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LIST OF ABBREVIATIONS

AN Acoustic neuroma

ART Adaptive radiotherapy

BOT Beam-on-time

CBCT Cone beam computed tomography
cc Cubic centimeter

cov coverage

CRT Conformal radiotherapy

CT Computed tomography

dB Decibel

DICOM Digital imaging and communications in medicine
DVH Dose-volume histogram

EBRT External beam radiotherapy

fc Full coverage

FFF Flattening filter free

forw Forward

FSRT Fractionated stereotactic radiotherapy
GK Gamma Knife

Gl Gradient index

GTV Gross tumor volume

Gy Gray

HNC Head and neck cancer

IDL Isodose line

IMRT Intensity modulated radiotherapy
inv Inverse

IOV Inter-operator-variability

LC Local control

LGP Leksell GammaPlan

LINAC Linear accelerator

MEN Meningioma

MET Metastasis

MLC Multi-leaf collimator
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RION
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1 INTRODUCTION

In 2018 around 498 000 German citizens were newly diagnosed with cancer and the
numbers are rising 1. With nearly 10 million deceased in 2020, it is one of the leading
causes of death worldwide 2 where an estimate of 277.597 are due to head and neck
cancer (HNC) 3. Almost 90% of HNC are laryngeal, pharyngeal or oral squamous cell
carcinoma (SCC) 4. Although the incidence of Nasopharyngeal Carcinoma (NPC)
which arises from the epithelium of the nasopharynx is globally low and most prevalent
in Eastern countries with 20 cases per 100.000 people, its treatment requires special
attention due to its radioresistance and recurrence °. Risk factors include Epstein—Barr
virus (EBV), gender, geographic area and genetic disposition & 7. Histologically, two
main types can be differentiated: squamous cell carcinoma (SCC) and undifferentiated
carcinoma and their prevalence was often linked to the geographic area. While SCC is
more common in Europe and USA, undifferentiated carcinoma—which was also asso-
ciated with EBV—is more frequent in Eastern countries °. Although various treatment
options for HNC and cancer in general depending on different factors (e. g. cancer type
and stage, potential side effects, patient’s general condition) exist, NPC typically arises
in practically inaccessible location, making it challenging for surgery > 8. Hence, sur-
gery which—together with radiation therapy and chemotherapy—is one of the most
common options that aims at eliminating the cancer while not compromising the func-
tion of the nearby tissues and nerves is not suitable # °. NPC can generally be classified
in three main settings using the international TNM staging system (tumor-node-metas-
tasis) '°: early stage (T1-NOMO), locally advanced (T2—-NO until T4—N3MO0) and recur-
rent or metastatic disease °. Typically, early stage and some locally advanced tumors
can be managed with radiotherapy alone while the remaining might require combined
radio-chemotherapy °. While the prognosis for early and locally advanced NPC man-
aged with intensity-modulated radiotherapy (IMRT) alone or combined with chemother-
apy is good (five year survival rate of 80-86% "), patients with recurrent/metastatic
disease have a 5-year overall survival (OS) rate of approximatively 28.8% '? and me-
dian survival time of 33 months. Recurrent diseases are developed by an estimate of

10% of the NPC patients after upfront radiotherapy using IMRT technique 3.



1.1 Radiation therapy

Radiation therapy (RT) aims at destroying malignant cancer cells while sparing the
surrounding normal tissues. This is achieved by damaging the cancer cell’'s DNA using
ionizing radiation. Due to faster repair mechanism of normal cells compared to cancer
cells, the delivery of the radiation dose over multiple fractions can reduce normal tissue
side effects without compromising the lethal effects on the cancer cells 4 14 15,

External beam radiotherapy (EBRT) with linear accelerators (LINACs) uses high-en-
ergy photons or electrons generated outside the patient to deposit the dose in the depth
of the tumor location inside the patient. Due to the fact that LINACs are built on gantries
that can rotate around the patient, radiation can be delivered under a great amount of
beam angles whose dose contributions focus inside the target volume 4 5. With ther-
apy techniques such as IMRT and volumetric modulated arc radiotherapy (VMAT),
conformal dose distribution of irregular-shaped cancer and improved sparing of nearby
organs at risk (OAR) can be achieved '8, For some cancer types (e.g. liver, lung,
brain) stereotactic radiosurgery (SRS) or stereotactic body radiotherapy (SBRT) using
small photon fields with high doses, multileaf collimators (MLC) and flattening filter free
(FFF) radiation beams are used to enhance the local tumor control probability (TCP)
while reducing the treatment time and the OAR doses '9-2'. Apart from LINACs, other
stereotactic machines such as the Leksell Gamma Knife® (GK, Elekta AB, Sweden)
or CyberKnife® (CK, Accuray, USA) enable fractionated or single fraction treatments

of intracranial (GK, CK) and extracranial (CK) tumors.

1.2 Leksell Gamma Knife

The first GK prototype using cobalt-60 was installed in 1968 and was continuously
improved 2. Today, the GK Perfexion™ and Ilcon™ are the latest models of the SRS
device. While the former can only be used for single fraction treatment using a stereo-
tactic head frame, the latter enables fractionated treatment with thermoplastic mask,
cone beam computed tomography (CBCT) for positioning verification and infrared
camera for motion tracking during treatment.

The GK units Perfexion and Icon consist of 192 cobalt-60 sources equally distributed
in eight sectors around the patient head. The radiation from each source converges at

the radiation focal point (RFP) which coincides with the mechanical isocenter of the
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machine. The high dose volume around the isocenter originated from the convergence
of radiation is called a shot that is characterized by its weighting, collimator setting
(blocked, 4 mm, 8 mm or 16 mm) and position in stereotactic space. Using the afore-
mentioned shot information together with the prescription (prescription dose and iso-
dose line) and GK specific calibration and attenuation values, LGP calculates the re-
quired beam-on-time (BOT) for each shot and delivers the dose to the target by moving
the patient treatment couch accordingly to the shot position in stereotactic space 2.
Because of dose rates between 1.4-3.2 Gy/min depending on the source age, GK
treatments last typically longer than LINAC treatments 2425, Due to the great number
of non-coplanar, highly focused beams, the GK provides a dose fall-off outside the
target and low dose to the healthy brain and OAR 24 26-28, Another advantage of the
device is the high system positioning accuracy compared to conventional C-arm LINAC
which allows to reduce the gross tumor volume (GTV) to planning target volume (PTV)
setup margin when using mask treatment 2%-3'. For stereotactic frame treatment, usu-
ally no margins are applied so that treatment planning is done directly on the GTV 31,

Three dimensional treatment planning for GK SRS and fractionated stereotactic RT
(FSRT) is done in Leksell GammaPlan® (LGP, Elekta AB, Sweden) Treatment Plan-
ning System (TPS) and was exclusively based on manual forward planning until 2021.
For each patient, computed tomography (CT) or magnetic resonance imaging (MRI)
techniques with specialized stereotactic protocols are used as a fundament for the de-
lineation of targets and OAR, the creation of unique and highly accurate treatment
plans and positioning verification 32. LGP allows for treatment planning with two dose
calculation algorithms. While the tissue-maximume-ratio based algorithm (TMR10) mod-
els the head as a homogenous water volume, the convolution algorithm accounts for
heterogeneities such as bone and air by using the electron density information ex-
tracted from CT data 23. Because of the convolution algorithm needing additional CT
imaging and the fact that the current GK clinical knowledge results from TMR experi-
ence, the use of the convolution algorithm in clinical practice has only been modestly
adopted even though differences have been shown 3337, Hence, when using the
TMR10 dose calculation algorithm, treatment plans can be created after target deline-
ation on the MR dataset. For frame based treatments, a CT scan on the treatment day
is required as stereotactic reference and co-registered with the planning MR dataset
to account for slight setup differences. For mask treatments, the on-board CBCT is

used and co-registered with the MR dataset for the same purpose. In our institution,
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the planning MRI is done in other departments or institutions resulting in different and
unknown image distortions for each patient. To account for these distortion insecuri-
ties, CT imaging is routinely done for each patient independent of the fixation configu-
ration. Consequently, for each of our patients, electron density information is available
and the convolution algorithm could be used.

During the planning process, treatment shots are manually defined to achieve optimal
target coverage, conformity (given by the selectivity metric or the Paddick Conformity
Index “PCI”), Gradient Index (Gl) and BOT. In addition to the enumerated plan metrics
which are directly given by the TPS, dose values of Regions Of Interest (ROI) can be
read from the Dose-Volume-Histogram (DVH). As mentioned previously, until 2021 the
standard planning process in LGP was based exclusively on manual forward planning
but can be assisted using the fill functionality and automated shot optimization 38. The
former tool automatically positons shots inside the lesion in accordance to the prescrip-
tion isodose line (IDL). The second optimizes the collimator configuration, weight and
position of shots according to an objective function that is defined by the operator. This
objective function works by using the operator’s relative importance settings (sliders)
for the metrics coverage, selectivity, gradient index and BOT. This optimization does
not change the number of shots inside the target nor does it allow for input of dose or
dose-volume constraints, which is one of the key features of inverse planning 38 3.

In 2021, Leksell Gamma Knife® Lightning (Elekta AB, Sweden) was introduced as the
new inverse planning optimizer and integrated into LGP. Using the inverse optimiza-
tion, the operator defines inverse planning constraints and the optimizer chooses the
solution including shot number, position, weight, collimation and prescription (herein-
after also called planning) IDL with optimal merit.

Because of its geometry, GK treatment is commonly reduced to the brain and upper
cervical regions. Typical medical conditions include small to medium sized benign and
malignant brain tumors and metastases, arteriovenous malformations but also neuro-
logical conditions as trigeminal neuralgia, epilepsy or in some cases obsessive-com-
pulsive disorder (OCD). In our institution, most patients treated at the GK present sin-
gle or multiple metastases (MET), meningiomas (MEN), acoustic neuromas (AN) and
pituitary adenomas (PA).



1.3 Radiation therapy for nasopharyngeal carcinoma

Radiation therapy is the main treatment option for NPC. In many cases, positive re-
gional lymph nodes have to be treated in addition to the primary tumor as NPC has a
high likelihood of developing nodal metastases 4% 4!, With today’s advances in MRI
and Positron Emission Tomography (PET), affected regions can accurately be identi-
fied and delineated with the help of guidelines #2. With imaging, the primary nasopha-
ryngeal tumor and, if applicable, positive regional lymph nodes can be identified (GTV)
and low- and high-risk clinical target volumes (CTV) need to be determined by the
radiation oncologist. The optimal expansion margins to apply to these CTVs and
whether they have to be considered high- or low-risk varies depending on the stage of
the disease, guidelines and also institutional practices 4°. Additionally, if the GTV is
infiltrating critical structures, a tighter GTV to CTV margin can be applied. In this sce-
nario, however, the TCP to normal tissue complication probability (NTCP) ratio needs
to be rigorously evaluated 4°. Although international CTV delineation guidelines as pre-
sented by Lee et al. 42 advise to symmetrically include structures with risk of developing
microscopic spread—regardless of the primary tumor location (e. g. central or lat-
eral)—, research on sparing the contralateral structures for patients with unilateral tu-
mors is going on “°.

Similarly to target delineation, radiation therapist usually adhere to international guide-
lines for dose prescription. Commonly, a simultaneous integrated boost (SIB) tech-
nique with IMRT is used to deliver 70 Gray (Gy) to the high risk volumes and lower
doses of 50-60 Gy to low and intermediate risk volumes?*. IMRT has been reported to
enable conformal dose delivery to the GTV while at the same time lowering the OAR
doses which consequently improves LC and reduces adverse events 4346, Compared
to the previously performed 2-dimensional conformal RT (2D CRT) and 3-dimensional
conformal RT (2D CRT), the 5-year survival rates for T1-T4 NPC rose from 59-76%
to 80—86% with modern IMRT ''-47, Despite the advances in imaging, dose calculation
and delivery techniques, the radio-therapeutic treatment of NPC remains challenging
with, among other things, poor Local Control (LC) especially for larger tumors, little
success of reirradiation and a high rate of late complications 44 4849, |n fact, most fail-
ures were found likely to be linked to radio-resistance and recurrences are often lo-
cated in the high dose zones %-%2, With this knowledge, dose escalation strategies

have been adopted to increase LC rates, however, the close proximity of radiosensitive
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structures represents a challenge of local dose intensification %254, Especially for re-
current diseases where the OAR already received doses close to the recommended
limit, reirradiation has to be cautiously undertaken. In order to reduce the OAR doses
and the radiation side effects, recent research has been focusing on identifying func-
tionally active or radio-resistant areas for dose intensification. This way, dose escala-

tion is performed on a smaller volume instead of the whole tumor 4°.

1.4 Research objective

The aim of this research work was to investigate the feasibility of combining LINAC
base and GK boost treatment for NPC. For this purpose, intermediate steps had to be
taken.

The first step consisted in analyzing the advantages of the novel inverse planning mod-
ule of GK TPS called Leksell Gamma Khnife Lightning. Prior to Lightning, GK planning
was based on manual forward planning which is known to be time consuming and the
resulting plan quality and efficiency dependent on operator’s experience. During the
manual forward planning process, a multitude of shots in which the radiation from the
cobalt sources focus have to be manually chosen. With the possibility of setting each
sector to four different collimations and adjusting the shot weights and positions in
three spatial directions in submillimeter steps, the potential of plan variations especially
for novice operators is huge. With inverse planning using Lightning, the operator can
choose maximum doses to the target and OAR and determine the relative importance
of reaching low dose outside of the target and the BOT. Based on this input, the opti-
mizer automatically achieves a treatment plan with optimal merit. Here, the benefits of
the inverse optimizer in terms of plan quality and efficiency compared to manual for-
ward planning were analyzed for different medical conditions extracted retrospectively
from our clinical patient data base. Additionally, the inter operator variability of the plans
was assessed.

Second, to pave the way to HNC treatment using the GK, the degree of inhomogeneity
of Lightning plans had to be reduced in order to minimize normal tissue effects inside
the target resulting from high point doses. As the clinical Lightning version does not
allow for a maximum target dose below 133% of the prescription dose (PD) resulting
in hotspots inside the target 21.33*PD, a prototype version enabling higher homoge-

neity was provided by Elekta Instrument AB for research purposes only. When treating
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cerebral cases like acoustic neuromas (AN), OAR as the cochlea and/or acoustic and
facial nerves tend to be located inside the target volume and are very responsive to
radiation. Similarly, for NPC, the mucous membranes inside and close to the target
volume are particularly radiosensitive. In these cases, it is desirable to achieve a more
homogenous dose distribution inside the target volume %5-%7. To analyze the potential
of this prototype version, different medical conditions with OAR involvement requesting
more homogenous plans were retrospectively selected from our database, treatment
plans were generated and homogeneity and OAR sparing ranges compared to clinical
LINAC and GK plans were defined.

Finally, the prototype version was used to generate treatment plans of selected NPC
cases that have received in-house LINAC treatments. The aim was to investigate the
feasibility and potential dosimetric advantage of delivering the last 10 Gy to the primary
tumor (boost treatment) using the GK instead of the LINAC, to take advantage of the
steep GK dose gradients. After the determination of a suitable patient cohort, boost
plans for LINAC and GK were generated in order to compare the resulting plan quality.
The homogenous prototype version was used for the GK plans since, as mentioned
previously, radiosensitive structures are involved in NPC treatment and their protection
requires higher homogeneity than is possible with inverse planning of the clinical ver-
sion. A search of the available literature showed that this feasibility study is the first of
its kind combining primary LINAC IMRT and fractionated GK Boost using inverse plan-
ning for NPC.



2 MATERIALS AND METHODS

In order to enable GK treatment planning for HNC and in this work especially for HNC
of the NPX, more homogenous and automated treatment planning had to be utilized.
First, the benefits of Leksell Gamma Knife Lightning, the novel inverse planning mod-
ule integrated into Leksell Gamma Plan (LGP), were analyzed using retrospective clin-
ical cases (chapter 2.1). Second, a more homogenous prototype version of Lightning
was used retrospectively on clinical cases with OAR involvement to investigate the
level of homogeneity and OAR sparing that can be achieved (chapter 2.2). Lastly, this
homogenous prototype version was used to retrospectively generate boost plans of
clinical NPC cases which are compared to the LINAC plans in order to analyze the

feasibility and possible benefits of boosting NPC tumors using the GK (chapter 2.3).

2.1 Inverse planning with Leksell GK Lightning

While inverse planning for LINACs has been available for more than two decades and
was shown to result in higher quality and less user dependent plans, it has only been
introduced recently for GK SRS and FSRT 39 5860 Until then, treatment planning had
to be done exclusively with manual forward planning. With Leksell Gamma Knife Light-
ning, Elekta has launched their first inverse treatment optimizer for GK SRS and FSRT
in 2021. The optimizer enables inverse planning for single or multiple targets using
objectives like prescription, maximum dose to the target and OAR as well as BOT and
low dose penalization (figure 2.1). Additionally, by activating the full coverage option
(“fc” box, “cov” box in the released version) in the optimization dialog, the optimizer is
forced to cover the entire target with the PD resulting in the highest possible target

coverage.
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Figure 2.1: Dose optimization window with the pre-release version of Leksell Gamma Knife Lightning. GTV=gross

tumor volume, OAR=organ at risk, full cov=full coverage.

The above figure 2.1 shows the optimization window which allows the user to deter-
mine the prescription dose and maximum dose to the target for the previously defined
target (“A:GTV”). For structures defined as OAR, maximum doses can be set and the
relative importance of the low dose and BOT using sliders can be fixed. The user can
chose whether an existing plan should be overwritten or a new plan created. According
to the fixed objectives, the optimizer finds the best solution in three phases: isocenter
placement, optimization and sequencing 8'. During the first phase, isocenter positions
are chosen which remain unchanged during the following phases, this way elaborating
the search area of the optimization process. The more isocenter are set, the higher the
degree of freedom to create a high quality plan but the longer the time needed to solve
the optimization problem. In the second phase consisting of sector-duration-optimiza-
tion, linear programming is used which is an approach that differs from early and tra-
ditional attempts 6163, Knowing that multiple, possibly conflicting objectives can be set,
their exact priority can be elaborated by the user and the optimizer will demonstrate
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the possible concessions. The only physical hard constraint in the optimization is that
times must be non-negative, meaning that this is a requirement that the solution must
fulfill. For the remaining constraints, if each can be represented by a cost function,
forming their weighted sum results in a single cost function where the weights repre-
sent the importance of each part of the function. When taken together, the different
parts of the optimization problem can be described as a linear programming problem.
The last phase consists in converting irradiation times to shots with collimator and sec-
tor configuration for each isocenter position ©.

This chapter focusses on determining the advantages of inverse planning using Light-
ning’s inverse treatment optimizer in terms of plan quality and efficiency as well as

inter-operator-variability (I0V).

2.1.1 Patient population and planning strategy

Patients with selected medical conditions and treated in-house with GK Icon between
2015 and 2020 were randomly chosen and their data sets retrospectively analyzed
following IRB approval 2015-621 N-MA. The considered medical conditions were
acoustic neuroma (AN, n=11), single and multiple metastases (MET, n=15) and men-

ingioma (MEN= 12). Information about the study population is shown in table 2.1.
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Table 2.1: Retrospective study population characteristics (AN = acoustic neuroma, MEN = meningioma,

MET = metastases, Gy=Gray).

AN MEN MET

Number of patients 11 12 10

Targets per patient

(n=number of pa- 1 (n=11) 1(n=12) 1(n=8), 2 (n=1), 5 (n=1)

tients)
Target volume (cc),
1.56 (0.24-5.77) 6.48 (0.27-15.96) 0.66 (0.04-7.02)
median (range)
Prescription dose
(Gy), median 12 (11-50) 25 (12-52.2) 22 (8-22)

(range)
Prescription iso-
dose line (%), me- 65 (50-80) 50 (45-80) 50
dian (range)
Number of frac-
tions, median 1(1-27) 5 (1-26) 1(1-2)

(range)

Patients were immobilized for stereotactic imaging and treatment with either the stere-
otactic G-Frame (single fraction SRS) or thermoplastic masks (single or multiple frac-
tions). Each patient data set comprised the diagnostic MRI images used for initial treat-
ment planning, CT images and, for mask treatments, CBCT images. Stereotactic CT
and CBCT images were acquired following the same clinical in-house GK protocol for
all patients. The diagnostic MRI images, however, originated from different depart-
ments whose imaging protocols might slightly differ. In the considered period, contour-
ing and matching of the images from different modalities and the clinical treatment plan
for each patient were realized by different physicians and physicists, respectively.

First, for each patient the clinical GK treatment plan with image, dose and structure
data was exported from LGP v11.1, anonymized and imported into LGK Lightning (pre-
release version with the complete inverse planning functionality of the released ver-
sion) which was installed on a research laptop (research agreement). This way, by
copying the delivered clinical plan (hereinafter referred to as forward plan), the dose
rate was updated to the one of the deposited °Co sources to establish a baseline for

comparison. As mentioned before, these clinical plans were generated by different op-
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erators each of them having their own planning strategy. Hence, the complete func-
tionality of LGP including the fill functionality and automated shot optimization might
have been used. For targets with nearby OAR, the target coverage was compromised
in order to meet the OAR dose constraints defined by the clinicians.

The next step consisted in calculating the inverse plans using the dose optimization
dialog. Here, at least equal plan quality with the clinical forward plans was aimed. Due
to the high number of planning metrics and the nature of the studied medical condi-
tions, different strategies were adopted for the malign MET, the benign MEN and the
AN. For MET, equal target coverage between forward and inverse plans was aimed
which was likely to be achieved due to the typically round and even shape of metasta-
ses. For the remaining metrics, no equality with the forward plans was sought. For
MEN and AN, the equality of the metrics coverage, selectivity and Dmax OAR between
forward and inverse plans was pursued. Since these medical conditions have OAR
involvement, according to the clinical practice the OAR sparing was prioritized in cases
of conflict between target coverage and OAR doses exceeding clinical thresholds. In
these benign situations, the main objective was to analyze how GK Lightning manages
the conflict between OAR sparing and target coverage and the resulting impact on the
plan efficiency described by the BOT.

Using these strategies for the corresponding medical conditions, two inverse plans per
patient with (fc) and without (inv) the use of the full coverage box were created by a
single operator. During the optimization process, Dmax OAR and Dmax target were re-
stricted according to constraints set by the physician. Dmax target was restricted as it is
the only way to influence the optimizer’s choice of the planning IDL, which is usually
part of clinicians’ dose prescription. In light of this, for MET, two additional plans (inv
and fc) were created without limiting Dmax target during the optimization process. The
purpose of this was to let the optimizer freely choose the planning IDL that best fits the
optimization constraints and compare the results to the plans with maximum dose lim-
itation. Here it has to be emphasized, that in order to create a new plan the TPS re-
quires the input of the PD, number of fraction and the prescription IDL. The IDL, how-
ever, is not maintained during the optimization process as the optimizer will chose the
planning IDL that best fits the planning constraints.

To assess the effect different operators have on the optimization, one medical condi-
tion per group was planned by two additional operators with different planning experi-

ence. One operator had prior LGK Lightning and long forward planning experience with
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LGP, the other LGP forward planning experience only. The planning objectives of this
IOV analysis for the different groups were the same as mentioned above. All three
operators were asked to create forward, inv and fc in adherence to clinician’s con-

straints.

2.1.2 Statistical analysis of the collected data

The following plan quality and efficiency characteristics were extracted for all forward
and inverse plans:

- Planning IDL (%)

- Number of shots

- Coverage

- Selectivity

- Gradient Index

- Beam-on-time (sec)

- Dmax target (Gy)

- Vizay skull (cc)

- Dmax OAR (Gy) for AN and MEN

Rstudio® (PBC, USA) was used for statistical analysis of each group separately. As
mentioned before, MET plans were calculated with and without maximum dose limita-
tion to the target resulting in two groups: MET and MET_no_ Dmax.

The data was represented as boxplots and median, mean and interquartile range (IQR)
were reported. The significance of the results was assessed using a paired samples
Wilcoxon test (significance < 0.05) between forward and inverse plans. Additionally,
for the metastases, the significance analysis was performed between the inverse plans
of the MET and MET_no_Dmax groups to evaluate the importance of limiting the maxi-
mum dose to the target.

For the IOV analysis, the absolute standard deviation of the operator dependent plans

was calculated and graphically represented.
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2.2 Homogenous GK planning

As mentioned previously, for some medical conditions with OAR respectively nerves
crossing or abutting the target, a higher plan homogeneity is required to avoid normal
tissue side effects. In the current clinical version of LGK Lightning, the maximum dose
to the target cannot be set below 1.33*PD. Elekta AB provided a prototype version of
LGK Lightning, that allows for Dmax target input inferior to that threshold (about
1.15*PD). In this chapter, the range of homogeneity and OAR sparing that can be
achieved using a more homogenous prototype version of LGK Lightning is presented.
The results are set in proportion to the plan quality and efficiency that can be achieved
with treatment plans of LINAC and the clinical GK TPS.

2.2.1 Patient selection and treatment planning for GK and LINAC

The in-house clinical database of patients treated between 2015 and 2022 with LINAC
(Elekta Versa™ or Synergy™) or LGK lcon™ was searched for acoustic neuromas
(AN, n=10), pituitary adenomas (PA, n=10) and meningiomas (MEN, n=10). Among
these patients, cases requiring special plan homogeneity resulting from close OAR
involvement were selected. The considered OAR for each patient was either in close
proximity, abutting or crossing the target. The OAR (one per patient) were the cochlea,
optic tract or pituitary stalk for AN, MEN and PA, respectively. For two patients, one
AN and one PA, the considered OAR was located entirely inside of the target volume
resulting in these two OAR to be analyzed separately from the other OAR of the
groups. Figure 2.2 shows one example of target volume and considered OAR for each
medical condition and table 2.2 gives an overview of the patient population together

with the OAR constraints used for planning.
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Figure 2.1: Example of studied acoustic neuroma (left), pituitary adenoma (middle) and meningioma (right). The

target volume is represented in red and the organs at risk in pink, green and blue.

As can be seen from figure 2.2, the clinical treatments were done on the GK either with
thermoplastic mask or stereotactic G-frame resulting in differences in target volume
delineation. Additionally, PTV margins for mask treatments are usually chosen smaller
when using modern frameless SRS systems %466 compared to conventional LINACs.
Hence, the LINAC PTV margin was chosen for treatment planning to create compara-

ble conditions between the two devices.

Table 2.2: Characteristics of the retrospective study population and organs at risk dose constraints used

for planning, OAR = Organ at risk, AN = acoustic neuroma, PA = pituitary adenoma, MEN = meningioma.

AN PA MEN
Number of patients and 10 10 10
OAR (OAR n=9) (OAR n=9) (OAR n=10)
Considered OAR and cochlea pituitary stalk chiasma
dose constraint (Dmean < 45 Gy) (D2% < 50 Gy) (D2% < 50 Gy)

Median distance
OAR-target (mm):

0.4]0.6/0.2 2.5/4.6|2.6 7.713.3|3.3

median
(0-1.1|0-1.6|0-2) (0-6.2|0-10.9]0-6.8)  (0.8-19|0.6-12.1|0.6—13.5)
axial | sagittal | coronal

(range)

The Digital Imaging and Communications in Medicine (DICOM) image and structure
data was extracted from the clinical database, anonymized and imported into Monaco
TPS (Elekta AB, Sweden) version 6.1.1.0 and into the homogenous LGK Lightning
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prototype version featuring the complete functionality of the clinical version but addi-
tionally enabling Dmax target < 133% of PD. For each clinical case, one LINAC (Monaco
TPS) and three GK plans (prototype LGK Lightning TPS) were created with a PD of
54 Gy given in 30 fractions. To allow for easier analysis, this identical prescription was
chosen throughout the whole patient population even though depending on the medical
condition and the tumor stage prescriptions differ.

In Monaco, LINAC plans were calculated using VMAT technique for an Elekta Versa
HD™ LINAC and a grid spacing of 0.1 cm. For each VMAT plan, two arcs were used:
one full arc and one short, partial arc with couch rotation of 90°. The latter was used to
ensure target coverage while at the same time preventing the radiation beam the eyes
and optic pathways.

In the Lightning prototype version, three plans were generated for each patient: “LGK”,
‘LGK Hom” and “LGK OAR”. All three plans (hereinafter together referred to as “Light-
ning plans”) were optimized to meet the OAR dose constraints. The dose fall-off in the
DVH was used as plan homogeneity indicator for plan selection and was defined as
the difference between D2% and Dgg%. LGK plans were optimized according to the low-
est Dmax target value possible in the current clinical version (1.33*PD) and give the best
achievable homogeneity. The plans entitled LGK Hom give the best achievable homo-
geneity (<1.33*PD) while limiting the OAR dose to the LINAC plan value. LGK OAR
plans aim at achieving similar or equal OAR dose values compared to the LGK plans
while setting Dmax target < 1.33*PD. In case of OAR dose equality between LGK OAR
plans, the plan with the best homogeneity was chosen. For all Lightning plans, the BOT
which is a plan efficiency indicator, was not allowed to exceed 15 min per fraction which
is in our experience a well-tolerated time for patients treated in 30 fractions. The LINAC
and GK plans were calculated considering tissue inhomogeneities. This means, that in
opposition to the common practice in the GK world where the TMR10 algorithm as-
sumes the head as water, the convolution algorithm was used for calculation to account
for tissue inhomogeneities cause by air and bone. Pantelis et al. recently published a
study, where excellent agreement between convolution dose calculations, GafChromic
EBT3 measurements and Monte-Carlo simulations was found 26. With Monaco TPS,

Monte Carlo algorithm was used.
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2.2.2 Data acquisition and statistical analysis

After plan calculation all Lightning plans including dose, image and structure data were
imported into Monaco TPS to start from a common baseline for the following statistical
analysis. In Monaco, each patient contained four treatment plans (three GK plan, one
LINAC plan) for which the cumulative DVHs of the considered structures were exported
as text file (bin width = 1.0 cGy, resolution = 0.1 cm, volume units = %). Afterwards,
the DVH text files were imported in RStudio® (PBC, USA) to normalize each plan to
Dos% of the target volume. In Rstudio, mean DVHs for each structure, plan type and
medical condition as well as for the total patient population generated and dosimetry
characteristics as D2% and Dmean for the target volume and considered OAR and the
BOT per fraction were extracted. As an additional step in Rstudio®, a paired samples
Wilcoxon test with a significance level of 0.05 was performed between the Lightning
and LINAC plans.

For the last step of the analysis, Velocity™ (Varian Medical Systems Inc., USA) was
used. The LINAC and Lightning plans were normalized to Dgs% of the target volume
and structures to define the plan quality metrics Gradient Index (Gl), Paddick Conform-

ity Index (PCI) and Homogeneity Index (HI) were created. The metrics are defined as:

PVs0q,
GI= PIV

(1)

pCI = VIV

= 2
TV -PIV @)

D,y target

HI
PD

3)

where PD is the prescription dose, TV the tumor volume, PVso% the patient volume
covered by 50% of the prescription IDL, PIV the prescription isodose volume and TVpiv
the target volume enclosed by the prescription IDL 24 27, The aforementioned metrics
and the BOT were represented for each medical condition and for the total patient

cohort as boxplots using Rstudio®.
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2.3 Homogenous Leksell GK Lightning for treatment planning of NPC

In this chapter the previously acquired knowledge is used to retrospectively assess the
feasibility and the extent of the dosimetric advantage of GK boost treatment of NPC
compared to LINAC boost. This region was chosen because it was first estimated to
be geometrically accessible for GK treatment and second, only the gross tumor is typ-

ically boosted in the last treatment fractions 4% 7.

2.3.1 Preliminary patient selection and GK reachability

Because of the GK’s static geometry, the anatomical reachability is limited and com-
monly restricted to the brain. However, in the past, some working groups explored
treatment of the jaw and cervical regions pushing the assumed GK limits 6870

The in-house clinical database was searched for patients that were treated for NPC
with LINAC between 2015 and 2023 in order to retrospectively use the DICOM images,
plan, dose and structure files following IRB approval 2021-841 N-MA. Patients were
immediately excluded if the tumor was assessed inaccessible due to anatomical rea-
sons (short neck length) and large tumor size (long GK BOT). The remaining NPC
patient DICOM data were anonymized and transferred from Monaco TPS to the ho-
mogenous Lightning prototype version which was also used in chapter 2.2. In GK TPS,
the planning CT was visualized and patient positioning assessed with the assistance
of a highly experienced Medical-Technical Radiology Assistant (MTRA) for GK. Since
the planning CT was performed for LINAC treatment, patient positioning during the CT
included LINAC specific patient positioning aids that differ from the GK aids. To retro-
spectively simulate the treatment at the GK without the specific positioning aids and
hence assess the reachability of the target volume, the experienced MTRA performed
the patient positioning based on the patient CT images and GK head rest for mask
fixation in all three dimensions (figure 2.3). As for the anterior/posterior positioning of
the head in the head rest, the thinnest but still tolerable head cushion was assumed
which would reduce possible collisions 7. In craniocaudal direction, positioning was
done according to the visible shoulder positions in the CT scan although, in a clinical
setting, the shoulders are sometimes moved in caudal direction to increase the reach-

ability if necessary. Based on this positioning, the inverse optimization console (chap-
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ter 2.1) was used to quickly generate a first draft of a treatment plan in order to imme-
diately exclude patients with a high number of colliding shots. Patient treatment plans
that showed no or only a few collisions in the order of <10 shots for an average total

shot number of 150 shots remained in the patient population.

10:34)

Figure 2.2: Patient positioning of the planning CT for LINAC treatment in Leksell GammaPlan. The patient head

rest in the Gamma Knife head frame according to the anatomical patient properties.

2.3.2 Planning strategy for LINAC and GK boost plans and final patient selection

In Monaco TPS (Monte Carlo algorithm), the already delivered LINAC patient treatment
plans were anonymized and transferred to a Monaco research platform to separate
them from the clinical platform. Most patient folders comprised two plans: one base
plan where the PTV includes the primary tumor and the lymph nodes (60 Gy, 2 Gy/frac-
tion) and one boost plan to give additional dose (10 Gy, 2 Gy/fraction) to the gross
tumor with a 5 mm margin (clinicians’ definition) to increase tumor control. This proce-
dure was chosen as common concept for the analysis. Hence, for patients with only
one plan up to 70 Gy, the plan was recalculated with 60 Gy covering the previously
mentioned PTV of the primary tumor and the lymph nodes (“PTV60”) with the planning
constraints adapted to a 60 Gy prescription. Afterwards, for all patients, a new volume
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was generated as boost volume for the primary tumor. This volume was chosen to be
the primary GTV + 3 mm margin which is a smaller margin than in our clinical practice
for LINAC treatment. The reason for this is the higher total system accuracy of GK
enabling smaller margins for mask treatment compared to conventional LINACs 29 30,
A boost plan of 10 Gy with 2 Gy/fraction was calculated for this volume. During the
optimization process, dose constraint for the considered OAR were tried to not be ex-
ceeded (table 2.3).

Table 2.3: Considered organs at risk and dose constraints 72.

Organs at risk Considered dose constraints
Brainstem 0.035 cc <60 Gy
Spinal cord 0.035 cc < 52.8 Gy
Parotids (each) 0.035 cc < 32 Gy
Parotids (each) Mean < 26 Gy
Cochlea 0.035 cc <40 Gy
Pituitary gland 0.035 cc < 50 Gy
Optic chiasm 0.035 cc < 52 Gy
Temporomandibular joint (TMJ) 0.035 cc <65 Gy

In GK TPS (convolution algorithm), the newly generated PTV for each patient was
uploaded from Monaco TPS and boost plans were calculated. As GK BOT are com-
monly significantly longer than LINAC BOT for large volumes, a maximum BOT of
60 min/fraction was set as planning constraint: plans exceeding this limit were dis-
carded. Additionally, hot spots inside the target volume and especially in the mucous
membranes, jaw bones and cranial/facial nerves were tried to be kept as low as achiev-
able. At the end of the optimization process, the clearance window was used to check
for collisions between the patient and the GK. In case of potential collisions of a few

wr u'”

millimeters (marked as “i” or “I” in GK system), the shots in question were moved while
ensuring target coverage. In case of unreachable and clearly colliding shots (marked
as “X”) the patient was excluded from the patient population. Here, as for the LINAC
plans, the constraints in table 2.3 were used as a guideline for OAR dose limitation. It
has to be emphasized that the primary and nodal PTV (PTV60) can intersect with OAR
resulting in already high OAR doses with the primary plan. Especially the parotids, one

or both, are often partially or completely involving PTV60.
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The final patient population using the first prototype version of homogenous Leksell
Gamma Knife Lightning consisted of the patients listed in table 2.4. As it can be seen
from the table, all patients had nodal involvement and different boost volume sizes.
Four out of five tumors were central tumors whereas one tumor (patient P4) was more
left-sided. Figure 2.3 shows an axial and sagittal slice of two studied patient CT scans:

P1 with the largest (106.3 cc) and P5 with the smallest (26.8 cc) tumor volume.

Table 2.4: Considered organs at risk and dose constraint

Patients Boost planning tar- Intermediate
Tumor stage
(NPC) get volume (cc) imaging
P1 T2N2MO 106.3 No
P2 T3N1MO 58.8 No
P3 T2N3MO 65.5 No
P4 T2-3NOMO 57.0 No
P5 T4AN2MO 26.8 Yes

Figure 2.3: Axial and sagittal view of one CT scan slice of patient P1 (A) and P5 (B). The planning target volume
is represented in red, the temporomandibular joints in dark (right) and light (left) blue and the cochleae in dark
(right) and light (left) green.
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2.3.3 Plan comparison and data analysis

For plan visualization and plan summation purposes, both LINAC and GK boost plans
were transferred to Velocity and a normalization to Dgo% of the target volume was done
for each plan and a sum of boost and base plan was done. An experienced radiation
therapist specialized in HNC treatment evaluated the dose distribution and plans were
recalculated if needed. Once satisfying plans were obtained, the dose values of the
sum plans were reported, Gl and PCI were calculated for the boost plans (equations
(1) and (2) chapter 2.2.2) and the not normalized GK boost plans were transferred from
GK TPS to Monaco. In Monaco TPS, the cumulative DVHs for LINAC and GK boost
plans were exported as text files for further analysis in Rstudio. The DVHs were ex-
ported twice, once with the volume units in % and once in cc to allow for further extrac-
tion of dose volume constraints. The remaining DVH settings were: bin width = 1.0 cGy
and resolution = 0.1 cm. The transfer to Monaco was necessary because Velocity does
not allow for cumulative DVH export.

Similar to Velocity, RStudio was first used for normalization of the plans to Dgo% of the
target volume. This was necessary because it is technically not possible to normalize
GK plans in Monaco, nor is it possible to transfer the normalized dose files from Ve-
locity. Second, the DVHs for LINAC and GK boost were represented together in one
DVH for each patient and structure and as a mean over all patient. Finally, the dose

values of the normalized boost for the different structures were reported.
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3 RESULTS

3.1 Inverse planning with Leksell GK Lightning
3.1.1 Plan quality and efficiency

The plan quality (cov, sel, Gl, Dmax OAR) and efficiency (BOT) characteristics for each
plan and medical condition are represented in figure 3.1. The fc plans stand out from
the forward and inverse plans with coverage > 0.99 and improved Gl (lower values).
The selectivity and OAR doses, however, are inferior compared to the other plan types.
This reflects the fundamental idea behind the full coverage setting which, before any-
thing else, aims at achieving maximum coverage of the target volume at the expense
of other metrics. The selectivity of the inverse plans is enhanced or maintained com-
pared to forward plans while higher coverage is achieved for AN and MEN. Addition-
ally, despite the increased coverage, the OAR doses for MEN and AN are reduced
compared to the forward plans. For MET, the coverage of forward plans is already high
as these tumors are generally of round and even shape which facilitates forward plan-
ning. Hence, except for one outlier due to an uncommon target shape, the coverage
of the inverse plans is equal or slightly worse compared to forward plans. Inverse and
full coverage plans are also characterized by lower Gl except for MEN and inverse

plans. Finally, the BOT are reduced in both, inverse and full coverage plans.
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Figure 3.1: Beam-on-time (BOT) (A), coverage (B), selectivity (C), Gradient Index (Gl) (D) and Dmax OAR (E) for
forward (green), full coverage (orange) and inverse (purple) plans and the medical conditions acoustic neuromas,
meningiomas and metastases. The organs at risk doses are only shown for acoustic neuromas and meningiomas

since for the metastases no organs at risk were analyzed.

Table 3.1-3.4 give the detailed plan statistics for the studied metrics per medical con-
dition together with the p-values. From these tables, the significance of the changes
between forward and inv/fc plans depicted in figure 3.1 can be assessed. The improve-
ment in coverage is significant for all medical conditions and fc plans (AN: p=0.006;
MEN: p =0.005; MET: p = 0.006; MET_no_Dmax: p = 0.01) as well as for AN inv plans
(p = 0.042). Similarly, Gl is significantly improved for all fc plans (AN: p = 0.001; MEN:
p=0.01; MET: p=0.024; MET_no_Dmax: p = 0.012) and for AN inv plans (p = 0.005).
The selectivity is significantly decreased in all fc plans (AN: p = 0.008; MEN: p = 0.028;
MET: p=0.035; MET_no_Dmax: p=0.046) and improved in MET inv plans (p = 0.049).
The difference in planning IDL between forward and Lightning inv plans is significant
for MEN (p = 0.007) and MET (p = 0.007), where the optimizer chose higher IDL in
both cases. As mentioned previously, the change in IDL results in a change of Dmax
target which is significant for MEN inv (p = 0.001) and fc (p = 0.038) plans and MET
inv plans (p = 0.021). In the benign groups, the reduction in Dmax OAR is significant for
inv plans in both medical conditions (AN: p = 0.007; MEN: p = 0.002) and the BOT is
significantly shortened (AN: fc p =0.01, inv p = 0.008; MEN: fc p=0.017, inv p = 0.007).
For metastases, V12cy skull is significantly reduced for the inverse plans for MET and

MET_no_Dmax (MET: p = 0.025; MET_no_Dmax: p = 0.049).
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The significance analysis between the MET and MET_no_Dmax groups shows signif-

icant changes for the planning IDL, Gl and Dmax target. Without maximum dose limita-

tion to the target and for fc plans, Gl (p = 0.032) and the planning IDL (p = 0.021) are

decreased and Dmax target (p = 0.022) increased.

Table 3.1: Plan quality and efficiency metrics with statistics (median, inter quartile range, mean) for

acoustic neuroma (AN). cov = coverage, sel = selectivity, GI = Gradient Index, BOT = beam-on-time,

forw = forward, fc = full coverage, inv = inverse.

Planning IDL (%) Number of shots Cov
AN median IQR mean median IQR mean median IQR Mean
forw 65 30 66.36 13 30 17.65 0.97 0.03 0.959
fc 67 11 65 11 11 17.9 0.99 0.01 0.994
p-value 0.755 0.964 0.006
inv 74 11.5 68.45 13 4.5 17.73 0.98 0.02 0.977
p-value 0.285 0.929 0.042
sel Gl Dnax target (Gy)
median IQR mean median IQR mean median IQR Mean
forw 0.84 0.08 0.83 3.65 1.38 3.934 24 37.8 38.36
fc 0.74 0.045 0.743 3.22 0.795 3.227 21.4 47.6 40.38
p-value 0.008 0.001 0.365
inv 0.83 0.07 0.845 3.41 0.82 3.375 23.1 46.6 38.86
p-value 0.247 0.005 0.656
Vi2¢y skull (cc) Dmax OAR (Gy) BOT (min)
median IQR mean median IQR mean median IQR Mean
forw 6.606 15.9 11.225 14.1 343 23.58 19.3 38.2 28.19
fc 7.527 14.3 11.157 13.35 28.9 23.61 9.8 21.4 14.23
p-value 0.278 0.985 0.01
inv 6.875 13.7 9.797 12.95 29.5 22.52 15 21.2 14.71
p-value 0.067 0.007 0.008
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Table 3.2: Plan quality and efficiency metrics with statistics (median, inter quartile range, mean) for

meningioma (MEN). cov = coverage, sel = selectivity, Gl = Gradient Index, BOT = beam-on-time, forw

= forward, fc = full coverage, inv = inverse.

Planning IDL (%) Number of shots Cov

MEN median IQR mean median IQR mean median IQR mean

forw 50 0 52.17 25 18.20 28.5 0.98 0.012 0.979

fc 66.5 55 66.75 36 20.50 35.83 1 0.01 0.997
p-value 0.322 0.169 0.005

inv 69.5 5) 68.67 345 16.50 35.25 0.99 0.001 0.985
p-value 0.007 0.147 0.071

sel Gl Dnmax target (Gy)

median IQR mean median IQR mean median IQR mean

forw 0.83 0.105 0.818 2.77 0.345 2.982 50 18 43.27

fc 0.79 0.105 0.767 2.64 0.208 2772 35.2 14 34.85
p-value 0.028 0.01 0.038

inv 0.84 0.072 0.826 2.85 0.21 2.917 35.45 12.6 33.55
p-value 0.788 0.754 0.001

Vi2¢y skull (cc) Dmax OAR (Gy) BOT (min)

median IQR mean median IQR mean median IQR mean

forw 15.363 247 26.046 14.9 16.2 21.74 22.55 39.6 33.07

fc 17.262 24 25.355 14.4 11.7 19.75 19.05 271 2415
p-value 0.266 0.192 0.017

inv 15.316 23.4 24.439 12.25 94 17.94 18.55 21.7 22.06
p-value 0.97 0.002 0.007

Table 3.3: Plan quality and efficiency metrics with statistics (median, inter quartile range, mean) for

metastases (MET). cov = coverage, sel = selectivity, GI = Gradient Index, BOT = beam-on-time, forw =

forward, fc = full coverage, inv = inverse.

MET Planning IDL (%) Number of shots cov Sel
median IQR mean median IQR mean median IQR = mean median IQR mean
forw 50 0 50 7 5 11.87 0.99 0 0.998 0.8 0.09 0.782
fc 51 6 51.8 9 13.5 13.87 1 0.01  0.995 0.76 0.145 | 0.754
p-value 0.322 0.255 0.006 0.035
inv 53 7.5 54.93 11 10 14.2 0.99 0'20 0.987 0.8 0.125 | 0.805
p-value 0.007 0.115 0.766 0.049
Gl Dnmax target (Gy) Vi26y skull (cc) BOT (min)
median IQR mean median IQR mean median IQR = mean median IQR mean
forw 2.99 0.09 3.021 40 15 35.73 3.812 3.33 4.557 19.6 5.6 19.74
fc 2.73 0.36 = 2.835 37.3 142  35.23 4.21 253  4.598 17.8 71 18.17
p-value 0.024 0.906 0.761 0.306
inv 2.83 0.125 2.922 36.1 125  33.35 3.476 27 4.294 18.4 8.85 18.36
p-value 0.065 0.021 0.025 0.125
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Table 3.4: Plan quality and efficiency metrics with statistics for metastases (MET) without maximum

target limitation (MET no Dmax). cov = coverage, sel = selectivity, Gl = Gradient Index, BOT = beam-

on-time, forw = forward, fc = full coverage, inv = inverse.

MET no Planning IDL (%) Number of shots cov Sel
Dmax median IQR mean median IQR  mean  median IQR mean = median IQR mean
forw 50 0 50 7 5 11.87 0.99 0 0.988 0.8 0.009 0.787
fc 50 75 50.27 9 125  13.53 0.99 0.01 0.995 0.73 0.15 0.745
p-value 1.00 0.267 0.010 0.046
inv 53 8.5 53.13 11 14.5 14.6 0.99 0.005  0.987 0.79 0.13 0.803
p-value 0.083 0.100 0.053 0.068
Gl Dmax target (Gy) Vi26y skull (cc) BOT (min)
median IQR mean median IQR = mean | median IQR mean = median IQR mean
forw 2.99 0.27 3.021 40 15 35.73 3.812 3.33 4.557 19.6 5.6 19.74
fc 2.71 0.365 @ 2.801 37.3 13.8  36.86 4.21 2.52 4.557 18.5 7.5 18.58
p-value 0.012 0.553 0.842 0.977
inv 2.78 0415 2.896 36.1 125  34.22 3.476 3.05 4.365 18.4 7.15 18.57
p-value 0.053 0.147 0.049 0.222

Figure 3.2-3.4 show the dose distribution in one axial slice for one studied case per
medical condition and table 3.5 gives the relevant DVH statistics extracted from the
dose evaluation window for each plan type. The planning IDL, cov, PCI (measure for
sel), Gl, Dmax target and OAR and the BOT per fraction are represented.

For the benign cases, the exemplary AN was planned with 50 Gy in 25 fractions (figure
3.2) and the MEN with 25 Gy in 5 fractions (figure 3.3). For AN, the responsible clinician
prescribed 50 Gy to the 80% target covering IDL. The optimizer, however, chose a
slightly lower IDL for the inv (76%) and fc (75%) plans resulting in higher Dmax target.
While the coverage is slightly increased (fc) or equal (inv), the Lightning plans result in
reduced Gl and OAR doses compared to the manual forward plans but slightly inferior
conformity (PCI). For MEN, 25 Gy were prescribed to the 50% target covering IDL (fig.
3.3). In the Lightning plans, the optimizer chose higher planning IDL (fc: 64%; inv: 68%)
to meet the optimization constraints resulting in lower Dmax target compared to the for-
ward plan. In the Lightning plans, the OAR doses are maintained or reduced while the
coverage is increased by an important amount (forw: 0.95; fc: 0.99; inv: 0.98). Gl is
improved for fc and slightly worsened for inv and the PCl is increased for inv. For both
benign conditions, BOTs are reduced.

For MET (figure 3.4), 22 Gy in one fraction were prescribed to the 50% target covering
IDL resulting in Dmax target of 44 Gy. For inv and fc plans, the optimizer chose higher
IDL (fc: 59%; inv: 61%) resulting in Dmax target < 44 Gy. The high coverage of 0.99 that

is reached in the forward plan is maintained in the Lightning plans. The Gl are reduced
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and the BOT per fraction increased. Additionally, the conformity of the Lightning plans
is increased (forw: 0.84; fc: 0.90; inv: 0.91).

Figure 3.2: Dose distribution in one slice of one studied acoustic neuroma and forward (A), full coverage (B) and
inverse (C) plans. The PTV (orange), brainstem (purple), cochlea (pink), planning isodose line (yellow) and isodose

lines (green) for 25 Gy and 60 Gy are shown.

Figure 3.3: Dose distribution in one slice of one studied meningioma and forward (A), full coverage (B) and inverse
(C) plans. The PTV (orange), cochlea (purple), acoustic nerve (pink), skull (light blue), planning isodose line (yellow)

and isodose lines (green) for 15 Gy and 35 Gy are shown.

Figure 3.4: Dose distribution in one slice of one studied meningioma and forward (A), full coverage (B) and inverse

(C) plans. The PTV (orange), GTV (blue), skull (light blue), planning isodose line (yellow) and isodose lines (green)

for 10 Gy and 35 Gy are shown.
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Table 3.5: Plan quality and efficiency metrics with statistics for the exemplary cases in figures 3.2—3.4
cov = coverage, PCI = Paddick Conformity Index, Gl = Gradient Index, BOT = beam-on-time, fx = frac-

tion, forw = forward, fc = full coverage, inv = inverse.

metric forw fc Inv
Planning IDL (%) 80 75 76
cov 0.98 0.99 0.98
PCI 0.87 0.84 0.86
Gl 4.34 3.33 3.46
AN
Dmax target (Gy) 62.5 66.7 65.8
Brainstem: 46,8 Brainstem: 45,2 Brainstem: 44.6
Dmax OAR (Gy)
Cochlea: 42.8 Cochlea: 36.6 Cochlea: 36.1
BOT/fx (min) 2.7 2.2 2.1
Planning IDL (%) 50 64 68
cov 0.95 0.99 0.98
PCI 0.79 0.70 0.82
Gl 2.75 2.63 2.83
MEN
Dmax target (Gy) 50 391 36.8
Acoustic nerve: 13.7 = Acoustic nerve: 13.7  Acoustic nerve: 10.6
Dmax OAR (Gy)
Cochlea: 22.1 Cochlea: 21.8 Cochlea: 20.1
BOT/fx (min) 21.9 18.1 18.4
Planning IDL (%) 50 59 61
cov 0.99 0.99 0.99
PCI 0.84 0.90 0.91
MET
Gl 2.87 2.48 2.50
Dmax target (Gy) 44 37.3 36.1
BOT/fx (min) 22.3 25.7 22.6

3.1.2 Inter operator variability

The absolute IOV of the operator dependent plans is represented in figure 3.5. Addi-
tionally, the values of the plan quality and efficiency metrics can be found for each plan
and operator in table 3.6. The smaller the IOV, the lower the plan variation between
the different operators. An IOV of zero stands for equality of the considered metric.

In general, as it can be seen in figure 3.5, the metrics cov, sel, Gl as well as the OAR
doses are very similar between the operators and for all medical conditions. For the

remaining metrics, the most differences are observed for the MEN case.
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As mentioned previously, there is a link between planning IDL and Dmax target. Hence,
for forward planning, these metrics show no variation since the planning IDL stays
unchanged during forward planning. For AN, while the IOV is small for the plan quality
metrics, high variations are found for the BOT (IOV = 16 min). This is linked to one
operator planning with a high amount of blocked sectors which is often observed when
using the automated shot optimization. For MEN, the highest IOV is observed for the
number of shots (2.3) and V12cy skull (5.08 cc). For MET, only small deviations occur.
The highest variations are observed for the metrics number of shots (1.53) and BOT
(1.5 min).

With inverse planning using Lightning, the planning IDL is not maintained during the
optimization process. These variations are especially expressed for AN and MEN (AN:
fc = 2.65, inv = 4.04; MEN: fc= 3.05, inv = 6.03) and result in differences in Dmax target
(AN: fc = 0.74, inv = 1.01; MEN: fc= 2.02, inv = 3.43). Although the number of shots
differ for all medical conditions, the variability is more expressed for MEN (fc = 7.0, inv
= 7.23) which can be linked to generally larger targets compared to AN and MET and
also shows in the metric V126y skull (fc = 2.21, inv = 1.90). Finally, similar to forward
planning, small variations in BOT occur for all medical conditions and mostly in the fc
plans (AN: fc = 3.35; MEN: p = 2.37; MET: p = 1.08).
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Table 3.6: Plan quality and efficiency metrics for different operators (Op1, Op2, Op3) and one case of
each medical condition group. AN = acoustic neuroma, MEN = meningioma, MET = metastases, cov =
coverage, sel = selectivity, Gl = Gradient Index, BOT = beam-on-time, forw = forward, fc = full coverage,

inv = inverse.

AN MEN MET
Op1 Op2 Op3 oV Op1 Op2 Op3 1oV Op1 Op2 Op3 IOV
forw 65 65 65 0 50 50 50 0 50 50 50 0
Planning
IDL (%) fc 69 70 65 2.65 64 60 58 3.05 59 60 60 | 0.58
° inv 74 74 67 4.04 68 73 61 6.03 61 62 62 | 0.58
iy o forw 6 6 5 0.58 22 22 26 2.3 7 9 6 1.53
0.0
fc 11 9 14 2.52 40 47 33 7.0 14 10 10  2.31
shots
inv 15 15 15 0 45 32 33 7.23 12 12 13  0.58
forw 0.91 0.91 0.91 0 0.95 0.94 0.96 0.01 0.99  0.99 0.99 0
cov fc 1.0 0.99 1.0 0.01 0.99 0.99 0.99 0 1.0 1.0 0.99 0.01

inv | 098 097 097 001 | 098 097 098 0.01 | 099 099 099 0
fow | 081 083 082 0.1 | 083 077 084 0.04 | 085 087 089 0.02

sel fc | 071 074 072 001 | 070 068 075 004 | 088 08 08 0
inv | 083 08 084 001 | 084 083 082 0.01 | 092 092 093 0.01
forw | 3.65 | 356 342 042 | 2.75 3.06  3.06 012 | 287 284 323 0.23
Gl fc | 322 318 299 012 | 263 254 263 005 | 247 248 249 0.01
inv | 3.41 36 332 044 | 283 293 273 040 | 250 251 250 0.01

forw | 185 = 185 185 0 50.0 500  50.0 0 440 440 440 0
fc | 174 171 185 074 | 391 416 431 202 | 373 367 367 0.35
inv | 162 161 179 1.01 | 368 342 410 343 | 361 355 355 0.35
Domax fow | 102 | 107 _ 106  0.26 | 221 207 @ 217  0.72
OAR1 fc | 126 130 126 023 | 218 233 215  0.96
(Gy) inv | 126 118 114 061 | 201 197 204 0.35
Dimax forw | 5.3 55 53 045 | 137 150 143 065
OAR2 fc 4.8 4.9 52 021 | 137 147 130 0.85
(Gy) inv | 5.1 46 48 025 | 106 106 124  1.04
fow | 032 | 032 032 0 5311 63.15 5954 508 | 652  6.36 699 0.32

Dmax tar-
get (Gy)

NN

sk:;:‘:ic) fc | 042 04 041 001 | 6290 6326 5926 221 | 555 557 555 0.01
inv | 035 033 033 0.001 | 5544 5862 5524 190 | 533 534 528 0.03

forw | 395 119 116 160 | 202 196 209 051 | 206 221 236 1.0

:n?:) fc | 182 180 239 335 | 167 213 200 237 | 216 199 196 1.08

inv 3.41 3.6 3.32 0.14 17.0 17.2 19.0 1.10 21.3 192 199 1.07
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Absolute inter operator variability
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Figure 3.5: Absolute inter operator variability (IOV) for the plans forward (forw), full coverage (fc) and inverse (inv)
and the metrics isodose, shots, coverage (cov), selectivity (sel), Gradient Index (Gl), beam-on-time (BOT), Dmax
target (target), Viz6y skull (skull) and Dmax OAR1 and 2 (OAR1, OAR2).

3.2 Homogenous Leksell GK Lightning
3.2.1 Plan quality and efficiency — medical conditions and total patient cohort

Figure 3.6 shows the metrics GI, PCI, HI and BOT for the medical conditions and plan
types as boxplots. The statistical values (mean, median, IQR) for the plans can be
found in table 3.7 for each medical condition group separately as well as in table 3.8
for the total patient cohort. Table 3.8 also features the results of the paired samples
Wilcoxon test.

When comparing the Lightning and the LINAC plans, the Gl is significantly improved
for the former (LGK Hom: p<0.001|LGK OAR: p<0.001|LGK: p<0.001). Especially for
AN, median Gl for the group is improved from 7.80 (LINAC) to 3.78 (LGK Hom), 3.67
(LGK OAR) and 3.05 (LGK). The PCl is increased for PA (LGK Hom, LGK OAR, LGK)
and MEN (LGK OAR, LGK) and decreased for AN in all Lightning plans. Considering
the total patient cohort, the change in PCI only reaches significance for LGK compared
to LINAC (LGK Hom: p=.0976|LGK OAR: p=0.859|LGK: p<0.001). For all Lightning
plans in the total patient population the HI is significantly worse compared to the LINAC
plans (LGK Hom: p<0.001|LGK OAR: p<0.001|LGK: p<0.001). The LGK plans show
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the highest inhomogeneity followed by LGK OAR and LGK Hom. Comparing the IQR
for the different medical conditions and plans, the LINAC IQR is small for all medical
conditions. All Lightning plans exhibit higher BOT per fraction compared to the LINAC
plans (LGK Hom: p<0.001|LGK OAR: p<0.001|LGK: p<0.001) but the times remain
within the planning constraint limit (BOT < 15 min). The BOTs for the different medical
conditions are longest for MEN followed by PA and AN and the IQR is highest for AN
and lowest for MEN. For small targets (AN and PA) the increase of homogeneity in the
Lightning plans results in comparable or shortened BOTs. For larger targets (MEN),
however, the BOTs are increased with higher homogeneity. Although the BOT of the
LINAC plans is significantly shorter, it does not include the time needed for the couch

rotation (treatment time).
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Figure 3.6: Gradient Index (Gl), Paddick Conformity Index (PCl), Homogeneity Index (HI) and beam-on-time (BOT)
for acoustic neuromas, pituitary adenomas, meningiomas and the plans LINAC (pink), LGK Hom (yellow), LGK
(purple) OAR and LGK (green).

Figures 3.7-3.10 show the mean DVHs for the medical conditions, plan types and the
structures PTV, skull and the considered OAR (cochlea for AN, pituitary stalk for PA
and chiasma for MEN). The DVHs for PTV show that for all medical conditions, the
highest homogeneity is given by the LINAC plans. LGK Hom is the second homoge-
nous, LGK OAR the third homogenous and LGK the least homogenous. The difference
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in dose drop-off between LGK Hom and LGK OAR is smallest for MEN and similar
between AN and PA. For AN, the LGK Hom curve seems to be closer to the LINAC
curve than for PA and MEN. When looking at the total patient cohort (figure 3.10) the
LGK curve for PTV converges towards higher dose values due to high PTV doses and
flat dose drop-off of the LGK plans for AN.

When analyzing the OAR doses for all medical conditions, the highest values can be
found in the LINAC plans and the lowest in LGK plans. LGK OAR plans are the second
lowest and LGK Hom the third lowest. The significance analysis (table 3.8) shows, that
the OAR dose reduction of the Lightning plans compared to the LINAC plans is signif-
icant for LGK and LGK OAR (LGK Hom: p=0.152|LGK OAR: p<0.001|LGK: p<0.001).
For OAR in all three medical conditions, LINAC and LGK Hom have a similar curve
progression and partially overlap. The same characteristic can be observed for LGK
OAR and LGK plans. For the skull, the Lightning plan curves are very similar and par-
tially overlapping, the LINAC curve, however, shows higher dose values.
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Figure 3.7: Mean DVHs for acoustic neuromas and the structures PTV (A), cochlea (B) and skull (C). The plans are
LGK (green), LGK Hom (orange), LGK OAR (purple) and LINAC (pink). DVH=dose-volume-histogram, PTV=plan-

ning target volume
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Pituitary adenoma
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Figure 3.8: Mean DVHs for pituitary adenoma and the structures PTV (A), pituitary stalk (B) and skull (C). The plans
are LGK (green), LGK Hom (orange), LGK OAR (purple) and LINAC (pink). DVH=dose-volume-histogram,

PTV=planning target volume
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Figure 3.9: Mean DVHs for meningiomas and the structures PTV (A), chiasma (B) and skull (C). The plans are LGK
(green), LGK Hom (orange), LGK OAR (purple) and LINAC (pink). DVH=dose-volume-histogram, PTV=planning

target volume.
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Patient cohort (AN, PA and MEN)
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Figure 3.10: Mean DVHs for the total patient cohort (AN, PA and MEN) and the structures PTV (A), OAR (B) and
skull (C). The plans are LGK (green), LGK Hom (orange), LGK OAR (purple) and LINAC (pink). DVH=dose-volume-

histogram, PTV/=planning target volume, AN=acoustic neuroma, PA=pituitary adenoma, MEN=Meningioma.

Table 3.7: median, minimum and maximum values for acoustic neuromas (AN), pituitary adenoma (PA)
and meningioma (MEN) and the metrics Gradient Index (Gl), Paddick Conformity Index (PCl), Homo-
geneity Index (HI), OAR dose and beam-on-time (BOT). The OAR doses are Dmean cochlea (AN), D2y
pituitary stalk (PA) and D,y chiasma (MEN).

Gl

PCI

HI

BOT
(s)

OAR

dose
(Gy)

Median
IQR
Mean
Median
IQR
Mean
Median
IQR
Mean
Median
IQR
Mean
Median
IQR

Mean

LINAC

7.80
4.64
9.71
0.73
0.07
0.75
1.10
0.03

70

4.0

79
39.68
10.58
37.26

LGK
Hom
3.78
2.35
4.80
0.69
0.11
0.72
1.16
0.13
1.21
204
249
331
37.11
13.73
32.90

LGK
OAR
3.67
1.05
3.88
0.68
0.12
0.69
1.26
0.11
1.30
246
243
376
26.69
12.52
24.71

LGK

3.05
0.74
3.13
0.83
0.10
0.80
1.45
0.24
1.56
444
453
561
23.41
9.71
24.06

LINAC

7.59
2.51
8.12
0.72
0.16
0.69
1.07
0.01
1.08
139

139
46.18
6.68
45.74

LGK
Hom
4.50
3.07
5.10
0.72
0.14
0.70
1.19
0.06
1.20
378
188
378
38.87
11.12
40.42

LGK
OAR
3.46
0.80
3.92
0.75
0.05
0.74
1.25
0.04
1.24
375
258
389
34.08
19.59
31.66

LGK

3.15
0.74
3.46
0.79
0.05
0.79
1.34
0.03
1.35
429
191
370
38.55
16.50
32.00

LINAC

5.66
1.41
5.80
0.81
0.13
0.77
1.07
0.02
1.08
138
50
118
28.76
18.59
32.07

MEN
LGK LGK
Hom OAR
3.81 3.50
0.51 0.42
3.92 3.62
0.79 0.81
0.06 0.04
0.79 0.80
1.18 1.22
0.06 0.07
1.19 1.23
630 684
83 113
624 663
26.32 16.94
19.73 16.34
27.53 | 20.26
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LGK

3.25
0.33
3.25
0.84
0.05
0.84
1.31
0.03
1.30
576
119
498
16.61
15.65
20.58



Table 3.8: Median, inter quartile range (IQR), mean and p-value for all patients and for the metrics

Gradient Index (Gl), Paddick Conformity Index (PCI), Homogeneity Index (HI), Dmean cochlea, D2y, pitu-

itary stalk, D2y chiasma and beam-on-time (BOT). Median, IQR and mean are given for the different

organs at risk (OAR) separately the p-values, however, apply to the total patient cohort (n=30).

Gl
(n=30)

PCI
(n=30)

HI
(n=30)

Dmean cochlea (Gy)
(n=9)

D, pituitary stalk (Gy)
(n=9)

D¢, chiasma (Gy)
(n=10)

BOT (s)
(n=30)

3.2.2 Plan quality and efficiency — exemplary cases

Median
IQR
Mean
Median
IQR
Mean
Median
IQR
Mean
Median
IQR
Mean
Median
IQR
Mean
Median
IQR
Mean
Median
IQR

Mean

LINAC

6.68
2.70
7.92
0.75
0.13
0.74
1.08
0.03
1.09
39.68
10.58
37.26
46.18
6.68
45.74
28.76
18.59
32.07
137
68
111

LGK Hom

3.86
1.22
4.63
0.76
0.13
0.74
1.18
0.08
1.19
37.11
13.73
32.90
38.87
11.12
40.42
26.32
19.73
27.53
432
427
454

P value

<0.001

0.976

<0.001

0.152

<0.001

LGK OAR

3.50
0.84
3.80
0.75
0.09
0.75
1.24
0.08
1.25
26.69
12.52
24.71
34.08
19.59
31.66
16.94
16.34
20.26
510
473
415

P value

<0.001

0.859

<0.001

<0.001

<0.001

LGK

3.19
0.62
3.28
0.82
0.08
0.81
1.35
0.08
1.39
23.41
9.71
24.06
38.55
16.50
32.00
16.61
15.65
20.58
510
273
504

P value

<0.001

0.001

<0.001

<0.001

<0.001

Figure 3.11 gives the dose distribution for one of the studied PA cases. It represents
the PTV (green) and the pituitary stalk as OAR (black). For the pituitary stalk the dose

constraint D2% < 50 Gy can be approximated by the 50 Gy IDL (orange) which shows
that the OAR sparing is best for LGK and LGK OAR. The hot spots in the PTV are
greater than 66 Gy (1.22*PD) for the Lightning plans whereas for the LINAC plans no

hotspots are visible. Finally, all Lightning plans show higher dose conformity compared

to the LINAC plans.
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Figure 3.11: Dose distribution in axial, coronal and sagittal view for one pituitary adenoma case and the plans
LINAC, LGK Hom, LGK OAR and LGK. The structures are the PTV (green) and the pituitary stalk (black) and the
isodose lines 66 Gy (dark red), 62 Gy (red), 54 Gy (orange), 50 Gy (yellow), 30 Gy (light blue) and 10 Gy (blue).

As mentioned previously, two OAR were excluded from the group analysis as they are
located entirely inside the target volume. For these two cases (AN and PA) the plan
quality and efficiency metrics are listed in table 3.9. Although HI is increased in all
Lightning plans, OAR doses are found similar between LINAC and LGK Hom espe-
cially for AN. Additionally, Gl is considerably reduced in all Lightning plans.
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Table 3.9: Plan quality and efficiency metrics for one acoustic neuroma (AN) and one pituitary adenoma
(PA) with organ at risk (OAR) situated inside the target volume. For AN, the OAR doses are mean doses
(OAR=cochlea) and for PA maximum doses (OAR=pituitary stalk). GI=Gradient Index, PCI=Paddick

Conformity Index, HI=Homogeneity Index, BO T=beam-on-time.

LINAC LGK Hom LGK OAR LGK

Medical condition AN PA AN PA AN PA AN PA

Gl 8.45 6.25 3.96 3.72 3.88 3.28 2.76 2.80
PCI 0.73 0.75 0.71 0.81 0.71 0.84 0.82 0.87
HI 1.11 1.07 1.34 1.22 1.55 1.11 2.12 1.35

OAR dose (Gy) 56.89 57.24 56.77 6214 58.67 60.13 61.57 6544
BOT (s) 122 138 336 414 378 402 810 432

3.3 Homogenous Leksell GK Lightning for treatment planning of NPC
3.3.1 Patient population: imaging and dose distribution

Due to anatomical and BOT related limitations the retrospective patient population only
comprises five patients whose target volume related characteristics can be found in
table 2.4 of the methods section. Out of this group, an intermediate CT scan seven
days after the first scan was available for one of the patient (P5) due to significant
changes in patient positioning. The second CT shows a GTV regression from 77.0 cc
to 13.8 cc (figure 3.12). For the remaining patients, only the initial planning CT is avail-
able for treatment planning purposes so that no statement about tumor regression dur-
ing LINAC base plan treatment is available. Hence, for patients P1 to P4 the time
needed for optimization using the prototype version was = 30 min. However, for patient
PS5 with a tumor volume of about 25% of tumor P1, a treatment plan was calculated in
less than 10 min. The BOT limitation of 60 min per fraction was almost exhausted by

all patient plans with BOTs per fraction ranging from 51 to 58 minutes.

39



Figure 3.12: Gross tumor volume regression patient P5. The primary gross tumor volume is represented in purple

and the gross tumor volume after partial irradiation in blue.

For patients P2 and P4, OAR are intersecting with the PTV (figure 3.13). In these cases
it is especially challenging to ensure target coverage. As found previously with cerebral
tumors, even though the GK prototype version was shown to be more homogenous
than the current clinical version, the degree of inhomogeneity is still significantly higher
compared to LINAC homogeneity. Hence, restricting the maximum dose to the inter-
secting OAR results in an important loss of target coverage and eventually in even
higher hotspots inside the target volume after normalization to Deo%. Consequently, for
these two patient, the dose to the intersecting OAR was tried to be reduced while at

the same time not compromising the target coverage.

Figure 3.13: Intersection of OAR and PTV for patients P2 and P4. For P2, the PTV (red) intersects with the left
temporomandibular joint (light blue). For P4, the PTV (red) intersect with the left temporomandibular joint (light blue,

P4.a) and the left parotid (light orange, P4.b). PTV=planning target volume, OAR=organs at risk.
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3.3.2 Individual dose volume histograms and dose values

In the following, the dose distribution in one slice, the DVHs and relevant dose values

and plan quality metrics are shown for each boost plan and patient individually.

Patient P1
The dose distributions for the boost plans in three axial slices is shown in figure 3.14.
Figures 3.15 and 3.16 show the DVHSs per structure for LINAC and GK boost plans of

patient P1 and table 3.10 gives the dose values for the considered OAR.

Figure 3.14: Dose distribution for patient P1 and the GK and LINAC boost plans. Planning target volume (red), left

parotid (light orange), right parotid (dark orange), spinal cord (neon green), brainstem (pink), left cochlea (light
green), right cochlea (dark green). The isodose lines are represented on the right side of the figure. GK = Gamma

Knife, LINAC = linear accelerator.

Apart from high doses inside the delineated OAR, hotspots in the boost plans were
tried to be kept < 12 Gy in osseous structures comprising sensitive nerves and in mu-
cous membranes. According to our institutional planning aims, the 95% IDL which ide-
ally should comprise the integrity of the boost target volume is represented. When
comparing the high dose (120%, purple), it is noticeable that the LINAC boost plan is
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more homogenous than the GK plan which was already shown in the previous analysis
of the homogenous prototype version. The location of the GK hotspots, however, is out
of the aforementioned risk zones so that the boost plan was judged satisfying by the
physician. Additionally, the isodose lines show higher dose conformality and that the
GK plan spares the OAR better than the LINAC plans. Similarly, the low dose spread
in the skull is reduced. Especially the left parotid (light orange) appears to benefit from
the GK dose distribution. The comparison of the GK and LINAC dose distribution for

the remaining patients can be found in the following section.
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Figure 3.15: DVHs for patient P1, the plans GK Boost (yellow) and LINAC Boost (green) and the structures PTV
(A), spinal cord (B), skull (C), brainstem (D), pituitary (E) and optic chiasm (F). DVHs = dose-volume histograms,
GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, Gy = Gray.
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DVHs for patient P1
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Figure 3.16: DVHs for patient P1, the plans GK Boost (yellow) and LINAC Boost (green) and the structures TMJ
left (A),parotid left (B), cochlea left (C), TMJ right (D), parotid right (E) and cochlea right (F). DVHs = dose-volume
histograms, GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, TMJ = temporoman-
dibular joint, Gy = Gray.

Table 3.10 gives the boost plan values and the LINAC + boost sum plan values. It has
to be emphasized, that for this and all following patients the sum dose values are
extracted from the sum plan and are not the results of a sum between the LINAC base
plan column and the boost plan column. With the sum plan, the dose distribution of
each plan is added voxel-by-voxel which provides a sum dose distribution with spatial
relationship between the two plans. Dose values exceeding the planning constraint in
table 2.3 are highlighted in red and OAR intersecting or abutting the PTVs are marked

with asterisks * (PTV60 one asterisk, PTV boost two asterisks).
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Table 3.10: Dose constraints and metrics (Gl, PCI) for patient P1 and the LINAC base, LINAC boost,
GK boost and the sum plans LINAC+GK boost and LINAC+LINAC boost. The dose values are in the
unit Gray (Gy) and the red shaded areas in the sum plan columns represent dose values exceeding the
planning constraints. OAR intersecting or abutting PTV60 (base plan) are marked with one asterisk and
OAR intersecting or abutting PTV boost with two asterisks. Gl = gradient index, PCI = Paddick conform-

ity index, GK = Gamma Knife, LINAC = linear accelerator, TMJ = temporomandibular joint, OAR = organ

at risk.
LINAC GK LINAC LINAC+ GK LINAC+ LINAC
Patient P1 Constraints
base boost boost boost boost
Brainstem
38.1 7.3 7.5 451 45.1 <60
(Do.osscc) [Gy]
Spinal cord
29.3 4.6 6.0 321 33.7 <52.8
(Do.osscc) [Gy]
Parotid left*
60.5 2.6 3.2 61.8 62.3 <32
(Do.0sscc) [Gy]
Parotid right*
62.0 2.7 25 64.1 63.8 <32
(Do.osscc) [GY]
Parotid left*
39.9 1.1 15 411 41.5 <26
(Dmean) [Gy]
Parotid right*
30.4 1.2 1.1 31.5 31.3 <26
(Dmean) [Gy]
Cochlea left
32.9 3.2 3.0 36.3 36.3 <40
(Do.osscc) [GY]
Cochlea right
37.3 3.1 4.4 39.8 411 <40
(Do.03scc) [Gy]
TMJ left
429 3.6 4.5 44.3 45.2 <65
(Do.osscc) [GY]
TMJ right
37.9 3.9 4.5 41.0 41.6 <65
(Do.03scc) [Gy]
Pituitary gland*
49.7 6.8 8.3 50.4 52.3 <50
(Do.osscc) [GY]
Optic chiasm
21.4 2.5 4.2 23.4 24.5 <52
(Do.035cc) [Gy]
PTV
64.2 12.8 11.0 75.0 74.9 -
(Do.osscc) [GY]
PTV
59.4 10.1 10.1 69.5 69.4 -
(Dmean) [Gy]
Gl | PCI - 3.19]0.79 3.54|0.80 - - -

As it can be seen from table 3.10 and the DVHs above, the GK boost plan shows an
advantage over the LINAC boost plan for most OAR. For the brainstem, the advantage
is less expressed and can be explained by the close proximity of the OAR to the PTV
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in some slices. As for the left cochlea and right parotid, LINAC boost doses are slightly
lower than the GK boost doses. This patient suffers from a central and large NPC (table
2.4) with PTV60 partially involving both parotids which explains the already high parotid
mean and Do.o35cc doses in the LINAC base plan. Additionally, the pituitary gland is
abutting the PTV60 resulting in an already high OAR dose in the base plan almost
exceeding the constraint (50 Gy). Consequently, the constraint is violated by adding
either of the boost plans but, with the GK boost, a dose reduction of 3.6% is reached
in the GK sum plan compared to the LINAC sum plan. Similarly, for this patient, the
distance between the right cochlea and PTV60 is in the order of 2 mm resulting in a
cochlea dose of 37.3 Gy, which is already close to the 40 Gy constraint. With the ad-
vantageous GK dose gradient, the constraints was not violated and the dose difference
for this OAR with the LINAC boost plan is more than 1 Gy.

The PTV high dose for the GK boost plan is about 1.8 Gy higher which could already
be observed in figure 3.14 but the location of the hot spots is judged uncritical. The
PTV mean dose is equal between both boost plans and very similar for the sum plans.
Regarding the plan quality metrics, the GK boost plan has a better Gl (3.19 vs. 3.54)
while the conformity of the boost plans given by the PCl is similar (0.79 vs. 0.80).
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Patient P2
The dose distributions for the boost plans in three axial slices is shown in figure 3.17.
Figures 3.18 and 3.19 show the DVHs per structure for LINAC and GK boost plans of

patient P2 and table 3.11 gives the dose values for the considered OAR.

GK boost

Figure 3.17: Dose distribution for patient P2 and the GK and LINAC boost plans. Planning target volume (red), left
temporomandibular joint (light blue), right temporomandibular joint (dark blue), brainstem (pink), left cochlea (light
green), right cochlea (dark green). The isodose lines are represented on the right side of the figure. GK = Gamma

Knife, LINAC = linear accelerator.

Figure 3.17 gives the dose distribution in three axial slices for the LINAC and GK boost
plans and patient P2. It is visible, that the studied patient suffered from a central NPC
tumor. While the IDL in the GK plan are more conformal, the LINAC plan has no
hotspots = 120%. In the first and third axial slice, small cold spots < 95% adjacent to
(slice 1) and inside (slice 3) the osseous structure can be seen in the GK boost plan.
For all represented OAR—namely the brainstem (pink), left and right TMJ (light and
dark blue), left and right cochlea (light and dark green)—the GK boost appears more
advantageous compared to the LINAC boost. TMJ left is crossing the PTV, which ex-

plains the small underdosage in the first slice of the GK plan.
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DVHs for patient P2
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Figure 3.18: DVHs for patient P2, the plans GK Boost (yellow) and LINAC Boost (green) and the structures PTV
(A), spinal cord (B), skull (C), brainstem (D), pituitary (E) and optic chiasm (F). DVHs = dose-volume histograms,
GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, Gy = Gray.
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Figure 3.19: DVHs for patient P2, the plans GK Boost (yellow) and LINAC Boost (green) and the structures TMJ
left (A),parotid left (B), cochlea left (C), TMJ right (D), parotid right (E) and cochlea right (F). DVHs = dose-volume
histograms, GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, TMJ = temporoman-
dibular joint, Gy = Gray.

Table 3.11 gives the boost plan values and the LINAC + boost sum plan values. The
sum dose values are extracted from the sum plans. Dose values exceeding the plan-
ning constraint in table 2.3 are highlighted in red and OAR intersecting or abutting the
PTVs are marked with asterisks * (PTV60 one asterisk, PTV boost two asterisks).
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Table 3.11: Dose constraints and metrics (Gl, PCI) for patient P2 and the LINAC base, LINAC boost,
GK boost and the sum plans LINAC+GK boost and LINAC+LINAC boost. The dose values are in the
unit Gray (Gy) and the red shaded areas in the sum plan columns represent dose values exceeding the
planning constraints. OAR intersecting or abutting PTV60 (base plan) are marked with one asterisk and
OAR intersecting or abutting PTV boost with two asterisks. Gl = gradient index, PCI = Paddick conform-

ity index, GK = Gamma Knife, LINAC = linear accelerator, TMJ = temporomandibular joint, OAR = organ

at risk.
LINAC GK LINAC LINAC+GK LINAC+LINAC
Patient P2 Constraints
base boost boost boost boost
Brainstem
35.1 4.4 8.0 37.2 40.2 <60
(Do.osscc) [Gy]
Spinal cord
34.0 3.6 4.8 37.0 37.8 <52.8
(Do.osscc) [Gy]
Parotid left*
62.8 5.2 71 68.0 69.7 <32
(Do.0sscc) [Gy]
Parotid right*
62.3 44 6.2 66.3 68.9 <32
(Do.osscc) [GY]
Parotid left*
45.5 3.2 4.6 52.3 53.7 <26
(Dmean) [Gy]
Parotid right*
23.4 2.1 4.0 25.7 27.6 <26
(Dmean) [Gy]
Cochlea left
27.0 4.2 57 27.5 28.8 <40
(Do.osscc) [GY]
Cochlea right
24.7 1.7 4.9 24.8 27.6 <40
(Do.03scc) [Gy]
TMJ left
61.4 8.5 10.2 69.2 71.0 <65
(Do.osscc) [GY]
TMJ right
49.3 4.6 7.2 50.6 53.2 <65
(Do.03scc) [Gy]
Pituitary gland*
16.4 0.6 0.8 13.7 14.0 <50
(Do.osscc) [GY]
Optic chiasm
5.3 0.4 0.4 52 5.2 <52
(Do.035cc) [Gy]
PTV
65.5 12.2 10.9 76.3 75.2 -
(Do.osscc) [GY]
PTV
60.9 104 10.5 71.3 71.4 -
(Dmean) [Gy]
Gl | PCI - 2.8810.84 4.50]|0.79 - - -

For Patient P2 (table 3.11 and figures 3.18 and 3.19) the OAR TMJ left and both
parotids are included in the PTV60 of the base plan resulting in parotid doses already

exceedig the planning thresholds Do.os5 cc with the LINAC base plan. The mean parotid
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dose constraint is exceeded for the left parotid in the base plan. Nervertheless, with
GK boost, a Do.oss cc dose reduction of 2.4% (left parotid) and 3.8% (right parotid) and
a mean dose reduction of 2.6% (left parotid) and 6.9% (right parotid) is reached in the
sum plans. Additionally, with GK boost, the mean dose constraint for the right parotid
in the sum plan is not exceeded whereas with LINAC boost the constraint is violated.
TMJ left is abutting the boost volume resulting in high boost doses which, when
summed with the already high base dose, exceed the 65 Gy dose limit for both boost
plans. With GK boost, however, the dose for the left TMJ in the sum plan is 2.5% lower
and for the right TMJ even 4.9% lower. For the remaining OAR, the pituitary and
chiasm doses are similarly low between the two boost plans whereas the OAR in the
higher dose regions are better spared with the GK boost plan. The dose reduction
between LINAC boost and GK Boost plans is especially expressed for the right cochlea
resulting in a dose reduction of about 10% when comparing the sum plans. The dose
reduction achieved for the brainstem (sum 7.5%) is also noteworthy. As for the PTV,
the maximum dose difference between GK and LINAC boost plan is found to be 1.3 Gy.
Additionally, the DVH for PTV shows a slight underdosage as already observed in fig-
ure 3.17. This underdosage can partially be explained by the dose restriction for the
left parotid which is crossing the boost volume. The mean PTV dose of 10 Gy is
achieved by both boost plans and the mean doses are similar. For this patient, the
dose conformity for the GK boost plan is higher (PCl: 0.84 vs. 0.79) which was already
seen in figure 3.17. Additionally, the GI for the GK boost plan is 36% lower than the
LINAC boost Gl.
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Patient P3
The dose distributions for the boost plans in three axial slices is shown in figure 3.20.
Figures 3.21 and 3.22 show the DVHs per structure for LINAC and GK boost plans of

patient P3 and table 3.12 gives the dose values for the considered OAR.

__--.—__ r-...._ ——l1 LINAC boost

Figure 3.20: Dose distribution for patient P3 and the GK and LINAC boost plans. Planning target volume (red), left

parotid (light orange), right parotid (dark orange), left temporomandibular joint (light blue), right temporomandibular
joint (dark blue), brainstem (blue). The isodose lines are represented on the right side of the figure. GK = Gamma

Knife, LINAC = linear accelerator.

The above figure 3.20 shows the dose distributions in three slices for the GK and
LINAC boost plans and patient P3 (central NPC). The dose distribution in the GK plan
appears more conformal which also results in lower OAR exposure in the represented
slices. While the dose reduction for the OAR brainstem, both TMJs and the right parotid
is clearly visible, the dose sparing for the left parotid appears less expressed. The PTV,
however, shows hotspots and underdosed regions with the GK boost. Especially in the
third axial slice where the PTV is surronded by air filled cavities and bones, the
convolution dose algorithm fails at depositing 95% of the PD in the integrity of the PTV.

With the LINAC plan, however, no underdosage is observed which can be explained
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by the superiority of the Monte Carlo dose algorithm compared to the convolution dose

algorithm 73-76 especially at tissue junctions with lower density.
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Figure 3.21: DVHs for patient P3, the plans GK Boost (yellow) and LINAC Boost (green) and the structures PTV
(A), spinal cord (B), skull (C), brainstem (D), pituitary (E) and optic chiasm (F). DVHs = dose-volume histograms,
GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, Gy = Gray.
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Figure 3.22: DVHs for patient P3, the plans GK Boost (yellow) and LINAC Boost (green) and the structures TMJ
left (A),parotid left (B), cochlea left (C), TMJ right (D), parotid right (E) and cochlea right (F). DVHs = dose-volume
histograms, GK = Gamma Khnife, LINAC = linear accelerator, PTV = planning target volume, TMJ = temporoman-

dibular joint, Gy = Gray.
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Table 3.12 gives the boost plan values and the LINAC + boost sum plan values. The
sum dose values are extracted from the sum plans. Dose values exceeding the plan-
ning constraint in table 2.3 are highlighted in red and OAR intersecting or abutting the

PTVs are marked with asterisks * (PTV60 one asterisk, PTV boost two asterisks).
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Table 3.12: Dose constraints and metrics (Gl, PCI) for patient P3 and the LINAC base, LINAC boost,
GK boost and the sum plans LINAC+GK boost and LINAC+LINAC boost. The dose values are in the

unit Gray (Gy) and the red shaded areas in the sum plan columns represent dose values exceeding the

planning constraints. OAR intersecting or abutting PTV60 (base plan) are marked with one asterisk and

OAR intersecting or abutting PTV boost with two asterisks. Gl = gradient index, PCI = Paddick conform-

ity index, GK = Gamma Knife, LINAC = linear accelerator, TMJ = temporomandibular joint, OAR = organ

at risk.
Patient P3

Brainstem

(Do.035¢cc) [Gy]
Spinal cord
(Do.035cc) [Gy]
Parotid left*
(Do.035¢cc) [Gy]
Parotid right*
(Do.035cc) [Gy]
Parotid left*

(Drmean) [GY]

Parotid right*

(Dmean) [GY]
Cochlea left
(Do.035cc) [Gy]

Cochlea right
(Do.03scc) [Gy]
TMJ left
(Do.035cc) [Gy]

TMJ right

(Do.03scc) [Gy]
Pituitary gland*
(Do.035cc) [Gy]
Optic chiasm
(Do.035cc) [Gy]
PTV
(Do.035cc) [Gy]
PTV
(Dmean) [Gy]

Gl | PCI

LINAC
base

33.3

35.2

63.8

63.5

271

26.8

40.6

39.4

53.8

53.9

42.4

4.1

64.2

60.2

GK
boost

4.0

24

4.5

4.4

1.9

2.0

3.4

2.7

4.4

4.3

1.0

0.4

12.4

10.5

2.84|0.85

LINAC
boost

6.4

5.1

5.2

7.1

2.8

3.1

43

5.3

5.7

6.8

1.0

0.3

10.5

10.0

5.68 | 0.82

LINAC+GK
boost

36.1

35.4

65.8

65.6

28.9

28.7

43.4

42.3

57.3

58.6

42.5

41

75.7

70.7

LINAC+LINAC
boost

38.8

36.3

66.9

67.6

29.7

29.7

441

44.9

59.0

61.2

42.5

4.2

74.6

70.1

Constraints

<60

<52.8

<32

<32

<26

<26

<40

<40

<65

<65

<50

<52

For Patient P3 (table 3.12 and figure 3.21 and 3.22) both parotids and TMJ are

intersecting with PTV60. The pituitary gland and cochleae are in close proximity to

PTV60. For both parotids and the left cochlea, the dose constraints are already
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exceeded in the base plan. The dose value for the right cochlea was already very close
to the 40 Gy limit so that the constraint is exceeded with either boost plan. Despite the
excessive cochlea dose, the dose sparing reached with the GK boost plan is in the
order of almost 6% in the sum plans. Similarly, the Do.o35cc dose for both parotids is
1.6% (left) and 3.0% (right) lower in the GK sum plan compared to the LINAC sum
plan. The mean parotid dose is also 2.7% (left) and 3.4% (right) lower.

The GK boost dose sparing for the brainstem shows the most benefit with a dose
reduction of about 7% in the sum plans. The PTV dose for LINAC + GK boost plan,
however, is 1.5% higher than for the LINAC + LINAC boost plan. Additionally, the DVH
for PTV shows a slight underdosage which was already visible in figure 3.19. The mean
PTV dose for the GK boost plan is 0.5 Gy higher than in the LINAC boost and mean
PTV doses above 70 Gy are reached for both plans. For this patient, as already seen
in figure 3.20, the dose distribution with the GK boost is more conformal than with the
LINAC boost (PCI: 0.85 vs. 0.82) and the Gl is halved (2.84 vs. 5.68).
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Patient P4

The dose distributions for the boost plans in three axial slices is shown in figure 3.23.
Figures 3.24 and 3.25 show the DVHs per structure for LINAC and GK boost plans of
patient P4 and table 3.13 gives the dose values for the considered OAR.

GK boost

LINAC boost

Figure 3.23: Dose distribution for patient P4 and the GK and LINAC boost plans. Planning target volume (red), left
temporomandibular joint (light blue), right temporomandibular joint (dark blue), brainstem (pink), left cochlea (light
green), right cochlea (dark green). The isodose lines are represented on the right side of the figure. GK = Gamma

Knife, LINAC = linear accelerator.

The dose distribution for GK and LINAC boost plans and patient P4 are represented in
figure 3.23. This patient has a more left-sided NPC compared to the other patients of
the cohort. As for the previous patients, the dose distribution with the GK boost plan
appears more conformal than for the LINAC plan. The OAR parotid right and both
cochleae seem to benefit from the GK boost plan. Additonally, the left parotid is
crossing the PTV and seems to be better spared with the LINAC boost plan. As for the
PTV, an underdosage in the third slice is visible for the GK plan. In this slice, half of
the PTV is located in the air cavity so that the Monte Carlo dose algorithm shows its
superiority compared to the convolution dose algorithm. For this patient, the number
and extent of hotspots with the GK plan are more expressed than for the previous

patients.
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DVHs for patient P4
A PTV B  Spinal cord C  Skul

100 100

volume (%)

Relative volume (%)
Relative volurmne (%)
Rlative

=
1 5 0 2 i 8 ¢ 0 E 0 e
Dose (Gy) Dose Gy) Doss Gy)

D  Brainstem E  Pituitary F  Optic chiasm

100 100

Relatve volume (%)
Relatve volume (%)

E 0 1 2 3 s : 0 1
Dose Gy} Dose Gy) Dose Gy)

Figure 3.24: DVHs for patient P4, the plans GK Boost (yellow) and LINAC Boost (green) and the structures PTV
(A), spinal cord (B), skull (C), brainstem (D), pituitary (E) and optic chiasm (F). DVHs = dose-volume histograms,
GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, Gy = Gray.
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Figure 3.25: DVHs for patient P4, the plans GK Boost (yellow) and LINAC Boost (green) and the structures TMJ
left (A),parotid left (B), cochlea left (C), TMJ right (D), parotid right (E) and cochlea right (F). DVHs = dose-volume
histograms, GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, TMJ = temporoman-
dibular joint, Gy = Gray.

Table 3.13 gives the boost plan values and the LINAC + boost sum plan values. The
sum dose values are extracted from the sum plans. Dose values exceeding the plan-
ning constraint in table 2.3 are highlighted in red and OAR intersecting or abutting the
PTVs are marked with asterisks * (PTV60 one asterisk, PTV boost two asterisks).

56



Table 3.13: Dose constraints and metrics (Gl, PCI) for patient P4 and the LINAC base, LINAC boost,
GK boost and the sum plans LINAC+GK boost and LINAC+LINAC boost. The dose values are in the
unit Gray (Gy) and the red shaded areas in the sum plan columns represent dose values exceeding the
planning constraints. OAR intersecting or abutting PTV60 (base plan) are marked with one asterisk and
OAR intersecting or abutting PTV boost with two asterisks. GI = gradient index, PCI = Paddick conform-

ity index, GK = Gamma Khnife, LINAC = linear accelerator, TMJ = temporomandibular joint, OAR = organ

at risk.
LINAC GK LINAC LINAC+GK LINAC+LINAC
Patient P4 Constraints
base boost boost boost boost
Brainstem
30.7 6.1 59 34.5 35.3 <60
(Do.0sscc) [Gy]
Spinal cord
30.1 54 3.9 325 32.2 <528
(Do.osscc) [GY]
Parotid left*
63.1 9.3 9.5 72.7 71.5 <32
(Do.0sscc) [Gy]
Parotid right*
64.5 2.8 3.6 65.4 66.4 <32
(Do.osscc) [GY]
Parotid left*
41.9 2.8 1.8 44.9 43.7 <26
(Dmean) [Gy]
Parotid right*
28.0 0.9 1.5 28.9 29.5 <26
(Drmean) [Gy]
Cochlea left
39.2 54 6.2 42.7 43.5 <40
(Do.0sscc) [Gy]
Cochlea right
32.7 3.2 3.6 34.8 35.3 <40
(Do.osscc) [GY]
TMJ left
63.1 10.0 10.5 74.1 73.1 <65
(Do.0sscc) [Gy]
TMJ right
54.0 3.0 4.1 571 58.2 <65
(Do.osscc) [GY]
Pituitary gland*
27.0 3.0 1.4 27.9 24.3 <50
(Do.osscc) [GY]
Optic chiasm
8.6 1.9 0.6 8.3 7.6 <52
(Do.o35cc) [Gy]
PTV
65.8 14.0 10.7 78.4 76.5 -
(Do.osscc) [GY]
PTV
60.6 10.3 10.0 71.0 70.6 -
(Dmean) [Gy]
Gl | PCI - 3.1710.77 4.40|0.84 - - -

Patient P4 (table 3.13 and figure 3.24 and 3.25) has several OAR intersecting with
PTV60 namely the left cochlea, both TMJ and both parotids. Additionally, TMJ left and
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parotid left are intersecting with the boost volume resulting in higher GK boost doses.
In the base plan, the parotid doses are already exceeded and the dose limit for the left
cochlea is almost reached. Similarly, TMJ left already reaches 63.1 Gy in the base plan
so that the dosimetric constraints (65 Gy) is exceeded with either boost plan. The
distance between the boost PTV and the pituitary gland and the chiasma is =2 1 cm.
With this distance these two organs can be blocked out of the treatment field while the
LINAC grantry is rotating around the patient head. With GK, however, the radiation
originates from 192 directions but the sources cannot be individually blocked out. The
smallest unit that can be shielded is one out of the eight sectors each containing 24
sources. Even by blocking one sector, incident radiation through these OAR remains
explaining why the LINAC boost doses are lower than the GK boost doses.

The highest benefit of GK boost can be found for the dose sparing of the right parotid
(sum 2.0%) and TMJ (sum 1.9%). This percentual advantage, however, is low
compared to the disadvantage that can be observed for the high dose in the PTV
(+3.3 Gy) and the OAR pituitary gland and optic chiasm. Additionally, the DVH for PTV
shows a slight underdosage, which was already visible in one of the axial slices of
figure 3.23. In both plans, a mean dose of at least 10 Gy is delivered to the PTV and
the GK boost mean dose is 0.2 Gy higher than the LINAC boost mean dose. The dose
conformity is lower with the GK boost compared to the LINAC boost (PCl: 0.77 vs.
0.84). The GlI, however is reduced by almost 30% with the GK boost plan (3.17 vs.
4.40).
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Patient P5

The dose distributions for the boost plans in three axial slices is shown in figure 3.26.
Figures 3.27 and 3.28 show the DVHs per structure for LINAC and GK boost plans of
patient P5 and table 3.14 gives the dose values for the considered OAR.

GK boost

=....-l-1.—__ _...a—..-h. __1 LINAC boost

Figure 3.26: Dose distribution for patient P5 and the GK and LINAC boost plans. Planning target volume (red), left

parotid (light orange), right parotid (dark orange), left temporomandibular joint (light blue), right temporomandibular
joint (dark blue), spinal cord (neon green), brainstem (pink), left cochlea (light green), right cochlea (dark green).

The isodose lines are represented on the right side of the figure. GK = Gamma Knife, LINAC = linear accelerator.

The dose distribtuions in three slices for patient P5 and the plans GK and LINAC boost
are represented in figure 3.26. This patient has a central NPC and the extent and
number of the GK hotspots compared to patients P1-P3 are increased but their
location is outside of critical areas. Additionally, in the first of the three slices, a slight
PTV underdosage can be seen in the air cavity region for the GK boost (convolution)
compared to the LINAC boost (Monte Carlo). As for the OAR, the dose sparing with
GK appeard less expressed than for the other patients. The spinal cord, TMJ left and

both parotids seem to benefit the most from the GK boost plan.
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DVHs for patient P5
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Figure 3.27: DVHs for patient P5, the plans GK Boost (yellow) and LINAC Boost (green) and the structures PTV
(A), spinal cord (B), skull (C), brainstem (D), pituitary (E) and optic chiasm (F). DVHs = dose-volume histograms,
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GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, Gy = Gray.
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Figure 3.28: DVHs for patient P5, the plans GK Boost (yellow) and LINAC Boost (green) and the structures TMJ
left (A),parotid left (B), cochlea left (C), TMJ right (D), parotid right (E) and cochlea right (F). DVHs = dose-volume
histograms, GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, TMJ = temporoman-
dibular joint, Gy = Gray.

Table 3.14 gives the boost plan values and the LINAC + boost sum plan values. The
sum dose values are extracted from the sum plans. Dose values exceeding the plan-
ning constraint in table 2.3 are highlighted in red and OAR intersecting or abutting the
PTVs are marked with asterisks * (PTV60 one asterisk, PTV boost two asterisks).
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Table 3.14: Dose constraints and metrics (Gl, PCI) for patient P5 and the LINAC base, LINAC boost,
GK boost and the sum plans LINAC+GK boost and LINAC+LINAC boost. The dose values are in the
unit Gray (Gy) and the red shaded areas in the sum plan columns represent dose values exceeding the
planning constraints. OAR intersecting or abutting PTV60 (base plan) are marked with one asterisk and
OAR intersecting or abutting PTV boost with two asterisks. GI = gradient index, PCI = Paddick conform-

ity index, GK = Gamma Khnife, LINAC = linear accelerator, TMJ = temporomandibular joint, OAR = organ

at risk.
LINAC GK LINAC LINAC+GK LINAC+LINAC
Patient P5 Constraints
base boost boost boost boost
Brainstem
54.8 5.6 5.5 60.2 60.2 <60
(Do.0sscc) [Gy]
Spinal cord
47.2 3.3 3.7 504 50.7 <52.8
(Do.035cc) [Gy]
Parotid left*
63.1 3.6 6.1 66.9 68.5 <32
(Do.03scc) [Gy]
Parotid right*
64.5 2.7 3.5 67.0 67.8 <32
(Do.035cc) [Gy]
Parotid left*
44.8 2.3 1.9 46.7 46.5 <26
(Dmean) [Gy]
Parotid right*
41.0 1.0 1.7 41.9 42.5 <26
(Dmean) [GY]
Cochlea left
43.2 54 6.0 48.1 494 <40
(Do.0sscc) [Gy]
Cochlea right
457 4.1 4.8 49.7 50.1 <40
(Do.035cc) [Gy]
TMJ left
56.5 6.1 71 62.4 63.0 <65
(Do.03scc) [Gy]
TMJ right
60.0 4.8 5.2 64.7 65.2 <65
(Do.035cc) [Gy]
Pituitary gland*
42.3 3.0 1.0 44.9 43.0 <50
(Do.035cc) [Gy]
Optic chiasm
55 1.4 0.4 6.3 5.9 <52
(Do.035cc) [Gy]
PTV
66.3 12.8 10.6 78.1 75.1 -
(Do.035cc) [Gy]
PTV
60.6 10.0 10.0 70.6 70.4 -
(Dmean) [Gy]
Gl | PCI - 3.24|0.78 5.15|0.81 - - -

Patient P5 (table 3.14 and figure 3.27 and 3.28) has both parotids and both TMJ

intersecting with PTV60 of the base plan. Nervertheless, dose sparing is achieved with
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the GK boost plan. Additionally, PTV60 is very close to the brainstem, spinal cord and
cochleae in some slices. Consequently, the dose constraint for both parotids and
cochleae is already exceeded with the base plan and the brainstem dose limit is slightly
violated with both boost plans. As for the TMJ, the dose constraint for the right side is
slightly exceeded with LINAC + LINAC boost and dose sparing is reached for both
sides with the GK boost. The difference of PTV high dose is 2.2 Gy. Additionally, the
DVH for PTV and GK boost shows a slight underdosage, which was already visible in
one of the axial slices in figure 3.26. The mean dose of 10 Gy in the boost PTV is
reached for both plans and a mean dose difference of 0.2 Gy in visible the sum plans.
The conformity of the GK boost plan is slightly reduced compared to the LINAC boost
plan (PCI: 0.78 vs. 0.81) and the GK boost Gl is improved by 37% compared to the
LINAC boost Gl.

3.3.3 Mean dose volume histograms and dose values

Figures 3.29 and 3.30 give the mean DVHSs over all patients for the different structures
and boost plans and table 3.15 features the dose values (Do.03s5cc and Dmean) and plan

quality metrics (PCI, Gl) over all patients.

Mean DVHs for all patients
A  PTV B Spinal cord C  Skull

D  Brainstem E  Pituitary F  Optic chiasm
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Figure 3.29: Mean DVHs for all patients, the plans GK Boost (yellow) and LINAC Boost (green) and the structures
PTV (A), spinal cord (B), skull (C), brainstem (D), pituitary (E) and optic chiasm (F). DVHs = dose-volume histo-

grams, GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, Gy = Gray.
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Mean DVHs for all patients
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Figure 3.30: Mean DVHs for all patients, the plans GK Boost (yellow) and LINAC Boost (green) and the structures
TMJ left (A),parotid left (B), cochlea left (C), TMJ right (D), parotid right (E) and cochlea right (F). DVHs = dose-
volume histograms, GK = Gamma Knife, LINAC = linear accelerator, PTV = planning target volume, TMJ = tem-

poromandibular joint, Gy = Gray.
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Table 3.15: Mean dose constraints and metrics (Gl, PCI) for all patients and the LINAC base, LINAC
boost, GK boost and the sum plans LINAC+GK boost and LINAC+LINAC boost. The dose values are in
the unit Gray (Gy) and the red shaded areas in the sum plan columns represent dose values exceeding
the planning constraints. OAR intersecting or abutting PTV60 (base plan) are marked with one asterisk
and OAR intersecting or abutting PTV boost with two asterisks. Gl = gradient index, PCIl = Paddick
conformity index, GK = Gamma Knife, LINAC = linear accelerator, TMJ = temporomandibular joint, OAR

= organ at risk.

LINAC GK LINAC LINAC+GK LINAC+LINAC
All patients Constraints
base boost boost boost boost
Brainstem
38.4 5.5 6.6 42.6 43.9 <60
(Do.03scc) [Gy]
Spinal cord
35.1 3.9 4.7 37.5 38.1 <52.8
(Do.035cc) [Gy]
Parotid left*
62.6 5.0 6.2 67.0 67.8 <32
(Do.0sscc) [Gy]
Parotid right*
63.3 3.4 4.6 65.7 66.9 <32
(Do.035cc) [Gy]
Parotid left*
39.8 2.3 2.5 42.8 43.0 <26
(Dmean) [Gy]
Parotid right*
29.9 14 2.3 31.3 32.1 <26
(Dmean) [Gy]
Cochlea left
36.6 4.3 5.0 39.6 404 <40
(Do.035cc) [Gy]
Cochlea right
36.0 3.0 4.6 38.3 39.8 <40
(Do.03scc) [Gy]
TMJ left
55.5 6.5 7.6 61.5 62.3 <65
(Do.035cc) [Gy]
TMJ right
51.0 4.1 5.6 54.4 55.9 <65
(Do.03scc) [Gy]
Pituitary gland*
35.6 2.9 25 35.9 35.2 <50
(Do.035cc) [Gy]
Optic chiasm
9.0 1.3 1.2 9.5 9.5 <52
(Do.035cc) [Gy]
PTV
65.2 12.9 10.7 76.7 75.3 -
(Do.035cc) [Gy]
PTV
60.3 10.3 10.1 70.6 70.4 -
(Dmean) [Gy]
Gl | PCI - 3.07 | 0.80 4.65]0.81 - - -

Over all patients, the GK boost PTV Do.osscc is about 2.2 Gy higher than the LINAC
dose and the PTV appears slightly underdosed in the DVH. As mentioned previously,
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when OAR are abutting or intersecting with the boost PTV GK coverage is often re-
duced. Similarly, hotspots are avoided in the aforementioned critical structures (bones,
mucous membranes, nerves) so that the coverage is often compromised. Here it has
to be emphasized, that the first homogenous prototype version of Lightning was used
and that future versions might enable even higher homogeneity so that the target cov-
erage will not necessarily be compromised. Additionally, as it is shown in the dose
distributions for some patients, the convolution algorithm has difficulties with dose dep-
osition in air cavities and osseous structures. These structures have Hounsfield units
outside the CT calibration range so that values below (air) and above (bone) are trun-
cated to the lowest and highest electron density value of the calibration curve. Although
Monaco TPs employs the same procedure, underdosage is only observed using the
GK TPS, so that the differences can be explained by the higher accuracy of Monte
Carlo compared to convolution especially at interfaces of tissues with different densi-
ties 7376,

Across all patients, the conformity of the LINAC and GK boost plans is very similar
(PCI GK: 0.80; PCI LINAC: 0.81) but the Gl is improved by a mean percentage of 34%.
As shown previously, the Gl with the GK boost plans is improved for all patients while
the PCl is increased for patients P2 and P3 only.

In general, since the studied patients mostly presented with central NPC, both parotids
are inside the PTV60 structure and are irradiated with a LINAC base plan dose of at
least 60 Gy. Hence, the parotid dose constraints are already violated with the base
plans. Despite the excessive doses, it is noteworthy that over all patient the GK
achieves a Do.oss o« /mean dose reduction of 19.1%/10.3% (parotid left) and
25.9%/36.8% (parotid right) in the boost plans and 1.1 %/0.6% (parotids left) and 1.8
%I2.4% (parotid right) in the sum plan.

Similarly, for most patients, one or both cochleae are overlapping or in close proximity
to the PTV60 structure resulting in high doses close to the threshold with the base plan.
By adding the boost plans, the constraints are exceeded for the LINAC plan and the
left cochlea. The right cochlea dose for LINAC is very close to the threshold. With GK,
no cochlea doses are exceeded and the dose is reduced by 14.6% (cochlea left) and
35.8% (cochlea right) on average in the boost plans and 2.0% (cochlea left) and 3.8%

(cochlea right) in the sum plans.
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Across all patients, the TMJ left doses are close to the constraint of 65 Gy but the limit
is not exceed. Here, the GK boost plan results in a dose sparing of 14.3% (left) and
26.1% (right) which corresponds to 1.3% (left) and 2.7% (right) in the sum plans.

The brainstem and spinal cord doses are overall more than 10 Gy below the con-
straints. With GK, boost doses are reduced by 17.6% (sum 3.0%) and 18.0% (sum
1.7%), respectively.

As for the skull doses, they appear slightly reduced with the GK boost compared to the
LINAC boost plan. The extent of the difference, however, is small compared to the
differences that are observed with other structures.

Finally, the pituitary gland and optic chiasm doses are far below the considered con-
straint. However, the GK boost plan results in higher doses of 15.8% (sum 1.9%) and
9.8% (sum 0.1%), respectively, in the boost plans. This is due to the previously men-
tioned fact that the GK radiation strikes from 192 different directions so that these two
structures—usually located in cranial direction above the PTV—cannot be shielded
from the treatment field, as it is the case with LINAC treatment. The doses, although
being higher with GK boost, are still far below the threshold and the assessment of the

clinical importance of the difference is outside the scope of this work.
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4 DISCUSSION

In this work the feasibility of combining LINAC and GK treatment for NPC was investi-
gated. For this purpose, newly developed inverse planning for GK treatment was ana-
lyzed for malignant and benign brain tumors and the benefit compared to forward plan-
ning was assessed. While the advantages compared to forward planning were numer-
ous and significant, the loss of direct control over the planning IDL and hence the de-
gree of inhomogeneity represents one disadvantage especially for healthy structures
in proximity of or crossing the target volume. As the optimizer does not allow for input
of the maximum dose to the target below 133% of the prescription dose, a more ho-
mogenous version of the TPS which would reduce in-tumor hotspots was needed and
provided for research purposes by the manufacturer. The degree of homogeneity and
OAR sparing that can be achieved with the prototype version compared to the current
clinical version and LINAC plans was assessed for brain tumors with OAR involvement.
Finally, with improved homogeneity, boost plans for NPC were calculated for LINAC
and GK, summed with the base plan and the dosimetric benefit of combining LINAC
with GK treatment for NPC was assessed. To conclude, since the presented work is a

feasibility study, advantages and challenges for clinical implementation are discussed.

4.1 Inverse planning with Leksell GK Lightning: Advantages and limitations

The conducted analysis showed that inverse planning with the new optimizer is advan-
tageous compared to forward planning and the extent of the benefits depends on the
studied medical condition. In general, the optimizer enabled the creation of treatment
plans with improved coverage (up to 3.6%) and Gl (reduction of up to 18.1%), espe-
cially for the irregular shaped benign lesions with OAR involvement. When using the
full coverage setting, the target coverage was the highest but at the cost of reduced
selectivity. Without this setting, the inverse plans showed equal or increased selectivity
(AN: 1.8%, MEN: 1%, MET: 2.9%) while tumor coverage was increased in the benign
groups. For all medical conditions, the optimizer chose a higher planning IDL for in-
verse and full coverage plans than the clinician’s prescription for forward planning and

the number of shots is increased 77- 78,
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4.1.1 Plan quality: metastases

As metastases commonly have distinct margins and are known to grow by displacing
healthy brain tissue, their radiosurgical treatment can be done with low harm to the
healthy brain 7°. Additionally, because of the typically regular and round shape of
METs, manual forward planning already provides satisfying results for the plan quality
and efficiency. While coverage of 2 0.99 was already achieved in the forward plans
and maintained in the inverse plans, full coverage plans managed to increase the cov-
erage even more but at the cost of selectivity. Gl was reduced for both Lightning plans
and V126y skull decreased for the inverse plans. While manual forward plans were gen-
erated according to clinician’s prescription using the 50% IDL, the optimizer chose
slightly higher IDL for the Lightning plans. Although using the 50% IDL for treatment of
METs is a common clinical practice depending on the target volume as it is assumed
to provide the steepest dose fall-off 28, Ma et al. showed that an increased IDL above
50% resulted in a reduction of normal brain integral dose as well as NTCP 8, This is
in accordance with the decrease in Gl and V126y skull that was found for inverse plans
despite the higher planning IDL compared to forward planning. When limiting Dmax tar-
get, significant differences were found in planning IDL, number of shots and Gl for full
coverage plans. Here, the importance of limiting the maximum dose to the target, which
in turn affects the planning IDL, has to be discussed by experienced clinicians and is
outside the scope of this work. Similarly, the clinical importance of the improvements
reached with the inverse plans (cov, sel, Gl, Vi2cy skull) as well as the deterioration
when using the full coverage setting (sel, V12ey skull) have to be assessed by experi-
enced clinicians. With the full coverage setting the selectivity of the plans was still very
high and satisfying and the rise in skull dose doesn’t exceed clinical thresholds and is
not it statistically significant.

Consequently, the analysis showed that inverse planning with Lightning does not pro-

vide a tremendous advantage in plan quality for METs.
4.1.2 Plan quality: acoustic neuromas and meningiomas

The coverage was enhanced for both Lightning plans while, as already observed with
METs, the selectivity was compromised in the full coverage plans but maintained in
the inverse plans. Gl was similar (MEN) or reduced (AN) and V12cy skull was slightly

reduced. Both Lightning plans showed a decrease in maximum doses to the OAR of
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up to 4.5% (AN) and 17.5% (MEN) but only the change in the inverse plans was sig-
nificant. When using the fc coverage setting, the dose reduction for OAR is more im-
portant for MEN than for AN. This can be explained by the distance between OAR and
target which is typically greater for MEN. Hence, the distance between OAR and target
should be considered when deciding whether to use the full coverage setting for opti-
mization.

The aforementioned results correlate with the findings of Pokhrel et al. stating that Gl,
brain and OAR doses can be considerably reduced for studied benign cases (arterio-
venous malformations, pituitary adenomas) 7. Similarly, Wieczorek et al. analyzed be-
nign and metastatic lesions and found Gl to be significantly improved in the former
cases. As for the OAR dose reduction, even though not significant in the full coverage
plans, it is in general a promising and very powerful tool, which can be a great asset in
the management of side effects for a number of targets with nearby OAR &' 82 Minniti
et al., for instance, studied the risk of developing clinically significant radiation induced
neuropathy for patients with skull base meningiomas and found no risk for maximum
doses below 10 Gy to the optic pathways 8. Peak et al. looked at prognostic factors
for hearing deterioration in patients with acoustic neuromas and found the maximum
dose to the cochlear nucleus to be the only significant factor 8. As previously men-
tioned, the optimizer chose higher IDL than prescribed for forward planning resulting
in lower maximum target doses. The clinical version of Lightning does not allow Dmax
target input < 133 % of the PD. However, this is sometimes necessary in clinical prac-
tice in order to protect critical, healthy structures crossing or abutting the target volume
(e. g. cranial nerves 848) and will be addressed further in the discussion.

The analysis shows that for the benign groups the optimizer generates plans with in-
creased coverage and reduced OAR doses. The use of the full coverage settings, how-

ever, should be avoided for close critical structures.
4.1.3 Plan efficiency, inter-operator-variability and additional findings

The BOT was reduced for all medical conditions and both Lightning plans. While the
BOT shortening was substantial for the benign groups with a mean BOT reduction of
up to 49.5%, it was only slightly pronounced for METs. Additionally, in the benign
groups the IQR was small, which shows the influence the operator has on the BOT.
Similarly, for a meningioma case and a plan promoting BOT shortening, which was

calculated with Lightning, Sjolund et al. reported a BOT shortened by more than 50%
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61, BOT shortening has been one of the main objectives researchers have been work-
ing on in the development of inverse planning approaches. Tian et al. reduced the BOT
by 8-52% compared to forward planning for five meningiomas using their multiresolu-
tion-level inverse planning approach 8. Levivier et al. used their inverse planning ap-
proach for GK and reduced the BOT of two out of five forward planned clinical cases
by up to 35%. Together with BOT shortening, the authors found, similar to the analysis
in this work, improved target coverage, selectivity, Gl and Dmax OAR but increased Dmax
target. In general, the BOT shortening and improved control over it is a real asset in
treatment efficiency as the treatment plan can be even more individualized with regards
to the patient’s tolerated treatment time and treatment time slot allocation can be de-
signed in a more efficient way.

With Lightning, very similar plans can be obtained even by unexperienced operators.
The highest differences were found in the plan efficiency (BOT: difference 1-3.3 min),
which can directly be influenced and adapted by the operator according to the patient’s
physical and mental resilience, and in the metrics IDL and number of shots, which do
not affect the plan quality. The forward plans showed less variations overall and the
highest differences were found in Gl and V12cy skull. The forward plans represent one
of the weaknesses of this analysis as all operators had prior LGP forward planning
experience. Another weakness is the number of operators with different experiences
which requires further investigations. Cui et al., for instance, analyzed the plan varia-
tions using Lightning for 40 patients and three users (two experienced, one novice)
and, similar to this work, only found small variations in plan metrics 8.

As Lightning does not maintain the operator’s input of the planning IDL during optimi-
zation, clinicians need to familiarize with a new way of prescribing. The prescription
should include the PD and maximum dose to the target or an allowed IDL range rather
than a fixed IDL. Finally, an important decrease in the time needed for plan optimization
was noticed. Even for large targets, a treatment plan can be generated in less than
one minute and only a few optimizations are needed to achieve a clinically acceptable
plan. Indeed, several groups recorded the planning time and reported a mean optimi-
zation time of <5 min compared to estimated forward planning times of 30—90 minutes

for benign targets 77- 78
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4.2 Homogenous Leksell GK Lightning: OAR dose sparing and homogeneity
4.2.1 Target dose homogeneity

When comparing Lightning and LINAC plans, the inhomogeneity of the dose distribu-
tion inside the target was significantly increased (LGK Hom: 9.2%; LGK OAR: 14.8%;
LGK: 25%) and highest for PA and the plans LGK Hom and OAR (LGK Hom: 11.2%;
LGK OAR: 16.8%). With a variety of formulas available in literature, the use of HI as
an objective measure for target dose homogeneity is challenging. Kataria et al., for
instance, used various formulas for HI from literature and associated their results with
the PD, location and size of the target 8°. The authors found improved homogeneity
with decreasing target size and reported the highest values for brain lesions. This is in
opposition to the results of this work, but the impact of the target shape has not been
analyzed and needs consideration. Additionally, in order to increase the significance
of HI, the authors emphasized that the formula should include biological information to
use it as a predictor for outcome. Indeed, the work of others showed that increased
TCP can result in higher dose inhomogeneity inside the target while at the same time
sparing the nearby OAR thanks to steep dose gradients -2, Tomé et al. analyzed
TCP for different boost doses, radio-resistant tumor cells and tumor sub-volumes and,
even for the most resistant cells, predicted important increases when the boost to PD
ratio was 1.2—1.5 to = 60% of the target volume. Today’s improvements in imaging and
image processing methods allow for the extraction of valuable information about the
tumor and its sub-volumes, which can then be used as biomarkers to assist in the
determination of the best suited treatment planning strategies. Radiomics, for instance,
can help with identifying radio-resistant areas in the tumor volume that could be tar-
geted for dose intensification to enhance outcomes 93 9. Thus, dose escalation in ad-
vantageous tumor locations while sparing OAR can be accomplished with Gamma
Knife's superior dose gradients by combining imaging data information with the bene-
fits of improved control over inhomogeneity given by the prototype version. The en-
hanced homogeneity of this version can also reduce the need for LINAC treatments in
situations where OAR are located within the tumor volume, such as in AN 9 and skull
base MEN . This is in accordance with the findings of this work for the studied AN
and PA cases, where LGK Hom showed improved Gl and comparable OAR doses

despite showing more inhomogeneity.
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4.2.2 Plan quality and efficiency

In this analysis, the Lightning plans outperformed LINAC plans in terms of GlI, which is
in accordance with the classical advantage of steeper dose gradients outside the target
volume 24 26.27 The median Gl was found to be improved by 42% (LGK Hom), 48%
(LGK OAR) and 52% (LGK) but was the least expressed in the MEN group (LGK Hom:
0.33%, LGK OAR: 0.38% and LGK: 0.43%). For larger targets (median target size:
3.31 cc), the optimizer tends to use larger shot collimations to ensure adequate target
coverage compared to AN and PA (AN: 1.2 cc; PA: 1.77 cc). Vergalasova et al. used
commercially available SRS systems for the treatment of brain metastases. Their anal-
ysis revealed that GK only showed an advantage over the other devices for small le-
sions. For larger targets, the Gl of GK was similar to VMAT °7. Additionally, the authors
reported improved target conformity for smaller lesions, which is not in accordance with
the results of this work but can be explained by more complex target geometries com-
pared to metastases. Indeed, Wu et al. analyzed the conformity of different lesions and
observed that targets of more ellipsoid shapes (e. g. PA, MEN) resulted in different
conformities compared to targets with sharper corners (AN) %.

While all LINAC and Lightning plans met the institutional dose constraints, the Light-
ning plans achieved an OAR dose reduction of at least 6.5% (AN), 15.8% (PA) and
8.5% (MEN). For LGK OAR and LGK plans, significant dose reductions were reached
and especially expressed for the larger targets (MEN). At this point it should be noted
that treatment planning with both TPSs was based on the LINAC PTV. With GK, how-
ever, even for fractionated treatments PTV margins can be reduced due to enhanced
system accuracy which in turn enlarges the distance between PTV and OAR 29 30,
Hence, applying the clinical GK target delineation would result in further reduced OAR
doses and, because of the diminished target size, BOT would be shortened. Regarding
the skull doses lower and similar values were found for the Lightning plans compared
to LINAC, which is also known to be one of the main advantages of GK treatment 2°.
The great amount of shots with high degrees of modulation especially for large and
complex targets resulted in plans with up to five times longer median BOTs (MEN: LGK
Hom and LGK OAR) compared to LINAC BOTs. Liu et al. reported similar results when
analyzing the BOT for metastases between 0.1 cc and 10.5 cc. They found the GK
BOTs to be three to five times longer than VMAT BOTs 2°. The authors suggested that

the use of larger collimator sizes and fewer amounts of shots could improve treatment
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efficiency, which, however, would deteriorate the conformity of the target and worsen
the low-dose spread in the healthy brain. It should be emphasized that although GK
BOTs are longer, the average BOT in this study were still clinically acceptable with
8.5 min per fraction. Additionally, the time needed for couch rotation in the LINAC plans
should not be neglected. While the rotation is used to increase the Gl and reduce OAR
doses, it also adds a theoretical insecurity regarding patient positioning and prolongs
the total treatment time °°. The impact of couch rotation on the aforementioned factors,
however, was not within the scope of this analysis.

This homogeneity and OAR sparing analysis did not aim at establishing a general plan
comparison between GK and LINAC since both plan qualities could have been opti-
mized further by, for instance, allowing longer BOT for GK or increasing the number of
non-coplanar beam for LINAC 2. The aim of this investigation was to explore the do-
simetric potential when stretching the commonly assumed limits of GK treatment. This
way, the range of GK applications could be expanded to treat tumors requiring a higher
degree of homogeneity than what'’s possible in the current clinical version. With further
investigations and cooperation with the manufacturer, even more homogenous plans
could be generated, as the current prototype version does not seem to leverage the

full potential of more homogenous and inverse GK treatment planning.

4.3 Homogenous Leksell GK Lightning for treatment planning of NPC

This feasibility analysis was based on the previous work analyzing (i) the benefit of
inverse planning with Leksell Gamma Knife Lightning (chapter 4.1) and (ii) the potential
of its homogenous prototype version that was provided for research purposes (chapter
4.2). Even though the retrospective patient population—due to the low incidence of
NPC in Germany and the limitations imposed by GKs geometry—was small, the feasi-

bility of GK boost treatment of NPC was shown.
4.3.1 Anatomical changes and dose distribution

In this work, the gross tumor with an extension margin of 3 mm was boosted with 10 Gy
normofractionation. Due to previous irradiation of PTV60 comprising the boost volume,
an average gross tumor Do.osscc dose of about 77Gy (LINAC + GK boost) and 75 Gy

(LINAC + LINAC boost) was reached. For four out of five patients, however, the boost
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volume treated with GK appeared slightly underdosed, which can be due to several
reasons. One reason is the higher accuracy of Monte Carlo algorithm used in LINAC
TPS compared to the convolution algorithm used in GK TPS 7376, Studies showed that
inhomogeneities due to air cavities result in reduced dose at the air-tissue boundary
and that the magnitude of the reduction is larger with e. g. smaller field size (GK) and
larger cavity volume 190-192_ Especially in regions with lateral scatter disequilibrium,
which can be due to the treatment of low-density tissue with small fields, Monte Carlo
provides more accurate dose distribution than other commercially available dose algo-
rithms 73, Lee et al. compared collapsed cone convolution and Monte Carlo algorithms
in treatment planning of canine sinonasal tumors and found significant dosimetric dif-
ferences 4. Convolution underestimated the dose in air (1.1%) and overestimated the
dose in bone (3%) compared to Monte Carlo. With this knowledge and the fact that
NPC treatment generally involves the nasal cavity, it is apparent that in this work the
dose distribution with Monte Carlo in regions involving air cavities and bones (hotspots)
was improved compared to convolution. Two more reasons for the underdosage are
linked to the homogenous planning attempt. First, in some of the cases OAR were
crossing or abutting the boost volume and the dose limitation counteracted with the
currently achievable homogeneity of the prototype version, resulting in underdosed re-
gions. Second, analogously to the first reason, the pursued avoidance of hotspots in
critical areas not delineated as OAR (osseous and mucous structures, nerves) again
undermined the homogeneity level that can be reached. By performing intermediate
diagnostic imaging and replanning, the first concern can be addressed. As it was
shown for one of the patients, gross tumor shrinkage to about 20% of the initial volume
occurred within less than one week after initial imaging and start of irradiation after
inductive chemotherapy. In fact, the anatomy of the head and neck region is known to
be changing during radiotherapy. Tumor and OAR shrinkage, weight loss, local inflam-
mations and changes in muscle density, fat and fluid distributions affect the rigidity of
the head and neck anatomical structure '°3-1%5_ With OAR commonly located in close
proximity to the target volumes, even the slightest changes in anatomy can have an
impact on target coverage and OAR doses in these sharp dose gradient regions %4,
Barker et al. performed three weekly CTs on HNC patients treated with radiotherapy
with or without concurrent chemotherapy (no inductive chemotherapy) and a prescrip-
tion of 72 Gy (42 fractions), 70 Gy (35 fractions) or 60 Gy (30 fractions). They reported

a median GTV reduction rate of 1.8 % of the initial volume per fraction, which resulted
74



in a median relative volume loss of about 70% of the initial GTV at the end of the
treatment. They also reported a final median center of mass displacement of about
3.3 mm and correlated the rate of volume loss with the initial GTV size determined with
CT imaging. For the OAR, they noted a decrease in parotid gland volume with a median
loss of 0.6% per fraction (others reported 4.9% per week on average '°°%). Additionally,
they showed a median center of mass shift of about 3.1 mm, which correlated with
weight loss. Limitations of their study, however, included variations in contouring es-
pecially for small tumors '%. Bhide et al. reported most significant OAR and target
volume changes already by week two of radiotherapy with inductive and concurrent
chemotherapy . Wang et al. analyzed the benefit of IMRT replanning for 28 NPC
patients after variations in OAR and target dose distribution. Replanning was done
based on intermediate CT imaging before the 25" treatment fraction and resulted in a
significant increase of the prescription dose delivered to the gross tumor and significant
decrease in OAR doses (spinal cord, parotid glands). Among the replanned plans,
none violated the dose constraints for normal structures while half of the not replanned
plans were out of limit °7. Chen et al. analyzed the clinical outcome for HNC patients
treated with or without adaptive radiotherapy under IMRT technique '°3. Out of 317
patients treated with a median dose of 66 Gy (range: 60—74 Gy), 51 had adaptive
radiotherapy with IMRT plan modification based on new imaging after a median dose
of 40 Gy. They reported a local-regional control advantage for the patients treated with
adaptive radiotherapy (ART) (88% vs. 79%) but no difference in OS and distant me-
tastasis-free survival. Late grade 3+ toxicity was reduced with ART (14% vs. 19%).
Even though it is unclear whether changes in anatomy and dose distribution result in
improved clinical outcome, patients’ quality of life (QoL) can significantly be improved
108 Yang et al. analyzed the benefit replanning has on the QoL of patients treated for
NPC with IMRT. In their study, 86 out of 129 patients received IMRT replanning before
the 15! fraction and/or 25 fraction. With replanning, the authors showed an improve-
ment in local-regional control after 2 years (97.2% vs. 92.4%, p=.040) but not in OS
rate (89.9% vs. 82.2%, p=.475). The QoL was significantly improved and patients with-
out replanning reported more difficulties with speech, teeth, dry mouth, sticky saliva
and social contact '°°. Although the OS rate was not significantly improved with replan-
ning, there is increasing evidence that an improved QoL may have a prognostic impact
on cancer patients’ survival 46 119 With the results of the aforementioned studies, in-

termediate imaging and replanning accounting for anatomical changes especially in
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the first half of the treatment (with chemotherapy even earlier) can result in improved
target coverage and decreased OAR doses. Similarly, with decreased gross tumor
compared to initial imaging, calculation and BOTs for GK planning can be reduced.
This way, the restriction of BOT during optimization would be unnecessary and the
optimizer could use its full potential to generate homogenous plans with focus on OAR

and maximum dose restrictions only.

4.3.2 Benefit of OAR sparing

The studied patients mostly presented with central NPC which compromised the pos-
sibility of unilateral OAR sparing. Even though dose constraints were exceeded for
some OAR, the doses were lower with the GK boosts which showed an average Gl
improvement of 34% compared to the LINAC boosts for plans with equal conformality.
Especially for the parotids, excessive doses violating the defined planning constraints
were already reached with the LINAC base plans due to their partial location inside the
PTV60 structure. With xerostomia strongly compromising patients’ QoL and being
closely related to the irradiation of the parotid glands, most ART studies analyzed the
changes of this structure. Beetz et al. developed predictive models for HNC patients
treated with IMRT predicting the risk of xerostomia and sticky saliva six months after
treatment. They found the mean ipsi- and contralateral parotid gland dose to be asso-
ciated with xerostomia after treatment and concluded that the mean contralateral pa-
rotid gland dose was the strongest predictor for xerostomia '''. Deasy et al. reviewed
publications associating parotid gland dose-volume characteristics with salivary toxicity
after radiotherapy. The consensus was that late salivary dysfunction was correlated
with mean parotid gland dose and they recommended to keep the parotid mean dose
as low as possible to increase the chances of better organ function 2. The results of
this work showed, that parotid mean doses can be reduced by up to 36.8% on average
for a 10 Gy boost plan resulting in a reduction of 2.4% for a sum plan with a total dose
prescription of 70 Gy.

As the cochlea is often located in the area of radiation, hearing impairment is an ob-
served adverse event of radiotherapy in the upper head and neck region '13-116_Honoré
et al. analyzed the pre- and post-therapeutic hearing levels of 20 patients (36 ears)

receiving radiotherapy for NPC with inner ear doses below 2.44 Gy per fraction 7.
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They found the incidence of the sensori-neural hearing loss (SNHL) to increase signif-
icantly with higher cochlea doses and found a dose-response relationship for sensory
hearing loss at 4000 Hz. Even though the frequency range of human speech is be-
tween 1000 and 3000 Hz, the authors emphasized, that a hearing loss at 4000 Hz still
has an influence on patient’s general hearing. Their analysis, however, included differ-
ent fractionation regimens and prescription doses and the results were not corrected
for general hearing deterioration occurring with age. Hwang et al. analyzed the long-
term hearing loss after radiotherapy (early stage) or chemoradiotherapy (advanced
stage) for NPC patients and corrected the hearing thresholds for age-related deterio-
rations 8. They treated 92 patients (182 ears) with either 2D CRT, 3D CRT or IMRT
and with a total radiation dose of 59.4-79.2 Gy (mean dose 70.86 Gy). They found
hearing deterioration to be progressive for all frequencies and the radiation technique
(2D CRT, 3D CRT, IMRT) and dose (< 72 Gy or > 72 Gy) appeared to be significant
factors of hearing deterioration via bone and air conduction. Five years after RT com-
pletion, deterioration of bone and air conduction thresholds was inferior in IMRT com-
pared to 2D and 3D CRT. Additionally, when the primary tumor was irradiated with a
prescription dose > 72 Gy, the deterioration in hearing threshold was higher. Yip et al.
investigated the role of IMRT doses and cisplatin use on SNHL for 156 ears ''°. They
found that every 10 Gy increase in cochlea/inner ear mean dose translated into
6 dB/5 dB (p=0.014/p=0.031) hearing threshold changes. They observed severe (=
30 dB) late high-frequency SNHL in the chemoradiotherapy group for cochlear doses
of 40 Gy (14%) and 44 Gy (25%) and concluded that the cochlear dose should be kept
as low as possible, especially with administration of cisplatin. In the presented feasibil-
ity analysis, the use of a 10 Gy GK boost enabled an average cochlea sparing of 3.8%
in the sum plan which, according the aforementioned studies, could already account
for some dB.

Similar to the parotids and cochleae, the TMJs are often included in the irradiation field.
A side-effect of excessive radiation exposure which can be found in 5-17% of the pa-
tient is trimus 129, It restricts jaw motion and mouth opening and can deteriorate nutri-
tional intake and oral hygiene in severe cases. The radiation field and dose were linked
to the severity of radiation-induced trimus'?! 122, Wu et al. assessed the TMJs charac-
teristics of 114 NPC patients four years after completion of radiotherapy and found
that the mean TMJ dose for patients with trimus was significantly higher than for pa-

tients without trimus (p=0.017). For the patients in this feasibility analysis, the TMJ
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dose constraint was exceeded for one side and two patients. In one case, one TMJ
was abutting the boost volume and the GK boost plan enabled a dose sparing in the
sum plan of 2.5% compared to the LINAC sum plan. For the other patient, however,
the TMJ was intersecting with the boost volume so that the higher degree of inhomo-
geneity with the GK resulted in 1.4% higher dose compared to the LINAC sum plan.
Nevertheless, across all patients GK boost plans enabled total dose reductions of al-
most 3% in the sum plans.

The remaining analyzed OAR—namely pituitary gland, optic chiasm, brainstem and
spinal cord—were not included in radiation fields, but located in close proximity to the
PTV60 and/or boost field for some patients. The pituitary gland and optic chiasm are
located in cranial direction above the treatment field. When comparing the boost plans,
it was apparent that for some patients with low dose exposure to these OAR, LINAC
plans resulted in a better sparing compared to GK. This can be due to the fact that if
the distance between the target volume and pituitary/chiasm is large enough, LINAC
plans can make use of the LINAC MLC to appropriately bar these structures from the
treatment field. With GK, however, the radiation strikes from 192 directions to enable
such sharp gradients, making it technically impossible to shield organs from the treat-
ment field. The resulting GK boost doses, however, are still very low and resulted in
neglectable differences in the sum plans (optic chiasm 0%, 0 Gy; pituitary gland 1.9%,
0.7 Gy) across all patients. Despite these two organs often being further away from the
treatment field, the dose to the pituitary gland should be kept reasonably low to avoid
dose-dependent complications such as radiation-induced hypopituitarism 123, As for
the optic chiasm, the reached Do.o35 cc were far from the critical threshold resulting in
complications as radiation-induced optic neuropathy (RION). Zhang et al. even tried
loosening the constraints of neuro-optic structures for patients with T4 NPC treated
with IMRT to improve tumor control '**. In the two groups (D2%>55 Gy and
D2% < 55 Gy) they found no significant difference in five-year OS nor in the incidence
of RION up to a cut-off dose of 70.77 Gy. Additionally, no patient developed severe
RION. Consequently, the chiasm doses should still be watched but dose restrictions
could be carefully loosened to increase target coverage. In this analysis, brainstem
dose constraints were marginally exceeded once and dose reduction with GK boost
was in the order of 3.0%. Radiation-induced brainstem injury and brainstem necrosis

are rare conditions occurring after radiotherapy of NPC '25. Huang et al. assessed the
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evolution of radiation-induced brainstem injury after IMRT for NPC with the aim of iden-
tifying dosimetric predictors for this side effect '26. They found brainstem injury in 24
out of 6288 patients and concluded, that those whose brainstem maximum dose was
> 67.4 Gy were more likely to develop the condition. Finally, for one patient, the spinal
cord dose was close to the constraint. Considering all patients it was 1.7% (sum) lower
with GK boost.

4.3.3 SRT for NPC

The points discussed in 4.3.1 and 4.3.2 show that intermediate imaging and adaptation
of treatment plans could benefit the target coverage and OAR sparing for NPC patients.
Additionally, in this work the improved GK dose gradients mostly resulted in better
sparing of the healthy structures adjacent to and outside of the boost volume, but the
extent and location of hotspots inside the target volume need to be evaluated carefully
in order to not harm sensitive osseous, nervous or mucous structures. Hence, by com-
bining replanning and GK boost using a more homogenous version of Lightning, gross
tumor treatment with better OAR sparing could be performed. The higher degree of
inhomogeneity with the prototype version compared to the LINAC version could even
be used as dose intensification to increase TCP if the hotspots are adequately posi-
tioned.

In the past, the combination of SRT boost following EBRT for NPC has already been
investigated and researchers mostly reported excellent LC rates with acceptable late
toxicity 127-130, Hara et al. treated 82 NPC patients with SRT after EBRT. The EBRT
dose was 66 Gy delivered in 2 Gy/fractions (5 fractions/week) 2. SRT boost was de-
livered with either conventional LINAC with stereotactic head fixation or with CK. The
single fraction boost of 7-15 Gy was delivered 2—6 weeks after EBRT. They reported
98% of the patients to be free from local progression but also stated a 12% risk of
developing temporal lobe necrosis especially in patients with T4 tumors. The authors
emphasized that adequate fractionated boost strategy, homogeneity and target delin-
eation should be determined for both EBRT and the following SRT boost. Because of
its good LC rates SRT has also been widely used for the treatment of recurrent NPC
after EBRT 13" 132, For these kinds of tumors reirradiation is especially challenging

since OAR were already exposed to an amount of radiation dose at the time of initial

79



radiotherapy treatment, meaning that toxicities are likely to occur. With SRT, the radi-
ation dose to the recurrent gross tumor can be escalated while keeping the dose to the
OAR as low as possible. In 2018, Diaz-Martinez et al. published a study on GK boost
for sinonasal malignancies (SNMs) and NPCs following chemoradiotherapy '33. The
authors clinically incorporated a GK boost as an additional modality for selected SNMs
and NPCs with the aim of improving LC and ultimately survival. Nine patients (n=5
SNMs, n=4 NPCs) were treated between 2014 and 2017 using the GK boost after
IMRT treatment. The mean PTV dose was 64.3 Gy (range: 54—-70 Gy) delivered in
2 Gyl/fraction with or without SIB and the time between completion of IMRT and start
of GK boost was in median 2.2 months (range: 1-4 months). The patients qualifying
for GK SRS boost typically presented intracranial tumor extension where IMRT delivery
of the full prescription dose would have exceeded optic pathways tolerance doses.
Consequently, 54—60 Gy were delivered to the cavernous sinus and, after four weeks
(for n=8 patients), the single fraction GK boost was delivered with a median dose of
13 Gy (range: 12-20 Gy) and a median prescription IDL of 50%. For all patients, LC
was achieved at the time of last follow-up (median follow-up time: 13.3 months, range:
4-32 months) and three patients experienced failure outside of the PTV (n=1 NPC,
n=2 SNM). Across all patients, no acute grade 3-5 toxicity was observed although one
patient experienced late grade 4 toxicity, which can be attributed to irradiation. The
NPC patients (maximum target volume: 5.55 cc) experienced grade 1 (n=3) and grade
2 (n=1) toxicities. Since GK model Perfexion was used, FSRT—which might have de-
creased the toxicity—was not possible. Other limitations of their study included the
short follow-up period not accounting for late complications (e. g. temporal lobe necro-

sis) or recurrence and the heterogeneous and restricted number of patients.

4.3.4 Limitations and future challenges

Besides the restricted patient cohort, the presented work had other limitations. First,
because of the retrospective nature of the analysis, patient positioning using the GK
setup had to be estimated with the available LINAC imaging. Even though this was
performed by an experienced MTRA, real-time positioning with the adequate GK posi-
tioning aids would have been more accurate and would potentially have resulted in the
inclusion of more patients. In fact, as opposed to LINAC setup, the cushions used for

GK are customized and the shoulder position can be adjusted in a caudal direction
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according to patients’ comfort, so that patient positioning can be tailored to the GK
geometry. Second, four out of the five patients had only the initial dataset as base for
boost treatment planning. With intermediate imaging, volume reduction and displace-
ments in tumor and OAR could have been identified. Consequently, with reduced tar-
get volume, the BOT restriction would impact the optimization less and more distance
between target and critical structures would be favorable for OAR doses. Another lim-
itation of the study is the comparison of treatment plans generated by two algorithms
with different accuracies. As mentioned previously, convolution tends to overestimate
the dose deposition in bones and underestimate the dose deposition in air compared
to Monte Carlo 74. Even though convolution is fast enough for clinical use and shows
a clinically acceptable precision in heterogeneous medium, the superiority of Monte
Carlo must be considered in this comparison.

Adequate patient selection for replanning is one of the future challenges for using the
GK as boost treatment after IMRT. Identifying patients that would benefit from replan-
ning, however, is a common challenge in ART and calls for further research for NPC
104,109 - Another important step is the determination of the adequate time for replanning.
Although difficult, this setting is of crucial importance as repeated replanning might
create additional work and cost but add no real value in terms of outcome or QoL.
Similarly, defining a time frame between last IMRT and first GK fraction requires further
research, as time periods strongly differ in literature. Next, the thermoplastic masks for
patient fixation need to be reviewed for stability, as the boost volumes might extend in
a more caudal direction than the brain lesions typically treated with the GK. With a
number of OAR close to the boost volume, ensuring patient immobilization is crucial in
order to leverage the full SRT potential. Finally, the question about the GK total dose
and fractionation regimen arises. The patients of this analysis were replanned with
10 Gy in 2 Gyl/fraction. Higher prescription doses to increase LC and hypofractionation
as commonly used in SRT could be an option. Eventually, the potential of GK as up-
front, single fraction boost instead of surgery before IMRT could be studied to reduce
the primary GTV size.

Regardless of the limitations and the future challenges, this study—involving prelimi-
nary analysis of the clinically used treatment optimizer and its more homogenous re-
search version—showed that a combination of LINAC IMRT followed by GK boost for
NPC is feasible and in most cases beneficial from a dosimetric point of view. In the

future, the aforementioned challenges need to be addressed and more homogeneous
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plans have to be created (new Lightning prototype version), which, combined with the
favorable GK Gl and the advantage of FSRT (GK Icon), can contribute to increased
LC of NPC by adding treatment fractions as long as the biological OAR tolerances are

not exceeded.
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5 SUMMARY

Despite the globally low incidence of nasopharyngeal carcinoma (NPC), the treatment
of this disease is challenging and radiotherapy often represents the most promising
option. Although advances in imaging and radiation delivery techniques have signifi-
cantly improved clinical outcomes, recurrences especially in high dose regions and
acute and late toxicities remain one of the major concerns. In order to improve local
control and reduce the dose to the surrounding healthy tissues, stereotactic radiother-
apy (SRT) to the gross tumor in addition to the primary irradiation has been used with
promising results. In the past, the most common SRT devices that have been used for
this purpose were linear accelerators (LINACs) which, especially with the advent of
intensity modulated radiotherapy (IMRT), deliver dose to the tumor with a rapid dose
fall-off at its edges. The Leksell Gamma Knife (GK), however, is characterized by an
even sharper dose gradient resulting in improved sparing of organs at risk (OAR). The
aim of this work was to retrospectively evaluate the feasibility and dosimetric ad-
vantage of a fractionated, inversely planned GK boost to the gross tumor after previous
LINAC IMRT treatment of the extended tumor volume. Only one related article could
be found in the available literature and (unlike this work) the corresponding study used
single fraction stereotactic GK treatment several weeks after primary irradiation on four
NPC, without using inverse planning or dosimetric comparison of devices.

The first part of this work aimed at assessing the benefit of the newly available inverse
treatment planning optimizer for GK compared to manual forward planning. For this
purpose, a pre-release version was provided by the manufacturer and the plan quality
and efficiency of forward and inverse treatment plans for different medical conditions
were compared. Additionally, an inter-operator-variability analysis was conducted to
assess the effect different operators have on the optimization. The results showed that
the use of inverse planning with GK improves the plan quality especially for the studied
benign medical conditions (acoustic neuromas, meningiomas) with OAR involvement.
For the aforementioned tumors with nearby critical structures, using inverse planning
resulted in increased target coverage (up to 3.6%) due to the possibility of limiting OAR
doses, and dose gradients were improved (up to 18.1%). Additionally, for all studied

medical conditions the optimizer drastically reduced the time needed for treatment
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planning, and low variability between the user dependent plans even for novice users
was observed.

The second part of the presented work dealt with the degree of homogeneity and OAR
sparing that can be achieved with a more homogenous prototype version of the clinical
treatment planning system, featuring the inverse treatment optimizer from the first anal-
ysis. A higher degree of homogeneity was shown to be necessary for target volumes
involving or abutting radiosensitive structures such as cranial/facial nerves, cochleae
or optical pathways. The degree of homogeneity and OAR sparing for different medical
conditions (acoustic neuromas, pituitary adenomas, meningiomas) that can be
achieved with LINAC and three GK plans was compared. One GK plan was calculated
using the limitations of the current clinical version, while the others aimed at either
improving the OAR sparing or the homogeneity. In general, all GK plans showed infe-
rior homogeneity (prototype: 14.8%; clinical: 25%) but improved dose fall-off (proto-
type: 48%; clinical: 52%) and OAR doses (= 6.5%) compared to LINAC plans. In cases
with OAR crossing the target volume, the homogenous GK plans, despite being char-
acterized by higher inhomogeneity compared to the LINAC plans, resulted in similar
OAR doses and improved dose gradients. Consequently, this more homogenous pro-
totype version can be used for enhanced sparing of radiosensitive structures inside or
abutting the target volumes, which was crucial for the third and last part of this work.
As NPC are known to be abutting or involving critical tissues such as cranial nerves,
osseous and mucous structures, hotspots within the boost volume need to be con-
trolled. LINAC and GK boost plans using the more homogenous prototype version were
calculated, and the target homogeneity and OAR sparing were assessed on a re-
stricted patient cohort, which was linked to the low incidence of NPC and anatomical
reasons. In many cases, the volume targeted during primary LINAC irradiation com-
prised a number of OAR whose planning constraints were already exceeded. For the
delineated critical structures, the GK boost showed a dosimetric benefit over LINAC
boost for the parotids (up to 36% reduction), cochleae (up to 35.8% reduction), tem-
poromandibular joints (up to 26.1% reduction), brainstem (up to 17.6% reduction) and
spinal cord (up to 18% reduction). The dose inhomogeneity with the GK boost plan,
however, was shown to be higher (boost: 19.7%; base + boost: 1.9%), but the location
and extent of the hotspots were judged uncritical.

Overall, the initial question about the feasibility and dosimetric advantage of GK boost

treatment for NPC following primary radiotherapy with LINACs was demonstrated. With
84



intermediate imaging and plan adaptation, a combination of primary radiotherapy and
fractionated, homogenous GK boost could be clinically used for dose intensification

considering biological OAR constraints in order to yield better outcomes.
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