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Abstract

Stereotactic Body Radiotherapy (SBRT) is a non-invasive ablative radiation therapy
developed at Karolinska University Hospital in the early 90-s. Its basic principles are highly
focused inhomogeneous dose load with rapid fall of in the periphery of the target, delivered in
few fractions with high-doses per fraction. Due to the ability to spare the surrounding healthy
structures, the technique allows for deployment of very high radiation doses in the target,
yielding high rates of local control to a price of a limited toxicity. However, high fractional
doses of SBRT may cause excessive toxicity in case of proximity of a radiation sensitive
organ. Likewise, the volume of damaged healthy tissue increases with the volume of the
target, which is important in treatment of large tumors. Dose planning in SBRT is a balance
between a dose sufficient for tumor control and compliance with dose restrictions for
surrounding tissues. The purpose of this thesis is to elucidate key situations of this important
trade-off from a radiological and clinical point of view, and contribute to useful guidelines in
the SBRT practice.

Paper I, was a single institution retrospective analysis of 52 patients treated for apical lung
tumors in proximity of plexus brachialis. A method for contouring of plexus brachialis was
established, and the delineation of the organ was performed retrospectively. Clinical data on
radiation induced brachial plexopathy was collected. NTCP-modelling was performed based
on different dose-volume parameters, showing a high predictive ability for adverse events.
The study provided insights into the feasibility of anatomical delineation, and dose

constrictions for plexus brachialis.

Paper 11, was a retrospective single institutional study of 164 patients with tumors larger than
70 cc treated with at least 8 Gy x 5, located in thorax and abdomen. 70 cc corresponds
roughly to a spherical structure of 5.1 cm. Local control and toxicity were primary and
secondary aims. Minimal dose to the GTV and histology were predictive for local control in
multivariate analyses. The best local control was for renal cell carcinoma while worst for
colorectal carcinoma. Seven of the ten patient that suffered from potentially lethal adverse
events had tumor located close to central structures in the thorax. The study showed that,
when possible to deploy a sufficient irradiation dose without compromising organs at risk, the

SBRT might be a good treatment option for large tumors.

Papers 111 and IV, were analyses of patients with tumors located near central bronchial

structures in the thorax. Paper Il is a multicenter non-randomized phase Il-trial, involving 65



patients with tumors within 1 cm from trachea, main and lobar bronchi, treated with 7Gy x 8.
Ten patients experienced possible lethal adverse event, including eights cases of hemoptysis.
Distance to main bronchi and dose to main bronchi and distal trachea were the risk factor for
bronchial bleeding. A hypothesis was put forward that tumors located more than 1 cm from
distal trachea/main bronchus, and given that the main bronchus/trachea receive less that 70-80
Gy EQD?2, are relatively safe to treat with the study fractionation. In paper 1V, the cohort was
expanded with a retrospective multicenter cohort of patients treated in the same way for
tumors within 2 cm from the central bronchial tree. In total, there were 232 patients, with 30
possible treatment related deaths. The concept of the most central sensitive bronchi in the
hypothesis described above needs to be expanded to also include the intermediate bronchus.
Tumor compression of any part of the PBT was associated with treatment related death. The
study provided important material and insights for further dose-volume modulations of

individual radiation sensitivity of each part of the central bronchial tree.
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PFS progression free survival
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PRV
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radiation therapy oncology group
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stable disease

single fraction equivalent dose
stereotactic radiosurgery
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tyrosine kinase inhibitor
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1. Introduction

1.1. History

Stereotactic Body Radiotherapy (SBRT) is an ablative non-invasive radiation treatment for
malignant tumors mainly in thoracic and abdominal cavity, introduced at Karolinska
University Hospital in early 90-s by Ingmar Lax and Henric Blomgren (1, 2). SBRT is an
extension of Gamma Knife technique (even known as stereotactic radiosurgery, SRS) to
extracranial targets. Initially, it was usually delivered with multiple (normally 5-12) coplanar
radiation beams, but this technique is now gradually being replaced by one continuous filed
produced by a rotating radiation source — so-called modulated arc technique, which allows for
even greater geographical dose spread and further lowering of irradiation dose to a single
voxel of surrounding healthy tissue (3). Like Gamma Knife, and unlike conventional radiation
therapy, SBRT dose plan consists of a very high and mostly strongly heterogeneous
intratumoral radiation dose, with a rapid dose decline peripherally of the target, very high

dose-per-fraction and reduced number of fractions (usually three to five).

Unlike intracranial targets in Gamma Knife treatment, extracranial targets exhibit a certain
degree of motion, along with the respiratory cycle and the heartbeat, but also along with the
physiological movements of the bowel and other internal abdominal organs. Extracranial
targets are thus more challenging to treat with an external radiation in a precise, high dose
manner compared to the intracranial targets. This challenge was handled by Blomgren and
Lax through calculation of different localizations of the target in a stereotactic coordinate
system, CT verification of target localizations, extended treatment margins and abdominal

compression to reduce the respiratory motion (4).

Introduction of a new curative radiotherapy had required a scientific comparison with already
existing modalities. Inoperable stage | Non-Small Cell Lung Cancer patients were
traditionally treated with conventional hypo-fractionated radiotherapy up to 60 Gy (or lower)
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(5), with fractional doses of 2 Gy. This fractionation schedule yields a conformal dose to the
tumor of 72 Gy BED (a/p=10), to be compared to an established dose threshold for lung
cancer in SBRT of at least 100 Gy to the periphery of the PTV. The historical rates of local
control after conventional radiotherapy alone were poor, mostly between 30 and 70% (5, 6).
Dose escalation studies that sought to increase the tumor dose to >100 Gy BED (2Gy per
fraction up to 90Gy = 108 Gy BED) showed unacceptable toxicity incl. increased mortality
rates (7). Currently, the conventional fractionation for stage 111 NSCLC is 2 Gy per fraction
up to 68Gy, yielding a total BED of 81.6 Gy, which is still lower than >100 Gy usually given
in SBRT. Normally, this conventional radiation treatment is prescribed for locally advanced
NSCLC, and is given in combination with chemotherapy to prevent systemic metastasis and
increase the local effect.

The first retrospective analysis of local control in SBRT, showed an 88% local control rate
after a median follow up of 33 months (4). In a prospective phase Il trial of SBRT for T1 and
T2 localized lung cancer conducted in Stockholm, total KM-estimated local control at 3 years
was 92%. Several more recent studies have confirmed a local control of around 90-98% for
NSCLC when treated with at least 100 Gy BED (a/p=10) (3, 8-11).

1.2. Basic conditions for treatment safety

When the dose per fraction is high, the number of fractions is low, and the geographical dose
distribution within the dose plan is heterogeneous, the cost of a mistake increases
considerably compared to the multiple fractions and low dose-per-fraction of a conventional
radiation treatment. This applies to the risk of local tumor relapse, as well as to the risk of an
excessive toxicity due to excessive radiation dose to nearby healthy tissue; a small uncertainty
in the dose prescription, an erroneous contouring of the target or a risk organ, as well as a
geometrical mistake during the treatment delivery, may cause a significant deviation from the
optimal dose distribution over the irradiated area. Several criteria need to be met in the
process of planning and delivery of the SBRT to avoid the above listed mistakes.
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1) Knowledge of the irradiation sensitivity of the tumor. At present, a few standardized
fractionation regimens, with dose coverage of the target, are used for most tumors.
However, when difficult trade-offs need to be made between the target coverage and
potential side effects, one would ideally need to better understand the general radiation
sensitivity of the tumor type, as well as the radiation sensitivity of the individual tumor
and its different sub-volumes. There may be some specific parts of the target’s
periphery that could be “sacrificed” in terms of dose coverage to “save” a proximal
risk organ without compromising the tumor control, while underdosing other parts of

the target would lead to an insufficient tumor cell kill and local relapse.

2) Good understanding of the radiation sensitivity of the relevant risk organ, both in
terms of maximal point dose as well as tolerable dose load to the specific volumes of

the organ.

3) Reliable methodology of target and risk organ imaging, and delineation. This applies
to the selection of an appropriate imaging modality, but also to relevant anatomical

understanding of the structures.

4) Understanding how well prescribed dose corresponds to the delivered dose. This
requires knowledge of the individual organ movements during the treatment and other
geometrical uncertainties incl. the differences in the patient positioning on the

treatment table.

1.3.  Means of dose prescription and reporting

An SBRT target consists of a clinical target volume (CTV), which comprises all visible tumor
mass (in Stockholm, Clinical Target Volume is traditionally identical to the Gross Target
Volume, GTV). A margin of 5-10 mm in transversal plane and 10 mm in longitude plane is
added to confirm a Planning Target Volume (PTV), see figures 1-2. The radiation dose is
prescribed to the periphery of the PTV, with at least 67% isodose line, which means that the

actual prescribed dose closer to the tumor border, and even more so centrally in the tumor, is
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considerably higher than the prescribed peripheral dose. The typical mean PTV coverage in

Stockholm is around 120% of the prescribed dose, and the mean coverage for the CTV is

slightly above 140%. A usual fractionation for a small peripheral lung tumor as 15 Gy x 3
(=112.5 Gy BED o/p=10). With this schedule, a usual PTV will be covered by physical dose
of at least 18 Gy per fraction, and the CTV with a dose of at least 22.5 Gy per fraction,
yielding a total mean biologically effective dose (BED) of 151.2 Gy for the PTV and 219.38
Gy for the CTV.

Fig 1. A patient with a large tumor in the right lung hilus, to be treated with SBRT within the
HILUS study. CT for dose planning is performed in a stereotactic body frame. The structures
of CTV (inner) and PTV (outer) are delineated.

Fig 2. SBRT radiation plan for treatment of a dorsal left-sided lung tumor, the dose levels

depicted in colors. Note the rapid dose fall outside of the PTV.
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However, how the reported prescribed dose is translated to the planned dose to various
components of the target, varies widely between different SBRT centers which in some cases
makes the comparison between studies performed by different centers challenging. In some
early protocols the prescribed dose refers to the dose in the isocenter of the target (12, 13).
Another way of reporting, currently used by most centers internationally, is to specify the
percentage to the isodose line (usually 60-90%) covering at least 95% of the PTV (14-17).
Furthermore, sometimes there is a requirement of an at least 120% coverage of the entire
CTV (17). A fractionation of 60 Gy in 3 fractions, for example, that previously have been
frequently used in the Netherlands and North America, has usually been prescribed to 80%
isodose line and to 95% of the PTV, presumptively meaning a fraction dose of 24-25 Gy to a
substantial part of the target (i.e. CTV), yielding a total BED of 244.8-262.5 Gy.

To perform a meaningful dose-response comparison between different SBRT series, the
above-mentioned different means of dose prescription should be reported, in addition to what
is currently commonly reported, i.e. fractionation schemes and prescription doses. However,
these numbers do not necessarily reflect the whole picture of the target dose coverage and
dose delivered to the whole target, neither the existence of “hot” or “cold” spots (i.e. sub-
volume of the target with an either high, or too low dose) in the dose plan, both potentially of
a paramount importance. In addition to the dose prescription details discussed above, key
dose-volumetric parameters for prediction of local control should be determined and
homogeneously reported in all SBRT series.

In 2016 Zhao et al analyzed the hitherto largest SBRT single-center cohort of NSCLC with
1200 treated lesions and found that all analyzed dose-volumetric parameters were
significantly correlated to local relapse in multivariate analysis (prescribed dose; minimal,
maximum and mean PTV doses; coverage doses to 95% and 99% of PTV)(17). For practical
reasons authors recommended usage of two key dose parameters: mean dose to the PTV
(PTVmean) and dose that covers at least 95% of the PTV (PTV95%). This approach appears
intuitive in terms of tumor biology, and could be relatively easy to put into practice. Similar
approach has been applied in our study on large tumors (paper 11) where two of the key
parameters were mean and minimal dose to the GTV, the latter (like PTV95%) mirroring the

risk of under-dosing parts of the target. Further research in the field is probably required to
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establish a consensus regarding optimal key dose-volumetric parameters for SBRT. A
uniform and biologically relevant SBRT dose reporting is inevitable for large database dose-
response analyzes, as well as comparison between different SBRT trials and preclinical

experiments.

In January 2020, Moreno et al (18) published an analysis of more than 20 000 NSCLC
patients treated with SBRT, based on an North American database, analyzing dependence
between prescribed dose and overall survival. A weak correlation is found (p=0.032, HR =
1.046, 95% CI: 1.004 — 1.090) between a prescribed BED below 130 Gy and worse survival;
however, means of prescription were not specified and may have varied between 60-90% to
isodose line over time and between the participating centers (16, 17, 19), which means a
significant dose variation to the target not accounted for in the analyzes. Furthermore, while
only analyzing correlation between dose and OS, the authors compare their own suggested
dose threshold of 130 Gy BED to the thresholds established in two other dose-response
studies (17, 20), where 130 and 125 Gy BED were predictive for improved local control.
However, the numbers in the latter reports regard the mean dose to the PTV, which is not the
same parameter as prescribed dose, used by Moreno and colleagues. As shown in the
Stockholm experience based calculation example above, the mean BED to PTV and the
prescribed BED may differ more than 30%. This kind of confusion between different ways of
referring the radiation dose is still very common in SBRT studies and demonstrates significant

room for improvement in terms of uniform and biologically relevant dose reporting.

1.4. Indications for SBRT

Primary NSCLC. As mentioned earlier, SBRT showed excellent rates of local control for
primary NSLCL, between 90% and 98% in different series, which made it an established
treatment option for inoperable non-small cell lung cancer (3, 7). However, for operable or
border-line operable patients, the use of SBRT is controversial (8, 21, 22). Comparison
between surgical and SBRT series usually shows superior survival for NSCLC patients
undergoing surgery, however, this may be partly explained by the selection bias, as the
inoperable patients are older and usually have underlying medical conditions. In an early

Japanese study, 64 medically operable patients who refused surgery and were treated with
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SBRT, had local tumor control and survival comparable to surgical series (23). Two
randomized phase 3 studies were started, aimed to perform head-to-head comparison between
SBRT and surgery, but both were shut down due to poor accrual. Interestingly, pooled
analysis of patients in both studies showed significantly improved local control and survival
after SBRT compared to surgery (24). However, the analysis received criticism, partly due to
the low number of patients in the cohort, and partly because the outcome in the surgical arm
was worse than in comparable surgical data. Currently, there are three new ongoing
prospective trials for primary lung cancer, with randomization between SBRT and surgery
(22).

Oligometastatic disease. The concept of oligometastatic disease, as a biological intermediate
state between localized and widely spread cancer, has existed for more than three decades
(25). It predicts that there are patients with metastatic cancer, where cure or at least prolonged
survival can be achieved with local ablation treatment. Usually the oligometastatic disease is
defined as at five metastases or less, found in no more than two different organs. The existing
preclinical evidence for the concept has long been only indirectly supported by multiple
single-arm studies, where patients with metastatic cancer of various origins showed better
survival than expected when treated locally, for example with SBRT (26). However, during
recent years several prospective randomized trials showed both superior progression free
survival (PFS) and overall survival (OS) for oligometastatic patients who received local
ablative treatments, compared to those who received standard treatment (27-30).

1.5.  Local control evaluation and normal post-irradiation process

In Sweden, radiological follow-up post SBRT consists of a CT every 3 months during the first
two years, and thereafter every half a year up to five years’ post-treatment. FDG-PET/CT is
not performed routinely for treatment evaluation. During follow-up, nearly all patients
develop inflammatory changes of the lung parenchyma corresponding to the high radiation
dose region (31-33), that subsequently undergo fibrotization and shrinkage, mostly in cranio-

caudal dimension, see figures 3-7.
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Fig 3. Normal 3 and 9 months post-SBRT dynamics on sagittal lung images. Despite
enlargement of the post-radiotherapy fibrotic opacity, there is no suspicion of local

progression, and no investigation with PET/CT is required.

Fig 4. Normal dynamics from pre-SBRT on the left, to 3, 6 and 9 months post-SBRT

respectively to the right. Note the initial inflammatory changes around the target, the

formation of a fibrotic circle and thereafter final fibrotization.
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Fig 5. Normal dynamics, from pre-SBRT on the left to 6, 9, 12 and 15 months after SBRT of a
dorsal subpleural lung tumor, on sagittal images. Note that the final fibrotic lump is
substantially bigger than the original tumor. RECIST criteria for SBRT evaluation should
only be applied with knowledge of the method’s ablative nature. Here, there is no suspicion of
local progression on any of images. Nor does any of the findings requires further

investigation with PET/CT.

Fig 6. Three-month follow-up after SBRT of a small metastasis from pancreatic
adenocarcinoma medially in the left lower lung lobe. The picture represents normal
inflammatory reaction corresponding to the high dose area. Notice a small inflammatory
opacity (red arrows), at the edge of the high dose area, incorrectly described as a new

metastasis.
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Fig 7. Normal findings 3 months post-SBRT of an
apical left sided lung tumor. The opacity contains
both ongoing inflammation and elements of
advanced fibrotization. Notice the large spread of
the opacity on the axial image, and very limited
size in cranio-caudal dimension on coronal image.
In size and form, the opacity reminds of the high-

dose area on the radiotherapy plan.

In the early era of SBRT these normal changes created uncertainties regarding response
evaluation and arouse (false) suspicion of local progression. For instance, Timmerman et al in
a report from 2006 describes how 17 of 70 patients (24%) showed up with enlargement of the
target, or other abnormalities on three-month follow-up CT post-SBRT, requiring a PET or a
biopsy (whereof all were negative) (16). This diagnostic challenge has been nearly completely

overcome since the normal course of post-SBRT lung changes has been studied more closely.

From a pure ground glass-consolidation corresponding to a high dose area, indicating an
ongoing inflammatory process, the post-SBRT opacity enters a process of shrinkage in
craniocaudal direction and develops a tiny fibrotic rim, indicating the beginning fibrotization.
Centrally in this oval or circular fibrotic frame, the dense post-radiation tumor rest is usually
visible. Subsequently the consolidation shrinks and undergoes further fibrotization, where the
above-mentioned fibrotic circle/oval fuses with the tumor rest, sometimes forming a fibrotic
lump that is substantially bigger than the original tumor. This fibrotic lump does not in itself
indicate local tumor progression. In most cases, it will further shrink in cranio-caudal
dimension, though rarely, predominantly in cases with an originally large-sized target, it may

remain unchanged over several years. The best way of distinguishing between a voluminous
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fibrotic rest and a local tumor recurrence is by evaluating the dynamics of the process (33). In
our institutional experience, cases that show normal temporal pattern in the treated area, do
not require PET/CT or biopsy. In a rare case of local recurrence, the latter usually appears as a

separate slowly growing tumorous structure at the edge of the fibrotic scar.

In cases when the high dose area is located near a firm structure, such as thoracic wall or
mediastinum, where the shrinkage of the nearby-located tissue may proceed differently, the
post-SBRT image evaluation may be challenging. SBRT of centrally located lung tumors may
lead to a formation of atelectasis which may embed the post-SBRT fibrotic scar tissue and
make it difficult to follow radiologically. Furthermore, adjacent to a solid structure, a post-
SBRT scar tissue may rotate in space and take new forms on the axial CT projection. This
underlines the importance of evaluating the post-SBRT images in at least three dimensions. In
case of uncertainty, a sooner control with CT, FDG-PET/CT (34) or a biopsy may be

considered.

The normal post-irradiation process may accelerate in cases involving a large target, location
near a large bronchus, high irradiation dose, healthy lung (i.e. without emphysema) and even
more so in presence of interstitial lung disease. In cases of irradiation of large bronchi, the
course of the radiation induced inflammation may be significantly prolonged. Also, certain
forms of systemic cancer treatment, such as immunotherapy, or more rarely tyrosine kinase
inhibitors (TKI) may act as pro-inflammatory agents, and thus increase or reactivate radiation
related inflammatory changes. On the contrary, the expected inflammatory process post high-
dose radiation is less prominent and slower in cases with a small target, low irradiation dose,
peripheral tumor location and emphysematically transformed lung. Other details of the normal

process are well known and describes elsewhere (33).

1.6. SBRT and the RECIST criteria

The RECIST criteria, which are widely used in oncology for objective measurement of
response should generally not be used for evaluation of local treatments (35). However, since

it has historically been used in SBRT series, it must be emphasized that RECIST criteria
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cannot be directly applied for the follow-up after SBRT without understanding of the
underlying biology (36-38).

First, one needs to remember the ablative and definitive nature of the treatment, which is
comparable to surgery. The high radiation dose delivered in most SBRT treatments, as well as
the excellent LC-rates demonstrated by the studies, suggest that total eradication of all tumor
cells within the target needs to be assumed until proven otherwise (see the case presented in
figure 8). Subsequently, even though the treated lesion rarely disappears completely on the
follow-up CT, the RECIST response evaluation should be CR (complete response) and not PR
(partial response) or SD (stable disease) — with only a few exceptions, such as cases where the
target has been significantly under-dosed, incorrectly delineated, or potentially missed during
treatment. In patients that are followed radiologically after cancer surgery, there often exist
consolidating fibrotic or atelectatic tissues around surgical clips and threads — which in sense
of RECIST-assisted radiological follow up may be regarded as equivalent to normal post-
SBRT inflammation. Like normal post-op changes, post-SBRT inflammation and fibrosis
should not be measured according to RECIST, unless it shows signs of local tumor

progression discussed above.

Second, the final fibrotic scar, whether flat or round in shape, or whether being smaller or

larger than the initial tumor, should not be subjected to RECIST-measurement, as this would
lead to incorrect biological conclusion that the tumor is not completely eradicated. The only
way to differentiate between viable tumor and fibrosis on CT, is by evaluating if the hitherto

dynamics is following an expected pattern (see previous chapter), or deviates from it.

The RECIST criteria at follow-up after SBRT can mainly be used at two clinical scenarios:

a) Suspicion of new lesions that appears at the edge of the fibrotic post-radiotherapy
scar. They may appear either as bulky changes, or as characteristic circular contrast
enhancement charges (fig 9-10).

b) Growth of the stabilized, chronic fibrotic scar or lump, which has been formed after
the current inflammatory changes are fully healed. Usually this growth occurs in
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caudo-cranial dimension (33, 37). The tumor-suspected growth of the lesion may be
assessed according to RECIST (35).

Fig 8. Pelvic tumor treated with SBRT, here presented with an MRI 3 months before,
and an MRI 3 months after, radiotherapy. Progression from 2 to 3 cm occurred
between the first MRI and the SBRT. Without taking the treatments’ ablative character
into account, the radiological evaluation was performed between the two consecutive
MRIs, with an incorrect conclusion of local progression after SBRT. The patient was
operated, without finding of any malignant cells.
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Fig 9. Before and nine months after SBRT of a large dorsal right-sided lung tumor. A local

recurrence occurred in the periphery of the target nine months post-SBRT and was confirmed
by a PET/CT and a biopsy. Note the circular contrast enhancement (red arrows), which is a

strong radiological sign of malignancy.
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Fig 10. An unusual case of local relapse four years after SBRT of a dorsal left-sided lung

tumor, to the left before, and to the right after, the development of a local recurrence with a
weak FDG-uptake on PET/CT. Note the emergence of a small bulky change (red arrows)
between the left and the right CT images. The process falls within what can be measured and
evaluated with RECIST.

1.7. Toxicity

Toxicity is graded according to the Common Terminology Criteria for Adverse Events
(CTCAE), where the side effects of the treatment are graded as mild, causing no symptoms
(grade 1) to fatal (grade 5). Grade 2 is defined as the symptoms that require no treatment,
Grade 3 — require treatment but not inpatient care, and Grade 4 — require hospitalization and
are potentially life threatening.

As mentioned earlier, a geometrically precise, high-dose radiation treatment with very high
dose to the target and rapid fall-off in the periphery, both spares large volumes of nearby
healthy tissue and distantly located sensitive organs, but involves substantial risks to

proximally located sensitive organs. The toxicity from SBRT depends on the patient’s
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individual radiation sensitivity, which organs are at risk of being exposed to high irradiation
dose, the maximum radiation dose received by the organs at risk, and more specifically the
volumes of the risk organ tissues that receives a certain level of radiation dose (39-51). The
risk organs can be simply divided into parallel and serial, where the parallel ones consist of
multiple units that function relatively independently, while serial organs constitute chains of
interconnected units where the whole organ can lose its functionality if only a small part is
damaged (52). Typical parallel organs are liver and lungs, while examples of serial organs are
bronchi, bowels and nervous structures. Below follow brief descriptions of the most important
risk organs within the SBRT field.

Central bronchi, or proximal bronchial tree (PBT) consists of trachea, left and right main
bronchi; on the right side the upper lobar bronchus, the intermediate bronchus, the lower lobar
bronchus as well as the middle lobar bronchus; on the left side, the upper lobar bronchus, the

lower lobar bronchus, and the lingual bronchus.

In 2006 Timmerman et al showed increased mortality in patients with tumors near central
airways that were treated with the same dosage and fractionation as patients with peripheral
lung tumors, which was later confirmed by other series (16, 39, 40, 53-67). The two main
lethal side effects from central airways post-SBRT appear to be radiation pneumonitis (RP)
and bronchial hemorrhage. Since the airways is a serial organ, it is important to find out the
maximum tolerable point dose as well as the dose limits for small volumes of the separate

parts of the bronchial tree, to be able to treat patients with SBRT in a safe way.

In the above referred study by Timmermann, the definition of central tumor location was
within 2 cm from any part of the PBT. A category of an “ultra-central” location has later
emerged to describe the particularly high-risk tumors locations, a term that in different series
included locations from within 1 cm from different parts of the PBT to abutting or invading
the PBT, esophagus, pericardium, lung veins etc. (55, 56, 58, 64, 68-70). In the context of
bronchial toxicity, the term “ultra-central” has in Stockholm been used for tumors within 1 cm
from the any part of the PBT (involving the distal 2 cm of trachea as well as main and lobar
bronchi) as in the prospective HILUS study (71). A specific high-risk group of patients with
tumors within 1 cm from trachea and main bronchi was further defined (corresponding to

group A of the HILUS study). The intermediate bronchus was not seen as a part of the main
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bronchi due to the traditional bronchial nomenclature (72), although there are varying

opinions whether it should or should not be included in the primary bronchial tree (73-76).

Studies on radiographically visible bronchial toxicity show that a higher maximum radiation
dose is required to achieve a total occlusion of a main or intermediate bronchus, compared to
a lobar bronchus (66, 67). However, no correlation between clinical and radiological toxicity
was seen. Since total fibrotization of an irradiated lung volume, including total collapse of
small bronchi located therein, being imbedded in the local fibrotic scar, is a sign of a
completion of a normal post-irradiation inflammatory process (32-34), one may reason
whether the “high-grade radiological toxicity”” of small bronchi is rather consistent with a
positive clinical outcome, where potentially harmful chronic inflammation has successfully
healed. Contrary, the sub-total bronchial damage which more often occurs in larger bronchi
(67) may lead to a long-term inflammation with subsequent weakening of the barriers
between luminous organs (77, 78), such as bronchi and vessels, potentially increasing the risk

of intrabronchial bleeding.

Lung parenchyma, is an important parallel organ that is exposed to radiation in nearly all
cases of SBRT of thoracic tumors. Some degree of inflammatory response in the high-dose
area is a part of the normal post-SBRT dynamics (see separate chapter above), while
symptomatic radiation pneumonitis (RP) is the most common side effect after SBRT and
varies between 9 and 28% in different series, and can be mild to fatal (39, 79-81). The
tendency to symptomatic RP is amplified by several factors including central location of the
target and subsequent SBRT related bronchial damage, large lung volume irradiated,
interstitial lung disease (ILD) as well as some systemic anti-cancer agents such as PD1/PDL1-
inhibitors or to a lesser degree tyrosine kinase inhibitors (TKI) (39, 79). Most likely, all
factors that induce inflammation in the lung parenchyma also amplify the tendency for RP,
including lung infection. During the past year, we have found at least two cases at our
institution, where RP suggestively was aggravated by the Covid-19 infection. At radiological
follow-up, it is not uncommon that RP is confused with progressive disease or bacterial
infection, which can significantly impair the patient’s care, as RP needs to be treated with

corticosteroids. Some clinical RP cases are presented in figures 11-16.

31



Fig 11. 90 year old woman, 3 months post SBRT of a large apical lung tumor, sagittal view.
Note large fibrotic opacity corresponding to high radiation dose area (blue arrows). The
consolidations in upper and lower lobe seem to be at different levels, which is due to different
shrinkage potential in apical parts of the two lobes — the consolidations “separated” during
the shrinkage process. There is no suspicion of local recurrence or metastases, and no further
examination is warranted. The large and dense fibrotic reaction does not itself raise any
suspicions of symptomatic radiation pneumonitis. However, the thin inflammatory opacity far
from the high-dose area (red arrow) is strongly suggestive of “out of order lung

inflammation”, thus symptomatic RP.
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Fig 12. Highly pronounced bilateral RP after palliative irradiation 5gy x 4 of a left-sided lung
tumor and subsequent immunotherapy, more intense than expected after this type of
radiotherapy alone. The local lung inflammation (RP) is here clearly enhanced by the

systemic inflammation induced by the immunotherapy.

Fig 13. Symptomatic mild RP three months post-SBRT of two dorsal right-sided lung tumors
(image to the left — before SBRT, image to the right — three months after SBRT). Note the
general pattern of thin opacity spread throughout the whole lung. Signs of inflammation

outside the SBRT high-dose area is a main radiological sign of symptomatic RP.
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Fig 14. Four (to the left) and seven (to the right) months after SBRT of a dorsal left-sided
lung tumor. The local reaction that appears after seven months is unusually large, with an
unusually rapid course, but remains within the SBRT high-dose field. There is no radiological
suspicion of “out of ordinary” radiation pneumonitis. Nor does the status give rise to any

suspicion of local tumor progression.

Fig 15. Six months after an SBRT consolidation of a primary EGFR-mutated lung cancer, that

showed radiological signs of local resistance against the tyrosine kinase inhibitor (TKI)
Tagrisso. The patient was treated with Tagrisso both before and after SBRT. Note the
pronounced RP with secondary pleural effusion, where the two inflammation driving

treatments probably reinforced each other’s lung toxicity.
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Fig 16. Patient with a right-sided lung cancer, under treatment with conventional

radiotherapy, who had received only 36 of 68 Gy before developing a symptomatic Covid-19
infection. The image demonstrates bilateral inflammatory changes consistent with the Covid-
19 pneumonia, on the right side also geometrically corresponding to the radiotherapy high-

dose area, however significantly more pronounced than expected after only 36Gy. The image

suggests synergy between the two inflammatory processes.

Esophagus is another serial organ that restricts SBRT to centrally located thoracic tumors.
The reported toxicity includes esophagitis, stricture, rupture and esophago-tracheal fistula.
Unlike the central airways, the radiation sensitivity of the esophagus is relatively well studied,

and clear dose-volume dose constraints exist (40).

Heart, in terms of radiotherapy, is a mixed organ consisting of both parallel (muscles) and
serials (vessels, valves) structures. Cardiac complications from conventional radiotherapy are
relatively well studied, with the material coming almost exclusively from long-term survivors

from such as young breast cancer and Hodgkin’s lymphoma patients. The cardiac dose
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constraints are thus mainly known for conventional fractionation regimens, while it is not
completely clear what dose-volumes constraints should be applied for different parts of the
heart in the SBRT context. The most important radiotherapy related cardiac side effects are
ischemic heart disease and heart failure, which are not entirely easy to study in the context of
SBRT since they are non-specific and widely spread in the elderly co-morbid SBRT
population (40, 82-84).

Peripheral nerve plexuses are serial organs where excessive irradiation may result in
symptoms peripherally of the damaged site. The most frequent adverse side effects are
numbness, pain and loss of function (40, 85-87). The most common peripheral nerve plexus in
the context of SBRT is plexus brachialis, which may be exposed to radiation during treatment
of apical lung tumors. To avoid excessive toxicity, the exact dose-volume constraints need to
be established, and a robust methodology for organ delineation need to exist in each SBRT
center. The plexus brachialis is a tiny, anatomically complex structure, notoriously difficult to
delimit on the 3 mm thick slices of the non-contrast enhanced dose-plan CT. However, the
parts of the plexus that are closest to the lung apex, being the high-risk sub-volumes in the
context of SBRT, are fortunately also that parts of the plexus brachialis that are most visible
on CT. In difficult delineation cases, images from earlier performed diagnostic CT images
with thin slices and contrast enhancement, or an MR, can be used. In cases when the tumor is
located close to the lung apex, even the dose plan CT needs to be performed with i.v. contrast
and thin slices.

Bowel and liver, are two important abdominal risk organs that need to be considered in the
treatment of abdominal tumors. The liver is a large parallel organ, which mainly moves along
with the respiration. The bowel is a serial organ that moves both along with the breathing
cycle and has the physiological motility of its own, where local changes of the caliber and
random position switches of bowel loops are seen frequently. Liver has relatively low
radiation sensitivity at high doses to small volumes. However high doses to large volumes,
especially in patients with impaired liver function (i.e. cirrhosis), may lead to radiation
induced liver toxicity (RILD), which is a semi-acute feared complication occurring in the
form of rapidly deteriorating liver function. This consideration is particularly relevant since
many of the liver targets constitute primarily hepato-cellular carcinoma (HCC), which often
occurs because of chronic liver disease (41, 43, 50, 88). Bowel is highly sensitive of high
doses to small volumes; radiation overdose may result in pain, perforation, stenosis,
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inflammation or bleeding. Dose restrictions for the different parts of the intestine are
relatively well described (42, 48, 51). The high motility of the organ constitutes an uncertainty
between planned and delivered dose; on the other hand, the movements between fractions has
a potential of spreading the total dose to different parts of the bowel, and thus reducing the

risk of high punctual dose load.

1.8. Tumor radiobiology of hypo-fractionated radiotherapy

In conventional hyper-fractionated radiotherapy, there are five basic principles of
radiobiology — so called the five R’s: repair, redistribution, re-oxygenation, repopulation and
radiosensitivity. Repair means in short division of the total radiation dose in small fractions
where a single fraction often only cause a slight damage to the cell, mostly resulting in a
single-strand DNA breach. The ability to repair such a slight damage is better in a healthy cell
compared to in a cancer cell, why the healthy tissues may repair all the damages between the
treatment fractionations, while the cancer cell accumulates the damages and subsequently
dies. Redistribution means that different cells within the tumor are in different stages of the
cell cycle, and therefore not equally sensitive to irradiation. The cells in S-phase of the cell
cycle are relatively radioresistant, but over the course of radiotherapy they may have left the
resistant phase becoming easier to kill by another radiation treatment fraction. The concept of
re-oxygenation applies to various degrees of tumor hypoxia that reduces the radiosensitivity
of the tumor, since the cell kill in this type of radiotherapy mainly occurs via free oxygen
radicals. However, the hypoxia in different tumor sub-volumes varies over time, and a tumor
cell that has been hypoxic during one radiation fraction may be well oxygenated during
another. Furthermore, when the well oxygenated cells located close to the blood vessels die
during radiotherapy, the hypoxic cells can move closer to the vessels and thus become better
oxygenated. Repopulation is rapid cell division that occurs as a reaction to cell death during
radiotherapy, and may cause incomplete tumor kill when the delivery of the ablative dose is
extended over too long time. Radioresistance is the “newest” R of the radiobiology, referring
to additional, other than above-mentioned intrinsic factors of treatment resistance due to

various biological properties of the cancer cell (89, 90).
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The rapid paradigm shift from multiple (up to 30-70) low dose fractions in conventional
radiotherapy, to one single high-dose fraction in stereotactic gamma knife radiosurgery, may
be regarded as a radical breach with classic radiobiology, whose principles are largely based
on hyper-fractionation. Partially, decreased necessity of dividing treatment into many
fractions is explained by the stereotactic technology that allows for exact dose delivery to the
target, excluding normal tissues from high dose area. On the other hand, one single radiation
dose, as in stereotactic gamma knife radiosurgery, would not allow for redistribution of cells
along with the cell cycle, nor re-oxygenation of hypoxic cells between the treatment fractions
— thus missing the advantage with fractionation predicted by the second and the third
principles of classic radiobiology. (However, SBRT with 3-5 fractions would partly allow for
redistribution and re-oxygenation compared to one-fraction stereotactic Gamma Knife
radiosurgery). Since hypoxic tissue is much less sensitive to ionizing radiation and may
require three times the dose compared to well oxygenated tissues to achieve the same cell kill,
the hypo-fractionation may in theory have become a significant weakness of stereotactic
radiotherapy/radiosurgery, risking insufficient tumor control (91, 92). Despite this, SRS and
SBRT demonstrated very high rates of tumor control in all clinical studies, superior to that of
conventional radiotherapy (see previous chapters). This apparent contradiction needed an
explanation, which was partly given by the concept of “new radiobiology”, which briefly

consists of two main theories.

a) Endothelial damage and/or collapse of the microvasculature in the tumor leading to
tumor necrosis. This theory emphasize that the tumor’s blood vessels are more
radioresistant to small fractional doses than the cancer cells, and therefore may survive
through the multiple low dose fractions of conventional radiotherapy. Important
clonogenic cells as well as tumor stem cells may be protected from radiation in so
called “perivascular niches”. Beginning from 8-10 Gy per fraction, tumor vasculature
is being increasingly sensitive for ionizing radiation, which leads to early circulation
collapse and tumoricidal effect exceeding ditto predicted by the traditional
radiobiology (93-97). Despite some criticism regarding the interpretation of preclinical
results (98), the idea of direct vascular effect at high doses-per-fraction is now

relatively well established (99).
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b) High fractional doses may cause rapid tumor cell disintegration and thus abundance of
tumor antigen in surrounding micromilieu. This increases the process of antigen
presentation between the dendritic cells and lymphocytes, enhancing the T-cell
mediated anti-tumor immune response (97). An ultimate expression of this process is
so called abscopal effect, which means out-of-field antitumor effect of radiation
treatment without any additional systemic medication. This immune-modulation
hypothesis has been confirmed via multiple preclinical experiments, as well as some
case reports of abscopal effect — the latter mainly form renal cell carcinoma and
NSCLC (98, 100). At our institution, there has been at least one case of abscopal
effect in an SBRT patient treated for metastatic sarcoma (only one lesion treated). The
effectiveness of combination between SBRT and systemic immune-modulation has
also been confirmed in a recent phase Il study on NSCLC (101), and several phase-3
studies are underway (102). However, the question remains to what extent this
immune-modulating effect is unique for modern SBRT/SRS among other radiotherapy
regimes, as well as among other ablative local cancer treatments. On the other hand, it
is also unclear if there is a need of the immunological mechanism to explain the
excellent local response of SBRT, in addition to the explanatory models of the
traditional radiobiology. Some preclinical data indicate that optimal dose per fraction
for stimulating the immunological response is lower than actual doses in ablative
hypo-fractionated radiotherapy, and is around 8 Gy per fractions instead of 15-23 Gy
given in most SBRT cases (98). Furthermore, the best proof-of-concept for
combination of radiotherapy and systemic immunotherapy to date for NSCLC comes
from the PACIFIC trial, involving only conventional, low-dose-per-fraction
radiotherapy (103).

While “the new radiobiology” has it obvious place in research on SBRT, some authors have
pointed out that high BED per se, which is now possible to deliver thanks to the stereotactic
technology, compared to the doses given in conventional radiotherapy, is sufficient to explain
the high rates of local control in SBRT/SRS (98). As shown in the calculation examples in
chapters 1.1 and 1.3, the total BED of a standard hyper-fractionated radiotherapy in NSCLC
in Stockholm is 81.6 Gy. This could be compared to a standard SBRT fractionation in
NSCLC, with a mean BED to PTV of 151.2 Gy and mean BED to CTV of 219.38 Gy, which

is almost a double and triple radiation dose respectively. One can reason about radiobiology
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of a moderately hypoxic tumor, where the conventional, hyper-fractionated radiotherapy
“handles” the tumor hypoxia by letting the hypoxic cells gain oxygen between the 34-35
treatment fractions. In the case of a three-fraction SBRT there is some remaining possibility
for tissue re-oxygenation, while the cells that remain hypoxic receive an almost triple
radiation dose compared to standard radiotherapy. As shown previously in preclinical models,
hypoxic tumor tissues may require just a 3-fold dose increase to achieve comparable cell kill
as non-hypoxic tumor tissues (92).

One can assume that for some heavily hypoxic tumors (prone to hypoxia due to size, growth
rate, histology or other biological properties) the standard SBRT dose-to-CTV (just below 3-
fold compared to conventional radiotherapy) may not be sufficient to compensate for hypoxia,
resulting in the increased rate of local recurrence. These tumors may need an additional
systemic treatment, increased general radiation dose or individualized SBRT plan with a boost
to strongly hypoxic areas. Furthermore, in some tumors hypoxic areas may be located in the
periphery of the target, and due to technical uncertainties and/or target movement remain
outside of the highest dose area. They thus will receive the dose sufficient to control
normoxic, but not hypoxic tumor tissue. On the other hand, some tumors with less hypoxic

load may be overtreated with the current fractionation and treatment delivery schemes.

1.9. SBRT and risk of local recurrence

SBRT has provided very high rate of local control for tumors of varying sizes and types;
however, only few series, generally involving small targets, report a local control of 100%

(3). Several factors (except insufficient radiation dose, discussed above) have been addressed
as possible predictors for local recurrence, such as tumor size, histology, radiation dose, tumor

hypoxia as well as other biological properties.

Everything else alike, large tumor size is a sign of far progressed disease and poor prognosis,
which is mirrored in the TNM classification. Large-volume tumors are more difficult to
control with ionizing radiation, as they require higher dose, which may depend on amount of
clonogenic cells or other biological properties (104). While some early studies of local control

in SBRT for NSCLC showed increased tendency for recurrence for T2 tumors compared to
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the T1 ditto (4, 5, 8, 105, 106) some centers sought to compensate for large volume (i.e. T2)
with dose increase (16, 107) and subsequently found no difference in local control between
T1 and T2. Davis et al analyzed 739 NSCLC T1/T2 tumors treated with SBRT and found no
correlation between dose (prescribed BED) and local control for T1 tumors. However, for T2
tumors there was a significant correlation between high prescribed BED and tumor control
(108), where prescribed doses of <105, 105-149 and >150 Gy BED resulted in local
recurrence of 32%, 21% and 8% respectively (p=0.029).

It has been speculated whether pretreatment FDG-uptake (expressed as, for example,
SUVmax) could be a biomarker for an increased risk of local recurrence for NSCLC treated
with SBRT (3). Given that FDG-PET/CT since many years is a mandatory part of diagnostic
workup for lung cancer in most developed countries, the issue seems to be a “low hanging
fruit” for large scale retrospective as well as prospective studies. To the best of my
knowledge, high FDG-uptake before SBRT has until this date not been demonstrated as an
independent factor for local recurrence. Kohutek et al (109) analyze 219 NSCLC lesions
treated with SBRT and report a correlation between high FDG-SUVmax and local recurrence
in a uni-variate analysis. However, in this study also tumor size is predictive for local
recurrence and there is a significant overlap between large tumor size and high FDG-uptake.
No multi-variate analyzes has been performed in the study because of small sample size (i.e.
too few local recurrences). Other series investigating the role of FDG-uptake in prediction of
local failure post-SBRT have same shortcomings, i.e. small sample sizes and/or poorly
defined aims (3, 110, 111). This issue needs further elucidation, although it is telling that no
obvious correlation has been found between high FDG-uptake and local recurrence post-

SBRT, despite vast potential research material.

Another variable in a tumors radiation sensitivity issue, is histology. Colorectal cancer (CRC)
has in multiple series been shown to have an increased radiation resistance compared to
NSCLC (112-114), which has been compensated trough dose increase (115, 116). The
increased radiation resistance in tumors of this histology has been attributed to a possible
generally increased grade of hypoxia (117, 118). Also, tumor size may play some role for
local relapse/radiation resistance in CRC (119-121).
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The typical fractionation for a small CRC metastasis at our institution is 17 Gy x 3, yielding a
BED o/p=10 of 137.7 Gy. With this fractionation, a mean BED to PTV and CTV is 186.1 and
241.3 Gy respectively. Again, this could be viewed in a context of an ablative (at least, given
with an ablative intention) dose in conventional, hyper-fractionated radiotherapy for NSCLC
of 81.6 Gy BED.

There is increasing evidence that tumor histologies like renal cell carcinoma (122, 123) and
prostate cancer (124) may be more sensitive to high-dose-per-fraction radiation treatment,
both in comparison with NSCLC/CRC and with themselves treated with low-dose-per-
fraction regimens. The increased effect of high doses per fractions could potentially be
explained by the “new radiobiology” referred above, involving the effect on tumor blood
vessels and the immune system. For prostate cancer (and sometimes even for RCC), there are
speculations that the fundamental tumor biology in terms of i.e. interfractional DNA
reparation, is more like a healthy tissue than a fast-growing tumor like NSCLC (this property
is expressed as a lower o/B-value, which is thought to be around 1.5 for prostate cancer
compared to 10 for NSCLC or CRC). For RCC, the treatment fractionation in Stockholm is
equal to that of NSCLC, but rates of local control are somewhat higher (123). Also, we
demonstrate excellent local control rates for RCC (more than 90%) also for very large target
volumes, treated with doses below 100 Gy BED a/B=10 (125). For prostate cancer,
fractionations schemes of 7-8 Gy x 5 or 5 Gy x 10 are used, where the total physical dose is
lower than the one given for NSCLC or CRC.

In clinical practice, as well as in most reported SBRT series, the rate of local recurrence is
low. Based on the reasoning and cited articles above, the observed cases of local relapse could

generally be attributed to two factors (apart from failure to deliver the treatment dose);

a) Too low planned dose to the entire tumor or a part thereof, according to the available
knowledge about the tumor’s biology. The latter may be especially relevant in cases of
target location near a risk organ, such as bowel or central bronchus, when the tumor
periphery may be deliberately under-dosed to avoid excessive toxicity, such as

bleeding, inflammation, perforation or stenosis (16). Situations with necessary
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peripheral under-dosing of the target are probably more common at larger tumor size

(which is i.a. demonstrated in our study on SBRT of large tumors) (126).

b) Other unexpected biological properties of the tumor, not known at the time of the
treatment planning, resulting in a local relapse despite proper target coverage.
Intuitively and based on available data discussed above, it would be reasonable to
believe that this situation predominantly arises in large tumors (this is indirectly
demonstrated by the fact that patient cohorts with T2 NSCLC tumors in some series

need higher doses to achieve same rate of local control as T1 tumors).

The key to preventing local recurrences should be sought in deeper understanding of a
tumor’s biology. The radiation resistant tumors, or tumor sub-volumes, could be handled
through specially adapted radiation plans or additional local or systemic therapy. This requires
a reliable methodology of investigation of relevant biological properties of the tumor, that in
one or another way mediate radiation resistance (127). Since the total rate of local recurrences
after SBRT is low, this type of supplementary investigation (i.e. PET/CT scan with a hypoxia
tracer) should be performed in cases that involve an increased risk of local recurrence, such as
large tumors or tumors close to organs at risk. In other words, individual study of a tumor’s
radiosensitivity should be a part of the diagnostic workup in all cases where radiation

treatment is indicated, but for various reasons looks to be difficult to plan or perform.

The detailed knowledge of the tumor’s radiation sensitivity may be important in order to
boost the most radioresistant tumors, or tumor sub-volumes, with extra radiation dose (or
adapt the treatment plan in other way, such as increasing the number of fractions, use of radio
sensitizers or combined treatment with other antitumoral drugs). Likewise, defining tumors,
or tumor sub-volumes, that are extra sensitive to radiation, may allow for a dose reduction
necessary to spare organs at risk in the proximity of the target, without risking a local

recurrence.
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2. Aims of the thesis

The main purpose of this thesis is to identify groups of tumors that are difficult to treat with
SBRT, due to size or proximity to risk organs, and to establish approaches for optimal patient
selection and the design of the treatment. More specifically, the aim of each paper is described

below:

Paper | aimed to investigate radiation toxicity to the brachial plexus, in patients treated with
SBRT for a lung tumor in the proximity of the plexus, and to establish the relationship
between the toxicity and the dose-volume parameters regarding the radiation load on the

plexus.

Paper Il aimed to review local control and toxicity in patients with tumors larger than 70 cc,
treated curatively with SBRT. Regarding local control, several predictive factors needed to be
evaluated, such as minimal, mean and maximal dose to the target, but also tumor size and
tumor histology. Toxicity needed to be evaluated considering tumor location in relation to risk

organs.

Paper 1l aimed to prospectively evaluate a risk adapted SBRT protocol for treatment of
tumors within 1 cm from proximal bronchial tree (PBT) regarding local control and toxicity,
as well as to compare the outcome between group A (tumors within 1 cm from distal trachea
or main bronchi) and group B (tumors within 1 cm from lobar bronchi). Additional aim for a
retrospective review of the prospectively collected material, was to establish relationship

between grade 5 toxicity and several dose-volume parameters to predefined parts of the PBT.

In Paper 1V, patients with tumors within 2 cm from the PBT, treated with SBRT according to
the same protocol as in Paper 111 but not included in the prospective study, were added to the
prospective cohort to broaden the base for the statistical analysis. The first aim was to test the
hypothesis generated in Study 11, regarding treatment safety for the patients with tumors
located more than 1 cm from trachea and main bronchi. The second aims were local control

and survival.
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3. Patients, materials and methods

3.1. Patient cohorts and study design

Paper | was a retrospective single institutional study of patients treated with SBRT between
2008 and 2013. Around 1000 patients were reviewed manually, and all patients with lung
tumors where the epicenter was located above the aortic arch, could be included in the study.
All patients with clinical follow-up of less than 6 months were excluded. Finally, 52 patients
with 56 tumors, and 55 brachial plexuses-at-risk, were included in the study. Median follow-

up was 30 months.

Paper Il is a retrospective single institutional study of patients treated between 1995 and 2012.
Inclusion criteria were GTV volume of at least 70 cc (assuming a spherical tumor form, this
volume corresponds to a diameter of about 5.1 cm), and curatively intended SBRT with a
prescribed dose of at least 72 Gy BED (o/p = 10Gy), corresponding to the fractionation of 8
Gy x 5. Patients without available radiation plans or clinical records were excluded. Finally,
164 patients with 175 tumors were included in the study. Median follow-up was 16.6 months.
Median tumor volume was 173 cc, corresponding to a dimeter of a 6.4 cm spherical structure.
40 patients had a tumor within 1 cm from trachea or main bronchi. 48 tumors (29%) were of
non-small cell lung cancer origin, while 32 (19%) and 29 (18%) were colorectal cancer (CRC)

and renal cell cancer (RCC) respectively. The remaining cohort was of a mixed tumor origin.

Paper 111 is a prospective multi-center phase-2 non-randomized study (the HILUS study),
conducted within nine centers in Sweden, Denmark and Norway between 2011 and 2016.
Inclusion criteria was tumor location within 1 cm from any part of the distal 2 cm of trachea,
main or lobar bronchi. The study treatment was a risk adapted SBRT protocol of 7Gyx8.
Lesions larger than 5 cm were excluded. The cohort was divided into Group A, where tumors
were located within 1 cm from trachea or main bronchi, while the Group B contained the rest
of the tumors (i.e. more than 1 cm from main bronchi and trachea, but within 1 cm from lobar

bronchi). 74 patients were included in the trial, whereof 65 were treated according to protocol
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and included in the final analysis. 39 patients were in group A, while the remaining 26

patients were in group B.

Paper IV is an analysis of the merged cohort with 65 patients from the prospective study with
addition of 167 retrospectively collected patients with tumors within 2 cm from the whole
trachea, main or lobar bronchi and treated in the same way as in the prospective study but
outside of it between 2010 and 2019. The patients came from five Scandinavian centers:
Stockholm, Oslo, Gothenburg, Odense and Aarhus. The division between Group A and Group
B was the same as in Study 11, with the addition of Group C that included (1-2 cm from any
part of the PBT) and group D (within 1 cm from proximal trachea only — tumors within 1 cm

from the most distal 2 cm of the trachea belonged to group A)

Ethical permissions were granted by the ethical committee of Region Stockholm, by the diary
numbers 2014/1581-31, 2021/2143-31/2, 2011/676-31/3 and 2015/1134-32 respectively.

3.2. Data retrieval

Clinical data on patient characteristics, diagnosis, clinical follow up, radiological reports and
survival were obtained from the local medical records. For patients treated and radiologically
followed in Stockholm, all images were reviewed in the local PACS system by the
undersigned, evaluating local control and, when relevant, toxicity. In cases when direct image
assessment was not possible, the assessment was made from radiological reports and
decisions on multidisciplinary conferences, however some patients in Paper Il were excluded
from the local control analysis due to the lack of reliable data on radiological follow up. The

dosimetry data was retrieved from the respective local radiation treatment planning software.
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3.3. Risk organ delineation

In Paper I, 111 and 1V, delineations of risk organs were performed. In Paper I, the risk organ
was the brachial plexus ipsi-laterally to the treated tumor. As a part of preparation of the study
design, a literature search was performed to find out if it is possible to perform a plexus
brachialis delineation, to study the methodologies of the plexus delineation offered by other
authors, as well as the existing criticism against these. Methodological studies of the anatomy
of plexus brachialis on MRI and diagnostic contrast enhanced CT, were performed by the
undersigned under the guidance of senior radiologists with the relevant competence. For the
contouring, the existing RTOG-protocol for plexus brachialis was used, modified by the
undersigned according to the needs of the current study.

To well visualize the anatomy of the cranial segments brachial plexus which runs along and
between the muscles of the neck, an MRI is needed. However, in the context of SBRT of
apically located lung tumors, the most important part of the brachial plexus is the caudal and
lateral segments, which run on top of the lung, along the axillar and the brachial vessels, and
are thus well defined on CT, framed by either contrast-bearing vessel structures, or

subcutaneous fat (fig 17).

The delineation was performed on the dose plan CT images of 3 mm slice thickness, mostly
without the contrast enhancement, which made the task clearly more difficult. However, the
contrast enhanced thin slice diagnostic CT, or MRI, could be used in cases of anatomic

uncertainties.
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Fig 17. Th1-2 nerve root is one of the most important parts of the brachial plexus in the
context of SBRT of apical lung tumors, here well visualized on diagnostic i.v. contrast

enhanced CT, image slice thickness 0.6 mm

In Paper 111 and IV, the decision on separate delineation of each bronchial structure for further
analysis was made by the multidisciplinary team in Stockholm, which was responsible for the
planning and the conduction of the study. Subsequently, the lumen of the trachea, main
bronchi, the intermediate bronchus, all lobar bronchi and lingula bronchus, were delineated
separately. Two new structures were then created, one consisting of lumen of the trachea and
the main bronchi, and one consisting of the lumen of the whole PBT. For each one of these
two new structures addition margin of 2 mm was added, representing the contours of the
bronchial wall. The latter four structures were then used for statistical analyses of correlation

between dose-volume parameters and toxicity.

In paper Il also esophagus, heart, aorta, pulmonary trunk as well as both pulmonary arteries,

were delineated.

3.4. Dose characteristics

The standard SBRT fractionation in Stockholm, for tumors located far from organs at risk, is

15 Gy x 3, to 67% of the periphery of the PTV (see the introduction section for more details).
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For fast growing tumors with o/ = 10 Gy, this corresponds to BED to the whole tumor
exceeding 100 Gy, calculated with to the Linear Quadratic (LQ) model. However, the
fractionation may be adapted depending on proximity to sensitive organs; the current standard
fractionation for large tumors or tumors in the proximity of moderately sensitive organs such
as chest wall is 10 Gy x 5. The standard fractionation for radiation resistant tumors, such as
CRC, is 17 Gy x 3. In Paper I, the median dose per fraction was 15 Gy and the median
number of fractions was 3. In Paper Il, a very wide range of fractionation regimes were used,
which reflects the difficulty of treating tumors of that size, with the median fractional dose of
10 Gy and the median number of fractions of 4. In Paper 11l and 1V, all patients received the

same fractionation of 7 Gy x 8, corresponding to a BED of 95.2 Gy.

Paper I, Il and 1V presents detailed data to the organs at risk. All BED and EQD2 to the risk
organs were recalculated with assumed normal tissue o/f value of 3 Gy. In Paper I, the
maximal punctual dose to the risk organ, as well as the lowest dose lever to the “hottest” 0.1
cc, 1 cc and 3 cc of the structure, are used in the statistical calculations of the relationship
between dose and toxicity. In paper 111 and 1V, maximal punctual dose as well as minimal
doses to the “hottest” 0.01 cc, 0.2 cc, 0.5 cc and 1 cc in the bronchial structures were used.
Additionally, for paper | Single Fraction Equivalent Dose (SFED) is calculated using the

Universal Survival Curve model (USC).

In Paper 11, minimal, mean and maximal BED to the GTV were used for statistical analyzes as
potential predictive markers for local recurrence. All BED were recalculated with the assumed

tumor o/p value of 10 Gy.

In all papers, the Linear-Quadratic model (LQ) is used to calculate the biologically effective
dose (BED) and EQD2. When BED is presented for o/ = 10 Gy, it usually refers to fast
growing tumors, such as NSCLC. When BED or EQD?2 is presented for an o/p = 3 Gy, it

usually refers to the risk organs.
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3.5. Toxicity

In Paper I, 11, Il and IV, all adverse events are graded according to the CTCAE 4.0 or 5.0. In
case of radiation induced brachial plexopathy (RIBP), which was the scope of Paper I, there
exists no grade 4 or grade 5 adverse event in CTCAE 4.0 (i.e. no symptoms that are
potentially life threatening or fatal). It may be questioned, to what extent retrospective
collection of grade 2-3 symptoms is reliable. However, in case of RIBP, even mild symptoms
have a major effect on the patient’s life and are thus usually documented in the medical
records. In Paper 11, having the retrospective design of the study in mind, only grade 3 or
higher side effects are collected. In Paper 11l all adverse events (grade 1-5) are collected
prospectively and reported. In study 1V, all patients were treated at large centers, however
several patients were followed by local hospitals, leading to heterogeneity of documentation
of mild adverse events. Even though toxicity for of all grades (1-5) is collected and presented
in the paper, the focus is mainly on grade 5 toxicity in general, and on grade 5 lung
hemorrhages specifically.

Grade 5 adverse events are defined as events that probably or certainly could be linked to

SBRT. In all papers, all uncertain cases of grade 5 events were discussed multidisciplinary.

3.6. Statistical analyses

In Paper I, NTCP-modelling was performed for the outcome >grade 2 RIBP. The dose-
volume parameters used were converted both to BED and SFED (i.e. using both the LQ-

model and the USC-model). As a measure of model performance, AUC were calculated.

In Paper 1, the chi-square or Fischer’s exact test were used for variables in contingency
tables. Locon control rates were estimated by Kaplan-Meier method. Time-dependent

variables were evaluated by Cox regression analyses.

In Paper 111, for variables in contingency tables the chi-square or Fischer’s exact test were
used. KM-method was used to estimate OS. Logistic regression was performed for calculating
used for modulation of risk of grade 5 bronchial bleeding vs bronchial dose.
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In Paper 1V, predicting factors for grade 5 toxicity and bleeding were analyzed with
Univariate Cox Regression models. OS was estimated by the KM-method. The cumulative
hazard for grade 5 toxicity and grade 5 bleeding was estimated using Aalen-Johansen

estimates, and Cox regression was used to estimate the hazard ratio.
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1. Results and discussion

1.1. Radiation-induced brachial plexus toxicity after SBRT of apically located lung

lesions (Paper I)

In this cohort 52 tumors with 56 treated tumors and 55 brachial plexuses at risk were
analyzed. Seven of the patients developed radiation induced brachial plexopathy (RIBP), of
which four patients up to grade three, and the remaining patients grade two. Six patients had
RIBP in the form of pain, while three had motor- or/and neurological symptom. Two patients
had both pain and neurological symptoms. The first signs of symptom appeared at median
time of 8.7 months after SBRT. One additional patients developed symptoms from brachial
plexus following a massive local tumor recurrence, with overgrowth over the plexus, which
was judged not to be related to the radiotherapy. Median follow-up and median survival were
30 months. The prescription doses for the seven patients that developed RIBP were 96-113
Gy BED (0/B=10 Gy), where 100 Gy is the commonly accepted ablative dose for most
cancers, prescribed to the periphery of the PTV. None of the patients with RIBP experienced
local recurrence. Six of seven patients with RIPB have received a dose of > 130 Gy (o/pf=3
Gy). None of the patients with RIBP had diabetes or received neurotoxic chemotherapy,
which potentially could explain the symptoms. On the average, the patents with RIBP had

shorter distance to plexus (4 mm vs 24 mm).

The NTCP-modelling showed good fit both for BED and for SFED, where maximum
punctual doses has shown the best correlation between development of RIBP and radiation
dose, however not reaching the statistical significance (p > 0.05). No difference was seen
between the LQ-model and the Universal Survival Curve (USC) model, why all the results are
presented according to the LQ model (i.e. with BED). For the maximum punctual dose of 130
Gy (a/p = 3 Gy), the NTCP-model predicted a complication probability of <10%. Hence, for a
3-fractions treatment, the true tolerable maximal punctual physical dose in probably >26Gy,

and we suggest the dose of <30 Gy as a reasonable constraint for dose planning.
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Interestingly, 10 of the patients in the cohort with a median follow-up at 19 months, receiving
a maximum punctual dose to the brachial plexus > 130 Gy BED (o/p = 3 Gy), did not develop
RIBP. This may be explained by several factors including individual radiosensitivity,
underreporting of the symptoms, short follow-up time and uncertainty in the delineation. The
brachial plexus is a thin structure that runs along several longitudinal structures of varying
attenuation, making its visualization sensitive to slice thickness, contrast phase and artefacts.
Although the study only applies to the inferior-lateral aspects of the plexus that are relatively
well visible on the CT, and despite that diagnostic CT with thin sliced and i.v. contrast, or
MRI, was available to use for anatomic comparisons, the small margins in both SBRT and
brachial plexus anatomy is still problematic in this context, where it cannot be ruled out that
mistakes in contouring could affect the study outcome. Furthermore, although apical parts of
the lungs have limited motions during the breathing cycle, small changes in position that are
hard to correct for, cannot be completely ruled out. Hence, we propose that a planning organ
at risk volume (PRV) in the form of a 2-mm margin around the plexus, may be used with a

planning dose constraint of 170 Gy.

Other important limitations to this study is the small size of the cohort and the retrospective

character of the study, which may have led to that some cases of RIBP had not been detected.

1.2. Extending hypofractionated stereotactic body radiotherapy to tumours

larger than 70cc — effects and side effects (Paper Il)

In total, 164 patients with 175 tumors were included in the study. Median follow-up and
overall survival was 16.6 months. Evaluable for local control were 165 tumors in 154 patients.
40 tumors, in 38 patients, were located near the PBT. The median GTV volume was 137 cc.
The median prescribed BED (a/B=10 Gy) was 80 Gy.

Minimal, mean and maximum doses to GTV were all statistically significant for local control
in univariate analyses, but in multivariate analyses only the minimal dose remained a

statistically significant dose-volume parameter. Also, tumor histology was significant for
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local control in both uni- and multivariate analyzes, with the best local control for renal cell
cancer (RCC) and worst for colorectal cancer (CRC). No other parameters, including the GTV
volume or tumor location, were statistically significant for local control. Two years’ local
control for RCC and CRC was 94% and 18% respectively. Two years’ local control for
NSCLC was 48%, which is substantially lower than for peripherally located small NSCLC,
where local control in most studies varies between 90-98%. Likewise, local control in our
cohort was lower compared to other studies on SBRT of NSCLC > 5 c¢cm (128-131), which
can be partly explained by larger tumors masses in our cohort compared to the referred series,
and partly by the fact that many tumors in our cohort received a prescribed BED (a/B=10 Gy)
of substantially lower than 100 Gy.

There were ten cases of possible or certain grade 5 toxicity, whereof 4 cases of lethal
hemoptysis, 4 cases of radiation pneumonitis, one gastro-intestinal bleeding and one duodenal
perforation. Among 8 cases of lung related toxicity, seven patients had tumors with a central
thoracic location, while one patient had a peripheral lung tumor. All patients with lethal
hemoptysis had centrally located thoracic tumors. In both cases of gastro-intestinal grade 5
toxicity, the tumors were in the liver. No statistical analyzes were performed regarding grade
5 toxicities due to low number of cases, however the clear majority of cases occurred in the

cohort with centrally located thoracic tumors.

For tumors of large size but far from risk organs, where sufficient radiation dose is possible to
deliver to the whole tumor volume, SBRT may be a valuable treatment option. Our study has
confirmed colorectal cancer to be a more radiation resistant histology compared to NSCLC.

For large CRC, other treatment modalities than SBRT should be preferred.

The limitations of this study were its retrospective nature, the heterogeneity of the cohort
regarding tumor histology, treatment dose, tumor location and the treatment technique, as well
as limited follow-up. However, several of the study’s weaknesses are also its strengths. The
presence of several comparably large cohorts of major tumor histologies, a high rate of local
recurrence and wide spectrum of prescribed radiation dose, makes it easier to statistically

analyze dependence between dose, histology and tumor control.
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1.3.  The HILUS-trial — a prospective Nordic multi-center phase Il study of ultra-

central lung tumors treated with stereotactic body radiotherapy (Paper Ill)

Out of 74 patients included, 65 patients (68 tumors) were treated according to the protocol. 24
patients had tumors located 5 mm or less from the main bronchus, 15 patients — 6-10 mm
from main bronchus and finally 26 patients — tumors more than 10 mm from main bronchus.

The local control at 3 years was 83%.

Ten patients experienced possible grade 5 events, including eight cases of lethal hemoptysis,
one case of radiation pneumonitis and one case of trachea-esophageal fistula. No patient with

grade 5 bleeding had any radiological signs of local recurrence.

Univariate analyses showed that distance between tumor and main bronchus is correlated to
grade 5 adverse event (p<0.05). One patient of 26 (4%) in the group B, and seven patients of
39 (18%) in group A, died of hemoptysis. Dose to the structure consisting of the lumen of the
trachea and the main bronchi, was the best predictor for grade 5 lung hemorrhage. Based on
dose-volume modulations, it has been hypothesized that group B patients can be treated safely
given that the maximum point dose (Dmax) to trachea and main bronchi does not exceed 70-
80 Gy EQD2. Due to the small sample size, no definitive conclusions of the radiosensitivity

of the central bronchi could be drawn.

1.4. HILUS lll: A pooled analysis of risk factors for toxicity of SBRT of centrally and

ultra-centrally located lung tumors (Paper IV)

The merged cohort consisted of 232 patients, whereof 108 patients in group A, 84 patients in
group B, 35 patients in group C and five patients in group D. The median shortest distance to
any part of the PBT was 2 mm, and the median shortest distance to a main bronchus was 12

mm. Nineteen patients had a tumor compression of any part of trachea, main or lobar bronchi.
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Grade 5 toxicity was recorded in 30 patients, whereof one patient in group A had both a grade
5 lung hemorrhage and a possible grade 5 lung infection. 20 patients with grade 5 toxicity
were in group A, eight were in group B and two patients in group C. There were totally 21
grade 5 hemorrhages, whereof 15 in group A and 6 in group B. Both possible grade 5 events
in group C (COPD exacerbation and cardiac failure) are unspecific in the context of the

SBRT, and dubiously represent dose-related bronchial toxicity.

Distance to main and lobar bronchi, as well as several dose-volume parameters to main
bronchi fell out significant for both grade 5 toxicity in general, and grade 5 lung hemorrhage
specifically in univariate analyses. Also, bronchial compression of any part of the trachea,
main or lobar bronchi showed clear statistical significance for grade 5 toxicity and grade 5
bleeding.

Interestingly, six of eight grade 5 events in the group B were within 1 cm from the
intermediate bronchus. Also, five patients with a grade 5 bleeding or infection had a near-to-
maximum dose (D0.001cc) to a trachea or main bronchus of less than 60Gy EQD2, which is
clearly below the high-risk threshold of 70-80 Gy EQD2 stated in the hypothesis from the
prospective HILUS study. On the other hand, all these five patients had a near-to-maximum

dose to the intermediate bronchus of >92 Gy.

During the design of the study, the intermediate bronchus was classified as a lobar bronchus
though its size significantly exceeds the size of other lobar bronchi. Our data suggest that the
radiation sensitivity of the intermediate bronchus may be closer to the radiation sensitivity of
the main bronchi than the rest of the lobar bronchi. Detailed dose-volume modulation of the
individual radiation sensitivity of each part of the bronchial tree is warranted to determine the
exact dose constraints for each bronchus, to avoid grade 5 toxic events.

Three years’ local control and overall survival were 82% and 39% respectively, which is in
line with what is expected for this fragile patient cohort, also given that the treatment
fractionation resulted in a BED slightly below 100 Gy. There was no difference between local

control and survival between the study groups.
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2. Conclusions

In Paper I, dose-volume parameters and toxicity related to brachial plexus, and based on our
results, propose that maximum dose to the plexus should be kept below 30Gy (maximum

punctual risk organ BED = 130Gy).

In Paper I1, we study factors that affect local control of very large tumors treated with SBRT,
where we find minimal radiation dose and histology to be the two most important factors. For
carefully chosen patients with very large tumors, SBRT represents a valuable treatment
option. Also, we confirm that tumor location close to central bronchial structures, is strongly

predictive for lethal adverse events.

In Paper 111, we report on a prospective multicenter trial on SBRT of centrally located tumors.
Distance to main bronchi as well as dose to lumen of trachea/main bronchi is predictive factor
for lethal adverse events. The study results give rise to the hypothesis that tumors with a
distance to trachea or main bronchus of larger than 1 cm, may be treated without excessive
risk of grade 5 event given that the maximum point dose to trachea and main bronchi does not
exceed 70-80 Gy EQD?2.

In Paper IV, we report data from a broaden statistical base, that partly contradict and correct
the above-stated hypothesis. Several patients with targets >1 cm from trachea and main
bronchi, and with maximum doses to these structures <70-80 Gy EQD?2, have experienced
grade 5 adverse events. However, the hypothesis can still hold if the concept of high-risk
bronchial tree is extended to include the intermediate bronchus. Dose-volume modulations of
individual parts of the PBT are warranted. SBRT of tumors that compress any part of the PBT

should be avoided.
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3. Future Perspectives

Long-term development of individualized SBRT is strongly dependent on large-scale multi-
center studies, where means of dose prescriptions and reporting (to both target and risk
organs) must be harmonized between different centers. This applies to both target and risk
organs, where a uniform system for delineation is needed for risk organs, as well as individual
parts of the risk organs. Further, a robust uniform system for controlling the delivered dose
(i.e. that the delivered dose corresponds to the prescribed dose, and if not — to what extent?) is

urgently needed.

The radiological follow-up regarding chronic inflammation, weakening of the bronchial walls,
local vascular proliferation and growth of small arteries into the sight of the damaged tissues,
could potentially be improved if these processes could be better visualized, which may be

possible with increased use of photon-counting CT technique (132).

Radiation sensitivity of individual tumors — and tumor sub-volumes — needs to be further
studied. Despite the recent years’ improvements in imaging, patient fixation and dose delivery
techniques, the local control after SBRT in most series is still below 100%. Causes of the
local recurrences need to be better understood; radiation resistant tumors or tumor areas need
to be managed with an increased radiation dose or otherwise, while the more radiation-
sensitive tumors may offer a room for maneuver in compromising the target coverage for
saving proximal risk organs. Large-scale studies of biological properties that can mediate

radiation resistance (such as hypoxia) should be initiated.

The potential systemic immunological effect of SBRT need to be better exploited, not least in
combination with systemic treatments such as immunotherapy. Immunological mechanisms
of radiotherapy need to be better understood, and immunological biomarkers to be developed,

including using serial PET/CT and tumor biopsies.
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