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Abstract

Purpose: The treatment of apical lung tumors with stereotactic body radiation therapy (SBRT) is
challenging due to the proximity of the brachial plexus and the concern for nerve damage.
Methods and materials: Between June 2009 and February 2017, a total of 75 consecutive pa-
tients underwent SBRT for T1-T3NO non-small cell lung cancer involving the upper lobe of the
lung. All patients were treated with 4-dimensional computed tomography (CT)-based image guided
SBRT to a dose of 40 to 60 Gy in 3 to 5 fractions. For dosimetric analysis, only apical tumors as
defined by the location of the tumor epicenter superior to the aortic arch were included. The ana-
tomical brachial plexus was delineated using the Radiation Therapy Oncology Group atlas.
Results: Thirty-one patients with 31 apical lung tumors satisfied the anatomical criteria for in-
clusion. The median age was 73 years (range, 58-89). The median planning target volume was 26.5 cc
(range, 8.2-81.4 cc). The median brachial plexus, brachial plexus maximum dose (Dmax), Dmax
per fraction, V22 (cc, 3-4 fractions), V30 (cc, 5 fractions), and biologically effective dose 3 Gy
were 15.8 Gy (range, 1.7-66.5 Gy), 3.4 Gy (range, 0.6-14.7 Gy), 0.0 cc (range, 0-0.9 cc), 0.06 cc
(range, 0-2.5 cc), and 31.5 Gy (range, 3.3-133.1 Gy), respectively. At a median follow-up of 17 months,
the observed incidence of brachial plexopathy was 0%.

Conclusions: There is significant variation in dose to the brachial plexus for patients treated with
SBRT for apical lung tumors. Although the incidence of neuropathic symptoms in this series was
zero, further attention should be focused on the clinical implications of these findings.
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SBRT may provide similar efficacy to surgery."? In com-
parison with conventional techniques, SBRT uses highly
conformal dose distributions with ablative fraction sizes that
allow for reduction of the normal tissue irradiated, inten-
sification of the biological dose to target tissue, and a
decrease in overall treatment time. Despite the low toxic-
ity rates generally observed with SBRT, the use of these
hypofractionated regimens carry a theoretical risk of normal
tissue complication, particularly with respect to neural struc-
tures, where structural subunits are serially arranged and
exhibit lower alpha-beta ratios, which makes them more
sensitive to higher doses per fraction.’

The treatment of apical lung tumors with SBRT is es-
pecially challenging due to the proximity of the brachial
plexus and the associated concern for treatment-related nerve
damage. Although dose-volume tolerances of the brachial
plexus have been reported for conventionally fractionated
regimens for head and neck cancer, data in the setting of
lung SBRT are limited.** We hypothesize that despite the
possibility of injury to the brachial plexus, the actual dose
delivered to this critical structure is often overlooked, es-
pecially in scenarios in which target coverage to apical
tumors may otherwise be compromised. The purpose of this
analysis was to review of our institution’s experience with
the SBRT treatment of apical lung cancers with particular
focus on correlating brachial plexus dosimetric details with
preliminary clinical outcomes.

Methods and materials

The medical records of 75 consecutive patients treated
with SBRT for primary NSCLC involving the upper lobe
of the lung at a tertiary-care academic medical center
between June 2009 and February 2017 were reviewed. All
patients underwent computed tomography (CT)-based simu-
lation with intravenous contrast using a stereotactic body
fixation device with abdominal compression to limit re-
spiratory excursion. Four-dimensional CT was obtained, and

an internal target volume (ITV) was delineated by identi-
fying the gross tumor on maximum intensity projection
image data sets considering 8 phases of the respiratory cycle.
No additional margin was added for possible microscopic
tumor extension. An additional margin of 5 mm
circumferentially was added to the ITV to account for setup
errors and to generate a planning target volume (PTV).
All tumors were treated to a dose of 40 to 60 Gy in 3
to 5 fractions with the application of heterogeneity cor-
rection. Fractions were separated by at least 40 hours, and
the entire 3 to 5 fraction regimen was required to be com-
pleted within 14 days. SBRT treatment plans were generated
with a combination of noncoplanar 3-dimensional confor-
mal arcs or beams and were delivered by Novalis-TX
(Brainlab AG, Munich, Germany), consisting of high-
definition multileaf collimators and a 6MV-SRS (1000MU/
min) beam. Treatment plans were optimized to achieve a
PTV receiving 100% of the prescription dose (PTV100) of
95% or higher. Cone beam CT was used with each frac-
tion to confirm the position of the target. Intensity modulated
radiation therapy was not routinely used unless normal tissue
dose constraints were exceeded with conformal beams. A
Monte Carlo treatment planning algorithm was used.
Adequate target coverage was achieved when 95% of
the PTV was covered by the prescription dose. High- and
intermediate-dose spillages were measured by calculating
the conformality index (ratio of the volume receiving 60 Gy
to the PTV: < 1.2) and the ratio of 50% prescription isodose
volume to the PTV (R50) and by measuring the maximum
dose 2 cm from the PTV in any direction (D2cm). Normal
tissue structures contoured included the spinal cord, esopha-
gus, chest wall, heart, and normal lungs. The brachial plexus
organ at risk (OAR) was also delineated in accordance with
the Radiation Therapy Oncology Group (RTOG) guide-
lines as proposed by Hall et al, although no attempt was
made to limit the dose to this structure during SBRT
planning.’ Figure 1 illustrates a representative coronal slice
of the brachial plexus depicted using the RTOG contour-
ing atlas versus a coronal slice that was obtained from a

(A)
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Figure 1 Coronal slice of brachial plexus depicted using the Radiation Therapy Oncology Group contouring atlas (A) compared with
a coronal slice that was obtained from a digital reconstructed radiograph of a patient who was treated with stereotactic body radiation
therapy in this review. The orange structure outlines the contoured ipsilateral brachial plexus (B).
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Table 1 Patient and disease characteristics

Characteristic n (%)
Sex

Male 16 (52)

Female 15 (48)
Age (y)

Median 72.6

Range 58-89
Histology

Adenocarcinoma 18 (58)

Squamous 9 (29)

Other 4 (13)
Tumor Classification

Tla 23 (74)

T1b 4 (13)

T2a 3 (10)

T3 1(3)
Planning Target Volume (cc)

Median 26.5

Range 8.2-81.4
Laterality

Right 15 (48)

Left 16 (52)

digital reconstructed radiograph of a patient treated with
SBRT in this review.

For the purposes of this analysis, only apical tumors
(n =31), defined anatomically by localizing the tumor epi-
center superior to the aortic arch, were included for
dosimetric evaluation. Dosimetry was subsequently re-
ported using the following descriptive statistics: brachial
plexus maximum dose (Dmax), Dmax per fraction, volume
receiving 22 Gy or higher (V22, in cc, for 3-4 fractions),
V30 (cc, for 5 fractions), and biologically effective dose
(BED, using an alpha/beta ratio of 3) for the entire patient
cohort.

The dose-volume parameters chosen for analysis were
selected because they represent dose constraints on current
SBRT protocols. A subset of 18 patients who were deemed
to be at a higher risk due to tumor proximity (within 2 cm)
to the brachial plexus were reanalyzed for the dosimetric
parameters listed. Patient medical records were retrospec-
tively reviewed to determine the incidence of brachial
plexus—related symptoms, defined as the development of
ipsilateral upper extremity pain, motor weakness, and/or
sensory abnormalities.

Results

Table 1 outlines the characteristics of the patient popu-
lation. Thirty-one patients with apical lung tumors satisfied
the anatomical criteria for inclusion and comprised the
primary study population. None had received previous treat-
ment. All patients had histologically proven primary NSCLC,

of which the most common histology was adenocarci-
noma (52%), followed by squamous cell carcinoma (29%).
The T-classification was 23 (74%) Tla, 4 (13%) T1b, 3
(10%) T2a, and 1 (3%) T3. Median patient age was 73 years
(range, 58-89 years) and median PTV was 27 cc (range,
8-81 cc). Anatomically, 15 (48%) and 16 (52%) tumors were
right- and left-sided, respectively. Table 2 details the char-
acteristics of treatment. The most common prescription dose
and fractionation scheme was 50 Gy in 5 fractions (n = 18).
The delivered fraction size ranged from 8 to 20 Gy.

Table 3 presents detailed dosimetric information for the
brachial plexus OAR. The median brachial plexus Dmax,
Dmax per fraction, V22 (cc, 3-4 fractions), V30 (cc, 5 frac-
tions), and BED3 were 15.8 Gy (range, 1.7-66.5 Gy), 3.4 Gy
(range, 0.6-14.7 Gy), 0.0 cc (range, 0-0.9 cc), 0.06 cc (range,
0-2.5 cc), and 31.5 Gy (range, 3.3-133.1 Gy), respec-
tively. For a subset of 18 patients who were deemed to be
at higher risk due to tumor proximity to the brachial plexus,
the median Dmax was 30.1 Gy (range, 10-66.6 Gy), Dmax
per fraction was 6.6 Gy (range, 2-14.7 Gy), and BED3 was
60.1 Gy (range, 20.0-133.1 Gy). Within this subpopula-
tion, 10 (55%), 7 (39%), and 4 (22%) patients experienced
brachial plexus maximum doses per fraction greater than
6, 8, and 10 Gy, respectively. Figure 2 depicts a graphical
representation of the substantial dosimetric variation in Dmax
per fraction received by the brachial plexus in the entire
cohort and the large proportion of high doses per fraction
actually delivered to the higher-risk subpopulation.

At a median follow-up of 17 months (range, 5-66
months), clinical evaluation of the high-risk population
(n = 18) revealed the observed incidence of brachial
plexopathy to be 0%. Associated local tumor control was
observed in 17 of 18 patients (94%). Figure 3 provides a
representative example of a dose distribution color wash
in relationship to ipsilateral brachial plexus in a patient with
a left apical T2aNO NSCLC treated with 50 Gy in 5

Table 2 Treatment characteristics

Characteristics n (%)
No. of Treated Lesions 31
Dose Fractionation
(Total Dose in Gy/fractions)
50/5 18 (58)
54/3 6 (18)
60/5 2 (7)
60/3 2(7)
40/5 2(7)
48/4 13
Dose Per Fraction (Gy)
Median Dose 10
Range 8-20
Biologically Effective Dose (10 in Gy)
Median 100
Range 72-180
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Table 3 Dosimetric evaluation of the brachial plexus

All apical
tumors (n=31)

Higher risk apical tumors in close
proximity to brachial plexus (n = 18)

Maximum Brachial Plexus Dose (Gy)
Median
Range
Maximum Brachial Plexus Dose/Fraction (Gy)
Median
Range
Biologically Effective Dose 3 Gy
Median
Range
V22 (cc, 3 -4 fractions)
Median
Range
V30 (cc, 5 fractions)
Median
Range

15.8 30.1
1.7-66.5 10-66.6
3.4 6.6
0.6-14.7 2-14.7
31.5 60.1
3.3-133.1 20.0-133.1
0.0 0.2

0-0.9 0-0.9

0.06 0.66

0-2.5 0-2.5

fractions and exhibits a brachial plexus Dmax of 54.1 Gy
in this high-risk population of patients.

Discussion

The results of the present analysis illustrate the signifi-
cant variability in dose to the brachial plexus that exists
for patients undergoing SBRT for apical lung tumors. As
importantly, we showed that dose to this normal structure
can dramatically exceed conventionally recommended limits,
with the BED greater than 100 Gy in some cases. Given
the high rates of cure generally observed with SBRT and
the potential for prolonged survival, further attention should
be focused on the clinical implications of such findings.
Although the low incidence of clinically reported bra-

r
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=014 Gy

= >4Gy to 6 Gy

= >6Gy to 8 Gy
>8Gy to 10

®>10 Gy

chial plexus—related symptoms reported herein should
provide some reassurance that treatment can be per-
formed safely, longer follow-up is imperative.

Dose constraint recommendations for anatomical OARs,
including the brachial plexus, were historically based on
reports by Emami et al, who estimated the probability of
complication depending on the dose and partial volumes
of tissue irradiated.'® Although these guidelines assumed
the use of conventional fractionation (1.8-2 Gy per frac-
tion), the tolerance dose limits that are recommended for
irradiation of one-third, two-thirds, and the entirety of the
brachial plexus were 62, 61, and 60 Gy, respectively.

However, more recently published data suggest that these
dose-volume limits are likely overly conservative.*® For in-
stance, prospective data from Chen et al identified the
brachial plexus volume receiving 70 and 74 Gy or greater

<

17%

(B)

Figure 2 Graphical representation demonstrating the large dosimetric variation in brachial plexus maximum dose per fraction in (A)
all apical tumors (n = 31, left pie chart) and (B) the high-risk subpopulation with tumors in close proximity to the brachial plexus (n = 18).
The higher-risk cohort pie chart further demonstrates that actual doses delivered to the brachial plexus often far exceed current proto-

col guidelines.
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Figure 3 Depiction of dose distribution color wash in relationship to ipsilateral brachial plexus in a patient with a left apical T2aNO
non-small cell lung cancer treated with 50 Gy in 5 fractions exhibiting a brachial plexus maximum dose of 54.1 Gy. Sequential images
from left to right characterize (A) a representative axial slice, (B) coronal digital reconstructed radiograph, and (C) corresponding coronal

slice with the isodose color wash and brachial plexus contoured in orange.

as most predictive of neuropathic injuries for patients treated
for head and neck cancer, with the probability increasing
with the dose.” Similarly, Eblan et al demonstrated that the
risk of brachial plexus—associated neuropathy increased sig-
nificantly when the volume received greater than 74 and
76 Gy, which again suggests that the tolerance of this struc-
ture to high-dose radiation is greater than once believed."

Theoretically, OARs that are arranged as serial struc-
tures, such as the spinal cord and brachial plexus, are the
most sensitive to higher doses per fraction, and preclini-
cal data show that the lower alpha-beta ratio of these neural
tissues influences repair. Indeed, data from patients with
breast cancer have clearly delineated the effect that in-
creasing fraction sizes has on the incidence of injury.'*'*
Johnansson et al showed that the use of large daily frac-
tions (3 or 4 Gy) to doses of 44 to 54 Gy was associated
with brachial plexopathy among patients treated for breast
cancer."

In the largest published series, Powell et al identified a
significant difference among patients irradiated using 3 Gy
per fraction compared with 1.8 Gy among 449 patients who
were treated with postoperative radiation therapy for breast
cancer, with the total incidence being approximately 5%
at 5.5 years."” The investigators did identify a significant
difference among patients who were irradiated using 3 Gy
per fraction compared with 1.8 Gy. Given these previous
reports, concern logically exists that the ablative
hypofractionated doses used with SBRT may carry a rela-
tively higher risk of normal-tissue complication.

The literature on brachial plexus injury after SBRT is
conflicting. Forquer et al analyzed the outcomes of 37 pa-
tients with apical lung tumors that were treated with SBRT.”
In their report, 7 of 37 patients developed brachial
plexopathy after SBRT, and maximum total dose to the bra-
chial plexus of >26 Gy predicted for significantly higher
risk of complication at 2 years. Chang et al similarly evalu-

ated outcomes for centrally located tumors treated with
SBRT to 50 Gy in 4 fractions and reported a higher inci-
dence of brachial plexopathy when the maximum total dose
exceeded 35 Gy.®

Additional insight may be derived from the irradiation
of melanoma with hypofractionated regimens. In the largest
series to date, Ballo et al reported on 89 patients with mela-
noma who were treated with hypofractionated radiation
(6 Gy x 5 fractions) to the axilla and supraclavicular nodal
basins and did not document any cases of brachial
plexopathy with subsequent follow-up."> Most recently,
Stubblefield et al analyzed the incidence of peripheral nerve
injury after single-fraction radiation to a dose of 24 Gy for
557 paraspinal tumors and documented the incidence of
clinical and/or electrophysiological symptoms as 2.5%.'°
The median time to symptom onset after treatment was 10
months, and the most common symptoms were related to
pain and/or weakness.

It is notable that current SBRT protocols recommend lim-
iting the maximum dose per fraction to the brachial plexus
between 6 and 8 Gy, depending on the number of frac-
tions used for treatment.'”'® In evaluation of our higher-
risk population, almost 40% of patients exhibited maximum
dose per fraction that exceeded 8 Gy. In addition, a closer
review revealed 4 (22%) and 2 (11%) patients with bra-
chial plexopathy plexus Dmax doses per fraction that were
greater than 10 and 12 Gy, respectively. Although no clini-
cal evidence of brachial plexus nerve damage in these
patients was observed during follow-up, larger prospec-
tive data sets are needed to confirm our preliminary
observations. Meanwhile, we recommend proceeding with
caution and adhering to the common principle of deliver-
ing doses as low as reasonably achievable to critical OARs."
It also must be recognized that the BED delivered to the
brachial plexus is diluted by the fact that fractions are gen-
erally delivered on nonconsecutive days during SBRT. How
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and whether repair influences the low incidence of com-
plications remains to be determined.

The major limitation of this analysis is related to its ret-
rospective nature. Notably, the lack of a standardized
assessment tool to screen for symptoms of brachial plexus
injury may have underestimated its true incidence. Because
brachial plexopathy is often considered a diagnosis of ex-
clusion after ruling out phenomena such as recurrent tumor,
secondary cancers, and benign etiologies, electrophysi-
ological studies may have been helpful for confirmatory
purposes.”

Although common symptoms include sensory and motor
deficits, brachial plexus—associated neuropathies may also
present in a variety of manners. However, brachial
plexopathy is considered irreversible, and effective treat-
ments are generally lacking. Given the substantial variation
in dose delivered to the brachial plexus in our treatment
plans, which were optimized to achieve a PTV100 of
95% or higher even at the expense of nearby critical
structures with the exception of the spinal cord, addi-
tional studies to analyze clinical-dosimetric factors for
toxicity among patients treated for lung cancer using SBRT
are needed.
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