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The treatment of early stage non-small cell lung cancer (NSCLC) has improved

enormously in the last two decades. Although surgery is not the only choice,

lobectomy is still the gold standard treatment type for operable patients. For

inoperable patients stereotactic body radiotherapy (SBRT) should be offered,

reaching very high local control and overall survival rates. With SBRT we can

precisely irradiate small, well-defined lesions with high doses. To select the

appropriate fractionation schedule it is important to determine the size,

localization and extent of the lung tumor. The introduction of novel and

further developed planning (contouring guidelines, diagnostic image

application, planning systems) and delivery techniques (motion management,

image guided radiotherapy) led to lower rates of side effects and more

conformal target volume coverage. The purpose of this study is to

summarize the current developments, randomised studies, guidelines about

lung SBRT, with emphasis on the possibility of increasing local control and

overall rates in “fit,” operable patients as well, so SBRT would be eligible in place

of surgery.
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Introduction

Lung cancer is one of the most common tumor types worldwide and the leading cause

of cancer-related deaths among both women and men [1]. There are two main types of

lung tumors: NSCLC (non-small cell lung cancer) and SCLC (small cell lung cancer). The

cases are approx. 84% NSCLC, while about 13% SCLC [1]. Histological subtypes of

NSCLC are adenocarcinomas, squamous cell carcinomas, and large cell carcinomas.

Given the different aggressiveness and speed of progression of the two main histological

types, their treatment strategies are different [2]. The type of treatment is determined by

the histology of the disease, its stage, and the patient’s status. Due to developments in

recent years (screening and radiation therapy techniques), a slight decrease in mortality

can be seen in NSCLC patients [3]. Ganti et al. made a cross-sectional epidemiological
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analysis and calculated the most recent data in terms of

incidence, prevalence, and survival [4]. The incidence of all

stages per 100,000 people decreased from 46.4 to 40.9 in the

United States between 2010–2017. The advanced stage decreased

slightly (21.7–19.6), while the incidence of stage I patients

increased to 10.8–13.2. The overall prevalence rose to 198.3/

100,000, possibly because more and more young patients are

diagnosed these days [4] the 5-year survival data have improved

compared to the previous ones; the most significant

improvement is 14.7%–25.7% in stage I patients receiving

only radiation treatment [4].

The stage determines the prognosis of the disease at the time

of diagnosis. The stage is defined based on the AJCC 8th edition

(American Joint Committee of Cancer) since 2016; the use of the

different TNM systems must be considered in the results of

previous studies [5] Stage I-II disease is localized only to the

lung tissue; lymph node positivity appears in the ipsilateral hilus in

stage IIB. Radiotherapy plays an essential role in the treatment of

early and advanced stages of lung cancer for both curative and

palliative purposes [6]. In the case of lymph node-negative NSCLC,

traditional treatment includes surgical resection (preferably video-

assisted surgery-VATS lobectomy), which has been the standard of

care, providing superior overall survival compared to other

techniques. At the time of diagnosis, most of the patients are

either technically or medically counted as inoperable for different

reasons, such as poor overall health condition, elderly age, lung

function, and multiple comorbidities, such as COPD (chronic

obstructive pulmonary disease), cardiac and metabolic

dysfunctions. For such patients, the primary treatment modality

was conventional fractionated 3D-based radiation therapy, albeit

with lower effectiveness and higher toxicity than surgery [7].

Today, conventional radiation therapy used in the treatment of

small NSCLC foci located at a safe distance from important

mediastinal organs has been replaced by a more effective,

higher fractionation dose (ultra-hypofractionation) treatment,

stereotaxic radiation therapy (SBRT).

SBRT is a radiation therapy method that is now widely spread,

during which a relatively small, well-defined malignant tumor is

treated in a few fractions, with a high dose per fraction. It is a

radiation therapy technique with image guidance that can deliver

very high radiation doses (ablative doses) to the target (tumor) with

steep dose gradients outside the target while sparing the nearby

healthy tissues (called organs at risk—OAR) [8] During SBRT, the

size of the safety margins around the tumor can be reduced, which

was made possible by advanced image guidance. With this ablative

radiation dose, we precisely kill cancer cells, but we must pay

attention to the fact that the radiation biology of the treatment

changes during extreme hypofractionation; the tumor cells and

healthy tissues also behave differently than during conventional

fractionation. During the standard fractionation, we take advantage

of the different repair mechanisms of tumor and healthy cells [9]

This non-invasive technique has shown excellent local control rates

and overall survival, with lower toxicity rates compared to

traditional radiation therapy [8]. Another advantage is that the

treatment lasts for a short time (1-2 weeks) and is suitable for

outpatient treatment (doesn’t need hospitalization) [9] Given the

high fractional dose, careful and accurate delivery is the most

important part of the treatment. Modern technological solutions

must be used both in the planning and delivery.

Regarding the high age and comorbidity of lung tumor

patients, as well as the raising number of stage I patients due

to the development of screening tests, the introduction and use of

effective treatment methods other than surgery are increasingly

important. Surgery remains the gold standard of care for

operable patients; however, SBRT is the treatment of choice

for patients with early-stage medically inoperable NSCLC [10].

SBRT vs. conventional radiotherapy
for early-stage NSCLC

Before the implementation of SBRT, conventional

radiotherapy was the mainstay treatment for medically

inoperable early-stage NSCLC patients. With conventional

fractionation, 60–70 Gy was delivered with a fractional dose of

1.8–2 Gy. However, conventional radiotherapy showed

reasonable local control and survival rates, and it was

associated with significant toxicities [11]. In the first

randomized phase 2 trial (SPACE), a high-fraction dose 3 ×

22 Gy SBRT regimen was compared with 70/2 Gy conventional

radiotherapy. The results of a total of 102 patients after a median

follow-up of 37 months showed no significant difference between

the two groups either in terms of 3-year PFS (progression free

survival) (SBRT: 42%, Conventional RT: 42%) or OS (overall

survival) at 3 years (SBRT: 54%, Conventional RT: 59%). The

authors separately note that they were surprised by the

exceptionally good results of the conventional therapy. When

analysing the study, it should be considered that 36%–37% of the

patients (in either group) did not undergo histological

verification, during the examination, only about 60% of the

patients underwent PET-CT, and there was an imbalance

between the two groups in terms of tumor size, furthermore

the number of T2 tumors was twice as high in the SBRT group. In

terms of side effects, there were significantly fewer and lower-

grade side effects in the SBRT group; the most significant

difference was in esophagitis and pneumonitis, but mild side

effects were encountered in both groups. Given the time of

patient selection (2007–2011), SBRT treatment was still in its

infancy, and 4D CT was only used in a few patients [12] The

results of the RTOG 09.02 CHISEL multicentre randomized

prospective phase 3 study were published in 2019. Peripheral,

medically inoperable Stage I patients were studied. Comparing

standard-dose RT (66 Gy/2 Gy or 50 Gy/2.5 Gy) with patients

receiving SBRT (3 × 18 Gy or 4 × 12 Gy), superior local control

could be achieved with SBRT without developing serious side

effects [13]. Based on a retrospective study of a large number of
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patients (497 patients, 525 lesions), the 3-year local failure rate

was 34.1% with standard radiotherapy and 13.6% with SBRT. PS

matching showed a significant improvement in OS for SBRT

(38.9% vs. 53.1%) [14]. In the Ontario Clinical Oncology Group’s

ongoing phase 3 randomized study (LUSTRE trial), the results of

medically inoperable patients receiving SBRT (4 × 12 Gy or 8 ×

7.5 Gy depending on localization) are compared with modest

hypofractionated radiotherapy (60/4 Gy).

Medically inoperable early NSCLC patients

The standard care for early-stage non-small cell lung cancer

patients (NSCLC) was lobectomy, as this provided the best chances

of cure. However, surgery is not suitable for many NSCLC patients

in the early stage for various reasons, such as old age, general

condition, impaired lung function, or multiple comorbidities. As

such, these patients are generally categorized as “medically

inoperable” [7]. Based on the patient’s suitability for surgery, the

American College of Chest Physicians practice guidelines

categorized lung tumor patients into standard risk, high risk, or

inoperable categories [15]. 25% of lung tumor patients diagnosed at

an early stage are medically inoperable [16]. The exact definition is

variable by studies. For patients who are not suitable for lobectomy,

sublobar resection is often recommended. However, in the case of

these patients, the high risk of complications and the uncertain

oncological outcome must be considered. 3 prospective trials were

compared in 2013: RTOG 0236 with patients receiving SBRT,

patients undergoing sublobar resection (ACOSOG Z4032), and a

trial examining radiofrequency treatment (ACOSOG Z40033). The

overall 90-day mortality was 0% for RTOG 0236, 2.4% for surgery,

and 2% for radiofrequency ablation [17]. In a prospective phase

2 study, after 7 years of follow-up, the results of SBRT in medically

inoperable patients were published in 2018. 65 patients received 4 ×

12.5 Gy; PET CT was performed in all cases as part of the

examination. 5- and 7-year PFS were 49% and 38.2%, and OS

was 55% and 47%, respectively. In terms of local recurrence, there is

an increase at 7 years. Therefore, it is important to follow up on the

occurrence of local recurrence even after 5 years. In addition,

second primary lung cancer (SPLC) developed in 18.5% of

cases; due to the high incidence, it is important to confirm the

newly appeared lesions in the lungs with histology. Grade 3 side

effects occurred in 4.6%, and Grade 4-5 were absent. The average

age of the patients was 72.1 years [18] The Japan Clinical Oncology

Group’s prospective study (JCOG0403) included patients with

operable and inoperable histologically confirmed NSCLC tumors

smaller than 3 cm who received 4 × 12 Gy SBRT treatment. The

definition of medically operable is if the expected FEV1 > 800 mL

(forced exspiratory volume), PaO2 > 65 torr, and did not have

severe cardiac disease or severe diabetes mellitus; if either is

impaired, it is considered inoperable. In the case of

100 inoperable patients, the 3-year OS was 59.9%; in the case of

operable patients, the 3-year OS was 76.5%. When evaluating the

results, the high average age of the patients (median age 78-79)

must be considered [19] The 5-year results of the RTOG 0236 study

were published in 2018, 55 medically inoperable patients were

selected and received 3 × 18 Gy SBRT treatment. The long-term

results of the multicenter phase two study show that the 5-year

disease-free survival is 25.5%, and cancer recurrence occurs most

often in the untreated lobe. During follow-up (median follow-up of

48 months), locoregional and/or distant metastasis developed in

38% of patients. The development of dissemination depends on the

T stage. In the case of T1, the 5-year disseminated recurrence is

18.2%, and in the case of T2, it is 45.5% [20].

Medically operable NSCLC- lobectomy
vs. SBRT

The impact of using SBRT in the treatment of early-stage

NSCLC is notable. In addition to irradiating inoperable patients,

SBRT has recently been proposed as an alternative treatment to

surgery, even for medically and technically operable NSCLC

patients who refuse surgery. Recent clinical studies showed that

with the use of SBRT, similar survival rates can be achieved to

surgery without invasiveness and fewer treatment-related

complications [8, 21]. Early-stage NSCLC lung cancer is a

curable disease, and for medically fit patients, surgery

(lobectomy with lymphadenectomy) is the gold standard

treatment [22]. In the past few years, in addition to the

development of radiation therapy, the surgical technique has

also been modernized, open surgery was replaced by VATS in

patients with early lung tumors, after which the number of

hospitalization days and complications decreased, and the

oncological results remained similar [23, 24]. In the case of

SBRT, lymph node sampling is not performed; in several

studies, this “deficiency” is considered the cause of lower

locoregional control [18]. Based on the national lung cancer

audit, only 60.6% of early-stage patients in the UK have

undergone surgery. It can be seen that a significant portion of

patients are at higher risk of surgical complications [25] Several

randomized trials have attempted to compare surgery with SBRT

but failed to accrue (RTOG 1021, SABRTooth) [26]. Two

randomized phase 3 studies (STARS, ROSEL) aimed to compare

the results of surgery and SBRT in operable patients. However, these

were closed early due to slow accrual. Chang et al. analysed the two

trials and processed the data of a total of 58 patients. Both in terms

of 3-year estimated OS (SBRT: 95%, lobectomy: 79%) and

recurrence-free survival (SBRT: 86%, lobectomy: 80%), patients

who received SBRT had better results. However, we must consider

the small number of patients, the short follow-up time, and the lack

of modern surgical technologies (e.g., video-assisted thoracoscopic

surgery) [8]. In 2021, the long-term results of the STARS study were

published, as the SBRT arm was re-accrued with a larger number of

participants (80 patients). The results of the SBRT-receiving

patients were compared with the cohort of patients who
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underwent VATS lobectomy and lymphadenectomy (80 patients).

All patients underwent PET-CT during the examination. There

were no Grade 4-5 side effects with SBRT; Grade 3 side effects

occurred in 1 patient. SBRT 3-yearOSwas 91%, 5-yearOSwas 87%,

in the case of VATS lobectomy, 3-year OS was 91%, and 5-year OS

was 84%. Overall, in terms of OS, SBRT is non-inferior to surgery in

operable patients. There was no significant difference between the

two patient groups regarding 3- and 5-year PFS either (SBRT 80%

and 77%, surgery 88% and 80% respectively). After

lymphadenectomy, the incidence of occult pathological lymph

nodes was 10%; these patients received adjuvant chemotherapy

[26]. It is still necessary to carry out comparative studies using

modern techniques, and long-term results are needed. However,

due to the fundamentally different modalities, it is not possible to

blind either patients or clinicians at treatment allocation [22]. A

propensity-matched analysis was also performed, the results of

which were published in 2012. Retrospectively, the data of 64 VATS

cases and 64 patients receiving SABR were compared, and

locoregional failure (LRF) was investigated. Recurrence was

considered if it was within the operating bed/prior PTV or

ipsilateral hilo-mediastinal lymph node metastasis appeared. The

3-year LRF was 93% in the SBRT group and 82% in the surgical

group. There was no difference in OS. Notably, in nearly 50% of the

patients (in both groups), no histological sampling of the lung foci

was performed [21]. In a single-arm phase two study (RTOG 0618),

3 × 18 Gy were administered to stage I peripheral foci in NSCLC

patients in good condition (medially operable). The median follow-

up time was 48.1 months. The 4-year local control was 96%, and the

4-year OSwas 56%. Grade 3 side effects occurred in 14%, andGrade

4 side effects did not occur [27]. In the US VALOR trial, which is a

randomized phase 3 ongoing study, veterans are enrolled with

operable early-stageNSCLC from 2017, and by 2020, the number of

enrolled patients exceeded the total number of phase 3 trial patients

so far. The results of this trial may help us in the future [28].

Another prospective trial that is still in progress and is scheduled to

be completed in 2026 is the POSTILV phase 2 study, where radical

resection is compared with SBRT for stage I patients, and one of the

aims of the study is to assess whether SBRT, with the correct dose

and technique, more effective than surgery [16]. The STABLE-

MATES phase 3 trial will be completed in 2024, comparing

sublobar resection with SBRT in high-risk operable patients [16].

Importance of localization

For an SBRT treatment, establishing an indication and

choosing the correct fractionation scheme, the localization of

the lesions within the thoracic cavity is the most important. In

terms of localization, we distinguish between peripheral, central,

and “extremely central,” i.e., ultracentral lesions [29]. The

difference between the localizations is determined by the

distance from the centrally located critical organs (trachea,

heart, main bronchi, great vessels, esophagus) [30].

Peripheral lesions
Lung lesions located at a safe (>2 cm) distance from the

central OARs. The previously described studies were conducted

with medically inoperable and operable peripheral lung foci. A

peripheral lesion can be close to (<1 cm) or touch the chest wall,

which requires special attention. Late side effects affecting the

chest wall can be, for example, rib fracture and chest wall pain.

Rib fractures usually develop more than 6 months after radiation

therapy. Previous studies have shown that chest wall side effects

are more likely to occur with higher fractional doses (10 Gy vs.

20 Gy). In a retrospective study, the data of 134 patients were

examined; 7.5% of them developed Grade 1 or Grade 2 chest wall

side effects, and a significant correlation was found for V30 and

V60. If V30 reached 80 cm3, side effects developed in 55%; in case

it reached 100 cm3, the ratio was 74%; if V60 was 15 cm3, side

effects occurred in 69% of patients, and if V60 reached 20 cm3,

the percentage was 88%. The size of the GTV (Gross Tumor

Volume) and the distance of the tumor from the chest wall

showed no correlation with chest wall side effects [31].

Central lesions
Tumors in which PTV (Planning Target Volume) overlaps

with a virtually drawn isotropic 2 cm extension around the vital

mediastinal organs (proximal bronchial tree, heart, esophagus,

large vessels) [29]. Considering the proximity of essential OARs,

SBRT treatment of centrally localized lung lesions requires more

attention. Various Grade 3 side effects are likely to occur, e.g.,

bronchial stenosis, bronchial hemorrhage, carditis, esophagitis,

etc., [32]. In the phase II study published in 2006, Timmerman

and his team reported “excessive,” high-grade toxicity with SBRT

treatment of central tumors in medically inoperable patients.

T1 patients received 3 × 22 Gy, while T2 patients received 3 ×

20 Gy. With a high two-year local control rate (95%), a high

percentage of Grade 3-4 side effects (11%) occurred, especially in

the case of hilar/pericentral tumors. SBRT-related death occurred

in 6 patients after 0.6–19.5 months after treatment [33]. The 4-

year results of the study were published by Fakiris in 2009; the

median survival was 32.4 months, where the distribution of

lesions by localization was re-evaluated according to RTOG

0236. High-grade toxicity, Grade 3–5, occurred in 10.4% of

peripheral tumors and 27.3% of central tumors. A total of

5 of the 70 patients participating in the study had Grade

5 toxicity [34]. The results of a 5-fraction SBRT treatment

were reported in 2019 from the United States. In this phase

I/II study, the goal was to establish the maximum tolerated

fractional dose (MTD) in the case of central tumors. The

MTD for 5 fractions was 12 Gy, with high local control

(89.4%) [35]. A European study examined the treatment of

central tumors in 8 fractions with a fractional dose of 7.5 Gy;

after 35 months of follow-up, Grade 3 side effects occurred in

4 cases out of 63 patients, and there were no Grade 4-5 side

effects. The 3-year local control was 92.6% [36]. In 2018, Roach

et al.’s prospective phase I/II study was published, in which 5 ×
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11 Gy was found to be safe for central tumors, and excellent local

control could be achieved [32]. LungTech, a prospective

multicenter phase II EORTC trial, is underway with an 8 ×

7.5 Gy fractionation scheme with high-quality technical

solutions. It will investigate the role of FDG PET-CT in

monitoring tumor progression and assessing side effects [30].

Based on the evidence presented so far, the maximum 50–60 Gy

seems to be optimal for the fractionation scheme of centrally

located lung tumors, delivered in 5 fractions, but considering the

nearby OARs, 8 × 7.5 Gy is also a suitable option [16].

Ultracentral lesions
By definition, lesions where the PTV overlaps with one of the

critical central organs belong here. In the case of SBRT, the risk of

developing Grade 4-5 side effects is high (e.g., fistula, hemoptysis,

bronchopulmonary hemorrhage, etc.). Several retrospective

institutional studies demonstrated the plausibility of SBRT

treatment of ultracentral tumors with an acceptable toxicity

rate. When analyzing the results, we must consider that in

many cases, only tumors adjacent to the peribronchial tree were

examined, and lesions near the esophagus, heart, or large intestine

were excluded [37]. Chang et al. used a more fractionated scheme

in case the OAR constraints could not be met; 4 × 12.5 Gy or 10 ×

7 Gy were delivered with an acceptable side effect rate [38]. The

SUNSET study was started in 2018 and is currently still ongoing;

this is a phase 1 multi-institutional study to find the maximum

tolerated dose for ultracentral lesions up to 2 years after treatment.

NSCLCs smaller than 6 cmwere enrolled, and the aim was to limit

the occurrence of Grade 3–5 adverse events to<30%. The first dose

level is 8 × 7.5 Gy (15 × 4 Gy and 5 × 15 Gy are also examined)

[39]. In 2021, the results of the HILUS trial, which is a phase two

Nordic multicenter study, were published. 65 patients with

ultracentral tumors were examined. A high rate of toxicity was

encountered when 8 × 7 Gy were delivered; 22 out of 65 patients

(34%) developed Grade 3–5 side effects, of which 10 were possible

Grade 5 toxicity. The most common G5 side effect was

bronchopulmonary hemorrhage, which developed 2–22 months

after SBRT treatments. The authors concluded that in the case of

lesions located <1 cm from themain bronchus and trachea, the use

of the 8 × 7 Gy fractionation scheme is dangerous and prohibited

[40, 41]. However, the difference between different centers

regarding treatment setup and safety margins must be

considered [41]. Based on Chen’s 2019 systematic review (a

total of 250 patients’ data), after SBRT treatment of ultracentral

tumors, the probability of developing Grade 3–5 side effects is 10%

on average, and the median treatment-related mortality is 5% [42].

The ISRS (International Stereotactic Radiosurgery Society)

published a practical guideline in 2023, summarizing the

studies published so far on this topic (27 studies, all but one

retrospective). The most frequently used fractionation schemes are

5 × 10 Gy, 8 × 7.5 Gy, and 12 × 5 Gy; 96% of the studies used

motion management, most often 4D-CT-ITV (Internal Target

Volume). The lesions were considered ultracentral if the PTV

overlapped with the proximal bronchial tree (PBT). High local

control (LC) (1 year LC: 92%, 2 year LC: 89%), with low life-

threatening toxicities (G5: 4%) were found. PBT maximum dose

(Dmax) needs to be considered according to the data of the meta-

analysis; less fatal toxicity is expected if the BED3 (Biologically

effective dose) value of PBT Dmax is < 180 Gy. The BED value of

the treatments was a significant predictor for the one-year local

control, and a negative trend appeared depending on the tumor

size (smaller size, higher local control). In the ISRS guideline, 8 ×

7.5 or 15 × 4 Gy are recommended for ultracentral tumors, and the

PBT Dmax BED3 can be <133–150 Gy. If there is endobronchial
involvement, the use of the ablative dose is not recommended [43].

Using a modern MR-guided technique with daily plan adaptation

can reduce the probability of high toxicities when administering a

large fractional dose. In the ongoing ARO-2021-3 MAGELLAN

phase I trial, the aim was to find the maximum tolerated dose

(MTD) for MR-guided SBRT in ultracentral localization for

primary and secondary lung tumors from the 10 × 5.5 Gy

scheme (BED10 = 85 .25 Gy) up to the 10 × 6.5 Gy scheme

(BED10 = 107.25 Gy) [44].

Dose schemes—BED

In 2015, Guckenberger et al. summarized the most common

fractionation schemes of SBRT treatments used in lung tumors.

Stereotactic body radiotherapy treatments were performed with a

dose of 5–34 Gy per fraction in 1–10 fractions; comparing the

biologically effective dose of the treatment regimens at alpha/beta

10, more than 200%–300% differences were found [45]. Several

studies proved that increased biological effective dose increases

local control. During SBRT planning, we must consider the

expected toxicity and the oncological outcome to choose the

appropriate fractionation. Based on the literature data, it is

established that if BED< 100 Gy, low local control is expected

[46]. Compared to conventional radiotherapy, SBRT with

BED >100 Gy reduces local failure and may also increase overall

survival [45, 47]. In 2007, during the Japanese retrospective multi-

institutional study, 257 patients’ data and the details of the

hypofractionated radiation treatments were examined, based on

which a difference in 5-year overall survival was observed (BED10 <
100 Gy: 30.2%, BED10 > 100 Gy: 70.8%) [48]. The M.D. Anderson

Cancer Center 2019 published the results of a retrospective study,

where the data were obtained from the national cancer database,

and the SBRT of maximum T2a tumors was compared. Radiation

treatments were divided into two groups according to BED10:

LowBED: 100–129 Gy and High BED: >130 Gy. Based on the

aggregated results, the 5-year OS was 26% in the Low BED group

and 34% in the High BED group. The study’s results suggest that a

higher OS can be achieved with a higher BED above 130 Gy. It is

important to emphasize that the exact localization of the lesions

was not determined, which is an important factor for OS [49].

Examining small T1 and T2 tumors separately, Koshy et al. found
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no OS benefit for small tumors >150 Gy BED, which may suggest

that we can achieve high OS in small tumors with BED10

100–150 Gy [50]. When choosing the fractionation scheme, the

localization of the lesion and its proximity to the various critical

organs must be taken into account. In the case of small peripheral

lesions, extreme hypofractionation schemes have proven to be

effective and safe. In the RTOG 0915 prospective randomized

phase 2 study, two regimens (1 × 34 Gy or 4 × 12 Gy) were

compared for small peripheral lesions. Out of 84 patients, 10.3%

received a single fraction, and 13.3% of the other group had at least

G3 side effects within 1 year. The 2-year local control data was 97%

and 92.7%, respectively. There was no difference between the two

arms regarding two-year OS andDFS [15]. Based on the long-term

results of this study (after a median follow-up of 4 years), no

difference was found in late G3-G5 side effects. The 5-year

progression-free survival in the single fraction group was 19.1%,

and in the 4-fraction group, 33.3%, there was no significant

difference. Therefore, it was established that there was no

significant difference in the toxicity, the 5-year local control, or

the 4-year survival data [51]. Another prospective trial compared

single-fraction lung SBRT (1 × 30 Gy)with a 3-fraction (3 × 20 Gy)

variant, also examining small peripheral lesions. The results of this

phase 2 study were published in 2019. After a median follow-up of

53.8 months, out of 98 patients, Grade 3 or more severe side effects

were described in 16% of the patients receiving one fraction and

12% in the group receiving 3 fractions. There were no differences

in the survival and local control results [52]. Comparing the

different fractionations, especially the less frequently used single

fraction SBRT, using advanced planning techniques and image

guidance is important to ensure safety. In the case of small,

peripheral, early-stage NSCLC, SBRT given in 3–5 fractions is

common. However, in 2022, a literature summary was published

regarding SBRTs applied in one fraction, which may have the

advantage of, e.g., fewer clinic visits [53]. This advantage could also

be used during the COVID-19 pandemic, related to this, the

ESTRO-ASTRO consensus was published in 2020. During the

COVID-19 pandemic, 1 × 30–34 Gy was strongly considered if a

small (<2 cm) lesion is located >2 cm from critical mediastinal

organs and is also >1 cm from the chest wall [54]. If we use only

one fraction, it must be considered that the BED used to determine

the effectiveness of multi-fraction regimens cannot be applied due

to radiobiological differences. Therefore, an SFED (single fraction

equivalent dose) concept was created based on a new linear

quadratic-linear model [55]. Besides choosing the exact

fractionation scheme, it is important to take into account the

dose prescription. Previous studies show that the PTV maximum

dose correlates with the local control [56]. In his summary,

Guckenberger points out the differences for peripheral tumors

between the dose prescriptions defined in the studies: 60%–90%

isodose line encompassing the PTV, and for SBRT treatments

using the multi-fraction regimen, the PTV max dose was between

38–57 Gy [45]. BED values for the different SBRT schemes are

listed in Table 1.

Tumor size (>5 cm)

By definition, SBRT means the treatment of small-sized

tumors with a high fractional dose, but for now, the exact

definition of the maximum size limit remains a question of

debate. In the case of early, peripheral, medically inoperable

lung tumors, early prospective studies proved to be successful

treatment options where the size of the tumors was smaller than

4-5 cm. Retrospective studies have also found differences in

overall survival according to tumor size. In the case of

ultracentral tumors, the 5-year survival was determined by the

size of the PTV, if the PTV <53 cm3 61.6%, if PTV >53 cm3

37.4%, respectively [57]. There is limited information from

prospective randomized trials on large lung tumors treated

with SBRT. In the multi-institutional retrospective study with

the most significant number of patients (92 patients), 5–7.5 cm

tumors were treated with 5 × 10 Gy with 2-year LC 73.2% and 2-

year OS 46.4%. The OS correlated with the SUVmax

(standardized uptake value) measured on the pre-treatment

PET-CT. Distant failure occurred more often after treatment

than local failure [58]. In the case of peripheral lung tumors

larger than 5 cm, SBRT treatment can be administered with due

caution, considering other treatment options and taking into

account that lower local control and lower OS can be achieved

compared to small lesions.

Simulation

CT imaging needs to be prepared after staging, establishing

the indication, and planning the session. The planned radiation

therapy technique and motion management determine

positioning during the simulation CT. Reproducibility is an

important aspect when choosing the patient’s treatment

position and positioning systems and ensuring small safety

zones ideal for stereotactic treatment of the target volume.

The total volume of the OARs in the thorax and the

subsequent total planning target volume must be visible on

the simulation CT [59].

TABLE 1 BED10 values corresponding to different SBRT fractionations.

BED10 (Gy) SBRT fractionation scheme (number of
fractions × fractional dose [Gy])

100 5 × 10

106 4 × 12

113 4 × 12,5

132 5 × 12

151 3 × 18

180 3 × 20
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Motion management

The introduction of stereotactic treatments (SRT) appeared

in the treatment of intracranial tumors; the SRT of extracranial

lesions was delayed because new problems had to be dealt with,

such as physiologic motion and the precise definition of the target

volume [9]. Intrafractional movement that occurs during

treatment, such as deviations resulting from breathing, can

result in anatomical changes of several centimeters [47].

When performing SBRT of the lung, the “movement” of the

tumor must be taken into account so that the planned dose is

delivered to the right place and the surrounding tissues can be

adequately protected. An essential and unmissable element of

this is IGRT (image guided radiotherapy) before or during each

faction. When selecting the IGRT method, we must consider the

technique we will use and the treatment machine (linear

accelerator, cyberknife). MV or kV imaging (3D CBCT, 4D

CBCT, orthogonal x-ray) can be used as IGRT or optical

verification, e.g., surface guided radiotherapy (SGRT).

According to the phases of the respiratory cycle, the lesion in

the lung changes its position. Motion management can be done

in free breathing with motion-encompassing methods [60]. The

most used is 4D CT, where we determine the breathing cycle and

divide it into phases according to either the time phase or the

amplitude. Several techniques can be used with 4D planning CT,

such as internal target volume (ITV) determination or mid-

ventilation determination. ITV is created from the union of

GTVs delineated on CT slices of at least 3 breathing phases

(max exhale, max inhale, and intermediate phase). Maximum

intensity projection (MIP) can also be used to determine ITV.

Comparing the two ITV approaches, it was found that ITV

created with MIP is smaller compared to the GTV-based ones; in

this case, tumor-miss may occur, although the MIP requires a

shorter time [54]. Under free-breathing, real-time tracking is also

a method of cyberknife [61]. Treatment in a specific part of the

breathing cycle reduces the size of the target volume. Gating has

been employed in some institutions to control respiratory motion

[62]. Such gated methods can be ABC (active breath control)

when the patient’s exhalation is inhibited after determining the

breathing volume with the help of a spirometer. Another method

is the deep inspiration breath hold (DIBH), when the patient

holds the air in a certain deep inhalation level for about 10–15 s,

most often in a voluntary manner (with audio-visual feedback),

during which the pre-treatment verification takes place (it can be

kV imaging or SGRT) and also delivery. Forced shallow

breathing can be done with abdominal compression. In the

case of tumor tracking, with the help of external or internal

markers, the treatment is delivered only in certain breathing

phases using intrafractional IGRT [60, 61]. The proper

implementation of image-guided positioning and motion-

management techniques can significantly reduce planning

margins necessary for planning target volumes and, hence, the

dose to the surrounding normal lung tissues [62].

Target volume determination

Before radiation treatment of lung tumors, we define the

target volumes using the ICRU 62 (Interational Commission on

Radiation Units and measerments) and ICRU 83 definitions.

Using contrast-enhanced diagnostic chest CT and PET-CT

fusion, the GTV is first determined on the planning CT based

on the visible extent of the tumor. The extension of GTV depends

on the type of tumor according to the microscopic spread and the

characteristics of the tumor (spread to surrounding organs), thus

creating the CTV (clinical target volume). For SBRT treatments,

4D simulation is often performed, considering the changing

tumor movement during the breathing cycle. In this case, the

breathing cycle is divided into several phases, and GTVs must be

defined separately in the phases. An ITV is obtained by summing

the GTVs from all respiratory motion phases instead of CTVs,

and the PTV is then obtained by applying a margin to the ITV to

account for the setup and positioning uncertainties [6, 62].

Dose constraints

When assessing radiation therapy plans, in addition to the

coverage of the target volume and the use of adequate doses, we

must pay close attention to the doses to the surrounding critical

organs to reduce the development of early and late side effects.

This way, we can ensure that SBRT is safe. In contrast to

conventional radiotherapy, during SBRT, a high fractional

dose is delivered in a few fractions, so the fractional dose

received by the OARs is higher as well; therefore, we cannot

use the restrictions defined for conventional radiotherapy [63].

Based on trials and published reports related to SBRT, the

relevant dose constraints are determined, and due to the

increasing number of treatments, these are frequently updated.

When treating lung lesions, the OARs of the thorax must be

considered (lung, heart, pericardium, esophagus, trachea, main

bronchi, chest wall, brachial plexus, and liver, depending on

localization). Most of the dose constraints for SBRT treatment

are defined for 3, 5, and 8 fractions, but due to the use of the single

fraction, which is becoming increasingly popular, the latest

guidelines also help us with 1 fraction [64]. Depending on

whether an organ is parallel (e.g., lungs) or serial (e.g., spinal

cord), different parameters must be used in the treatment

planning [59]. According to the latest data, the maximum

dose is relevant to 0.1 cc for serial organs. In the case of

parallel organs, it is crucial to determine, in addition to the

maximum critical volume, the minimal volume that receives

above the threshold dose (“minimum critical volume-cold

constraints”) [64]. One of the first extensive summaries that

defined the dose constraints used in SBRT is the AAPM

task group was 101st in 2010. Here, the max dose applied

to <0.35 cc, and there were no restrictions on the SBRT

delivered in 8 fractions [59]. The constraints defined in the
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RTOG0813 trial can be used for 5 fraction lung SBRTs [35].

Based on a review published in 2021, the purpose is to

systemically pool several published peer-reviewed clinical

datasets and extract them in a clinically valid format [65]. The

UK consensus guideline issued new guidelines 2022 based on

updated data [64].

Treatment delivery

Given that a high dose is delivered during SBRT, maximizing

the protection of the organs at risk, in addition to the exact target

volume coverage, with highly conformal dose distribution (even

in the case of complicated, inhomogeneous anatomy) is crucial.

This is one of the reasons for the advancement of modern

delivery techniques in SBRT planning. Such techniques

include intensity-modulated radiotherapy (IMRT) and

volumetric-modulated arc therapy (VMAT) [66, 67]. Lung

SBRT VMAT plans of 218 patients were compared to the

previously more common 3D conformal technique. In terms

of dose conformity/target coverage, there was no difference

(V95% > 95% with both techniques); however, from the point

of OARs, the dose constraints of the ipsilateral lung (V5, V10,

V20, and MLD) were much easier to comply with in the case of

VMAT technique. By using the FFF (flattening filter free) mode,

the radiation treatment time can be significantly reduced; the

delivery of 12 Gy in the case of FFF is approximately 1.5 min, and

with FF, it is 8.3 min. The length of the radiation treatment is a

very important aspect of radiation treatments using a high dose

per fraction, as the patient must lie motionless throughout due to

precise targeting [67].

The importance of a PET-CT during
examination and planning

In addition to biopsy, PET-CT also provides metabolic data

and is essential in examining NSCLC patients. It helps establish a

diagnosis and is also used in planning radiation therapy,

including high-dose SBRT treatment [68–70]. The PET-CT

performed for planning often verifies a stage change

compared to the previous imaging, which is also vital before

lung SBRT treatments to exclude unknown novum distant

metastases and locoregional pathological lymph nodes. In

2014, 47 NSCLC patients were examined, and the results of

PET-CT performed as part of staging were compared with those

of planning PET-CT. A new locoregional or distant metastasis

was found in 51% of the patients. In the study, it was determined

that if 6 weeks pass between the two PETs, the treatment of the

disease changes in 26% of patients due to upstaging [71]. In

finding pathological mediastinal lymph nodes, PET-CT has

higher accuracy rates than diagnostic chest CT. The fact that

different radiation therapists can delineate a target volume of

much more similar size and shape to each other due to the

metabolic data is of great help in radiation therapy planning,

especially in determining the GTV. A good correlation was found

when comparing the tumor sizes determined based on PET-CT

with the pathological sizes after the subsequent surgery [68, 70]

The extent of FDG (fluorodeoxyglucose) accumulation within

the tumor is most often determined by the SUVmax

(standardized uptake value). Several studies have proved the

predictive value of the SUVmax before treatments on local

control; with an SUVmax of >3, local or distant failure is

more likely to occur [72]. Chang examined 130 patients after

4 × 12.5 Gy was given to peripheral small lesions (<T1) and

found that if the SUVmax on the staging PET-CT was below 6.2,

a significantly higher OS was expected. The staging PET-CT was

the only independent significant predictor for OS [73]. After

SBRT treatment, PET-CT can also help with the question of

recurrence-fibrosis arising on chest CT. If the SUVmax is > 5 on

the 12-week PET-CT after treatments, it is more likely to indicate

recurrence [72] In ongoing trials, they also investigate the effect

on local control if the dose is escalated to areas with a high

SUVmax within the tumor [68].

Guidelines

The European guidelines for treating early-stage NSCLC

patients have not been updated since 2014–2017. The results

of the currently ongoing, critical phase 2 and 3 studies are still in

progress, which can determine the place of SBRT compared to

lobectomy and will provide additional help in choosing the

appropriate fractionation.

1. ESMO (European Society of Medical Oncology—2014): From

the point of view of the feasibility of the surgery (to estimate

the morbidity and mortality that may occur after the

operation), the patients must be grouped in terms of risk; a

cardiac and pulmonary functional assessment is required for

this evaluation. The recalibrated thoracic revised cardiac risk

index (RCRI) determines cardiac high risk. The case is of low

risk regarding respiratory function if both FEV1 and DLCO

are >80%. In the case of invasive NSCLC, the gold standard

treatment is still lobectomy; lymph node dissection is not

mandatory in all cases (it can be omitted if it is cN0 on PET-

CT). If lobectomy cannot be performed, SBRT treatment

should be chosen. In terms of fractionation, delivery, and

motion management it is not covered by the ESMO

guidelines. Even in multifocal cases, surgery is the primary

choice; SBRT is only chosen if surgery cannot be

performed [74].

2. ASTRO (American Society for Radiation Oncology—2017):

SBRT can be offered as an alternative to lobectomy for “high

risk” peripheral early-stage NSCLC patients, but in the case of

“standard risk,” operable patients, SBRT can only be
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recommended in a clinical trial as an alternative to surgery,

considering that long-term side effect and survival

data >3 years are still missing. SBRT is recommended

in medically inoperable cases. In central localization, at

least 4 fractions are recommended, but in the case of

a higher risk of side effects, 6–15 fractions are also possible.

SBRT can also be given in histologically unverified cases.

After pneumonectomy, SBRT is recommended for novum

lung cancer [75].

3. NCCN (National Comprehensive Cancer Network—2023.3):

The use of advanced technologies is important for precise,

high-dose curative RT (planning 4D CT, PET-CT fusion,

IMRT/VMAT screening, motion management, appropriate

high-level IGRT). For medically operable patients, lobectomy

plus mediastinal lymph node dissection is recommended. For

high-risk patients (from a surgical point of view), SBRT is a

suitable alternative to lobectomy. For medically inoperable

early-stage NSCLC patients, SBRT is recommended for

tumors smaller than 5 cm if the constraints of the

surrounding organs permit. Based on tumor localization,

the recommended fractionation: small peripheral: 1 ×

25–34 Gy, peripheral tumors: 3 × 18–20 Gy, central and

peripheral tumors smaller than 5 cm: 4 × 12 Gy, 4 ×

12.5 Gy, 5 × 10–10.5 Gy, for central lesions 8 × 7.5 Gy.

According to the NCCN guideline, SBRT can be performed

with a higher number of fractions (max. 10 fractions) in the

case of ultracentral location. Treatment in 3 or fewer fractions

is prohibited for central and ultracentral tumors. Dose

constraints for healthy organs were determined based on

RTOG 0618, 0813, and 0915 [6].

SBRT treatment and immunotherapy

During SBRT treatment, a high dose is delivered per fraction,

which helps to achieve high local control in patients with early-

stage lung tumors. The probability of the appearance of distant

metastases is 10%–20%. The increased effect of the immune

system may cause out-of-field tumor regression during radiation

therapy [29]. The reason for this is that the release of tumor

antigens increases due to the ionizing radiation, and thus, the

adaptive immune system recognizes them more easily; this is

called the abscopal effect [76]. During SBRT, we detect tumor

shrinkage, but tumor cell fragments are also present and can

behave immunogenically. It is of therapeutic importance that, in

the case of lung tumors, an exceptional antitumor immune

response is developed to target tumor antigens. The immune

response can be inhibited by regulating different checkpoint

pathways. For example, antibodies against PD1 and CTLA-4

can increase the antitumor effect [29]. Combined, SBRT and

immunotherapy can be synergistic, effective, and safe treatments

[77]. In advanced NSCLC patients, it was investigated that

progression-free survival and overall survival were higher if

the patients also received radiotherapy before immunotherapy

[78]. Immunotherapy with SBRT treatment resulted in a good

clinical response in melanoma and advanced lung tumor patients

[79, 80]. PD-1/PD-L1 inhibitors such as pembrolizumab and

atezolizumab are recommended as first-line treatment in

advanced NSCLC patients with high PD-L1 expression [77]. A

higher immunological antitumor effect can be achieved with a

higher fractional dose than conventional radiotherapy. The SBRT

treatment creates a supportive immune microenvironment for

subsequent immune checkpoint inhibitors; in return, the

immune checkpoint inhibitors reduce radiation resistance and

boost the abscopal effect [77]. Administering immunotherapy

(immune checkpoint inhibitors—ICI), enhancing the immune

response, together with SBRT treatment decreases the probability

of developing regional and distant metastases, so, e.g., in the case

of central-ultracentral lung tumors, safer, reduced-dose SBRT

treatment should be considered (BED<100 Gy) [29]. Currently,
several studies are ongoing that investigate the administration of

SBRT and ICIs in early-stage NSCLC; in terms of dose, there is a

lack of consensus, but the most frequently studied ICIs are

pembrolizumab, atezolizumab, and durvalumab [77, 81].

Radiological and pulmonary function
changes after SBRT

CT and PET-CT are used for control purposes after SBRT

treatments. Given that more and more “fit” patients are receiving

this form of treatment, it is crucial to define the follow-up

protocol precisely due to the more prolonged survival.

Detecting local recurrence is often difficult because its

radiological picture can be confused with early and late lung

injury after SBRT. Side effects are considered early if they develop

sooner than 6 months after radiation treatment (pneumonitis-

consolidation, GGO) and late (fibrosis). In 2012, a systemic

literature review summarized possible radiological changes

after SBRT. Considering the conformal dose distribution at

high doses, the resulting CT abnormalities are different from

the sharp-bordered lesions corresponding to the fields seen after

conventional radiation treatments. During SBRT, the lung

volume receiving smaller doses will be larger [82]. The phase

3 CHISEL study compared conventional (mean BED10:

65.49 Gy) and SBRT (mean BED10: 125.92 Gy) treatment of

medically inoperable patients with small lung cancer patients.

The analysis of pulmonary function changes was published in

2022. Despite the significant BED difference, no significant

difference was found after a 3- to 12-day follow-up between

the patients’ PFT (pulmonary function test), nor in FVC, DLCO,

and FEV1 [83]. Overall, acute side effects developed in 62% of

cases; consolidation is visible in almost half of the cases. Among

the radiological changes on thorax CT, the most common

indication of recurrence is enlarging opacity after 1 year. The

blurred border, the examined area’s inhomogeneity, and the air
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bronchogram’s disappearance can be suspicious [82]. Chang

et al. examined the data of 130 patients who received 4 ×

12.5 Gy for stage I peripheral NSCLC lung lesions. 9.3% of

patients experienced Grade 2 pneumonitis and 2.3% Grade

3 pneumonitis. After multivariate analysis, it was determined

that the probability of developing pneumonitis is significantly

higher if the mean ipsilateral lung dose (MLD) > 9.14 Gy [73]. In

2014, new statistical and geometric analysis methods were used

to examine the dosimetric parameters that can affect the

development of lung injuries. The planned CT data of

24 patients were compared (with deformable registration)

with the diagnostic thorax CT images taken at 3, 6, and

12 months (after SBRT treatment). The patients received 3 ×

12–18 Gy or 4 × 12.5 Gy. There was no Grade 3-4 pneumonitis,

Grade 2 in 15% of the patients. The critical dose (low-dose peak

location) of lung radiographic injury was approximately 35 Gy

(with a standard deviation of 10 Gy), or 70% of the prescribed

dose. The larger the PTV, the smaller the critical dose. Therefore,

in the case of a larger PTV, the probability of developing

pneumonitis/fibrosis is higher [84]. Radiological changes do

not always correlate with decreased pulmonary function.

Pulmonary function deterioration occurs very rarely after

SBRT treatment of peripheral lesions. Analysing the phase

2 RTOG 0236 study, the data of 55 medically inoperable

patients who received 3 × 18 Gy treatment were examined.

They found that poor respiratory function before treatment

did not increase the likelihood of developing pulmonary

toxicity, and patients who became inoperable for cardiac

reasons had a lower 2-year OS. After SBRT treatment, Grade

0 and 1 PFT (pulmonary function test) changes were observed in

most patients based on the RTOG SBRT pulmonary scale; > 70%

did not change PFT [85].

MRI-guided lung SBRT

The use of MR in stereotactic treatments is novel. Currently,

the most used image-guided strategies are techniques utilizing

X-rays. The introduction of MRI-guided techniques can facilitate

the isolation of different soft tissues. Compared to X-ray imaging,

radiation exposure is also an important aspect. MRI can help us

in many ways when performing lung SBRT, for example, by

defining target volumes, planning, and using motion

management. Intra- and inter-fractional deviations can be

easily recognized and eliminated [47]. A clear advantage can

be seen during MRI-guided adaptive radiation treatment of

central lesions (SMART). After performing a breath hold 3D

MRI simulation and planning CT, the plan is prepared using an

inverse technique (IMRT, VMAT). Before each fraction, a 3D

MRI image of the position to be treated per the anatomy of the

day is taken. After the rigid registration with the gross tumor

volume on the planning MRI scan, a couch shift is performed, if

necessary. The OAR contours are propagated to the chosen MRI

scan of the day using deformable image co-registration. The

clinician then makes the necessary corrections on the GTV, and

the PTV is generated with an isotropic margin of 5 mm. The

online plan is then reoptimized with the same optimization

objectives and field parameters. Based on real-time 2D MR

images, the degree of breath-hold (gating window) can be

monitored during fraction. Due to the central localization, the

proximity of the OARs complicates the implementation of SBRT.

Using on-table plan adaptation reduced the OAR planning

constraint violations (p < .05), but the OAR maximum doses

mainly remained stable. With the MRI-guided technique, we can

reduce the size of the PTV during breath-hold gated treatments

with the help of continuous lesion visualization. By increasing the

coverage, the target of 95% PTV coverage was achieved in 95% of

the plans, compared to the “predicted” plans (71%). As well as the

daily adaptation of plans, they reduce the likelihood of side effects

by monitoring the anatomical and target volume changes that

occur during each fraction [86]. Finazzi et al. investigated the

advantages of MRI-guided adaptive radiation therapy (SMART)

during SBRT treatment of 25 peripheral lung lesions. Compared

to free-breathing plans using 4D CT-based ITV, the size of

SMART-PTVs has decreased, and the PTV coverage has

improved. BED10 > 100 Gy can be delivered to PTV 95% in a

higher percentage of patients, but the dosimetric benefits were

modest. In conclusion, it can be said that in the case of peripheral

lesions, it is not always beneficial to use SMART; it should be

chosen if there is a higher probability of the development of

severe side effects (if the lesion moves >1 cm, re-irradiation,

previous lung surgery, severe lung disease in the anamnesis) [87].

When using this technique, we must remember that it takes

longer to perform compared to CT-based and non-adaptive

treatments (for peripheral lesions, on average, 48 min door-to-

door; for central lesions, 59 min) [86, 87]. An ongoing

prospective study, with phase 1 data reported to date, focuses

on ultracentral tumors. Five lesions were examined, and 5 ×

10 Gy were delivered while keeping the strict OAR constraints.

70% of the 25 fractions were based on an adapted plan due to the

OAR violation. No Grade 3 acute side effects were found

6 months after treatment. In the future, the application of

SMART may expand the SBRTs indicated for ultracentral

tumors [88]. It remains a question whether the benefits

provided by MR also represent a survival advantage and

whether the cost of MR LINAC is worth it [47].

Discussion

Nowadays, SBRT is an increasingly common and frequently

used form of radiotherapy treatment. SBRT has revolutionized

the early-stage NSCLC and oligometastatic cancer treatment

paradigm, providing a highly effective and non-invasive

alternative to surgery. This curative, safe treatment method

can also be used for patients considered inoperable due to
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some comorbidity. Elderly patients with poor respiratory

function can also be treated as it does not worsen PFT after

treatment [85]. The conventional radiation treatment, previously

chosen for medically inoperable patients, has now been replaced

by SBRT if the localization of the tumor allows it [13, 14]. High-

fractionation SBRT can be given safely to peripheral lesions, but

the results of modest hypofractionation treatments for local

control are still ongoing (LUSTRE study). The localization

determines the dose of SBRT; tumors close to the chest wall

and localized centrally are treated with a lower fractional dose in

more fractions [31, 35]. SBRT treatment of ultracentral lesions is

not recommended based on guidelines but can be carried out

under safe conditions, as long as the dose of the nearby OARs is

adequate and the fractional dose is as low as possible [37, 43]. The

appropriate dose is still being determined (SUNSET study) [39].

The size of the lung lesion affects the expected local control and

the development of dissemination [20]. The guidelines

recommend SBRT treatment for less than 5 cm lung lesions,

but tumors >5 cm can also be treated with appropriate care [58].

Comparing lobectomy and SBRT in the case of operable patients,

previous studies have produced similar results [26], but

prospective phase 2-3 studies are still ongoing (VALOR,

POSTILV, STABLE-MATES) [16].

During the follow-up after SBRT treatment, PET-CT can be

an additional examination of the diagnostic CT, helping to

distinguish between fibrosis and recurrence. It indicates a

relapse if, in addition to increasing opacity, the SUV max

value is higher than 5 [72]. Future directions involve refining

patient selection (for example, not only inoperably patients

benefit from it), optimizing treatment planning (VMAT

planning, MR guided therapies), and integrating SBRT with

novel systemic therapies like immunotherapy.
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