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Abstract The toxicity of stereotactic body radiation ther-
apy in the central chest remains an unsettled issue. The
collected data concerning the observed complications are
poorly understood and are limited in their quantity and
quality, thus hampering a precise delineation of treatment-
specific toxicity. The majority of complications scored as
toxicity grade 5, namely respiratory failure and fatal hemop-
tysis, are most likely related to multiple competing risks
and occurred at different dose fractionation schemas, e. g.,
10-12 fractions of 4-5 Gy, 5 fractions of 10 Gy, 3 fractions
of 20-22 Gy, and 1 fraction of 15-30 Gy. Further investi-
gations with longer follow-up and more details of patients’
pretreatment and tumor characteristics are required. Fur-
thermore, satisfactory documentation of complications and
details of dosimetric parameters, as well as limitation of the
wide range of possible fractionation schemes is also war-
ranted for a better understanding of the risk factors relevant
for macroscopic damage to the serially organized anatomic
structure within the central chest.
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Spezifische Toxizitéit nach stereotaktischer
Strahlentherapie des zentralen Brustkorbs
Eine umfangreiche Literaturiibersicht

Zusammenfassung Das Risiko fiir schwere Nebenwirkun-
gen der stereotaktischen Strahlentherapie bei zentralen Lun-
gentumoren ist bisher schlecht definiert. Nicht nur die be-
grenzte Zahl der dokumentierten Ereignisse, sondern auch
die Vielzahl der verwendeten Fraktionierungsschemata er-
schwert das Herausarbeiten valider prognostischer Fakto-
ren. Auf Basis dieser Datenlage lésst sich das Risiko fiir
Grad-5-Toxizitédten, insbesondere Atemversagen und todli-
che Blutungen, kaum einem bestimmten Dosis- oder Frak-
tionierungsschema, wie z. B. 10-12 Fraktionen mit 4-5 Gy,
5 Fraktionen mit 10 Gy, 3 Fraktionen mit 20-22 Gy und
1 Fraktion mit 15-30 Gy zuordnen, da multiple patienten-
spezifische, konkurrierende Risiken dabei einen wesentli-
chen Einfluss zu haben scheinen. Es wird zukiinftig erfor-
derlich sein, pritherapeutische Patienten- und Tumorcha-
rakteristika genauer zu erfassen, dosimetrische Parameter
besser zu dokumentieren und die Vielfalt der Fraktionie-
rungsschemata zu begrenzen, um die relevanten Risikofak-
toren fiir schwere Nebenwirkungen an den seriell organi-
sierten anatomischen Strukturen des zentralen Brustkorbs
besser definieren zu konnen.

Schliisselworter Lungenkrebs - Herz - Hamoptyse -
Risikoorgane - Risikofaktoren

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00066-016-1063-z&domain=pdf
http://dx.doi.org/10.1007/s00066-016-1063-z

174

Strahlenther Onkol (2017) 193:173-184

Table 1 Key process involved in an interpretive literature search

Phase of interpre-
tive approach

Processes involved in review

1. Getting started

2. Confirming
the initial interest
through

3. Reading the
studies

4. Studies selec-
tion

5. Determining
how the studies
are related

6. Translating
studies into one
another

7. Synthesizing
translation

8. Expressing the
synthesis

Formulation of an initial review question
“Does SBRT have a specific late toxicity on the serially arranged organs within the central Chest?”

Searching for literature to be included

— Electronic literature search using PubMed database and the Cochrane Central Register of Controlled Trials. MeSH
terms “‘stereotactic”, “radiation”, “centrally”, “central chest”, “lung” were entered to the search
function.

— Manual reference chaining in previously published reviews or recent studies on the same topic.

1.« 2 <, 2
)

cancer”, “tumor”,

Full-text review

— Specific late toxicity to the central chest was procedurally and ex negativo predefined as any toxicity thought to be re-
lated to radiation damage to the tracheobronchial tree or to the heart and pericardium or to the large vessels or toxicity =
grade 3 to the esophagus.

— Repeated re-reading of the full-text of each study to identify specific late toxicities.

To be included in the review, a paper had to meet all the following criteria

— Included treatment of centrally located lung lesions with SBRT.

— Ex negativo reporting of a specific toxicity as predefined above.

— Published between January 2001 and December 2015.

— Published in English language.

— Published in a peer-reviewed journal.

— Non-specification of tumor location (peripheral vs. central) or type of cancer (primary vs. metastatic) was not consid-
ered an exclusion criterion.

— Studies on proton beam SBRT were excluded.

— Studies on radiosurgery or SBRT for thoracic paraspinal lesions were excluded.

— Studies reporting the outcomes only in peripherally located or metastatic lesions, which were prespecified as different
distinct entities, were excluded.

Determining the relationships between studies through shared clinical observations and specific safety endpoints

— Based on clinical terminologies used in the original papers, similar specific clinical observations that may be related to
the anatomic structures within the central chest were identified and grouped together and an index for specific toxicity was
constructed.

— Thereafter, studies were summarized, characterized, and compared.

Comparison of endpoints in one study with those in other studies; translation can be reciprocal, reputational, or form a
line of arguments

— After providing a descriptive account of data, attempts were made to translate the endpoints into one another. The abil-
ity of endpoints in one study to be translated into endpoints from other studies is grounded, obviously, in the attributes,
structures, granularity, and the scope of use of clinical terminologies themselves, as well as the endpoints that are most
adequately specified.

— Refutational translation consisted of characterization of contradictions and discrepancies between studies’ reports and
flaws in evidence and attempts to explain them

Secondary translation (not always possible) when translations can encompass those of other accounts

— By constant and iterative comparisons between individual accounts, attempts were made to excavate sediment endpoints
that are most powerful in representing the whole literature body, and thus to excavate the corresponding clinicopathologic
correlations that are deeply fossilized in the findings of the separate studies.

Writing the review
— Communication of the finding from the interpretive approach in a form appropriate to audience (review article).

“The results show that the effect of multiple dose fractions, even a

very small one, is in no respect different, in terms of macroscopic
(skin) damages, from that of a single dose” Reisner, “Skin erythema
and roentgen therapy”, 1933

Introduction

trally located lung tumors. During the past decades, the
central chest has been widely acknowledged as a “no-fly
zone” for SBRT, even in the National Comprehensive Can-
cer Network (NCCN) guidelines for the treatment of non-
small cell lung cancer (NSCLC) in 2010 and 2011.
Nevertheless, the Radiation Therapy Oncology Group
(RTOG) dose-escalation phase I study for centrally located

There is little doubt that stereotactic body radiation therapy
(SBRT) is safe for the treatment of peripheral lung lesions
and it is used routinely. However, the primary controversy
regarding the safety of SBRT involves its utility for cen-
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lung cancer (RTOG 0813; [1]) has recently published its
primary endpoint analysis. Except for one case of cardiac
toxicity grade 3 (G3), all other toxicities G3—G5 occurred in
the parallel arranged lung parenchyma (hypoxia and pneu-
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Manual literature search in
Textbooks: 2

Electronic literature search
in PubMed database and the
Cochrane Central Register of

Controlled Trials: Reference chalning:

157 20
A
108 records after duplications,
abstracts and non-English texts
removed
! 40 of records excluded
108 records screened 15 planning studies
MR commentaries/reviews
14 missmatch
‘L 27 of full-text articles
excluded:
68 of full-text articles assessed for
eligibility »| 7 studies with no long-term
toxicity (207 patients)

20 studies reported non-
specific late toxicity (608

| patients)

41 Studies with 1642 patients
included in the qualitative synthesis,
so individual patient data from 115
cases were extracted

Fig. 1 Study flow diagram

monitis). Severe toxicities in the tracheobronchial tree and
the esophagus were not reported. In the German metacen-
tric analysis [2], one of 90 patients with central lung cancer
died from pneumonitis G5 without evidence of bronchial
stenosis or bleeding.

Indeed, reviews including comprehensive data concern-
ing SBRT-specific morbidity and mortality when treating
central lung tumors are sparse [3]. The aim of this paper
is to provide a discursive prose, rather than a data summer-
izing review on the specific toxicity of SBRT to anatomic
structures within the central chest.

Methods

The initial literature search was also based on studies iden-
tified by Kang et al. [3], and extended to a wide range
of literature offered by citation analysis and manual as
well as electronic reference chaining. Lung tumors located
within 2 cm around the proximal tracheobronchial tree, or
at a maximum distance of 1 cm from the heart and peri-
cardium, and the esophagus were considered as central. To
synthesize the literature data in the form of a comprehen-
sive review, an approach incorporating qualitative research

synthesis methodology was used. The key process involved
in this review is illustrated in Table 1.

Results
Literature search

The search strategy identified 68 studies including 2457 pa-
tients treated with SBRT for central lesions. After repeated
re-reading of each individual paper, 20 (30 %) studies with
608 (25 %) patients and 7 (10 %) studies with 207 (8 %)
patients reporting ex negativo no specific and no long-term
toxicity, respectively, were excluded. As a result, 41 (60 %)
studies with 1642 patients (67 %) were considered to be
highly relevant to the initial inquiry and included (see Fig. 1
and electronic supplementary material).

Individual data of 115 (7 %) patients (4.6 % of all pa-
tients treated in studies including central lesions) were ex-
tracted, reviewed, and characterized. Tracheobronchial tox-
icity was the most frequently reported (6.7 %). Other end-
points, including cardiac toxicity, respiratory failure, fatal
hemoptysis, and esophageal toxicity = G3, were equally re-
ported, with rates of 2.8 %, 2.2 %, 2.3 %, 2.4 %, and 2.4 %,
respectively. Overall, specific late toxicity occurred with
a median total dose of 50 Gy (range 40-54 Gy) and a me-
dian biologically effective dose with a/p = 3 Gy (BED:3) of
216 Gys (210-277 Gys) in the hottest/shortest regimes com-
pared with a median total dose of 45 Gy (range 30-50 Gy)
and a median BED; of 176 Gys (90-237 Gys) in the coldest/
longest regimes. A summary of toxicity data is shown in
Table 2.

Cardiac toxicity

The beating heart can neither be categorized as a paral-
lel nor as a serially arranged organ at risk (OAR). Tumor
and normal tissue motion induced by the beating heart and
in combination with respiratory-induced motion are poorly
understood. The motion artifacts are more severe in the
left lung adjacent to the beating heart. Compensation of
heart motion seems to be impossible as yet, and the true
maximal dose tolerated by the heart or its partial volume
remains unknown, even in the conventional setting.

In a recently published study on 39 lung tumors that
were close to the heart, increased cardiac uptake of 18-
flurodeoxyglucose (18-FDG) was observed in positron-
emission tomography (PET) in 9 patients in whom more
than 5 cc of the heart was covered by the 20 Gy iso-
dose line, but without meaningful correlation between this
observation and cardiac toxicity [4]. Without describing
the perfusion—metabolism patterns (normal, subendocar-
dial match, transmural match, and mismatch), PET alone

@ Springer
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Table 2 Summary of toxicity data

Specific Toxicity No. studies No. No. cases Total dose in the shortest/hottest Total dose in the longest/coldest
Endpoints Total =41 patients Total = 1152 regime (BED3) regime (BED3)
(%) 1642 (%) Median Range Mean + SD Median Range Mean + SD
Cardiac toxicity 8 (19) 496 14 (2.8) 53.5 45-72 572+9.5 44.5 24-60 45.1+10
277) (146-648) (360 + 191) (205) (88-460) (233 +129)
Pericarditis/ 7(17) - 9(1.8) - - - - - -
pericardial effusion
Arrhythmia 124 - 3(0.6) - - - - - -
Myocardium dam- 2(4.8) - 2(0.4) - - - - - -
age
Tracheobronchial toxicity
Stenosis/atelectasis 14 (34) 648 44 (6.7) 46.5 20-60 45+ 12 42 20-65 43+ 12
(255) (60-460) (258 +87) (176) (46-360) (174 + 80)
Bronchial stenosis 5(12) - 11 (1.6) - - - - - -
without atelectasis
Bronchial stenosis 5(12) - 5(0.7) - - - - - -
with atelectasis
Atelectasis without 707 - 28 (4.3) - - - - - -
upstream stenosis
Tracheobronchial 4(9.7) 115 43.4) 50 (237) 40-72 53+13 50 30-72 50 +17
necrosis (146-648) (317 £255) (237) (90-648) (303 + 240)
Tracheitis 12.4) 47 12.1) 60 - - - - -
(460)
Bronchial fistula 3(7.3) 104 4(3.8) 40 (216) 30-50 40+ 10 30 15-50 31.6+ 17
Sformation (146-330) (230+72) (90) (90-216) (132+72)
Esophageal toxic- 9(21) 670 16 (2.3) 50 (210) 18-60 42.5+13.8 48 30-75 47.8+11.9
ity (93-277) (189.5+62)  (173) (130-295) (184 +51)
Ulceration G5 12.4) - 1(0.1) - - - - - -
Esophagitis G3 6 (14.6) - 12 (1.7) - - - - - -
Esophagitis = G2 124) - 3(0.4) - - - - - -
Not otherwise classifiable specific toxicities
Respiratory failure 7017) 402 9(2.2) 50 (210) 40-66 52 +8.8 45 30-60 46+ 11.3
(133-550) (265 + 150) (180) (90-460) (211 = 124)
Fatal hemoptysis 16 (39) 939 23 (2.4) 45 (213) 20-70 439 +15 45 15-75 44 =17
(86-550) (221 +120) (176) (80-460) (186 = 105)

SD standard deviation, G grade, BED3 biologically effective dose with a/f =3 Gy

“Duplication cannot be excluded

is obviously meaningless for post-SBRT cardiac toxicity
assessment.

Cardiac toxicity in SBRT studies included radiation-in-
duced damage to the pericardium, the impulse conductive
tissue, and the myocardium. Fourteen cases were identified
from eight studies. The largest data set on cardiac toxicity
comes from experiences at Indiana University. However,
SBRT-related pericardial effusion seems to be a rare entity
(Table 3). This may be related to significant improvements
in treatment planning techniques or to the use of less ab-
lative doses than those applied by Indiana University or
even to the reluctance of radiation oncologists to treat cen-
tral tumors that are adjacent to the beating heart. After
a median follow-up of 6.3 months (range 3-29 months),
Bonomo and colleges from Florence University [14], who

@ Springer

treated 16 paracardiac lesions with 3 fractions of 12 Gy,
reported no long-term cardiac toxicity.

In the aforementioned phase II study [8], one patient died
from complications of pericardial effusion without further
information.

Respiratory failure

Fakiris et al. [15] stated that the abovementioned complica-
tions resulted from pericardial effusion as “respiratory fail-
ure.” Either the signs of cardiac tamponade resulting from
delayed chronic pericardial effusion had been interpreted
as “respiratory failure” because dyspnea is the most com-
mon presenting symptom, or this “respiratory failure” was
possibly related to the preexisting pulmonary dysfunction
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Table 3 Studies reporting cardiac toxicity

Study (year) No. patients No./grade Treatment Median Clinical data and interpretations
(lesions) of toxicity schedule follow-up
(%) (months)
Timmerman (2003) [5] Total = 37 1G2(2.7) 3% 10-19 Asymptomatic pericardial effusion seen on chest
Central® 8-24 Gy computer tomography
McGarry (2005) [6] Total = 47 1G2 (2.1) 3 x 18 Gy 27.4 Pericardial effusion; tumor volume = 9.3 ml.
Central® 1G3(2.1) 3 x22Gy 19.1 Pericardial effusion tumor volume = 57 ml, may
be the same patient who required surgical inter-
vention to relieve symptoms (unpublished data
cited in [7])
Timmerman (2006)[8] Total =70 1G5(1.4) 3% 17.5 Death from complications of pericardial effusion
Central® 20-22 Gy 13.8 months posttreatment
Baumann (2006) [24] Total = 138 1G1-=2 2-4 x 16.3 Was not possible to retrieve more information on
Central® 1G3 10-20 Gy heart failure from patient records
Milano (2009) [9] 53 (98) 1 G3 (1.8) 10-11 % 28 Pericarditis 9 months after SBRT and 4 months
4-5 Gy after palliative re-irradiation of the mediastinum
Baba (2010) [10] Total = 124 1G2 (3.4) 4 x 26 Pericardial effusion; the authors reported on
Central =29 1G2(3.4) 11-13 Gy another patient with cardiac muscle damage
G2; no correlation with dose distribution was
demonstrated
Schiabamato (2012)[11] Total = 180 1G2 (2.8) 4 x 36 Pericardial effusion without further information
Central = 35 11-13 Gy
Chang (2014) [12] 100 3G1-2(3) 4 x12.5 Gy 30.6 Tumors 1.7 cm from pericardium; no informa-
tion about the type of arrhythmias and a possible
abnormal location of heart impulse formation,
thus maximum dose and volumes exposed to
20 or 40 Gy remain invalid
Modh (2014) [13] 125 2 G2 (1.6) 5x9 Gy 17.4 One case of pericardial effusion; one case of
1G3 (0.8) pericarditis and one of myocardial infarction

G grade, SBRT stereotactic body radiation therapy

“No specification of tumor location though reporting significant toxicity to the central chest structures

or even to pneumonia. The immediate cause of respiratory
failure remains unclear.

Indeed, respiratory failure is a general and ill-specified
endpoint, and reflects a final condition resulting in death,
regardless of the underlying cause initiating the events lead-
ing to death. The majority of deaths could be perceived as
resulting from “respiratory failure,” as it would usually be
documented in death certification. Thus, this clinical end-
point seems to be inappropriate for assessment of treatment-
specific toxicity. Unfortunately, respiratory failure was used
as a safety endpoint in six SBRT series (Table 4). This re-
flects the fact that the authors were unsure of the immediate
cause of death, or unable to accurately ascertain the under-
lying or contributing causes of death.

Bronchial stenosis and atelectasis

The pathophysiological mechanisms underlying radiation-
induced bronchial stenosis and subsequent collapse of the
lung tissue remain poorly understood. Radiation injury to
the bronchi might begin simply with erythema, edema in
the mucosa, and transmural inflammatory infiltration that
manifests in some degree of wall thickening of major air-

ways without clinical evidence of airflow restriction [20].
At this stage, some radiological signs may begin to appear,
including discrete hypoventilation of downstream lung tis-
sue without changing tissue density or signs of atelectasis
[21].

Over time, multiple superficial ulcers may become ap-
parent. These occur mostly in “maximum dose” areas and
are surrounded by endobronchitis [22]. Chronic endobron-
chitis might progress into ulceration and fibrosis. While
ulceration may result in necrosis and fistula formation in
the main/lobar bronchi [16, 17], the progression of fibrosis
may ultimately narrow the segmental airways, resulting in
the collapse of downstream lung tissue [22].

Tumor necrosis and the sloughing off of endobronchial
mucosa after SBRT may also obstruct the airway lumen.
This remains a potential problem even for endoscopic treat-
ments, which are considered to be the safest intervention
modality. Stauder et al. [18] reported on a patient who
died from respiratory failure “secondary to tumor necrosis
causing progressive bronchial obstruction.” In addition, in-
creased production of mucus has been observed after re-
irradiation with SBRT [23].
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Table 4 Studies utilizing respiratory failure as safety endpoint

Study (year) No. patients No. of cases Treatment Median Clinical data and interpretations
(no. lesions) (%) schedule follow-up
(months)
Milano (2009) [9] 53 (98) 3(5.6) 10-11 x 28 Two tumors abutted bronchus, one 0.5 cm
4-5 Gy from it; two with recurrent COPD exacerba-
tion; one with local recurrence
Fakiris (2009) [15] Total =70 1(4.5) 3 x20-22 Gy 50.2 It remains unclear, whether this was related to
Central = 22 cardiac toxicity or pneumonia, or to underly-
ing comorbidities
Rowe (2012) [16] 47 (51) 12.1) 4 x 12.5 Gy 11.3 5.7 cm sized metastasis from malignant
melanoma that was abutting main left
bronchus; the patient developed hemoptysis
and ultimately collapsed lung and hypoxemia;
maximum dose point corresponded to the radi-
ation-induced bronchial necrosis
Unger (2010) [17] 20 1(5) 5 x 6-8 Gy 10 Gross main stem endobronchial metastasis
from malignant mesothelioma; biopsy proven
bronchial necrosis and fistula formation at
7 months
Stauder (2011) [18] Total = 84 12.1) 34 x 15.8 Previous pneumonectomy; the tumor was
(88) 12-18 Gy obstructing the main left bronchus at baseline;
Central = (47) progression of obstruction after SBRT may be
due to tumor slough
Modh (2014) [13] 125 1(0.8) 5%x9Gy 17.4 The patients died of respiratory failure within
7 months after SBRT for large tumor in LLL;
synchronous tumor in RUL treated with wedge
resection
Tekatli (2015) [19] 88 1(1.1) 8 x7.5 Gy 47 An elderly patient with COPD stage IV; the

authors reported also three other cases of res-
piratory failure due to COPD, heart failure,
and pneumonia

COPD chronic obstructive pulmonary disease, SBRT stereotactic body radiation therapy, RUL right upper lobe, LLL left lower lobe

Furthermore, bronchial stenosis might not appear to be
the only causal factor for atelectasis. There is more lung
tissue around segmental bronchi compared to main/lobar
bronchi, and thus also a higher risk of radiation-induced
pneumonitis. The alveoli surrounding the lesions might
be compressed by parenchyma fibrosis, tumor progression,
or bacterial infection, resulting in cicatrization atelectasis.
Thus, the collapse of lung tissue might not necessarily result
from upstream airway stenosis.

Eleven cases of bronchial stenosis without secondary at-
electasis and five cases of stenosis with secondary atelec-
tasis were identified. By contrast, 28 cases of atelecta-
sis without documented upstream bronchial stenosis were
found (Table 5).

The most important attempt to estimate the dose-response
relationship for atelectasis comes from the Karolinska Uni-
versity experience reported by Karlsson et al. [33]. How-
ever, the analysis was confused by several uncertainties
addressed by the investigators themselves, thus rendering
these constraints unsuitable for generalization across the
literature. Furthermore, the authors did not distinguish
patients who developed bronchial stenosis with secondary
atelectasis from those with bronchial stenosis without
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atelectasis, or from those with atelectasis but without
bronchial stenosis.

The study was also biased by bad resolution for the de-
lineation of OAR, which resulted from a CT slice thickness
of 1 cm and 0.5 cm before and after 1996, respectively.
On such slices, subvolumes of the bronchial tree might not
be visible and hotspots on the circumferential bronchial
discs might be overlooked. By contrast, in a previously
unpublished student thesis on the same cohort of patients,
Karlsson [35] showed a dose—response relationship only for
right-sided lung tumors.

While reporting of atelectasis is more frequent, high rates
of bronchial stenosis have been reported in only one study
[26]. Of 9 patients, 3 of 6 patients who had tumors ad-
jacent to the main/lobar bronchus and 2 of 3 patients with
tumors adjacent to the segmental bronchus experienced par-
tial bronchial stenosis, and 3 of the former 6 patients had
complete stenosis. One patient developed bleeding, aspira-
tion, and pneumonia. A pneumonectomy, which was per-
formed to control the bleeding, then became the immediate
cause of death.

In a similar vein, Bral et al. [29] reported on a case of fa-
tal hemoptysis after stent placement for grade 3 bronchial
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Table S Studies reporting atelectasis with or without bronchial stenosis and vice versa

Study (year) No. patients No./grade of Treatment Median Clinical data and interpretations
(lesions) toxicity (%) schedule follow-up
(months)
Song DY (2005) Total = 17 1 G3 (25) 3 x 9-15 Gy 14 One patient with endoscopic evidence of
[24] Central = 4 1 GI1 (25) bronchial stenosis and subsequent atelectasis;
the other patient, who refused bronchoscopy,
with lobar collapse
Baumann (2006) Total = 138 2G3-4(14) 24 x 16.3 Was not possible to retrieve more information on
[25] Central® 10-20 Gy atelectasis from patient records
Joyner (2006) [20] 9 1G2(11) 3x 12 Gy 10.6 Asymptomatic atelectasis on chest x-ray at
36 months; upstream stenosis was confirmed
by bronchoscopy
Song SY (2009) Total =32 5 G2 (55) 34 x 26.5 Endoscopic evidence of stenosis in 6/8 patients;
[26] Central =9 2G3(22) 10-20 Gy 2 patients with complete stenosis and subsequent
1G5(11) atelectasis G2; 2 patients with partial stenosis
and secondary obstruction pneumonia scored
as pulmonary toxicity G3—4; one patient died
from iatrogenic complication after salvage pneu-
monectomy for treating bleeding, aspiration and
pneumonia
Oshiro (2010) [27] 20 1G3(5) 1-13 x 20 Symptomatic bronchial stenosis with subsequent
25-5 Gy atelectasis; improvement of dyspnea in 2 months
after balloon dilatation; no iatrogenic complica-
tions
Baba (2010) [10] Total = 124 1G1 3.4) 4 x 11-13 Gy 26 Atelectasis without further information
Central = 29
Andratschke (2011) Total =92 2 G2 (8.3) 3-7 x 21 Atelectasis without further information
[28] Central =24 5-15 Gy
Bral (2011) [29] Total =40 1 G3(5.8) 4 x 15 Gy 16 The patient experienced dyspnea caused by
Central = 17 bronchial stenosis within radiation field and died
from iatrogenic hemoptysis after stent placement
Haasbeck (2011) 63 1 G2 (1.5) 8 x 7.5 Gy 35 Bronchial stenosis with subsequent atelectasis
[30] and symptomatic cough 12 months posttreatment
without evidence of recurrence at 26 months
Feddock (2013) 17 2G2(11.7) 2-3 x 13 The bronchial stenosis was endoscopic good
[31] 6.5-10 Gy documented; no endobronchial interventions;
no information about location or doses to the
bronchi
Prendergast (2013) Total = 64 1 G2 4.3) 4 x 12 Gy 11.5 Atelectasis and no further information
[32] Central =23 1G3 4.3)
Karlsson (2013) 74 18 G2-3 (24) 2-5 % 18.6 Atelectasis occurred downstream of the segmen-
[33] 4-20 Gy tal bronchi (3 left upper lobe, 1 lingula, 4 left
lower lobe, 6 right upper lobe, 2 middle lobe,
2 right lower lobe)
Nishimura (2014) 133 2 G3 (1.5) 5 x 10 Gy 33 Documented stenosis without atelectasis; no
[34] recurrence; multiple episodes of pneumonia
Tekatli (2015)[19] 88 1G1(1.1) 8 x 7.5 Gy 47 Atelectasis without further information; the pa-

tient later died from fatal hemoptysis

G Grade

“No specification of tumor location though reporting significant toxicity to the central chest structures

stenosis, which was defined as the only treatment-related
death. This patient most likely died of fatal hemoptysis
from bronchovascular fistula formation resulting from the
stent insertion procedure itself (see “fatal hemoptysis” be-
low). From these observations, an erroneous ‘“‘concern over
the safety of stenting previously irradiated airways” was

also drawn [29].

However, bleeding as an iatrogenic complication after
stent implantation in nonirradiated airways is not rare. It
remains unclear whether radiation therapy may increase the
risk of iatrogenic bronchovascular fistula formation after
stent implantation and also the risk of fatal hemoptysis.
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Fatal hemoptysis

Fatal hemoptysis is one of the most serious reported compli-
cations after SBRT and was reported in 16 studies (Table 6).
The clinical and pathological mechanism of fatal pulmonary
hemorrhage in patients with lung cancer is poorly under-
stood. The theory of cavitation with subsequent fistula for-
mation between airways and bronchial circulation, rather
than pulmonary circulation or a non-bronchial circulation
system, e. g., aortobronchial fistula, seems to be the most
plausible mechanism to explain the occurrence of hemop-
tysis of necrotizing tumors, local recurrence, necrotizing
pneumonia, and of radiation induced-necrosis or of anti-
neoplastic agents with a cavitation response.

Fatal hemoptysis is also commonly related to the high-
pressure bronchial arterial system and rarely to the low-
pressure pulmonary arterial system. Thus, the volume of
the pulmonary artery exposed to high-dose radiation ther-
apy might not be adequate at all for dosimetric analysis of
radiation-related hemoptysis. In a recently published study
by Han et al. [36], the widely believed dogma that fatal
hemoptysis might result from high-dose radiation-induced
damage to the pulmonary artery could not be confirmed,
and only 2 of 100 patients with lung tumors adjacent to or
invading the pulmonary artery experienced massive hemop-
tysis. In three SBRT studies, attempts were made to corre-
late the dose to the pulmonary artery with the occurrence
of fatal hemoptysis. In two studies [23, 37], no correla-
tion was found and the patient in the third study [38] was
excluded from the final analysis [12].

In a chemoradiation setting, the presence of baseline ma-
jor tumor cavitation and squamous cell histology [39], and
central location and local recurrence and squamous cell his-
tology [40] were associated with a high risk for hemoptysis.

The highest incidence of fatal hemoptysis was reported
in a brachytherapy setting, although the discussion on
postprocedural complications here remains controversial.
A consensus report from a panel of experts addressing the
problem of fatal hemoptysis in patients with lung cancer
treated with bevacizumab demonstrated squamous cell his-
tology and pretreatment sentinel bleeding to be prior risk
factors, but not cavitation, tumor location, and invasion
into blood vessels [41]. However, the panel of experts
was confused by lacking standardized radiological criteria
for assessing the centrality, vascular invasion, and grade
of cavitation. In an SBRT study on tumors abutting the
tracheobronchial tree, 2 of 4 patients died of pulmonary
hemorrhage after receiving anti-vascular endothelial growth
factor (VEGF; [42]).

Nonetheless, squamous cell carcinomas of the lung are
usually centrally located, are more likely to invade the large
blood vessels, and have a high tendency to cavitate; thus
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representing all of the abovementioned independent risk
factors for fatal hemoptysis.

Bronchial necrosis and fistula formation

However, there is only one report with direct endoscopic
evidence of the source of fatal bleeding from radiation-
induced bronchial necrosis [49]. Overall, there are only
three cases of endoscopic evidence of bronchial necrosis,
and these resulted in different clinical scenarios, i. e., fatal
hemoptysis [49], atelectasis [16], and bronchial fistula for-
mation [17] after treating lung cancer, metastatic malignant
melanoma, and malignant mesothelioma, respectively. Ad-
ditionally, the Indiana University group reported one case
of bronchitis and one case of tracheal necrosis in their series
with doses of 3 fractions of 20 Gy and 3 fractions of 24 Gy,
respectively (no information about location is available [5]).

There may be other competing risks that interfere with
the course of necrosis. While the roles of cisplatin and
pemetrexed in the worsening of radiation necrosis in the
abovementioned case of fatal hemoptysis [49] remains
unclear, the contribution of gemcitabine-related radiation
recall reactions to mediastinal toxicity is well established.
Le et al. [45] reported on a patient treated with single-
dose radiation therapy, who, after switching his adju-
vant chemotherapy to gemcitabine, developed a tracheo-
esophageal fistula followed by fatal hemoptysis from a “tra-
cheovascular fistula” that was confirmed by postmortem
findings. In the same series, another patient with a central
lesion died of lung embolisms and radiation recall pneu-
monitis after receiving gemcitabine, and all G2—-G5-scored
toxicity for central lesions was associated with chemother-
apy. In an aforementioned study [40], gemcitabine was
linked to the development of fatal hemoptysis in patients
with lung cancer.

Tracheoesophageal fistula formation was also seen only
in patients who received anti-VEGF [50].

Esophagitis and esophageal ulceration

Clinically relevant esophageal toxicity with or without
endoscopic evidence of ulceration was identified in eight
SBRT studies (Table 7).

Data on esophageal motion induced by respiration in
patients with lung cancer are very limited and the major-
ity of data are derived from studies that attempt to estimate
respiratory-induced motion of distal esophageal cancer. Al-
though the longitudinal and circular motion of the esoph-
agus during the comparatively longer duration of SBRT
treatment may alter the dose distribution in the esophageal
mucosa and musculature, resulting in over- or underestima-
tion of doses in the esophagus, no data on the esophagus’
inherent motility in humans are available. In an animal-
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Table 6 Studies utilizing fatal hemoptysis as safety endpoint

Study (year) No. patients No. of Treatment Median Clinical data and interpretations
(no. lesions) cases schedule follow-up
(%) (months)
Wulf (2001) [43] Total = 27 1(20) 4 x7 Gy 8 Previous irradiation with 63 Gy; tumor com-
Central =5 pressing pulmonary artery; the authors were
unsure, whether this was due to treatment or to
cancer
Fink (2006) [44] 30 (36) 1(3.3) 3 x 10 Gy 8.2 Previous irradiation with 61 Gy; large 7.5 cm
sized tumor located in AP window; pretreatment
hemoptysis; unregulated warfarin (INR > 6)
Le (2006) [45] Total = 32 13.1) 1 x 15-30 Gy 18 Previous pneumonectomy, irradiation, and adju-
Central® vant chemotherapy; trachea-esophageal forma-
tion after switching to gemcitabine
Timmerman (2006) [8] Total = 70 1(1.4) 3 x20-22 Gy 17.5 The patient experienced local recurrence near
Central® the carina and developed fatal hemoptysis
19.7 months after SBRT
Milano (2009) [9] 53 (98) 1(1.8) 11-12 % 28 The patient received over all three courses of
4-5 Gy SBRT
Oshiro (2010) [27] 21 14.7) 1-13 x 20 Previous treatment with SBRT and brachyther-
25-5 Gy apy; the patient died of hemoptysis 18 months
after single-dose radiosurgery with 25 Gy
Peulen (2011) [23] Total =29 3(27) 3-5x%x 12 Previous SBRT; no bleeding source was found;
(32) 8-15 Gy no correlation between the maximum dose to the
Central = 11 large vessels and toxicity; autopsy performed
in only one patient and showed multiple lung
infarctions
Trovo (2014) [46] 17 1(5.8) 5-6 x 5-6 Gy 18 Previous irradiation with 60 Gy; persistent tumor
involving the hilum; fatal hemoptysis 2 months
posttreatment; the authors were unsure whether
this was due to treatment or cancer progression
Chang (2013) [38] 101 1(0.9) 10 x 7 Gy 27.5 Tumor invading the hilum; large portions of the
pulmonary vessels received doses of 70-80 Gy;
this patient was excluded from later analysis [11]
Feddock (2013) [31, 37] Total = 35 2(11) 2 x 10 Gy 13 SBRT as boost after chemoradiation; large cavi-
Central = 17 tary recurrences involving the hilum; no autopsy
was performed; no correlation with dose deliv-
ered in pulmonary artery in separate analysis
Modh (2014) [13] 125 1(0.8) 5 %9 Gy 17.4 A history of bronchiectasis; died from hemop-
tysis 7 months after SBRT and 1 month after
intubation
Kilburn (2014) [47] Total = 33 1(5.8) 3x 18 Gy 17 Death from aortoesophageal fistula after
Central = 17 6 months; chemoradiation with 74 Gyl year
previously; dosimetry file was lost; aorta was
within 100 % isodose in both plans
Nishimura (2014) [34] 133 2(1.5) 5 x 10 Gy 33 One received re-SBRT 1 month before death and
had sentinel bleeding before treatment; source of
bleeding unclear
Park (2015) [48] 111 2(1.8) 5x 10 Gy 31.2 No further information
Haseltin (2015) [42] 108 2(1.8) 5 %9 Gy 22.7 Two patient received anti-VEGF, and tumors
were abutting the bronchus
Tekatli (2015) [19] 88 2(2.2) 8 x 7.5 Gy 47 One with ex-field recurrence; the other had G1

atelectasis; the authors reported also two other
cases of fatal hemoptysis related to in-field recur-
rence

AP aortopulmonary, INR international normalized ratio, SBRT stereotactic body radiation therapy, VEGF vascular endothelial growth factor,

G grade

“No specification of tumor location though reporting significant toxicity to the central chest structures
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Table 7 Studies reporting esophagitis = grade 3

Study (year) No. patients No./grade of Treatment Median Clinical data and interpretations
(no. lesions) toxicity (%) schedule follow-up
(months)
Wulf (2001) [43] Total =27 1 G3 (20) 3x 10 Gy 8 Metastasis of rectal cancer adjacent to the
Central =5 lower esophagus; marginal progress to
around the esophagus causing pain and diffi-
culty swallowing after 3 months; stent place-
ment and salvage chemotherapy; death from
systemic progress 22 months later
Onimaru (2003) [52] Total = 46 1G5 2.5 8 x 6-7.5 Gy 18 Hematemesis and endoscopic evidence of
(58) esophageal ulceration; a hotspot was ob-
Central = served on retrospective recontouring of the
(39) esophagus
Onishi (2004) [22] Total = 245 2G3(0.8) 1-22 x 24 Tumors adjacent to the esophagus
Central® 18-3.4 Gy
Guckenberger (2009) Total = 124 1G34.5) 4-8 x 6-7 Gy 14 Esophageal ulceration; the same patient as in
[53] Central =22 [42]
Kelly (2010) [54] Total = 36 3G3(8.3) 4 x 15 Previous multimodality treatment of patients
Central® 10-12.5 Gy (surgery, irradiation, chemotherapy); one pa-
tient with in-field relapse and two out-of-field
relapse
Shiabamato (2012) [11] Total = 180 3>G2(8.5) 4 x 11-13 Gy 36 No further information
Central = 35
Stephans (2014) [50] 52 2G3(3.9) 5 x 10 Gy 22.6 Esophageal fistula formation after receiving
anti-vascular endothelial growth factor
Modh (2014) [13] 125 2G3(1.6) 5%x9Gy 17.4 One had esophagitis 4 months after treat-
ment, which then developed in fistula; the
other had bleeding, which required endo-
scopic intervention
Park (2015) [48] 111 1 G2 (0.9) 5x 10 Gy 31.2 No further information

“No specification of tumor location though reporting significant toxicity to the central chest structures

based model [51], an excursion of 2-10 mm of the lon-
gitudinal esophageal axis was observed, which was syn-
chronous with “chest wall, diaphragm movement and intra-
luminal pressure.” The magnitude and duration of oral and
aboral excursion were significantly greater for the distal and
proximal esophagus, respectively.

While dose—volume effects in the esophagus have been
exhaustively reviewed in the conventional setting, no large
body of data existed—up until December 2015—on SBRT-
related esophagus toxicity. Onimaru et al. [52] reported
on a patient with metastatic lung cancer who developed
fatal hemorrhage from an esophageal ulcer 5 months af-
ter SBRT. A retrospective recontouring of the esophagus
revealed a hotspot resulting from the large uncertainty in
treatment planning given the primitive techniques for plan-
ning target volume (PTV) and OAR localization, delin-
eation, and positional verification used in this study. In-
deed, the data are very limited, making it very difficult to
draw a meaningful conclusion.
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Conclusion

The similar rates of frightening complications reported
in heterogeneous studies and their occurrence associated
with all possible dose fractionation schedules suggest that
there may be independent pretreatment patient and tumor
risk factors surrounding these complications rather than
the treatment per se. However, the data remain inconclu-
sive regarding whether protracted fractionation is indeed
necessary to reduce the rate of complications. The cur-
rent utilization of mostly inadequate endpoints for toxicity
assessment may create an outward appearance of validity
under which multiple competing risks that significantly
contributed to the occurrence and severity of observed
toxicity are hidden. Further investigations with longer
follow-up and more details on patients’ pretreatment and
tumor characteristics are required. Moreover, satisfactory
documentation of complications and details of dosimetric
parameters and dose fractionation are warranted. If this
does not occur, the biased reporting of toxicity will con-
tinue to challenge the future utility of high-dose ablative
radiation therapy.
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