously, our group proposed a two-step process to
generate time-efficient RRS treatment plans with a low number of node positions (37).
In the first step, a beam-angle optimization algorithm developed in-house (Cycle) (38,
39) was used to establish a small number of favorable node positions for a virtual RRS
plan using conformal uniform fields. In the second step, inverse planning was performed
using circular RRS beams with varying orientation and diameter from these favorable
node positions. Because such a sequential approach is likely to result in suboptimal
solutions, simultaneous node reduction integrated into the inverse planning algorithm
is to be preferred (27).

In this study, we developed and evaluated such an algorithm based on iteratively
reducing an initially large number of node positions to a few node positions, while main-
taining plan quality. No concessions are made on the imposed dose prescriptions and the
iterative node reduction stops if further reduction would result in a constraint violation.
The treatment plan with the lowest treatment time per fraction is selected retrospectively,
which is not necessarily the plan with the lowest number of node positions. The effect of
node reduction on the number of node positions, beams and MUs, and more importantly
on the fraction duration was studied for different sites (simple lung, complex lung, head-
and-neck, and prostate) by comparing treatment plans with and without node reduction.

Methods and materials

Patient group and dose prescriptions

The developed algorithm for plan optimization with integrated node reduction was eval-
uated using treatment data and CT scans of four patients previously treated at our insti-
tute: Two non-small-cell lung cancer patients of different complexity, one oropharyngeal
cancer patient (tonsillar fossa carcinoma), and one prostate cancer patient. The gross
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target volume to planning target volume (PTV) margin was 5 mm for the lung cases
and 3 mm for the oropharyngeal case and prostate case. The resulting PTVs were 20.8
cm?® (simple lung), 152.3 cm? (complex lung), 134.8 cm? (oropharynx) and 62.3 cm?
(prostate). The complex lung case mainly differed from the simple lung case in the fact
that the PTV was located within 2 cm of the spinal cord, requiring a very steep dose
gradient in between these structures. The prostate case received a virtual high-dose-
rate brachytherapy treatment, implying a heterogeneous target dose distribution and
sparing of the urethra (40). The seminal vesicles were not included in the PTV. For the
oropharyngeal case, the RRS was used for a boost irradiation of the primary tumor, after
having delivered 46 Gy (in 2 Gy fractions) to the primary tumor and elective nodes using
intensity-modulated radiotherapy (IMRT). The planning constraints for each treatment
site are given in table 3.1. To ensure high-dose conformality, a conformality index of 1.2
or lower was required for all patients. The conformality index was defined as the volume
receiving the prescription dose divided by the PTV. This constraint was enforced by a
constraint on the lung dose in the lung tumor cases or by a maximum-dose constraint
on a shell structure around the PTV at 15 mm distance in the oropharyngeal and prostate
cases.

Since reduction in the number of node positions might result in increased skin doses
or degraded low-dose conformality, structures to constrain these parameters were added.
The skin structure was generated by randomly sampling 3000 dose calculation points
at 10 mm distance from the skin in regions where beams could enter the patient. As
the PT'V was located close to the skin in the oropharyngeal case, the skin structure was
not generated in the vicinity (<25 mm) of the PTV to avoid underdosage of the target.
Low-dose conformality was achieved using a shell structure around the PTV at 25 mm
distance. The maximum tolerated doses to the skin and shell structure are also listed in
table 3.1.

Robotic radiosurgery system characteristics

A standard node set for extracranial treatments was used in this study. The node set
contained 117 node positions distributed non-coplanar around the imaging center at
800-1000 mm distance. The robotic manipulator of the RRS travels along a semifixed
path that connects all the available node positions in a specific order. If there are no beams
to be delivered from a certain node position, it can be skipped and the robot immediately
travels to the next node position. However, some node positions cannot be skipped to
ensure safe traveling of the robot and to avoid the cables becoming entangled.

The 6-MV photon beam was assumed to be circularly shaped by the Iris™variable-
aperture collimator (Accuray Inc.) (25). The Iris collimator can automatically adjust the



36 | Shortening treatment time in robotic radiosurgery

Table 3.1: Planning constraints considered for each treatment site.

Structure

Constraint

Lung (3 x 20 Gy at 80% isodose):

PTV

High-dose conformality index (60 Gy)
Low-dose conformality (shell at 25 mm)
Skin

Spinal Cord

Lung

Oropharynx (3 x 5.5 Gy at 80% isodose):
PTV

High-dose conformality index (16.5 Gy)
Low-dose conformality (shell at 25 mm)
Skin

Spinal Cord

Ipsilateral parotid gland

Contralateral parotid gland
Contralateral submandibular gland
Larynx

Prostate (4 x 9.5 Gy at 60% isodose):
PTV

PTV

High-dose conformality index (38 Gy)
Low-dose conformality (shell at 25 mm)
Skin

Bladder

Bladder

Rectum wall

Rectum wall

Rectal mucosa

Urethra

Urethra

Urethra

Dgso, > 60 Gy
<12

Dmax < 25 Gy
Dmax < 18 Gy
Dmax < 18 Gy
Vaogy < 10%

Dgs9, > 16.5 Gy
<12

Dmax <7 Gy
Dmax < 6.5 Gy
Dmax < 10 Gy
Dmax < 15 Gy
Dmax <2 Gy
Dmax < 12 Gy
Dmax < 8 Gy

Dgsop, > 38 Gy
Dmean > 50 Gy
<12

Dmax < 18 Gy
Dmax < 18 Gy
Dmax <42 Gy
Dicc <38Gy
Dmax < 38 Gy
Dicc <33Gy
Dmax < 28.5 Gy
Dsg, < 45.5 Gy
D19 <42 Gy
Dsgg, < 40 Gy

field diameter of each beam to 5, 7.5, 10, 12.5, 15, 20, 25, 30, 35, 40, 50, or 60 mm (12
field sizes), defined at 800 mm from the focal spot. The linac was calibrated such that 1
MU corresponded to a dose of 1cGy in a reference point located on the central axis of a
60 mm field, at 8oo mm from the focal spot, and at 15 mm depth in water.

Inverse planning with automated node reduction

An inverse planning algorithm for the RRS was developed to generate treatment plans
with short treatment times, largely achieved by reduction in the used node positions.
Figure 3.2 shows a flow chart of the algorithm. In this section, we will first briefly explain
the main components of the inverse planning algorithm with automated node reduction.
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Detailed information on the various subcomponents will be provided in subsequent
sections and in Appendixes 3.A-3.C.

The treatment planning process started with the generation of the so-called ‘beam list’
containing 1.6-5.9 million candidate beams that could be used for treatment planning
(see Appendix 3.A). An initial set of 5000 candidate beams was randomly selected from
this list. For each selected candidate beam, dose calculations were performed to construct
a dose matrix for each structure of interest (see Appendix 3.B). These dose matrices
served, together with the dose prescriptions, as input for the inverse optimization.

The inverse optimization was embedded in two iterative loops, the inner ‘inverse
optimization loop’ and the outer ‘node reduction and beam resampling loop. In the inner
loop, a feasible treatment plan was created, followed by the exclusion of low-MU beams
and the calculation of the treatment time (see section ‘Inner loop: Inverse optimization’).
This loop was repeated as long as the treatment time decreased with the exclusion of low-
MU beams.

The outer loop, i.e. the ‘node reduction and beam resampling loop, aimed at short-
ening the treatment time by the iterative reduction in the number of used node positions
(see section ‘Outer loop: Node reduction and beam resampling’). At each iteration, node
positions that contributed the least to the plan were deleted from the treatment plan
and from the beam list (node reduction) and new candidate beams were selected from
this reduced beam list (beam resampling). These newly selected candidate beams were
added to the beams selected in the previous treatment plan, complementing them to
again 5000 beams, after which dose calculation and inverse optimization were repeated.
The treatment plan was stored after each iteration. The outer loop was performed as long
as a feasible plan could be obtained that fulfilled the imposed constraints. Finally, the
stored treatment plan with the shortest treatment time was selected retrospectively as
the final treatment plan, for which a high-resolution (1 x 1 x 1.5 mm?3) dose calculation
in the entire patient was performed.

Inner loop: Inverse optimization

The inner loop used the inverse multi-criteria optimization routine from the treatment
planning system ‘YARTOS’ (indicated by the ‘inverse optimization’ block in figure 3.2),
which was developed in-house by Breedveld et al. (32). The rest of the planning infras-
tructure (inner and outer loop) was developed exclusively for the generation of time-
efficient RRS treatment plans. Using dose matrices and dose prescriptions as input, the
inverse optimization algorithm constructs a treatment plan by determining the optimal
weights of the candidate beams. It makes a distinction in dose prescriptions between
constraints and objectives. Constraints are prescriptions that have to be fulfilled, oth-
erwise the solution is invalid. Objectives are prescriptions for which the optimal value
(minimum or maximum) is searched in a prioritized order without violating the con-
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straints (41). In this study, however, minimization of the total number of MUs was the
only objective. The constraints that were used for each patient are listed in table 3.1. The
deliverability and the time-efficiency of the treatment plan were improved by repeating
the inverse optimization several times, each time excluding all beams with a weight of
less than 5 MU/fraction or excluding beams with the lowest dose contribution to the
PTV. A minimum beam weight of 5 MU was required to guarantee the linearity of the
dose delivery and the low-contribution beams were excluded until the shortest treatment
time per fraction was obtained (see Appendix 3.C for treatment time calculation). The
contribution of a beam was defined as the dose delivered to the isocenter if the beam
would have been targeted at the isocenter. Of the 5000 candidate beams used, typically
50-200 beams were selected in the optimized treatment plan.

Outer loop: Node reduction and beam resampling
Removal of node positions from the treatment plan and beam list was performed in
two steps. First, node positions without selected beams in the optimized treatment plan
were excluded (unforced exclusion). Second, node positions that contributed the least
to the PTV dose were excluded (forced exclusion). The number of node positions to
be excluded per iteration (reduction goal) was defined such that a plan with 15 node
positions should be achieved after ten outer loop iterations, assuming a linear reduction
in the node positions with the number of iterations. The number of unforced excluded
node positions could vary between iterations. If the number of unforced exclusions was
less than the reduction goal, then forced exclusion of node positions was performed to
complement the node reduction. If the number of unforced excluded node positions was
more than required, then these node positions were removed from the beam list anyway,
but the reduction goal was lowered for the subsequent iterations. When a plan with at
most 15 node positions had been obtained, the node reduction goal was kept fixed while
node reduction continued. Toward the end of the node reduction process (<20 node
positions in the treatment plan), the number of node positions excluded in one iteration
was considered too large when a feasible solution could not be found or the fraction
duration increased. In that case, the last exclusion was undone and the iteration was
repeated with the reduction goal reduced by half. However, at least one node position had
to be excluded per iteration. The node reduction and beam resampling loop was exited
when a feasible plan could not be found after the exclusion of a single node position.
Beam resampling is a method to improve the quality of a treatment plan by iteratively
increasing the total number of used candidate beams (33). It makes use of the fact that the
majority of the 5000 candidate beams is not selected in the inverse optimization loop or
is removed by node reduction and therefore can be replaced by newly selected candidate
beams, randomly sampled from the updated beam list. These new candidate beams were
added to the beams selected in the previously optimized treatment plan. The inverse
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3.3

optimization was always performed with a total of 5000 candidate beams, so the number
of newly selected candidate beams equaled 5000 minus the number of beams selected in
the previous treatment plan.

The efficiency of the loop was improved by two measures. First, dose constraints that
were far from being violated were switched off to speed up the inverse optimization.
If the dose in a structure was approaching the maximum tolerable dose in subsequent
iterations, the constraint was turned on again. Second, beams that were considered un-
likely to contribute to the final treatment plan were excluded from the beam list. This
included previously used candidate beams and beams with a collimator size smaller
than the smallest collimator size selected in the previously optimized treatment plan.
Moreover, beams with an area outside the PTV projection larger than the maximum
area outside the PTV projection of the beams in the initial treatment plan were excluded
as well.

Evaluation

A comparison was made for each patient between treatment plans generated with and
without node reduction. For this purpose, the algorithm was adjusted so that beam re-
sampling could also be performed without excluding any node position from the beam
list during treatment planning. For each patient, the plan with node reduction was gen-
erated first and the plan without node reduction was generated subsequently using the
same number of iterations as was required to obtain the shortest node reduction plan. In
this way, the total number of candidate beams used to generate both treatment plans was
approximately equal, allowing for a fair comparison. The no node reduction plan with
the shortest fraction duration was selected in retrospect for evaluation. The quality of the
treatment plans was assessed using the number of node positions, beams and MUs, and
the estimated treatment time per fraction. A visual inspection of the dose distribution
was performed to ensure the absence of any undesirably high doses in unspecified tissues.

Results

The results of the final treatment plans generated with and without node reduction are
given in table 3.2 for all four patients. All treatment plans fulfilled the clinical dose con-
straints as listed in table 3.1 and were approved after visual inspection. Node reduction
causes the number of node positions to be reduced by 77%, on average, compared to no
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Table 3.2: Results for the treatment plans generated without and with node reduction for the four patient
cases. The percentages between the parentheses indicate the relative difference between node reduction
and no node reduction plans.

Simple lung Complex lung Oropharynx Prostate
No node reduction:
Node positions 36 66 52 53
Beams 47 121 100 12
MUs 17887 32856 8333 50518
Fraction duration (min) 193 36.3 221 34.1
Node reduction:
Node positions 10 (-72%) 15 (-77%) 8 (-85%) 14 (-74%)
Beams 59 (+26%) 158 (+31%) 123 (+23%) 150 (+34%)
MUs 19983 (+12%) 33194 (+1%) 9820 (+18%) 53352 (+6%)
Fraction duration (min) 15.9 (-18%) 27.1 (-25%) 13.2 (-40%) 27.9 (-18%)

node reduction, while increasing the number of beams (+28%) and MUs (+9%). As a
result, the fraction duration is, on average, 25% shorter in the treatment plans generated
with node reduction. The amount of treatment time reduction differs greatly between
cases (range of 18%-40%) and is not clearly related to the complexity of the case, as, for
example, the lowest reduction is found for the simple lung case. The total treatment time
reduction from the very first optimization run to the final treatment plan is, on average,
54% (range of 47%-59%) for node reduction and 38% (range of 32%-43%) for no node
reduction.

Figure 3.3 shows for all cases the dose distributions of the treatment plans gener-
ated with and without node reduction. Doses are very similar in both plans and differ-
ences can mainly be observed in the low-dose regions. Dose-volume histograms for the
prostate case are shown in figure 3.4. The target coverage of both plans is nearly identical
and small differences can be observed for the organs-at-risk.

The number of node positions as a function of the outer loop iteration is depicted
in figure 3.5 for the reduction and no-reduction plans of all four cases. Each marker
represents a treatment plan that was saved during the planning process. The treatment
planning algorithm required 11 or 13 iterations to obtain the treatment plan with the
shortest fraction duration. The number of node positions could be reduced further to
a minimum of 6-11 without violation of the dose constraints. Interestingly, the figure
shows that beam resampling without explicit node reduction already leads to a consid-
erable reduction in the number of node positions.

The treatment time per fraction as a function of the iteration is given in figure 3.6.
The figure illustrates that after an initial decrease in the treatment time, the treatment
time eventually increases when using node reduction due to an increase in the number
of beams and MUs.
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Figure 3.3: Dose distributions of the treatment plans generated without node reduction (a) and with node
reduction (b) for the simple lung case (1), complex lung case (2), oropharyngeal case (3) and prostate case
(4). The PTV contour is given by the thick white line. Depicted isodose lines range from 10% to 100% of the

maximum PTV dose. The prescription isodose line is indicated by the thick isodose line (80% for lung cases
and oropharyngeal case, 60% for prostate case).
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Figure 3.4: Dose-volume histograms for the treatment plans of the prostate case generated without node
reduction (solid lines) and with node reduction (dashed lines).
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Figure 3.5: The number of node positions as a function of the iteration during treatment planning for
the four patient cases, with node reduction (squares) or without node reduction (circles). Each marker
represents a stored treatment plan. At iteration 0, the number of available node positions is indicated. This
number is the maximum number of node positions (117) minus the disabled node positions. Solid markers
indicate the treatment plans with the shortest fraction duration (see figure 3.6), which were selected for
evaluation.
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Figure 3.6: Treatment time per fraction as a function of the iteration during treatment planning for the four
patient cases, with node reduction (squares) or without node reduction (circles). Each marker represents
a stored treatment plan. Solid markers indicate the treatment plans with the shortest fraction duration,
which were selected for evaluation.

Discussion

This study showed that the number of node positions in RRS treatment plans could
be reduced greatly without violating imposed dose constraints by using the proposed
node reduction technique. As a consequence, the treatment time per fraction required
to deliver the treatment plans shortened considerably. Not only node reduction, but also
beam resampling by itself and the exclusion of low-contribution beams, helped to shorten
fraction duration. It should be noted that the treatment time could not optimized directly
using our inverse optimization algorithm. The treatment time was only indirectly opti-
mized through a reduction the number of node positions, beams, and MUs. As a conse-
quence, the optimality of the obtained treatment times is not guaranteed. The treatment
times are only minimal for the reduction schemes used in this study (see section ‘Outer
loop: Node reduction and beam resampling’). The heuristics in this study were mainly
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applied to speed up the planning process. Omitting these heuristic rules would require
more planning iterations and consequently increase the planning time, but might result
in shorter fraction durations as candidate beams are more intensely sampled. Note that
for this study, only one set of heuristic rules was used irrespective of the treatment site.
The approximated time needed to generate a treatment plan with node reduction ranged
from 2.0 to 5.6 h on a modern 8-core computer, mainly depending on the patient case
(number of constraints and voxels considered in the inverse optimization) and on the
number of iterations. The code was written in MATLAB and C and was run using MAT-
LAB 7 (The MathWorks, Inc., Natick, MD). The number of iterations can be reduced by
using a different stopping criterion for the outer loop, instead of continuing until the
minimum number of node positions has been obtained. Terminating node reduction
when the exclusion of a single node position caused the treatment time to increase would
in this study have resulted in approximately 15% less iterations, without losing the gain
in treatment time.

Intuitively, a reduction in the number of node positions is associated with degrading
plan quality. A gain in fraction duration is often believed to come at a price in terms of
organ sparing. However, because of the degeneracy of the optimization problem, this is
not necessarily true. Of course, node reduction does alter the dose distribution in some
regions, but almost solely in regions in which no dose constraints are imposed. Still, one
should be cautious that doses can change undesirably. Skin dose and low-dose confor-
mality, for example, can be acceptable without the use of specific constraints in treatment
plans without node reduction but can deteriorate when applying node reduction. This
can, however, be solved easily by adding constraints in these regions of concern. Despite
the extra constraints, we experienced that sufficient freedom was left for the algorithm
to reduce the number of node positions by altering the dose in other, unconstrained
regions. So, node reduction does not necessarily lead to degraded plan quality, but it
might be required to further constrain the optimization problem. Moreover, a reduction
in the fraction duration is by itself an improvement of the plan quality. Not only does it
improve patient comfort and patient throughput, it may also improve position accuracy
during a treatment fraction (28) and increase the biological effectiveness of the treatment
(42, 43).

In previous work, comparing treatment plans for a theoretical mini-multileaf col-
limator and the Iris collimator, we used a two-step approach to reduce the number of
node positions (37). Favorable node positions were selected first by beam-angle opti-
mization using conformal uniform fields, followed by inverse optimization for the RRS
only using those node positions. As was also indicated by de Pooter et al. (27), an ap-
proach like this is likely to result in suboptimal results, as the fields used for selection
of node positions differ much from the fields that are actually delivered. The novel node
reduction technique presented in the current study, in which the selection of favorable
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node position is integrated in the inverse optimization process, is therefore expected to
result in a more optimal set of node positions and thus in shorter treatment times. This
can be illustrated by comparing the treatment times obtained by both approaches for the
two lung cases, which were also included in our previous work. The integrated method
reduced treatment times by 20%, on average, compared to the two-step approach. Besides
the shorter treatment times, the integrated node reduction technique also provides a
more practical implementation of node reduction compared to the implementation that
uses two distinct algorithms.

A method to reduce the treatment time per fraction in robotic radiosurgery was also
recently developed and investigated by Dooley et al. (44), representing the vendor of the
CyberKnife (Accuray Inc.). In their investigation, low-utility node positions and beams
were also iteratively removed from the treatment plan while resampling new candidate
beams. In addition to differences in the reduction and resampling heuristics, Dooley
et al. used a preselected set of 23 or 38 node positions to obtain a node-reduced plan
instead of the full set of 117 node positions. Another major difference lies in the inverse
optimization routine. The vendor’s planning system (Multiplan v4.0, Accuray Inc.) uses
a ‘sequential optimization’ algorithm, which is not capable of imposing a minimum dose
constraint on the PTV (45). As a result, target coverage and dose homogeneity are ob-
jectives, which tended to be compromised by the treatment time reduction. The user can
set the desired fraction duration for a treatment plan, but has to check whether the plan
still fulfills the imposed dose prescriptions. In our method, all dose parameters can be
constrained and are not compromised by the node reduction. For five lung cases planned
according to a similar protocol as used in our study, Dooley et al. found a reduction in
treatment time of 66%, on average, compared to a total treatment time reduction of 52%
(simple lung) and 57% (complex lung) using our method. The results of Dooley et al. are,
however, difficult to compare as the patient database was different except for one patient.
For this patient (simple lung case) the data were provided to the vendor by our group. To
make a rudimentary comparison, we recalculated our simple lung case treatment time
for their CyberKnife characteristics. Dooley et al. obtained a slightly shorter fraction
duration of 11.5 min vs 12.2 min, but this was accompanied by poorer plan quality when
measured by plan parameters such as the high-dose conformality index (1.24 vs 1.09),
the maximum spinal cord dose (4.1 Gy vs 0.22 Gy), and the lung volume receiving 20 Gy
or more (4.3% vs 2.9%). It would be interesting to compare the performance of both algo-
rithms in terms of treatment time reduction and planning time using equally constrained
dose prescriptions for both algorithms in order to uphold plan quality throughout the
reduction process.

The node reduction technique is basically a beam-angle optimization technique.
From a set of candidate node positions, a small set of node positions is selected to be
used in the treatment. Several beam-angle optimization algorithms for IMRT using con-
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ventional radiotherapy modalities can be found in literature. For example, Llacer et al.
(46) proposed a method that selects, using a full combinatorial analysis of automatically
preselected groups of beam directions, favorable beam orientations based on the geo-
metrical PTV coverage and OAR avoidance. The dosimetrical method reported by Das
et al. (47) selects a number of individually optimal beam directions first, after which a
more optimal set of beam orientations is obtained by substituting the selected beams
one-by-one with beams from the angular vicinity until no further improvements can be
found. Rowbottom et al. (48) combined a fast simulated annealing (FSA) algorithm and a
downhill simplex algorithm to optimize the beam arrangement and the fluence profiles,
respectively, starting from a randomly selected set of individually acceptable beams and
sampling new gantry and couch angles for each beam in each FSA iteration. Woudstra et
al. reported on a ‘sequential’ selection method. Treatment planning starts with an empty
plan and one-by-one favorable beam orientations are added to the plan, taking into
account the dose delivered by previously added beams (39). A similar approach was used
by Meedst et al. (35), in which the sequential selection is followed by routines that aim at
replacing redundant beams and avoiding local minima. Breedveld et al. (49) extended the
sequential selection approach to perform a prioritized multi-criteria optimization. The
node reduction technique developed in this study works differently from the methods
mentioned above. Instead of selecting the desired number of favorable beam directions,
it starts treatment planning with all candidate beam directions (node positions) and iter-
atively excludes the least favorable beam directions. Irrespective of these two approaches,
nearly all beam-angle optimization algorithms suffer from the fact that the selection of
a beam direction is based on an intermediate dose distribution and not on the final dose
distribution. A beam direction that is added or excluded at a certain moment in the plan-
ning process could become redundant or favorable in the final treatment plan. It would
be interesting to investigate in which of the two approaches (including vs excluding)
the treatment plan is affected most by this issue and which approach will give the best
planning solution. For this purpose, the node reduction technique could be adapted to
beam-angle optimization for gantry-based IMRT. A method analogous to resampling
could be implemented by varying the collimator grid resolution throughout the planning
iterations. Treatment planning starts with all available candidate beam directions, using
a few beamlets per beam direction in order to avoid the problem becoming too large.
As the planning proceeds and beam directions are excluded in subsequent iterations,
increasingly finer collimator grids with more beamlets per beam direction can be used
in the optimization.
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35 Conclusion

This study showed that the number of node positions in a CyberKnife treatment plan
could be reduced by 77%, on average, without compromising the plan quality for the four
clinical cases considered. No concessions were made on the imposed dose prescriptions
compared to the no node reduction plans. The node reduction technique resulted in an
average reduction in the treatment time per fraction of 25%. The use of node reduction
requires additional constraints to avoid dose violations in unspecified tissues.
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Abstract

Purpose: To investigate the dosimetric impact of intrafraction prostate motion and the
effect of robot correction strategies for hypofractionated CyberKnife treatments with a
simultaneously integrated boost.

Methods and materials: A total of 548 real-time prostate motion tracks from 17 patients
were available for dosimetric simulations of CyberKnife treatments, in which various
correction strategies were included. Fixed time intervals between imaging/correction
(15, 60, 180, and 360 s) were simulated, as well as adaptive timing (i.e. the time inter-
val reduced from 60 to 15 s in case prostate motion exceeded 3 mm or 2° in consecu-
tive images). The simulated extent of robot corrections was also varied: no corrections,
translational corrections only, and translational corrections combined with rotational
corrections up to 5°, 10° and perfect rotational correction. The correction strategies were
evaluated for treatment plans with a o-mm or 3-mm margin around the clinical target
volume (CTV). We recorded CTV coverage (V,004) and dose-volume parameters of the
peripheral zone (boost), rectum, bladder, and urethra.

Results: Planned dose parameters were increasingly preserved with larger extents of
robot corrections. A time interval between corrections of 60 to 180 s provided optimal
preservation of CTV coverage. To achieve 98% CTV coverage in 98% of the treatments,
translational and rotational corrections up to 10° were required for the o-mm margin
plans, whereas translational and rotational corrections up to 5° were required for the
3-mm margin plans. Rectum and bladder were spared considerably better in the o-mm
margin plans. Adaptive timing did not improve the delivered dose.

Conclusions: Intrafraction prostate motion substantially affected the delivered dose but
was compensated for effectively by robot corrections using a time interval of 60 to 180 s.
A o-mm margin required larger extents of additional rotational corrections than a 3-mm
margin but resulted in lower doses to rectum and bladder.
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4‘| Introduction

The mobility of the prostate has long since been recognized as a potential source of error
during radiation therapy for prostate cancer patients. Several studies have described
the characteristics of prostate motion between treatment fractions (50-52). More re-
cently, with the advancement of prostate monitoring techniques, studies have inves-
tigated prostate motion during treatment fractions (20, 21, 53-57). For conventional
treatment regimens (i.e. homogeneous target doses in 2 Gy fractions), the effect of in-
trafraction prostate motion has been addressed in previous studies (58, 59). Moreover,
a technique to perform intrafraction corrections has been implemented clinically by
Mutanga et al. (60).

The low a/p ratio of prostate cancer has triggered a growing interest in the applica-
tion of hypofractionated radiation therapy for prostate cancer. One of the most extreme
hypofractionation regimens currently applied aims at delivering 4 fractions of 9.5 Gy
using the CyberKnife robotic radiosurgery system (Accuray, Inc, Sunnyvale, CA), em-
ulating high dose rate (HDR) brachytherapy (15, 40, 61). The use of extreme hypofrac-
tionation might increase the impact of intrafraction motion, due to longer treatment
fraction time and reduced statistical averaging of position errors. Moreover, the use of
a simultaneously integrated boost (SIB) to deliver a higher dose to the peripheral zone
of the prostate could increase the susceptibility to uncorrected rotations. The effect of
intrafraction prostate translations and rotations on these hypofractionated treatments
with a SIB has, to our knowledge, not been investigated before.

To correct intrafraction prostate motion, the CyberKnife is equipped with an auto-
mated marker tracking system (11). The system acquires orthogonal kV images with
a user-defined interval and automatically adjusts the position and orientation of the
robotic manipulator or treatment couch during treatment fractions. The system also fea-
tures an adaptive timing mode in which the time interval between corrections is reduced
when large displacements are observed. To account for residual motion between correc-
tions, a planning target volume (PTV) is constructed in our clinic by applying a 3-mm
margin around the clinical target volume (CTV) (15, 61). The relevance of intrafraction
corrections has been reported previously for other hypofractionated treatments (62—
65), but the effectiveness of these measures to account for intrafraction prostate motion
during CyberKnife treatments has not been investigated before. In relation to this, it
has also not been investigated before whether more frequent and more accurate robot
corrections would allow for a reduction of the PTV margin.

The aim of this study was to quantify the dosimetric impact of the timing and
extent of translational and rotational corrections during hypofractionated CyberKnife
treatments and of the applied CTV-to-PTV margins. For this purpose, we performed
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4.2

Apex

Figure 4.1: Schematic illustration showing the conversion of center-of-mass (com) displacements (disp.) in
anterior-posterior (A-P) direction into rotations (rot.) around the left-right (L-R) axis.

treatment simulations using different time intervals between corrections, using various
degrees of robot corrections and CTV-to-PTV margins of 0 and 3 mm.

Methods and materials

Prostate motion data

Real-time prostate motion data was collected by using an electromagnetic tracking de-
vice (Calypso Medical Technologies, provided by the Department of Radiation Oncology
of the M.D. Anderson Cancer Center [Orlando, FL]) (20, 21). The device measured the
position of implanted transponders with a frequency of 10 Hz. A total of 548 prostate
motion tracks of 17 patients (denoted by ‘motion data patients’) were at our disposal.
The average length of the motion tracks was 10.1 + 2.0 min (1 SD). Prostate rotations
were not recorded by the tracking device but should also be taken into account to ade-
quately determine the impact of intrafraction motion on the delivered dose (53). Several
studies of interfraction prostate motion showed that rotations around the left-right axis
are predominant and that prostate motion can be approximated in the sagittal plane by
rotations around the apex (50-52). Based on these studies, we derived left-right rotations
by converting the anterior-posterior translations into rotations around the prostate apex
as shown in figure 4.1. Rotations around the anterior-posterior and superior-inferior axes
are generally small and were not taken into account in this study.
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Table 4.1: Wish-list containing constraints and objectives used for plan generation for the prostate cases
in this study.

Constraints

Structure Type Limit
PTV Minimum 0.99 x 38 Gy
PTV Maximum 1.50 x 38 Gy
cTv Minimum 1.02 x 38 Gy
Peripheral zone Minimum 1.19 x 38 Gy
PTV-ring 10 mm Maximum 30 Gy
PTV-ring 20 mm Maximum 19 Gy
PTV-ring 30 mm Maximum 17 Gy
Skin Maximum 17 Gy
Urethra Maximum 41 Gy
Penis - scrotum Maximum 4Gy

Objectives

Priority Structure Type Goal

1 Rectum gEUD-12 1Gy

2 Bladder gEUD-12 1Gy

3 Rectal mucosa gEUD-12 1Gy

4 Rectum Mean 1Gy

5 Urethra Mean 1Gy

6 Bladder Mean 1Gy

7 Cumulative beam weight Sum 1MU

Abbreviations: PTV = planning target volume; CTV = clinical target volume; gEUD-12 = generalized
equivalent uniform dose using a biological parameter of 12; MU = monitor unit. Priority numbers indicate
the order in which the objectives were optimized; a low number corresponds to a high-priority objective. A
constraint must always be fulfilled during treatment planning. Dose limits for the targets (PTV, CTV, and
peripheral zone) are expressed relative to the prescribed dose (38 Gy).

Treatment plans

Treatment plans were generated using Erasmus-iCycle, a treatment planning system de-
veloped in-house (66) that was extended with CyberKnife treatment planning (67, 68).
The planning system performs ‘prioritized” optimization, which means that objectives
are optimized successively according to their assigned priorities. The constraints and
the objectives with their priorities are defined by the user in the so-called wish-list.
Typically, the same wish-list can be used for an entire patient group, thereby allowing
for fully automated plan generation (69, 70). For CyberKnife treatments using circular
aperture collimators, Erasmus-iCycle features a node reduction technique to generate
time-efficient treatment plans (67). In this study, we assumed that CyberKnife beam
collimation was performed using a variable circular aperture collimator (25).
Treatment plans were generated for 3 prostate cases, with CTVs ranging from 52 to 66
ml. The CTV consisted of the prostate without seminal vesicles. Treatment planning was
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performed according to a virtual HDR brachytherapy protocol (15, 40, 61). We required
at least 95% of the PTV and 99% of the CTV to receive 38 Gy (4 fractions, prescribed at
67% isodose) and at least 95% of the peripheral zone to receive 120% of the prescribed
dose (45.6 Gy). Urethra dose was restricted, and doses to surrounding organs-at-risk
(OARs) were minimized. The wish-list used in this study to achieve these aims is given
in table 4.1. For each prostate case, treatment plans were generated using 2 CTV-to-
PTV margins: the clinically applied margin of 3 mm and a reduced margin of o mm.
For each margin, 2 treatment plans were generated: 1 using the standard prostate node
set and 1 using the adaptive timing prostate node set. A node set contains the principal
beam directions from which the CyberKnife can irradiate. The standard prostate node
set contains 106 node positions. The adaptive timing node set contains only 72 node
positions, as node positions that block the imaging system are left out.

Treatment simulations

We simulated realistic 4-fraction CyberKnife treatments by combining real-time prostate
motion data with the CyberKnife delivery characteristics (i.e. robot trajectory and speed,
linear accelerator output, and correction strategy). As treatment fractions were longer
than the individual motion tracks, available tracks were randomly combined by con-
necting the end point of one track with the starting point of another track. Only tracks
belonging to the same motion data patient were combined, and connection points during
beam-on time were not allowed to avoid unrealistic changes in prostate motion. Because
the prostate motion data only described intrafraction displacements, we intrinsically
simulated perfect patient set up at the start of each treatment fraction. For each treatment
fraction, the time points were determined when beams were switched on and off and
when imaging and subsequent correction were performed. Imaging was simulated to be
performed when the next beam could not be delivered within a user-defined time in-
terval since the last image acquisition. At each imaging/correction time-point, the robot
correction was determined according to the simulated correction strategy. The residual
motion was then calculated as the difference between the prostate displacements and the
applied robot corrections. A detailed description of the combined prostate motion tracks
is provided in Appendix 4.A.

Using the residual motion track as input, a 4-dimensional (4D) dose calculation
was performed by an algorithm developed in-house. The static dose distribution was
calculated (at CT grid resolution) for each beam individually, inside a region of interest
enclosing all possible locations and orientations of the CTV and high-dose regions of
the OARs. The delivered dose of each beam was then obtained by convoluting the static
dose with the residual motion track corresponding to the beam-on-time. The residual
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motion tracks were down-sampled to 1 data point per 5 s, as this provided a reasonable
trade-off between calculation time and simulation accuracy. The total dose distribution
was subsequently calculated by adding the convoluted dose distributions of all beams for
all 4 treatment fractions.

For the standard treatment plans, simulations were performed using fixed time in-
tervals between corrections of 15, 60, 180, and 360 s. For the adaptive timing treatment
plans, simulations were performed with the adaptive timing mode both switched on and
off. During adaptive imaging/correction, the time interval was reduced from 60 s to 15 s
when translations larger than 3 mm or rotations larger than 2° were observed between 2
consecutive images. For all 6 timing strategies (15, 60, 180, and 360 s; adaptive imaging
on and adaptive imaging off), 4 different robot correction scenarios were simulated: (1)
full translational corrections only, and full translational corrections together with rota-
tional corrections up to (2) 5°% (3) 10°% and (4) also fully corrected. Rotational corrections
of 5° and 10° corresponded to clinical scenarios in which maximum robot rotational
corrections (5°) and an additional maximum robotic couch rotation (5°), respectively,
were applied. Treatment simulations were additionally performed for the standard and
adaptive timing treatment plans assuming no robot corrections and no image acquisi-
tion accordingly. For all 3 prostate cases, 52 combinations of time interval, correction
strategy, and margin were simulated. For each combination, we simulated 50 complete
4-fraction treatments for all 17 motion data patients, resulting in a total of 132600 treat-
ment simulations.

Evaluation

The dosimetric parameters used for target evaluation were the CTV coverage (volume
receiving the prescribed dose, V,409) and the dose received by 98% of the peripheral
zone volume (PZ Dgs,,). For the rectum and bladder, the dose received by 1 cc (D)
was evaluated. The urethra dose was assessed using the dose received by 5% (D) and
10% (D;44) of the volume. The near-minimum dose received by the CTV (CTV Dygs,) is
reported in Appendix 4.C.

We evaluated the percentage of treatments for which the CTV coverage was higher
than 98%. The correction strategy and margin were considered effective when this re-
quirement was achieved in at least 98% of the treatments. Statistical analysis was per-
formed comparing planned and simulated dose parameters (Wilcoxon signed-rank test),
and differences between correction strategies and margins (Wilcoxon rank-sum test). P-
values less than 0.05 were considered statistically significant.
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Figure 4.2: The CTV coverage (volume receiving 100% of the prescribed dose, V199%) of the 0-mm (upper
graph) and 3-mm (lower graph) margin plans is shown for different correction strategies. Each box plot
indicates the quartiles. Average simulated treatment times are shown for each time interval. CTV = clinical
target volume; T = translational correction; R = rotational correction.
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43 Results

Figure 4.2 shows the CTV coverage of the 0-mm and 3-mm margin plans for the different
correction strategies simulated. Each box plot displays quartiles of the outcomes of 2550
treatment simulations (i.e. 3 prostate cases, 17 prostate motion patients, 50 simulations).
For the standard o-mm margin plans, the CTV coverage decreased from the average
planned value of 99.5% to 93.6% (SD: 4.8%; range: 62.9%-99.2%; p < 0.001) when no
motion correction was applied. The standard 3-mm margin plans were found to be more
robust against intrafraction prostate motion, resulting in the CTV coverage decreasing
from the average planned value of 100% to 97.4% (SD: 3.4%; range: 76.2%—100%; p <
0.001) when no motion correction was applied. The CTV coverage was better preserved
with increasing extents of robot corrections and in general for shorter time intervals be-
tween corrections. However, the beneficial effect of reducing time intervals was marginal
for intervals smaller than 60 to 180 s. The effect of enabling or disabling adaptive timing
(i.e. allowing it to switch to a 15-s time interval in case of large prostate displacements)
was found to be very small, but the 3-mm adaptive timing plans were less sensitive than
the standard treatment plans.

Percentages of treatments with more than 98% CTV coverage are listed in table 4.2.
For the o-mm margin plans, this requirement was met in more than 98% of treatments
when applying translational corrections and rotational corrections up to 10° (or more),
using a time interval of 60 s. Translational corrections and rotational corrections up to

Table 4.2: Percentage of treatments with at least 98% CTV coverage (V109 > 98%) for different correction
strategies and margins*.

Time 0-mm standard plan 3-mm standard plan
interval [s] No corr. Tonly T+R(<57) T+R(<10°) T+R(full) No corr. Tonly T+R(<59) T+R(<10°) T+R(full)

no imaging
15
60
180
360

96.9

0-mm adaptive plan 3-mm adaptive plan
No corr. Tonly T+R(<5°) T+R(<10°)  T+R(full) No corr. Tonly T+R(<5°) T+R(<10°)  T+R(full)

no imaging - - - - - - - -
60-On - -
60-Off - -

Abbreviations: T = translational corrections; R = rotational corrections; 60-On = initial time interval of 60 s with adaptive timing
switched on; 60-Off = initial time interval of 60 s with adaptive timing switched off.

*
When the percentage of treatments is higher than 98%, the correction strategy is displayed in green, between 95% and 98% in yellow,
between 90% and 95% in orange, and lower than 90% in red.
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Figure 4.3: The dose received by 98% of peripheral zone (PZ Dogy,) is shown for the 0-mm (left graph) and
3-mm (right graph) margin plans and for different correction strategies, using a time interval of 60 s. Each
box plot indicates quartiles. T = translational corrections; R = rotational corrections.

5° (or more) together with a time interval of 60 s or 180 s were required for the standard
3-mm margin plans to achieve similar CTV coverage in at least 98% of the treatments.

Figure 4.3 shows the effect of intrafraction prostate motion on the boost dose in the
PZ when using a time interval of 60 s. The Dy, of the PZ decreased significantly for both
CTV-to-PTV margins, when no motion correction was applied, from an average planned
value of 45.6 Gy to a simulated value of 37.7 Gy (SD: 6.0 Gy; range: 15.9-46.0 Gy; p <
0.001) for the 0-mm margin plans and from 45.8 Gy to 40.4 Gy (SD: 4.6 Gy; range: 20.3-
46.2 Gy; p < 0.001) for the 3-mm margin plans. Translational and rotational corrections
should be applied for both CTV-to-PTV margins when the Dgg,, is required to be, for
example, at least 110% of the prescribed dose in more than 98% of the treatments.

The dose received by the OARs when using a time interval of 60 s is shown in fig-
ure 4.4 for the 3 prostate cases separately. OAR doses were generally found to increase
due to uncorrected intrafraction motion and to be better preserved with increasing ex-
tents of robot corrections. However, rectum D, .. values decreased due to uncorrected
motion by, on average, 1.9 + 5.5 Gy (1 SD) for the o-mm plans and by 3.4 £ 5.4 Gy
for the 3-mm plans. The prostate tended to move dorsally in the prostate motion data,
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4.4

and the rectum was simulated to displace accordingly, thereby moving into a region
with lower doses. For the rectum and bladder, planned D, values were lower in the
o-mm margin plans than in the 3-mm margin plans by, on average, 6.8 Gy (range: 4.0-
9.0 Gy) and 5.2 Gy (range: 4.1-5.9 Gy), respectively. As a result, rectum and bladder
sparing were found to be considerably better for the o-mm margin plans. When using the
correction strategies to achieve 98% CTV coverage in at least 98% of treatments, rectum
doses differed from the planned values by, on average, 0.1 + 3.0 Gy and 0.2 * 1.2 Gy for
the o-mm and 3-mm margin plans, respectively, whereas bladder D, values differed by,
on average, 0.3 = 1.9 Gy and 0.4 * 1.2 Gy, respectively. The effect of intrafraction prostate
motion on urethra dose was generally small.

Discussion

In this study, the actual delivered dose in the presence of intrafraction motion was sim-
ulated for hypofractionated CyberKnife prostate treatments with a SIB. To achieve the
98% CTV coverage in at least 98% of the treatments, rotational corrections of up to 10°
and up to 5° (in addition to full translational corrections) were required for a o-mm and
3-mm margin, respectively. This requirement may be perceived as very strict but is in line
with the excellent treatment outcomes that should be considered standard in this patient
group (71). It is important to note that other treatment uncertainties (e.g. beam delivery
inaccuracy and delineation uncertainty) were not considered in the current study and
that additional margins should be applied to account for these treatment uncertainties.
An important finding of the current study is the fact that more frequent imag-
ing/correction (e.g. 15-s time interval) does not necessarily result in improved CTV
coverage. As image acquisition and correction take time, the fraction duration increased
with a decreasing time interval (figure 4.2), which resulted in larger residual errors when
displacements were not fully corrected (see Appendix 4.A). This might also explain the
improved robustness of the 3-mm adaptive timing plans, which had considerably shorter
treatment times than the standard treatment plans. The optimal time interval and to
what extent it can further improve the delivered dose should be established in future
research. Xie et al. (54) performed a geometrical analysis and advised a time interval of
approximately 40 s, which is considerably shorter than 60 to 180 s recommended in this
study. The current study shows that short time intervals should be used with caution.
Prostate motion data measured by the Calypso system was previously used to per-
form a dosimetric evaluation of helical tomotherapy (HT) and step-and-shoot intensity-
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modulated radiation therapy (IMRT) (58, 59). In contrast to the findings in the current
study, the effect of intrafraction motion was concluded to be generally low for both
delivery techniques. This is probably due to the fact that these studies only included
prostate translations and due to the use of larger PTV margins (5 mm, 3 mm in pos-
terior direction), homogeneous dose distributions and 2 Gy fractions in HT and IMRT
treatments. Whether the findings of the current study also hold for hypofractionated
prostate treatments delivered using different treatment machines, but with a similar SIB
scheme and tight margins, should be established in future studies.

We used CT data from 3 prostate cancer patients previously treated in our clinic using
the CyberKnife, as the CT data corresponding to the Calypso motion tracks were not at
our disposal. Correlation between patient anatomy and prostate motion was therefore
missing. Although rectum and bladder doses varied considerably (figure 4.4), we ob-
served very similar patterns for the CTV dose for all 3 patients. Based on these results,
we speculate that the findings of the current study also hold for other patients.

In the current study, rotations around the left-right axis were derived from the mea-
sured anterior-posterior translations, and we randomly combined motion tracks to ob-
tain tracks of sufficient length. These operations might have introduced errors compared
with actual prostate motion during a CyberKnife treatment fraction. This is, however,
difficult to verify, as intrafraction motion data for fractions of comparable length are
not reported in the literature. A detailed description of the simulated prostate motion is
provided in Appendix 4.A, which can be used for comparison and to relate the outcomes
of this study to CyberKnife treatments at other institutes. A further limitation of this
study is the assumption of rigid organ motion, which can be realistically assumed for
the prostate (without vesicles) and urethra, but is likely to be inadequate for the rectum
and bladder. However, as the high-dose regions in these organs are located very close to
the prostate, rigid motion seems a reasonable assumption for the D, .-parameter that we
evaluated. Finally, we assumed the densities encountered by each beam along its path to
be constant during the entire treatment.

Conclusions

For hypofractionated CyberKnife prostate treatments with a simultaneously integrated
boost, intrafraction motion can have a substantial impact on doses delivered to the CTV,
boost volume, rectum and bladder. Applying robot corrections with a time interval of
60 to 180 s was found to be an effective way to account for prostate motion. To ensure



62 | Intrafraction prostate motion during hypofractionated robotic radiation surgery

98% CTV coverage in more than 98% of the treatments, translational and rotational
corrections up to 10° are recommended when using a o-mm margin, while rotational
corrections up to 5° are advised when using a 3-mm margin. Rectum and bladder were
spared considerably better by using a o-mm margin. The adaptive time interval feature
did not improve delivered dose distributions.
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Abstract

This study investigates whether ‘pencil beam resampling) i.e. iterative selection and
weight optimization of randomly placed pencil beams (PBs), reduces optimization time
and improves plan quality for multi-criteria optimization in intensity-modulated proton
therapy, compared with traditional modes in which PBs are distributed over a regular
grid. Resampling consisted of repeatedly performing: (1) random selection of candidate
PBs from a very fine grid, (2) inverse multi-criteria optimization, and (3) exclusion of
low-weight PBs. The newly selected candidate PBs were added to the PBs in the existing
solution, causing the solution to improve with each iteration. Resampling and traditional
regular grid planning were implemented into our in-house developed multi-criteria
treatment planning system ‘Erasmus-iCycle. The system optimizes objectives succes-
sively according to their priorities as defined in the so-called ‘wish-list. For five head-
and-neck cancer patients and two PB widths (3 and 6 mm sigma at 230 MeV), treatment
plans were generated using: (1) resampling, (2) anisotropic regular grids and (3) isotropic
regular grids, while using varying sample sizes (resampling) or grid spacings (regular
grid). We assessed differences in optimization time (for comparable plan quality) and in
plan quality parameters (for comparable optimization time). Resampling reduced opti-
mization time by a factor of 2.8 and 5.6 on average (7.8 and 17.0 at maximum) compared
with the use of anisotropic and isotropic grids, respectively. Doses to organs-at-risk were
generally reduced when using resampling, with median dose reductions ranging from 0.0
to 3.0 Gy (maximum: 14.3 Gy, relative: 0%-42%) compared with anisotropic grids and
from -0.3 to 2.6 Gy (maximum: 11.4 Gy, relative: -4%-19%) compared with isotropic
grids. Resampling was especially effective when using thin PBs (3 mm sigma). Resam-
pling plans contained on average fewer PBs, energy layers and protons than anisotropic
grid plans and more energy layers and protons than isotropic grid plans. In conclusion,
resampling resulted in improved plan quality and in considerable optimization time
reduction compared with traditional regular grid planning.
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5‘| Introduction

In spot-scanned intensity-modulated proton therapy (IMPT), discrete proton pencil
beams (PBs) are successively delivered to the target volume. Each PB (or ‘spot’) has a
beam direction, beam width, lateral position and energy, and is individually weighted
during inverse treatment planning. Conventionally, in IMPT treatment planning, can-
didate PBs of a certain beam width are distributed over the target volume using a reg-
ular grid for each beam direction (12). This grid can be isotropic (Cartesian grid) or
anisotropic. For the latter, the spacing between energy layers is typically smaller than the
lateral spot spacing or non-uniformly depending on the Bragg peak width in depth (72,
73). The lateral spot spacing and the spacing between energy layers must be defined by
the user before the optimization can start. Smaller grid spacing theoretically results in
improved plan quality, as the degrees of freedom during inverse optimization increase
(73). However, the use of very fine grids is limited during treatment planning by the
optimization time. Optimization times will increase when using finer grids, due to an
increase in the number of PBs. Selecting a grid spacing thus involves making a trade-oft
between plan quality and planning time (73). This is particularly relevant for large target
volumes.

To improve IMPT treatment planning efficiency, an alternative to regular grid plan-
ning is presented in this study, called ‘PB resampling’ (also denoted as ‘resampling’). The
principle of resampling is to repeat the inverse optimization, while randomly selecting
in each iteration a relatively small set of candidate PBs from a very fine grid. This has two
potential advantages. Firstly, the optimization problem is divided into multiple smaller
sub-problems. Since optimization times typically grow polynomially with the number
of PBs, this is very likely to reduce optimization time. Secondly, more optimal PB place-
ment may be possible, as the PBs are not confined to a coarse regular grid. Resampling
was originally developed for treatment planning in robotic radiosurgery using the Cy-
berKnife, where it was shown to successfully improve CyberKnife treatment planning
efficiency and to additionally allow for delivery time reductions of up to approximately
60% (33, 67).

The aim of this study is to compare the performance of PB resampling for multi-
criteria IMPT treatment planning with traditional isotropic and anisotropic regular grid
planning, in terms of plan quality and optimization time. This comparison will be made
for two PB widths and five oropharyngeal cancer patients. This treatment site is charac-
terized by relatively large target volumes and many organs-at-risk (OARs) surrounding
the target.
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52 Methods and materials

Treatment planning system

Treatment plans for IMPT were generated using ‘Erasmus-iCycle; an in-house developed
multi-criteria treatment planning system (66), which was extended with proton PB scan-
ning. The system performs ‘prioritized’ or ‘lexicographic’ optimization. This means that
objectives are optimized successively according to their pre-selected priorities instead of
optimizing a single objective function in which the relative importance of each objective
is a priori defined by a weighting factor (32). Erasmus-iCycle switches to optimizing the
next objective with a lower priority when the desired or optimal value for the current
objective is obtained and constrained. This procedure is continued until none of the
objectives can be optimized any further. In this way, Erasmus-iCycle always produces
treatment plans that are pareto-optimal with respect to the considered objectives. The
hard constraints and the objectives with their priorities are defined by the user in the
so-called ‘wish-list. Typically, the same wish-list can be used for an entire patient group,
thereby allowing for fully automated treatment planning (70). This also enables an ob-
jective treatment planning comparison between planning techniques, as user-related
variability is not present.

The proton dose calculation algorithm used by Erasmus-iCycle was developed at the
Massachusetts General Hospital and Harvard Medical School, where it is implemented in
the in-house developed treatment planning system ASTROID (23). The dose calculation
algorithm uses a superposition-convolution approach in order to account for density
heterogeneities. Dose calculation voxels of 3 x 3 x 3 mm3 were used (73), which provided
a reasonable trade-off between dose accuracy and calculation time.

Pencil beam resampling

Resampling and traditional regular grid planning were implemented in the Erasmus-
iCycle treatment planning system. Figure 5.1 shows the flow charts for each technique.
Resampling mainly differed from regular grid planning on two aspects, which are high-
lighted in the flow chart. Firstly, candidate PBs were selected by randomly sampling a
user-defined number of PBs from a very fine grid. Secondly, a loop was introduced in
which the candidate PB selection, dose matrix calculation, inverse optimization, and PB
reduction were repeated. In this loop, newly selected candidate PBs were added to the PBs
in the existing solution, after which they were optimized all together. Since the previous
solution was thereby available in the set of candidate PBs to be optimized, the solution
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Figure 5.1: Flow charts of traditional regular grid planning (A) and resampling (B) as implemented in the
treatment planning system. Main differences are highlighted by the thick red lines (in B). See section 5.2
for details and explanation of the ‘pencil beam (PB) reduction’ loop.

only improved throughout iterations. In this study, resampling was terminated after a
user-defined number of iterations, but a stopping criteria based on a preset minimal plan
parameter improvement could also be used.

A ‘PB reduction’ loop was included in each resampling iteration to avoid excessive
growth in the set of candidate PBs. In this loop, PBs with a weight below the mini-
mum weight (0.001 Giga-protons (Gp)) and 5% of the lowest contributing PBs were
iteratively excluded from the solution after which the remaining PBs were reoptimized.
The contribution of a PB was defined as the maximum dose delivered to the targets.
All previously achieved dose parameters were constrained during the reoptimization,
thereby maintaining plan quality, and only the sum of the beam weights was minimized.
Beam reduction was terminated when the exclusion of the 5% lowest contributing PBs
no longer resulted in a feasible solution and when all PBs had a weight higher than the
minimum beam weight. In this way, an efficient and deliverable set of PBs was obtained.
PB reduction was also performed at the end of regular grid planning to allow for a fair
comparison between the optimization techniques.
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Proton pencil beam model

Available proton energies ranged from 70 MeV to 230 MeV, corresponding to ranges in
water from 40 mm to 325 mm, respectively. Two PB widths were evaluated. Thin PBs had
a beam width (sigma in air at the isocenter) ranging from 3 to 7 mm, at 230 MeV and 70
MeV, respectively. Wide PBs had a sigma ranging from 6 to 10 mm, at 230 MeV and 70
MeV, respectively. In order to irradiate superficially located targets, a single range shifter
of 75 mm water-equivalent thickness was available. The range shifter was modelled such
that it could be inserted during the delivery of a field.

Patient group and dose prescriptions

Data of five oropharyngeal cancer patients were used in this study. We used this treat-
ment site, as it combined large target volumes with many neighboring OARs. Dose was
prescribed using a simultaneously integrated boost scheme, prescribing 66 Gy to the
high-dose target and 54 Gy to the low-dose target, delivered in 30 fractions. The high-
dose clinical target volume (CTV) contained the primary tumor and positive neck levels,
and the low-dose CTV consisted of elective neck levels. A CTV to planning target volume
(PTV) margin of 5 mm in all directions was used to account for treatment uncertainties
(74-76). The median total PTV (low-dose + high-dose) was 249 ml (range: 176-577 ml),
while the high-dose PTV only had a median value of 107 ml (range: 19-267 ml).

The wish-list for this patient group is presented in table 5.1. We used a clinically
accepted wish-list for IMRT in oropharyngeal patients (70), which was adjusted to IMPT
treatment planning in close collaboration with a physician. The minimum PTV doses
were constrained, implying that these were always fulfilled in the treatment plan. Within
these constraints, the planning system successively optimized maximum PTV doses,
high-dose conformality, OAR doses, low-dose conformality, unspecified tissue dose and
cumulative beam weight (expressed in Gp). The dose values of the PTV constraints and
objectives were chosen according to the aim of having 95% of the prescribed dose in at
least 98% of the PTV (V.4 > 98%) and 107% of the prescribed dose in not more than 2%
of the PTV (V4,4 < 2%) (75). To obtain a steep dose fall-off from the high-dose PTV to
the low-dose PTV, the low-dose PTV was divided during treatment planning into a 5 mm
transition region (PTV-intermediate) and the remaining low-dose PTV that excluded
the PTV-intermediate (PTV-low’). The objective for the spinal cord and brainstem was
a maximum dose of 15 Gy. If this objective was achieved, an extra optimization run was
performed after optimizing all subsequent objectives to further minimize the dose below
15 Gy. The objective of 15 Gy seems very low compared with a typically used constraint
of 50 Gy. The rationale behind this objective is that it accommodates future irradiations,
while it can be achieved relatively easily using IMPT. Voxels that were located in an over-
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Table 5.1: Wish-list containing the constraints and objectives for the head-and-neck patient group used in
this study. The priority numbers indicate the order in which the objectives are optimized, a low number
corresponds to a high-priority objective. A constraint has always to be fulfilled during treatment planning.
PTV-intermediate is a 5 mm transition region (within PTV-low) at the PTV-high and PTV-low interface. PTV-
low’ was constructed by subtracting PTV-intermediate from PTV-low.

Objective Type Goal Priority
PTV-high minimum 0.98 x 66 Gy constraint
PTV-intermediate minimum 0.98 x 54 Gy constraint
PTV-low’ minimum 0.98 x 54 Gy constraint
PTV-high maximum 1.08 x 66 Gy 1
PTV-intermediate maximum 1.08 x 66 Gy 1
PTV-low’ maximum 1.08 x 54 Gy 1
PTV-high ring 0-5 mm maximum 1.05 x 66 Gy 2
PTV-low ring 0-5 mm maximum 1.05 x 54 Gy 2
Parotid glands mean 0Gy 3
Submandibular glands mean 0Gy 4
Spinal cord maximum 15 Gy 5
Brainstem maximum 15 Gy 5
Swallowing muscles mean 0Gy 6
Larynx mean 0Gy 6
Oral cavity mean 0Gy 6

PTV shell 5mm maximum 0Gy 7
PTV shell 10 mm maximum 0Gy 7
Unspecified tissue maximum 0Gy 8
Cumulative beam weight sum 0Gp 9

lap region between two structures were ascribed to both structures. Due to the prioritized
optimization, the dose in an overlap region was primarily governed by the structure with
the highest priority.

A three-beam coplanar arrangement as described in literature was used, with gantry
angles of 50°, 180° and 310° (76). For each beam direction, candidate PBs were dis-
tributed over the PTV expanded by 5 mm to assure proper dose deposition at the target
edges (12).

Treatment plan generation

Treatment plans were generated using: (1) resampling, (2) anisotropic regular grids and
(3) isotropic regular grids. The characteristics of these three planning approaches are
schematically illustrated in figure 5.2.

For resampling, treatment plans were generated using sample sizes of 1000, 3000
and 5000 PBs per resampling iteration. PBs were sampled from a grid with a spacing of
1 mm in both lateral directions and 2 mm between energy layers. It was possible to use a
smaller energy layer spacing of 1 mm. However, this would hardly improve plan quality,
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Figure 5.2: Schematicillustration of the different treatment planning approaches and their treatment plan-
ning settings: (1) resampling, (2) anisotropic regular grid planning and (3) isotropic regular grid planning.
The settings that were varied during treatment plan generation are depicted in bold.

while it would result in treatment plans with more energy layers and consequently longer
delivery times (see section 5.4 for considerations on the energy layer spacing, plan quality
and treatment time). Resampling was terminated after 15 iterations, as outcomes had
typically converged to a stable solution after this number of iterations (see the Appendix
5.A).

Anisotropic grid plans were generated using a fixed energy layer spacing of 2 mm,
while varying the lateral grid spacing between 6 and 11 mm. As a consequence, the
number of available energy layers in the anisotropic grid plans and in the resampling
plans was similar. Isotropic grid plans were generated using a grid spacing ranging from
4 to 7 mm in both lateral directions and between energy layers. To avoid very long
optimization times, the 6 and 7 mm anisotropic grids and the 4 mm isotropic grid were
not used if the optimization time of a coarser grid spacing was already longer than the
longest resampling plan. Note that as the energy layer spacing in isotropic grid plans was
larger than in anisotropic grid plans, the lateral grid spacing could be smaller for similar
optimization times.

These treatment plans were generated for all patients and for both PB widths, re-
sulting in a total of 450 resampling plans, 52 anisotropic grid plans and 36 isotropic
grid plans. Plan generation was performed on an 8-core computer using MATLAB (The
MathWorks, Inc., Natick, MD).
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Treatment plan evaluation

To evaluate and rank the overall plan quality of each treatment plan, we calculated the
so-called ‘plan-score, which was defined as the weighted-sum of the differences between
the obtained value and the desired value for each objective. A lower plan-score thus cor-
responds to a treatment plan that better meets the objectives as defined in the wish-list.
The weights were obtained by linearly converting the wish-list priority numbers into nor-
malized weighting factors, where a high-priority (low-priority number) corresponded to
a high weight. The plan-score was considered a practical measure, as the multi-criteria
optimization does not provide a straightforward quantitative metric for assessing and
ranking the plan quality. Besides plan-score, treatment plans were evaluated on opti-
mization time, OAR doses and on the number of PBs, energy layers and protons. The
expected delivery time was not part of the evaluation in the current study, but will be
addressed in section 5.4.

We evaluated the efficiency of the planning techniques by comparing the optimiza-
tion time required to achieve a certain plan quality, and the other way around, by com-
paring the plan quality achievable in a certain optimization time. Thus, in comparing
optimization time, anisotropic and isotropic grid plans were compared with resampling
plans with the smallest difference in plan-score. In comparing plan quality, anisotropic
and isotropic grid plans were compared with resampling plans with the smallest dif-
ference in optimization time. For all patients, we only included treatment plans in the
evaluation for which the constraints and objectives of the PTVs were fulfilled. PTV doses
are in this way comparable for all treatment plans evaluated. Statistical analysis of the
results was performed using the Wilcoxon signed-rank test. P-values lower than o.05
were considered to be statistically significant.

Results

The plan-score as a function of the optimization time is given in figure 5.3 for all pa-
tients and both PB widths. In each panel, results are presented for resampling using
sample sizes of 1000, 3000 and 5000 PBs, and for anisotropic and isotropic regular grid
planning using different grid spacings. All graphs show that a better plan quality (lower
plan-score) was achieved in shorter optimization times when using resampling instead
of using traditional anisotropic or isotropic regular grid planning. This improvement
is especially pronounced when using thin PBs. Anisotropic grids generally performed
better than isotropic grids. Some resampling graphs show a minor increase of the plan-
score in successive iterations, suggesting a worsening of the plan quality, despite the
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Figure 5.4: Scatter plot indicating the optimization time of anisotropic and isotropic regular grid plans
(horizontal axis) and the optimization time of their corresponding resampling plans with the smallest
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sample sizes were 5000 and 3000 for thin and wide PBs, respectively.

fact that the optimality of the solution should only improve during resampling. These
small increases are an artefact of the plan-score definition as the weighted-sum of plan
parameters, which is not directly optimized using a prioritized wish-list. For anisotropic
grid planning, the plan quality incidentally worsened when using less coarse lateral grid
spacing, probably due to unfavorable alignment of the grid at the target edge or with
respect to OARs. To obtain treatment plans for all patients that fulfilled the constraints
and objectives of the PTVs, a sample size of 5000 PBs per iteration was required when
using thin PBs, while a sample size of 3000 PBs was sufficient for wide PBs. In further
plan comparisons sample sizes of 5000 and 3000 PBs were used for thin and wide PBs,
respectively. In the treatment plans that fulfilled the PTV constraints and objectives,
the average Vg5, was 99.5% (range: 98.4%-100%) for the high-dose PTV and 99.4%
(range: 98.7%-99.9%) for the low-dose PTV. The V,,, of the high-dose PTV was 0.9%
on average (range: 0.1%-2.2%).

In figure 5.4, the optimization times are depicted for the anisotropic and isotropic
regular grid plans and their corresponding resampling plans with the smallest difference
in plan-score, all fulfilling the PTV constraints and objectives. Resampling resulted in
optimization times reduced by a factor of 2.8 on average (factor of 7.8 at maximum)
compared with anisotropic grid planning and by a factor of 5.6 on average (factor of 17.0
at maximum) compared with isotropic grid planning, averaged over both PB widths.
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Figure 5.5: Box plots depicting the difference in dose parameters between regular grid plans and their
corresponding resampling plans with the smallest difference in optimization time, all fulfilling the PTV
constraints and objectives. The box plots display quartiles. Results for anisotropic grids are given in the
top row, for isotropic grids in the bottom row, for thin PBs in the left column and for wide PBs in the right
column. For resampling, sample sizes were 5000 and 3000 for thin and wide PBs, respectively. Significant
differences are indicated by asterisks (Wilcoxon signed-rank test, p < 0.05).

The figure shows that the relative gain was especially large when the optimization times
of regular grid plans were long.

Figure 5.5 shows for the OARs (in order of priority) the difference in dose parame-
ters between the regular grid plans and their corresponding resampling plans with the
smallest difference in optimization time, all fulfilling the PTV constraints and objectives.
For most OARSs, significant differences in favor of resampling were found. Median dose
improvements ranged from 0.0 to 3.0 Gy (relative: 0%-42%) compared with anisotropic
grids and from -0.3 to 2.6 Gy (relative: -4%-19%) compared with isotropic grids, de-
pending on the OAR and PB width. The submandibular glands, swallowing muscles,
oral cavity and larynx always received lower doses when using resampling instead of an
isotropic grid, with improvements ranging from 0.0 to 6.5 Gy (relative: 0%-27%). Only
for the brainstem in combination with an isotropic grid and thin PBs, regular grid plans
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are depicted in white and organs-at-risk in yellow. The DVHs of the swallowing muscles are not displayed
for clarity.

were found to perform slightly better than the corresponding resampling plans. In this
case however, the difference was not significant (p = 0.97).

The dose distributions and dose-volume histograms (DVHs) of anisotropic grid plans
and the corresponding resampling plans with comparable optimization time are given in
figure 5.6 for patients 2 and 3, for thin PBs. Dose distributions show lower doses in the
oral cavity and improved conformality when using resampling. DVHs show overall dose
reductions for the OARs in the resampling plans, while doses to the high-dose and low-
dose PTVs are similar. Considerably lower doses were observed in patient 2 for the right
parotid gland (mean dose: -2.4 Gy, -10.7%), the left submandibular gland (mean dose:
-4.5 Gy, -13.4%), the oral cavity (mean dose: -5.4 Gy, -19.9%) and the larynx (mean dose:
-4.9 Gy, -13.5%). For patient 3, resampling resulted in pronounced dose reductions for
the brainstem (maximum dose: -11.2 Gy, -80.0%), the oral cavity (mean dose: -3.3 Gy,
-12.0%) and the larynx (mean dose: -3.3 Gy, -19.5%).
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Table 5.2: Average plan characteristics (and extreme values) of the regular grid plans and their correspond-
ing resampling plans with the smallest difference in optimization time, all fulfilling the PTV constraints
and objectives. Characteristics are given for plans generated using thin pencil beams (PBs). Significant
differences between resampling and regular grid planning are indicated by asterisks (Wilcoxon signed-
rank test, p < 0.05).

Anisotropic grid Resampling
Plan-score 105 (4.5-19.7) 9.7 (4.3-18.7)*
Total number of pencil beams 1837 (1073 -3387) 1541 (922-2769)*
Total number of energy layers 186 (164 -218) 185 (160-216)*
Cumulative beam weight [Gp] 3874 (2157 -7443) 3571 (2135-6388)*

Isotropic grid Resampling

Plan-score 11.3 (4.6-20.6) 104 (4.2-19.1)*
Total number of pencil beams 1594 (934 -2811) 1596 (952-2786)
Total number of energy layers 80 (62 -100) 186 (160-216)*
Cumulative beam weight [Gp] 3609 (2121-6226) 3739 (2105-6526)*

Table 5.2 lists for thin PBs the plan characteristics of the regular grid plans and their
corresponding resampling plans with the smallest difference in optimization time, all
fulfilling the PTV constraints and objectives. Resampling plans contained on average sig-
nificantly fewer PBs, energy layers and protons compared with the anisotropic grid plans
and more energy layers and protons compared with the isotropic grid plans (p < 0.05).
In both cases however, the plan-score was significantly lower (better plan quality) in the
resampling plans than in the regular grid plans (p < 0.05).

Discussion

This study showed that PB resampling in IMPT optimization can improve plan quality
compared with traditional isotropic and anisotropic regular grid planning, resulting in
considerable OAR dose reductions as depicted in figures 5.5 and 5.6. Moreover, resam-
pling was found to dramatically shorten optimization times, which was illustrated in
figure 5.4.

Resampling has two important additional advantages over traditional regular grid
planning. Firstly, it allows making a real-time trade-off between plan quality and op-
timization time during treatment planning, as the inverse optimization is performed
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repeatedly. The user can evaluate plan quality and corresponding optimization time after
each resampling iteration and make the decision to continue plan optimization or to
accept the current solution as the final treatment plan. This decision can be automated
by defining a required minimal improvement for the plan-score or a specific OAR. If the
improvement between resampling iterations is lower than this threshold, the optimiza-
tion will be terminated. In this way, valuable optimization resources are only employed
when deemed advantageous by the user. Secondly, resampling eliminates the important
a priori choice of selecting a proper grid spacing. In practice, when using regular grid
planning, the grid spacing is typically chosen based on previous experiences. Several
studies systematically investigated the effect of the grid spacing on plan quality (73, 77).
However, it is unclear how to apply their results to different patient anatomies, beam
arrangements and dose prescriptions. When using resampling, the user has to choose a
priori the number of PBs that will be randomly sampled in each iteration, but the effect
of the sample size on the achievable plan quality was found to be low. This is illustrated
in figure 5.3 by the general overlap of resampling graphs for different sample sizes. Still,
the sample size can be too small to obtain a treatment plan that fulfils the constraints
and objectives of the PTVs. Conversely, figure 5.3 also shows that sometimes smaller
sample sizes resulted in better planning efficiency than larger sample sizes, i.e. an im-
proved plan quality for comparable optimization times or shorter optimization times for
a comparable plan-score. This suggests that there is a certain optimal sample size for each
case, probably depending on target size and PB width. However, for sample sizes that did
provide solutions fulfilling the PTV constraints and objectives, the final plan quality was
found to be rather invariant to the sample size used, whereas the obtained plan quality
could vary considerably with the grid spacing used during regular grid planning.
Although treatment plan optimization could be shortened considerably using resam-
pling, absolute optimization times were still in the order of hours. This mainly resulted
from the fact that our treatment planning system Erasmus-iCycle uses a prioritized opti-
mization approach. The objectives are optimized successively according to their priority
(instead of only once when using a single objective function), resulting in optimization
times that depend approximately linearly on the number of priorities specified in the
wish-list. Also the ‘strictness’ the wish-list can have an effect on the optimization time.
A very challenging wish-list, with for example tight constraints on OAR doses, is likely to
require fine grid spacings (for regular grid planning) or many iterations (for resampling)
to obtain a feasible treatment plan, thereby resulting in relatively long optimization times.
Long optimization times are associated with comparatively small differences in the plan
quality between regular grid planning and resampling (see figure 5.3), but also with large
gains in optimization time when using resampling (see figure 5.4). An important advan-
tage of the prioritized approach is that it allows the treatment planning to be automated.
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Figure 5.7: Plan-score as a function of the optimization time for patient 3. Resampling was performed using
thin PBs, a sample size of 5000 PBs per iteration and an energy layer spacing ranging from 1 to 5 mm.

In the end, this can result in shorter planner hands-on time, as patient-specific tuning of
weighting parameters by trial-and-error is not required (70).

In current proton therapy facilities, the delivery time is typically determined to a large
extent by the number of energy layers in a treatment plan (78). A reduction of the energy
layers can considerably reduce delivery times, but is also likely to result in a worsening of
the plan quality. Figure 5.7 depicts the resampling outcomes for an energy layer spacing
varying between 1 and 5 mm. The difference in plan-score is very small between 1 and 2
mm energy layer spacing (~1% difference), but increases for larger energy layer spacings.
Based on these outcomes, we used an energy layer spacing of 2 mm for resampling and
anisotropic regular grid planning. The expected delivery times of treatment plans were
not explicitly evaluated in the current study. Instead, we compared resampling with
anisotropic grid planning using the same energy layer spacing of 2 mm. This resulted
in a comparison of treatment plans with comparable expected treatment times, in which
resampling was shown to provide better plan quality and shorter optimization times.
For isotropic grid planning, we expect shorter delivery times as the number of energy
layers was lower. However, these plans were also associated with poorer plan quality
and longer optimization times, compared with both resampling and anisotropic grid
planning. Switching times between energy layers are very likely to be shortened in the
future, reducing the impact of the number of energy layers on delivery times (78-80).

In this study, we additionally investigated the effect of the PB width on the planning
outcomes. The use of thin PBs resulted in better plan quality and shorter optimization
times (see figure 5.3). Optimization times for thin PBs were shorter due to the fact that
they have a smaller ‘volume-of-influence’ (i.e. dose is deposited in fewer voxels), thereby
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shortening dose-matrix operations performed during inverse optimization. Figure 5.3
also shows that the difference in plan quality and optimization times between resampling
and anisotropic grid planning was larger for thin PBs than for wide PBs. Since the energy
layer spacing was equal for resampling and anisotropic grid planning, differences in plan
quality between these techniques are likely to have resulted mainly from differences in
lateral positioning of the PBs. The effect of improving lateral PB placement is probably
larger for thin PBs due to their steeper lateral dose fall-off. The effect of the PB width on
plan quality was also investigated in other studies. Van de Water et al. generated IMPT
treatment plans for ten head-and-neck cancer patients using two PB widths (76). When
using thin PBs instead of wide PBs, they found mean dose reductions in the parotid
glands and the oral cavity of on average 2.1 Gy and ~3 Gy, respectively. This is comparable
to mean dose reductions of 3.6 and 4.2 Gy observed in the current study for treatment
plans generated using a similar isotropic grid (5 x 5 x 5 mm?) and beam arrangement. In
the submandibular glands however, they observed a mean dose reduction of 7.7 Gy on
average (maximum of 24.6 Gy), which is much larger than the mean dose reduction of 3.1
Gy on average (maximum of 5.9 Gy) found in the current study. This might be caused by
the fact that they varied the PB width by modelling the use of upstream degraders (thin
PBs) or downstream degraders (wide PBs) for energy modulation, instead of varying
the initial PB width in air (as in the current study). This probably resulted in different
PB widths evaluated and in especially pronounced differences for certain beam energies
and certain OARs. Also Widesott et al. found the plan quality to improve with smaller
PB widths (77). For a head-and-neck case, they observed the target coverage and OAR
sparing to be comparable to that of advanced photon techniques for PB widths equal to
or smaller than 4 mm sigma.

We did not include robustness against setup and range errors in the treatment plan
generation. Instead, we used a PTV margin of 5 mm to account for treatment uncertain-
ties. It is very likely that robust treatment planning will be more effective in accounting
for these treatment uncertainties (81, 82). We speculate that resampling is especially
beneficial for large-scale optimization problems such as robust planning, as the relative
gain in optimization time was found to be particularly large when the optimization times
of regular grid plans were long. Future research should assess whether similar improve-
ments between resampling and regular grid planning will indeed be observed for robust
treatment planning.
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55 Conclusion

Pencil beam resampling for IMPT, i.e. iterative selection and weight optimization of ran-
domly placed pencil beams, resulted in improved plan quality and shorter optimization
time compared with traditional regular grid planning. Optimization times were reduced
by a factor of 2.8 on average (factor of 7.8 at maximum) compared with anisotropic
grid planning and by a factor of 5.6 on average (factor of 17.0 at maximum) compared
with isotropic grid planning. Improvements were especially pronounced when using thin
pencil beams.
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Abstract

Purpose: To shorten delivery times of intensity-modulated proton therapy (IMPT) by
reducing the number of energy layers in the treatment plan.

Methods and materials: We have developed an energy layer reduction method, which
was implemented into our in-house developed multi-criteria treatment planning system
‘Erasmus-iCycle’. The method consisted of two components: (1) minimizing the loga-
rithm of the total spot weight per energy layer, and (2) iteratively excluding low-weighted
energy layers. The method was benchmarked by comparing a robust ‘time-efficient plan’
(with energy layer reduction) with a robust ‘standard clinical plan’ (without energy layer
reduction) for five oropharyngeal cases and five prostate cases. Both plans of each pa-
tient had equal robust plan quality, as the worst-case dose parameters of the standard
clinical plan were used as dose constraints for the time-efficient plan. Worst-case robust
optimization was performed, accounting for setup errors of 3 mm and range errors of
3% +1 mm. We evaluated the number of energy layers and the expected delivery time
per fraction, assuming 30 s per beam direction, 10 ms per spot and 400 Giga-protons per
minute. The energy switching time was varied from 0.1 to 5 s.

Results: The number of energy layers was on average reduced by 45% (range: 30-56%)
for the oropharyngeal cases and by 28% (range: 25-32%) for the prostate cases. When
assuming 1, 2 or 5 s energy switching time, the average delivery time was shortened from
3.9 t0 3.0 min (25%), 6.0 to 4.2 min (32%) or 12.3 to 7.7 min (38%) for the oropharyngeal
cases, and from 3.4 to 2.9 min (16%), 5.2 to 4.2 min (20%) or 10.6 to 8.0 min (24%) for
the prostate cases.

Conclusions: Delivery times of IMPT can be reduced substantially without compromis-
ing robust plan quality. Shorter delivery times are likely to reduce treatment uncertainties
and cost
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6‘| Introduction

A reduction of the delivery time per fraction is likely to have a beneficial effect on patient
comfort, treatment uncertainties and treatment costs. Especially the last two motives
are important for intensity-modulated proton therapy (IMPT). Compared with photon
therapy, IMPT is relatively sensitive to treatment uncertainties (83, 84) and it is associated
with higher treatment costs (24, 85).

In spot-scanned IMPT, each proton pencil beam (or ‘spot’) is spatially characterized
by its lateral position and its position in depth, the latter depending on the energy of
the proton beam. Spots are delivered one-by-one, adjusting the lateral position and/or
energy in between the delivery of each spot. In modern commercial double-scanning
proton delivery systems (i.e. systems in which the proton beam is magnetically deflected
in both lateral directions), the energy switching time is typically in the order of seconds,
causing it to be the major component of the delivery time (78). A reduction of the number
of energy layers in an IMPT treatment plan is therefore likely to result in a reduction of
the delivery time. However, reducing energy layers by simply increasing the energy layer
spacing was demonstrated to result in a worsening of the plan quality (73, 86).

In this paper we hypothesize that the number of energy layers can be reduced with-
out affecting the plan quality, because of the degeneracy of IMPT treatment planning.
Some treatment plans with a comparable plan quality may contain many energy layers,
while others contain fewer. By taking the number of energy layers into account during
treatment planning (which is typically not done), the solution can potentially be steered
towards an outcome with fewer energy layers. For CyberKnife treatment planning, a sim-
ilar approach resulted in treatment plans with fewer principal beam directions, thereby
reducing delivery times in robotic radiosurgery (67).

The aim of this study is to reduce the delivery time per fraction of robust IMPT
treatment plans without compromising the dosimetric plan quality. To this purpose,
we developed a method to incorporate the reduction of energy layers in the treatment
planning process. This method was implemented into our treatment planning system
and tested by generating robust treatment plans for five oropharyngeal cancer patients
and five locally-advanced prostate cancer patients.

62 Methods and materials

Treatment planning system

The novel energy layer reduction method was implemented into our in-house devel-
oped treatment planning system ‘Erasmus-iCycle’ (66, 86). The planning system does
not optimize a single objective function that is the weighted-sum of all objectives, but it



dose parameters

i i
[} [}
| | candidate spot ' i Pencil beam resampling
__________________________ i
! selection: | r !
1 : 1 !
] regular grid ] ! 4| Candidate spot !
] ] .
] J ] I > selection: .
| | ! !
] ] ! random !
: Dose matrix : : ¥ :
: calculation : : !
} [}
] ] ! Dose matrix '
[} [}
] < ] ! calculation '
} [}
[}
| Robust Soot : : E |
Ll [}
' prioritized po : : I
H N reduction i ] Robust Spot ]
' optimization " ] s . !
| . ] prioritized reduction !
! T : : optimization A I
} . . [}
: : \ (|nc|. logarithm Energy layer :
] .
| : I of e-layers) reduction !
| | High-resolution : : 5 !
| |dose calculation : | \ !
[}
l I . !
I & e : .
| High-resolution :
' -
| Standard clinical plan | >i . ]
dose calculation ]
| Worst-case ' '
} [}
} [}

_________l ___________________ !

| Time-efficient plan |

Treatment plan comparison:

- Worst-case dose parameters
- Number of energy layers
- Expected delivery time

Figure 6.1: Study workflow describing treatment plan generation and comparison. The differences be-
tween the standard clinical plan and the time-efficient plan are highlighted in red.



Methods and materials | 89

performs ‘prioritized’ or ‘lexicographic’ multi-criteria optimization instead. This means
that objectives are optimized one-by-one according to their priorities, which are defined
a priori by the user in the so-called ‘wish-list. Generally, a single wish-list can be used
per patient group, which enables fully automatic treatment planning. Automatic plan
generation allows for an objective comparison between different planning strategies and
was shown to result in superior plan quality compared with manual planning (70, 87).

Erasmus-iCycle features two planning methods for IMPT, which are schematically
illustrated in figure 6.1. Firstly, treatment plans can be generated using the traditional
planning method in which the candidate spots are distributed over the target volume
using a regular grid with a spot spacing defined by the user (denoted as ‘regular grid
planning’). Secondly, treatment planning can be performed using the new and more
efficient ‘pencil beam resampling’ method, as described by Van de Water et al. (86). This
method uses an iterative approach in which the multi-criteria optimization is performed
repeatedly, while adding in each iteration a new sample of randomly selected candidate
spots to the obtained solution. The user has to define the sample size and a stopping cri-
terion to terminate the iterative resampling process. Pencil beam resampling was shown
to reduce optimization times by a factor of 2.8-5.6 on average, compared with traditional
regular grid planning (86).

In Erasmus-iCycle, both planning methods feature a ‘spot reduction’ loop (indicated
in figure 6.1). After each multi-criteria optimization, low-weighted spots and spots with
a weight below the minimum deliverable spot weight are iteratively excluded from the
solution, while constraining previously achieved dose parameters. The exclusion of spots
is terminated when further reduction results in a violation of previously achieved dose
parameters. In this way, Erasmus-iCycle will always generate deliverable plans that are
efficient in terms of the number of spots (86).

The treatment planning system also features a robust planning mode to generate
IMPT treatment plans that are robust against setup errors and range errors. Erasmus-
iCycle uses a ‘minimax’ approach for this purpose (88, 89). The nominal scenario and
several error scenarios are simultaneously included in the multi-criteria optimization,
optimizing the worst scenario for each objective. In this study, robust optimization was
performed using a total of nine scenarios: the nominal scenario (1 scenario), 3 mm setup
errors in positive and negative directions along three axes (6 scenarios), and a proton
undershoot and overshoot of 3% +1 mm (2 scenarios).

The proton dose calculation algorithm used for IMPT treatment planning was de-
veloped at the Massachusetts General Hospital and Harvard Medical School, where it
is implemented in their in-house developed radiotherapy platform ASTROID’ (23).
The algorithm accounts for density heterogeneities using a superposition-convolution
approach. In this study, we used a dose grid with 3 x 3 x 3 mm? resolution. Available
proton energies ranged from 7o to 230 MeV with corresponding beam widths ranging
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from 7 to 3 mm sigma (in-air at the isocenter), respectively. A range shifter of 75 mm
water-equivalent thickness could be inserted during the delivery of a field. The minimum
deliverable spot weight was 0.001 Giga-protons.

Energy layer reduction method

The energy layer reduction method that we developed in this study consisted of two
components. The first component was the introduction of an additional objective, which
aimed at minimizing the logarithm of the total spot weight per energy layer. The loga-
rithm has a steeper gradient at lower values, causing the optimizer to focus on the min-
imization of spot weights in low-weighted energy layers, thereby redistributing them to
relatively high-weighted energy layers. The second component was the iterative exclusion
of low-weighted energy layers, which was implemented as an extension of the spot reduc-
tion loop described above. After each multi-criteria optimization, low-weighted energy
layers were excluded from the solution first, before switching to the iterative exclusion
of individual spots. The energy layer reduction was terminated when further exclusion
resulted in the violation of previously achieved dose parameters. Excluded energy layers
were not available during candidate spot selection in subsequent resampling iterations.

Patient data and dose prescription

Data of five oropharyngeal cancer patients and five locally-advanced prostate cancer
patients were used in this study. The oropharyngeal cases (three unilateral and two bi-
lateral cases) were prescribed a simultaneously integrated boost of 66 Gy to the primary
tumor and positive neck levels, and 54 Gy to the elective neck levels, delivered in 30 frac-
tions. The median high-dose clinical target volume (CTV) was 41 ml (range: 5-106 ml),
while the median total high-dose and low-dose CTV was 95 ml (range: 67-229 ml). The
prostate cases were prescribed a simultaneously integrated boost of 74 Gy to the prostate
expanded by a margin of 4 mm, and 55 Gy to the seminal vesicles and pelvic lymph
nodes, both expanded using a margin of 7 mm. These margins were applied to construct
an internal target volume (ITV) in order to account for the organ-specific interfraction
motion in prostate cases (90). The median high-dose ITV was 60 ml (range: 56-65 ml)
and the median total high-dose and low-dose ITV was 875 ml (range: 810-957 ml).
The wish-lists containing the constraints and objectives for both patient groups are
given in Appendix 6.A. The constraints and objectives of the target volumes were cho-
sen such that the volume receiving 95% of the prescribed dose was higher than 99%
(Vgsw > 99%) and the volume receiving 107% of the prescribed dose smaller than 2%
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(V1079 < 2%) in all error scenarios included in the optimization. For the oropharyngeal
cases, we included the salivary glands, spinal cord, brainstem, larynx, oral cavity and
swallowing muscles as organs-at-risk (OARs) in the robust optimization, whereas the
rectum, bladder and femur heads were considered for the prostate cases. The oropharyn-
geal cases were planned using a 3-beam arrangement (gantry angles: 60°, 180° and 300°),
whereas the prostate cases were planned using a 2-beam arrangement (gantry angles: 90°
and 270°) (76, 90).

Study design

To assess the effectiveness of the proposed energy layer reduction method, we compared
for each patient a robust ‘time-efficient’ IMPT plan with a robust ‘standard clinical’ IMPT
plan. The study workflow is depicted in figure 6.1. Firstly, the standard clinical plan was
generated using traditional regular grid planning without energy layer reduction, resem-
bling clinical practice in currently operating proton facilities. Regular grid planning was
performed using a lateral spot spacing of 7 mm, corresponding to approximately two
times the width (sigma) of the smallest spot (73). The spacing between energy layers
depended on the proton energy and was set to the longitudinal width of the Bragg peak
(at 80% of the peak height) (72, 73). Secondly, the time-efficient plan was generated using
the new pencil beam resampling method with energy layer reduction. The worst-case
dose parameters of each objective achieved in the standard clinical plan were used as
dose constraints for the time-efficient plan, to ensure comparable robust plan quality
in both treatment plans. Pencil beam resampling was performed using a sample size of
5000 spots per iteration, which were randomly selected from a grid with 1 mm lateral
spot spacing and the same energy layer spacing as used for the standard clinical plan.
Time-efficient plan generation was terminated when the number of energy layers could
not be reduced any further in two consecutive resampling iterations.

We compared the worst-case dose parameters of the CTVs (oropharyngeal cases),
ITVs (prostate cases) and OARs, considering all nine scenarios included in the robust
optimization. Next to that, we evaluated the number of energy layers and the expected
delivery time per fraction (i.e. time between the delivery of the first spot and the last spot,
excluding patient setup), which was calculated assuming 30 s per beam direction (gantry
rotation and beam setup), 10 ms per spot (lateral spot adjustment) and 400 Giga-protons
per min (beam current). The energy switching time was varied between 0.1 and 5 s, as
this was assumed to cover the variety in currently operating spot-scanning systems, from
the PSI gantry 2 to a slow-switching system respectively (91, 92). Switching times of 1,
2 and 5 s were assumed to be typical values for commercial systems and are therefore
explicitly mentioned in this paper.



Table 6.1: Average worst-case dose parameters and delivery parameters (and range) for the standard clin-
ical plans and the time-efficient plans of the oropharyngeal and prostate cases. The conformity index was
defined as the patient volume receiving 95% of the prescription dose divided by the target volume (CTV
orITV).

Oropharyngeal cases (n=>5)

Parameter Standard clinical plan Time-efficient plan Relative difference
CTV-low Voso, [%] 99.5 (99.3-99.7) 99.6 (99.4-99.8) 0% (0-0%)
CTV-high Vo504 [%] 99.4 (99.0-99.8) 99.5 (99.3-99.8) 0% (0-0%)
CTV-high V1079 [%] 0.3 (0.1-0.7) 0.3 (0.1-0.7) 31% (-40-113%)
Parotid glands mean [Gy] 14.1 (6.9-27.0) 14.1 (7.0-27.0) 0% (0-2%)
Submandibular mean [Gy] 34.7 (12.3-59.6) 34.7 (12.4-59.6) 0% (-1-0%)
glands
Spinal cord max [Gy] 20.7 (19.7-21.3) 20.3 (19.6-20.9) -2% (-4-0%)
Brainstem max [Gy] 19.4 (18.3-20.4) 19.4 (18.2-20.6) 0% (-10-13%)
Larynx mean [Gy] 18.0 (8.7-33.9) 18.0 (8.7-33.7) 0% (-1-0%)
Oral cavity mean [Gy] 19.5 (6.8-32.7) 19.5 (6.8-32.7) 0% (-1-0%)
Swallowing muscles mean [Gy] 23.9 (13.6-34.4) 23.8 (13.1-34.7) -1% (-3-1%)
Cl-low 2.23 (1.99-2.48) 2.20 (1.93-2.43) -2% (-3-0%)
Cl-high 2.19 (1.98-2.41) 2.13 (1.98-2.31) -2% (-4-0%)
Beam directions 3 (3-3) 3 (3-3) 0% (0-0%)
Energy layers 126 (107-144) 71 (52-100) -45% (-56—-30%)
Spots 2099 (1123-3314) 1809 (1050-2841) -12% (-18—7%)
Total spot weight [Gp] 3899 (2046-6411) 3855 (2069-6298) -1% (-3-1%)
Delivery time (1 s) [min] 3.9 (3.5-4.5) 3.0 (2.6-3.6) -25% (-30—-18%)
Delivery time (2 s) [min] 6.0 (5.3-6.9) 4.2 (3.4-5.3) -32% (-39--22%)
Delivery time (5 s) [min] 12.3 (10.6-14.1) 7.7 (6.1-10.3) -38% (-48--26%)
Prostate cases (n=5)
Parameter Standard clinical plan Time-efficient plan Relative difference
ITV-low Voso, [%] 99.3 (99.1-99.4) 99.3 (99.1-99.4) 0% (0-0%)
ITV-high Vo505 [%] 99.3 (98.7-99.7) 99.5 (98.8-99.8) 0% (0-0%)
ITV-high V1079 [%] 0.1 (0.0-0.1) 0.1 (0.0-0.3) 29% (-67-190%)
Femur left max [Gy] 50.9 (50.5-51.3) 50.8 (50.2-51.3) 0% (-2-0%)
Femur right max [Gy] 50.3 (48.7-51.0) 50.2 (47.8-51.1) 0% (-2-1%)
Rectum mean [Gy] 26.3 (16.3-38.9) 26.2 (16.3-38.9) 0% (0-0%)
Bladder mean [Gy] 39.2 (34.1-43.6) 39.2 (34.1-43.6) 0% (0-0%)
Femur left mean [Gy] 279 (20.9-31.8) 27.9 (20.9-31.8) 0% (0-0%)
Femur right mean [Gy] 30.9 (27.9-35.5) 30.9 (27.9-35.6) 0% (0-0%)
Cl-low 1.61 (1.55-1.69) 1.62 (1.56-1.71) 1% (0-1%)
Cl-high 1.54 (1.51-1.59) 1.56 (1.51-1.59) 1% (-1-3%)
Beam directions 2 (2-2) 2 (2-2) 0% (0-0%)
Energy layers 107 (101-112) 77 (72-83) -28% (-32--25%)
Spots 3835 (3445-4360) 3649 (3069-4300) -5% (-15-8%)
Total spot weight [Gp] 8326 (7867-9056) 8169 (7777-8839) -2% (-2--1%)
Delivery time (1's) [min] 3.4 (3.3-3.5) 2.9 (2.7-3.1) -16% (-19--12%)
Delivery time (2 s) [min] 5.2 (49-54) 4.2 (3.9-45) -20% (-23—-17%)
Delivery time (5 s) [min] 10.6 (10.5-61.0) 8.0 (7.5-8.6) -24% (-27--21%)

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl-low = low-dose conformity index; Cl-high = high-dose conformity index; Gp = Giga=protons.



Results | 93

63 Results

Table 6.1 lists the plan parameters of the standard clinical plans and the time-efficient
plans for the oropharyngeal cases and the prostate cases. For both patient groups, the
table shows that the worst-case dose parameters were nearly identical, indicating compa-
rable robust plan quality for both types of treatment plans. The number of energy layers in
the time-efficient treatment plans was on average reduced by 45% (range: 30-56%) for the
oropharyngeal cases and by 28% (range: 25-32%) for the prostate cases, compared with
the standard clinical plans. The corresponding delivery times per fraction are depicted in
figure 6.2 as a function of the energy switching time. When assuming energy switching
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Figure 6.2: Average delivery time as a function of the energy switching time for standard clinical plans
(solid lines) and time-efficient plans (dashed lines). Whiskers indicate minimum and maximum values.
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Figure 6.3: Worst-case dose-volume histograms for the standard clinical plan (solid lines) and the time-
efficient plan (dashed lines) of one oropharyngeal case and one prostate case. Histograms depict the worst-
case value for each dose-volume point.

times of 1, 2 or 5 s, the average delivery time of the oropharyngeal cases was shortened
from 3.9 to 3.0 min (25%, range: 18-30%), from 6.0 to 4.2 min (32%, range: 22-39%) or
from 12.3 to 7.7 min (38%, range: 26—48%). For the prostate cases, the delivery time was
reduced from 3.4 to 2.9 min (16%, range: 12-19%), from 5.2 to 4.2 min (20%, range: 17—
23%) or from 10.6 to 8.0 min (24%, range: 21-27%) on average, when assuming energy
switching times of 1, 2 or 5 s, respectively. The (field-specific) plan parameters of each
individual patient are provided in Appendix 6.B.

The worst-case dose-volume histograms (DVHs) of both treatment plans for one
oropharyngeal case and one prostate case are displayed in figure 6.3. The worst-case
DVHs were constructed by taking for each dose-volume point the worst value from the
nine scenarios included in the optimization (nominal, 3 mm setup errors, 3% +1 mm
range errors). The curves are generally located very close to each other, indicating a good
agreement between the standard clinical plans and the time-efficient plans. Figure 6.4
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Figure 6.5: Total spot weight per energy layer for each beam direction of the standard clinical plan (blue)
and the time-efficient plan (red) of the oropharyngeal and prostate cases depicted in figures 6.3 and 6.4.

shows for both cases the corresponding total dose distributions and the doses per field
for the nominal scenario. The total dose distributions of the standard clinical plans and
the time-efficient plans were very similar, especially for the oropharyngeal case. Larger
differences can be observed in the dose distributions of the individual fields, illustrating
the degeneracy of IMPT treatment plans. For the oropharyngeal case, the intensity of the
individual fields could differ between both types of plans. For the prostate case, a change
in the spatial distribution can be observed, indicating a redistribution of the spots within
the remaining energy layers in the time-efficient plan.

The total spot weight per energy layer is depicted in figure 6.5 for the same cases
as shown in figures 6.3 and 6.4. The energy layer reduction method generally resulted
in a redistribution of spots from low-weighted energy layers to high-weighted energy
layers, which was observed most strongly for the oropharyngeal case. The graphs show
that the energy layers were not excluded evenly from all beam directions or uniformly
across the proton energy range. Furthermore, the excluded low-weighted energy layers
did not necessarily correspond to low proton energies, as illustrated by beam 3 of the
oropharyngeal case.
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64 Discussion

This study shows that the number of energy layers in robust IMPT treatment plans can
be reduced considerably without affecting the dosimetric plan quality. This can result in
a substantial shortening of the delivery time.

It should be noted that the delivery times reported in this study did not include
the time required for patient setup. The relative gain in overall treatment efficiency will
therefore depend on the patient setup time and on the number of treatment rooms that
share the proton beam. In multi-room centers, patient setup can take place while patients
in other treatment rooms are irradiated. If patient setup can be completed within the
delivery time in other rooms, a shortening of the delivery time will reduce the beam
waiting time and enable more efficient use of multiple treatment rooms. This can result
in an increase in the number of treated patients and subsequently in a reduction of treat-
ment costs. Regardless of the type of facility, delivery time reduction may also improve
patient comfort and reduce treatment uncertainties, as intrafraction displacements of for
example spine, prostate and liver tumors tend to increase with delivery time (21, 55, 62,
93).

Very recently, Cao et al. published an alternative method to reduce energy layers
in IMPT treatment plans (94). They proposed a mixed-integer programming approach,
iteratively reducing the number of energy layers until the plan quality degraded beyond
a user-defined level. The number of energy layers in non-robust IMPT treatment plans
was reduced by 14-19% for prostate cases, by 11% for a lung case and by 26% for a
mesothelioma case, when allowing for the cost-function value to worsen by 5%. Our
study shows that energy layer reduction can also be performed for robust IMPT treat-
ment plans and without compromising dosimetric plan quality. The larger energy layer
reduction observed in this study (25-56% vs. 11-26% by Cao et al.) might be explained by
differences between both methods or by differences in patient and plan characteristics.
More details on the performance of the different components of our method are provided
in Appendix 6.C.

A reduction of the number of energy layers can also be achieved by an enlargement
of the energy layer spacing, but this was shown to compromise plan quality (73, 86).
We verified this for one oropharyngeal case by generating a standard clinical plan using
an energy layer spacing increased by a factor of 2. The lateral spot spacing was reduced
to keep the total number of optimized spots approximately the same. This resulted in an
energy layer reduction (50%) which was comparable to the reduction in the time-efficient
plan of this patient (52%). However, worst-case doses in the submandibular glands were
increased by 7.1 Gy (+33%, mean dose), in the spinal cord by 3.3 Gy (+17%, maximum
dose), in the larynx by 13.0 Gy (+149%, mean dose), in the oral cavity by 5.2 Gy (+30%,



98 | Shortening delivery times of IMPT

6.5

mean dose) and in the swallowing muscles by 12.1 Gy (+68%, mean dose), compared
with the time-efficient plan.

These results confirm that energy layers cannot be excluded before the start of treat-
ment planning without compromising plan quality. Energy layer reduction should be
incorporated in the planning process, as it makes use of the interchangeability of spots
within and between the applied beam directions. This might also explain why fewer
energy layers were excluded in the prostate cases. For these patients, it is more difficult
to exchange spots between beam directions, as the pelvic lymph nodes on either side
of the patient were mainly irradiated from a single beam direction to spare centrally
located OARs. The effect of other patient and plan characteristics (e.g. tumor size, tissue
heterogeneities, beam directions) on the performance of energy layer reduction should
be investigated in future research.

The number of energy layers was incorporated in the mathematical optimization by
means of the logarithm of the total spot weight per energy layer. However, the logarithm
is a concave function and this can give problems during optimization. As a consequence,
it required 16.7 hours on average to complete the fully automated energy layer reduction.
It would therefore be useful to find a convex function to include the number of energy
layers in the mathematical optimization.

Conclusions

The number of energy layers in robust IMPT treatment plans can be reduced consider-
ably without affecting the dosimetric plan quality. The method presented in this study
resulted in an average energy layer reduction of 45% and 28% for oropharyngeal and
prostate cases, respectively. When assuming 1, 2 or 5 s energy switching time, the delivery
time was on average shortened by 25%, 32% or 38% for the oropharyngeal cases, and
by 16%, 20% or 24% for the prostate cases. Shorter delivery times are likely to reduce
treatment uncertainties and costs.
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Abstract

Purpose: Setup, range, and anatomical uncertainties influence the dose delivered with
intensity-modulated proton therapy (IMPT), but clinical quantification of these errors
for oropharyngeal cancer is lacking. We quantified these factors and investigated treat-
ment fidelity, that is, robustness, as influenced by adaptive planning and by applying
more beam directions.

Methods and materials: We used an in-house treatment planning system with multi-
criteria optimization of pencil beam energies, directions, and weights to create treatment
plans for 3-, 5-, and 7-beam directions for 10 oropharyngeal cancer patients. The dose
prescription was a simultaneously integrated boost scheme, prescribing 66 Gy to primary
tumor and positive neck levels (clinical target volume-66 Gy; CTV-66 Gy) and 54 Gy
to elective neck levels (CTV-54 Gy). Doses were recalculated in 3700 simulations of
setup, range, and anatomical uncertainties. Repeat computed tomography (CT) scans
were used to evaluate an adaptive planning strategy using non-rigid registration for dose
accumulation.

Results: For the recalculated 3-beam plans including all treatment uncertainty sources,
only 69% (CTV-66 Gy) and 88% (CTV-54 Gy) of the simulations had a dose received by
98% of the target volume (Dygy,) > 95% of the prescription dose. Doses to organs-at-risk
(OARs) showed considerable spread around planned values. Causes for major deviations
were mixed. Adaptive planning based on repeat imaging positively affected dose delivery
accuracy: in the presence of the other errors, percentages of treatments with Dggy, > 95%
increased to 96% (CTV-66 Gy) and 100% (CTV-54 Gy). Plans with more beam directions
were not more robust.

Conclusions: For oropharyngeal cancer patients, treatment uncertainties can result in
significant differences between planned and delivered IMPT doses. Given the mixed
causes for major deviations, we advise repeat diagnostic CT scans during treatment,
recalculation of the dose, and if required, adaptive planning to improve adequate IMPT
dose delivery.
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7‘| Introduction

Intensity-modulated proton therapy (IMPT) uses proton pencil beams with varying po-
sition and energy, whose intensities are optimized individually. Oropharyngeal tumors
form an attractive site for IMPT because of their complex shape and proximity to organs-
at-risk (OARs). Improved OAR sparing is expected compared to intensity-modulated
radiation therapy (IMRT) (75, 95), potentially resulting in reduced negative side effects.
In IMPT, however, uncertainties may exist that cause the delivered dose to seriously
deviate from planning and thus reduce the benefit of IMPT. These uncertainties include
anatomical changes (e.g. organ motion, changes in air cavities, tumor regression, weight
loss), patient setup errors and range uncertainties from uncertainties in computed to-
mography (CT) Hounsfield units (HU), conversion of HUs into stopping power and
reconstruction artifacts (82-84, 96-98).

Various works discuss IMPT treatment uncertainties (82-84, 95, 98) and mitigation
by robust optimization (81, 82, 88, 89, 99—-103). Many studies focusing on dose impacts
of treatment uncertainties (82-84, 98) show one or few patient cases, do not include
oropharyngeal patients, or do not include combined effects of treatment uncertainties.
Robust optimization studies (81, 82, 88, 89, 99-103) typically present results obtained
with robust treatment plans (i.e. to confirm the effectiveness of a particularly robust
algorithm). In this context, for head-and-neck cancer patients, a recent article by Liu
et al. (99) focused on differences between various robust optimization strategies to com-
pensate range and patient setup errors. However, the impact of anatomical changes and
realistic simulation of all treatment-related uncertainties was not presented. Simone et
al. (95) compared adaptive IMRT with IMPT for head-and-neck cancer patients but did
not investigate the impact of range and setup errors. Despite the concerns for robustness
of IMPT for head-and-neck cancer and the interest to treat head-and-neck cancer with
IMPT, a realistic and comprehensive overview of the effects of treatment uncertainties
on the delivered dose is still lacking. Furthermore, such studies are needed, a priori, to
assess the required level of robustness mitigation in clinical practice.

This study presents a realistic and accurate (3700 simulations from 10 oropharyn-
geal cancer patients) analysis of the effects of treatment uncertainties on the delivered
dose. First, we studied the impact of anatomy, range and setup errors, separately and
combined, by simulating realistic treatments. Moreover, we evaluated the effect of range
and setup errors of different magnitudes. Results for target and OARs are readily inter-
preted in terms of dose-volume histogram (DVH) parameters. Second, we investigated
2 approaches, not yet reported, to make treatments robust and applicable independent
of robust optimization by posing the questions: (1) how is treatment precision affected
by adaptive planning i.e. replanning based on repeated imaging, as recommended in
IMRT (104)?; and (2) does plan robustness improve by choosing more beam directions,
as postulated by Unkelbach et al. (82)?
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72 Methods and materials

Patient group

We included 10 prospectively selected oropharyngeal cancer patients treated at Erasmus
MC Cancer Institute in 2004 and 2005, aged 48 to 83 years old (mean, 60 years old)
(table 7.1). Each patient had a planning and a repeat CT scan, the latter at 46 Gy. Scans
were enhanced by administration of intravenous contrast (100 ml of Omnipaque, 647 mg
of iohexol per ml, see Discussion). The primary tumor was delineated by a radiation on-
cologist on each CT. Contouring of OARs was assisted by atlas-based autosegmentation
(106) and edited if needed. Artifact reduction software (107) was used for 5 patients
with metal teeth implants. The dose prescription was a simultaneously integrated boost
scheme, prescribing 66 Gy to the primary tumor and positive neck levels (CTV-66 Gy)
and 54 Gy to elective neck levels (CTV-54 Gy) in 30 IMPT fractions. CTV volumes are
shown in table 7.1. We defined the planning target volumes (PTV)-66 Gy and PTV-54 Gy
as the CTV-66 Gy and CTV-54 Gy with 5-mm margins. Being aware that margin recipes
are not fully valid for IMPT, we recall that this would be sufficient in IMRT to account for
setup errors of 1.5 mm standard deviation on systematic and random components (75,
108). We quantified the amount of anatomical change between the 2 CTs as the average
deformation of salivary glands and primary tumor measured in 6 directions, as suggested
by Vasquez-Osorio et al. (105) (table 7.1, last column).

Table 7.1: Summary of patient characteristics.

Patient Site TNM Planning CT: Planning CT: Repeat CT: Repeat CT: Average
staging Volume CTV-66 Gy Volume CTV-54 Gy Volume CTV-66 Gy Volume CTV-54 Gy deformation*
(cm?) (em) (cm) (em3) (mm)
1 Base of tongue TIN2c 106 199 82 176 4.2
2 Base of tongue T3N2a 99 313 73 268 33
3 Tonsil T2N1 43 165 37 156 25
4 Tonsil T2NO n 77 9 75 31
5 Soft palate T2NO 14 72 10 67 24
6 Base of tongue T3N2a 68 221 47 191 6.6
7 Tonsil T2NO 5 67 5 72 23
8 Tonsil TIN1 4 95 35 87 25
9 Base of tongue T3N3 178 343 132 296 6.6
10 Base of tongue TIN2c 70 294 63 252 45
Patient 63 185 49 164 3.8

average

Abbreviations: CT = computed tomography; CTV-66 Gy = Clinical Target Volume receiving 66 Gy (primary tumor and positive neck
levels); CTV-54 Gy = Clinical Target Volume receiving 54 Gy (elective neck levels).

*
Average deformation was measured in 6 directions as suggested by Vasquez Osorio et al. (105).
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Proton delivery system

We used the pencil beam scanning techniques from Hong et al. (109) and Kooy et al.
(23). The proton energy ranged from 45 MeV to 230 MeV. Range shifters were applied
when needed for lower energies. The distance between energy layers was 2 mm in water.
The full width at half the maximum (FWHM) of the pencil beam ranged from 9 mm at
230 MeV to 21 mm at 45 MeV (numbers for 5 cm of air excluding range shifters (23,
109)).

Planning technique

Treatment planning used an in-house developed IMPT treatment planning system. The
proton dose calculation algorithm from Hong et al. (109) and Kooy et al. (23) was in-
tegrated in an automated plan generation platform called ‘Erasmus-iCycle’ (66, 110). It
performed multi-criteria optimization, which optimized objectives sequentially accord-
ing to a list of prioritized objectives and hard constraints, identical for all patients. The
minimal PTV dose was a hard constraint, while prioritized objectives included (in order
of priority) minimizing maximum PTV dose, target conformality, and minimization of
dose to all OARs and unspecified tissues (see Appendix 7.A for details). We applied a
newly developed method of iterative resampling of randomly placed pencil beams (86).
The dose grid resolution was 3 x 3 x 3 mm?.

For each patient, treatment plans with 3, 5, and 7 beam directions were created for
planning and repeat CT. The 3-beam plan is the basis against which dose deviations
and adaptive planning strategy were quantified and has coplanar beams at -50°, 50°,
and 180° as published previously (75). We generated plans with 5 and 7 beam directions
with uniformly spaced angles, starting at 0°, to investigate robustness versus more beams.
Examples of dose distributions are shown in figure 7.1.

Simulation and quantification of dose deviations

Anatomical uncertainties

These were modeled by calculating the treatment plan dose for fractions 1 to 15 on the
planning CT and for fractions 16 to 30 on the repeat CT. Dose accumulation for OARs
and target, both subject to deformation, of the first and second part of the treatment was
performed with an in-house developed non-rigid registration method (105).
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Figure 7.1: Dose distributions for patient 4. (Top) planned dose for 3 (a), 5 (b), and 7 (c) beam directions.
(Bottom, d) calculated dose delivered to repeat CT when treated with original 3-beam plan, and (e) de-
livered dose when applying a 4-mm posterior isocenter shift to the original CT. Target is shown in white;
organs-at-risk (cord, parotids, oral cavity) are in yellow.

Range uncertainties

These were simulated by recalculating the treatment plans on a CT scan with all CT
numbers systematically increased or decreased by a given percentage of its value, as
proposed by Lomax et al. (83). We investigated shifts in CT numbers ranging from -5%
to +5% with steps of 1%. Negative (positive) values represent an overshoot (undershoot)
of the Bragg peak.

Setup uncertainties

We simulated an online patient setup correction protocol with bony anatomy as refer-
ence. Ideally, setup errors are zero after applying online corrections. Residual errors,
however, remain from intrafraction motion or uncorrected deformations of the bony
structures (97). These were simulated by applying rigid isocenter shifts in anterior-
posterior (AP), superior-inferior (SI), and right-left (RL) lateral directions. For each
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patient, we simulated 4o treatments of 30 fractions each. For each simulated treatment,
we did the following:

o A systematic shift (§ap, Os1, Orr) was applied, fixed for all fractions. The size
of each 8§ (AP, SI, or RL) was determined randomly and independently from a
normal distribution with standard deviation X (108).

o A random shift (Aap, Ag;, Agr) was applied, varying for each fraction. The size
of each A was determined randomly from a normal distribution with standard
deviation o (108).We assumed that 0 = X (108).

« The total isocenter shift for each fraction was determined, which was the vector
sum of the above-described 2 contributions; and a dose matrix was calculated for
each fraction.

o The resulting 30 dose matrices of all fractions were added to obtain the total dose
for 1 treatment.

This was repeated 4o times, yielding 40 dose matrices per patient, representing 40
treatments. We repeated this procedure for £ = 0 = 1.0, 1.5, 2.0, 2.5, and 3.0 mm.

All uncertainties combined

We investigated the combined effect of all errors by including them simultaneously. We
included a range shift of -3% (83) and setup errors £ = 0 = 1.5 mm (both following
the procedure above for both planning and repeat CT), corresponding to the average
residual setup error from bony anatomy deformation (97). We applied the treatment plan
to the planning CT for fractions 1 to 15 and to the repeat CT for fractions 16 to 30. Non-
rigid registration was used for dose accumulation between the CTs. We simulated 40
treatments of 30 fractions, yielding 40 dose distributions per patient.

Improving treatment quality

Adaptive planning

We investigated the effect of adaptive planning (based on repeat imaging) on treatment
quality by repeating the simulations and including all errors as described above, but
now applying for fractions 16 to 30 a newly created plan based on the repeat CT. Forty
treatments were simulated per patient.

Increased beam directions

Analogue to the 3-beam plans, we simulated 40 treatments that included all errors for
5 and 7 beam directions (see section “All uncertainties combined” above) to investigate
whether plan robustness improved when applying more beam directions.



106 | Dose uncertainties in IMPT for oropharyngeal cancer

Anatomical error

100 Range error _
cTv
66Gy

100

Setup error 2=0=1.5 mm

= Planned = Planned
Delivered -3% HU

—-—- Delivered +3% HU

= Planned

Delivered

—-=" Delivered

80 80

l

=—+=—: Mean delivered

CTV 54Gy

60 60 60

Volume(%)

40 40 40

Right parotit'ﬁ N

20 20 20

) N ] . AN
00 10 20 30 40 50 60 70 80 00 10 20 30 40 50 60 70 80 G0 10 20 30 40 50 60 70 80
Dose(Gy) Dose(Gy) Dose(Gy)
All errors All errors+replanning

100

—— Planned = Planned

— Delivered

Delivered

o

60

80

==+ Mean delivered =+=: Mean delivered

Volume(%)

40

20

N - ‘s N
0 10 20 30 40 50 60 70 80 G0 10 20 30 40 50 60 70 80
Dose(Gy) Dose(Gy)

Figure 7.2: Example of dose-volume histograms of patient 1 with various errors included for 5 sets of
simulations. For visualization, we show only the target regions and 2 organs-at-risk.

In summary, for each patient we performed 291 treatment simulations for 3-beam
directions (nominal situation: 1 simulation; range error: 9 simulations; anatomical un-
certainty: 1 simulation, setup error: 40 x 5 = 200 simulations; combined errors: 40 sim-
ulations; adaptive plan: 40 simulations), 40 simulations for 5-beams, and 40 simulations
for 7-beams. For 10 patients this resulted in a total of 3710 treatment simulations.

Evaluation

Plan evaluation was based on DVHs following ICRU recommendations (111) (fig-
ure 7.2). For CTV-66 Gy and CTV-54 Gy, we considered the percentages of the target
volumes receiving at least 95% and 107% of the prescribed dose (V59 and V-4, respec-
tively) (111) and dose received by 98% of the target volume (Dygy,) (111). For cord and
brainstem, we report dose to 2% of the volume (D,s,) for near-maximum dose (111),
while for other OARs, we report mean doses (111). Statistical analysis of the differences
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among the plans for 3, 5, and 7 beam directions used the ANOVA test (p-value < 0.05
was considered significant).

Results

Below we report the dose deviations in our simulated treatments and corroborate our
findings with the treatment intent that g9o% of the patient population should have
Dysy > 95% (108). We also highlight a few large dose deviations.

Quantification of dose deviations

Anatomical errors

Figure 7.1d shows an example of the dose degradation that resulted from applying the
treatment plan from the planning CT to the repeat CT. Figure 7.3 summarizes dose effects
for all simulations. For the target (figure 7.3a, ‘anatomical error’), the effect of anatomical
errors was clearly visible in the Dggy,. The increase in target hot spots was small, except
for patient 9 (V4,9 = 14%, see Appendix 7.B). Anatomical errors had a negative impact,
but Dyg, for all patients was >95%. For CTV-66 Gy and CTV-54 Gy, the average Dggs,
reduction was -1.9% and -2.1%, respectively. For CTV-66 Gy, the V4, increase due to
anatomical errors was correlated with its size (Pearson correlation, 0.76; p =0.011) and a
trend toward a moderate correlation was observed for the average deformation (Pearson
correlation, 0.64; p = 0.058). The biggest increase in OAR dose (figure 7.3b, “anatomical
error”) was in patient 6, with a 9.2 Gy increase in the brainstem (see Appendix 7.C).

Range error

Figure 7.4 (left panels) shows the impact of range errors. For CTV-66 Gy, we note that for
range errors within 4%, more than 90% of the patient population has Dggy, > 95%, whereas
for CTV-54 Gy, even larger range errors do not cause a violation. Figure 7.3 shows the
impact of a -3% range error on target (figure 7.3a) and OARs (figure 7.3b). For CTV-
66 Gy and CTV-54 Gy the average Dyg,, reductions were -2.0% and -2.2%, respectively.
The average increase for the 10 patients in D,,, (for cord, brainstem) and mean dose (for
other OARs) was less than 1 Gy for all OARs.
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Figure 7.3a: For the 10 patients, impact of various uncertainties on target dose are shown. Solid markers
represent medians, boxes are spread between the 25th and 75th percentiles, and lines extend to the
minimum and maximum of the 40 simulations. Because CTV-54 Gy contains CTV-66 Gy region, the V979
and Dggg, of CTV-54 Gy are naturally high for all patients.

Setup error

Figures 7.1a and 7.1e demonstrate the impact of a 4-mm rigid isocenter shift on delivered
dose. Figure 7.4 (right panels) shows the effects of setup errors. All parameters show
an increase in target dose deterioration with increasing setup errors. At ¥ = ¢ = 2 mm
(CTV-66 Gy), the treatment intent that 9o% of the population have Dgygy, > 95%, was
not satisfied anymore. Figure 7.3a (‘setup error’) summarizes the dose effects for > = o
= 1.5 mm for target. For both CTVs, the median reduction in Dgyg,, was small, although
with alarge spread around the median. The largest Dygy, spread in CTV-66 Gy was seen in
patient 4 with a relatively small tumor. For OARs (figure 7.3b), we quantified the effect
of the setup error ¥ = ¢ = 1.5 mm by calculating the average, standard deviation, and
maximum values across all simulations of the delivered minus the planned maximum
dose (cord, brainstem) or mean dose (other OARs). The average dose increase across all
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Figure 7.3b: For the 10 patients, impact of various uncertainties on organs-at-risk are shown.
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Table 7.2: Percentage of simulations satisfying Dggo, > 95% (or Vgsg, > 98%).

Patient All errors Replanning
CTV-66 Gy CTV-54 Gy CTV-66 Gy CTV-54 Gy
1 88% 100% 92% 100%
2 90% 95% 100% 100%
3 75% 98% 100% 100%
4 40% 90% 85% 100%
5 28% 95% 98% 100%
6 82% 100% 100% 100%
7 68% 20% 90% 98%
8 95% 98% 100% 100%
9 60% 100% 100% 100%
10 62% 82% 100% 100%
All patients 69% 88% 96% 100%

simulations was less than 1 Gy for each OAR, although some large variations between
individual treatments were observed (figure 7.3a).

All errors combined

Figures 7.3a and 7.3b show that the combination of errors can lead to inferior treatments.
For CTV-66 Gy and CTV-54 Gy, percentages of simulations with Dggs, > 95% were only
69% and 88%, respectively (table 7.2), which is clinically unsatisfying. Hot spots increase:
the average increase in V4,4 (i.e. delivered minus planned V) across all simulations
was 5.1% in V4,9 (CTV-66 Gy) and 2.9% (CTV-54 Gy). For OARs, we found average
dose increases below 1 Gy but again large variations among treatments were present.
The largest variation was in the right parotid, with a standard deviation in mean dose
difference of 3.6 Gy and a maximum difference of 11.3 Gy (see Appendix 7.D). The
spinal cord showed a standard deviation in the maximum dose difference of 2.2 Gy and
a maximum difference of 9.5 Gy (see Appendix 7.E).

Treatment quality improvement

Adaptive planning

Figure 7.3 and table 7.2 demonstrate how adaptive planning positively affects dose de-
livery. Target coverage showed a clear increase. For CTV-66 Gy and CTV-54 Gy, 96%
and 100%, respectively, of simulations had a Dggy, > 95%, now safely complying with
the treatment intent that 9o% of the population has Dygy, > 95% (table 7.2). Target hot
spots decreased compared to the scenario were no adaptive planning was applied: the
delivered minus planned V4, was now only 1.5% (CTV-66 Gy) and 2.0% (CTV-54 Gy).
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For OARs, the dose spread was reduced. For patient 4, the spinal cord dose was reduced
greatly due to the lower cord dose in the repeat CT plan.

More beam directions

Appendix 7.F gives dose effects for plans with 3, 5, and 7 beam directions. As shown
in Appendix figure 7.E.1, plans with 5 or 7 beam directions were not significantly more
robust than plans with 3 beam directions.

Discussion

An important observation is that the errors individually do not lead to serious target
underdosage (Dygs, < 95%) but that combined effects of the errors generate serious prob-
lems and cause the treatment intent (Dygy, > 95% for at least 90% of the patient population
(108)) not to be fulfilled. We recommend for IMPT studies that simulations combine all
uncertainties to study site-specific clinical robustness requirements.

Concerning anatomical deformations, 1 of the 10 patients had a significant increase
in hot spots. This patient had substantial target volume shrinkage (178 to 132 ml for
CTV-66 Gy, table 7.1), deformation (6.6 mm, table 7.1), and weight loss, resulting in in-
correct spatial pencil beam matching in the target (see Appendix 7.B for details). Patient
6, with similar deformation, did not show serious target hot spots but instead showed
a large dose increase to the brainstem (see Appendix 7.C). Small changes in V4, were
seen in patients 3, 5, 7, and 8, with small CTV volumes and small deformations (2.3-
2.5 mm). Factors such as initial tumor size can help to estimate which patients risk large
dose deviations, as shown by the significant correlation between the increase in V.,
and the tumor size. On the other hand, only a moderate correlation was found between
increase in V.4, and deformation. Much higher patient statistics and a thorough clas-
sification of anatomy changes (tumor shrinkage, weight loss, swelling, and others) are
needed to identify patients at risk. In the absence of accurate prognostic factors, repeat
imaging, dose recalculation and, if required, adaptive planning are recommended to
ensure sufficient target coverage and to avoid unwanted exposure of OARs. The timing
and frequency of repeated imaging are subjects for future research.

We found no dramatic dose modifications when studying range errors separately.
This is a significant clinical observation, as range errors are considered one of the primary
concerns in robust optimization algorithms. A different spot placement technique could
alter this, as shown by Lomax et al. (83).

In the simulations that include setup errors, median dose deviations are small, but
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the dose spread is large both for OARs and target. Dose deteriorations in the target are
caused by incorrect spatial matching of pencil beams, resulting in target hot spots, and by
target misalignment (figures 7.1e and 7.3a). The impact on V., is seen to be largest for
small tumors (table 7.1, patients 4 and 7), which is explained by the larger relative impact
of a misalignment on these small volumes. The 5-mm CTV margin helps to account
for target misalignment but cannot fully avoid dose impacts. Robust optimization could
reduce the contribution of this error source (99). In addition, based on figure 7.4, it is
highly recommended that the systematic and random setup errors (X and o, respectively)
are kept below 2 mm, for instance by the use of online image guidance. This would also
work to deal with problems such as a different position of the neck at planning and during
treatment.

Concerning combined errors, the simulations (figure 7.3) showed that the combined
occurrence of errors can amplify negative dose effects. We saw for patient 6 a large dose
increase in the brainstem (see Appendix 7.C), where the combined effect of the errors was
larger than the sum of the effects separately (figure 7.3b). This was also observed for the
spinal cord of patient 8 (see Appendix 7.E). Given the mixed causes for deviations, dose
distortions are very difficult to predict without recalculating the dose with uncertainties
included.

Treatment accuracy can be substantially improved by applying adaptive planning,
increasing the percentage of treatments with Dyge, > 95% safely to above 9o%. Because
adaptive planning increases staff workload and costs, the optimal adaptive strategy would
have to be defined. Treatment plans with more beam directions were not more robust,
in contrast to what was suggested by by Unkelbach et al. (82). We suggest that the use
of more beam directions does not necessarily solve dose deteriorations resulting from
pencil beam mismatching or anatomical changes. We are aware that the choice of uni-
formly spaced beam angles may not be optimal and that beam-angle optimization (112)
may result in a more optimal choice, which could alter our observation. Other ways
to improve treatment robustness not investigated here are to use wider pencil beams
(however, this is expected to worsen OAR sparing (76)) or to apply robust optimization
to dampen the effect of range and patient setup errors (99).

A limitation of this study is that intrafraction setup errors (i.e. changes in patient po-
sition during the fraction) were not modeled separately and dose calculation errors were
not included. Both are expected to have only minor dose impact (62, 83). We verified
that the contrast fluid in our CTs, which led to a slight increase in inhomogeneities and
thereby possibly influenced the simulations, did not alter our results.
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75 Conclusions

Based on 3700 simulated treatments for oropharyngeal cancer patients, we quantified
the dose differences between planned and delivered IMPT doses in targets and OARs.
Without action against treatment uncertainties, the treatment intent (Dggy, > 95% for at
least 90% of the patient population) was not fulfilled. Given the mixed causes for major
deviations observed, we advise acquisition of repeat CT scans and dose recalculation to
properly assess delivered dose. If required, adaptive planning is effective for mitigating
the effect of treatment-related uncertainties. Applying more than 3 beam directions did
not increase plan robustness.
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Abstract

The potential of tumor tracking for active spot-scanned proton therapy was assessed.
Using 4D dose calculation and simulated target motion, a tumor tracking algorithm has
been implemented and applied to a simple target volume in both homogenous and het-
erogeneous in-silico phantoms. For tracking and retracking (a hybrid solution combin-
ing tumor tracking and rescanning), three tracking modes were analyzed: ‘no tracking’
(uncorrected irradiation of a moving target), ‘perfect tracking’ (no time delays and exact
knowledge of target position) and ‘imperfect tracking’ (simulated time delays or position
prediction errors). For all plans, dose homogeneity in the target volume was assessed
as the difference between D;, and Dy in the CTV. For the homogeneous phantom,
perfect tracking could retrieve nominal dose homogeneity for all motion phases and
amplitudes while severe deterioration of treatment outcomes was found for imperfect
tracking. The use of retracking reduced the sensitivity to position errors significantly
in the homogeneous phantom. In the heterogeneous phantoms (simulated rib proximal
to target), the nominal dose homogeneity could not be obtained with perfect tracking.
Adjustments in pencil beam positions could cause pencil beams to deform under the in-
fluence of the bone, resulting in loss of dose homogeneity. As retracking was not capable
of reducing these effects, rescanning provided the best treatment outcomes for moving
heterogeneous targets in this study.
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8‘| Introduction

Proton therapy using scanned beams is a fast maturing technology (22, 113). Although
predominantly still delivered in the research environment, more than 1000 patients have
now been treated worldwide with either scanned proton or carbon ion beams. Initial
clinical results are extremely encouraging (16, 17, 114), and based on this, many new
and planned particle therapy facilities are currently working on, or have recently started,
using scanned proton beams clinically. In contrast to passive scattering, the traditional
approach to delivering particle beams for therapy, scanning generally allows for better
dose conformation and reduced dose to all surrounding normal tissues (115). In addi-
tion, it provides the flexibility to deliver so-called intensity-modulated proton therapy
(12, 13), which provides the power and flexibility similar to that provided through the
introduction of IMRT techniques in photon therapy. Consequently, many believe that
scanning is the future of particle therapy delivery.

However, as with any highly dynamic delivery technique, scanned particle beam
therapy is extremely sensitive to organ motion. With this approach, narrow pencil beams
of particles (typically only a few millimetres in width) are scanned across the target using
scanning magnets and, in some cases, a motion of the treatment table (22). In addition,
the depth of the Bragg peak is varied (116), either by varying the energy of the particle
beam at a source (if using a synchrotron) or through the insertion of varying thicknesses
of a preabsorber material (if using a cyclotron). Either way, any motion of the target or
patient can significantly affect the form of the delivered dose, through the interplay of
the motion of the beam with the motion of the target or patient (the so-called interplay
effect). The sensitivity of scanned particle beams to motion was already pointed out by
Phillips et al. (117), who showed that, with only a 2.5 mm motion of one pencil beam
in relation to another (or equivalently, a motion of the target by 2.5 mm between the
delivery of the two pencil beams), localized dose increases or decreases of up to 20%
could be expected (117). This effect was subsequently verified experimentally at PSI using
amoving table to simulate motion (118). Much work has also been done by the GSI group
for carbon ion scanned beams, again confirming the deleterious effects of organ motion
and the interplay effect on scanned particle beams (119). Due to these effects, scanned
beams have up to now primarily been employed against static or quasi-static tumors,
particularly tumors attached to bony or rigid soft tissue structures or in the cranium.

Similar interplay effects have also been studied for IMRT (120), and a number of
solutions proposed, including gating (121) and tracking (122, 123). Similar efforts are
now being made for scanned particle delivery, with some groups exploring the potential
of tumor tracking using scanned carbon ion beams (124-127), and others looking into
rescanning and gating (119, 120, 128). Indeed, in principle, using a scanned particle beam
is ideally suited to tumor tracking, in that, once one knows where the tumor is or how it is
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moving, the steering elements of the scanning delivery hardware are more than capable of
being adjusted to ‘follow’ the tumor, with typical scanning times of 5 ms mm™, which is
generally much faster than any motions in a patient due to breathing. However, there are
nevertheless some question marks over the efficacy of tracking, given the highly sensitive
nature of scanning to small spatial errors (117), the difficulty in obtaining a reliable signal
of the tumor’s whereabouts as it moves and lastly, the fact that, even if the location of the
tumor is exactly known, there will be an inevitable delay between obtaining this signal,
analyzing it and adjusting the scanning parameters or trajectory to adjust for this motion.

The goal of this study was to assess by simulation the influence of such tracking un-
certainties on the treatment outcome for scanned proton beam therapy in both homoge-
neous and heterogeneous volumes. In addition, we introduce the concept of ‘retracking,
whereby the advantages of tracking are combined with the robustness of rescanning in an
attempt to reduce the sensitivity of pure tracking to the inevitable uncertainties resulting
from the tracking process.

Methods and materials

Gantry

The simulations were performed for treatments with the gantry 2 of PSI (79), which
is currently being developed at PSI as the successor of gantry 1 (22). The coordinate
system that was used to describe the position of the spot position relative to the gantry
is displayed in figure 8.1. Gantry 2 is equipped with two sweeper magnets to perform
fast beam translations in the - and u-direction and the spot position can be adjusted
continuously in depth (s-direction) with an energy degrader. The energy degrader con-
sists of carbon wedges that can be inserted into the beam line. During beam position
adjustments, the beam is switched off. For a spot translation of 5 mm, the adjustment
times are approximately 150 ms*, 4 ms and 5 ms for the s-, t- and u-direction respectively.
In order to minimize the total treatment time, the ¢-direction is set to be the primary
scanning direction followed by the u-direction as the secondary scanning direction and

* Since this work was performed, we have found that our new gantry 2 will be able to change energy at a
rate of about 80 ms per 5 mm range step. We do not believe that this changes the validity of our results or
conclusions, however.
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Figure 8.1: lllustration of the gantry/beam coordinate system. The black spots indicate the planned spot
positions and the dotted line shows the order in which they are applied.

the s-direction as the tertiary scanning direction. This t-u-s scanning order is illustrated
in figure 8.1. For all simulations, discrete (rather than continuous) scanning has been
assumed.

Beam sizes in air used for the simulations were those of our existing treatment gantry
at PSI, which are about 3 mm sigma. However, the actual beam size entering the phantom
is a rather complex function of energy (determined by the insertion of different numbers
of range shifters (22)) and the air gap between the last range shifter and the patient. A
previous analysis of beam size calculated over many fields and patients has shown that,
on average, the beam size at the Bragg peak is about 8 mm sigma (129), and it can be
assumed that that is the average beam width at the Bragg peak for the plans analyzed in
this work.

Target

Simulations were performed with simple mathematical phantoms. The homogeneous
phantom consisted of a square box of water with a 30 x 40 x 50 mm rectangular clinical
target volume (CTV) located in the centre. For the planning target volume (PTV), a
margin of 5 mm around the CTV was used. A heterogeneous phantom was constructed
from the homogeneous phantom by modelling a single bone (elliptical in shape, with
a maximum thickness of 40 mm) in the proximal region of the target. When a tumor
moves relative to a bone, adjustments of the spot position in depth are only necessary
when changes in the thickness of the bone (or boundaries) are present in the direction
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Figure 8.2: Two views of the heterogeneous phantom for target motion in the u-direction. The phantom is
a square box of water (grey) with the CTV and PTV outlined in yellow. The bone is illustrated in white. The
dotted line indicates the beam orientation.

of the target motion. To isolate the effect of the bone on tracking, the bone was mod-
elled such that it had only changes in thickness and boundaries in the motion direction.
Perpendicular to the direction of target motion, the thickness of the bone was constant
and it fully overlapped the PTV as seen from BEV perspective. This approach required
two heterogeneous phantoms for target motion in the ¢- and u-direction, with the bone
rotated over 9o°. In figure 8.2, the heterogeneous phantom for target motion in the u-
direction is depicted. The gantry and couch angles were both set to o° for all simulations,
meaning that the incidence of the pencil beams was perpendicular to the upper side of
the phantom.

For all simulations, a fixed CTV-to-PTV margin of 5 mm was used. Although ideally,
this margin would be customized depending on the motion management method used, it
has been deliberately left unchanged here in order to not distort the results by introducing
another variable (i.e. a variable PT'V margin depending on the motion and/or accuracy
of the tracking). By adopting a single PT'V for all cases, we wanted to study what would
happen to CTV coverage for cases where perfect tracking was assumed but cannot be
perfectly applied, i.e. under conditions of different tracking inaccuracies. In addition, as
the same PTV was used for all simulations, it enables a more direct comparison of the
results between these techniques.
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Target motion

To simulate respiratory motion, the target was given uniform displacements in either ¢-
or u-direction according to the cos*-function given in equation 8.1. The cos* is a well-
known mathematical simulation of respiratory motion (130, 131):

dx(T) =A(_§+COS4(T£0_¢)) (8.1)

with A the amplitude (peak-to-peak) (mm), T, the period of respiration (s) and ¢ the
starting phase.

The breathing period was set to be 5 s and the amplitude of the motion (peak-to-
peak) was varied from o to 15 mm. The phase of the motion at the start of the treatment
was varied from o to 27r. The cos*-function was given a negative offset equal to its average,
to make the average displacement equal to o during a breathing period.

In order to simulate the PTV moving relative to the bone, a partial motion field was
used for the heterogeneous targets. The proximal part of the phantom containing the
bone was kept static whereas the distal part containing the PTV was ascribed motion.
This resulted in a discontinuity in the motion field and in the dose distribution as well.
However, it did not affect the dose distribution within the target. Moreover, discontinu-
ous motion fields can occur in real life, for example with the liver, which slides along the
abdominal wall (132).

Motion in depth (s-direction) and non-uniform (non-rigid) motion were not sim-
ulated to avoid problems with compression of tissue and to keep the dose calculations
simple.

Treatment plan

The treatment plans for the phantoms were made by PSIplan, the in-house developed
treatment planning system for static treatments with gantry 1. A regular spot distribution
within the target was made, and by inverse optimization, the optimal beam weights for
each applied spot were determined. The spot spacing was 5 mm in the ¢-direction, 4 mm
in the u-direction and 4.6 mm water equivalent distance in the s-direction (thickness of
the range shifter plates in gantry 1). The treatment plans for the phantoms used in this
study contained approximately 2100 spots. For a prescription dose of 0.6 Gy (equivalent
to the dose of a single field of a three field plan), the treatment time was approximately
20.1 s of which roughly half was beam-on time and half was beam adjustment time.
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Dose calculation

To simulate the effects of motion, a 4D dose calculation algorithm has been used to
simulate the dose deposition in moving targets. It is based on a simple dose relation for
a proton pencil beam in a static target. The dose d in a dose grid point at (s4gp, Zagp» Udgp)
delivered by a pencil beam with its spot position at (St tspors Uspor) can be calculated
with equation 8.2:

D *(tspot*tdgp)z *(“spot*”dgp)z
w 2 2
20 e 20%, (8 . 2)

w

= (4
2
2moy,

with D,, the integral dose at a radiological depth w (Gy mm?®) and o,, the beam width at
a radiological depth w (mm).

The radiological depth w is calculated by taking the density integral along a straight
line from the dose grid point to the source (gantry nozzle) and dividing it by the density
of water. The integral dose D,, at w can be derived from a standard depth-dose curve
for 250 MeV protons in water, taking into account the beam weight and range shifter
settings, whereas the beam widths are calculated taking into account scatter in the patient
and range shifters, plus the additional effect of the air gap between the range shifter and
the patient surface. This dose calculation is repeated for all pencil beams and for all dose
grid points within 30 of each beam. Density heterogeneities are taken into account using
a ray casting approach, as described in detail by Schaffner et al. (133).

In the 4D dose algorithm, equation 8.2 is adapted to cope with target motion by
adding time-dependent displacements digg,(T) and dug,,(T) for motion in the ¢- and
u-direction respectively. Tracking in the t- and u-direction was included similarly by
adding spot displacements dtye(T) and dug,e(T) as can be seen in equation 8.3. For
each beam adjustment in the t- or u-direction, the radiological depth of the spot at
Sspor is calculated. If a difference in the radiological depth of the spot at the planned
position and at the new position occurs, the range shifter settings are adapted to correct
for this difference. The spot position in depth will therefore always be exactly the same
as planned, and its radiological depth however can be adjusted in heterogeneous targets:

D, =((spot-+atspot () = (tagy +tagy (T)))?  =((utspot +ditspot (1)) = (ggp+eitggy (1))

202, e 202, (8.3)

= e
2
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As the PTV moves relative to the bone in the heterogeneous targets, parts of the target will
move into or out of the ‘shadow’ of the bone, resulting in changing radiological depths
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for these regions. In the dose calculation for a pencil beam applied at time T, this is
taken into account by performing a recalculation of the radiological depth w for every
displaced dose grid point. The new radiological depth is obtained by linear interpolation
of the radiological depths of the dose grid points in the static target to the position of the
displaced dose grid point. In this way, the dose d is calculated using the correct values for
the integral dose D,, and the beam width ¢,,, both depending on the radiological depth.

The time T (counted from the start of the treatment), at which a pencil beam is
applied, is calculated in advance from the static treatment plan as developed by PSIplan.
First, the order in which the pencil beams are applied is determined from the spot posi-
tions and the scanning order of the gantry. By adding up the irradiation times and the
adjustment times of all previous beams, T is calculated for every pencil beam, starting
with T = o for the first beam. The dose calculation assumes irradiation at the specific
time instant T and does not take into account any motion during irradiation. However,
as irradiation times are very short (average 5 ms), this is not likely to give significant
errors in the dose distribution.

The time needed to make additional adjustments of the spot position to compensate
for target motion during tracking is added to the ‘treatment clock’ For beam adjustments
in the ¢- and u-direction, this time depends on the size of the correction that has to be
made. As this time is generally in the order of a couple of milliseconds, target displace-
ments occurring during beam adjustments were neglected. Also, as the time to adjust the
spot position in depth is assumed to take a fixed time of 150 ms for small adjustments
(estimated for the PSI gantry 2), this time was added and adjustments were made for the
target position 150 ms ahead in time.

For comparison purposes, pure rescanning with a rescan factor # has also been imple-
mented by repeating the dose calculation described above # times. The spots were applied
in the same order in each rescan and the irradiation time of each beam was reduced by
a factor n. The time that is needed in between rescans to reposition the pencil beam to
the first spot position was taken into account as well. It is important to assure that the
rescan frequency and breathing frequency are not equal in order to avoid interference
and loss of the rescan effect. For this target and breathing period of 5 s, interference was
not observed.

Position error

To investigate the influence of a spot position error on the treatment outcome, simu-
lations were performed with different tracking modes that are listed in table 8.1. Three
main tracking modes were used: ‘no tracking), ‘perfect tracking’ and ‘imperfect tracking.
In the ‘no tracking’ and ‘perfect tracking’ modes, the target motion amplitude ranged
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Table 8.1: Overview of the different tracking modes used for motion in either the t-
or u-direction. For imperfect tracking, a target motion amplitude of 15 mm was used.
The time delay d was varied from 0 to 750 ms and the position error factor f ranged

from 0 to 2.
Tracking mode Target motion Tracking motion RMS position error
No tracking
Static target dxdgp(T) =0 dxspot(T) = dxdgp(T) RMS=0
Moving target dxggp(T) 0 dxspot(T) =0 RMS >0
Perfect tracking dxggp(T) # 0 dXspot (T) = dxggp (T) RMS=0
Imperfect tracking
Time delay (d) dxggp(T) +0 dXspot(T) = dxggp (T-d) RMS >0
Amplitude factor (f) dxdgp(T) +0 dxspot(T) =f- dxdgp(T) RMS >0

from o to 15 mm (interval 5 mm) and several starting phases in the range from o to 27
(interval 7z/3) were used. The target was either not tracked (d,,: = 0) or perfectly tracked
(dspor = dggp)- In the ‘imperfect tracking’ mode, spot position errors were deliberately
introduced by a time delay d ranging from o to 750 ms (interval 50 ms) or by a tracking
error factor f that was varied from o to 2 (interval o.1). This simulated errors in the
tracking signal, with f = 1 representing perfect tracking and f # 1 representing various
magnitudes of spatial errors in the tracking signal. The target motion was set to 15 mm
and the starting phases were varied.

To obtain an indication of the average spot position error of all beams during a sim-
ulation, the root mean square (RMS) position error was calculated for every simulation.
The RMS position error for a treatment with n pencil beams is given in equation 8.4:

1 n
RMS = S (dxgpor,i(T) = dxdgp,i(T,.))z (8.4)
i=1

Treatment quality

The treatment outcome was evaluated by calculation of the D;y-D,;,, value derived from
the dose volume histogram (DVH) of the CTV. D;y and D,;s, are the doses, expressed in
percentage prescription dose, received by 5% and 95% of the CTV volume respectively.
The Dyy-Dysy, value is a measure for the dose homogeneity in the CTV and a small
value represents a homogeneous dose distribution. As this measure does not give any
information about the dose level in a target, it is important to note that the prescription
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dose was received by part of the CTV in all simulations. Given the simplicity of the target
volume and geometry, we take as unacceptable any deviation of Djy-D,,s, greater than
5%.

Results

Homogeneous target

Figure 8.3 shows the D;y-Dy, values as a function of the RMS position error for all
simulations for the homogeneous target. The shaded areas indicate the bandwidth of
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Figure 8.3: Treatment outcome (Dsg-Dgs9) as a function of the RMS position error for all simulations for the
homogeneous target. The target was either moving parallel to the primary scanning direction of the gantry
(t-direction, green points) or moving parallel to the secondary scanning direction (u-direction, red points).
For static irradiation and perfect scanning the RMS position error is by definition equal to zero. Points with
a RMS position error larger than zero were obtained by performing either no tracking or imperfect tracking
while varying the motion amplitude, starting phase, time delay or position error factor. The shaded area
approximates the bandwidth of the simulation points.
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the results for the two target motion directions. No distinction was made between the
different tracking modes (see table 8.1) as no clear differences in behavior were observed
in the results. So although tracking can give a reduction in the position error of applied
pencil beams, it does not alter the response to a certain position error.

The figure shows that treatment outcomes are equal for static irradiation and perfect
tracking, both with RMS position errors of o by definition. The algorithm is thus capable
of perfectly correcting for target motion if the exact location is known. Moreover, it can
be seen that treatment outcomes are likely to degrade quickly as the RMS position error
increases, as well as the spread of the outcomes. And finally, the figure reveals that spot-
scanned proton therapy is more sensitive to position errors in the secondary scanning
direction (u-direction) than to position errors in the primary scanning direction (¢-
direction).

This phenomenon is the result of the use of a specific scanning order (t-u-s) and the
fact that the position error was time dependent in all cases. Because all possible spots
in the primary scanning direction are applied first, the time between the application
of neighboring spots is always longer in the secondary scanning direction than in the
primary scanning direction. As the position error itself is also a periodical function, the
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Figure 8.4: Treatment outcome (Ds¢-Dggs) as a function of the RMS position error for all simulations for
the homogeneous target with a rescan factor of 4.
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Table 8.2: Dsq,-Dgsg, values (in percent) for static irradiation and perfect tracking of the heterogeneous
targets. Perfect tracking was performed for target motion amplitudes of 5, 10 and 15 mm and a starting
phase of 0°. Although RMS position errors are equal to 0 by definition for all simulations, treatment out-
comes differ.

t-Motion (motion amplitude) u-Motion (motion amplitude)
Tracking mode 0mm 5mm 10 mm 15 mm 0omm 5mm 10 mm 15 mm
No tracking 2.1 - - - 22
Perfect tracking - 2.2 29 34 - 38 4.6 5.0

differences in the position errors of neighboring spots are likely to be relatively large in
the secondary scanning direction, whereas they are small in the primary direction. These
differences in position error give rise to deviations in the distance between neighboring
spots, which affect the dose homogeneity in the target. Consequently, it can be stated
that the dose inhomogeneity is mainly caused by changes in the relative spot positions
in the secondary scanning direction. The observed effect is thus not directly caused by
differences in scanning speed or spot spacing between scanning directions. These factors
however do influence the choice for a particular scanning order.

To guarantee a Dsy-Dyso value below 5%, the RMS position error of a treatment
should not be larger than approximately 1 mm and 0.5 mm in the primary and sec-
ondary scanning direction respectively. For an RMS position error larger than 3 mm, an
acceptable treatment outcome is not to be expected.

In figure 8.4, the results of all simulations for the homogeneous target with a rescan
factor of 4 are given. Simulations were performed for all (re)tracking modes, but with
less variation in the starting phase compared to the simulations in figure 8.3.

Although fewer simulations were performed, a good resemblance with figure 8.3 can
be observed. The treatment characteristics for retracking are similar as stated above; the
D.y,-Dysq values are however reduced by roughly a factor of 4. This significant improve-
ment in treatment results comes at the cost of an increase in treatment time with a factor
of 2.5 for this target. For RMS position errors below 3 mm, acceptable treatment results
can now be guaranteed.

Heterogeneous target

Table 8.2 gives the treatment results for static irradiation and perfect tracking of the
heterogeneous targets in both ¢- and u-directions. For all simulations, the RMS position
error was by definition equal to o, as the spot position is perfectly corrected in the s-,
t- and u-directions. In contrast to the homogeneous target, the results for perfect track-
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Table 8.3: Ds¢;-Dgso; values (in percent) for irradiations of the heterogeneous targets with different tracking
modes and motion amplitudes and a starting phase of 0°. Perfect retracking was performed with a rescan
factor of 4. Rescanning without beam adjustments was performed with rescan factors of 4 and 8. The treat-
ment outcomes for uncorrected target motion are worse for motion in the t-direction (primary scanning
direction) than for motion in the u-direction (secondary scanning direction). This observation contrasts the
pattern found in the homogeneous target which showed that results are likely to be better for motion in
the t-direction than for motion in the u-direction. This can be caused by the fact that two different (but
almost identical) heterogeneous targets were used for motion in the two directions, but it can also be an
accidental case where the pattern is not obeyed. However, when tracking and rescanning are applied, the
pattern can again be observed in the results.

t-Motion (motion amplitude) u-Motion (motion amplitude)
Tracking mode 0mm 5mm 10 mm 15 mm 0mm 5mm 10 mm 15 mm
No tracking 2.1 25.1 45.5 56.4 2.2 23.0 344 374
Perfect tracking - 2.2 29 34 - 38 4.6 5.0
Perfect retracking 4x - 26 24 28 - 3.0 4.8 54
Rescanning 4x - 55 9.6 124 - 7.1 12.0 15.3
Rescanning 8x - 1.6 17 29 - 1.8 25 4.5

ing are not equal to static irradiation and become worse for increasing target motion
amplitude.

Table 8.3 gives in addition to table 8.2 the results for uncorrected irradiation, perfect
retracking and rescanning of the heterogeneous targets. For perfect retracking, a rescan
factor of 4 was used, while for rescanning rescan factors of 4 and 8 were used. It can be
observed that all techniques result in dramatic improvements of the treatment compared
to uncorrected irradiation of a moving heterogeneous target.

The use of ‘pure’ rescanning without beam position adjustments resulted in the most
favorable treatment outcomes, which improved with increasing rescan factors. Remark-
ably, results were even observed to be better than static irradiations for some motion
amplitudes. This might indicate that the treatment planning system has some troubles
in determining the optimal plan for heterogeneous targets and that the imperfections
are averaged out by the rescanning. The treatment outcomes for an amplitude of 15 mm
might be negatively influenced by the fact that a PTV margin of 5 mm used in these
targets is too small for this motion amplitude. The actual D;y,-Dysy values for the target
are expected to be lower if proper margins are taken into account.
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84 Discussion

The results of this study for the homogeneous target, showing that treatment outcomes
are very sensitive to position errors and dependent on the motion direction, are in agree-
ment with observations previously reported by Phillips et al. (117). For scanned carbon
ions, Grozinger et al. presented similar results and also noted that dose inhomogeneity as
most prominent in the distal region of the target (124). This was observed in our results as
well. As explained earlier, the influence of the motion direction on the treatment outcome
is caused by the fact that the position error is time dependent and that a specific scanning
order is used. Differences in spot distance are therefore likely to be larger for target
motion in the secondary scanning direction, resulting in lower dose homogeneity. If
position errors were random in both directions, no dependence on the motion direction
would have been observed. As this time dependence of the position error is also present
in our modelling of residual tracking errors during ‘imperfect tracking, no differences
in sensitivity to position errors between ‘no tracking’ and ‘imperfect tracking’ (the two
tracking modes with RMS > o) were observed. For both tracking modes, the same pattern
therefore holds, as depicted in figures 8.3 and 8.4.

However for ‘imperfect tracking, especially the modelling of the prediction error by
the use of an amplitude factor is questionable. It makes a prediction error equivalent to
uncorrected irradiation of a target moving with a certain amplitude. The position errors
are time dependent, proportional to target acceleration and have a harmonic probability
density function (PDF). The latter contrasts observations by Vedam et al., who found the
PDF for the prediction error to be normally distributed (134). However, results found by
Vedam et al. (134) and Hoogeman et al. (28) reveal that prediction errors are time depen-
dent and that large errors are to be expected for large target accelerations. Although the
amplitude factor model does have some correspondence to observed prediction errors,
it is unclear whether its use is appropriate. Real-life target motion and prediction data
are therefore recommended to be used to investigate the effect of prediction errors on
the treatment outcome.

In this study, we have also looked into the effect of tracking and rescanning for a
simple, static density heterogeneity behind which the target volume moves. An interest-
ing observation from this analysis is that, even in the case of perfect tracking, small dose
heterogeneities appear behind the density heterogeneity that are not there in the static
case. This loss in dose homogeneity while the spot position is at exactly the same location
within the target is caused by a change in the pencil beam shape. When a displaced pencil
beam encounters a difference in the thickness of the heterogeneity, the amount of scatter
and thus the beam width will change as well. So, if the pencil beam energy has to be
adjusted during tracking to obtain the original spot position in depth, the pencil beam
width will always alter. Moreover, differences of the heterogeneity thickness within the



130 | Tumor tracking with scanned proton beams

Figure 8.5: Dose distributions of two proton pencil beams in a static target (left) and in a displaced target
(right). In the right figure, the moving target is displayed in its original position, resulting in a discontinuity
in the dose distribution. The position of the Bragg peak on the central axis of the pencil beam within the
target is exactly the same for both situations. The effect of the pencil beam travelling through a different
part of the heterogeneity on the pencil beam shape can clearly be observed.

beam can additionally give rise to (asymmetrical) changes in the pencil beam shape. This
is illustrated in figure 8.5, where the same pencil beam is depicted for a static irradiation
and for a displaced target. The shape of the beam has clearly changed while the spot
position within the target is equal for both situations.

The presence of differences in the pencil beam shape is of itself not a cause for dose
inhomogeneity, as this can always be observed in treatment plans for heterogeneous
targets. By optimizing the beam weights during treatment planning, a homogeneous
dose distribution can be obtained from beams with different shapes. However if tracking
is applied, these optimal beams’ weights might no longer correspond to the shape of the
displaced beam, resulting in dose inhomogeneity. This effect is illustrated in figure 8.6 for
a target that was given a constant offset (no motion) from its original planning position.
Although the target offset was perfectly corrected for by adjusting the spot positions of
all pencil beams, dose inhomogeneity can clearly be observed in the region where spot
adjustments in depth had to be made due to the bone. The hotspot is caused by beams that
were heavily weighted to compensate for the beam widening by the bone in the original
planning setup. These beam weights are too high for the displaced setup where no bone
is encountered and the beams are not widened. The opposite holds for the region that
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Figure 8.6: Dose distribution in a heterogeneous target that was given a position offset (no motion). The
displaced target is displayed in its original position. A hotspot can be seen in the region that was originally
behind the bone, but not during irradiation. Some underdosage of the PTV can be seen in the part of the
target that moved behind the bone. Note that the effects are mainly present in the distal region of the
target, where beam weights are the highest.

moves behind bone, resulting in slight underdosage of the PTV. It should be noted that
the example given in figure 8.6 is an exaggeration of the effect that can be observed in a
continuously moving target, where position errors are not constant and on average less.
These results suggest that for heterogeneous targets, beam weights are only optimal
for the exact configuration as for which they were optimized. Adjustments in the beam
position relative to density heterogeneities will therefore inevitably lead to sub-optimal
treatment outcomes. As perfect tracking for heterogeneous targets did not result in treat-
ment results equal to static irradiation, imperfect tracking was not further investigated.
The results shown in table 8.3 show that treatment results for perfect retracking are
similar to those found for perfect tracking. Although the RMS position error was equal
to o for all retracking simulations, treatment outcomes were not equal to irradiation
of a static target. These results are in agreement with the suggestion that beam repo-
sitioning with respect to density heterogeneities gives rise to dose inhomogeneities as
beam weights are not optimal for the new pencil beam positions and shapes. The use of
simultaneous rescanning during retracking does not seem to have a considerable effect
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Figure 8.7: Dose distribution in a moving heterogeneous target for perfect retracking with a rescan factor
of 4. The displaced target is displayed in its original position. A hotspot can clearly be observed behind the
bony region.

on this phenomenon and neither does the rescan factor as RMS position errors are o by
definition. These results give the order of magnitude of the best achievable treatment out-
comes for tracking and retracking of these heterogeneous targets. The presence of target
position uncertainties will only worsen treatment outcomes to an extent determined by
the rescan factor. The motion correction, by adjustment of pencil beam positions, is thus
by itself a substantial cause of dose inhomogeneity. The dose distribution for retracking
of the heterogeneous target moving in the u-direction with an amplitude of 15 mm is
given in figure 8.7. The presence of a hot spot behind the bony region is clearly visible.
It should be noted that a rather large ‘bone’ has been modelled in this work in order
to ensure that any effects of proximal density heterogeneities on the tracking algorithm
would be clearly observed. Certainly, the 40 mm maximum thickness introduced would
be large for ribs, but not necessarily an exaggeration of the thickness of bone when
passing through the femoral head. Whether the detrimental effect of the bone on dose
homogeneity is a correct representation of reality however, or a side effect of the equiva-
lent path length algorithm, which scales both primary and secondary radiation in depth,
needs to be investigated further. This algorithm leads to relatively large beam deforma-
tions and the loss in dose homogeneity found in this study might be an exaggeration of
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real treatments. The use of real-life heterogeneous patient data is therefore recommended
to be used to study the effect of density heterogeneities on the tracking performance, plus
the use of other dose calculation algorithms such as Monte Carlo techniques. Neverthe-
less, our preliminary results here indicate a potential problem for tracking algorithms
which needs to be investigated further.

Conclusions

This study shows that spot-scanned proton therapy is very sensitive to position errors in
general and especially to position errors parallel to the secondary scanning direction. It
is advised to take this into account during patient positioning by aligning the greatest
motion amplitude with the primary scanning direction. Tracking of homogeneous tar-
gets requires position errors to be less than 1 mm in order to obtain acceptable treatment
outcomes. As the use of rescanning significantly reduces the sensitivity to position errors,
retracking is considered to be the best and most robust technique for the treatment of
moving homogeneous targets. For a rescan factor of 4, retracking has been found to
require position errors less than 3 mm to guarantee acceptable treatment outcomes.

In heterogeneous targets, tracking itself has been found to have a negative influence
on the dose homogeneity when density gradients are present within the field. The ad-
justment of the pencil beam position can cause beam shapes to change if differences in
density are encountered by the displaced beams. Since beam weights from the original
treatment plan no longer correspond to the (deformed) situation for which they are used,
hot and cold spots arise. The extent to which this effect can be observed in real treat-
ment situations remains unclear. Rescanning has been found to be an effective method
to cope with motion in heterogeneous targets if adequate rescanning factors are used.
Even improvements of treatment outcomes with respect to static treatments were found.
However, these favorable results come at the cost of increased treatment time, require
increased PTV margins and will inevitably result in some smoothing of the resultant
delivered dose distribution.
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Abstract

Purpose: To investigate the effect of the degree of robustness against setup and range er-
rors on organ-at-risk (OAR) dose and normal tissue complication probabilities (NTCPs)
in intensity-modulated proton therapy for oropharyngeal cancer patients.

Material and Methods: For 10 oropharyngeal cases (4 unilateral and 6 bilateral), robust
treatment plans were generated using ‘minimax’ worst-case optimization. We varied the
robustness against setup errors ('setup robustness’) from 1 to 7 mm and the robustness
against range errors (‘range robustness’) from 1% to 9% (+1 mm). We evaluated OAR
doses and NTCP-values for xerostomia, dysphagia and larynx edema.

Results: OAR doses and NTCP-values typically increased with higher degrees of robust-
ness, especially for setup robustness and bilateral cases. Increasing setup robustness from
1 mm to 3, 5, and 7 mm resulted in average NTCP-values increased by 2.2, 5.2 and 8.1
percentage point, whereas they increased by 0.5, 0.9, 1.4, and 1.8 percentage point when
increasing range robustness from 1% to 3%, 5%, 7%, and 9%.

Conclusions: A higher degree of setup robustness resulted in considerably higher OAR
doses and NTCP-values, especially in bilateral cases, while the impact of range robust-
ness was limited. Prioritizing setup error reduction is therefore recommended, e.g. by
implementing online setup verification/correction.
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9‘| Introduction

Intensity-modulated proton therapy (IMPT) uses proton pencil beams with individually
optimized weights to deliver curative doses to the target with improved sparing of healthy
tissues compared with intensity-modulated radiotherapy (75). However, the dose deliv-
ery can easily be perturbed by inaccuracies in the preparation and execution phase of
the treatment, such as a misalignment of the target with respect to the proton beams and
inaccuracies in the calculated proton range. Such inaccuracies may result in underdosing
or overdosing the clinical target volume (CTV) and in higher doses delivered to organs-
at-risk (OARs) (83, 84, 135). These dose perturbations can be reduced by improving the
accuracy of the treatment, for example by implementing image-guided patient position-
ing and, in the future, in-vivo range verification techniques. Still, treatment uncertainties
will always remain.

In IMPT, residual treatment uncertainties are preferably accounted for by perform-
ing ‘robust’ treatment planning, since the use of traditional safety margins around the
tumor (and OARs) was found to be inadequate due to additional uncertainties in proton
range (99, 101). During robust optimization, certain errors in patient positioning (setup
errors) and proton range (range errors) are explicitly included in the plan optimization,
improving the expected value or worst-case value of the objective function or individ-
ual objectives (82, 88, 89, 136). Robust optimization thereby minimizes the impact of
residual treatment uncertainties on the dose delivered to the CTV and OARs. Still, to
achieve adequate CTV coverage in all robustly optimized error scenarios, it is expected
that robust treatment planning will result in higher doses to surrounding normal tissues,
depending on the size of the uncertainties accounted for (82, 89).

The impact of the degree of robustness on the dose received by OARs is of clinical
importance. It not only quantifies the price to pay for not being accurate, but it also assists
in prioritizing and justifying measures to improve treatment accuracy, e.g. image guid-
ance or in-vivo range verification. The aim of this study is to quantify the clinical impact
of the magnitude of setup errors and range errors accounted for by robust optimiza-
tion in oropharyngeal cancer patients, a treatment site with large density heterogeneities
and many OARs close to the CTV. To this purpose, we generated treatment plans with
varying robustness against setup and range errors, and evaluated OAR doses and normal
tissue complication probabilities (NTCP) for xerostomia, dysphagia and larynx edema.
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92 Methods and materials

Patient data and dose prescription

CT data of 6 bilateral and 4 unilateral oropharyngeal cancer patients were used in this
study. Dose was prescribed according to a simultaneously integrated boost scheme:
66 Gy to the high-dose CTV and 54 Gy to the low-dose CTV, delivered in 30 fractions
(74). The median high-dose CTV was 55.0 ml and the median low-dose CTV (including
the high-dose CTV) was 186.5 ml. The considered OARs were the parotid glands, sub-
mandibular glands, spinal cord, brainstem, larynx, swallowing muscles and oral cavity.
Table 9.1 shows the ‘wish-list’ containing the dose prescriptions for the CTVs and OARs.
CTV prescription was chosen such that more than 98% of the CTV received more than
95% of the prescribed dose (Vg5 > 98%), in all error scenarios included in the robust
optimization. In addition, the CTV receiving more than 107% of the prescribed dose was
aimed at to be lower than 2% and the CTV receiving more than 110% of the prescribed
dose to be 0%, for all robustly optimized error scenarios. We used a 3-beam arrangement
with gantry angles of 60°, 180° and 300°, as proposed in literature (76).

Treatment planning system

Robust IMPT treatment plans were generated using ’Erasmus-iCycle] our in-house de-
veloped treatment planning system for fully automated plan generation (66, 70, 86, 87).
The algorithm uses ‘prioritized” multi-criteria optimization. It does not condense the
optimization problem into a single weighted-sum objective function, but it optimizes
the different objectives one-by-one according to their priorities as defined by the user in
the so-called 'wish-list’ The user can also define constraints, which always have to be met
during treatment plan generation. For every patient group a single wish-list can be used,
which is fine-tuned in close collaboration with radiation oncologists (70, 87). Table 9.1
shows the wish-list that was used in this study.

Pencil beams were selected and optimized using the resampling method as described
by Van de Water et al. (86), an alternative to the use of pencil beams that are distributed
over the CTV according to a regular grid. The resampling method iteratively performs:
(1) random sampling of candidate pencil beams from a very fine grid, (2) inverse opti-
mization and (3) exclusion of pencil beams with a low contribution. In the current study,
resampling was performed using a sample size of 3000 randomly selected candidate pen-
cil beams per iteration. Plan optimization was terminated after 10 resampling iterations,
as solutions were then found to have converged (86).
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Table 9.1: The wish-list describing the dose prescriptions as used in this study. The priority numbers indi-
cate the order in which objectives are optimized, a low number corresponds to a high priority. The CTV-
intermediate is a 10 mm transition region between the high-dose and low-dose CTV. The CTV-low’ consists
of the low-dose CTV excluding the transition region.

Constraints

Structure Type Limit Robust
CTV-high minimum 0.97 x 66 Gy yes
CTV-intermediate minimum 0.97 x 54 Gy yes
CTV-low’ minimum 0.97 x 54 Gy yes
Objectives
Priority Structure Type Goal Robust
1 CTV-high maximum 1.08 x 66 Gy yes
1 CTV-intermediate maximum 1.08 x 66 Gy yes
1 CTV-low’ maximum 1.08 x 54 Gy yes
2 CTV-rings (high-dose conformality) maximum 0Gy no
2 CTV-rings (high-dose conformality) mean 0Gy no
3 Parotid glands mean 0Gy yes
4 Submandibular glands mean 0Gy yes
5 Spinal cord maximum 20 Gy yes
5 Brainstem maximum 20 Gy yes
6 Larynx mean 0Gy yes
7 Swallowing muscles mean 0Gy yes
7 Oral cavity mean 0Gy yes
8 CTV-rings (low-dose conformality) maximum 0Gy no
8 CTV-rings (low-dose conformality) mean 0Gy no
9 Total spot weight sum 0Gp no

Abbreviations: CTV = clinical target volume; Gp = Giga-protons

The dose calculation algorithm implemented in Erasmus-iCycle was developed at
the Massachusetts General Hospital — Harvard Medical School where it is implemented
in their in-house developed treatment planning system ASTROID® (23). To account
for density heterogeneities, the algorithm uses a superposition-convolution method. We
used a dose grid resolution of 3 x 3 x 3 mm?>. Available proton energies ranged from
70 to 230 MeV and corresponding pencil beam widths ranged from 7 to 3 mm sigma
(in-air at the isocenter), respectively. To irradiate superficially located target regions, a
range shifter of 75 mm water-equivalent thickness was inserted during the delivery of a
field if needed.
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Minimax robust optimization

A’minimax’ worst-case approach was used to ensure robustness against setup errors and
range errors (88, 89, 136). The method simultaneously included several (error) scenarios
and optimized the worst-case value for the constraints and objectives in the wish-list.
Nine scenarios were included in the robust optimization: one nominal scenario, setup
errors in positive and negative directions along three axes (six scenarios) and positive and
negative range errors (two scenarios). Setup errors were modelled by laterally shifting the
pencil beams, while range errors were modelled by adjusting the proton energy.

Study design

We generated treatment plans with varying degrees of robustness against setup errors
(denoted as ‘setup robustness’) and robustness against range errors (denoted as range
robustness’). We used a setup robustness of 3 mm and a range robustness of 3% +1 mm as
our ‘standard’ robustness settings (101, 99, 137). Setup robustness and range robustness
were varied separately around these settings. We tested setup robustness of 1, 3, 5 and
7 mm and range robustness of 1%, 3%, 5%, 7% and 9%, the latter always in combination
with an absolute range offset of 1 mm. These degrees of robustness were assumed to cover
the entire spectrum of realistic treatment uncertainties.

Minimax robust optimization was described as an adequate method when the errors
included in the optimization were not larger than the pencil beam width (138). However,
these conditions were not strictly satisfied in this study when aiming for high degrees of
robustness, which could result in compromised plan robustness for intermediate errors
(i.e. errors smaller than the errors included in the optimization). To verify the adequacy
of the robust optimization, we performed dose recalculations for all treatment plans
while applying variable setup and range errors (see Appendix 9.A).

Plan evaluation

Firstly, we checked for all treatment plans whether the clinical target constraints (Vs
> 98% for high-dose and low-dose CTV) and objectives (Vo4 # 2% and V4, ~ 0% for
high-dose CTV) were fulfilled for all error scenarios included in the optimization. Sec-
ondly, plan quality was evaluated based on doses to OARs. For OARs with a mean-dose
objective, we evaluated the average of the mean-dose values in the robustly optimized
error scenarios. For OARs with a maximum-dose objective, we evaluated the worst-case
dose.
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Table 9.2: Overview of the normal tissue complication probability (NTCP) models used in the current study.

NTCP-model Endpoint Parameters

Jellema et al. Severe xerostomia after 6 months using quality-of-life Mean dose in both parotid glands and both
questionnaires submandibular glands

Dijkema et al. <25% salivary flow for individual parotid gland after 1 Mean dose in parotid gland
year

Levendag et al. Late dysphagia using quality-of-life questionnaires Mean dose in superior constrictor muscle

Christianen et al. Grade >2 swallowing dysfunction after 6 months Mean dose in larynx and superior constrictor muscle
using questionnaires

Rancati et al. Grade >2 edema after 15 months observed by Mean dose in larynx

fiber-optic examination

To estimate the impact of increased OAR doses on quality-of-life, we used published
NTCP-models. The models, their endpoints and the model parameters are listed in ta-
ble 9.2. The probability of xerostomia was evaluated using NTCP-models by Jellema et al.
(139) and Dijkema et al. (140). The probability of dysphagia was evaluated using NTCP-
models by Levendag et al. (141) and Christianen et al. (142). Finally, we evaluated the
probability of larynx edema using the NTCP-model by Rancati ef al. (143).

Results

All generated treatment plans were clinically acceptable. The worst-case coverage (Vgsy,)
was higher than 98% for both CTVs in all treatment plans except one, for which the
high-dose CTV coverage was 97.8%. The worst-case V4,9, of the high-dose CTV was
on average 3.0% over all generated treatment plans, while the V,,4 was never higher
than 0%. Also for intermediate errors (i.e. errors smaller than the errors included in the
optimization), plan robustness was largely maintained as described in the Appendix 9.A.

The NTCP-values as a function of setup robustness are shown in figure 9.1, and as a
function of range robustness in figure 9.2. The impact of setup robustness could be sub-
stantial, resulting in maximum increases in NTCP-values of 8.8, 19.0 and 29.3 percentage
point (pp) when setup robustness increased from 1 mm to 3, 5, and 7 mm, respectively.
The impact of range robustness was considerably smaller, resulting in NTCP-values to
increase by 3.8, 5.0, 6.2, and 7.8 pp at maximum when range robustness increased from
1% to 3%, 5%, 7%, and 9%, respectively. Especially the impact of setup robustness was
patient group-specific. In unilateral cases, NTCP-values were generally low and showed
a relatively small increase for higher degrees of robustness. In bilateral cases on the con-
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Figure 9.1: Normal tissue complication probabilities (NTCP) for different NTCP-models as a function of the
setup robustness for unilateral cases (patients 1-4) and bilateral cases (patients 5-10). Range robustness
was set to 3% +1 mm for all data points in this figure.
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trary, NTCP-values were relatively high under standard robustness settings and could
increase considerably when increasing setup robustness.

Table 9.3 lists the evaluated OAR doses and NTCP-values for the different robustness
settings, averaged over the 4 unilateral and the 6 bilateral patients. The table confirms that
an increase in setup robustness from 1 to 7 mm had a larger impact on OAR doses (aver-
age increase 7.9 Gy over all patients and all OARs) than an increase in range robustness
from 1% to 9% (+1 mm) (average increase 1.9 Gy over all patients and all OARs). Next
to that, table 9.3 shows that the impact of setup robustness on OAR doses was generally
somewhat higher in the bilateral cases than in the unilateral cases, when increasing setup
robustness from 1 to 7 mm. However, for some OARs located very close to the CTVs
(e.g. ipsilateral salivary glands, spinal cord, SCM, MCM and oral cavity) the impact was
observed to be comparable or even higher in the unilateral cases. Nevertheless, the in-
crease in NTCP-values was always higher for the bilateral cases, which was also observed
in figure 9.1, as the overall OAR dose level was higher in these cases, which corresponded
to a steeper part of the NTCP-curves.

Figure 9.3 shows dose distributions of patient 1 for 1 mm and 7 mm setup robustness
and 1% and 9% (+1 mm) range robustness, for each field separately and all three com-
bined. The additionally treated volume around the high-dose CTV is clearly visible for a
setup robustness of 7 mm. A higher degree of robustness resulted in a higher contribution
of the 300° beam, whereas it caused dose fall-offs to be shallower in the 60° and 180°
beams (indicated by arrows).

Discussion

In this study, we systematically investigated for 10 oropharyngeal cancer patients the
impact of the degree of robustness against setup and range errors on doses to OARs. This
has, to the best of our knowledge, not been studied before. An increase in the degree
of robustness typically resulted in higher, and sometimes in considerably higher, OAR
doses and NTCP-values. This effect was especially pronounced for setup robustness and
bilateral patients.

Robustness was achieved using the ‘minimax’ optimization method (88, 89, 136).
This is a conservative approach, as only the worst-case value of all included scenarios
is optimized. The use of an alternative robust method, such as probabilistic planning
in which the expected value is optimized (82), may result in a lower price to be paid
for robustness, in terms of OAR doses. Another limitation of this study is the fact that
the NTCP-models were constructed using data of (conventional) photon treatments and



Table 9.3: Organ-at-risk doses and NTCP-values [%] for different robustness settings, averaged over the 4
unilateral and the 6 bilateral patients (maximum-dose for spinal cord and brainstem, mean-dose for other
organs-at-risk).

Unilateral cases

Setup robustness [mm] 1 3 5 7 3 3 3 3 3
Range Robustness [% +1 mm] 3 3 3 3 1 3 5 7 9
Parotid right [Gy] 121 15.3 17.2 19.8 14.6 15.3 16.3 17.3 17.9
Parotid left [Gy] 0.2 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.2
SMG right [Gy] 314 36.0 399 435 347 36.0 38.0 395 40.5
SMG left [Gy] 4.2 5.0 54 6.0 47 5.0 4.1 4.0 4.6
Spinal cord [Gy] 17.0 19.4 215 253 19.1 19.4 19.2 19.2 19.5
Brainstem [Gy] 8.4 9.4 9.8 11.5 8.5 9.4 11.9 125 15.1
Larynx [Gy] 4.6 7.1 10.5 13.1 6.8 7.1 7.4 77 8.0
SCM [Gy] 264 29.8 332 372 29.8 29.8 30.7 322 338
MCM [Gy] 13.9 16.5 20.3 23.1 16.7 16.5 17.3 184 19.4
MCl [Gy] 4.1 5.1 6.3 74 4.7 5.1 53 59 6.1
MCrico [Gy] 0.8 1.4 22 3.1 13 14 1.5 1.6 1.9
Oesophagus [Gy] 0.9 14 24 34 1.4 14 17 1.8 19
Oral cavity [Gy] 124 14.0 16.5 18.8 143 14.0 13.1 13.2 13.9
Xerostomia (Jellema et al.) [%] 5.0 73 8.0 10.7 6.3 73 73 7.6 8.3
Xerostomia (R-Dijkema et al.) [%] 43 6.6 8.1 1.1 5.9 6.6 7.5 8.5 9.0
Xerostomia (L-Dijkema et al.) [%] 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Dysphagia (Levendag et al.) [%] 33 44 53 6.8 4.2 44 4.6 5.0 5.6
Dysphagia (Christianen et al.) [%] 13 1.8 24 32 1.8 1.8 19 2.1 23
Larynx edema (Rancati et al.) [%] 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0

Bilateral cases

Setup robustness [mm] 1 3 5 7 3 3 3 3 3

Range Robustness [% +1 mm] 3 3 3 3 1 3 5 7 9

Parotid right [Gy] 153 183 220 249 17.8 183 19.3 19.7 20.6
Parotid left [Gy] 14.9 17.8 204 220 17.2 17.8 17.9 184 184
SMG right [Gy] 53.9 54.7 56.4 58.0 53.8 54.7 555 559 56.2
SMG left [Gy] 40.4 429 46.2 47.4 40.2 429 43.8 45.1 45.7
Spinal cord [Gy] 15.6 16.6 220 239 19.7 16.6 17.0 16.2 174
Brainstem [Gy] 32 4.6 10.8 17.0 6.2 4.6 5.1 57 6.2
Larynx [Gy] 19.8 247 31.2 342 245 247 25.1 254 258
SCM [Gy] 524 54.8 576 59.5 54.4 54.8 554 55.8 56.1
MCM [Gy] 46.6 50.4 54.0 56.1 49.8 504 511 517 52.0
mcl [Gy] 155 19.9 26.2 289 19.5 19.9 203 209 213
MCrico [Gy] 52 82 113 135 74 8.2 8.6 9.0 9.4
Oesophagus [Gy] 24 45 7.5 9.7 4.1 4.5 45 5.0 5.1

Oral cavity [Gy] 216 238 265 287 231 238 241 245 25.1
Xerostomia (Jellema et al.) [%] 322 374 423 47.8 35.6 374 38.6 39.8 40.3
Xerostomia (R-Dijkema et al.) [%] 6.6 9.4 13.8 18.0 838 9.4 104 1.1 120
Xerostomia (L-Dijkema et al.) [%] 74 10.6 143 16.7 10.2 10.6 10.8 114 1.5
Dysphagia (Levendag et al.) [%] 16.8 19.4 228 254 19.0 19.4 20.0 20.5 20.9
Dysphagia (Christianen et al.) [%] 8.8 11.7 16.3 19.7 1.4 1.7 122 125 12.8
Larynx edema (Rancati et al.) [%] 0.8 25 79 13.8 24 25 26 2.7 2.8

Abbreviations: SMG = submandibular gland; SCM = superior constrictor muscle; MCM = middle constrictor muscle; MCI = inferior
constrictor muscle; Mcrico = cricopharyngeal muscle.
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corresponding dose levels. As a result, the models may have reduced accuracy in predict-
ing side-effects for IMPT treatments.

The larger impact of setup robustness compared with range robustness could be
explained by the fact that setup errors occur in three directions and result both in a
beam-to-target misalignment and a subsequent range error when different densities are
encountered. In contrast, pure range errors occur only in the direction along the beam
path. Next to that, range robustness can be achieved to a certain extent by increasing
doses within the target volume itself without enlarging the high-dose region around the
target (144). The target dose prescriptions used in this study may have provided enough
room to achieve range robustness in this way.

To illustrate the clinical consequences of the results found in this study, the NTCP-
models by Jellema et al. (xerostomia) and Levendag et al. (dysphagia) are discussed in
more detail below (139, 141). These models describe the most prevalent and harmful
toxicities for this patient group and the model endpoints were patient-reported using
quality-of-life questionnaires. In clinical practice, the ‘standard’ setup robustness of
3 mm would require online position verification and correction using in-room imag-
ing techniques. Even when online position verification is performed inclusion of setup
robustness is required, as local residual setup errors will always arise in anatomical sub-
regions due to the flexibility of the neck and the resulting daily changes in the patient’s
pose (97). Offline position verification, still regularly used in photon therapy in combi-
nation with a 5 mm safety margin, is likely to require a higher degree of setup robustness
of at least 5 mm (99). Reducing setup robustness from 5 mm (offline protocol) to 3 mm
(online protocol) would result in average NTCP-values for xerostomia (Jellema et al.)
to be reduced by 5.0 percentage point (pp, range: 0.6-11.2 pp) from 42.3% to 37.4% in
bilateral cases and by 0.7 pp (range: 0.0-1.4 pp) from 8.0% to 7.3% in unilateral cases.
The average probability of developing dysphagia (Levendag et al.) would be reduced by
3.4 pp (range: 2.9-3.9 pp) from 22.8% to 19.4% in bilateral cases and by 1.0 pp (range:
0.5-2.2 pp) from 5.3% to 4.4% in unilateral cases. Reducing range uncertainties from the
standard settings of 3% +1 mm to 1% +1 mm would result in average NTCP-values for
xerostomia to be lowered by 1.8 pp (range: 0.6-3.8 pp) in bilateral cases and by 1.0 pp
(range: 0.0-3.4 pp) in unilateral cases. Average NTCP-values for dysphagia would be
reduced by 0.4 pp (range: 0.0-0.8 pp) in bilateral cases and by 0.2 pp (range: -0.1-0.7 pp)
in unilateral cases. In clinical practice, this reduction in range uncertainty is likely to
require advanced dose calculation methods (137), improved stopping-power estimates
using dual-energy CT-scanning (145) or proton radiography (146), and in-vivo range
verification (147-150).

The required degree of robustness and corresponding complication probabilities
should be weighed against the costs of reducing treatment uncertainties. For example,
offline protocols are associated with lower workload and shorter occupancy time of the
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treatment room compared with online protocols, and thus with lower costs. NTCP-
values can be lowered substantially by reducing setup uncertainties in bilateral cases,
which might justify the use of advanced image guidance techniques for these patients.
For unilateral cases, the benefit of reducing setup uncertainties was limited and an offline
protocol might be equally effective in terms of OAR sparing. The effect of reducing range
robustness was relatively small in both unilateral and bilateral cases, which makes it
questionable whether expensive techniques to reduce range uncertainties will be cost-
effective for oropharyngeal cancer patients. However, we would like to stress that these
recommendations only hold for the treatment site investigated in the current study.
Other patients, with for example deep-seated tumors or fewer density heterogeneities
(e.g. prostate cancer patients), might benefit differently from reduced treatment uncer-
tainties. Next to that, anatomical changes were not accounted for by the robust opti-
mization. The impact of these changes needs to be verified regularly, for example by the
acquisition of repeat CT-scans, which could be used for replanning if necessary (135).
Finally, we would like to underline the potential role of range verification methods for
quality assurance in IMPT.

Conclusions

Increasing robustness against setup and range errors in IMPT for oropharyngeal cancer
patients resulted in higher and potentially in much higher OAR doses and NTCP-values.
Setup robustness was found to have a substantially larger impact than range robustness
and this impact was considerably larger in bilateral cases compared with unilateral cases.
We therefore recommend minimizing residual setup errors for bilateral oropharyngeal
cancer patients in particular, e.g. by applying online position verification using in-room
imaging and correction strategies.
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10.1

In this thesis, we have aimed at improving treatment planning and delivery for high-
precision robotic radiotherapy using the CyberKnife and intensity-modulated proton
therapy (IMPT). We have developed and evaluated several methods to reduce the treat-
ment delivery time and the treatment planning time. This resulted in average delivery
time reductions of 16%-38% and optimization times to be shortened by a factor of 2.8—
5.6 on average. Next to that, we have investigated for both treatment modalities the
sensitivity to treatment uncertainties and the effectiveness of techniques to reduce treat-
ment errors or their impact on the delivered dose. This allowed us to establish favorable
treatment strategies to achieve adequate dose delivery in the presence of intrafraction
tumor motion and uncertainties in patient position, patient anatomy and proton range
(for IMPT). These efforts will contribute to a more efficient, effective and safe delivery
of a highly localized dose to the tumor using the CyberKnife and IMPT.

Efficiency of treatment delivery

In chapter 2, we investigated whether duration of CyberKnife treatments could be re-
duced by the introduction of more delivery-efficient beam collimation strategies. We
generated treatment plans for stereotactic lung treatments either using a mini-multileaf
collimator (mMLC) or the ‘Iris’ variable circular aperture collimator. A mMLC was ex-
pected to result in shorter treatment times, since the fields can be shaped more freely
compared with the circular fields of the Iris collimator. The gain in delivery time de-
pended on the tumor size and was found to be relatively small for small tumor volumes
(<80 cm?), while being substantial for larger tumors. In accordance with the findings of
this study, a mMLC has been introduced for the CyberKnife very recently.

An alternative approach to reduce delivery times was presented in chapters 3 and 6, in
which we shortened treatment times for high-precision robotic radiotherapy and IMPT
by incorporating delivery parameters in the treatment planning process. We especially
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focused on the delivery parameters with the highest impact on the delivery time. The
number of node positions was reduced in CyberKnife treatment plans, whereas we re-
duced the number of energy layers in treatment plans for IMPT. As a result, the delivery
time per fraction was reduced by 18%-40% for the CyberKnife and by 17%-39% for
IMPT treatments (when assuming 2 s energy switching time). The commercial planning
system for the CyberKnife ‘Multiplan’ currently also features a node reduction technique,
which enables the delivery time of clinical treatment plans to be reduced.

In the ideal situation, it would be possible to directly optimize the treatment time
together with the dose parameters. This would assist the physician to properly balance
delivery time and dosimetric plan quality. However, directly including treatment time in
the plan optimization is not particularly straightforward. For a parameter to be included
in the inverse optimization, it should be described by a continuous, preferably convex,
function of the intensity of each individual beam or beamlet, which is typically not the
case for the delivery time. For the CyberKnife and IMPT, delivery time depends to a large
extent on the number of beams and their spatial distribution. The problem can be simpli-
fied by approximating the delivery time as a linear combination of the number of beams,
beam directions, energy layers, etc. However, these quantities are discrete numbers that
cannot be described using a continuous convex function depending on the individual
beam weights. Asaresult, it is currently not possible to directly optimize the delivery time
using our treatment planning system ‘Erasmus-iCycle. Because of the current limitations
mentioned above, all algorithms to reduce treatment times as presented in this thesis are
heuristics. Surrogate functions and intuitive decision rules are applied in a sequential
approach to achieve a reduction in certain delivery parameters, and with that a reduction
in treatment time. This means that the solutions are probably suboptimal in terms of the
delivery parameters and treatment times. However, it does show that there is a lot of
room to improve the time-efficiency of CyberKnife and IMPT treatment plans without
affecting the plan quality, by including delivery parameters in the planning process. It is
possible to optimize discrete parameters by using ‘mixed integer programming’ (MIP)
and the implementation of a MIP-solver might allow for the treatment time to be in-
cluded directly in the treatment plan optimization (94, 151). This would therefore be an
interesting direction for future research.

Reduction of the treatment time per fraction has recently received great attention in
conventional radiotherapy as well. The fraction duration of photon treatments has espe-
cially been shortened by the introduction of rotational techniques such as volumetric-
modulated arc therapy (VMAT) (8, 9). During VMAT, the patient is irradiated contin-
uously while the gantry is rotated, which eliminates dead time in between the delivery
of individual fields. The methods presented in this thesis for robotic radiotherapy and
IMPT also aim at reducing the dead time during treatment delivery, but this could be
reduced further by introducing continuous irradiation techniques. For the CyberKnife,
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this would involve continuous irradiation while adjusting the orientation of the linac-
head and the position of the robotic manipulator. Robot motion will probably still re-
quire more time than gantry rotation in VMAT treatments, but the non-coplanar irradi-
ation in CyberKnife treatments has been shown to provide favorable dose distributions
compared with coplanar VMAT irradiation (69, 152). For IMPT, this would involve
the use of continuous scanning instead of delivering discrete pencil beams, possibly in
combination with continuous gantry rotation (78, 153, 154). However, rotational proton
delivery will result in large healthy tissue volumes to receive a low dose, which could
have been completely spared (no dose deposition) when applying IMPT from a limited
number of beam directions. Switching between proton energy layers is likely to always
require a certain amount of dead time, but this dead time is minimized by vendors’ ef-
forts to shorten energy switching times. Switching between energy layers can be avoided
completely by using the plateau dose region of high-energy proton beams, instead of the
Bragg peak (78). The physical advantage of the Bragg peak is then no longer exploited,
but the plateau region still has more favorable depth-dose characteristics compared with
photon beams. The use of the proton plateau will also reduce the sensitivity of the treat-
ment plan against treatment errors, as the delivered dose is not affected by uncertainties
in proton range. However, the use of very high energy protons (e.g. 350 MeV) and beam
collimation is recommended in order to achieve a lateral penumbra comparable to the
penumbra of high-precision robotic radiotherapy, especially at larger depths (78).

Efficiency of treatment planning

Besides improving the efficiency of treatment delivery, the efficiency of treatment plan-
ning was improved for IMPT in chapter 5 of this thesis. For treatment modalities that
can achieve a high degree of modulation by using many individual beams, the optimiza-
tion time can become very long as it typically scales polynomially to the power 2.5-3.0
with the number of variables in the optimization. Although the total planning time will
increase not as strongly due to overhead-processes, a large number of variables can still
result in a considerable elongation. The use of the iterative ‘resampling’ approach, in
which a relatively small sample of beams is optimized in each iteration, was shown to
result in an improved planning efficiency compared with optimizing a large number of
beams at once. The method was initially developed for the CyberKnife (33), but in this
thesis it was extended to enable multi-criteria treatment planning for proton therapy as
well. As a result, the planning time required to generate an IMPT treatment plan with
a certain plan quality was shortened by a factor of 2.8-5.6. Inversely, the plan quality
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achievable in a certain planning time was improved. Resampling additionally allows for
the plan quality to be monitored during treatment planning and the planning process
to be terminated when no further improvements are expected. In this way, the planning
efficiency can be improved even more. The resampling technique is a method that allows
for many degrees of freedom to be dealt with in an efficient way. This could be of par-
ticular interest for future proton systems with very fast energy switching times, which
enable the use of many energy layers during treatment delivery and require them to be
included in the plan optimization. Also in 4D dose optimization, in which the breathing
phase or the time of delivery of each beam is added as an additional dimension (155-
157), resampling can play a role to efficiently deal with the strong increase in the degrees
of freedom.

Very fast treatment planning in combination with fully automatic treatment planning
using our in-house developed treatment planning system Erasmus-iCycle, might allow
for so-called ‘online adaptive treatment planning’ In online adaptive treatment planning,
the treatment plan is updated just before the start of a treatment fraction to the patient
anatomy of that moment, for example acquired using an in-room CT scanner. The latest
CyberKnife system at our institute is already equipped with a diagnostic in-room CT-
scanner, as well as the latest IMPT gantry at the Paul Scherrer Institute in Villigen,
Switzerland (91). Online adaptive treatment planning will allow patients to receive a
truly personalized treatment which is tailored to his/her daily anatomy. This involves
adapting the plan to changes in organ shape, tissue density and in the future potentially
to changes in biological characteristics. In this way, the best possible dose distribution
with the lowest dose in healthy tissues is achieved for each treatment session, thereby
reducing the chance of complications.

Online adaptive treatment planning is challenging in terms of calculation time, work-
flow and logistics. To preserve treatment efficiency and to minimize residual treatment
errors, the entire plan adaptation process needs to be completed within 1-2 minutes.
Online adaptive treatment planning therefore requires anatomical information to be
acquired just before the start of the treatment fraction and subsequent treatment plan
generation to be very fast. Current treatment planning algorithms are typically not fast
enough to facilitate online plan adaptation. The iterative resampling method can provide
part of the required speed-up in treatment planning times. Next to that, its iterative
planning approach might be especially suited for treatment plan adaptation. The method
intrinsically tries to improve the plan by adapting the previous solution (by iteratively
adding and reoptimizing a new random sample of beams). This existing solution can be a
previous planning iteration (as implemented in this thesis), but also a previous treatment
fraction. When performing adaptive treatment planning using resampling, the treatment
plan does not have to be generated from scratch. A small sample of beams can be added
to an existing treatment plan, after which the plan is reoptimized. This will allow the
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mathematical optimization to start from a solution that is relatively close to the optimal
treatment plan, instead of optimizing from scratch. In this way, it might be possible to
adjust an existing treatment plan very fast to a new patient anatomy. The effectiveness
of this approach will be established in a current research project at the Erasmus MC
Cancer Institute within the HollandPTC-consortium (ADAPTNOW: High-Precision
Cancer Treatment by Online Adaptive Proton Therapy’)

1 03 Treating moving tumors

The highly localized dose delivery in high-precision robotic radiotherapy and IMPT
make these treatments relatively susceptible to treatment errors. This can result in a
severe deterioration of the delivered dose, for example when the tumor moves during
a treatment fraction (intrafraction motion). Tumors in or close to the thorax move due
to respiration (and to a lesser extent due to the heart beat), while tumors in the abdomen
generally move due to peristaltic motion and organ filling.

In chapter 4, the impact of intrafraction prostate motion was investigated for robotic
radiotherapy using the CyberKnife. During a treatment fraction, the system acquires
images with a certain frequency using the integrated stereoscopic X-ray imaging sys-
tem and it subsequently corrects for prostate displacements by adjusting the position
of the robotic manipulator. However, it was shown that a prostate can display very
rapid excursions of considerable size and these can remain undetected in between the
acquisition of consecutive images (20, 21). Moreover, the prostate was also observed to
rotate considerably, whereas rotational corrections can only be performed up to a certain
extent (56). We found that a time interval between imaging/corrections of 60 to 180 s
and rotational corrections (in combination with translational corrections) up to 5° or
10° were very effective to maintain plan quality. Interestingly, it was also found that very
high imaging and correction frequencies could result in a worsening of the delivered dose
when treatment errors were not perfectly corrected for. In that case, additional imaging
resulted in an elongation of the fraction duration and consequently in larger prostate
displacements, which were then not fully accounted for by robot corrections. Very short
time intervals might be beneficial when additional imaging would not result in longer
treatment times, for example when using MR-guidance, ultra-sound or transponders
implanted in the prostate (20, 21, 158, 159). However, the results of this study also show
that fairly long time intervals between imaging/corrections already provide sufficient
geometrical information to achieve adequate tumor irradiation in CyberKnife prostate
treatments.
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Tumors that move with respiration display periodic motion instead of the gradual
displacements that are typically observed for tumors in the abdomen. This can make the
treatment of these tumors even more challenging, especially for IMPT. The timing of spot
delivery in IMPT treatments can result in the respiratory motion to interfere with the
delivery. This so-called ‘interplay’ effect causes the relative spot positions to change, giv-
ing rise to dose hot-spots and cold-spots within the target volume. Next to that, tumors
that move with respiration are often located in regions with large density heterogeneities
(e.g. ribs and lungs), which enhance the dose-deteriorating effect of respiratory motion
in IMPT treatments.

There are basically three ways to account for respiratory motion in IMPT. The first
approach is to reduce impact of respiratory motion by applying a statistical averaging out
of the position error at each spot position. An example of this approach is the ‘rescanning’
technique (80, 160). During rescanning, the dose is delivered in multiple rescans, each
time delivering a fraction of the protons at every spot position. The average position
error, and the impact on the dose distribution, tends to decrease with an increasing
number of rescans. The treatment plan and delivery are both time-independent and
information about the tumor position in time is therefore not required. The motion
amplitude or a 4D CT-scan should be used during treatment planning to ensure that the
moving tumor is fully covered in all breathing phases. The second strategy is to mini-
mize position errors by adjusting or accounting for respiratory motion during treatment
delivery, thereby aiming at preserving the planned 3D dose distribution. Examples of
this approach are ‘real-time tumor tracking’ (127, 161), in which the moving tumor is
followed by adjusting the spot positions in real-time, or ‘gating’ (121), in which spots are
only delivered in a certain breathing phase or when the tumor is located close to a certain
position. The treatment plan is time-invariant whereas the delivery is time-dependent
and knowledge of the tumor position during treatment delivery is thus required. The
final strategy is to perform ‘4D plan optimization’ by including a 4D CT-scan (or 4D MRI
data) in the treatment planning process and adding a time-component to each spot (155-
157). Intensity modulation can then be performed in an additional fourth dimension
(time) and this allows for the plan quality to be improved by exploiting the changes in
anatomy during respiration. For example, the dose received by the surrounding organs-
at-risk (OARs) can be reduced when certain regions of the tumor are only irradiated in
breathing phases in which the distance to an OAR is large. As both the treatment plan
and delivery are time-dependent, detailed knowledge about the tumor position during
delivery is required.

In chapter 8 we investigated the effectiveness of real-time tumor tracking in IMPT
by performing dose simulations for mathematical phantoms. The target was assumed to
translate uniformly according to a cos*-function and it was irradiated from a single beam
direction. We found that tracking errors smaller than 1 mm (root mean square) were
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required for the homogenous phantom in order to obtain acceptable target dose homo-
geneity. The sensitivity of tracking to residual position errors could be reduced consid-
erably by combining tracking with rescanning, which was designated as ‘retracking’ The
use of rescanning alone was most favorable for the heterogeneous phantom, as tracking
could cause the pencil beam shape to change in the presence of tissue heterogeneities.
Similar observations were recently reported by Zhang et al. (161) in extensive simulations
for liver cases using realistic 4D CT-MRI data (CT data deformed according to 4D MRI).
Improved sophistication of the tracking mode (2D to 3D tracking) resulted in better
target dose homogeneity and conformality, but retracking with a rescan factor of 3 was
required to achieve acceptable treatment outcomes in realistic patient cases. However,
both studies were performed using a single beam direction and the use of multiple beam
directions will allow for a reduction of the rescan factor or for additional rescanning to
become superfluous (160). The use of larger spot sizes and multiple treatment fractions
will similarly reduce the impact of respiratory motion (162). Tracking and retracking
were observed to result in increased normal tissue doses in the beam-entrance region,
which is described as the so-called ‘inverse interplay’ effect. This effect can be avoided by
using 4D plan optimization, which allows for OARs and normal tissue to be better spared
while adequately irradiating the moving tumor. Both real-time tracking and 4D plan
optimization require accurate information about the tumor position during treatment
delivery, but uncertainties in time or position will always remain. The impact of inaccu-
racies can be reduced by additionally applying rescanning, as discussed above, but these
uncertainties might also be accounted by using robust treatment planning techniques.
Instead of including errors in patient setup or proton range in the plan optimization, as
typically done, errors in time or anticipated motion amplitude might also be included as
scenarios during robust planning (155, 156). This could be an interesting topic for future
research.

Robust treatment planning

Besides intrafraction tumor motion, the delivered dose in IMPT can also be affected
substantially by treatment uncertainties that occur on a longer time-scale, such as un-
certainties in patient anatomy, patient setup (i.e. the alignment of the patient with re-
spect to the radiation beams) and proton range. Anatomical changes and setup errors
can vary between treatment fractions (interfraction uncertainties), whereas errors in the
anticipated proton range are typically constant throughout the entire treatment (system-
atic uncertainties). Treatment uncertainties are in conventional radiotherapy generally
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accounted for by applying a safety margin around the target volume and possibly around
OARs as well. This assures adequate dose delivery when treatment errors up to a certain
extent occur (within the safety margin). However, safety margins are considered to be
inadequate for IMPT, as they do not account for the uncertainties in proton range. This
causes the dose to change within the target volume, which cannot be compensated by
a mere expansion of the target volume. This was confirmed in chapter 7, in which we
investigated the sensitivity of IMPT against uncertainties in anatomy, setup and range,
for treatment plans that were generated using a 5 mm safety margin around the tar-
get volumes. For 10 head-and-neck cancer patients, we found that a margin could not
fully prevent the dose to deteriorate, even when errors were smaller than the applied
margin. The dose distribution was mainly affected by setup errors and to a lesser extent
by anatomical errors, for which the impact was strongly patient-dependent. The use of
margins in proton therapy can help to reduce the impact of treatment uncertainties,
but only in a beam-specific fashion and in combination with a uniform dose for each
beam direction (single-field uniform dose, SFUD) (163). However, this will result in the
beneficial characteristics of IMPT to be sacrificed as it reduces the degrees of freedom
during plan optimization.

To account for treatment uncertainties in an effective way, the use of ‘robust’ treat-
ment planning techniques is proposed for IMPT (99). During robust planning, possible
errors in patient setup and proton range are explicitly included in the mathematical
optimization, thereby ensuring adequate irradiation when these error scenarios occur.
Different approaches to achieve robustness have been described in literature, of which
two can be considered most suitable: (1) probabilistic treatment planning (82) and (2)
minimax or worst-case optimization (88, 89). In probabilistic planning, the expected
value of the objective function or of individual objectives is optimized assuming a certain
distribution of treatment errors. The error scenarios included in the optimization are
either randomly sampled from the error distribution or evenly distributed and weighted
according to their probability. The result is a treatment plan that gives on average the best
quality for a population. However, it does not provide robustness against extreme errors.
In minimax or worst-case optimization, on the contrary, the included error scenarios are
presumed to describe extreme treatment errors or a certain level of extremity (e.g. 85%
confidence interval). The worst value of the objective function or of individual objectives
is subsequently optimized, instead of weighing the error scenarios according to their
probability. Minimax optimization provides a lower bound on the plan quality, whereas
probabilistic treatment planning optimizes the most likely outcome. Both strategies only
optimize physically feasible dose distributions and the optimization time increases with
the number included error scenarios. A relatively high number of scenarios is required
in probabilistic treatment planning in order to approximate the probability distribution
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with sufficient accuracy. This could explain why minimax optimization is mostly used
in (commercial) IMPT treatment planning software.

The advantages, limitations and applicability of both robust methods are not clearly
established yet. Firstly, it is unclear whether one of the methods should be preferred in
terms of dosimetric plan quality and robustness. Probabilistic treatment planning does
not provide robustness against extreme treatment errors, whereas minimax optimization
can be regarded as conservative since it accounts for error scenarios that are not very
likely to occur. One could also think of a complementary approach, in which the robust
methods are applied in an objective-specific or organ-specific fashion. Serial organs and
the tumor are typically associated with (near-)minimum dose, (near-)maximum dose or
coverage constraints, which should strictly respect a certain value. It might be beneficial
to optimize these using the minimax method. Parallel organs, generally associated with
mean-dose or dose-volume objectives, could then ideally be optimized using probabilis-
tic planning. A complication-specific approach could also be thought of, optimizing
severe complications with the minimax method and less severe complications using
probabilistic planning. Secondly, there is no clear understanding of how systematic and
random setup uncertainty distributions should be translated into a certain amount of
robustness. A traditional margin used in photon therapy can therefore not be converted
into equivalent robustness settings and corresponding errors scenarios. In addition, it
is unclear whether the included (extreme) error scenarios also provide sufficient ro-
bustness against intermediate errors, i.e. errors smaller than the errors accounted for
in the robust optimization, which is implicitly the case when using traditional margins
in photon therapy. We investigated this by performing dose recalculations for robustly
optimized treatment plans while introducing intermediate errors (see Appendix 9.A). On
average, adequate target irradiation was preserved for intermediate setup errors, whereas
intermediate range errors resulted in a slight increase of the maximum dose in the target
volume. However, this should be studied more thoroughly in realistic treatment simu-
lations, as we only included a limited number of error scenarios and ignored treatment
fractionation. Finally, since robust methods currently only incorporate setup errors and
range errors into the optimization, it is still unknown how interfraction variation in
patient anatomy can be accounted for during IMPT treatment planning. Anatomical
changes introduce an additional uncertainty in proton range and this variation should
therefore ideally be included in the robust plan optimization. However, a method to
include anatomical uncertainties is still lacking. Research performed at our institute
indicated that a combination of internal margins and robustness against setup errors can
be used as a practical solution to account for interfraction motion in locally-advanced
prostate cancer patients. An alternative and potentially more effective approach would
be to use principle component analysis (PCA) to generate representative anatomical
scenarios that can be included in the robust optimization. However, the PCA-model
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should then be applicable for a population of patients and provide information about
the water-equivalent depths of the organs, while current PCA-models typically only pro-
vide geometrical information (164, 165). The introduction of online adaptive treatment
planning for IMPT would of course solve this problem of accounting for interfraction
organ motion and deformation.

These issues regarding robust treatment planning should be addressed in the very
near future, as they hinder the clinical introduction of IMPT for a number of treatment
sites. In addition, these issues currently obstruct a fair comparison between IMPT and
state-of-the-art photon techniques, in which treatment plans for both modalities are
equally robust.

10.5 Cost-effectiveness of intensity-modulation proton therapy

IMPT enables the tumor to be accurately targeted while reducing the amount of dose
deposited in surrounding healthy tissue, thereby reducing the risk of complications.
However, IMPT treatments are currently also associated with higher costs compared
with conventional radiotherapy treatments. Costs of investment and operation are higher
than in conventional radiotherapy and are generally not compensated by an increased
number of treated patients. As a result, an IMPT treatment fraction is on average approxi-
mately 3 times more expensive than a conventional treatment fraction (743 vs. 233 euro),
but this can vary from a factor of 0.9 to 3.3 when comparing specific treatments with
intensity-modulated radiotherapy (16000 vs. 18000 euro for a prostate cancer treatment
and 40000 vs. 12000 euro for a head-and-neck cancer treatment) (24). This has initiated
fierce debates on whether the higher treatment costs of IMPT can be justified by an
increase in treatment quality and a reduction in side-effects, and on how the evidence
for this should be provided (166, 167). This debate is further fueled by the relatively
high sensitivity of IMPT to uncertainties in patient position, patient anatomy and pro-
ton range. This sensitivity affects the effective and safe delivery of the tumor dose, and
requires additional measures to preserve the intended dose distribution, for example by
including robustness in the generation of the treatment plans.

In chapter 9, we investigated the price of robust plan optimization as a measure to
reduce the impact of treatment uncertainties in oropharyngeal cancer patients, in terms
of the dose received by OARs and the consequent normal tissue complication probabil-
ities (NTCPs). Robust optimization was verified to indeed result in a reduction of dose
uncertainties for treatment errors up to a certain extent, depending on the degree of ro-
bustness. We found that a higher degree of setup robustness could result in considerably
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higher NTCP-values, especially in bilateral cases. On the contrary, the increase in OAR
doses and NTCP-values as a result of a higher degree of range robustness was very small.
These results suggest that the use of advanced in-room imaging techniques (which can be
expensive) is beneficial to reduce the impact of setup uncertainties, but that it might not
be cost-effective in dealing with range errors for this particular patient group. It shows
that it can sometimes be more cost-effective to reduce the impact of errors, than to reduce
the errors themselves, when the latter involves high costs. These considerations are of
importance when improving the cost-effectiveness of a certain radiotherapy treatment
modality.

Besides improving the cost-effectiveness of an individual radiotherapy treatment
modality, one should also compare the cost-effectiveness of different modalities. The
relatively high treatment costs of IMPT should be justified by a sufficiently high gain in
plan quality or expected treatment outcome. The treatment modality with the highest
cost-effectiveness should then ideally be applied. It can be desirable to make a patient-
specific comparison between modalities, when substantial differences between patients
in a patient-group exist or when the difference in treatment costs is large. In the Nether-
lands, a patient-specific comparison between modalities will be mandatory when proton
therapy is considered for certain tumor sites. Proton therapy for these so-called ‘model-
based indications’ will only be reimbursed by insurance companies when NTCP-models
predict a substantial gain in expected outcome compared with state-of-the-art photon
therapy (168). Automated treatment planning using Erasmus-iCycle, in combination
with the efficient planning methods presented in this thesis, is an ideal tool to make these
comparisons. It allows for high-quality treatment plans to be generated very efficiently
for multiple treatment modalities and enables an objective comparison between plans
on a patient-specific basis. Erasmus-iCycle is currently capable of generating treatment
plans for IMRT, VMAT, CyberKnife (using cones or mMLC) and IMPT, and has already
been used for oropharyngeal cancer patients to automatically generate an additional
IMPT treatment plan for comparison purposes. It is of importance for such a comparison
to be fair. This means that all plans should have an equal clinical endpoint in terms of
tumor dose or tumor control probability (TCP) and that for all plans residual treatment-
related uncertainties should be accounted for consistently. For example, the expected
TCP should be equal for the treatment plans that are being compared on OARs doses.

The development and implementation of efficient methods to perform these treat-
ment plan comparisons between modalities allow for further personalization of radio-
therapy treatments. This will also require reliable toxicity prediction models and decision
support systems (169). In addition, clinical studies should be conducted in order to verify
the modelled gain in clinical practice. Ultimately, it will enable the best treatment to
be delivered for a specific patient, while minimizing treatment costs. This is of utmost
importance for a society in which the costs of health care are under pressure. In this the-



Cost-effectiveness of intensity-modulation proton therapy | 161

sis, we have aimed at improving both efficiency and accuracy of high-precision robotic
radiotherapy and IMPT. In this way, this work contributes to an improvement of the
cost-effectiveness of high-precision radiotherapy.






3.A

3.B

Beam list generation

The beam list contained for a specific patient all available candidate beams that could
be used for treatment planning. The direction of a candidate beam is defined by the
coordinates of the node position and the coordinates of a target point. The field size of the
candidate beam is defined by the selected collimator size. To compute the target points for
each node position, a projection of the PTV was made onto a reference plane at 800 mm
from each node position. Target points were rectangularly distributed over the reference
plane with a spacing corresponding to a 1 mm spacing at the isocenter. Per target point,
12 candidate beams were added to the beam list; one beam for each collimator size. For
each possible candidate beam, the area of the beam projection (50% isodose line) located
outside the PTV projection was stored as well in the beam list, which is used to improve
the efficiency of resampling. Node positions were disabled in advance from the beam list
when having beams running through the first or last CT slice or through some critical
organs for which the passing of the beams was not allowed, such as the eyes (head-and-
neck case) and the scrotum (prostate case). Candidate beams were selected by randomly
sampling a user-defined number of beams from the beam list. In this study, candidate
beam sets of 5000 beams per iteration were used, as this number of beams provided a
practical balance between plan quality and optimization time.

Dose calculation

Dose calculations were performed to construct individual dose matrices for each struc-
ture involved in the computer optimization, containing the dose deposited (in Gy/MU)
in each voxel by every selected candidate beam. The dose was calculated using the tissue
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maximum ratio/off axis ratio formalism for data measured in a water phantom and
density heterogeneities were accounted for by calculating equivalent path lengths. The
use of separate dose matrices for each structure allowed the grid spacing to be adjusted
to the size of the structure. Default grid spacing was set to 3 x 3 x 3 mm. Smaller grid
spacing was used to ensure sufficient coverage or sparing of small structures. Larger grid
spacing was used for large structures such as the lung. In structures outside the PTV on
which a maximum-dose constraint was imposed, only voxels at the periphery facing the
PTV were considered, as the maximum dose is very likely to be located in these voxels. To
generate the skin structure, 3000 voxels were randomly sampled from a large structure,
which was segmented using 5 x 5 x 3 mm voxels at 10 mm from the skin in regions where
beams could enter the patient. A large area of skin could be taken into account in this way,
without having too much skin voxels in the dose calculation and inverse optimization.
The high-resolution recalculation of the dose in the entire patient was performed for the
final treatment plan using a dose grid spacing of 1 x 1 x 1.5 mm.

Treatment time calculation

Each time a feasible treatment plan had been obtained, the treatment time per fraction
was estimated using a dedicated algorithm. The treatment time estimation included the
beam-on time, the robot motion time in between node positions and beams, and the
time needed for image acquisition. It did not include the time needed for patient setup
and time needed to compensate for tumor motion during the treatment. The algorithm
was capable of determining the robot path length connecting all the node positions in
a treatment plan while skipping those node positions that could be skipped. Moreover,
the most time-efficient order of beam delivery was calculated for each node position,
requiring minimal linac orientation adjustments. The model parameters (robot speed,
linac angular speed, and time per image acquisition) were obtained by fitting the model
to treatment times obtained by the vendor’s time estimator for six treatment plans. The
treatment time estimator developed by the vendor is based on the exact known robotics
(acceleration and deceleration parameters), linac output and imaging procedures. Robot
speed of the CyberKnife robotic radiosurgery system version G4 (Accuray Inc.), linac
output of 8oo MU/min, and image pairs acquired every three beams were assumed in the
treatment time calculations. A measure of the accuracy of the fitted model was obtained
by performing a ‘leave-one-out’ test. For all six treatment plans, the fraction duration
was estimated based on a model fitted using the remaining five treatment times from the
vendor software. The obtained fraction durations were then compared to the fraction
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Table 4.A.1: Mean values (and standard deviations) of the simulated prostate motion and the residual
errors during beam-on time for different time intervals and corrections strategies. The mean values and
standard deviations were calculated across all data points, which included all prostate cases, motion data
patients and margins. The reported treatment times per fraction are averaged over all prostate cases and
both margins.

Standard plans 3D Translations [mm] Rotations [deg]
Time interval Treatment time Prostate Residual error Prostate Residual error
[s] [min] motion T(full) motion R(<5°) R(<10°) R(full)
No imaging 282 3.2(26) - -2.1(5.9) - - -
15 45.4 4.5 (3.6) 0.5(0.8) -3.5(8.2) -1.8(5.9) -09(4.2) 0.0 (1.6)
60 309 3.5(2.8) 0.7 (1.1) -2.2(6.5) -0.8 (4.3) -0.3(3.1) 0.0 (2.3)
180 291 34(27) 1.0(1.3) -2.0(6.4) -0.8 (4.4) -0.3(3.3) -0.2(2.8)
360 287 3509 1.4(1.4) -1.8(7.0) -0.7 (5.1) -0.4 (4.0 -03(3.2)
Adaptive plans 3D Translations [mm] Rotations [deg]
Time interval Treatment time Prostate Residual error Prostate Residual error
[s] [min] motion T(full) motion R(<5°) R(<10°) R(full)
No imaging 27.0 3.1(2.5) - -2.1(5.8) - - -
60-On 29.0 33(26) 0.6 (0.9) -2.2(6.0) -0.8(3.9) -03(2.7) 0.0(1.8)
60-Off 285 33(2:6) 0.7 (1.1) -2.1(6.1) -0.7 (4.0) -0.2(2.9) 0.0(2.3)

Abbreviations: T = translational corrections, R = rotational corrections.

durations obtained by the vendor’s time estimator. The average deviation was found to
be -0.6%, ranging from -1.3% to 0.7%.

Prostate motion characteristics

The characteristics of the simulated prostate motion are given in table 4.A.1. The table
lists the mean values and standard deviations of the translations in 3D and the rotations
around the left-right axis, depending on the simulated time interval. The table also con-
tains the residual translational and rotational errors during beam-on time, depending on
the time interval and correction strategy. The table shows that the simulated prostate mo-
tion was largest for a time interval of 15 s, due to the considerably longer treatment time
per fraction compared with the other time intervals. The residual translational errors
always decreased with a decrease in time interval, as prostate translations were simulated
to be fully corrected after image acquisition. This pattern was also observed for the resid-
ual rotational errors, when prostate rotations were perfectly corrected. However, when
prostate rotations were not fully corrected, residual rotational errors could increase with
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Figure 4.A.1: Cumulative histogram of the simulated prostate translations (in 3D) and rotations (absolute
values) for standard treatment plans without robot corrections (and consequently without image acquisi-
tion). The average treatment time per fraction was 28.2 min. For clarity, the horizontal axis was limited to
30 mm/30°

a decreasing time interval (15 s), due to the longer treatment time per fraction for shorter
time intervals. Enabling the adaptive timing mode resulted in smaller residual errors, but
the difference was very small compared with the adaptive mode being switched off.

Figure 4.A.1 depicts a cumulative histogram of the translations in 3D and the absolute
values of the rotations around the left-right axis, for treatments simulated without robot
corrections (and thus without image acquisition). The figure shows that rotations of more
than 5° were observed in 32% of the data points and rotations of more than 10° in 11%
of the data points.

The prostate rotations around the left-right axis were obtained by converting the
anterior-posterior translations into rotations around the prostate apex (see figure 4.1),
which might have introduced errors compared with actual prostate rotations. Intrafrac-
tion prostate rotations were described in literature by Deutschmann et al. for conven-
tional radiotherapy (56). They found absolute rotations around the left-right axis of 2.5°
+ 2.3° (maximum 26.9°) after on average 7.7 min (maximum 15.1 min). When evaluat-
ing the prostate motion tracks used in the current study at 7.7 min (and 15.1 min), we
observed absolute intrafraction rotations of 2.9° + 2.6° (and a maximum of 45.9°). This
indicates that our method to derive prostate rotations resulted in outcomes that were
similarly distributed as rotations observed during actual treatments. The maximum ro-
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tation was substantially larger, but this might be an unreliable parameter for comparison
as it only concerns a single data point. Also Aubry et al. reported intrafraction prostate
rotations around the LR-axis, which they observed to be -0.5° + 5.8° for treatment frac-
tion times shorter than 5 min (53). However, as the time between measurements was not
clearly mentioned in their paper, a direct comparison with our prostate motion data is
not possible.

Treatment plan characteristics

The characteristics of the treatment plans generated in the current study are listed in
table 4.B.1. The table shows that the desired dose constraints for the targets were met
in all treatment plans (i.e. PTV V000 = 95%, CTV Vigoy > 99%, PZ V1,04 > 95%). The
PTV coverage was not reported for the o-mm margin plans, since the PTV coincided
with the CTV in these treatment plans. Dose distributions in the transversal plane of
the 3-mm standard treatment plans are depicted in figure 4.B.1 for the three prostate
cases. The figure clearly shows the simultaneously integrated boost that is delivered to
the peripheral zone and the urethra dose that is constrained in the target volume.

For the same treatment plans, examples of simulated dose distributions are depicted
in figure 4.B.2, for uncorrected intrafraction prostate motion. The 4D dose calculation
was performed within a rectangular region encompassing all possible locations of the
CTV and high-dose regions of the rectum, bladder and urethra. In the examples, the
prostate tended to move posteriorly, which caused the dose to shift in the anterior direc-
tion accordingly. The interplay between prostate motion and dose delivery resulted in a
degradation of the original dose distributions as well.
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Figure 4.B.1: Dose distributions of the 3-mm standard treatment plans generated for the three patient
cases. PTV, CTV and peripheral zone are depicted in white and OARs in yellow. Isodose lines indicate dose
levels as a percentage of the prescribed dose (38 Gy).
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4.C

Figure 4.B.2: Close-up view of simulated doses within the region-of-interest for the three prostate cases in
the presence of uncorrected intrafraction prostate motion, for the treatment plans shown in figure 4.B.1.
The PTV, CTV and peripheral zone are depicted in white and the rectum and urethra in yellow. Isodose lines
indicate dose levels as a percentage of the prescribed dose (38 Gy).

Near-minimum CTV dose

The near-minimum dose (Dygy,) received by the CTV is depicted in figure 4.C.1. The
outcomes for the CTV Dygy, display the same patterns as observed for the CTV coverage
(see figure 4.2). When no motion correction was applied, the CTV Dgg,, decreased from
the average planned value of 38.8 Gy to 33.9 Gy (SD: 4.5 Gy, range: 14.9-39.0 Gy) for the
standard o-mm margin plans and from the average planned value of 39.4 Gy to 37.1 Gy
(SD: 3.3 Gy, range: 19.3-40.2 Gy) for the standard 3-mm margin plans.
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Figure 4.C.1: Near-minimum dose of the CTV (CTV Dggg,) of the 0-mm (upper graph) and 3-mm (lower
graph) margin plans for different correction strategies. Each box plot indicates quartiles. Abbreviations: T
= translational corrections, R = rotational corrections.
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5. Convergence

Pencil beams (PBs) were sampled randomly during resampling, which raises the question
to what extent the planning outcomes depend on the random seed used. To answer this
question, we repeated plan generation five times for a single patient (patient 3) using
different random seeds. The results are presented in figure 5.A.1, for thin PBs and a
sample size of 5000 PBs. The graph shows that solutions converge well, with the plan-
score being within 5% (of the maximum value) after two iterations, within 3% after three
iterations and within 1% after six iterations.

14

e
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T

Plan-score [AU]

=
o
T

Optimization time [hrs]

Figure 5.A.1: Plan-score as a function of the optimization time for patient 3. Five resampling runs were
performed using thin PBs, a sample size of 5000 beams per iteration and different random seeds.
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6 A Wish-lists for oropharyngeal and prostate cases

Table 6.A.1: Wish-lists containing the dose prescriptions for the oropharyngeal and prostate cases. The
priority numbers indicate the order in which the objectives are optimized, a low number corresponds
to a high-priority objective. A constraint has always to be fulfilled during treatment planning. CTV/ITV-
intermediate is a 10/15 mm transition region (within CTV/ITV-low) at the CTV/ITV-high and CTV/ITV-low
interface. CTV/ITV-low’ was constructed by subtracting CTV/ITV-intermediate from CTV/ITV-low.

Oropharyngeal cases

Constraints

Structure Type Limit Robust
CTV-high minimum 0.98 x 66 Gy yes
CTV-intermediate minimum 0.98 x 54 Gy yes
CTV-low’ minimum 0.98 x 54 Gy yes

Objectives

Priority ~ Structure Type Goal Robust

1 CTV-high maximum 1.07 x 66 Gy yes

1 CTV-intermediate maximum 1.07 x 66 Gy yes

1 CTV-low’ maximum 1.07 x 54 Gy yes

2 CTV-rings (high-dose conformality) maximum 0.90 x 54 Gy no

3 Parotid glands mean 0Gy yes

4 Submandibular glands mean 0Gy yes

5 Spinal cord maximum 20 Gy yes

5 Brainstem maximum 20 Gy yes

6 Larynx mean 0Gy yes

6 Oral cavity mean 0Gy yes

7 Swallowing muscles mean 0Gy yes

8 CTV-rings (low-dose conformality) maximum 0Gy no

9 Logarithm energy-layer weight sum 0 no

10 Total spot weight sum 0Gp no

Abbreviations: CTV = clinical target volume; ITV = internal target volume; Gp = Giga-protons.



Table 6.A.1: Wish-lists containing the dose prescriptions for the oropharyngeal and prostate cases. The
priority numbers indicate the order in which the objectives are optimized, a low number corresponds
to a high-priority objective. A constraint has always to be fulfilled during treatment planning. CTV/ITV-
intermediate is a 10/15 mm transition region (within CTV/ITV-low) at the CTV/ITV-high and CTV/ITV-low in-
terface. CTV/ITV-low’ was constructed by subtracting CTV/ITV-intermediate from CTV/ITV-low. (continued)

Prostate cases

Constraints

Structure Type Limit Robust
ITV-high minimum 0.97 x 74 Gy yes
ITV-intermediate minimum 0.99 x 55 Gy yes
ITV-low’ minimum 0.99 x 55 Gy yes

Objectives

Priority  Structure Type Goal Robust

1 ITV-high maximum 1.07 x 74 Gy yes

1 ITV-intermediate maximum 1.07 x 74 Gy yes

1 ITV-low’ maximum 1.07 x 55 Gy yes

2 ITV-rings (high-dose conformality) maximum 0.90 x 55 Gy no

3 Femur heads maximum 50 Gy yes

4 Rectum mean 0Gy yes

5 Bladder mean 0Gy yes

6 Femur heads mean 0Gy yes

7 ITV-rings (low-dose conformality) maximum 0Gy no

8 Logarithm energy-layer weight sum 0 no

9 Total spot weight sum 0Gp no

Abbreviations: CTV = clinical target volume; ITV = internal target volume; Gp = Giga-protons.
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6B Plan parameters of individual patients

Table 6.B.1: Worst-case target dose parameters and delivery parameters for all patients, treatment plans

and fields.
Oropharyngeal case 1
Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Beam 3 Total Beam 1 Beam 2 Beam 3 Total
CTV-low min [Gy] 0.0 39 0.0 44.8 0.0 4.8 0.0 45.8
CTV-low mean [Gy] 214 214 219 64.3 16.5 242 238 64.4
CTV-low max [Gy] 45.7 41.7 41.7 722 49.3 43.5 47.4 72.0
CTV-low Voso, [%] 0.0 0.0 0.0 99.8 0.0 0.0 0.0 99.8
CTV-low V1079 [%] 0.0 0.0 0.0 77.2 0.0 0.0 0.0 77.2
CTV-low @] 0.00 0.00 0.00 1.59 0.00 0.00 0.00 157
CTV-low HI-1 1.64 137 1.47 0.24 2.04 1.05 1.34 0.24
CTV-low HI-2 [Gy] 293 231 27.2 147 258 209 278 147
CTV-high min [Gy] 1.1 4.0 0.8 60.9 1.2 6.4 0.5 60.5
CTV-high mean [Gy] 242 204 235 67.7 18.6 237 258 67.8
CTV-high max [Gy] 45.7 387 40.0 722 49.3 40.7 47.0 720
CTV-high Vosg, [%] 0.0 0.0 0.0 99.5 0.0 0.0 0.0 99.6
CTV-high V1079 [%] 0.0 0.0 0.0 0.3 0.0 0.0 0.0 03

CTV-high Cl 0.00 0.00 0.00 1.98 0.00 0.00 0.00 1.98
CTV-high HI-1 1.26 1.22 1.20 0.08 172 0.98 113 0.08
CTV-high HI-2 [Gy] 222 209 233 43 2238 20.2 246 4.2

Energy layers 49 44 49 142 34 30 36 100
Spots 819 1474 850 3143 557 1217 792 2566
Total spot weight 1652 2051 1663 5367 1315 2165 1750 5230

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl = conformity index (volume receiving 95% of the prescription dose divided by the target volume); HI-1=
heterogeneity index ((D9,-Dggos)/Dsgos); HI-2= heterogeneity index (Dso,-Dgsos);



Table 6.B.1: Worst-case target dose parameters and delivery parameters for all patients, treatment plans
and fields. (continued)

Oropharyngeal case 2

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Beam 3 Total Beam 1 Beam 2 Beam 3 Total
CTV-low min [Gy] 0.0 37 1.4 48.0 0.0 3.1 14.3 46.9
CTV-low mean [Gy] 10.7 228 266 59.5 6.7 20.6 326 59.7
CTV-low max [Gy] 36.8 4.8 44.4 71.2 331 36.6 51.3 718
CTV-low Vo504 (%] 0.0 0.0 0.0 99.4 0.0 0.0 0.0 99.6
CTV-low V1079 [%] 0.0 0.0 0.0 325 0.0 0.0 0.0 325
CTV-low Cl 0.00 0.00 0.00 1.80 0.00 0.00 0.00 1.79
CTV-low HI-1 571 1.49 1.05 0.30 9.54 1.00 0.98 0.29
CTV-low HI-2 [Gy] 319 283 20.1 155 231 17.7 228 155
CTV-high min [Gy] 4.2 9.9 171 64.9 0.5 9.4 194 64.8
CTV-high mean [Gy] 21.7 219 271 68.1 135 20.7 371 68.5
CTV-high max [Gy] 36.8 41.8 399 71.2 283 36.6 513 718
CTV-high Vs [%] 0.0 0.0 0.0 99.4 0.0 0.0 0.0 99.3
CTV-high V1079 [%] 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.3

CTV-high cl 0.00 0.00 0.00 2.08 0.00 0.00 0.00 203
CTV-high HI-1 1.51 133 0.89 0.08 2.10 1.07 0.77 0.09
CTV-high HI-2 [Gy] 29.5 21.0 153 4.4 226 17.6 20.0 4.5

Energy layers 43 48 27 118 11 23 23 57

Spots 252 661 446 1359 113 529 603 1245
Total spot weight 322 965 1242 2528 180 854 1522 2556

Oropharyngeal case 3

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Beam 3 Total Beam 1 Beam 2 Beam 3 Total
CTV-low min [Gy] 0.0 1.1 0.0 47.6 0.0 29 0.1 47.4
CTV-low mean [Gy] 15.4 220 246 61.5 14.4 223 255 61.6
CTV-low max [Gy] 47.8 434 56.3 716 50.0 438 57.9 719
CTV-low Vo504 [%] 0.0 0.0 0.3 99.6 0.0 0.0 1.0 99.6
CTV-low V1079 [%] 0.0 0.0 0.0 53.9 0.0 0.0 0.0 53.6
CTV-low Cl 0.00 0.00 0.01 1.68 0.00 0.00 0.03 1.66
CTV-low HI-1 29 1.36 1.89 0.27 3.19 135 1.81 0.27
CTV-low HI-2 [Gy] 348 27.0 43.2 15.7 325 245 44.5 15.2
CTV-high min [Gy] 0.2 9.5 2.1 624 1.1 9.8 2.1 62.5
CTV-high mean [Gy] 14.2 254 30.0 67.7 133 248 315 67.7
CTV-high max [Gy] 43.0 42,5 56.3 716 37.0 43.2 57.9 719
CTV-high Vgsgp [%] 0.0 0.0 0.0 99.8 0.0 0.0 0.0 99.8
CTV-high V1079 [%] 0.0 0.0 0.0 0.2 0.0 0.0 0.0 03
CTV-high cl 0.00 0.00 0.00 214 0.00 0.00 0.00 2.1
CTV-high HI-1 285 0.87 1.60 0.08 253 1.02 1.57 0.07
CTV-high HI-2 [Gy] 30.6 18.0 40.8 44 26.0 209 421 4.1
Energy layers 49 42 53 144 31 26 36 93
Spots 827 1524 963 3314 677 1247 917 2841
Total spot weight 1872 2116 2423 6411 1681 2148 2470 6298

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl = conformity index (volume receiving 95% of the prescription dose divided by the target volume); HI-1=
heterogeneity index ((D29,-Dogg,)/Ds509); HI-2= heterogeneity index (Dso,-Dosos);



Table 6.B.1: Worst-case target dose parameters and delivery parameters for all patients, treatment plans
and fields. (continued)

Oropharyngeal case 4

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Beam 3 Total Beam 1 Beam 2 Beam 3 Total
CTV-low min [Gy] 0.0 79 0.6 50.5 0.0 7.1 03 50.4
CTV-low mean [Gy] 1.3 263 208 574 10.2 208 276 574
CTV-low max [Gy] 459 433 44.1 70.9 41.2 351 458 71.0
CTV-low Vo504 [%] 0.0 0.0 0.0 99.5 0.0 0.0 0.0 99.5
CTV-low V1079 [%] 0.0 0.0 0.0 16.2 0.0 0.0 0.0 16.5
CTV-low Cl 0.00 0.00 0.00 1.85 0.00 0.00 0.00 1.79
CTV-low HI-1 22.18 1.12 1.72 0.29 16.83 1.24 1.38 0.29
CTV-low HI-2 [Gy] 41.6 249 342 15.2 36.5 19.6 40.4 15.1
CTV-high min [Gy] 26.3 17.4 1.7 64.8 27.2 246 0.7 65.1
CTV-high mean [Gy] 377 224 114 68.4 354 29.1 5.6 68.2
CTV-high max [Gy] 459 35.2 26.0 70.9 41.2 35.0 15.1 71.0
CTV-high Vs [%] 0.0 0.0 0.0 99.0 0.0 0.0 0.0 99.3
CTV-high V1079 [%] 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.1
CTV-high cl 0.00 0.00 0.00 241 0.00 0.00 0.00 231
CTV-high HI-1 0.77 0.74 264 0.09 0.32 0.45 4.05 0.08
CTV-high HI-2 [Gy] 238 13.0 204 52 9.7 9.9 1.9 4.8
Energy layers 42 40 25 107 15 22 16 53
Spots 205 591 327 1123 166 459 425 1050
Total spot weight 324 835 887 2046 298 628 1143 2069

Oropharyngeal case 5

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Beam 3 Total Beam 1 Beam 2 Beam 3 Total
CTV-low min [Gy] 0.0 6.2 0.1 50.3 0.0 7.7 0.0 49.6
CTV-low mean [Gy] 148 27.2 232 63.5 133 299 223 63.9
CTV-low max [Gy] 444 434 528 73.0 43.5 515 519 721
CTV-low Vo504 [%] 0.0 0.0 0.0 99.6 0.0 0.0 0.0 99.7
CTV-low V1079 [%] 0.0 0.0 0.0 69.3 0.0 0.0 0.0 68.8
CTV-low Cl 0.00 0.00 0.00 1.74 0.00 0.00 0.00 1.70
CTV-low HI-1 543 1.10 1.67 0.25 5.55 1.18 1.72 0.25
CTV-low HI-2 [Gy] 39.1 252 32.0 154 36.2 26.5 343 153
CTV-high min [Gy] 0.3 7.8 0.4 623 0.1 79 03 629
CTV-high mean [Gy] 17.8 274 25.1 68.0 16.5 327 217 68.4
CTV-high max [Gy] 444 40.9 52.8 73.0 423 515 51.9 721

CTV-high Vgsgp [%] 0.0 0.0 0.0 99.6 0.0 0.0 0.0 99.7
CTV-high V1079 [%] 0.0 0.0 0.0 0.7 0.0 0.0 0.0 0.7

CTV-high cl 0.00 0.00 0.00 233 0.00 0.00 0.00 225
CTV-high HI-1 4.88 1.09 1.57 0.08 5.03 1.16 1.85 0.07
CTV-high HI-2 [Gy] 39.0 239 345 4.2 36.5 27.0 37.2 3.8

Energy layers 38 51 29 118 13 20 19 52

Spots 352 761 443 1556 278 631 433 1342
Total spot weight 589 1236 1319 3144 514 1255 1352 3121

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl = conformity index (volume receiving 95% of the prescription dose divided by the target volume); HI-1=
heterogeneity index ((D29,-Doggs)/Ds509); HI-2= heterogeneity index (Dso,-Dosos);



Table 6.B.1: Worst-case target dose parameters and delivery parameters for all patients, treatment plans
and fields. (continued)

Prostate case 1

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Total Beam 1 Beam 2 Total
ITV-low min [Gy] 0.2 04 52.1 04 0.7 51.7
ITV-low mean [Gy] 30.7 280 587 322 266 586
ITV-low max [Gy] 58.9 62.1 79.6 59.5 59.3 80.9
ITV-low Voso, [%] 14 2.1 99.4 0.9 13 99.4
ITV-low V1079 [%] 0.0 0.0 124 0.0 0.0 123
ITV-low c 0.05 0.08 147 0.04 0.07 148
ITV-low HI-1 1.64 1.80 0.41 1.44 2.06 0.41

ITV-low HI-2 [Gy] 45.8 46.4 20.5 443 45.0 204
ITV-high min [Gy] 18.2 234 714 19.3 23.1 7.7
ITV-high mean [Gy] 312 45.2 764 30.8 45.7 76.3
ITV-high max [Gy] 58.9 62.1 79.6 58.4 58.4 80.9
ITV-high Vosg, [%] 0.0 0.0 99.7 0.0 0.0 99.8
ITV-high V1079% [%] 0.0 0.0 0.1 0.0 0.0 03

ITV-high cl 0.00 0.00 1.51 0.00 0.00 1.56
ITV-high HI-1 1.07 0.69 0.10 0.98 0.60 0.09
ITV-high HI-2 [Gy] 226 227 6.4 19.8 204 6.0

Energy layers 50 54 104 33 39 72

Spots 1813 1780 3593 1608 1461 3069
Total spot weight 4070 4158 8228 4205 3904 8109

Prostate case 2

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Total Beam 1 Beam 2 Total
ITV-low min [Gy] 03 0.1 50.6 0.8 0.6 51.2
ITV-low mean [Gy] 29.7 29.0 58.7 354 235 58.7
ITV-low max [Gy] 61.0 59.7 79.5 59.9 59.4 79.5
ITV-low Vo504 [%] 25 2.6 99.4 14 1.7 99.4
ITV-low Vio79% [%] 0.0 0.0 123 0.0 0.0 126
ITV-low Cl 0.09 0.09 149 0.08 0.06 1.50
ITV-low HI-1 1.67 1.89 0.41 1.28 2.66 0.41
ITV-low HI-2 [Gy] 48.6 48.5 204 47.0 46.8 206
ITV-high min [Gy] 227 30.6 716 278 213 715
ITV-high mean [Gy] 358 403 76.0 4.4 349 76.2
ITV-high max [Gy] 489 583 79.5 55.6 50.1 79.5
ITV-high Vgsas [%] 0.0 0.0 99.5 0.0 0.0 99.5
ITV-high V1079 [%] 0.0 0.0 0.0 0.0 0.0 0.0

ITV-high cl 0.00 0.00 1.53 0.00 0.00 1.56
ITV-high HI-1 0.53 0.49 0.09 0.56 0.68 0.09
ITV-high HI-2 [Gy] 14.9 15.1 58 19.7 208 55

Energy layers 50 51 101 38 38 76

Spots 1735 1710 3445 1832 1475 3307
Total spot weight 3985 3882 7867 4487 3290 7777

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl = conformity index (volume receiving 95% of the prescription dose divided by the target volume); HI-1=
heterogeneity index ((D29,-Dogg,)/Ds509); HI-2= heterogeneity index (Dso,-Dosos);



Table 6.B.1: Worst-case target dose parameters and delivery parameters for all patients, treatment plans
and fields. (continued)

Prostate case 3

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Total Beam 1 Beam 2 Total
ITV-low min [Gy] 0.6 0.1 515 1.1 0.2 515
ITV-low mean [Gy] 29.0 294 584 29.3 29.1 584
ITV-low max [Gy] 59.9 59.5 79.5 60.4 58.8 79.7
ITV-low Vo504 [%] 1.2 0.9 99.3 0.8 0.6 99.3
ITV-low V1079 [%I] 0.0 0.0 10.7 0.0 0.0 10.7
ITV-low cl 0.05 0.05 1.46 0.04 0.04 147
ITV-low HI-1 1.69 1.67 0.40 1.66 1.62 0.39
ITV-low HI-2 [Gy] 46.4 46.3 19.0 45.8 45.8 19.3
ITV-high min [Gy] 222 223 713 242 233 70.5
ITV-high mean [Gy] 39.6 374 75.5 41.6 35.6 75.8
ITV-high max [Gy] 55.8 55.0 79.5 56.1 534 79.7
ITV-high Voso, [%] 0.0 0.0 98.7 0.0 0.0 98.8
ITV-high V1079% [%] 0.0 0.0 0.0 0.0 0.0 0.0

ITV-high cl 0.00 0.00 1.53 0.00 0.00 1.51
ITV-high HI-1 0.69 0.75 0.10 0.64 0.71 0.09
ITV-high HI-2 [Gy] 229 2238 5.8 227 209 53

Energy layers 56 56 112 41 42 83

Spots 1989 1981 3970 2164 2136 4300
Total spot weight 4237 4295 8533 4235 4099 8334

Prostate case 4

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Total Beam 1 Beam 2 Total
ITV-low min [Gy] 1.2 0.4 517 1.5 0.8 52.1
ITV-low mean [Gy] 289 299 58.5 294 294 58.6
ITV-low max [Gy] 59.7 58.8 80.2 593 59.2 79.5
ITV-low Vo504 [%] 1.6 0.9 99.4 1.9 1.5 99.3
ITV-low Vio79% [%] 0.0 0.0 114 0.0 0.0 1.7
ITV-low Cl 0.10 0.09 1.57 0.10 0.09 1.58
ITV-low HI-1 1.73 1.56 0.39 1.70 1.64 0.39
ITV-low HI-2 [Gy] 48.1 48.2 19.6 483 48.6 19.9
ITV-high min [Gy] 221 279 718 211 224 722
ITV-high mean [Gy] 35.2 40.2 753 379 385 755
ITV-high max [Gy] 49.6 56.8 80.2 56.7 59.2 79.5
ITV-high Vgsap [%] 0.0 0.0 99.4 0.0 0.0 99.5
ITV-high V1079 [%] 0.0 0.0 0.1 0.0 0.0 0.0

ITV-high cl 0.00 0.00 1.59 0.00 0.00 1.59
ITV-high HI-1 0.60 0.51 0.09 0.76 0.74 0.09
ITV-high HI-2 [Gy] 16.8 16.5 57 241 234 53

Energy layers 56 55 1M1 40 36 76

Spots 1908 1900 3808 1900 1823 3723
Total spot weight 3950 3996 7946 3954 3832 7785

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl = conformity index (volume receiving 95% of the prescription dose divided by the target volume); HI-1=
heterogeneity index ((D29,-Doggs)/Ds509); HI-2= heterogeneity index (Dso,-Dosos);



Table 6.B.1: Worst-case target dose parameters and delivery parameters for all patients, treatment plans
and fields. (continued)

Prostate case 5

Standard clinical plan Time-efficient plan

Parameter Beam 1 Beam 2 Total Beam 1 Beam 2 Total
ITV-low min [Gy] 0.1 0.1 50.2 03 0.4 525
ITV-low mean [Gy] 30.0 284 58.4 31.1 27.5 58.5
ITV-low max [Gy] 59.5 59.5 79.6 59.6 593 80.0
ITV-low Vosg, [%] 8.6 1.3 99.1 8.6 10.1 99.1
ITV-low V1079% [%] 0.0 0.0 11.0 0.0 0.0 1.4
ITV-low cl 0.20 0.22 1.50 0.20 0.20 1.51
ITV-low HI-1 172 2.01 0.40 1.65 2.09 0.41
ITV-low HI-2 [Gy] 537 536 19.7 533 53.1 203
ITV-high min [Gy] 26.1 229 716 274 19.9 714
ITV-high mean [Gy] 38.2 389 755 414 357 76.0
ITV-high max [Gy] 54.8 52.1 79.6 58.1 514 80.0
ITV-high Vosg, [%] 0.0 0.0 99.4 0.0 0.0 99.6
ITV-high V4079 [%] 0.0 0.0 0.1 0.0 0.0 0.1

ITV-high @] 0.00 0.00 157 0.00 0.00 157
ITV-high HI-1 0.70 0.63 0.09 0.71 0.73 0.09
ITV-high HI-2 [Gy] 216 215 56 244 23.0 57

Energy layers 58 51 109 39 38 77

Spots 2223 2137 4360 1996 1851 3847
Total spot weight 4608 4448 9056 4595 4244 8839

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl = conformity index (volume receiving 95% of the prescription dose divided by the target volume); HI-1=
heterogeneity index ((D29,-Dggg,)/Ds509); HI-2= heterogeneity index (Dso,-Dogsos);
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6C Performance of individual components

The generation of time-efficient treatment plans differed from the standard clinical plans
on two aspects: (1) energy layer reduction and (2) pencil beam resampling. This raises
the question to what extent these two components contribute individually.

To this purpose, we compared treatment plans that were generated using: (1) regular
grid planning without energy layer reduction (standard clinical plan), (2) regular grid
planning with energy layer reduction, (3) pencil beam resampling without energy layer
reduction, and (4) pencil beam resampling with energy layer reduction (time-efficient
plan). The results are listed in table 6.C.1. The use of energy layer reduction only (in
combination with traditional regular grid planning) resulted in the number of energy
layers lowered by 8% and 9% on average for the oropharyngeal and prostate cases, respec-
tively. The use of pencil beam resampling only (without energy layer reduction) caused
the number of energy layers to increase slightly for both the oropharyngeal cases and the
prostate cases, compared with the standard clinical plan.

The substantial reduction in energy layers observed in this study (45% and 28%) can
thus only be achieved by applying energy layer reduction in addition to pencil beam
resampling. This is probably due to the iterative approach of pencil beam resampling,
which allows for new spots to be added to the treatment plan, thereby giving room for a
redistribution of spots within the remaining energy layers.



Table 6.C.1: Average worst-case dose parameters and delivery parameters for plans generated using dif-
ferent planning methods and with/without energy layer reduction.

Oropharyngeal cases (n=5) Standard clinical plan Time-efficient plan
Regular grid without Regular grid with Resampling without Resampling with
Parameter E-layer reduction E-layer reduction E-layer reduction E-layer reduction
CTV-low V95% [%] 99.5 99.5 99.6 99.6
CTV-high V95% [%] 99.4 99.5 99.5 99.5
CTV-high V107% [%] 0.3 0.3 03 0.3
Parotid glands mean [Gy] 14.1 14.1 14.1 14.1
Submandibular mean [Gy] 347 347 347 347
glands
Spinal cord max [Gy] 20.7 20.7 204 203
Brainstem max [Gy] 194 20.1 15.9 194
Larynx mean [Gy] 18.0 18.0 18.0 18.0
Oral cavity mean [Gy] 19.5 195 195 195
Swallowing mean [Gy] 239 239 239 23.8
muscles
Cl-low 223 223 2.20 220
Cl-high 2.19 2.19 213 213
Beam directions 3 3 3 3
Energy layers 126 15 128 71
Spots 2099 2281 1880 1809
Total spot weight [Gp] 3899 3907 3835 3855
Delivery time (1's) [min] 39 38 39 3.0
Delivery time (2 s) [min] 6.0 57 6.1 4.2
Delivery time (5 s) [min] 12.3 11.5 12.5 7.7
Prostate cases (n=5) Standard clinical plan Time-efficient plan
Regular grid without Regular grid with Resampling without Resampling with
Parameter E-layer reduction E-layer reduction E-layer reduction E-layer reduction
ITV-low V95% [%] 99.3 99.3 99.4 99.3
ITV-high V95% [%] 99.3 99.3 99.4 99.5
ITV-high V107% [%] 0.1 0.1 0.0 0.1
Femur left max [Gy] 50.9 50.9 50.8 50.8
Femur right max [Gy] 503 50.3 50.4 50.2
Rectum mean [Gy] 263 26.2 26.2 26.2
Bladder mean [Gy] 39.2 39.2 39.2 39.2
Femur left mean [Gy] 279 279 279 279
Femur right mean [Gy] 309 309 309 30.9
Cl-low 1.61 1.61 1.61 1.62
Cl-high 1.54 1.54 1.56 1.56
Beam directions 2 2 2 2
Energy layers 107 98 108 77
Spots 3835 3780 3646 3649
Total spot weight [Gp] 8326 8312 8288 8169
Delivery time (1's) [min] 34 33 34 29
Delivery time (2 s) [min] 52 49 5.2 4.2
Delivery time (5 s) [min] 10.6 9.8 10.6 8.0

Abbreviations: CTV = clinical target volume; ITV = internal target volume; CTV/ITV-low = low-dose target volume; CTV/ITV-high =
high-dose target volume; Cl-low = low-dose conformity index; Cl-high = high-dose conformity index; Gp = Giga-protons.



Optimization method | 183

7A Optimization method

We have generated IMPT treatment plans using Erasmus-iCycle, an in-house developed
multi-criteria treatment planning system (66, 110), which was extended with proton pen-
cil beam scanning. The system performs ‘prioritized’ or ‘lexicographic’ optimization, i.e.
treatment objectives are optimized successively according to their pre-selected priorities.
The platform switches to optimizing the next objective with a lower priority when the
desired or optimal value for the current objective is obtained and constrained. In this
way, pareto-optimal treatment plans are produced. The user defines the hard constraints
and the objectives with their priorities in the so-called ‘wish-list For spinal cord and
brainstem, we have done a step-wise optimization (66, 110). We have used the same
wish-list for each patient in our patient group, resulting in fully automated treatment
planning. Naturally, all treatment plans were also inspected visually. Our patient wish-
list is displayed in table 7.A.1. The result of the optimization was a set of pencil beams
with an energy and weight in Giga protons.

Table 7.A.1: Wish-list with planning aims for our head-and-neck cancer patient group. For the target and
OARs, we have indicated (1) the direction and type of optimization problem (tto indicate maximize, | to
indicate minimize), (2) whether minimum, maximum, mean or sum is optimized, (3) the dose objective,
and (4) the priority numbers that indicate the order in which the objectives are optimized (a low number
corresponds to a high-priority). A constraint must always be fulfilled during treatment planning.

Objective Direction Type Value Priority
PTV-66 Gy 1 minimum 0.99 x 66 Constraint
PTV-54 Gy 1 minimum 0.99 x 54 Constraint
PTV-66 Gy | maximum 1.07 x 66 1
PTV-54 Gy 1 maximum 1.07 x 54 2
PTV-rings (conformality) | maximum 0 3
Spinal cord | maximum 15 4
Brain stem | maximum 15 4
Parotid glands | mean 0 5
Submandibular glands | mean 0 6
Swallowing muscles | mean 0 7
Larynx | mean 0 7
Oral cavity | mean 0 8
Esophagus | mean 0 9
Spinal cord l maximum 0 10
Brain stem 1 maximum 0 10
Unspecified tissue | maximum 0 1"

# Giga Protons | sum 0 12
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7 B Example of the impact of anatomical changes

For patient 9, a large increase in hotspots in CTV-66 Gy was found. The reason for the
large value of the V. is that the anatomy of patient 9 has changed substantially during
treatment, leading to incorrect matching of the pencil beams in the target volume. There
are two effects which contribute to the anatomical change:

1. The shrinkage of the primary tumor and nodal mass: the volume of the CTV-

66 Gy decreases from 178 cm? to 132 cm?, as can be seen from table 7.1. In
figure 7.B.1 we pointed out the tumor shrinkage.

2. The patient has lost weight. This can be seen from figure 7.B.1, where we pointed
out where the patient has lost weight.

In figure 7.B.1 (a) the planned dose distribution is shown, while in (b) the dose
distribution recalculated on the bone aligned repeat CT is shown in the transverse plane.
The anatomical changes are indicated.

tumor
shrinkage

(a) Planned dose (b) Recalculated dose

Figure 7.B.1: An example of a dose deviation caused by anatomical changes for patient 9. Planned (a) and
recalculated (b) dose distribution, the latter displayed on the repeat CT scan. A large number of hotspots
is seen in addition to underdosed areas (b).
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7 C Example of the impact of anatomical changes

For patient 6, a large increase (9.2 Gy) in brainstem dose was observed. In figure 7.C.1 (a)
the planned dose distribution is displayed, while in (b) the recalculated dose distribution
is shown displayed on the repeat CT scan. The dose increase in the brainstem is evident
from figure 7.C.1 (b). To understand what caused the increase, we displayed the planned
and recalculated dose of the individual beam directions in (c) (d), (e), (f), (g), and (h). It
becomes apparent from (e) and (f) that it is field 2, which contributed most to the dose
increase in the brainstem. Changes in air-cavities and a change in the pose of the patient
that occurred despite the bone alignment caused tissue changes in the beam path and a
subsequent dose increase to the brainstem.

(d) Recalculated dose: field 1

(e) Planned dose: field 2 (f) Recalculated dose: field 2 (g) Planned dose: field 3 (h) Recalculated dose: field 3

Figure 7.C.1: Dose deviation caused by anatomical changes for patient 6. Planned (a) and recalculated (b)
dose distribution, the latter displayed on the repeat CT scan. Furthermore, planned (c) and recalculated (d)
dose for field 1, planned (e) and recalculated (f) dose for field 2, and planned (g) and recalculated (h) dose
for field 3.
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7 D Example of the impact of combined errors

In patient 10, we found the largest increase in dose (11.3 Gy) to the parotid gland (right)
for the scenario of combined errors. In figure 7.D.1 (a), the planned dose distribution is
displayed together with the parotid gland. In figure 7.D.1 (b) is illustrated what happens
when applying the planned dose on the repeat CT scan. Some weight loss is seen when
comparing the planning and the repeat CT scan. The high dose gradient that spared the
parotid gland in the planning CT scan was partly lost in the recalculated dose, resulting
in a dose increase in the right parotid. In addition, inspection of the CT slices showed
that the parotid gland shrank such that a larger part of the gland ended up in the high
dose region. Finally, in this simulation, the dose was further increased by the simulated
setup-error that moved the parotid gland into the high dose region.

(a) Planned dose (b) Recalculated dose

Figure 7.D.1: Dose deviation example for patient 10. Planned (a) and recalculated (b) dose distribution, the
latter displayed on the repeat CT scan.
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7 E Example of the impact of combined errors

In patient 8, we observed a large dose increase in the spinal cord in the scenario with all
error sources combined. The reason for the large increase in dose in patient 8 is a beam
overshoot, causing the proton pencil beams to reach the spinal cord. In figure 7.E.1 (a) the
planned dose distribution is shown for 1 beam direction. In figure 7.E.1 (b) the delivered
dose is recalculated in the repeat CT scan, where the reason for the beam overshoot
becomes evident. The beam overshoot is caused by a decrease of the amount of material
the proton beam traverses caused by weight loss. In our simulation the dose impact
was amplified by a simulated range error of -3%. If the anatomical change would not be
present, the overshoot caused by a range error of -3% would hardly cause a dose increase
to the cord.

(a) Planned dose: field 1 (b) Recalculated dose: field 1

Figure 7.E.1: Dose deviation caused by combined errors for patient 8. Planned (a) and recalculated (b) dose
distribution from one of the beam directions. The recalculated dose is displayed on the repeat CT scan.
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7 F Comparison of plans with 3, 5 and 7 beam directions

Figures 7.F.1 and 7.F2 summarize the dose impacts for the scenario of combined errors
for the 3, 5 and 7 beam plans. To analyze the differences in robustness between the 3,
5 and 7 beam direction plans, we evaluated for the target region the standard deviation
of delivered minus planned Vg, V479, and Dygy,, while for the OARs we evaluated the
standard deviation of delivered minus planned max dose (spinal cord, brainstem) and the
standard deviation of delivered minus planned mean dose (other OARs). A significantly
smaller value of the standard deviation would indicate an increased robustness. Since we
have one patient group and 3 independent measurements, we used the Anova repeated
measurements (AnovaRM) test. For the target region, the differences were in all cases in-
significant (p > 0.05). Looking at the Vo, in figure 7.E 1, it may seem that the robustness
of the 5 beam plans of the V4 is worse than that of the 3 and 7 beam direction plans.
However, the p-value resulting from the AnovaRM test was not significant: p = 0.104. For
the OARs, in a few cases the AnovaRM test yielded a significant difference (p < 0.05),
however, in all cases the differences in standard deviations were below about 1 Gy, which
is usually not considered as clinically significant.

We suggest that including more beam directions does not necessarily solve dose de-
teriorations resulting from pencil beam mismatching or anatomical changes. A different
pencil beam placement or a different choice of the beam directions, for example obtained
with beam-angle optimization, could alter our observation.
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9 A Evaluation of treatment plan robustness

To evaluate the behavior of robustly optimized treatment plans when applying treatment
errors other than the errors included in the plan optimization, we performed plan recal-
culations. For all patients, dose distributions were recalculated for treatment plans gener-
ated with a setup robustness ranging from 1 to 7 mm, while applying setup errors ranging
from 1 to 7 mm. Similarly, the dose was recalculated for treatment plans generated with
a range robustness ranging from 1% to 9% (+1 mm), while applying setup errors ranging
from 1% to 9% (+1 mm). In the recalculations, setup errors and range errors were not
combined and setup errors were applied only along one of the three axes. We evaluated
the coverage (Vs > 98%) of the low-dose and high-dose CTVs and the V4,9, (%2%)
and V1,09 (#0%) of the high-dose CTV.

The results of the recalculations are depicted in figure 9.A.1. The graphs display the
outcomes averaged over all recalculations of all 10 patients. In general, the treatment
plans were found to be robust against treatment errors smaller than or equal to the errors
included in the plan optimization. The coverage (Vo) of the low-dose and high-dose
CTVs was higher than 98% in nearly all recalculations for intermediate errors (i.e. errors
within the range of errors included in the robust optimization). Beyond the errors opti-
mized for, the coverage decreased rapidly. For setup errors, intermediate errors always
resulted in lower (better) V4,4 and V,,4, values compared with the planned values,
also for high degrees of robustness. However, the V., and V44, were found to worsen
slightly for intermediate range errors, with the worsening depending on the distance
to the errors included in the optimization. The mean V44, could be higher than 2%
for treatment plans with a range robustness of 7% and 9% (+1 mm). Similar behavior
was observed for the V,,44, although the mean V,, 4, never exceeded 0.1%. In clinical
practice, one could consider including additional intermediate error scenarios for very
high degrees of range robustness.

These results also show that robustness was not maintained when the actual errors
were larger than the errors for which robustness was assured. This highlights that the
required robustness should not be underestimated, because target coverage could be
compromised.
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High-precision robotic radiotherapy and intensity-modulated proton therapy (IMPT)
are two relatively new radiotherapy techniques that particularly aim at a highly local-
ized delivery of a curative dose to the tumor, while achieving excellent sparing of the
surrounding healthy tissues and critical organs. However, the use of hundreds (in high-
precision robotic radiotherapy) or thousands (in IMPT) of small beams to achieve a
highly localized dose delivery is also associated with a number of issues regarding the
efficiency and accuracy of treatment planning and delivery. These issues currently ob-
struct a more widespread use of high-precision robotic radiotherapy and IMPT. In this
thesis, we have aimed at improving treatment planning and treatment delivery for both
treatment modalities in order to overcome these obstacles.

Part I: High-precision robotic radiotherapy using the
CyberKnife

The CyberKnife robotic radiosurgery system consists of a compact 6-MV linear accelera-
tor mounted on a robotic manipulator. The robot can be positioned at approximately 120
so-called ‘node positions. The node positions are distributed semi-spherically around
the patient, allowing the patient to be irradiated from many non-coplanar directions.
From each node position, multiple beams can be delivered by adjusting the orientation
of the linear accelerator. The integrated stereoscopic imaging system allows for ‘tumor
tracking’ to be performed. Tumor displacements can be compensated during a treat-
ment fraction by acquiring images with a certain time interval and applying subsequent
robot corrections. Although very promising clinical outcomes have been achieved in
hypofractionated treatments (typically 3-4 fractions) for a selection of treatment sites,
CyberKnife treatments are also associated with a number of issues. Firstly, delivery times
per fraction are relatively long and this hinders a more widespread application of the
CyberKnife in other (conventionally fractionated) treatments. Secondly, tumor tracking
using the integrated imaging system has a limited temporal and geometric accuracy,
whereas prostate tumors can display very rapid excursions of considerable size. However,
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the resulting dosimetric accuracy of tumor tracking and the optimal tracking settings
have not been established yet for CyberKnife prostate treatments. We have addressed
these issues regarding the efficiency and accuracy of CyberKnife treatments in Part I of
this thesis.

In chapter 2, we investigated the effect of beam collimation on the efficiency of treat-
ment delivery. CyberKnife systems are traditionally equipped with circular collimators.
However, a mini-multileaf collimator (mMLC) does not restrict the fields to a circular
shape and is therefore expected to enable more efficient dose delivery. We compared
a mMLC with the ‘Iris’ variable circular aperture in terms of the expected delivery time
per fraction and the achievable plan quality. For 10 early-stage non-small-cell lung cancer
patients, nMLC plans were generated first using the beam-angle optimization algorithm
‘Cycle’ while applying beams’ eye view shaped fields with uniform fluence. These mMLC
plans typically contained 10-16 node positions, selected from the 117 available node
positions. Second, intensity-modulated Iris plans were generated using the same node
positions selected in the mMLC plans. In this way, time-efficient treatment plans were
generated for both collimators. The use of a mMLC was found to result in a considerable
reduction of the delivery time per fraction. For a comparable mean lung dose, the average
delivery time per fraction was 12.2 min (range: 10.8-13.5 min) for the mMLC plans
and 18.4 min (range: 12.9-28.5 min) for the Iris plans. The gain in delivery time was
especially large for large tumor volumes. The Iris collimator outperformed the mMLC in
terms of achievable plan quality, as it allowed for intensity-modulation to be performed
within the field from each node position whereas uniform fields were used in the mMLC
plans. In accordance with the findings of this study, a mMLC has been introduced for
the CyberKnife very recently.

A reduction of the number of node positions in a CyberKnife treatment plan is likely
to improve treatment efficiency, as a large proportion of the delivery time is spent on
robot travel between node positions. A method to incorporate the reduction of node
position into the treatment planning process is presented in chapter 3. The node reduc-
tion technique involved repeated inverse optimization, while excluding low-contribution
node positions from the treatment plan and sampling new candidate beams from the
remaining node positions in each iteration. Treatment plans were generated with and
without node reduction for two lung cases of different complexity, one oropharyngeal
case and one prostate case. Node positions were reduced by 77% on average at the
cost of an increase in the number of beams and total monitor units of 28% and 9%,
respectively. The delivery time per fraction was shortened by 25% (range: 18%-40%)
on average. Treatment times were even reduced by 54% on average when compared with
the clinical planning approach (no repeated optimization). Node reduction did not affect
the achievable plan quality, but the use of additional constraints to guarantee low-dose
conformality and to avoid unacceptable skin dose is recommended.
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In chapter 4, we investigated the dosimetric impact of intrafraction prostate motion
and we assessed the effectiveness of tumor tracking and the applied safety margin. Using
treatment plans of 3 patients and prostate motion tracks of 17 patients, we performed
extensive dosimetric simulations while varying (1) the time interval between robot cor-
rections (15, 60, 180, or 360 s), (2) the extent of robot corrections (no corrections, transla-
tional corrections only, or translational corrections combined with rotational corrections
up to 5° 10°, or perfect rotational correction) and (3) the applied safety margin (o mm
or 3 mm). Intrafraction prostate motion was found to substantially affect the delivered
dose but this could be compensated effectively by applying robot corrections with a
time interval of 60 to 180 s. To achieve adequate irradiation of the tumor in 98% of the
treatments, translational and rotational corrections up to 10° were required when using
a o-mm safety margin, whereas translational and rotational corrections up to 5° were
required when using 3-mm margin plans. Applying a o-mm safety margin resulted in
considerably better sparing of the rectum and bladder.

Part Il: Intensity-modulated proton therapy

In IMPT, patients are irradiated using thousands of small proton pencil beams (or
‘spots’). Since protons are positively charged particles, they interact differently with tissue
than photons. Protons have a finite range in tissue, depending on the initial energy of
the proton beam, and deposit a high peak-dose just before the end-of-range. This so-
called ‘Bragg peak’ is very suitable to deliver a highly localized dose to the tumor. The
dose in front of the Bragg peak is relatively low and beyond the Bragg peak no dose
is deposited at all, which enables excellent sparing of surrounding healthy tissues. Spots
are delivered one-by-one, each time adjusting the lateral spot position, proton energy (to
adjust the proton range), and intensity. In this way, the entire tumor volume is treated.
Although promising treatment results have been achieved, IMPT is also associated with a
number of challenges. Firstly, the use of thousands of proton beams affects the efficiency
of planning and delivery. Improved efficiency is likely to result in improved plan qual-
ity, patient comfort and treatment accuracy, and maybe most importantly, can help to
reduce treatment costs. IMPT treatment costs are currently high compared with photon
techniques. Secondly, the highly localized dose deposition results in a high sensitivity of
IMPT treatment plans to treatment uncertainties. This can result in severe degradations
of the actual delivered dose and might therefore affect the efficacy and safety of IMPT.
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In Part IT of this thesis, we have addressed these issues concerning the efficiency and
sensitivity of IMPT treatments.

In chapter 5, we developed a novel time-efficient treatment planning approach for
IMPT, called ‘pencil beam resampling. This planning technique was implemented into
our in-house developed multi-criteria treatment planning system ‘Erasmus-iCycle’. Re-
sampling consisted of repeatedly performing: (1) random selection of candidate spots
from a very fine grid, (2) inverse multi-criteria optimization, and (3) exclusion of low-
weighted spots. The newly selected candidate spots were added to the spots in the existing
solution, causing the solution to improve with each iteration. For five head-and-neck
cancer patients, we compared pencil beam resampling with the traditional planning
method in which spots are distributed over a regular grid. For a comparable plan quality,
resampling reduced optimization time by a factor of 2.8 and 5.6 on average (7.8 and 17.0
at maximum) compared with the use of anisotropic and isotropic grids, respectively.
Doses to organs-at-risk were generally reduced when using resampling, with median
dose reductions ranging from -4% to 42%. Resampling was found to be especially effec-
tive when using thin proton pencil beams.

For current commercial IMPT equipment, the time required to adjust the energy of
the proton beam is the major component of the treatment time. A reduction of the num-
ber of energy layers in IMPT treatment plans is therefore likely to result in a shortening
of delivery times. A method to reduce the number of energy layers while preserving
robust plan quality is presented in chapter 6. The method was implemented into our in-
house developed planning system ‘Erasmus-iCycle’ and is similar to the node reduction
technique presented in chapter 3. It consisted of two components: (1) minimizing the
logarithm of the total spot weight per energy layer, and (2) iteratively excluding low-
weighted energy layers. We benchmarked the method by comparing a robust ‘time-
efficient plan’ (with energy layer reduction) with a robust ‘standard clinical plan’ (without
energy layer reduction) for five oropharyngeal cases and five prostate cases. Worst-case
robust optimization was performed, accounting for setup errors of 3 mm and range
errors of 3% +1 mm. The method resulted in the average number of energy layers to
be reduced by 45% for the oropharyngeal cases and by 28% for the prostate cases. When
assuming 1, 2 or 5 s energy switching time, the average delivery time was shortened by
25%, 32% or 38% for the oropharyngeal cases, and by 16%, 20% or 24% for the prostate
cases.

The impact of uncertainties in patient setup, patient anatomy and proton range on the
delivered dose in IMPT treatments was investigated in chapter 7. For 10 head-and-neck
cancer patients, IMPT treatment plans were generated using 3, 5 or 7 beam directions
and applying safety margins of 5 mm around the high-dose and low-dose target volumes.
The actual delivered dose was simulated by performing dose recalculations (>3700) in
the presence of setup, range and anatomical errors. Uncertainties in patient anatomy
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were simulated using a repeat CT-scan, acquired halfway the treatment course, and non-
rigid registration to perform dose accumulation. The repeat CT-scans were also used to
simulate adaptive planning by generating a new treatment plan for the second half of the
treatment fractions. For 3-beam plans, we found that adequate tumor irradiation was
achieved in only 69% and 88% of the simulations for the high-dose and low-dose targets,
respectively, when including all error sources. The dose in organs-at-risk (OARs) showed
a considerable spread around their planned values. The error source causing major dose
deviations varied between patients. Plan adaptation based on repeat imaging resulted in
a considerable improvement of the tumor dose. Adequate tumor doses were achieved
in 96% (high-dose target) and 100% (low-dose target) of the simulations when a new
treatment plan was generated halfway the treatment course. Increasing the number of
beam directions was not found to improve plan robustness.

In chapter 8, we investigated the impact of respiratory motion on IMPT treatment
delivery and we assessed the effectiveness of real-time tumor (re)tracking. Using a 4D
dose calculation algorithm and simulated respiratory motion, we implemented a real-
time tumor tracking algorithm and applied it to a simple target volume in both homoge-
nous and heterogeneous mathematical phantoms. For tracking and retracking (a hybrid
solution combining tumor tracking and rescanning), we assessed different degrees of
tracking-accuracy: (1) no tracking (uncorrected irradiation), (2) perfect tracking (no
time delays and exact knowledge of target position) and (3) imperfect tracking (sim-
ulated time delays or position prediction errors). For the homogeneous phantom, we
found that the intended target dose was maintained for all motion amplitudes and phases
when performing perfect tracking. Time delays and position errors (imperfect tracking)
could result in a substantial degradation of the delivered dose, but this degradation
was reduced considerably by applying retracking. In the heterogeneous phantom, the
planned target dose could not be preserved using tracking, as adjustments of the pencil
beam positions could cause the pencil beam shape to change in the presence of density
heterogeneities. The use of rescanning with a high rescan-factor was found to give the
most favorable dose distributions for the heterogeneous phantom.

In IMPT, robust treatment planning is preferred over the use of traditional safety
margins to deal with uncertainties in patient setup and proton range. However, the
magnitude of errors accounted for during robust treatment planning is likely to have
an effect on the dose received by OARs. In chapter 9, we quantified the clinical impact of
the degree of robustness against setup and range errors on OAR doses and normal tissue
complication probabilities (NTCPs). For 10 oropharyngeal cancer patients, we generated
robust treatment plans using ‘minimax’ worst-case optimization. For each patient, the
setup robustness was varied from 1 to 7 mm and the range robustness was varied from
1% to 9% (+1 mm). The treatment plans were evaluated on the dose received by OARs
and NTCP-values for xerostomia, dysphagia and larynx edema. A higher degree of setup



212 | Summary

robustness was found to result in considerably higher OAR doses and NTCP-values,
especially in bilateral cases. In contrast, the impact of range robustness was very limited.
We therefore recommend giving a high priority to setup error reduction, for example by
implementing online setup verification and correction.



Hoge-precisie robotbestraling en intensiteitsgemoduleerde protonentherapie (‘IMPT”)
zijn twee relatief nieuwe radiotherapietechnieken die als doel hebben om een zeer gelo-
kaliseerde dosis af te geven in de tumor, en tegelijkertijd het omliggende gezonde weefsel
en de kritieke organen te sparen. Echter, het gebruik van honderden (in hoge-precisie ro-
botbestraling) of duizenden (in IMPT) kleine bundels om die gelokaliseerde dosisafgifte
te bewerkstelligen, zorgt ook voor een aantal uitdagingen op het gebied van de efficiéntie
en nauwkeurigheid van de behandeling. Deze uitdagingen belemmeren momenteel een
bredere toepassing van hoge-precisie robotbestraling en IMPT. In dit proefschrift wordt
ingegaan op de verbetering van de planning en afgifte van deze twee behandelvormen
teneinde deze obstakels te overwinnen.

Deel I: Hoge-precisie robotbestraling met de CyberKnife

Het CyberKnife robotbestralingssysteem bestaat uit een compacte 6-MV lineaire ver-
sneller die gemonteerd is op een robotarm. De robotarm kan gepositioneerd worden
op ongeveer 120 verschillende posities die verdeeld zijn rondom de patiént, de zoge-
naamde ‘node-posities. Daardoor kan de patiént vanuit veel (niet-coplanaire) richtin-
gen bestraald worden. Vanaf iedere node-positie worden meerdere bundels afgegeven
door de richting van de lineaire versneller aan te passen. Het geintegreerde stereoscopi-
sche beeldvormingssysteem maakt het mogelijk om zogenaamde ‘tumor tracking’ toe te
passen. Tumorbewegingen worden hierbij gedurende een behandelfractie gevolgd door
regelmatig rontgenbeelden te maken en met de robot voor verplaatsingen van de tu-
mor te corrigeren. Hoewel veelbelovende klinische resultaten zijn behaald voor gehypo-
fractioneerde behandelingen (meestal 34 fracties), hebben CyberKnife behandelingen
ook een aantal beperkingen. Ten eerste is de behandeltijd per fractie relatief lang wat
een bredere toepassing van de CyberKnife voor andere (conventioneel gefractioneerde)
behandelingen in de weg staat. Daarnaast heeft ‘tumor tracking’ met behulp van het
geintegreerde rontgensysteem een beperkte temporele en geometrische nauwkeurigheid,
terwijl prostaattumoren zeer snelle en grote bewegingen kunnen vertonen. De resulte-
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rende dosimetrische nauwkeurigheid van ‘tumor tracking’ en de optimale volgstrategie
zijn tot op heden nog niet vastgesteld voor prostaatbehandelingen met de CyberKanife .
Verbeteringen aangaande de efficiéntie en nauwkeurigheid van CyberKnife behandelin-
gen zullen in Deel I van dit proefschrift aan bod komen.

In hoofdstuk 2 wordt ingegaan op het effect van bundelcollimatie (het definiéren van
de vorm van het stralingsveld) op de efficiéntie van de behandeling. De CyberKnife is
van oorsprong uitgerust met circelvormige collimatoren. Een mini-multileaf collimator
(mMLC) maakt het daarentegen mogelijk om het bestralingsveld iedere gewenste vorm
te geven wat naar verwachting tot een efficiéntere dosisafgifte leidt. Om dit te onderzoe-
ken hebben we de behandeltijd per fractie en de plankwaliteit van de CyberKnife verge-
leken voor een mMLC en de ‘Iris’ variable circelvormige collimator. Voor 10 patiénten
met stadium I niet-klein-cellig longcarcinoom zijn allereerst mMLC plannen gemaakt
met behulp van het bundelhoek optimalisatiealgoritme ‘Cycle’ De bestralingsbundels
werden gevormd naar de projectie van de tumor en hadden een uniforme intensiteit.
In deze mMLC plannen werden 10-16 node-posities gebruikt, geselecteerd uit de 117
beschikbare node-posities. Vervolgens werden intensiteitsgemoduleerde Iris plannen ge-
genereerd, waarbij gebruik gemaakt werd van de node-posities die geselecteerd waren in
de mMLC plannen. Op deze manier werden tijdsefficiénte behandelingen gemaakt voor
beide collimatoren. Het gebruik van een mMLC resulteerde in een aanzienlijke verkor-
ting van de behandeltijd per fractie. De gemiddelde fractieduur was 12,2 min (10,8
13.5 min) voor de mMLC plannen en 18,4 min (12,9-28,5 min) voor de Iris plannen, bij
een gelijke gemiddelde longdosis. De winst in behandeltijd was vooral groot voor grote
tumoren. De Iris collimator overtrof de mMLC op het gebied van haalbare plankwaliteit
door het gebruik van intensteitsgemoduleerde velden in plaats van de uniforme velden in
mMLC plannen. In overeenstemming met de bevindingen van deze studie is een mMLC
recentelijk geintroduceerd voor de CyberKnife.

De behandeltijd kan ook gereduceerd worden door een vermindering van het aantal
node-posities in een CyberKnife behandelplan, aangezien een groot deel van de behan-
deltijd wordt besteed aan het bewegen van de robot tussen de node-posities. In hoofdstuk
3 wordt een methode beschreven om de node-posities te verminderen gedurende het
planningsproces. Gedurende de ‘node-reductie’ wordt de inverse optimalisatie herhaal-
delijk uitgevoerd, waarbij iedere keer node-posities met een lage bijdrage verwijderd
worden uit het behandelplan. De inverse optimalisatie wordt vervolgens opnieuw uit-
gevoerd met nieuwe kandidaat-bundels geselecteerd van de overgebleven node-posities.
We hebben deze methode geévalueerd door behandelplannen te genereren mét en zon-
der deze node-reductie voor een orofarynxcarcinoom, een prostaattumor en twee long-
tumoren van verschillende complexiteit. Het aantal node-posities werd gemiddeld met
77% gereduceerd terwijl het aantal bundels en monitoreenheden met respectievelijk 28%
en 9% toenamen. De fractieduur werd hiermee gemiddeld met 25% verkort (18%-40%).
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Ten opzichte van de klinische planningsaanpak (geen herhaalde optimalisatie) werd zelfs
een gemiddelde tijdswinst van 54% gerealiseerd. Het reduceren van node-posities had
geen effect op de haalbare plankwaliteit, al wordt het gebruik van extra planningsre-
stricties aangeraden om dosisconformaliteit te garanderen en ongewenste huiddosis te
vermijden.

Hoofdstuk 4 beschrijft een studie naar de dosimetrische impact van intrafractie pros-
taatbeweging en de effectiviteit van ‘tumor tracking’ en de gehanteerde veiligheidsmar-
ges. Gebruikmakend van de behandelplannen van 3 patiénten en prostaatbewegingsdata
van 17 patiénten, zijn uitgebreide simulaties uitgevoerd waarbij de volgende parameters
gevarieerd werden: (1) het tijdsinterval tussen robotcorrecties (15, 60, 180, of 360 s), (2)
de grootte van robotcorrecties (geen correcties, enkel translatiecorrecties, of translatie-
correcties gecombineerd met rotatiecorrecties tot 5 °, 10 °, of volledige correctie) en (3) de
toegepaste veiligheidsmarge (o mm of 3 mm). Intrafractie prostaatbeweging beinvloed-
de de afgegeven dosis aanzienlijk, maar dat kon effectief gecompenseerd worden met
behulp van robotcorrecties met een tijdsinterval van 60-180 s. Om de tumor adequaat te
bestralen in 98% van de behandelingen zijn translatie- en rotatiecorrecties tot 10° vereist
voor o mm veiligheidsmarge, terwijl translatie- en rotatiecorrecties tot 5° benodigd zijn
voor 3 mm veiligheidsmarge. Het gebruik van o mm marge resulteerde in aanzienlijk
betere sparing van het rectum en de blaas.

Deel lI: intensiteitsgemoduleerde protonentherapie

Bij IMPT worden patiénten bestraald met duizenden zeer kleine protonenbundels (of
'spots’). Aangezien protonen positief geladen deeltjes zijn, hebben ze een andere in-
teractie met weefsel dan fotonen (die bijvoorbeeld gebruikt worden in de CyberKnife
behandelingen). Protonen hebben een beperkte dracht in het weefsel, athankelijk van de
betreffende protonenenergie. De dosisafgifte van de protonen neemt eerst heel langaam
toe met toenemende diepte en stijgt tot een hoge dosispiek vlak voor de maximale in-
dringdiepte. Deze zogenaamde ‘Bragg-piek’ is zeer geschikt om een gelokaliseerde dosis
af te geven in de tumor. De dosis vo6r de Bragg-piek is namelijk relatief laag en na de
Bragg-piek wordt helemaal geen dosis meer afgegeven, met het gevolg dat het omliggen-
de gezonde weefsel goed gespaard kan worden. Tijdens de behandeling worden de pro-
tonenspots één voor één afgegeven, waarbij steeds de laterale positie, de protonenenergie
en de intensiteit aangepast worden. Op deze wijze kan het gehele tumorvolume bestraald
worden. Met IMPT zijn veelbelovende resultaten verkregen, maar tegelijkertijd wordt
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IMPT ook gekenmerkt door een aantal uitdagingen. Allereerst beperkt het gebruik van
het grote aantal (duizenden) protonenbundels de efficiéntie van de planning en de afgifte.
Een verbeterde efficiéntie zal leiden tot een verbetering van plankwaliteit, patiéntcomfort
en behandelnauwkeurigheid, en misschien nog wel belangrijker, het kan bijdragen aan
een vermindering van de behandelkosten. De kosten van IMPT behandelingen zijn mo-
menteel hoog in vergelijking met die van fotonenbestraling. Daarnaast leidt de sterk gelo-
kaliseerde dosisafgifte van IMPT tot een hoge gevoeligheid voor behandelonzekerheden.
Dit kan resulteren in ernstige verslechteringen van de afgeven dosisverdeling wat weer
impact heeft op de effectiviteit en veiligheid van IMPT behandelingen. In Deel II van dit
proefschrift wordt nader ingegaan op mogelijke verbeteringen aangaande de efficiéntie
en de gevoeligheid van IMPT.

Een nieuwe en tijdsefficiénte planningsmethode voor IMPT, ‘resampling’ genaamd,
wordt gepresenteerd in hoofdstuk 5. Deze methode is geimplementeerd in het plan-
ningssysteem ‘Erasmus-iCycle, en onderscheidt zich van traditionele planningsmetho-
den door zijn iteratieve aanpak waarbij herhaaldelijk de volgende stappen worden uit-
gevoerd: (1) random selectie van kandidaat-bundels van een zeer fijn raster, (2) inverse
optimalisatie, en (3) het verwijderen van bundels met een lage bijdrage. De nieuw gese-
lecteerde kandidaat-bundels worden steeds toegevoegd aan de bundels in de bestaande
oplossing, waardoor het behandelplan enkel kan verbeteren in iedere iteratie. Voor vijf
patiénten met een orofarynxcarcinoom is de optimalisatietijd en de plankwaliteit van
deze resampling methode vergeleken met die van de traditionele planningsmethode
waarbij bundels verdeeld zijn over een regelmatig raster. Het gebruik van resampling
resulteerde in een reductie van de optimalisatietijd met een factor van 2,8 en 5,6 (max.
7,8 en 17,0) ten opzichte van anisotrope en isotrope reguliere rasters, voor een gelijke
plankwaliteit. Resampling leidde tevens tot lagere doses in kritieke organen, met een
mediane verlaging variérend van -4% tot 42%. Resampling bleek vooral effectief te zijn
bij het gebruik van smalle protonenbundels.

Voor huidige commerciéle IMPT apparatuur wordt de behandeltijd grotendeels be-
paald door de tijd die nodig is om de energie van de protonenbundel aan te passen. Een
vermindering van het aantal energielagen in een behandelplan zal dan ook zorgen voor
een kortere fractieduur. In hoofdstuk 6 wordt een methode gepresenteerd waarmee het
aantal energielagen verminderd kan worden zonder dat dit ten koste gaat van de robuuste
plankwaliteit. De methode is geimplementeerd in het planningssysteem ‘Erasmus-iCycle’
en heeft overeenkomsten met de methode beschreven in hoofdstuk 3. De methode be-
staat uit twee componenten: (1) minimalisatie van de logaritme van het totale bundelge-
wicht per energielaag, en (2) iteratief excluderen van energielagen met een lage bijdrage.
De methode is gebenchmarkt door robuuste tijdsefficiénte plannen’ (mét energielaag-
reductie) met robuuste ’standaard klinische plannen’ (zonder energielaag-reductie) te
vergelijken voor vijf patiénten met een orofarynxcarcinoom en vijf patiénten met een
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prostaattumor. ‘Worst-case’ robuuste optimalisatie werd toegepast, waarbij mogelijke
positioneringsfouten van 3 mm en onzekerheden in de protonendracht van 3% + 1 mm
meegenomen werden in de optimalisatie. De methode resulteerde in een gemiddelde
reductie van het aantal energielagen van 45% (orofarynxcarcinoom) en 28% (prostaat-
tumor). De gemiddelde behandeltijd werd verkort met 25%, 32% of 38% (orofarynxcarci-
noom) en met 16%, 20% of 24% (prostaattumor), voor schakeltijden tussen energielagen
van 1,2 0f5s.

In hoofdstuk 7 is de impact van onzekerheden in patiéntpositionering, anatomie
en protonendracht op de afgegeven dosis in IMPT behandelingen onderzocht. Voor 10
hoofd-hals kankerpatiénten zijn behandelplannen gemaakt met 3, 5 of 7 bundelrichtin-
gen. Een veiligheidsmarge van 5 mm werd aangebracht rondom het hoge-dosis doelge-
bied en het lage-dosis doelgebied. De daadwerkelijk afgegeven dosis werd gesimuleerd
door (>3700) herberekeningen van de dosis uit te voeren met verschillende fouten in
patiéntpositionering, protonendracht en anatomie. Onzekerheden in de anatomie van
een patiént werden gesimuleerd met behulp van een herhaal-CT-scan (scan halverwege
de behandeling) en met niet-rigide registratie om dosisoptelling te kunnen uitvoeren.
De herhaal-CT-scans werden ook gebruikt om adaptieve planning te simuleren door
een nieuw behandelplan te maken voor de tweede helft van de behandelfracties. Uit de
resultaten bleek dat een verhoging van het aantal bundelrichtingen niet leidde tot een
verbeterde robuustheid van de behandelplannen. Voor behandelplannen met 3 bundel-
richtingen, bleek dat wanneer alle bovengenoemde foutbronnen (patiéntpositionering,
anatomie en protonendracht) werden meegenomen, de adequate tumorbestraling slechts
in 69% en 88% van de simulaties gehaald werd, voor respectievelijk het hoge-dosis en
lage-dosis doelgebied. De dosis in kritieke organen vertoonde aanzienlijke spreiding
rondom de geplande waarden. De foutbron met de grootste impact op de dosisverdeling
verschilde tussen patiénten. Adaptieve planning met behulp van de herhaal-CT-scan
leidde tot een forse verbetering van de tumordosis. Adequate bestraling werd in 96%
(hoge-dosis doelvolume) en 100% (lage-dosis doelvolume) van de simulaties behaald
wanneer het plan aangepast werd halverwege de behandeling.

De invloed van ademhalingsbeweging en de effectiviteit van ‘real-time tumor (re)-
tracking’ (het continue volgen van een bewegende tumor met de protonenbundel) zijn
onderzocht voor IMPT in hoofdstuk 8. Gebruik makend van een 4D dosisberekeningsal-
goritme en gesimuleerde ademhalingsbeweging, is een algoritme voor ‘real-time tumor
tracking’ toegepast op eenvoudige homogene en heterogene in-silico fantomen. Voor
‘tracking’ en ‘retracking’ (een combinatie van ‘tracking’ en ‘rescanning’) zijn verschil-
lende theoretische behandelscenarios onderzocht: (1) geen ‘tracking’ (ongecorrigeerde
beweging), (2) perfecte ‘tracking’ (geen vertragingen en exacte kennis van de tumorposi-
tie), en (3) imperfecte ‘tracking’ (gesimuleerde tijdsvertragingen of voorspellingsfouten
in de tumorpositie). In het homogene fantoom werd de beoogde tumordosis met per-
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fecte ‘tracking’ gehandhaafd voor alle bewegingsamplitudes en fases. Tijdsvertragingen
en positie-onnauwkeurigheden (geen of imperfecte ‘tracking’) kunnen echter leiden tot
een aanzienlijke verslechtering van de afgegeven dosis in de tumor, maar dit kan effectief
worden tegengegaan door het toepassen van ‘retracking’ In het heterogene fantoom kon
de geplande dosis niet behouden worden, zelfs niet met perfecte ‘tracking. Dit kwam
doordat het aanpassen van de bundelposities veranderingen teweeg bracht in de bundel-
vorm in de aanwezigheid van verschillende dichtheden. Het gebruik van ‘rescanning’ met
een hoge rescan-factor bleek de meest gunstig strategie voor het heterogene fantoom.

Om met onzekerheden in patiéntpositionering en protonendracht om te gaan wordt
bij IMPT de voorkeur gegeven aan robuuste planningsmethodes boven het gebruik van
traditionele veiligheidsmarges. Echter, de grootte van de fouten waarmee tijdens robuus-
te planning rekenig gehouden wordt heeft een effect op de dosis die de kritieke organen
ontvangen. In hoofdstuk 9 is de klinische impact van de mate van robuustheid tegen
onzekerheden in positionering en protonendracht gekwantificeerd in termen van de
dosis in kritieke organen en de kans op bijwerkingen. Voor 10 patiénten met een orof-
arynxcarcinoom hebben we robuuste plannen gegenereerd met behulp van ‘worst-case’
optimalisatie. Voor elke patiént is de robuustheid tegen positioneringsfouten gevarieerd
van 1 tot 7 mm en de robuustheid tegen fouten in de protonendracht van 1% tot 9%
(+1 mm). De behandelplannen werden vervolgens beoordeeld op de dosis in kritieke
organen en de kans op bijwerkingen (voor xerostomie, dysfagie en lanrynxoedeem).
Een hogere mate van robuustheid tegen positioneringsfouten resulteerde in aanzienlijk
hogere dosis in kritieke organen en een verhoogde kans op bijwerkingen, met name voor
de bilaterale patiéntengroep. De robuustheid tegen onzekerheden in protonendracht had
daarentegen relatief weinig invloed op de dosis en het complicatierisico. Geadviseerd
wordt dan ook om een hoge prioriteit te geven aan het minimaliseren van fouten in de
patiéntpositionering, bijvoorbeeld door het implementeren van online positieverificatie
en correctie.
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