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List of abbreviations:

18F-FDG PET/CT: Fluorine-18-fluorodeoxyglucose positron emission tomography-

computer tomography

4D-CT: four-dimensional CT

AE: adverse event

ASTRO: American Society for Radiation Oncology

BED: biologically equivalent dose

BED:o: biologically effective dose using o/f=10 Gy

CBCT: cone-beam CT

CI: confidence interval

CK: CyberKnife

COPD: chronic obstructive pulmonary disease

CT: computer tomography

CTCAE: common terminology criteria for adverse events

CTV: clinical target volume

DRR: digitally reconstructed radiograph

DVH: dose volume histogram

ECOG: Eastern Cooperative Oncology Group Performance Status
EORTC: European Organisation for Research and Treatment of Cancer

ETT TUKEB: Hungarian Ethical Review Board (Egészségiigyi Tudomanyos Tanacs

Tudomanyos és Kutatasetikai Bizottsag)
ESTRO: European Society for Radiotherapy and Oncology

FEV1: forced expiratory volume in one second



FEV1 (%): forced expiratory volume in one second, % of predicted
FFF: flattening filter-free

GTV: gross tumor volume

Gy: Gray

HR: hazard ratio

IGRT: image-guided radiotherapy
ITV: internal target volume

LC: local control

LF: local failure

LINAC: linear accelerator

LPFS: local progression-free survival
LQ-model: linear quadratic model
MLC: multi-leaf collimator

MLD: mean lung dose

NA: not applicable

NS: not stipulated

NSCLC: non-small cell lung cancer
OAR: organ at risk

OS: overall survival

PFS: progression-free survival
PTV: planning target volume

PTX: pneumothorax

RECIST: response evaluation criteria in solid tumors



RTOG: Radiation Therapy Oncology Group
SBRT: stereotactic body radiotherapy

SRT: stereotactic radiotherapy

SRS: stereotactic radiosurgery

TPS: treatment planning system

VMAT: volumetric modulated arc therapy



1. Introduction

Stereotactic radiotherapy (SRT) is a special type of external beam radiotherapy,
delivering high doses on relatively small targets, with high accuracy, while maximizing
the protection of surrounding organs. The principle of SRT is the application of a large
number of beams, aiming onto the same point (either by static beams or rotating arcs),
resulting a dose concentration in the intersection, and the dilution of the dose in the

neighbouring tissues due to rapid dose fall-off (Figure 1).

Nowadays, modern SRT is widely used in medically inoperable early-stage lung cancer
and in patients with limited number of lung metastases. The aim of this thesis is to
evaluate clinical outcomes, prognostic factors and side effects of primary and secondary

lung tumors treated with stereotactic radiotherapy.

Large number of step-and-shoot,
static, narrow beams

N
)

Linear accelerator (LINAC) Cyberknife, Gamma Knife

Figure 1. Principles of stereotactic radiotherapy

1.1. Principles of stereotactic radiotherapy

The introduction of stereotactic radiotherapy dates back in the 1960s, when the method
was first applied in intracranial targets. Originally, the treatment was delivered in one,

high-dose fraction, with ablative effect, which was called stereotactic radiosurgery (SRS).



The first dedicated machine, the Gamma Knife, was developed by Lars Leksell
neurosurgeon and his coworkers, having the first patient treated in 1968 in Sophiahemmet
Hospital in Stockholm, Sweden [1]. This machine contained multiple, non-opposed
cobalt-60 sources positioned in a hemisphere and the method required the use of a rigid,
external fixation frame, attached to the skull bone to provide precise, three-dimensional
coordinates for targeting radiation to a specific area. For long decades, brain SRS was
successfully performed for thousands of patients with Gamma Knife or later with gantry-

based linear accelerators, using invasive stereotactic head-frames.

The concept was only able to be transferred to extracranial tumors (SBRT=Stereotactic
body radiotherapy) in the 1990s, thanks to newer developments on radiation delivery,
imaging, patient immobilisation, and position verification. [2]. For SBRT, gantry-based
linear accelerators were applied, using photon beams. Challenges linked to uncertainties
of external skin markers, organ and tumor motion, led to invention of stereotactic body
frame immobilisation systems equipped with vacuum bed, abdominal compression
devices to reduce diaphragm movement, and high-quality, 3D position verification
imaging, like cone-beam CT (CBCT). Besides the gantry-based machines, from the late
1990s - early 2000s a dedicated SBRT/SRT system was also introduced, with robotic
technology, intrafraction position-verification, and the possibility of real-time tumor
tracking: it was called CyberKnife. In addition to these, there are further technologies to

implement SBRT, using helical tomotherapy or protontherapy.

In contrast to conventional radiotherapy, stereotactic treatments are performed in an
extremely hypofractionated way, ranging from 1 to 8 fractions of high doses. The linear-
quadratic (LQ) model is a radiobiological formula to predict the effect of irradiation. This
formalism is commonly used to compare the biological effect of different fractionation

schemes.
Biologically Effective Dose (BED) =nx d (1+d / a/B),

where 7 is the number of treatment fractions, d is the dose per fraction in Gray (Gy) and

o/ 1s a tissue-specific ratio, generally > 10 for most tumors.



Though there are uncertainties, whether the abovementioned equation can be used for
high single fractions, it is generally applied for the comparison of different SBRT

regimens.

The radiobiological aspects of SBRT are described in detail in the work of Macia I Garau
[3].

1.2. Technical aspects of thoracic SBRT

Treating intrapulmonary lesions is especially affected by organ movement due to
breathing. Therefore, the actual position of intrapulmonary targets relative to bony
landmarks or skin markers is not only affected by intraabdominal/intrathoracic pressure,
but also by the cyclic movement of respiration. The uncertainties introduced by these
phenomena require the application of elaborated preparational procedures and robust
quality assurance in terms of CT-simulation, tumor-position verification during patient
setup and responsible delivery of high dose/fraction radiotherapy. The summarizing name
of the strategies aimed to overcome the uncertainties mentioned above, is respiratory
movement management. A schematic comparison of the different strategies is depicted in
Figure 2. For gantry-based LINAC machines there are several concepts available: During
respiratory gated technique, irradiation is only given in a certain narrow range of the
respiratory cycle, typically near to exhale position, allowing a few millimetres of
movement. This method is performed in free breathing, but uses surrogates to detect the
actual breathing phase. Deep inspiration breath hold (DIBH) technique requires voluntary
holding of the breath in deep end-inspiration phase, and irradiation is only given when
the target is motionless. Obvious advantage of these two techniques is smaller irradiated
volume, but fundamentally longer treatment times and the need for special devices imply
considerable limitations. Internal target volume (ITV) method is one of the most
widespread ways for LINAC-based SBRT. During this method, the target volume covers
the whole range of movement between the two end phases in free-breathing, resulting in
a larger treated volume, but also better patient comfort, and a relatively simple feasibility

with the most of modern linear accelerators equipped with CBCT. Additionally, very



short treatment times can be observed with the application of volumetric modulated arc

therapy (VMAT) rotational delivery technique.

In terms of respiratory motion management, the main advantage of the CyberKnife
robotic system is the capability of real-time tumor tracking. Due to specific parts of the
system as the orthogonal 2D X-ray pair, internal- (gold fiducials of tumor contour), and
external markers (LED lights on the body surface) a complex algorithm can follow the
tumor movement during free-breathing. This leads to better patient comfort and reduced

target volumes, but also longer treatment times compared to VMAT-ITV treatments.

Figure 3. shows the construction of a gantry-based LINAC and the robotic CyberKnife
system. Despite the many differences, between the two technologies, both produce rapid
dose fall-off in the target region using similar photon beams, as the CyberKnife uses a

compact, lightweight 6 MV linear accelerator.

Gated DIBH ITY Real-time
tracking

Normal inhale

Normal exhale

Figure 2. Illustration of different respiratory movement management techniques
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Figure 3. Gantry-based and robotic devices for SBRT: a) TrueBeam LINAC by Varian
b) CyberKnife VSI robotic radiosurgery unit (generation 5) by Accuray

10



1.3. The place of SBRT in the management of lung tumors

The gold standard treatment for early-stage non-small cell lung cancer is surgical
removal, however in case of medical inoperability, non-surgical alternatives are needed.
Currently, there are several technologies available to perform non-surgical local treatment
in the lung, including microwave ablation, radiofrequency ablation or cryoablation, using
either extreme heat or cold to cause tumor-tissue necrosis. While the methods listed above
are invasive, with the necessity of insertion of a special tool near/inside the tumor,

stereotactic radiotherapy can be performed in a completely non-invasive way.

The phase II. trial of Timmermann et al. (RTOG 0236, = Radiation Therapy Oncology
Group) was one of the first studies establishing the extremely high local control rates

(97%) of SBRT, with 3-year OS of 56%, after the application of 3x18 Gy regimen [4].

Results from the study of Lagerwaard et al. underlined the importance of differentiation
of dose schemes during lung SBRT in function of the localization of the target lesion,
with more caution, and more modest biological doses on central lesions. In this study 3
dose regimens were used (3 x 20 Gy, 5 x 12 Gy, and 8 x7.5 Gy), and authors emphasised
the need for risk-adapted fractionation in lung SBRT [5].

By now, SBRT has become the treatment of choice in many countries for medically
inoperable early-stage non-small cell lung cancer, supported by guidelines from ESTRO
(European Society for Radiotherapy and Oncology), ASTRO (American Society for
Radiation Oncology), and EORTC (European Organisation for Research and Treatment
of Cancer) [6-8].

Obviously, histological confirmation is the basis of all cancer therapies, even for
inoperable cases. This could be achieved via bronchoscopy for centrally located tumors,
but often, peripheral lesions are only accessible by percutaneous transthoracic biopsy.
However, a significant proportion of medically inoperable patients present poor lung
functions or other comorbidities contraindicating percutaneous needle biopsy. Provided
that 18F-FDG PET/CT (Fluorine-18-fluorodeoxyglucose positron emission tomography-
computer tomography) supports a strong suspicion of malignancy, nowadays these
conditions are considered eligible for SBRT in many centers, in the absence of other

alternative, effective therapy.
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The precise techniques of SBRT are not limited to primary lung cancer but can be
performed in lung metastases as well. With the era of modern systemic anticancer
therapies, patients with solitary-, or oligometastases in the lung can be long survivors,

therefore aggressive local treatments can be justified.

Over time, several dose and fractionation schemes has been tested by different
workgroups using 1-8 fractions of SBRT with wide ranges of biological effective doses,

however, the results concerning optimal lung SBRT doses are controversial.

This thesis is based on two clinical studies with focus on optimal dose, clinical results,
predictive factors and toxicities. Both benchmarking researches investigated the
implementation of a special technique, being novelty in the given institutions. Question
was raised whether clinical results of a large cohort of the first consecutive patients would
reflect high rate of success, as had been shown in the literature. Furthermore, our results
make contribution in defining the optimal, individualized dose/fraction regimens in lung

SBRT.
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2. Objectives

1. Evaluation of clinical results of primary and recurrent lung tumors and lung metastases

treated with CyberKnife stereotactic radiotherapy (SBRT) .

2. Evaluation of long-term clinical results focusing on a large-scale, consecutive patient
cohort of early-stage primary lung cancer treated with gantry-based LINAC or
CyberKnife SBRT.

3. Analysis of predictive factors influencing local control (LC), local progression free
survival (LPFS), progression free survival (PFS) and overall survival (OS) in patients

treated with lung SBRT.

4. Validation of use of SBRT in patients of high risk of invasive biopsy (unknown
histology).

5. Investigation of early-, and late toxicities after pulmonary SBRT.

6. Validation of use of risk-adapted SBRT dose-schemes in a real-life cohort.

13



3. Methods

The thesis is principally based on two large-cohort, retrospective studies. The first one
was based on patients treated for either primary, recurrent or metastatic lung tumors in
the University Hospital of Liege (CHU de Liege), Belgium between 2010 and 2012, using
Cyberknife robotic fractionated SBRT (results published in 2017, in Radiology and
Oncology, Janvary et al. [9]). The second study was conducted in the National Institute
of Oncology (NIO), Budapest between 2015 and 2023, on a larger, and more homogenous
patient cohort of exclusively early-stage primary lung cancer treated predominantly with
LINAC or with CyberKnife to a lesser extent (results published in 2025, in
Strahlentherapie und Onkologie, Janvary et al. [10]).

3.1. Methods of Study I.: Cyberknife SBRT of primary, recurrent, and secondary
lung tumors (Belgium)

Patients of Study I.

A CyberKnife robotic stereotactic system was installed in the University Hospital of
Liege, Belgium in 2010, enabling the implementation of intra-, and extracranial SRT
treatments. This retrospective analysis focused on clinical results and toxicities of patients
treated for intrapulmonary malignancies. In total we identified 130 patients treated
between April 2010 and June 2012, including medically inoperable patients presenting
62% primary (n=81), 18% (n=23) recurrent lung cancer, and 20 % (n=26) with solitary
or oligometastatic lung lesions from other primary malignancies. Most of the patients
were elderly, with a median age of 71 years (range 40-93), and treatment decisions were
made in multidisciplinary tumor boards. The presence of histological confirmation was
needed, mostly for primary tumors either by bronchoscopy or percutaneous biopsy, or in
case of contraindications for invasive verification (due to poor lung function,
comorbidities, or technical ineligibility) strong clinical diagnosis based on high FDG-18

uptake on PET/CT was also accepted for SBRT.

For the one hundred and thirty patients, 160 lesions were treated in total, with 53% (n =
86) primary, 22% (n = 35) recurrent tumors/intrapulmonary metastasis of an earlier lung

tumor and 25% (n = 39) of metastatic origin from other malignancies.
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For the 86 metastases the primary cancer was colorectal in 49% (n = 19), salivary gland
in 13% (n = 5), breast in 10% (n = 4), melanoma and kidney in 5-5% (n = 2-2),
neuroendocrine tumor in 3% (n = 1), multiple primaries in 13% (n = 5), and unknown in
2% (n = 1). In the primary cancer subgroup, there were 62 cases with histology proven
disease, with 47% adenocarcinoma, 33% squamous cell carcinoma, 15% NSCLC and 5%
undifferentiated cancer. In the whole study group, the rate of histological confirmation
was 62% (n=81) in terms of patients, and 54% (n=86) in terms of lesions. The distribution
of peripheral vs central location of the target lesions was 71% vs 29%. Lesions were
classified central, if located within 2 cm from great vessels, heart, hilar structures,
oesophagus or trachea. Detailed patient, tumor and treatment characteristics are shown in
Table 1. As presented in the table, T3 tumors and TIN1, lymph node positive cases were
also represented in smaller numbers. For this latter subgroup, the primary tumor and the

positive hilar lymph node were irradiated at the same time, both with SBRT technique.

Table 1. Patient, tumor and treatment characteristics for Study 1. (table from: Janvary,

2017 [9])

Characteristic n (%)

Total number of patients/lesions
Mean age in years
Male/female ratio
No. with COPD
Mean FEV1 (%)
Mean FEV1 (L)
Histological confirmation
Primary cancer patients/lesions
TINO
T2NO
T3NO
TINIT
Recumrent tumear patients /lesions (n)
Lung metastasis patients /lesions (n)
Mean GTV volume (ml)
Mean PTV volume (mi)
Location of lesions: peripheral/central
Mean total dose (Gy)/Mean no. of fractions

Mean/median BEDwG}, (Gy)

130 (100%)/160 (100%)
71 (range: 40-92)

77 |59%) / 53 (41%)

45 (35%)

45 [range: 24-139)

2 (range: 0.53-3.65)

79 (61%)

81 (62%) / 86 (54%)

53

19

5

4

23 (18%) / 35 (22%)

26 (20%) / 39 (24%)

11.5 {[range: 0.6-86.5)

33.2 (range: 5.8-118.1)

113 (71%) /47 (29%)

60/3 tx (range: 40-60 / 3-5 fx)
151/180 Gy

15




Abbreviations for Table 1: COPD = chronic obstructive pulmonary disease; FEVI
=forced expiratory volume in I second; fx = fractions, GTV = gross tumour volume; PTV

= planning target volume, BED10Gy= biologically effective dose using o/p=10 Gy

SBRT treatment of Study I.

The CyberKnife system offered three different treatment methods for respiratory motion

management, requiring specific treatment preparation.

1. Fiducial based real-time tumor tracking (Synchrony algorithm) required CT
guided placement of gold markers around the target (2-6 fiducial markers
implanted), followed by the planning CT in 10-14 days. This method was limited
to patients without contraindication of percutaneous puncture. (44/130 pts)

2. Direct tumor tracking (Xsight Lung algorithm) was applicable for selected cases
when 2D tumor contours were detectable on the verification kilovoltage X-ray
images during treatment. The prerequisite for this method is a tumor size greater
than 15 mm, and peripheral location (13/130 pts). The two subtype of Xsight Lung
is 2-view if both camera is able to detect tumor position, and 1-view if only one
of them.

3. For cases, where neither the two abovementioned respiratory movement tracking
method were possible, Xsight Spine algorithm was used. This means the
definition of a larger target volume, covering the complete amplitude of tumor
movement during the breathing cycle (=ITV method, internal target volume).

(73/130pts)

Patient immobilisation was performed using an individual vacuum bag in supine position,
with arms next to the body. During CT simulation, planning CT images with a slice
thickness of 1 mm were acquired for all cases, to achieve high-resolution images for the
planning and for the verification digitally reconstructed radiograph images (DRR). CT
simulation was followed by an 18F-FDG PET/CT using the same immobilisation vacuum
bag for 96 % of patients to improve target definition. Gross tumor volume (GTV) was
contoured to cover the macroscopic tumor, in lung windowing. Then a safety margin of

3 mm was added, to achieve clinical target volume (CTV), which was manually modified
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in case on conflict with ribs, or mediastinal organs. In case of Xsight spine method, CTVs
in both exhale and inhale position were delineated, and a larger volume between the two
end phases was defined (ITV method). The planning target volume (PTV) was defined as

CTV +2 mm additional margin.

Radiotherapy plans were performed with Multiplan treatment planning system (TPS),
which operated with Ray-Tracing dose calculation algorithm. The main preferred
dose/fractions were 3x20 Gy and 3x15 Gy, but dose reduction, or using of 5 fraction was
also allowed to decrease risk of toxicities, especially in central localization. We used 3 or
5 fraction dose schemes, to a total dose of 40 to 60 Gy, with respect to nearby organs at
risk (OAR) dose limits. The dose was prescribed to 75-82 % PTV-encompassing
1sodoses. The OAR dose constraints and applied doses are shown in Table 2. and Table
3. Mean GTV and PTV volumes were 11.5 cc (range 0.6-86.5) and 33.2 cc (range 5.8-
118.1).

Table 2. Dose constraints for organs at risks for Study I. (table from: Janvary, 2017 [9])

Organ Type of. Dose (Gy) for Dose (Gy) for
constraint 3 fractions SBRT 5 fractions SBRT
Spinal cord D, o 22 (7.33 Gy/fx) 30 (6 Gy/tx)
Esophagus X 27 (2 Gy/tx) 35 (7 Gy/tx)
L‘%ﬂ;ﬁ’ MAMER 30 (10 Gy/fx) 32 (6.4 Gy/fx)
Heart B 30 (10 Gy/ix) 38 (7.6 Gy/ix)
Plexus brachialis D 24 (8 Gy/tx) 32 (6.4 Gy/fx)
Ribs D 37 (12.3/fx) 43 (8.6/x)
Skin T 32 (10.6/1x) 24 (4.8/1x)
lung [both lungs)  Volumetric :’/:?jz:j ]‘0588 ce t’/:azzj }ggg o
Liver Volumetric Viziey < 700 cc Vorey <700 cc

Abbreviations: Dmax= maximum point dose, fx=fraction, Vxcy, = volume of tissue
receiving x Gy (constraints were based on Timmerman RD et al and AAPM Taskgroup

101 guidelines [11-12] )
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SBRT treatments were performed with the CyberKnife VSI robotic radiosurgery unit -
generation 5- (Accuray, Madison, WI, USA) (see Figure 3.b), using Iris collimator of
15-60 mm apertures, 6 MV flattening filter-free (FFF) photon beams with 600 min/MU
dose rate. Real-time position verification was ensured by the orthogonal kilovoltage
imaging of the CK system. Three-fraction treatments were delivered every other day, and

S-fraction treatments on consecutive working days.

Tabe 3. Applied dose schemes for study I. (table from: Janvary, 2017 [9])

3x20 Gy 180 96 (60%)
3x18 Gy 151.2 7 (4%)
317 Gy 137.7 4 (2.5%)
5x12 Gy 132 1 (0,6%)
3x15 Gy 112.5 24 (15%)
5x10 Gy 100 4 (2.5%)
5x9 Gy 85.5 11 (7%)
5x8 Gy 72 13 (8%)

Abbreviations: BED10 =biologically effective dose with o/f= 10 Gy, Gy= Gray

Patients were followed up with regular CT scans or PET/CT, and acute and late toxicities
were classified according to the Common Terminology Criteria for Adverse Events
(CTC-AE v4.0). Follow up time was defined as the interval between first day of SBRT
and last visit or death. During follow-up imaging examinations, lesions were classified as

“locally controlled” in case of the absence of progression.
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Statistics for Study I.

Descriptive analysis was applied for patient and treatment characteristics, acute and late
toxicities. For enabling comparison of different dose—fractionation regimens,
biologically effective doses using o/f=10 Gy (BED1o) were calculated for each treatment.
Analysis of LC, OS and CSS (cause specific survival) was performed using the Kaplan-
Meier method. Uni-, and multivariate Cox-regression analysis was used for investigation
of prognostic factors influencing local control. P-values < 0.05 were considered

statistically significant. Software: SAS ver.9.3 was used for statistical analysis.

3.2. Methods of Study II.: LINAC and Cyberknife SBRT of early-stage primary lung
tumors (Hungary)

Patients of Study II.

Gantry-based LINAC lung SBRT was implemented in the National Institute of Oncology
in 2015. CyberKnife lung SBRT has become available from 2018. In this retrospective
study we focused on a homogenous patient population of early-stage (T1-2 NO MO)
primary lung cancer with or without histological confirmation treated with either SBRT
technique. Study ethical clearance number: ETT TUKEB: BM/1754-2/2024. The
overwhelming reason for selection of SBRT was medical / functional inoperability. All
cases were discussed in multidisciplinary tumor board, and for patients with high risk for
invasive biopsy, 18F-FDG PET/CT was obligatory for SBRT decision. Local recurrences,
tumors with satellites, metastatic lesions and patients with previous lung irradiation were
excluded. Altogether we identified 401 patients, 53% males, 47% females. Median age
was 70 years (range 44-90). Classification by tumor size was Tla (<1 cm) in 8 % (n=32),
Tlb (>1cm to <2 cm) in 44.6% (n=179), Tlc (> 2cm < 3cm) in 27.9% (n=112), T2a
(>3cm to <4 cm) in 16.7% (n=67) and T2b (>4cm to <5 cm) in 2.7% (n=11).

Histology was adenocarcinoma in 23% (n=92), squamous cell carcinoma in 12% (n=48),
other in 2.5 % (n=10) and unknown in 62.5% (n=251). The clinical diagnoses were
supported with 18-FDG-PT/CT positivity in all cases without proven histology and the
rate of PET/CT was high (96.3%) in the total cohort as well. The general condition of
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patients was good, with 84% (n=338) classified as ECOG 1 (Eastern Cooperative
Oncology Group Performance Status), meaning “Restricted in physically strenuous
activity but ambulatory and able to carry out work of a light or sedentary nature, e.g.,

light housework, office work”.

Patient and tumor characteristics are shown in Table 4.

Table 4. Patient and tumor characteristics of Study II. (n=401) (table from: Janvary, 2025
[10])

Characteristic

Number (%/
range)

Age, median (years,
range)
Gender

Tumor stage

Histology

Location

ECOG

Male

Female

Tla (<= 1cm)
Tib(>1to <2cm)
Tlc(>2to <3cm)
T2a (>3 to <dcm)
T2b (>4 to =5¢cm)
Adenocarcinoma
Squamous cell
Other

Unknown#®

Left upper lobe
Left lower lobe
Right upper lobe
Right middle lobe

Right lower lobe

(S S

70 (44-90)

211 (53%)
190 (47%)
32 (8%)
179 (44.6%)
112 (27.9%)
67 (16.7%)
11 (2.7%)
92 (23%)
48 (12%)
10 (2.5%)
251 (62.5%)
89 (22%)
64 (16%)
153 (38%)
20 (5%)

75 (19%)
39 (10%)
338 (84%)
24 (6%)

20
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SBRT treatment of Study II.

Treatment preparation was adapted to the chosen SBRT technique. For lesions more
likely suitable for CyberKnife Xsight Lung direct tumor tracking 1.25 mm slice thickness
planning CT was acquired in exhale and inhale phases, in supine position, on simple, thin
comfort mattress with arms next to the body. The application of gold fiducial-based
tracking was omitted to minimise risk of side effects (pneumothorax, pulmonary
haemorrhage) in a patient population already affected with comorbidities. The Xsight
Spine CK method was also omitted. The reason for it was, that CBCT-based LINAC
IGRT was considered more reliable for targeting ITV, than tracking of the spine, if the
tumor itself was not identifiable on the CK 2D kilovoltage imaging. (For detailed
description of CK tracking methods see chapter 3.1.2.).

For tumors planned to be treated with LINAC, a 4-dimensional CT-simulation was
carried out in supine position, with arms above the head using wingboard immobilisation
system, acquiring in 7-10 respiratory phases, with 2 mm slice thickness, which served as
a basis of covering the complete range of the lesion’s movement linked to breathing. For
LINAC CT simulation, permanent tattoo skin marks were performed for initial patient
setup during the treatment, and additional abdominal compression device was used for
lower-lobe tumors, to reduce diaphragm motion (and consequential tumor motion) during

treatment.

GTYV -representing the macroscopic tumor extension- was contoured in lung windowing.
For 2-view CK cases GTV was defined in exhale phase, for in 1-view CK cases in both

exhale and inhale phase, and for LINAC treatments in all 7-10 respiratory phases.

GTV to CTV margin was 3 mm, which could be manually corrected in case of
interference with adjacent bones or mediastinal organs. The CTV was defined solely on
exhale phase for CK cases, where the tumor was visible for both kV imaging camera (2-
view), and on both exhale and inhale phases when preparing for 1-view. For 1-view cases,
an asymmetrical CTV-to-PTV expansion was added in a next step which still resulted a
smaller PTV volume compared to classic ITV. For LINAC cases, GTV was contoured in
each respiratory phases, then unified in an accumulated volume (GTV_Acc =

representing ITV), expanded also with 3mm to achieve CTV.
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CTV to PTV margin was generally 2 mm for both LINAC and CK cases, except for 1-
view CK cases, where it was asymmetrically 4 mm, only in the direction of lack of

tracking.

For LINAC treatments radiotherapy planning was performed with Eclipse TPS (Varian),
using Acuros XB dose calculation algorithm, and SBRTs were performed with volumetric
modulated arc therapy (VMAT), 6MV, FFF photon beams on either Varian VitalBeam
or TrueBeam linear accelerators (Varian, Palo Alto, CA, USA) (see Figure 3.). These
LINACS are equipped with either 4 or 6 degrees of freedom treatment tables, enabling
rotational and translational position corrections of the body. Image verification was

carried out with kilovoltage built-in CBCT of the LINAC before each treatment fraction.

For Cyberknife treatments planning was performed with Precision TPS (Accuray), using
VOLO™ dose calculation algorithm, followed by Monte Carlo recalculation. Treatments
were done with Cyberknife M6 generation device (Figure 4.) using the novel MLC
(multileaf collimator) for beam shaping. Step-and-shoot IMRT was carried out using

6MV, FFF photon beams, with real-time tumor tracking ensured by the orthogonal 2D

kilovoltage imaging system and the Synchrony camera.

Figure 4. CyberKnife M6 generation robotic radiosurgery unit by Accuray
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Institutional protocol defined 3 preferred dose levels for both LINAC and CK SBRT
treatments: 3 x 18 Gy (BED10=151.2 Gy), 5 x 12 Gy (BED10=132.2 Gy) and 8 x 7.5 Gy
(BED10=105 Gy) in function of tumor location, with lower BED doses forseen for tumors
adjacent to the chest wall, or more particularly to mediastinal organs or pulmonary hilum.
Further dose reduction was allowed in case of conflict with OAR constraints (constraints
defined in institutional protocol, based mainly on AAPM Task Group 101 report [12],

with some modifications). Organs at risk constraints and treatment characteristics are

shown in Table 5. and Table 6. The median prescribed dose was 60 Gy in 5 fractions.

Table 5. Dose constraints for organs at risk for Study II.

Organ Type of | Dose (Gy) for 3-| Dose (Gy) for 5-| Dose (Gy) for 8-
constraint fraction SBRT fraction SBRT fraction SBRT
Spinal cord | Dpax CK: 21.9 Gy CK: 30 Gy CK: 30 Gy
L:21.9 Gy L: 30 Gy L: 30 Gy
Esophagus Dimax CK: 25.2 Gy CK: 35 CK: 40
Do.1cc L: 21 Gy L: 30 L: 40
Trachea and | Dyax CK: 23.1 Gy CK: 33 CK: 40
main Do.1ce L: 30 Gy L:35 L: 40
bronchi
Heart Diax CK: 30 Gy CK: 38 Gy CK: 50 Gy
Do.1cc L: 30 Gy L: 35 Gy L: 50 Gy
Great vessels | Dmax CK: 45 Gy CK: 53 Gy CK: 60 Gy
Do.1cc L: 45 Gy L: 50 Gy L: 60 Gy
Plexus Dimax CK: 24 Gy CK: 30.5 Gy CK: 30.5 Gy
brachialis
Ribs Dimax CK: 36.9 Gy CK: 43 Gy CK: 60 Gy
L: 36 Gy L: 43 Gy L: 60 Gy
Lungs volumetric CK: CK: CK:
Viids-V12.4>1000 cc Viids-V13.5>1000 cc Viids-12.5>1500 cc
L: L: L:
Viias-V10.5>1000 cc Viigs-12.5>1500 cc Viigs-12.5>1500 cc
Liver volumetric as low as possible as low as possible as low as possible

Abbreviations: Dmax=

receiving x Gy, Do.icc= highest dose on 0.1 cc volume, CK= CyberKnife, L= LINAC

maximum point dose, fx=fraction, Vicy = volume of tissue
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Table 6. Treatment characteristics for Study II. (n=401) (table from: Janvary, 2025 [10])

Dose scheme Number BED (Gv)

(%)
Ix 15Gy 1 (<1%) 112.5
3x17Gy 2 (<1%) 137.7
3Ix 18 Gy 34 (8.5%) 151.2
Sx 10Gy 30 (7.5%) 100
Sx11Gy 38 (9.5%) 1155
Sx 12Gy 172 (43%) 32
8x 6.5Gy 3(<1%) 85.8
§x TGy 4 (19%) 95.2
8x7.5Gy 117 (29%) 105
BED o
= 132Gy 208 (52%)
<132Gy 193 (48%)
Technigue Number (%)
LINAC 362 (90%)
CK 39 (10%)
Targetr Volume characteristics Median Mean (range)
GTV volume (cc) 3:9 7.4 (0.3-85.1)
CTV volume (cc) 12.4 18 (1.5-144.7)
PTV volume (cc) 26.2 34.7 (5-195.9)
PTV D98% (Gy) 584 56.9 (43.6-63.8)
PTV coverage (V95) % 990.7 99.4 (91-100)
PTV coverage (V100) % a5 94.9 (72.7-100)

Abbreviations: BED10 =biologically effective dose with o/p= 10 Gy, GTV= gross tumor
volume, CTV=clinical target volume, PTV=planning target volume, PTV D98% =dose
covering 98% of the PTV

As presented in Table 6., most patients were treated with LINAC (90%, n= 362), and
only 10 % (n=39) with CyberKnife. Mean GTV and PTV volumes were 7.4 cc (range
0.3-85.1) and 34.7 cc (range 5-195.9).
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The maximum dose criteria inside the PTV was 120-130 % of the prescribed dose. Dose

prescription for PTV for both techniques were identical:
95% of the prescribed dose should cover the 99% of PTV (V95%>99)
100% of the prescribed dose should cover the 90% of PTV ("V100%>90%)

3-fraction treatments were performed every other day, while 5- and 8 fraction regimens
were given on consecutive working days. Figure 5. shows illustrative cases of similarly

highly conformal dose distribution of LINAC and CK treatment plans.

After the completion of SBRT treatment, patients were followed up regularly with CT
scans every 3-6 months, supplemented with 18F-FDG PET/CT in case of dubious CT
result (e.g: differentiation between fibrosis and recurrent tumor tissue). Toxicities (acute
and late) were classified according to CTCAE v4.0. Follow up time was defined as the
interval between first day of SBRT and last visit or death. During follow-up imaging
examinations, lesions were classified as “locally controlled” in case of the absence of

progression.
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Figure 5. Similarly highly conformal dose distributions of a LINAC (a) and a CK (b)

SBRT plan (illustrative cases, isodose colours are not identical for the two plans)
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Statistics for Study II.

Descriptive analysis was applied for patient and treatment characteristics, acute and late
toxicities. For enabling comparison of different dose—fractionation regimens,
biologically effective doses using o/f=10 Gy (BED1o) were calculated for each treatment.
Analysis of LC, LPFS, PFS and OS was performed using Kaplan-Meier method.
Univariate (Cox-Mantel test)-, and multivariate (Cox regression test) analysis were
performed in order to identify prognostic factors influencing local control, local
progression free survival, progression free survival and overall survival. P-values < 0.05
were considered statistically significant. Software: Statistica (verl0) was used for

statistical analysis.

The variables tested in Cox-Mantel univariate analysis were: age (<70 vs >70 years),
gender, tumor stage (2 groups: T1a,b vs. Tlc, T2a,b), histological verification (proven vs.
unknown), biologically effective dose with o/f= 10 Gy (BEDI10), SBRT technique
(LINAC vs. CK) and ECOG performance status.

Definitions of survival functions (verbatim quote : Janvary, 2025 [10]:

“-Local control (LC) was defined as the interval between the first day of radiotherapy
and the date of local recurrence of the lung tumor or the most recent follow-up. Patients

who died of any cause without local recurrence were censored.

-Local progression-free survival (LPFS) was defined as the interval between the first day
of radiotherapy and the date of local recurrence of the lung tumor, death, or the most

recent follow-up.

-Progression-free survival (PFS) was defined as the interval between the first day of
radiotherapy and the date of disease progression (local recurrence, new lung lesions
distant from the PTV, lymph node metastases, distant metastasis), death, or the most

recent follow-up.

-Overall survival (OS) was defined as the interval between the first day of radiotherapy
and the date of death from any cause or the most recent follow-up. Actuarial LC, LPFS,

PFS, and OS rates were calculated using Kaplan—Meier method.”
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4. Results

4.1 Results of Study I. (Janvary, 2017 [9])
Clinical effectiveness of Study I.

After a median follow-up time of 21 months (range 2-39) the crude rate of survival was
78 % (102/130 pts). The actuarial LC rates were 86%, 75% and 62% at 1-, 2-, and 3 years
(Figure 6). We investigated factors influencing local control, and univariate analysis
showed significantly higher probability of LC for treatments using doses >112.5 Gy.
(Figure 7.)

The corresponding probability of LC at 1, 2 and 3-years were 93%, 80% and 63% for the
higher-dose group, and 73%, 61% and 54% for the lower doses. Analysis in function of
tumor location, similarly, showed significant advantage for peripheral lesions with 91%,
79% and 60% in contrast to central lesions with 74%, and 63% vs 56%, at 1-, 2 and 3
years (Figure 8.). Smaller GTV and PTV volumes were also associated with better LC
probability. The presence or absence of real-time tumor tracking, proven or unknown
histology, or origin (namely primary, recurrent or metastasis) were not shown significant
correlation with LC in univariate analysis. Interestingly, a separate pairwise analysis,
nevertheless, showed a significant advantage for primary tumors compared to recurrent
tumors or metastases (Figure 9.). The actuarial local control rates at 1-, 2-, and 3-years
were 89%, 80%, and 64 % for the primary group, 83%, 83%, 83% for recurrent lesions
and 84%, 59% 53% for the metastases.

In multivariate analysis proven histology, larger PTV and metastatic origin were

associated with lower probability of local control (HR =1.03; p <0.0001).

Actuarial OS and CSS probability at 1-, 2 and 3 years were 85%, 74% and 62%, and 93%,
90%, and 80%, respectively. Kaplan-Meier curve of OS is depicted in Figure 10.
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Figure 6. Probability of actuarial local control for the total cohort of Study I. (Figure
not previously published)
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Figure 7. Probability of local control according to dose (BED < 112.5 Gy vs. higher) in
Study I. (figure from: Janvary, 2017 [9])
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Figure 9. Probability of local control for primary, recurrent and metastatic lesions.
(figure from: Janvary, 2017 [9])
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Figure 10. Probability of overall survival for the total cohort of Study 1. (Figure not
previously published)

Toxicities of Study I.

Generally, the CyberKnife-based lung SBRT treatment were well tolerated, with mild
cough, fatigue, and chest-wall pain being the most frequent side effects, however severe
toxicities have been observed in small proportion of cases. Acute toxicities >Grade 3 were
observed in 2.3% (n=3) of patients, of which 2 cases of Grade 3 pneumonitis and 1 case
of potentially treatment related fatal (Grade 5) pulmonary haemorrhage (applied dose 5x9

Gy, central tumor, event occurred 1 month after irradiation).

Late toxicities of Grade 2 could be identified in the documentations in 20% (n=26),
including 5 cases of asymptomatic, or moderately painful rib fractures, 1 case presenting
recurrent laryngeal nerve palsy, 14 cases (11%) of symptomatic chronic pulmonary

fibrosis and 6 cases (5%) of pneumothorax (PTX) after gold fiducial placement.
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Late toxicities >Grade 3 were observed in 4.6 % (n=6) as follows:

- 3 cases of Grade 3 dyspnea (each patient suffered from severe COPD (chronic

obstructive pulmonary disease) before SBRT.

- 1 Grade 3 case of cardiac arrythmia (sick sinus syndrome) treated with pacemaker

implantation (8 months after SBRT).
- 1 case of Grade 3 chest wall pain due to radiogenic rib fracture

- 1 case of (Grade 5) fatal pulmonary haemorrhage, 7 months after treatment (5x8 Gy,

central tumor, with large vessel invasion already at time of RT).

It was also investigated whether SBRT treatment was associated with permanent
alteration of lung function, using follow up FEV1 (Forced expiratory volume in 1 second)
results. Although retrospective data was incomplete, a pattern of detectable decrease in

lung function could be shown as demonstrated in Figure 11.
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Figure 11. Alteration of lung function using FEV1(%) values (Forced expiratory
volume in 1 second as a percentage of expected) in function of FUP time (p<0.0001).

(Results not previously published)
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4.2. Results of Study II. (Janvary, 2025 [10])
Clinical effectiveness of Study II.

After a median follow-up time of 32 months (range 2-104) the crude rate of survival was
58 % (233/410 pts). The crude rate of local-, regional- and out-of-field intrapulmonary
relapse was 9%, 8.2% and 14.9 %, respectively, while the incidence of distant metastasis

was 17.9 %.

In the total cohort, Kaplan-Meier analysis of OS resulted 79, 68 and 56% at 2, 3 and 4
years, and median overall survival was 63 months ((95% CI: 51.1-74.8). Kaplan-Meier
LC was 94%, 90% and 87% at 2, 3 and 4 years, and the median LC was not reached.

The calculated Kaplan-Meier local progression free survival and progression free survival
rates were 75%, 60%, 51% and 66%, 51%, 42% at 2, 3, and 4 years, respectively. The
median values were 49.5 months (95% CI: 42.8-56.3) for LPFS and 37 months (95% CI:
31.2.-42.8) for PES.

Kaplan— Meier curves of LC, LPFS, PFS, and OS for the entire cohort of Study II. are

demonstrated in Figure 12.

We performed multivariate analysis using the significant factors identified in univariate
test, and found that lower T-stage and better ECOG performance status was associated
with better OS (p< 0.0001), and BED10 dose > 132Gy was correlated with better LPFS
(see Figure 13. -14. and Table 7.). Significant difference was found between the median
OS of smaller (T1a+T1b) and larger (T1c+T2a+T2b) tumors: 69 (95% CI: 47.3-90.7 )
versus 46 (95% CI: 37-55) months, with an advantage of 23 months. Similarly, better 3-
year OS was shown for smaller tumors (73 vs. 61% (p= 0.0044). Significant OS benefit
was observed in favor of better performance status, with 83%, 68%, and 37% at 3 years,

regarding EGOG 0,1 and 2 subgroups (p= 0.0005).

Application of doses of BED> 132Gy was associated with an advantage of more than 12
months median, and 6 % of 3-year local progression free survival, compared to lower

doses-group: 55 vs. 42.4 months (95% CI: 42.8-67.2 and 35.8-49) and 63 vs. 57% (p=
0.0046) respectively.
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Figure 12. a—d Kaplan—Meier curves of the entire cohort of Study II. (n= 401 patients)
treated with SBRT a) Local control, b) local progression-free survival, ¢) progression-

free survival, d) overall survival (figure from: Janvary, 2025 [10])
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Figure 13. Study II. Kaplan—Meier curves of overall survival, a) T stage 1a,b vs. Tlc,
T2a,b (p=0.0044) and b) ECOG performance status (p= 0.0005) (figures from: Janvary,
2025[10])
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Figure 14. Study II. Kaplan—Meier curves of local progression-free survival as a

function of biologically effective dose (BED) <132Gy vs. >132Gy (p= 0.046) (figure
from: Janvary, 2025 [10]

Table 7. Results of univariate Cox-Mantel test, investigating the potential factors

influencing LC, LPFS, PFS and OS in Study II. (Janvary 2025, supplementary material
[10])

LC LPFS PFS oS
Age (<70 vs >70 years) NS NS NS NS
Sex (male vs female) p=0.005 p=0.001 p=0.0008 p=0.0087
T-stage (Tla,b vs Tlc,T2a,b) | NS p=0.018 NS p=0.0044
Histology (proven vs | NS NS NS NS
unkown)
BED1o (<132 Gy vs > 132 Gy | NS p=0.0457 NS p=0.03
Technique (LINAC vs CK) NS NS NS NS
ECOG (0vs1vs2) NS p=0.0044 NS p=0.0005

Abbreviations: NS: non-significant, p-values below 0.05 were considered to be significant
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Toxicities of Study II.

Generally, treatments were well tolerated, without interruption due to adverse event.
Acute toxicities associated to lung SBRT was generally mild cough, general fatigue and
local chest wall pain in the treated region, without the appearance of any Grade 3 or higher
toxicities in the first 3 months. Concerning late toxicities, retrospective data collection
revealed 32% (n=130) Grade 1-2, and 0.7 %, (n=3) Grade 3 lung fibrosis. We identified
1 patient (0.2%) with a grade 3 PTX at 19 months follow-up, which was classified as
potentially-treatment-related toxicity. PTX was successfully treated with transient chest

tube placement. There were not late adverse events higher than Grade 3.

Frequency of late rib fracture was 3% (n=14), with a mean time to appearance of 21

months (range 6-50).

Investigation concerning the prescribed dose and the onset of rib fracture did not show

any correlation in the cohort.
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5. Discussion

Lung cancer is one of the most frequent types of cancer, with high mortality rates,
correlated to approximately 25% of all cancer deaths. The estimated worldwide incidence
is approximately 2.4 million new cases annually, worldwide [13], and the proportion of
early diagnosis (lymph node negative stage) is around 16-23 % [14]. Unfortunately,
Hungary presents particularly high incidences of lung cancer in European comparison,

with approximately 9500 newly diagnosed cases, annually [15].

The standard treatment for early-stage NSCLC is surgical removal: lobectomy or
anatomical segmentectomy alongside with simultaneous removal of hilar and mediastinal
lymph nodes. Conventional open thoracotomy approaches are more frequently replaced
with minimally invasive video-assisted lobectomy (VATS) or robot-assisted
thoracoscopy (RATS). However, approximately 25% of early-stage lung cancer will not

undergo surgery because of comorbidities or more rarely of patient refusal [16].

During the last decades, stereotactic body radiotherapy became one of the most important
treatment alternatives for inoperable patients. After the first reports in the late 1990s on
the application of SBRT technique on lung malignancies, further studies on clinical
results appeared in early 2000s [17-18], and as the technology became more widespread,

from 2005 on, the annual number of lung SBRT publications raised steeply [19].

Before the era of SBRT, conventional radiotherapy could be offered for those inoperable
patients, usually delivered to a total dose of 60-70 Gy in 2.0 Gy daily fractions, however
a meta-analysis by Grutters et al. (2010) revealed a significant 5-year OS advantage for
SBRT (42%) compared to conventional radiotherapy (20 %) [20]. Interestingly, in this
study, authors also found that survival rates for photon SBRT were similar to particle

therapy in stage I inoperable NSCLC.

After experiencing outstanding local control rates (above 90%) after lung SBRT in
prospective and multicentric retrospective trials [5, 21-23] efforts have been made to
directly compare SBRT and surgery in operable patients in prospective, phase III
randomized trials. Although those trials (STARS, using CyberKnife [NCT00840749] and
ROSEL, using LINAC [NCT00687986], both registered on ClinicalTrials.gov) were

terminated prematurely, some years later a pooled analysis has been performed by
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Chang et al., showing significant 3-year OS benefit in favour of radiotherapy: 95% in the
SBRT group and 79% in the surgical group after a median follow-up of 35 months [24].
Despite those positive experiences with SBRT of operable lung cancer cases, this
radiotherapy technique remained much more in the focus for patients being ineligible for
surgery. By the results of several workgroups, it became clear, that risk-adapted dose-
fractionation protocols are more advantageous, than utilization of a uniform SBRT dose
scheme for all cases [25-28]. It should be noted, that single fraction SRS has also been
investigated for lung cancer in a limited number of randomized trials [29-31] showing
promising results of 89.4 to 95% LC rates and favorable toxicity profile. Despite
encouraging results with single fraction SRS, this ,,alternative” fractionation has not
reached such popularity, and most centres established hypofractinated protocols using 3
to 8 fractions to a total dose of 45-60 Gy. Published results, however, remains
controversial concerning the minimum effective threshold dose or ,,optimal” fractionation

schedule.

5.1. Principal findings of Study I.

Study I. was fundamentally addressed on the investigation of clinical effectiveness, and
adverse events of a novel technology, the CyberKnife-based lung SBRT at Belgium. As
we principally focused on local control, the study cohort consisted of a mixed population
of cases with primary, recurrent and secondary (metastases from other cancer) lesions.
As another goal of the work was to validate SBRT protocols on real-life population, we
selected data of the first consecutively treated 130 patients /160 lesions. SBRT was
delivered in 3 or 5 fractions, with significantly larger contribution of 3 fraction treatments,
with 60 Gy in 3 fractions being the most frequent schedule. After 21 months of median
FUP, we observed promising results showing local control rates of 86%, 75% and 62%,
and overall survival rates of 85%, 74% and 62%, at 1-, 2- and 3 years, respectively. Our
results are fully consistent with those of other published series, where 2-year LC rates
range between 59,7 - 96%, and 2-year OS rates has been reported between 47 to 87%
(Table 8.).
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Table 8. Comparative table with results from series of purely primary / purely metastatic or mixed-group target lesions. Lowermost row

represents results from Study I. (table from: Janvary, 2017 [9])

Study Technic Histological No. of pts/ dose (Gy)/fx BED1ocy (Gray) Median FUP Local Control Overall Survival
confirmation lesions (month)
%
PRIMARY
Chen VJ (22) CK 100 40 median 48 (42-60)/3 fx 124.8 44 91%@3y 75% @3y
van der Voort CK 51 70 60/3fx (Peripheral) 180 (Peripheral) 15 96% @2y for 60 Gy 62% @2y
van Zyp (23) 45/3fx (Central) 112.5 (Central) 78% @2y for 45 Gy
Factor (24) CK 95 78 60/3 fx (Peripheral) 75-180 14.4 87%@2y 68% @2y
48/4 fx (Central)
Bahig (4) CK 84 150 median 60/3 fx 72-180 (Peripheral) 22 96% @2y 87% @2y
40- 60/3-5 fx 106-180 (Central)
Shen (25) CK 84 50 57 (48-60)/3fx 104-150 35 crude 96% @2y 86% @1y
74% @2y
Davis, RSS CK, 100 723/741 median 54 (10-80)/3 fx 151.2 12 88%@1y T1: 85/63%@1/2y
REGISTRY (5) LINAC 76%@2y T2:76/52@1y/2y
Fakiris (26) LINAC 100 70 60-66/3fx 180-211.2 50.2 88.1%@3y 42.7%@3y
METASTASES
Nuyttens (7) CK 12 30/57 30/1 fx; 60/3-5 fx; 56/7 fx 36 79%@1y 63% @2y
38%@4y
Inoue (8) LINAC 87/189 48/3fx; 50/5 fx; 52-60/10 fx; 30-168 80%@2y 47%@2y
80%@3y 32%% @3y
MIXED:PRIMARY+METASTASES
Guckenberger LINAC 19 124/159 26/1 fx; 37.5/3; 48/8 fx 14 83%@3y 37%@3y (Primary)
(27) 16% @3y (Met)
Ernst-Stecken (9) LINAC 100 21/39 35-40/5 fx 59.5-72 6.3 crude: 87% crude: 86%
Duncker-Rohr LINAC 55 39/45 37.5/3 fx; 30/5 fx 84 (Peripheral) 17 80.5%@2y 52.7%@2y
(28) 60 (Central) 95% @2y Prim 45.9% (Primary)
59.7% @2y Met 66.7% (Met)
Current study CK total 61% 130/160 median 60/3 fx (Peripheral) median 180 (Peripheral) 21 86%@1y 85% @1y
primary 77% median 45/5 fx (Central) median 112.5 (Central) 75% @2y 74% @2y
62 % @3y 62% @3y
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Multivariate analysis of Study I. cohort revealed predictive factors associated with
significantly lower local control rates after SBRT: metastatic origin (HR=7.3,

p<0.0001), proven histology (HR=4.1, p=0.0052 and larger PTV (HR=1.03, p<0001).

Concerning the potential difference of local control effect of SBRT between primary and
metastatic tumors the literature is controversial. While one German study observed LC
advantage for primary tumors [32], another series from the same country reported
comparable results for these two groups [33].

Again, similarly to our results, a Japanese group identified metastatic origin and larger

tumor size as negative factors for LC [34].

The negative effect of proven histology on LC in our findings could be consequence of
potential statistical bias, as other studies, specifically focusing on this subject, mostly
report similar results with or without biopsy for lesions treated with lung SBRT [27-28,
35-36]

Although larger PTV is not necessarily equivalent of larger tumor size, as the tumor
movement and the applied respiratory motion management influences the final RT target
volume, larger tumors have higher probability to be associated with larger PTV. In this
regard, with this generalization, our results can be paralleled with findings of other
authors, reporting worse LC rates related to higher T-stage. Parker et al. in a series of
SBRT on primary and metastatic lung lesion found, that larger tumor size and larger PTV
volume were associated with better LC, but they did not find difference between primary

and metastatic groups [37].

5.2. Principal findings of Study II.

Experiences from Study I. turned out to be useful in several ways during the
implementation and maintaining of lung SBRT treatments in the National Institute of
Oncology, Budapest, as well as on conceptualization of Study II. This study focused on
a more homogenous patient population, enrolling solely early-stage (T1-2 0 M0) primary
lung cancer patients with or without histological confirmation. Keeping the 3-fraction
schemes as well, the range of applied doses moved towards slightly more fractionated

regimens, using 3 preferred dose prescriptions: 3 x 18 Gy, 5 x 12 Gy and 8 x 7.5 Gy.
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Similarly to our previous study, our goal was the investigation of clinical effectiveness of
SBRT using a wider technical platform (Varian VitalBeams, Truebeams and newest
generation CyberKnife M6 with MLC collimator), the analysis of toxicities as well as to
validate our dose protocols on a large-scale of consecutively treated patients. Taking into
account, that the applied doses, target volume safety margins and OAR constraints were

similar, we decided to analyse the total cohort as a whole.

After a median follow-up of 32 months, our retrospective analysis of 401 patients
revealed important findings. To our knowledge, this represented the largest cohort of

primary lung cancer SBRT published so far in Hungary.

We observed outstanding local effect, with only 9% (n=36/401) of local failure and 94%,
90% and 87% of actuarial 2-, 3-and 4-year LC rates. 2-, 3-and 4-year OS rates were 79%,
68% and 56%. When compared to results of series reporting experiences with more than

100 patients, our findings are coherent with the relevant literature (Table 9.)

Multivariate analysis of Study II. cohort revealed predictive factors associated with
significantly better overall survival rates after SBRT: smaller tumor size (T1a, b vs
Tlc, T2a,b) (p= 0.002), lower ECOG score (better ECOG status) (p= 0.002).
Prescribed doses >BED10132 was predictive for better LPFS (p<0.0001)

Firstly, we observed significant 3-year overall survival advantage (73 vs 61%) for smaller
tumors (Tla, b vs Tlc, T2a,b). In terms of median OS values this advantage was 23
months (69 vs 46 months). Fisher-Valuck et al. has reported similar correlation after
comparing tumors below and above 30 mm [38]. Likewise, a registry-trial of Davis et al.
on >400 early-stage NSCLC reported 2-year OS rate of 63% for T1 in contrast to 52%
for T2 tumors, though the advantage in median OS values was only 4 months (30 vs 26
months) [39]. The likely interpretation on this phenomenon is that larger tumors had more
chance of metastasising already before treatment, but also the potentially worse effect of
SBRT on larger tumor tissue volume. These findings again draw attention to the

importance of early diagnosis.

Secondly, our findings concerning the positive predictive value of better ECOG
performance status to OS is obvious in a certain sense, but they also highlight that this

elderly, medically inoperable population need a well tolerable, still locally highly
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effective treatment, like SBRT. Similarly to our findings, Klement et al showed ECOG

status to be a strong predictor for survival in the 6 months interval following SBRT [40].

The third important finding of our multivariate analysis, was the local progression free
survival advantage, related to the treatment dose. Patients treated with BEDo doses >132
Gy had an advantage of 13 months median LPFS (55 vs 42 months), and of 6% in 3-year
LPFS rates, though we could not observe advantage in OS. The literature concerning the
optimal SBRT dose is controversial. Some of the workgroups found that application of
100-105 Gy BED dose was already associated with improved LC rates and OS [41-43],
while a study of more than 600 cases of lung SBRT found that 150-180 Gy was associated
with higher LC rates, however, without further advantage in OS [44]. On the other hand,
there were studies concluding that optimal dose is more like a wider range between 100-
140 Gy of 83-146 Gy [45-46]. Naturally, tumor size and its proximity to certain organ at

risks affect the safely deliverable maximum dose.

The extent to which SBRT can be applied to patients with unknown histology is a
recurring debate in the relevant literature. It should be noted that stereotactic radiotherapy
in lung cancer is an alternative treatment method for surgery, developed for inoperable,
elderly patients, with severe comorbidities and poor lung function. In this context, SBRT
is often the only effective treatment to be offered, for patients with very high suspicion
for malignancy. Studies reporting results with comparison of biopsy proven vs not proven
groups, with rate of unknown histology of 26-65%, conclude the lack of significant
difference of LC, OS rates and low incidences of adverse events [27-28, 35-36, 38, 47-
49]. Similarly, our analysis of Study II. did not show any significant difference between
biopsy proven group, and that with unknown histology with regard to LC, LPFS, PFS and
OS, validating the widely used, and guideline-recommended clinical routine of offering
SBRT to patients with 18F-FDG PET/CT positive lung tumors, in case of high risk for

invasive biopsy.
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Table 9. Series with n>100, reporting results for early-stage primary lung cancer SBRT. Lowermost row represents results from Study II.

(table from: Janvary 2025 [10] )

Authors Year LINAC/CK No. pa- Dose LC (%) OS (%) Prospective/ Single/
tients retrospective (P/R) multicentric
(S/M)

Onishi et al. 2007 LINAC 257 30-84 Gy (at isocenter) in 1-14 LF*: 14% 3-year: 56.8 R M
[14] fx. median BED 111Gy S-year: 46.2
Bahig et al. 2014 CK 150 40-60Gy in 3-5 fx, median 2-year: 96 87 R M
[15] BED 180Gy
Davis et al. 2015 LINAC/CK 723 10-80Gy in 1-5 fx, median l-year: 88 l-year: T1: 85, T2: 76 R M
[39] BED 151.2Gy 2-year: 76 2-year: T1: 63, T2: 52
Resova et al. 2024 CK 172 30-60Gy in 1-5 fx, median l-year: 97 84.9 R S
[11] BED 151.2Gy 2-year: 95 NA

3-year: 90 49
Stanic et al. 2023 LINAC 206 34-60Gy in 1-8 fx, median l-year: 98 87 R S
f12] BED 115.5Gy 2-year: 96 74

3-year: 96 62

S-year: 95 31
Stephans etal. 2017 LINAC 603 30-60Gy in 1-10 fx 2-year LF*: 13.1% NA R S
[29]
Taremi et al. 2012 LINAC 108 48-60Gy in 3—10 fx I-year: 92 34 S
[25] 4-year: 89 30
Temming et 2018 CK 106 25-60in 1-5 fx 2-year: 88 77 R S
al. [10] 3-year: 77 56
Wegner et al. 2018 LINAC 196 48-50Gy in 4-5 fx, BED 3-year: 94 58 R 5
[13] 100-105.6 Gy
Giuliani et al. 2016 LINAC 734 18-64 Gy in 1-10 fx I-year: 98 82.1 R M
[40] 2-year: 94.4 63.7

S-year: 91.7 31.8
Current study 2025 LINAC/CK 401 45-60Gy in 3-8 fx, median 2-year: 94 2-year: 79 R S

BED 132Gy 3-year: 90 3-year: 68
4-year: 87 4-year: 56

Abbreviations: LC=local control, OS=overall survival, BED=biologically effective dose with a/= 10 Gy
Gy, NA=not available, LINAC=gantry-based linear accelerator, CK=CyberKnife , fx=fractions, *LF=local failure
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5.3. Evaluation of toxicities of Study I. and II.

It can be stated, that both studies confirmed low rates of severe adverse events after lung
SBRT with 0-2 % of acute-, and 4-5% of late toxicities > Grade 3. Among mild-moderate
toxicities, pulmonary fibrosis was the most common late side effect (10.8 and 32%),
which i1s a well-known phenomenon raising differential diagnostic challenges in
excluding local relapse during long term follow up. In doubtful cases, follow-up PET/CT
is often used to distinguish between fibrosis and true progression. Illustrative cases of

simple and complex/challenging follow-up imaging are shown on Figures 15. and 16.

Figure 15. Illustrative case of simple follow-up imaging evaluation: a Tla NO MO non-
small cell lung cancer. Lef: before SBRT, Right: 12 months follow-up showing complete
regression. (figure from: Janvary 2018 [50])
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Figure 16. Illustrative case of challenging follow-up imaging : a T2b NO MO primary

tumor. Left column: before SBRT, Right column: 6 months after SBRT. The first and

second rows show CT images on soft tissue and lung-windowing, and the lowermost
row show 18F-FDG PET/CT images. Pronounced fibrosis can be observed on the right

side images, with air bronchogram distubring interpretation of follow-up CT images.

PET/CT prooves high degree of metabolic response. . (figure from: Janvary 2018 [ 50])

5.4. Conjoint assessment of Study I. and II.

Though both studies were addressed on clinical evaluation of patient treated with SBRT,
there are many reasons beyond the spatial and temporal differences, why direct
comparative analysis cannot be performed between the two cohort. Cohort of Study L.
consisted of mixed patient population, including primary and recurrent lung cancer,

metastases, larger tumors and some lymph node positive cases as well (Stages I, II. and
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IV), therefore the main focus was on local control effectiveness. In contrast, Study II. was
designed to be able to investigate more thoroughly the potential predictive factors on LC,
LPFS, PFS and OS, and therefore included an even larger, more homogenous patient
population with Stage I. and ITA primary lung cancer. In addition, dose schemes of Study
I. was more hypofractionated (3 or 5 fractions), 3x20 Gy being the median dose, instead,
in Study II. dose schemes were more diversified between 3-5-8 fraction, with 5x12 Gy
median SBRT dose regimen, and highest BED1 fractionation (3x18 Gy) was applied for
peripheral lesions not adjacent to chest wall, on the other hand, for central lesions 8

fraction regimens were applied.

The main limitations of both studies are their retrospective and single-institutional nature,
unbalanced subgroups, heterogenous patient population, especially in Study I. These
factors could potentially lead to biases and false conclusions. In both cohorts, the rate of
unknown histology was high (39 and 62.5%), limiting the validity of the global

conclusions on NSCLC.

On the other hand, large sample size, consecutive, real-life patient cohorts, well
documented treatments, detailed descriptions are the strengths of our studies. Especially,
To our best knowledge, Study II. represents the largest cohort analysis on SBRT of early-
stage primary lung cancer in Hungary, and also amongst the largest series reported so far
in Europe. The applied dose-fractionation schemes, dose prescription and clinical results-
reporting are performed in accordance with international guidelines, allowing established

comparison with concerning literature.

LC and OS rates of the two studies are promising, as well as LPFS and PFS rates in Study
II., with low incidence of severe toxicities, after the application of diversified dose
regimens in function of tumor size, and location, contributing to validation of risk-adapted
approach. On the basis of our findings, it could be recommended to apply the highest
possible BEDio doses within the limitation of OAR constraints.
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6. Conclusions

Based on two large-scale retrospective studies, with a total of 531 patients and 561
tumors, our results confirm the clinical effectiveness and safety of stereotactic

radiotherapy in primary and secondary lung malignancies.

1. In Study 1. we analysed the clinical effectiveness CyberKnife-based robotic SBRT on
130 patients with 160 lung lesions, representing a mixed population of primary, recurrent
or metastatic origin, with focus on the investigation of local effectiveness. Promising LC

and OS rates were in line with corresponding literature.

2. In Study II. we investigated clinical results of 401 patients of T1-2 NO MO, early-stage
primary lung tumors treated with either LINAC or CyberKnife. During our analysis we
observed outstanding local control rates, and good LPFS, PFS and OS rates. Our results

were coherent with findings of other workgroups in international comparison.

3. Analysis of data of Study I. showed negative predictive value of metastatic origin,

proven histology and larger planning target volume on local control.

Analysis of data of Study 2. revealed positive predictive value of smaller tumor size (T1a,
b vs Tlc, T2a,b) and better ECOG performance status score on overall survival and
applied dose of >132 Gy BED1¢ on local progression-free survival. Application of doses
of BED> 132Gy was associated with an advantage of more than 12 months median, and

6% of 3-year local progression free survival, compared to lower doses-group.

4. Our results were controversial between Study I. and II. concerning the potential effect
of proven vs unknown histology on LC. Nevertheless, the significantly larger and more
homogenous cohort-based analysis of Study II. did not show difference between the two
groups neither in terms of LC, nor of LPFS, PFS and OS, supporting the continuation of
SBRT in patients without pathological confirmation, in case of strong PET/CT positivity.
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5. Both Study 1. and II. confirmed lung SBRT to be a well tolerable treatment method,

with low rates of severe acute and late toxicities.

6. In both studies, but especially in Study II., diversified dose levels were applied, with 3
major regimens of 3x18 Gy, 5x12 Gy and 8x7.5 Gy, with further possibility of slight
dose-reduction, individually, in case of conflict with nearby organs at risk. Our globally
high rates of clinical effectiveness alongside with low rates of severe adverse event in a
real-life cohort of a large, consecutive patient cohort of more than 400 patients, validating

the safe and effective application of risk-adapted SBRT approach.
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7. Summary

The gold standard treatment for lymph node negative, early-stage lung cancer is surgical
removal. However, a significant proportion of patients presenting this medical condition,
are elderly, suffer from severe chronic lung illnesses, or other comorbidities
contraindicating operation. Less frequently, some medically operable patients refuse
surgery. Solitary, or oligometastases in the lung, originated from various primary tumors
are also conditions could be treated with metastasectomy, but in these cases surgery is a
part of a more complex oncological strategy. For these abovementioned situations,
stereotactic radiotherapy is a precise, successful non-surgical alternative, however
individualized treatment strategy is needed, in function of the size and the location of the

target lesions.

The purpose of this thesis was investigation of local and overall effectiveness and safety
of lung SBRT in large-scale cohorts after application of risk adapted dose regimens, as
well as evaluation of potential predictive factors on survival metrics. Also, we aimed to

confirm the legitimacy of SBRT in patients without histological verification.

In Study I. we analysed 130 patients with 160 pulmonary lesions treated with CyberKnife
SBRT. In this mixed cohort of primary, recurrent and secondary tumors in the lung, we
essentially investigated local control rates, early and late toxicities and factors influencing

local effectiveness.

In Study 2. we focused on a more homogenous, and even larger cohort of a total of 401
early-stage lung cancer patients. Beyond the analysis of local control, local progression-
free survival, progression free survival and overall survival, we investigated the potential

predictive factors, and adverse events.

In summary, we observed high LC, LPFS, PFS and OS rates, consistently to those
reported in the literature, as well as low rates of severe toxicities. In multivariate analysis
we found that smaller tumor size and better ECOG performance status predict better OS,

and prescribed BED1 doses of >132 Gy predict better LPFS.

Our positive clinical experiences with the application of risk adapted dose fractionation,

especially 3x18 Gy, 5x12 Gy and 8x7.5 Gy regimens (occasionally with further dose-
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reduction in case of conflicts with OAR constraints) confirm the successful application

of this dose-diversification strategy.
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