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Introduction. Lung cancer is a disease which, despite the advancements in treatment, still has a very poor 5-year survival rate.
Stereotactic ablative radiation therapy (SABR) is a highly advanced, sophisticated, and safe treatment which allows patients with
early stage lung cancer to be treated effectively without invasive procedures and with excellent clinical outcomes. Avoiding surgery
minimises morbidity and recovery time, bettering patients’ quality of life. Furthermore, SABR allows patients unsuitable for surgery
to still undergo curative treatment.Methods. We aimed to review SABR-related normal tissue toxicities reported in the literature.
While many studies assess safety, clinical efficacy, and disease control of SABR for lung cancer, the number of comprehensive
reviews that analyse SABR-related side-effects is scarce. This integrative review summarises the toxicities reported in literature
based on published clinical trials and tumour location (central or peripheral tumours) for available SABR techniques. Given that
the majority of the clinical studies did not report on the statistical significance (e.g., p-values and confidence intervals) of the
toxicities experienced by patients, statistical analyses cannot be performed. As a result, adverse events are compiled from clinical
reports; however, due to various techniques and nonstandard toxicity reports, no meta-analysis is possible at the current stage of
reported data. Results.When comparing lobectomy and SABR in phase III trials, surgery resulted in increased procedure-related
morbidity. In phase II trials, very few studies showed high grade toxicities/fatalities as a result of SABR for lung cancer. Gross target
volume size was a significant predictor of toxicity. An ipsilateral mean lung dose larger than 9 Gy was significantly associated with
radiation pneumonitis. Conclusions. Based on the studies reviewed SABR is a safe treatment technique for lung cancer; however,
further well-designed phase III randomised clinical trials are required to produce timely conclusive results and to enable their
comparison and statistical analysis.

1. Introduction

Lung cancer is the leading cause of cancer-related death
in both males and females worldwide, with approximately
1.59 million deaths each year (19.4% of total cancer-related
deaths) [1]. Treatment options for lung cancer include surgery
(thoracotomy with lobectomy or wedge resection), radiation
therapy and chemotherapy, and often a combination of these
modalities. Patients with early stage resectable lung can-
cer undergo surgery, while those with unresectable disease

receive radiation therapy in combination with chemotherapy.
Radiation therapy is the standard of care for 70 - 90% of
patients with localised small cell lung cancer (SCLC) and 60
- 70% of patients with advanced disease, while approximately
19% of patients with early stage of non-small-cell lung cancer
(NSCLC) receive radiotherapy as definitive treatment [2].
This increases to 52% of patients with late stage disease.

Several techniques have been designed and implemented
over the years to deliver highly conformal radiation therapy:
three-dimensional conformal radiation therapy (3DCRT),
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intensity modulated radiation therapy (IMRT), volumetric
modulated arc therapy (VMAT), and proton beam therapy
(PBT). Stereotactic ablative radiation therapy (SABR) is
a hypofractionated dose regimen whereby relatively small
tumours are ablated using stereotactic precision, which can
be delivered via any of the aforementioned techniques. SABR
has greatly developed over the last two decades through
advancements in treatment delivery conformity, treatment
techniques and immobilisation [3–7].

2. SABR-Related Normal Tissue Toxicity

Tominimise the risk of treatment toxicities, dose-volume gui-
delines are set at treatment planning to ensure that tolerance
doses of tissues such as the contralateral lung, heart, spinal
cord, chest wall, ribs and skin are not exceeded. The lung
dose-volume guidelines in SABR are different to those used
in conventional radiation therapy mostly because of the large
difference in dose/fractionation used for SABR treatments
[8]. In SABR for lung cancer, the high-dose volumes are
typically small and dose gradients are very steep [8]. Due to
the multiple beams and angles used in SABR, a larger volume
of lung is spared excessive radiation dose [8]. If dose-volume
specifications are not respected at the treatment planning
stage, patients will be at risk of developing a range of radia-
tion-induced toxicities. These include radiation lung injury
(discussed below), oesophagitis, radiation dermatitis, chest
wall pain/thoracic pain, rib fracture, bronchial stricture,
pleural effusion and brachial plexopathy [9].

For centrally located tumours, there is a higher risk of
radiation injury as tumours are closer to the bronchial tree
and other important mediastinal structures [9]. Rare cases of
toxicities resulting from central SABR are oesophageal fistula
and bronchial stenosis resulting in atelectasis or bronchial
necrosis [9].

Radiation lung injury is generally categorised into two
phases: (a) early, for example radiation pneumonitis, which
typically occurs within the first three months post-SABR and
(b) late, for example radiation-induced pulmonary fibrosis,
which can occur six months to several years post-SABR
[30]. Symptoms of radiation-induced lung injury can include
cough and dyspnoea, with the more extreme lung fibrosis
requiring oxygenation and assisted ventilation [9].

According to a review conducted by Ricardi et al. (2015),
most of the radiation pneumonitis experienced by SABR
patients is RTOG grade 1 or 2 andmostly asymptomatic, with
less than 8% of patients experiencing grade 2 or greater radia-
tion pneumonitis requiring intervention [6]. The low rates
of pneumonitis in SABR as compared to conventional radio-
therapy are likely due to the parallel architecture of the lung,
which ismore sensitive to high volumes of lowdoses (conven-
tional radiotherapy) than to high doses delivered to smaller
volumes (SABR). Radiation-induced lung fibrosis can appear
six months to one year post-SABR [31] and is characterised
by the proliferation of fibroblasts and myofibroblasts which
deposit connective tissue such as collagen, and extracellular
matrix into the pulmonary tissue, causing the alveoli to
collapse [30, 31].This comes as a result of cytokines and other
cellular components migrating to the site of irradiation and

causing a continual inflammatory process [30]which can lead
to respiratory distress and right-sided heart failure [30, 32].

Oesophageal toxicity can also occur from pulmonary
SABR. Radiation oesophagitis can range from mild inflam-
mation to oesophageal stricture, perforation or a fistula [9].
The presence of a fistula or a perforation in the oesophagus
can result in fatal haemoptysis or sepsis.

Chest wall pain may be a side-effect experienced during
or post-SABR. It is more common in patients whose tumours
are in peripheral lung, thus closer to the chest wall. While the
exact mechanism of chest wall pain is poorly understood, the
intercostal nerves have been linked to this side-effect [9].

Brachial plexopathy is more commonly seen in patients
with apically situated lung tumours [9]. The mechanism of
brachial plexopathy is believed to be linked to loss of myelin
sheath, which may result in upper limb paralysis and neuro-
pathic pain [9]. Oesophageal toxicity and brachial plexopathy
are likely a function of the anatomic location of the tumour:
peripheral tumours are more likely to have treatment fields
near plexus, while fields for central tumours are more likely
to encompass areas of the oesophagus.

3. Aim of the Review

The aim of this review was to evaluate SABR-related normal
tissue toxicities reported in the literature.Whilemany studies
assess safety, clinical efficacy, and disease control of SABR
for lung cancer, the number of comprehensive reviews that
analyse SABR-related side-effects is scarce. This integrative
review summarises the toxicities reported in the literature
based on published clinical trials, tumour location (central
or peripheral tumours) for available SABR techniques. Given
that the majority of the clinical studies did not report on the
statistical significance (e.g., p-values and confidence inter-
vals) of the toxicities experienced by patients, statistical anal-
yses cannot be performed.

As a result,
(a) adverse events are compiled from clinical reports;

however, due to various techniques and nonstandard toxicity
reports, no meta-analysis is possible at the current stage of
reported data;

(b) the extracted data is tabulated to assist the reader in
evaluating adverse events related to each SABR technique and
in identifying advantages/disadvantages of each.

4. Methods

A literature search was conducted on Medline to identify
literature fulfilling the aim of this review. The final search
was conducted in January 2017 and was designed to identify
clinical trials from the year 2000 onwards in English only.
The search strategy is shown in Table 1. A total of 846 papers
remained after the search was limited to SABR, toxicities,
adverse events and normal tissue complication, excluding
stereotactic radiosurgery and was further narrowed to 432
papers when only lung papers were included and to 88
papers when limited to clinical reports, ranging from case
studies to phase III clinical trials. These 88 papers were
screened by four authors (SM, MS, EG, EB) based on titles
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Table 1: Search strategy.

Search terms Results
1 Stereo∗ body∗ 2883
2 Stereo∗ ablat∗ 562
3 1 or 2 3348
4 SABR or SBRT 2633
5 3 or 4 3623
6 Stereo∗ radiosurg∗ or SRS or neurosurg∗ 82236
7 5 NOT 6 3419
8 Side effect∗ 253907
9 Adverse effect∗ 135864
10 8 or 9 377660
11 Norm∗ tissue compl∗ or NTCP 1992
12 Toxic∗ 631528
13 10 or 11 or 12 961736
14 7 and 13 1155

15 Limit 14 to English language, humans, year 2000 onwards, all clinical trials,
journal articles and reviews 846

16
Limit 15 to clinical study or clinical trial, all or clinical trial, phase I or clinical trial,

phase II or clinical trial, phase III or clinical trial, phase IV or clinical trial or
controlled clinical trial or meta-analysis or multicentre study and cancer

197

17 15 and lung∗ 432
18 15 and prostate 132
19 15 and liver 151

20
Limit 19 to clinical study or clinical trial, all or clinical trial, phase I or clinical trial,

phase II or clinical trial, phase III or clinical trial, phase IV or clinical trial or
comparative study or meta-analysis or multicentre study

45

21 Limit 17 to (case reports or clinical study or clinical trial, all) 71
22 21 NOT physic∗ 87
23 20 NOT physic∗ 45

and abstracts to remove irrelevant papers yielding 71 articles.
After quality check of the manuscripts identified, those that
did not specifically discuss clinical SABR results (e.g., physics
studies) were removed. The final article count was 66.

5. Results

5.1. SABR Toxicity Based on Clinical Trial Results. Of the 66
clinical studies obtained from Medline, 22 were phase I-III
clinical trials: 4 phase I trials, 16 phase II trials and 2 phase III
trials (Table 2). The majority of the remaining papers (67%)
were retrospective studies. Three review papers were also
identified.

To date, the only phase III randomised clinical trials
involving SABR-related toxicity are the STARS and ROSEL
trials that were designed to compare SABR to surgical
resection for stage I NSCLC [10, 33, 34]. Patients were
randomised to either surgery or SABR. Patients in the STARS
trial with peripherally located tumours were treated with
54 Gy in three fractions, and those with central tumours
were treated with 50 Gy in four fractions [10]. Patients in
the ROSEL trial were treated with either 54 Gy in three

fractions or 60 Gy in five fractions [10]. Both phase III trials
were terminated due to lack of recruitment (58 patients)
[33, 34]. The results from the trials, however, were synthe-
sised into a pooled analysis by Chang et al. (2015). The
results revealed that when comparing lobectomy and SABR,
surgery resulted in increased procedure-related morbidity
and mortality [10, 35].The most common surgery-associated
morbidities included postoperative pneumonia, atrial fibril-
lation, myocardial infarction, pulmonary embolism and deep
venous thrombosis [10]. Compared to a 0.7% cumulative
procedure-related mortality reported after SABR, surgical
techniques lead to 5.4% mortality rates within 90 days post-
surgery.

The results of phase II trials show that generally, SABR
is well tolerated with manageable adverse events in the
majority of cases.There were some exceptions, as reported by
Timmerman et al. [23] who concluded that SABR may have
contributed to grade 5 toxicity. According to their report, 4
deaths occurred due to bacterial pneumonia, 1 patient died of
a pericardial effusion and 1 patient experienced fatal massive
haemoptysis. It is to be mentioned that this report originates
from the early days of SABR, and much effort has been made
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since to make SABR safer in this patient group. Therefore,
the other phase II trials presented in detail in Table 2 showed
better toxicity-related results. Grills et al. [19] observed no
grade 4 or 5 toxicities, Bral et al. [16] reported 74% of patients
with lung toxicity-free survival at 2 years, there were no
major adverse events in Collen’s cohort [14], Koto et al. [22]
observed no ≥ grade 2 toxicity outside the lungs, and in
Baumann’s trial [20] 35% patients had no pulmonary side-
effects from SABR. There was no incidence of SABR-related
deaths reported in any of the aforementioned trials.

Toxicities reported within the four phase I clinical trials
included radiation pneumonitis, radiation dermatitis, peri-
cardial effusion, tracheal necrosis, hypoxia and bronchitis
[26–29]. Amulti-institutional phase I study byOnimaru et al.
[26] found that the risk of grade 2 radiation pneumonitis at 55
Gy in 4 fractions was above 25%. The statistical significance
of this result or any other phase I trial outcome, however, was
not provided.

Four of the 66 clinical studies analysed had patient sample
sizes of over 400 patients. The studies described toxicities,
such as radiation pneumonitis, chronic myositis and radia-
tion-induced dermatitis occurring post-SABR [36–39]. One
clinical trial, with 500 patients, showed that on univariate
analyses chest wall pain and/or rib fracture was more preva-
lent in patients with a smaller tumour-chest distance, larger
tumour diameter and larger PTV (p<0.01) [36].

The prevalence of higher grade toxicities was reported
within a large collaborative analysis comprising 483 patients
(52% male) [37, 38]. Radiation pneumonitis of grade 2 or
higherwas experienced by 7%of patients [37, 38].Themedian
PTV dose delivered in the study was 54 Gy in three fractions
[37, 38]. Details on PTV size and location, however, were
not available for analysis along with statistical information
on the prevalence of radiation pneumonitis. Guckenberger et
al. [38] found a correlation between pretreatment pulmonary
function and changes to pulmonary function in the long-
term for FEV1 (forced expiratory volume) (p=0.001), FEV1%
(p<0.001) andDLCO (diffusion capacity) (p=0.02).This study
did not specify any variables which remained statistically
significant after multivariate analysis and the results were
not supported by any of the studies with similar patient
cohort sizes. Additionally, the study did not comment on
what the specific clinical impact was, as a result to changes
to pulmonary function post-SABR.

While all studies were investigating SABR in patients with
early stage NSCLC [36–39], the definition of early stage varies
according to the staging criteria utilised and the changes
in staging system over time (TNM/AJCC) and this was not
reported.

5.2. SABR Toxicity and Correlation with Tumour Location
(Central and/or Peripheral Tumours). A total of 30 studies
of the 66 extracted from Medline, discussed SABR for
centrally located tumours (defined commonly within 2cm of
the mediastinum or bronchial tree) and peripherally located
tumours or a combination of both.Three studies looked solely
at central NSCLC tumours (one of which evaluated both
centrally located NSCLC and lung metastases), 11 studies
examined peripherally located NSCLC tumours or lung

metastases and 16 studies looked at both central and periph-
eral tumours.

Of the three studies which examined SABR forcentrally
located NSCLC and lung metastases, the sample sizes ranged
from 27 to 111 patients, and doses varied from 37.5 Gy in
three fractions to 66 Gy in three fractions. A range of toxi-
cities were reported including acute fatigue, acute cough,
acute oesophagitis, radiation pneumonitis, dermatitis, mus-
culoskeletal discomfort, pneumonia, pleural effusion, apnoe-
a, brachial plexopathy, partial arm paralysis and skin reac-
tions [23, 40, 41]. In patients experiencing brachial plexopa-
thy, it was found that a significant volume of the brachial
plexus received 40 Gy [23, 40, 41]. Timmerman et al. [23]
found on both univariate and multivariate analysis that
among patients with grade 3 to 5 toxicities, tumour location
(hilar/pericentral versus peripheral) was a strong predictor of
toxicity (p=0.004).

Of the 30 studies, there were 11 which reported SABR
treatment forperipherally located lung tumours, with most
labelled as NSCLC or pulmonary metastases. The sample
sizes among the trials varied, ranging from 15 to 127 patients.
Total dose and the number of fractions also varied: 66 Gy
in three fractions, 60 Gy in three fractions, 48 Gy in four
fractions, 60 Gy in five fractions, 57 Gy in three fractions
and 45 Gy in three fractions. The toxicities reported included
atelectasis, exacerbation of existing pulmonary comorbidity,
decrease in pulmonary function tests, cough, dyspnoea, exu-
date, fatigue, radiation lung fibrosis, radiation pneumonitis,
pain, pericardial effusion, rib fracture, hypoxia, brachial
plexopathy and skin reactions [11, 13, 24, 26–28, 42–46].

A phase II trial by Chang et al. [15], treating 130 stage
one NSCLC patients with 6 MV and 50 Gy in four fractions,
observed no differences in the rate of radiation pneumonitis
between peripheral and central lesions. This result differs
from findings by Timmerman et al. [23], who reported a
relationship between toxicity and tumour position. The study
also found, that an ipsilateral mean lung dose greater than or
equal to 9.14 Gy was significantly associated with radiation
pneumonitis on multivariate analysis (p=0.005) [15].

A study conducted by Jain et al. [45], with 54 stage
1 NSCLC or single pulmonary metastasis patients, treated
patients with 48 Gy in four fractions for NSCLC up to 3 cm
in diameter or 52 Gy in four fractions for NSCLC greater
than 3cm and for lung metastases. The study established two
groups of 27 patients: one group treating the patients over 11
days and the other group treating the patients over 4 days
and found that at baseline, dyspnoea was higher in the 11
day group compared with the 4 day group (44.4 versus 25.9,
p=0.02), along with worsening in role functioning, fatigue
and cough in the 11 day group [45]. At one and four months
post-SABR, however, there were significantly more patients
presenting with an increase in dyspnoea in the 4 day group
compared to the 11 day group (44.4% versus 15.4%, p=0.02;
38.5% versus 12.0%, p=0.03). Furthermore, at four months
post-SABR, more patients in the 4 day group had physically
worsened compared to those in the 11 day group [45].

Another 16 studies investigated SABR in treating both
central and peripheral lung lesions. The studies varied greatly
in sample size, ranging from 30 patients to 566 patients,
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with one study not specifying the sample size. A variety of
toxicitieswere presented in the studies and the acute toxicities
included cough, chest pain, dyspnoea, radiation pneumonitis
and generalised pain, while the chronic toxicities included
fatal haemoptysis, rib fracture, cough, radiation pneumonitis,
brachial plexopathy, telangiectasia and pain [12, 16, 21, 23, 39,
47–50].

A large multicentre clinical trial by Schanne et al. [39],
treated 90 patients for central stage I NSCLC and 476 stage
I peripheral NSCLC patients. The median dose for both
central and peripheral tumourswas 37.5Gy, administered in 5
fractions for the centrally located tumours and in 3 fractions
for the peripheral ones.This study showed very similar results
in the occurrence of radiation pneumonitis with 90% of
central patients and 94% of peripheral patients experiencing
grade two or lower radiation pneumonitis [39]. 9% of central
patients and 5% of peripheral patients experienced grade two
radiation pneumonitis. No patients experienced grade four
radiation pneumonitis in both groups, however, 1% of central
patients and less than 1% of peripheral patients died from
radiation pneumonitis [39]. With the outcome being very
similar, and a lack of statistical information provided, it is
difficult to deduce any trends in the occurrence of radiation
pneumonitis between patients with central and peripheral
stage I NSCLC tumours. There was no data reported on the
relationship between radiation pneumonitis and other factors
such as age, performance status, gender, baseline respiratory
function, preexisting comorbidities, total dose and number of
fractions and time period over which SABR was delivered.

A prospective phase II clinical trial by Fakiris et al. [21]
with 70 stage I and II NSCLC patients with central and
peripheral tumours, treated with 60 Gy in 3 fractions or 66
Gy in 3 fractions, found that while toxicity rates in central
tumour patients (27.3%) were higher than the rates of toxicity
in peripheral tumour patients (10.4%), the result did not reach
statistical significance. This is a similar outcome to that in the
multicentre trial by Schanne et al. [39] where the toxicities
between central and peripheral tumours were very similar
and hard to separate.

5.3. SABR Toxicity and Treatment Volume. Among the phase
II clinical trials, a study by Lindberg et al. [11], treated 57
patients for stage I and II inoperable NSCLC with 45 Gy in 3
fractions and 6MV photons with an Elekta linear accelerator,
and found that patients with grade 2 or higher radiation-
induced fibrosis had larger PTVs compared to patients
without fibrosis, but no statistically significant association
between fibrosis and lung dose was observed.

Stone et al. [13] investigated the association between
SABRdelivered in 48Gy in 4 fractions or 60Gy in 5 fractions,
and the pulmonary function tests. It was found that there was
a correlation between gross tumour volume and total lung
capacity reduction at 12 months post-SABR. The study also
reported that decline in pulmonary function became more
apparent with time post-SABR [46]. With regard to toxicities
such as radiation-induced lung fibrosis, a multi-institutional
study conducted by Lindberg et al. [11] was unable to establish
a relationship between total lung dose and lung fibrosis of
grade two or higher. Similarly, in their phase II clinical trial

of 57 stage I peripheral NSCLC patients treated with 66 Gy in
three fractions, Baumann et al. (2008) failed to demonstrate
a relationship between the risk of radiation pneumonitis or
radiation lung fibrosis to either irradiated lung volumes / lung
doses or T1/T2 stage [42].

Stephans et al. [51] reported on the outcome of 45 patients
treated with 60 Gy in three fractions. The group investigated
post-SABR chest wall toxicity and found that the largest
single tumour dimension and PTV were correlated with tox-
icity (p=0.047 and p=0.040, respectively). The distance from
tumour edge to chest wall and GTV did not reach statistical
significance (p=0.16 and p=0.12, respectively) [51].This result
differs from the outcome reported by Bongers et al. whereby,
on multivariate analysis, patients with chest wall pain had
larger treatment volumes and had significant chest wall
volumes receiving doses between 30 to 50 Gy [36]. On uni-
variate analysis, a significant difference was shown in patients
that were younger, had a shorter tumour-to-chest wall dis-
tance, larger tumour diameter and larger treatment volume
with regard to the presence of chest wall pain versus no chest
wall pain (p<0.01) [36]. These findings were not confirmed
by the other studies with histologically confirmed NSCLC
patients – the closest confirmation was by a phase II clinical
trial which found that GTV size was a significant predictor of
toxicity (in general), on multivariate analysis [23].

5.4. SABR Toxicity and Histopathological Confirmation of
Disease. Of the 66 clinical trials analysed, 16 trials had
histological confirmation of lung cancer. The sample sizes
across all 16 studies with histological NSCLC confirmation
ranged from 10 to 500. One of the largest studies, which his-
tologically or cytologically confirmed NSCLC, was a multi-
institutional Italian clinical trial which had 196 stage INSCLC
patients [49]. All five Italian centres in this multi-institutional
study applied homogenous patient inclusion and exclusion
criteria. The prescribed total dose ranged from 48 to 60 Gy
in 3 to 8 fractions delivered with either 3DCRT, IMRT or
VMATSABR techniques [49].This study found that toxicities
greater than grade 2 were present in 3% of the patient cohort
[49]. This study documented one acute toxicity - pulmonary
toxicity, with specific information on the type of pulmonary
toxicity lacking, and late toxicities which included chest wall
pain, neuropathic pain, brachial plexopathy, telangiectasia
and rib fractures. p-values and confidence intervals on the
acute and late toxicities and their relationships with other
factors were not provided.

The onemulti-institutional study which did not histologi-
cally confirm the type of lung cancer in any of the 34 patients
(reason for this not stated) appeared to have more patients
experiencing acute and late radiation-induced toxicities in
comparison to those studies which did have histological
confirmation for all patients [52]. The study also mentioned
that patients with preexisting comorbidities may have an
increased risk of attaining radiation pneumonitis as a result
of undergoing SABR which may, in turn, increase the risk of
mortality [52].

5.5. SABR Toxicity in Operable versus Inoperable Tumours.
Nagata et al. [53] investigated the toxicity differences between
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operable and inoperable stage I NSCLC patients. A total of
164 patients were treated with 48 Gy in 4 fractions, across
15 institutions in this Japanese clinical trial (JCOG0403). It
was found that operability did not predict the statistical sig-
nificance of toxicity rates. No treatment-related deaths oc-
curred in either patient group [53].

Nevertheless, as shown by the outcome of phase III trials
that compared SABR-related toxicity with postresection side-
effects, SABR was found to have fewer serious treatment-
related complications compared to surgery. Therefore based
on its toxicity profile SABR may be a favourable treatment
approach for operable patients [10].

Also related to surgically resectable tumours, the recently
reported interim results of a phase II clinical trial that em-
ployed a novel multimodality approach has demonstrated the
value of neoadjuvant SABR prior to surgical resection for
early stage NSCLC [54]. The MISSILE-NSCLC study includ-
ed 10 patients treated with presurgery SABR. Overall, the
treatment was well tolerated, as out of the 24 toxicities re-
ported, only 3 were grade three or greater, and all in the same
patient. While the number of patients accrued by this trial
was small, the results of neoadjuvant SABR in patients with
resectable tumours warrant further investigations.

6. Summary and Conclusions

The systematic literature search found 66 potential sources
documenting toxicity post-SABR for lung cancer. Across the
studies analysed, a range of acute and chronic toxicities were
identified. These toxicities included radiation pneumonitis,
radiation-induced lung fibrosis, dyspnoea, cough, chest wall
pain, rib fracture, brachial plexopathy, atelectasis, telang-
iectasia, oesophagitis, fatigue, pleural effusion, pericardial
effusion, and a general decrease in pulmonary function. Very
few studies showed high grade toxicities/fatalities as a result
of SABR for lung cancer. It can, therefore, be concluded that
SABR is a safe treatment technique for lung cancer.

Themajority of the studies did not provide histological or
cytological confirmation of disease or had few patients within
a cohort with histological/cytological confirmation of cancer.
While patients that are contraindicated to surgery or invasive
procedures may not be able to undergo a biopsy due to health
concerns, pathological confirmation of disease would ideally
allow radiation oncology professionals to specifically tailor
the SABR treatment to the patient. Only one multicentre
clinical trial, conducted by Ricardi et al. [49], employed con-
sistent patient selection criteria across the centres in the
trial, with patients having their histology/cytology status con-
firmed asNSCLC.There is, also, the potential in retrospective
studies analysing prospectively collected data to underreport
results. It is vital in these situations for centres to have
analogous patient selection criteria, dose and fractionation
schemes, toxicity scoring criteria, and the same follow-up
period to allow meaningful comparison of results.

Most studies investigated SABR for NSCLC or metastatic
lung lesions. This focus can be both positive and negative:
while it allows for the studies on NSCLC and lung metastases
to be compared with other studies investigating SABR for the
same pathology, it does not allow at this stage for accurate

and reliable conclusions to be made when comparing studies
investigating SABR for NSCLC and lung metastases together.
Such analysis might still be useful (subject to data availabil-
ity), as outcomes of SABR for radioresistant tumour metas-
tases might be different to primary NSCLC. While disease-
related outcomes may be quite different when comparing
SABR for NSCLC with lung metastases from other primary
cancers, toxicity comparisons for the SABR techniques used
may be valid. Additionally, the stage of the lung cancer influ-
ences the patient’s performance status, along with other pa-
tient comorbidities, making comparison between NSCLC
and lung metastases toxicities difficult. Within the dataset,
there were studies that failed to mention the pathology of the
lung cancers being treated.

There was also a strong trend towards studies investigat-
ing SABR for peripheral lung lesions, with, what appeared
to be, studies avoiding SABR for central lung cancer lesions.
Whether this is to avoid the risks and potential downfalls to
patients when treating central lesions or to solely investigate
peripheral lesions, more clinical trials examining the effect
of SABR for centrally located lung cancer are essential to
develop a more sophisticated understanding of the toxicities
that are inherent in SABR.

Additionally, it would be valuable to investigate SABR for
lung cancer for males and females and report on toxicities
separately. This would allow one to determine whether there
is a correlation between gender, and any other gender-specific
factors, and the incidence of toxicity.

The clinical trial sample sizes varied greatly, ranging from
as high at 566 to a low of nine patients. In this situation,
it is difficult to compare the results and statistical parameters
from the studies, where provided. Furthermore, not all re-
ported doses and fractionations areunequivocal as the amount
of PTV coverage, prescription isodose line, and heterogeneity
corrections likely varied between studies.

Studies in general lacked a comprehensive toxicity analy-
sis after SABR. Instead, most studies focused on commonly
occurring toxicities such as chest wall pain and radiation
pneumonitis. Comparison between the studies that focus
solely on a particular toxicity is possible, but does not enable
one to investigate the other toxicities that occurred dur-
ing that clinical trial, while the toxicity under observation
occurred. Other questions arise as several studies claimed
that some toxicities, such as pneumonia and bronchitis, were
radiation-induced. While they may be radiation-related, the
toxicities could also be nosocomially acquired or community
acquired, as opposed to SABR-related. Compounding the
difficulty in comparing the toxicities reported were the range
of toxicity grading criteria employed.

Some of the conclusions derived from the clinical trials
can be summarised as follows.

Phase III Trials
(i) When comparing lobectomy and SABR, surgery

resulted in an increase in procedure-related morbid-
ity.

Phase II Trials
(i) Very few studies showed high grade toxicities/fatali-

ties as a result of SABR for lung cancer.
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(ii) Patients with grade 2 or higher radiation-induced
fibrosis had larger PTVs compared to patients without
fibrosis, but no association between fibrosis and lung
dose was observed.

(iii) GTV size was a significant predictor of toxicity.
(iv) Chest wall pain and/or rib fracture was more preva-

lent in patients with a smaller tumour-chest distance,
larger tumour diameters, and larger PTV.

(v) An ipsilateral mean lung dose larger than 9 Gy was
significantly associated with radiation pneumonitis.

(vi) While some trials found no difference in the occur-
rence of radiation pneumonitis between peripheral
and central lesions, others reported a relationship be-
tween toxicity (grade 3 to 5) and tumour position
(hilar/pericentral versus peripheral).

The results presented in this review support the case for
further investigation. Based on the studies reviewed SABR
is a safe treatment technique for lung cancer; however, more
researchneeds to be conducted into the area of toxicities, both
acute and chronic in nature, for more conclusive results.

Data Availability

Data (duly referenced) supporting the results reported in this
review are presented in a tabulated format and can be found
in references provided.

Disclosure

This is a review of publicly available (published) data and
such no ethics approval and consent to participate have been
required.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

All authors havemade a significant contribution to the prepa-
ration of this manuscript, including study design, literature
search and evaluation, data compilation and analysis as well
as manuscript writing and editing.

References

[1] J. Ferlay, I. Soerjomataram, R. Dikshit et al., “Cancer incidence
and mortality worldwide: sources, methods and major patterns
in GLOBOCAN 2012,” International Journal of Cancer, vol. 136,
no. 5, pp. E359-386–E386, 2015.

[2] R. Siegel, C. Desantis, K. Virgo et al., “Cancer treatment and
survivorship statistics, 2012,” A Cancer Journal for Clinicians,
vol. 62, no. 4, pp. 220–241, 2012.

[3] S. S. Lo, M. Foote, S. Siva et al., “Technical know-how in stereo-
tactic ablative radiotherapy (SABR),” Journal of Medical Radia-
tion Sciences, vol. 63, no. 1, pp. 5–8, 2016.

[4] S. H. Benedict, K. M. Yenice, D. Followill et al., “Stereotactic
body radiation therapy: the report of AAPM Task Group 101,”
Medical Physics, vol. 37, no. 8, pp. 4078–4101, 2010.

[5] C. K. Glide-Hurst and I. J. Chetty, “Improving radiotherapy
planning, delivery accuracy, and normal tissue sparing using
cutting edge technologies,” Journal of �oracic Disease, vol. 6,
no. 4, pp. 303–318, 2014.

[6] U. Ricardi, S. Badellino, and A. R. Filippi, “Stereotactic body
radiotherapy for early stage lung cancer: History and updated
role,” Lung Cancer, vol. 90, no. 3, pp. 388–396, 2015.

[7] S. Stieb, S. Lang, C. Linsenmeier, S. Graydon, and O. Riesterer,
“Safety of high-dose-rate stereotactic body radiotherapy,” Jour-
nal of Radiation Oncology, vol. 10, no. 27, pp. 1–8, 2015.

[8] L. B. Marks, S. M. Bentzen, J. O. Deasy et al., “Radiation dose-
volume effects in the lung,” International Journal of Radiation
Oncology Biology Physics, vol. 76, no. 3, pp. S70–S76, 2010.

[9] K. H. Kang, C. C. Okoye, R. B. Patel et al., “Complications from
stereotactic body radiotherapy for lung cancer,” Cancers, vol. 7,
no. 2, pp. 981–1004, 2015.

[10] J. Y. Chang, S. Senan, M. A. Paul et al., “Stereotactic ablative
radiotherapy versus lobectomy for operable stage I non-small-
cell lung cancer: A pooled analysis of two randomised trials,”
�e Lancet Oncology, vol. 16, no. 6, pp. 630–637, 2015.

[11] K. Lindberg, J. Nyman,V. RiesenfeldKällskog et al., “Long-term
results of a prospective phase II trial of medically inoperable
stage iNSCLC treatedwith SBRT -TheNordic experience,”Acta
Oncologica, vol. 54, no. 8, pp. 1096–1104, 2015.

[12] J. J. Nuyttens, N. C. M. G. Van Der Voort Van Zyp, C. Verhoef
et al., “Stereotactic body radiation therapy for oligometastases
to the lung: A phase 2 study,” International Journal of Radiation
Oncology Biology Physics, vol. 91, no. 2, pp. 337–343, 2015.

[13] B. Stone, V. S. Mangona, M. D. Johnson, H. Ye, and I. S. Grills,
“Changes in Pulmonary Function Following Image-Guided
Stereotactic Lung Radiotherapy: Neither Lower Baseline Nor
Post-SBRT Pulmonary Function Are Associated with Worse
Overall Survival,” Journal of �oracic Oncology, vol. 10, no. 12,
pp. 1762–1769, 2015.

[14] C. Collen, N. Christian, D. Schallier et al., “Phase II study of
stereotactic body radiotherapy to primary tumor andmetastatic
locations in oligometastatic nonsmall-cell lung cancer patients,”
Annals of Oncology, vol. 25, no. 10, pp. 1954–1959, 2014.

[15] J. Y. Chang, H. Liu, P. Balter et al., “Clinical outcome and pre-
dictors of survival and pneumonitis after stereotactic ablative
radiotherapy for stage I non-small cell lung cancer,” Journal of
Radiation Oncology, no. 7, p. 152, 2012.

[16] S. Bral, T. Gevaert, N. Linthout et al., “Prospective, risk-adapted
strategy of stereotactic body radiotherapy for early-stage non-
small-cell lung cancer: Results of a phase II trial,” International
Journal of Radiation Oncology Biology Physics, vol. 80, no. 5, pp.
1343–1349, 2011.

[17] R. Timmerman, R. Paulus, J. Galvin et al., “Stereotactic body
radiation therapy for inoperable early stage lung cancer,” Journal
of the American Medical Association, vol. 303, no. 11, pp. 1070–
1076, 2010.

[18] U. Ricardi, A. R. Filippi, A. Guarneri et al., “Stereotactic body
radiation therapy for early stage non-small cell lung cancer:
results of a prospective trial,” Lung Cancer, vol. 68, no. 1, pp. 72–
77, 2010.

[19] I. S. Grills, V. S. Mangona, R. Welsh et al., “Outcomes after
stereotactic lung radiotherapy or wedge resection for stage I
non-small-cell lung cancer,” Journal of Clinical Oncology, vol. 28,
no. 6, pp. 928–935, 2010.



Journal of Oncology 15

[20] P. Baumann, J. Nyman, M. Hoyer et al., “Outcome in a pros-
pective phase II trial of medically inoperable stage I non-small-
cell lung cancer patients treated with stereotactic body radio-
therapy,” Journal of Clinical Oncology, vol. 27, no. 20, pp. 3290–
3296, 2009.

[21] A. J. Fakiris, R. C. McGarry, C. T. Yiannoutsos et al., “Stereotac-
tic body radiation therapy for early-stage non-small-cell lung
carcinoma: fouryear results of a prospective phase II study,”
International Journal of Radiation Oncology Biology Physics, vol.
75, no. 3, pp. 677–682, 2009.

[22] M. Koto, Y. Takai, Y. Ogawa et al., “A phase II study on stereo-
tactic body radiotherapy for stage I non-small cell lung cancer,”
Radiotherapy & Oncology, vol. 85, no. 3, pp. 429–434, 2007.

[23] R. Timmerman, R. McGarry, C. Yiannoutsos et al., “Excessive
toxicity when treating central tumors in a phase II study of
stereotactic body radiation therapy for medically inoperable
early-stage lung cancer,” Journal of Clinical Oncology, vol. 24, no.
30, pp. 4833–4839, 2006.

[24] M. Paludan, A. T. Hansen, J. Petersen, C. Grau, and M. Høyer,
“Aggravation of dyspnea in stage I non-small cell lung cancer
patients following stereotactic body radiotherapy: Is there a
dose-volume dependency?” Acta Oncologica, vol. 45, no. 7, pp.
818–822, 2006.

[25] P. Okunieff, A. L. Petersen, A. Philip et al., “Stereotactic Body
Radiation Therapy (SBRT) for lung metastases,” Acta Oncolog-
ica, vol. 45, no. 7, pp. 808–817, 2006.

[26] R. Onimaru, H. Shirato, T. Shibata et al., “Phase i study of
stereotactic body radiation therapy for peripheral T2N0M0
non-small cell lung cancer with PTV < 100 cc using a continual
reassessment method (JCOG0702),” Radiotherapy & Oncology,
vol. 116, no. 2, pp. 276–280, 2015.

[27] A. Takeda, Y. Oku, N. Sanuki et al., “Feasibility study of stereo-
tactic body radiotherapy for peripheral lung tumors with a
maximum dose of 100 Gy in five fractions and a heterogeneous
dose distribution in the planning target volume,” Journal of
Radiation Research, vol. 55, no. 5, pp. 988–995, 2014.

[28] K. E. Rusthoven, B. D. Kavanagh, and S. H. Burri, “Multi-insti-
tutional phase I/II trial of stereotactic body radiation therapy
for lung metastases,” Journal of Clinical Oncology, vol. 27, no. 10,
pp. 1579–1584, 2009.

[29] R. C. McGarry, L. Papiez, M. Williams, T. Whitford, and R. D.
Timmerman, “Stereotactic body radiation therapy of early-
stage non-small-cell lung carcinoma: Phase I study,” Interna-
tional Journal of Radiation Oncology Biology Physics, vol. 63, no.
4, pp. 1010–1015, 2005.

[30] J. H. Kim, K. A. Jenrow, and S. L. Brown, “Mechanisms of
radiation-induced normal tissue toxicity and implications for
future clinical trials,” Radiation Oncology Journal, vol. 32, no. 3,
pp. 103–115, 2014.

[31] C. Almeida, D. Nagarajan, J. Tian et al., “The Role of Alveolar
Epithelium in Radiation-Induced Lung Injury,” PLoS ONE, vol.
8, no. 1, Article ID e53628, 2013.

[32] S. Siva, T. Kron, M. Bressel et al., “A randomised phase II trial of
Stereotactic Ablative Fractionated radiotherapy versus Radio-
surgery for Oligometastatic Neoplasia to the lung (TROG 13.01
SAFRON II),” BMC Cancer, vol. 16, no. 1, p. 183, 2016.

[33] ClinicalTrials.gov 2017, Randomized Study to Compare
CyberKnife to Surgical Resection In Stage I Non-small Cell
Lung Cancer (STARS), United States, viewed 24 January,
https://clinicaltrials.gov/show/NCT00840749, 2017.

[34] ClinicalTrials.gov 2017, Trial of Either Surgery or Stereotactic
Radiotherapy for Early Stage (IA) Lung Cancer (ROSEL), Unit-
ed States, viewed 24 January, https://clinicaltrials.gov/ct2/show/
study/NCT00687986, 2017.

[35] W. A. Stokes, M. R. Bronsert, R. A. Meguid et al., “Post-
treatment mortality after surgery and stereotactic body radio-
therapy for early-stage non-small-cell lung cancer,” Journal of
Clinical Oncology, vol. 36, no. 7, pp. 642–651, 2018.

[36] E. M. Bongers, C. J. A. Haasbeek, F. J. Lagerwaard, B. J. Slotman,
and S. Senan, “Incidence and risk factors for chest wall toxicity
after risk-adapted stereotactic radiotherapy for early-stage lung
cancer,” Journal of �oracic Oncology, vol. 6, no. 12, pp. 2052–
2057, 2011.

[37] I. S. Grills, A. J. Hope, M. Guckenberger et al., “A collaborative
analysis of stereotactic lung radiotherapy outcomes for early-
stage non-small-cell lung cancer using daily online cone-beam
computed tomography image-guided radiotherapy,” Journal of
�oracic Oncology, vol. 7, no. 9, pp. 1382–1393, 2012.

[38] M. Guckenberger, L. L. Kestin, A. J. Hope et al., “Is there a lower
limit of pretreatment pulmonary function for safe and effective
stereotactic body radiotherapy for early-stage non-small cell
lung cancer?” Journal of�oracic Oncology, vol. 7, no. 3, pp. 542–
551, 2012.

[39] D. H. Schanne, U. Nestle, M. Allgäuer et al., “Stereotactic body
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