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Linac-Based Fractionated Stereotactic Radiotherapy with a Micro-Multileaf Collimator for

Brainstem Metastasis

Tadashi Sugimoto’, Ryosuke Matsuda®, Tetsuro Tamamoto®, Shigeto Hontsu®, Kaori Yamaki®, Sachiko Miura®,

Young-Su Park?, Hiroyuki Nakase?, Masatoshi Hasegawa®

BACKGROUND: To assess the neuroimaging and
clinical outcomes in patients with brainstem metastasis
(BSM) treated with linac-based fractionated stereotactic
radiotherapy (fSRT) with a micro-multileaf collimator.

METHODS: Between May 2007 and January 2017, 24
patients (15 male and 9 female) with BSM (25 lesions:
midbrain, 10; pons, 13; and medulla oblongata, 2) were
consecutively treated with linac-based fSRT. BSM origi-
nated from the lung (n = 18, 75.0%), colon (n = 3, 12.5%),
and breast (n = 3, 12.5%). The median patient age was 67.0
(range: 42—80) years. Recursive partition analysis classi-
fied 2 patients as class I, 17 as class Il, and 5 as class lll.
Overall survival was calculated using the Kaplan—Meier
method.

RESULTS: Tumor volume ranged from 0.01 to 7.49 cm®
(median: 0.233 cm®), and patients were treated with a dose
of 24—40 Gy in 713 fractions. The median 0S was 9
months after fSRT (95% confidence interval 4.104—13.896).
Large tumor volume, presence of brainstem-related symp-
toms, poor pretreatment Karnofsky performance status, and
recursive partition analysis class Ill were significantly
associated with low overall survival. Tumor veolume
decreased in 18 metastatic lesions, remained stable in 6,
and increased in 1. No patient exhibited permanent radi-
ation injury. Grade 2 nausea and vomiting according to the

Common Terminology Criteria for Adverse Events 4.0
occurred in 1 patient who received corticosteroids.

CONCLUSIONS: Linac-based fSRT with a micro-
multileaf collimator delivered in the doses of 24—40 Gy in
7—13 fractions is a safe and effective local therapy for
patients with BSM.

INTRODUCTION

rain metastases are one of the most common brain tumors

and are observed in 12%—24% of patients with cancer who

undergo autopsy.” Most of the brain metastases are
located in the cerebrum and cerebellum, and brainstem
metastasis (BSM) accounts for only 3%—5% of all brain
metastases.” The prognosis of BSM is highly unfavorable, with
patients having a survival range of 1—6 months.? Surgical
treatment for BSM is contraindicated due to poor prognosis and
risk of development of a new neurologic deficit in patients.

BSM lesions usually exhibit poor response to systemic chemo-
therapy, but stereotactic radiosurgery (SRS) has become an
effective alternative treatment option for BSMs. Several reports
have described the use of gamma knife (GK) SRS, CyberKnife
(CK) SRS, or linac-based SRS for BSM treatment. Because the
brainstem is considered to be a neurologic organ at risk, these
treatments should be performed carefully to avoid any adverse
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Table 1. Characteristics of All Patients with Brainstem

Metastasis

Characteristic Value
Sex, no. of patients 24
Male 15
Female 9
Age, years
Median 67
Range 42—80
Location of lesion, no. lesions
Midbrain 10
Pons 13
Medulla oblongata 2

Brain metastases, no. of patients
Single brainstem 5
Multiple brain metastases 19

KPS score, no. of patients

Median 80

Range 40—100
RPA class, no. of patients

| 2

Il 17

I 5
Neurologic deficits related to brainstem metastasis

Yes 6

No 19
Control of primary cancer

Yes 10

No 14
Extracranial metastasis

Yes 17

No 7
Primary cancer, no. of patients

Lung 18

Colon 3

Breast 3
WBRT

Before 2

After 3
Tumor volume, cm?

Median 0.2325

Range 0.01-7.49

RPA, recursive partition analysis; KPS, Karnofsky Performance Scale; WBRT, whole-brain
radiotherapy.

effects resulting from surgery-related brainstem injury. Consid-
ering that the brainstem has a low tolerance for radiation, single-
fraction dosing for this part of the brain may increase the prob-
ability of toxicities, such as hemorrhage and radiation necrosis,
compared with such dosing in non-eloquent areas.* Thus,
fractionated stereotactic radiotherapy (fSRT) may be an effective
method to maintain high local control rates without increasing
toxicities.>® Recent advances in targeting precision and the
development of a less-invasive fixation technique have increased
irradiation safety using a fractionated schedule. The purpose of
this study was to evaluate the efficacy and safety of linac-based
fSRT for BSM.

METHODS

Patients and Tumor Characteristics

Clinical data were retrospectively collected to evaluate the efficacy
and limitations of fSRT. The Nara Medical University Ethics
Committee approved this retrospective study in March 2019 (No.
2158). Between May 2007 and January 2017, 25 consecutive BSM
lesions in 24 patients were treated at the Nara Medical University
Hospital. Before stereotactic radiotherapy, each patient was eval-
uated by a multidisciplinary team, including neurosurgeons,
neuro-oncologists, neuroradiologists, and radiation oncologists,
to define the appropriate therapy. fSRT was offered either as an
initial treatment or in the salvage setting after failed whole-brain
radiotherapy (WBRT). Table 1 summarizes the clinical
characteristics of the 25 lesions in the 24 study patients.
According to the Radiation Therapy Oncology Group guidelines
based on recursive partitioning analysis (RPA),” 2 patients were
classified as class I, 17 as class II, and 5 as class III.

Stereotactic Radiotherapy

fSRT planning was based on computed tomography with 1- to 2-
mm slice thickness. All patients were immobilized in a thermo-
plastic mask (BRAINLAB AG, Munich, Germany). The gross tu-
mor volume (GTV) for each lesion was delineated on magnetic
resonance imaging (MRI) with 1- to 2-mm slice thickness. The
planning target volume was defined as GTV plus 1 mm for all
dimensions. The treatment was performed within 1 week of
computed tomography planning. Treatment planning was per-
formed using BrainSCAN or iPlan RT (BRAINLAB AG). Irradiation
dose was prescribed to ensure coverage for go% of the planning
target volume, and dose calculations were performed using a
pencil beam algorithm. fSRT was performed using 6-MV X-rays
delivered by a linear accelerator (Novalis; BRAINLAB AG) with a
micro-multileaf collimator (minimum leaf width of 3 mm). Patient
positioning and positioning verification were performed using the
BRAINLAB ExacTrac system (BRAINLAB AG), which contains 2
infrared cameras and 2 dual diagnostic kV X-ray tubes to auto-
matically move the patient into treatment position and minimize
setup errors.®?

All patients were treated with a dose of 24—40 Gy in 7—13
fractions with multiple non-coplanar beams, multiple non-
coplanar arcs, or a combination of both. In the former part of
our series, patients were mainly treated using 30 Gy in 10 frac-
tions, and in the latter part of our series, they were mainly treated
using 39 Gy in 13 fractions or 40 Gy in 10 fractions. In the others,
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Table 2. Fractionation Radiation Dose in EQD2 for Brainstem

Metastasis

Total Dose/Fraction Cases EQD2 (o/f: 2), Gy EQD2 (ot/B: 10), Gy
24 Gy/8fx 1 30 26

30 Gy/10fx 9 375 325

31.5 Gy/10fx 1 40.56 3452

35 Gy/7fx 1 61.25 4375

36 Gy/10fx 2 50.4 40.8

36 Gy/12fx 1 45 39

39 Gy/13fx " 48.75 4225

40 Gy/10fx S 60 46.67

EQD2, radiobiological equivalent dose of 2 Gy.

dose fractionation scheme was modified on each case. The patient
who had received WBRT was further treated with 24 Gy in 8
fractions and 30 Gy in 10 fractions to avoid the adverse effect.

The treatment methods for fSRT were conformal beams,
dynamic conformal arcs, intensity-modulated radiotherapy
(IMRT), and hybrid arcs, which is a novel treatment technique
blending aperture-enhanced optimized arcs with discrete IMRT
elements, allowing selection of arcs with a set of static IMRT
beams."

Follow-Up Examination

Follow-up MRI and clinical examinations were performed every 3
months after fSRT. The maximum diameter of the irradiated
lesion in the axial image was measured. Overall survival (OS) was
calculated from the date of starting fSRT using the Kaplan—Meier
method. Analyses were performed to determine the association
between OS and prognostic factors including patient age
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Figure 1. Overall survival of patients treated with fractionated
stereotactic radiotherapy for brainstem metastasis estimated using the
Kaplan—Meier method.

(>75 years vs. <75 years), sex, GTV (>1 cm? vs. <1 cm?), other
brain metastases besides BSM, brainstem-related symptom(s),
pretreatment Karnofsky Performance Scale (>80 vs. <70), RPA
class (class I or II vs. class III), and control of primary cancer. For
the analysis of local control, a complete response was defined as
disappearance of the treated lesion, a partial response as
shrinkage of >50% of the GTV, and progressive disease as a >25%
increase in GTV. All the other changes in size were considered as a
stable disease. Local control was defined as stabilization or
improvement (complete response, partial response, or stable
disease) in the treated lesion.

Statistical Analysis

Median survival time was calculated using the Kaplan—Meier
method. The log-rank test was used for the univariate analyses.
A P < o.05 denoted statistical significance. Statistical analysis was
performed using SPSS II (SPSS Inc., Chicago, Illinois, USA).

RESULTS

In total, 24 patients underwent fSRT for 25 lesions at our insti-
tution during the study period. Tumor volume ranged from o.or1 to
7.49 cm? (median: 0.233 cm3). All patients were treated with a dose
of 24—40 Gy in 7—13 fractions, with 39 Gy in 13 fractions for 11
lesions, 30 Gy in 10 fractions for 5 lesions, 40 Gy in 10 fractions for
3 lesions, 36 Gy in 10 fractions for 2 lesions, 36 Gy in 12 fractions
for 1 lesion, 35 Gy in 7 fractions for 1 lesion, 31.5 Gy in 10 fractions
for 1 lesion, and 24 Gy in 8 fractions for 1 lesion. The main pre-
scription dose was 39 Gy in 13 fractions. The radiation dose was
calculated to radiobiologic equivalent dose of 2 Gy (EQD2) using
/B ratio of 2 and 10 (Table 2). EQD2 (/B: 2) ranges from 30 to
61.25 Gy and EQD2 (0/B: 10) ranges from 26 to 46.67 Gy.

At the time of analysis, 22 of the 24 patients who had undergone
fSRT had died; however, their deaths were unrelated to BSM. The
median OS was 9 months after fSRT (95% confidence interval
4.216—13.784) (Figure 1). Large GTV, presence of brainstem-
related symptom, poor pretreatment Karnofsky Performance
Scale, and RPA class III were significantly associated with a low
OS (Table 3).

After fSRT, follow-up MRI showed a complete response in 1
lesion, a partial response in 17 lesions, and stable disease in 6
lesions. In 1 lesion, tumor progression was observed at 3 months
after fSRT; the patient died 5 months after fSRT due to primary
colon cancer without neurological aggravation. Tumor control in
this series was observed in 96.0% (24 of 25) lesions.

Patient Outcomes and Adverse Effects

Of all, 3 (12.5%) patients experienced a resolution of symptoms
after fSRT (truncal ataxia in 1 patient; sensory disturbance in 1
patient; and hemiparesis, diplopia, and sensory disturbance in 1
patient). Three patients, 1 with diplopia, 1 with hemiparesis, and 1
with gazed palsy before fSRT, experienced no symptom resolution
after fSRT.

Toxicity was recorded according to the National Cancer Insti-
tute Common Terminology Criteria for Adverse Events (CTCAE,
version 4.0). One patient with grade 2 nausea was treated with
corticosteroids. Toxicity grade 3 or greater observed was not
observed in this study after fSRT.
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Table 3. Log-Rank Tests for Prognostic Factors Affecting

Overall Survival

Factor P Value
Sex 0.965
Age (>75 years vs. <75 years) 0.165
Tumor volume (>1 cc vs. <1 cc) 0.039
Other brain metastasis 0.487
Symptom of brainstem 0.021
Pretreatment KPS 0.000
RPA (class I/II vs. class Ill) 0.000
Control of primary cancer 0.800
KPS, Karnofsky Performance Scale; RPA, recursive partition analysis.

lllustrative Case
A s55-year-old woman patient with adenocarcinoma in the lung
presented with diplopia and right hemiparesis. This patient had

received WBRT. MRI revealed a brainstem metastasis in her
midbrain with a tumor volume of 2.86 cm3. She was treated with
linac-based stereotactic radiotherapy (fSRT) using 30 Gy in 10
fractions. Three months after treatment, MRI revealed the tumor
size decreased significantly (Figure 2).

DISCUSSION

SRS with a Single Fraction for BSM

To enhance the management of metastatic brain tumors in the
modern era, SRS and radiotherapy using radiosurgical modalities
such as GK, CK, and Novalis have been developed to provide
excellent local control with less toxicity in lieu of WBRT. Previous
studies examining SRS or fSRT for BSM are summarized in
Table 4."3% Huang et al."" first assessed SRS for BSMs using GK in
1999. With a median prescription dose of 16 Gy and a mean tumor
volume of 1.1 cm3, they observed a local control rate of 95% and a
median OS of g months. In previous studies involving patient
series, tumor control rates for BSM with GK radiosurgery ranged
from 76% to 100%. The most commonly prescribed median
dose for BSM is 16 Gy,”* and marginal doses for BSM can range

Figure 2. An illustrative case of a 55-year-old woman with lung
adenocarcinoma presenting with diplopia and right hemiparesis. (A)
Magnetic resonance imaging (MRI) revealed a brainstem metastasis in her
midbrain with a tumor volume of 2.86 cm?®. She was treated with

linac-based stereotactic radiotherapy (fSRT) using 30 Gy in 10 fractions. (B)
Three months later, MRI revealed a considerable decrease in tumor size.
(C) fSRT for this patient was performed using this treatment plan.
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Table 4. Stereotactic Radiosurgery and Radiotherapy for Brainstem Metastasis

Patient/ Median Tumor Median Median Survival, Tumor WBRT Before Crude
Series STl Type Lesions  Volume, cm® Dose, Gy Months Control, % SRS or SRT  Toxicity Rate, %
Huang et al., 1999 GK 26/27 1.1 16 9 95 24 (92%) 12% (3/26)
Shuto et al., 2003' GK 25/31 2.1 13 49 774 9 (36%) 3% (2/25)
Fuentes et al., 2006" GK 28/28 2.1 (mean) 19.6 (mean) 12 92 6 (21%) 11% (3/28)
Yen et al., 2006' GK 53/53 2.8 (mean) 17.6 (mean) 1 86 21 (39%) NA
Hussain et al., 2007'° GK 22/25 09 16 85 100 3 (14%) 5% (1/22)
Kased et al., 2008' GK 42/44 0.26 16 9 85 19 (45%) 10% (4/42)
Lorenzoni et al., 2009' GK 25/27 06 20 11.1 95 11 (44%) NA
Koyfman et al., 2010' GK 43/43 037 15 58 100 22 (51%) 0%
Yoo et al., 2011' GK 32/32 1.52 (mean) 15.9 (mean) 77 875 NA 3% (1/32)
Kawabe et al., 20187 GK 200/222 0.2 18 6 82 13 (7%) 1% (1/200)
Jung et al., 2013 GK 32/32 071 13 5.2 88 17 (53%) 0%
Li et al., 2012% GK 28/32 078 16 9 906 0 (0%) 4% (1/28)
Sengoz et al., 20137 6K 44/46 06 16 8 9% 23 (52%) 0%
Kilburn et al., 20147 GK 44/52 013 18 6 82 25 (57%) 9% (4/44)
Voong et al., 20157 GK 74177 0.13 16 85 9% 22 (30%) 10% (7/74)
Valery et al., 20117 Linac 30/43 2.8 13.4 10 90 8 (27%) 0%
Kelly et al., 20117 Linac 24/24 02 13 53 82 23 (96%) 8% (2/24)
Leeman et al., 20127 CcK 36/38 094 12—24/1—5fr NA 93 15/36 (44%) 8% (3/36)
Lin et al., 20117 Linac 45/48 04 14 116 91 17 (38%) 4% (2/45)
Hatiboglu et al., 2011 Linac 60/60 1 15 42 76 9 (15%) 20% (12/60)
Joshi et al., 2016°' GK 48/51 0.12 15 76 89 19/48 (40%) 4% (2/48)
Liu et al., 2016* CK 54/66 0.14 18 5 80 33/66 (50%) NA
Trifiletti et al., 2016% GK 547/596 08 16 56 818 266/547 (49%)  7.4% (44/596)
Nakamura et al., 2017 CcK 20/26 033 18—30/3 or 5fr NA 9% 5/26 (19%) 25% (5/20)
Present study (2019) Linac 24/25 0.925 24—40/7—13fr 9 9% 3 (20%) 4.2% (1/24)
STI, stereotactic irradiation; WBRT, whole-brain radiotherapy; SRS, stereotactic radiosurgery; SRT, stereotactic radiotherapy; GK, gamma knife; NA, not available; CK, Cyber Knife.

from 13 to 20 Gy in a single session. Despite the fact that SRS is
commonly used to manage patients with BSMs, certain
complications, such as peritumoral edema, intratumoral
hemorrhage, and radiation necrosis, need to be considered.
Hatiboglu et al.?° have reported that 12 of 60 (20%) patients
developed a total of 15 complications related to linac-based SRS.
Of these complications, g developed within 1 month of radio-
surgery and 6 developed after 1 month. Trifiletti et al.®® have
reported that 7.4% of their study patients developed a grade
3—4 toxicity such as hemorrhage, hemiparesis, or cranial nerve
paresis as a result of single-session GK radiosurgery for BSM at
any time point in follow-up.

fSRT for BSM
Research from the 199os suggests that fractionation is more
beneficial than single-session radiosurgery because it expands the

therapeutic window between tumor control and late effects,
particularly for malignant brain tumors.”® The frameless
head-fixation system is advantageous for fractionation compared
with more invasive frame-based fixation systems such as GK
radiosurgery system. The frameless fixation system combines the
precise radiation delivery and tumor localization capabilities of
SRS with the tissue-sparing advantage of fractionation. By capi-
talizing on the differential repair capabilities of neoplastic and
non-neoplastic cells, fSRT is better equipped to achieve neoplastic
cell death with relative sparing of the normal, slowly dividing cells
in the vicinity.3*3” Thus, fSRT excels in the treatment of neoplastic
tissue lying in close proximity to critical and radiosensitive
structures. The brainstem is a critical structure that has a low
tolerance for radiation. Therefore, fSRT may be beneficial for
achieving tumor control and avoiding complications in the treat-
ment of BSM.
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Two studies have reported the use of fSRT for the treatment of
BSM. Leeman et al.*® have reported that SRS/fSRT with CK or
Trilogy (12—24 Gy in 1—5 fractions) resulted in a local control
rate of 93% in 36 patients. Nakamura et al.>* have reported that
fSRT with CK (18—30 Gy in 3—j5 fractions) resulted in 100% and
90% local control rates at 6 and 12 months after radiotherapy,
respectively. In this study, EQD2 (0/B: 10) ranges from 30 to
61.25 Gy and EQD2 (a/f: 2) ranges from 26 to 46.67 Gy. In
16-Gy single-fraction, EQD2 (a/B: 10) is 34.67 Gy and EQD2 (a/
B: 2) is 72 Gy. EQDz2 (¢/B: 10) in 16-Gy single-fraction is similar to
this study, but EQD2 (a/: 2) is greater than this study. Compared
with 16-Gy single-fraction, it may be estimated that fractionated
radiotherapy has similar efficacy and decrease of treatment-related
complications. In the present study, using fSRT with Novalis, the
total prescription dose was 24—40 Gy in 7—13 fractions and the
tumor control rate (96.0%) was consistent with that observed in
previous studies on the use of SRS/fSRT for the treatment of BSM.

Adverse Events After Radiosurgery and fSRT

Complications arising from SRS for BSM include the following:
intratumoral hemorrhage, radiation necrosis, ataxia, vomiting,
motor weakness, dysequilibrium, paresthesia, and seizures."***®
Previous studies have reported complication rates ranging from
0% to 25% following SRS for BSM. After using fSRT for metastatic
brainstem lesions, Leeman et al. reported no grade 3 or 4 toxicities
among 16 patients and Nakamura et al. reported grade 3
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