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ABSTRACT

Purpose: To evaluate the rate and dose response of brachial plexus toxicity post stereotactic body
radiation therapy (SBRT) of apically situated lung lesions.

Material/methods: We retrospectively identified all patients with apically located tumors, defined by
the epicenter of the tumor being located superiorly to the aortic arch, and treated with SBRT between
2008 and 2013. Patients with a shorter follow-up than 6 months were excluded. Primary aim was to
evaluate radiation-induced brachial plexopathy (RIBP). Dose to the plexus was assessed by a retro-
spective delineation of the brachial plexus on the CT used for treatment planning. Then, Dax Do1cer
Dicc and Dsg of the brachial plexus were collected from the dose-volume histograms (DVH) and
recalculated to the biologically effective dose (BED) using a/f=3Gy. A normal tissue complication
probability (NTCP) model, based on four different dose-volume parameters (BEDsmax, BED3g1cc,
BEDs 1 occ, BED330cc) Was fitted to the data.

Results: Fifty-two patients with 56 apically located tumors were identified. Median prescription dose
per fraction was 15Gy (range 6-17) and median number of fractions was 3 (3-10). With a median fol-
low-up of 30 months (6.1-72) seven patients experienced maximum grade 2 (scored 3 times) or 3
(scored 4 times) RIBP after a median of 8.7 months (range 4.0-31). Three patients had combined
symptoms with pain, sensory and motor affection and four patients had isolated pain. Median
BED3 max for the patients experiencing RIBP was 381 Gy (range 30-524) versus BEDs .« of 34 Gy (range
0.10-483) for the patients without RIBP. The NTCP models showed a very high predictive ability (area
under the receiver operating characteristic curve (AUC) 0.80-0.88).

Conclusion: SBRT of apically located lung lesions may cause severe neurological symptoms; for a
three-fraction treatment, we suggest that the maximum dose to the plexus should be kept <30Gy
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(130 Gy BEDs).

Introduction

During the last decade stereotactic body radiation therapy
(SBRT) has emerged as an efficient and well-tolerated treat-
ment option for patients with medically inoperable early
stage non-small cell lung cancer (NSCLC) and lung metasta-
ses. Results from clinical trials have shown acceptable side
effects [1,2] but also witness of an increased risk for adverse
events when treating centrally [3] and apically located lung
tumors [4]. Radiation-induced brachial plexopathy (RIBP) - a
disorder characterized by numbness, pain, paresthesia and
motor deficit [5] — may develop if the tolerance dose of the

brachial plexus is exceeded. Historically, RIBP has mostly
been addressed in hypofractionated radiotherapy of breast
[6-12] and lung cancer [9,13,14], with fraction doses in the
range of 2.5-6.0 Gy increasing the risk [8] of severe physical
impairment and suffering of the affected patients. Risk fac-
tors for RIBP in conventionally fractionated radiotherapy
include higher total dose [15,16], shortened overall treatment
time [16] and larger than standard fraction doses (>2Gy/frac-
tion) [12]. Cytotoxic treatment has also been found to
exacerbate the effect of radiotherapy [12]. The current know-
ledge regarding the tolerance of the brachial plexus of large
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fraction doses in the context of SBRT is limited [17-19]. It is
important to further enlighten this issue due to the rapid
spread of SBRT. We performed this retrospective analysis to
evaluate the occurrence of RIBP in correlation to absorbed
doses to the brachial plexus after SBRT of apically situated
lung lesions.

Material and methods
Patient cohort

All patients treated with SBRT at Karolinska University
Hospital, Stockholm, Sweden, between 2008 and 2013 were
retrospectively reviewed (approximately 1000 patients) and
all apically located treated lesions were considered for inclu-
sion in the study. Apical location was defined as the epicen-
ter of the tumor being localized superior to the aortic arch.
No minimum prescription dose was imposed but patients
with a follow-up less than 6 months post SBRT were
excluded. Primary aim was to evaluate radiation-induced bra-
chial plexopathy (RIBP) defined as pain, sensory alterations
and/or motor weakness in the upper extremity presenting
post radiotherapy, ipsilateral to the treated tumor and with
no other likely cause. Clinical data were retrieved from the
patient records and radiotherapy data from the treatment
planning system. Toxicity was scored according to the CTCAE
v 4.0 where grade 1 indicates asymptomatic effects, grade 2
indicates moderate symptoms limiting instrumental ADL
(activity of daily living) and grade 3 indicates severe symp-
toms limiting self-care ADL. Grade 4 and 5 do not exist in
this scale. Follow-up of the patients was done according to
clinical routine i.e.,, regular CT-scans and out-patient visits
approximately every three months during the first two years
and thereafter every six months for patients with curatively
treated primary NSCLC, while metastatic patients were fol-
lowed on an individual basis. The study was approved by
the regional ethical committee (Dr: 2014/1581-31)
in Stockholm.

Radiotherapy

The technique used for SBRT immobilization and treatment
planning has been described in detail in previous reports
[1,20,21]. In summary, the clinical target volume (CTV) com-
prised the gross tumor volume (GTV) including the diffuse
growth at the borders and the margin to the PTV was
5-10mm in the transversal plane and 10 mm in the longitu-
dinal plane. SBRT was delivered with 6 MV from a linear
accelerator, after immobilizing the patients in a stereotactic
body frame (Elekta AB, Stockholm, Sweden). Fifty tumors
were treated with 4-12 static fields and 6 tumors were
treated with VMAT technique using 2-7 arcs. The dose was
prescribed to about the 67% isodose line encompassing the
planning target volume (PTV). Tumor movement was
assessed with 4D-CT and image guidance was used by daily
online cone-beam CT. The patients were planned using the
AAA dose-calculation algorithm in the Eclipse treatment
planning system (Varian). Dy (maximum dose), Do (dose
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to the ‘hottest’ 0.1cc), Di.c (dose to hottest 1cc) and to
Dsocc (dose to the hottest 3cc) of the brachial plexus were
collected from the dose-volume histograms (DVH) and recal-
culated to the biologically effective dose using o/f =3Gy,
i.e, BED3, max BEDs3, 0.1cc, BED3, 1, and BEDs 3. Prescribed
tumor doses were recalculated to BED;,.

Delineation of the brachial plexus

The inferior parts of the brachial plexus (Figure 1 depicted in
red), being at risk of exposure to significant doses from SBRT
of superiorly located lung lesions, were delineated retro-
spectively on the non-contrast-enhanced CT used for treat-
ment planning. First, adjacent critical structures (the 7th
cervical vertebrae (C7), the 1st and 2nd thoracic vertebras
(Th1, Th2), the subclavian and axillary neurovascular bundle,
the first rib and the anterior and middle scalene muscles)
were identified. Next, the brachial plexus was delineated as
shown in Figure 1, starting at the neural foramina C8 — Th1
(in a few cases even Th2) and eventually ending in the axilla
or proximal arm. The arm nerves were included in the delin-
eation to the extent that they could be identified as a coher-
ent bundle and verified on the treatment-planning CT. When
required to improve the accuracy of the delineation, existing
diagnostic images (CT-scans with or without contrast and
MRI) were used and the delineation was approved by a radi-
ologist especially designated the study (V.G). The greatest
uncertainty in anatomical definition of the plexus prevailed
where the upper and medial trunks pass between the sca-
lene muscles, an area where the absorbed doses were typic-
ally low.

NTCP-modeling

A normal tissue complication probability (NTCP) model with
the outcome set to>grade 2 RIBP, based on each of the
dose-volume-parameters, was fitted to the data, using the
maximum likelihood method. A cumulative normal function
was used:

1t 2
NTCP = —— | e */2dx,
V 21 J—m

where
_ 9P %s0
m - Qs

Here, ¢ represents each dose/volume parameter in turn
(Dmaxs Do.1cer Dicc and D3 pc) , @50 is the value of the dose/-
volume-parameter which results in NTCP = 50%, and m is
a parameter relating to the slope of the sigmoid function.
The model was fitted with ¢ converted to both BED (a/P
=3 Gy) and Single Fraction Equivalent Dose (SFED). The lat-
ter was used as an additional parameter for biological
response, as the LQ model used in BED calculations has
been questioned for high dose/fraction[22]. SFED was cal-
culated with the Universal Survival Curve model (USC) as
[22]

t
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Figure 1. Anatomical definition and delineation of the brachial plexus. We used a modified version of the RTOG-contouring guidelines to delineate the inferior
parts of the plexus, which are at risk for high absorbed doses at lung-SBRT. The delineated parts are marked with red and comprise the parts of the plexus in level
with and inferior to C8, including the inferior trunk and the cords extending along the subclavian and axillary artery, a short fragment of the upper trunk running
between mm scalenus anterior et medium, as well as parts of the proximal arm nerves distally to the plexus. Source: Ferrante MA [16]. Wiley Periodicals, Inc.©

2004 Wiley Periodicals, Inc. Modified with permission

SFED—oc*Do*d*nr<1 +g> + DoxIn(n) if d <dT
B

SFED = dxnr — (nr—1) x Do In(n) if d > dT

Where d is the dose per fraction and nr is the number of
fractions. The model parameter values used were o/ff =3 Gy,
#=0.206Gy"', n=10 and D,=1.0 Gy and dr=>5.8Gy [23].

As a measure of model performance, the area under the
receiver operating characteristic curve (AUC) was calculated
for each model fit.

Results
Patient cohort

Fifty-two patients treated for 56 tumors were eligible for the
study. In these patients, 55 brachial plexuses were at risk for
developing RIBP. Thirty patients were treated with curative
intent of a primary non-small cell lung cancer (T1la=15,
Tlb=6, T2a=9) (See Table 1 for details of the patient
cohort). Four patients were treated for two tumors; three
patients for bilateral tumors at separate occasions and one
patient was treated for two left-sided lesions (BED3 max
<1.3Gy to the plexus at the first treatment). Prior to SBRT,
one patient had mild tumor-related pain in the upper
extremity. Post SBRT, one patient developed neurological
symptoms post-treatment which however were attributed to
a large recurrence, and the patient was therefore not scored
as having treatment-induced toxicity. Median follow-up of
the cohort was 30 months (6.1-72). Median survival was
30 months (7.4-72). Two patients suffered local failures.

Dose characteristics

Fifty-six tumors were treated within the study with a median
prescribed dose per fraction of 15 Gy (6-17 Gy) and a median
number of fractions of 3 (3-10). Please see Table 1 for details
on tumor characteristics and doses to different parts of the
brachial plexus. There was a large variability in the dose
delivered to the brachial plexus within the patient cohort;
Figure 2 (A-D) shows dosimetric data for each brachial
plexus at risk. Twenty patients exceeded a BEDj3ax Of
113 Gy which corresponds to 68 Gy EQD, (a commonly used
dose in curative treatment of NSCLC) and 6 (30%) of these
patients developed RIBP (median follow-up 18.5 months).

Radiotherapy regimens outside the analysis

Thirteen patients received additional radiotherapy to the
lung ipsilaterally to the ‘study tumor’; ten with clinically non-
significant doses to the brachial plexus (BED3 .y of <3.1Gy
to the plexus). One patient had previously received 90 Gy to
the plexus followed by 116 Gy from the treatment included
in the study; another patient had previously received 103 Gy
to the plexus and then 2.4 Gy from the treatment included in
the study (all BED3n.x). The last patient, who had previously
received BEDj3 .x=123 Gy to the plexus and 260 Gy from the
treatment included in the study, subsequently developing
RIBP (see below). Unfortunately, the plexus was not taken
into consideration as an organ at risk (OAR) at the time of
either of these treatments. All previous treatments rendering
clinically significant doses were given with conventionally
fractionated radiotherapy (CFRT) with 2 Gy/fraction.
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Table 1. Patient-, tumor- and treatment characteristics.

Number Percent or (range)
Patients 52 100
Male/female 23/29 44/56
Treatment indication:®
Primary NSCLC, curative 30 56
Metastases® 22 44
Age at treatment, median, years 72 (35-88)
Follow-up, median, months 30 (6.1-72.2)
Neurological symptoms prior SBRT 1 2
RT to ipsilateral lung® 13 25
Tumors 56 100
Left/Right 28/28 50/50
Size, median, mm 20 (3-50)
CTV-volume, median, cc 9.1 (0.10-74.5)
PTV-volume, median, cc 36 (10-177)
Distance CTV-plexus, median, mm 22 (0-64)
Distance PTV-plexus, median, mm 14 (0-55)
Overlap PTV-plexus 11 18
Treatment — prescribed doses 56 100
17Gy x 3 (BEDqo 138 Gy) 1 2
15Gy x 3 (BED1, 113 Gy) 45 80
12Gy x 4 (BED;o 106 Gy) 1 2
10Gy x 5 (BED;, 100 Gy) 2 4
6Gy x 10 (BEDo 96 Gy) 1 2
7Gy x 8 (BEDo 95 Gy) 6 10
Doses to the brachial plexus
BED3 max, median, Gy 49 (0.10-524)
BED3¢.1cc. Median, Gy 37 (0.20-489)
BED3, 1.0c, median, Gy 22 (0.10-295)
BEDj3, 30c, median, Gy 1.8 (0-177)

“Two patients were treated for one primary NSCLC and one metastasis later on, why the total num-
ber of patients is 54 for this evaluation. PNSCLC (metastases n= 11, non-curative primary n=1),
colorectal cancer (n=2), gynecological cancer (n=2), breast cancer (n=2), urothelial cancer
(n=2), and other primaries (n = 4). “Patients who received additional radiotherapy to the lung, ipsi-
lateral to the SBRT-treated tumor.
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Figure 2. Doses to the brachial plexus for each patient. BED3 max (A), BED3 g 1¢c (B), BED31cc (C) and BED3 3 (D) for each treatment. The patients with RIBP are pre-
sented in red columns. The patient marked with an * previously received BED; may to the plexus of 123 Gy and BED; 3. of 111 Gy, why the true dose to the plexus

for this patient is underestimated in these graphs.

after a median time of 5.8 months (0.70-13 months) and
the worst recorded grade appearing at 8.7 months
We identified 7 out of 52 patients (13%) with symptoms con-  (4-31 months) post treatment. The prescription doses for
sistent with RIBP; four patients with grade 3 and three these patients were 15Gy x 3 (n=5), 10Gy x 5 (n=1) and
patients with grade 2. The first sign of symptom appeared 6Gy x 10 (n=1) corresponding to a BED,, ranging between

Radiation-induced brachial plexopathy
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Table 2. Characteristics of patients with and patients without radiation induced brachial plexus symptoms.

Maximum dose to the brachial plexus at risk

Absolute
dose and no
of fractions EQD; max (o/B3) BED3 max Distance CTV- plexus Follow-up
Symptom and _ e —_— _— _
Pt Worst grade Right/Left Gy n Gy Gy mm months
1 Sensory/motor 3 R 64 3 314 524 4 40.3
Pain 2
2 Sensory/motor 2 R 75 10 156 260 0 423
Pain 2 (15 mm overlap)
3 Sensory/motor 3 R 63 3 302 503 0 453
4 Pain 3 L 36 3 106 177 1 60.9
5 Pain 3 R 13 3 18 30 44 50.1
6 Pain 2 R 55 3 233 389 10 421
7 Pain 2 R 68 5 228 381 2 6.6

Median (range)

Median (range) Median (range) Median (range) Median (range)

Patients without RIBP (based on 48 treatments) - 14 (0.10-67)

3 (3-8)

21 (0.10-290) 34 (0.10-483) 24 (0-64) 24.6 (6.1-72)

Two of these patients also experienced thoracic pain (pts 1 and 4) and a rupture of the supraspinatus tendon (pt 1), possibly as a result of over dosage in

the region.

96-113 Gy. None of these patients had local failure, received
neurotoxic chemotherapy or had diabetes as potential con-
tributors to the development of RIBP. The diagnosis of radi-
ation-induced neurological symptoms was made either
clinically (n=4) or combined with neurophysiologic examina-
tions (n=3).

Table 2 presents tumor characteristics and doses to the
plexus for the patients with and without RIBP respectively.
On the average, the patients who developed RIBP had a
shorter distance between the tumor and the plexus (distance
CTV-plexus 4mm vs 24mm) and an increased frequency of
overlapping of the PTV and the brachial plexus (57% vs 15%)
as compared to patients without these symptoms.
(Supplementary table | presents maximum recorded over-
all toxicity)

Patient descriptions

The treatment-planning CT:s for the patients with RIBP are
shown in Figure 3 (the patient numbers are also valid for
Table 2 and supplementary figure 1). Three patients had
sensory alterations and/or motor weakness in combination
with extremity pain (no 1-3) and 4 patients had isolated
upper extremity pain (no 4-7). One patient (no 2) previ-
ously received radiochemotherapy (68Gy) for a locally
advanced NSCLC and was 15 months later re-irradiated
with SBRT to an apical recurrence. The SUV-uptake on the
PET-CT was used as guidance for the target delineation at
SBRT and unintentionally, both the CTV and PTV over-
lapped the plexus. The patient received 123 Gy (BED3 max)
at the first treatment and 260Gy (BEDs nax) at the second
treatment. Neurophysiologic examinations showed signs of
brachial plexopathy corresponding to the level C7-Th1 and
affecting the ulnar and median nerves. Patient no 3 also
developed severe medical impairment and neurophysio-
logic examinations showed signs of a pronounced plexus
lesion in the lower part of the plexus. Patient no1 pre-
sented with signs of RIBP 13 months post SBRT, eventually
developing to a total paralysis of the arm. She was

diagnosed with RIBP by neurophysiological examinations,
and also with a rupture of the supraspinatus tendon, both
findings clinically reflecting severe over-dosage of
the region.

For this study, we retrieved clinical follow-up-data on the
patients from the medical records and monitored the devel-
opment of the symptoms. Follow-up from the first sign of
symptoms until last follow-up ranged between 0.8-57 months
for these patients, making it possible to evaluate the dynam-
ics of the symptoms for a long time. The symptoms started
with either pain or numbness, and over time progressed to
pain in combination with numbness and eventually pain,
numbness and motor weakness developed. (Electronic
Supplement Figure I). The worst affected patients had pro-
gressive symptoms, showing no sign of recovery.
Interestingly, one patient (no 6) only had severe pain pre-
senting at one occasion at 8.7 months post-SBRT, and
another patient (no 4) had pain  which resolved
after 11 months.

NTCP-modeling

The NTCP models give good fits to the dataset both for BED
and SFED: Figure 4 shows the fit for BED3 .. The high
model performance is confirmed by the AUC values listed in
Table 3 together with model parameter values. The max-
imum dose models seem to perform particularly well, but
this is not statistically significant (p >.05).

Discussion

We here report the results of a retrospective analysis of SBRT
of superiorly located lung lesions in 52 patients with 55 bra-
chial plexuses at risk for developing RIBP. Seven patients
(13%) developed grade 2-3 RIBP and the NTCP-model
showed a good fit of the data for BED3max as dosimet-
ric parameter.

Treating apically located lung lesions with radiotherapy
is a difficult task; the importance of delivering an ablative
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Figure 3. Dose-planning CT-scans of the patients with brachial toxicity. All these patients except for patient number 5 had a PTV-plexus distance of <2mm and
received BED; .« between 177-524 Gy. The same patient numbers (1-7) are also valid for Table 2 and Supplementary Figure 1.
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Figure 4. The BED; .« NTCP-model for the brachial plexus. The green dia-
monds represent cases without RIBP and the red crosses represent cases with
RIBP. BED3 max of 130 Gy is marked with a dotted blue line.

dose to the tumor to avoid tumor-induced brachial plexop-
athy - a condition even more disabling than RIBP [14] -
has to be balanced against the potential risk of causing
brachial plexus morbidity. The tolerance dose of the

Table 3. Performance of the NTCP-modeling.

AUC (std) @so [GY] m
BED;3 max 0.87 (0.07) 401 0.49
BED;,0.1cc 0.87 (0.08) 325 0.52
BED3 1 0cc 0.80 (0.10) 200 0.60
BED; 3.0cc 0.81 (0.09) 120 0.69
SFEDmax 0.88 (0.07) 547 0.41
SFEDg,1cc 0.87 (0.08) 46.6 0.44
SFED/ gcc 0.81 (0.10) 337 0.53
SFED3 gcc 0.81 (0.09) 226 0.60

The area under the ROC curve (AUC) with standard deviation, for each dose-
volume parameter NTCP model fit, and the corresponding NTCP model param-
eters, @so and m, as defined in the text (Section Material and Methods,
NTCP-modeling).

brachial plexus with CFRT has been considered in the
range of 60-62 Gy (for 3/3-1/3 irradiation of the organ) in
1.8-2-Gy-fractions (BED3max =96-110Gy) [24] and recent
RTOG-protocols for head and neck cancer use a planning
constraint of Dyax < 60-66 Gy [25]. One trial on NSCLC has
suggested the possibility to push these constraints even
further, reporting no toxic events with D, <78Gy in
1.8-2-Gy-fractions (BED3 ma.x=125-130Gy) [14] To our
knowledge, RIBP post SBRT has been limitedly addressed in
the literature [4,26-30]. Based on 36 patients with seven
cases of RIBP, Forquer et al [4] estimated the 2-year-risk
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(KM-method) of grade 2-4 RIBP to 46% if Dpay > 26 Gy ver-
sus 8% if Dmax <26 Gy for 3-4 fractions (statistically signifi-
cant) and they recommended a planning constraint of
Dmax <26 Gy for three- or four-fraction treatments (corre-
sponding to BED;3,.x=101Gy and 82Gy respectively).
Another group recommended a higher dose constraint of
Dimax <35 Gy (BED3,max = 137 Gy) and V3ocy <0.2cCC
(BED3 =105 Gy) for four fractions [27]. A recently published
analysis of 31 apically located lung tumors treated with
SBRT in 3-5 fractions, did not report any brachial-plexus
toxicity, the median total D,ax to the brachial plexus being
15.8Gy (1.7-66.5Gy) and only four patients receiving a
Dmax/fraction greater than 10 Gy [29]. One report assessing
radiation-induced brachial plexus injury post stereotactic
spine radiosurgery (SRS), showed a 2.5% occurrence of per-
ipheral nervous system injury (including brachial plexus
injury) after SRS, but the prescribed dose was not a signifi-
cant risk factor and no doses to organs-at-risk were pre-
sented [28]. In our analysis, 6 of the 7 patients (86%)
experiencing RIBP had BEDj .5 > 130Gy, but there was a
large gap of patients at risk between the doses
BED3,max=177Gy and 129Gy (Figure 2(A)). The NTCP
model predicted a complication probability of <10% for
BED3 max = 130 Gy. Hence, for 3 fractions, the true Dy, tol-
erance level is probably >26Gy and our model suggest
Dmax <30Gy as a reasonable planning constraint. Our pro-
posed constraint is higher as compared to that suggested
in the recently updated National Comprehensive Cancer
Network (NCCN) version 3 guidelines, which recommends a
maximum dose to the plexus of 24 Gy and 27.2 Gy for a 3-
and 4-fraction treatment respectively. This recommenda-
tion is based on dose constraints from protocols in recent
RTOG-trials (RTOG 0618, 0813, 0915) [31]. It should also be
mentioned that although the development of RIBP may be
affected by the dose to a certain volume of the plexus
[13,14], the BED3max NTCP-model showed the best fit of
the dataset (Figure 4) out of the dose-volume parame-
ters considered.

Interestingly, despite receiving BEDj3,x >130Gy to the
plexus, 10 patients (median follow-up 19 months (6.6-49) in
our cohort did not develop RIBP (Figure 2(A)). The lack of
toxicity in this high-dose subgroup may be explained by sev-
eral factors such as the uncertainty of dose assessment (con-
sidering the small OAR and steep dose gradients), the
underreporting of side effects in a retrospective cohort, the
distribution of the high-dose area, the use of ‘risk-adapted’
fractionation schedules, the limited follow-up and the indi-
vidual radiosensitivity.

A challenging question is whether ‘risk-adapted’ fraction-
ation schedules with potentially wider therapeutic window
for better protection of the normal tissue, exist. The NTCP
modeling in this analysis was performed using both the
Linear Quadratic model and the Universal Survival Curve
model, the latter theoretically predicting a greater benefit
(compared to LQ) in therapeutic window from increased frac-
tionation, at doses/fraction above dr (in this study 5.8 Gy was
used) [23]. However, no difference was seen between the
models and therefore the traditional LQ-model was

presented graphically (Figure 4). Among the ten patients
without RIBP receiving BED3n.x >130Gy 8 patients were
treated with 3 fractions and 2 patients were treated with 8
fractions. Unfortunately, four patients, including all patients
treated with 8 fractions, had a follow-up of less than
13 months, a time frame within which all patients with
diagnosed RIBP in our cohort presented with their first
symptom. If the follow-up had been longer, there is still a
possibility that these patients eventually would have devel-
oped RIBP. Hence, we could not confirm the protective
normal tissue effect of increasing the number of fractions
based on our cohort.

The plexus is a fine structure directly adjacent to other
soft-tissue structures, complicating the delineation of it.
The conclusions of this study rely on the accuracy of the
delineation of the plexus and on whether the doses
extracted from the DVH:s (based on the planning CT) are
representative of the doses actually delivered to the
plexus. We used a modified version of the RTOG-contour-
ing protocol [32], which has been criticized for inter-obser-
ver variability, however, only resulting in minimal
inconsistency of maximum doses [33]. The greatest uncer-
tainty in delineation prevailed in the lateral apical parts of
the plexus, generally far from the high dose region in this
study. Further, the accuracy of the delineation of the
plexus could have been improved by using a contrast-
enhanced treatment-planning CT and the usage of thin sli-
ces for delineation. Also, although knowing that apical
structures of the lung have limited breathing motions, it
cannot be ruled out that the plexus may have shifted posi-
tions during the breathing cycle, an uncertainty that we
cannot foresee or correct for. Taking these uncertainties
and limitations into consideration in addition to set-up-
and intra-treatment-motion uncertainties, we believe that a
planning organ at risk volume (PRV) to the plexus of 2mm
may be advisable to use, with a BED;nax planning con-
straint in the order of 170 Gy. The sparing of a PRV, how-
ever, has to be balanced in each case against the risk of
tumor growth into the plexus, causing pronounced cancer
morbidity symptoms.

There are some limitations to our study. The analysis is
based on retrospective data from a small patient cohort
with limited follow-up which may lead to uncertainties in
interpreting toxicity symptoms and limits the possibilities
of statistical testing. Except for the SBRT treatment
included in the study, some patients also received other
courses of radiotherapy delivering dose to the plexus. The
impact of these other radiotherapy regimens is difficult to
evaluate and this uncertainty in dose assessment is a limi-
tation of the analysis. However, only one of the patients
with RIBP had received additional radiotherapy affecting
the plexus with a clinically significant dose and our conclu-
sion is therefore that RIBP for six of the seven patients was
caused by the current treatment only. Another consider-
ation is the diagnostic accuracy of RIBP. The patients with
sensory/motor alterations (n=3) had all been diagnosed
with neurophysiologic examination showing signs of plex-
opathy attributed to radiation therapy. Four patients,



developing pain only, were graded as RIBP based on clin-
ical symptoms and no objective signs could be established,
which is a notable limitation. However, a strength of the
study is that two independent observers (S.L and K.L)
graded the toxic symptoms and the delineation of the
plexus was performed/approved by one person (V.G).

Conclusion

RIBP may cause severe medical impairment and it is there-
fore important to consider the brachial plexus as an organ-
at-risk at delineation. However, a balance between saving
the plexus and delivering an ablative dose to the tumor
must be kept to avoid local failure and tumor-induced bra-
chial plexopathy, which may be utterly handicapping [14].
Based on the results from this analysis, we suggest that the
maximum dose to the plexus should be kept <30Gy
(BED3,max = 130 Gy) for a 3-fraction schedule.
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