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Abstract

Purpose: To examine the effectiveness and safety of single-isocenter multitarget stereotactic radiosurgery using a volume-adapted
dosing strategy in patients with 4 to 10 brain metastases.

Methods and Materials: Adult patients with 4 to 10 brain metastases were eligible for this prospective trial. The primary endpoint was
overall survival. Secondary endpoints were local recurrence, distant brain failure, neurologic death, and rate of adverse events.
Exploratory objectives were neurocognition, quality of life, dosimetric data, salvage rate, and radionecrosis. Dose was prescribed in a
single fraction per RTOG 90-05 or as 5 Gy x 5 fractions for lesions >3 cm diameter, lesions involving critical structures, or single-
fraction brain VG, >20 mL.

Results: Forty patients were treated with median age of 61 years, Karnofsky performance status 90, and 6 brain metastases. Twenty-
two patients survived longer than expected from the time of protocol SRS, with 1 living patient who has not reached that milestone.
Median overall survival was 8.1 months with a 1-year overall survival of 35.7%. The 1-year local recurrence rate was 5% (10 of 204
of evaluable lesions) in 12.5% (4 of 32) of the patients. Distant brain failure was observed in 19 of 32 patients with a 1-year rate of
35.8%. Grade 1-2 headache was the most common complaint, with no grade 3-5 treatment-related adverse events. Radionecrosis was
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observed in only 5 lesions, with a 1-year rate of 1.5%. Rate of neurologic death was 20%. Neurocognition and quality of life did not

significantly change 3 months after SRS compared with pretreatment.

Conclusions: These results suggest that volume-adapted dosing single-isocenter multitarget stereotactic radiosurgery is an effective

and safe treatment for patients with 4 to 10 brain metastases.

© 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

As systemic therapies for solid tumors improve and
patients with metastatic cancer survive longer, the num-
ber of patients living with brain metastases has increased.
Historically, whole-brain radiation therapy (WBRT) has
been the primary treatment for multiple brain metastases.
Although providing reasonable control of visible and
occult lesions for many tumor types, WBRT is associated
with cognitive decline' and can only be delivered safely
and efficaciously once at full dose. In contrast to WBRT,
stereotactic radiosurgery (SRS) provides excellent local
control of brain metastases while sparing normal brain,
preserving cognitive function and quality of life (QOL).
In addition, multiple courses of SRS can be delivered
with minimal toxicity, which is particularly useful in the
setting of new brain lesions after initial brain treatment.”

SRS is now widely considered the standard of care for
patients with 1 to 3 brain metastases, and many institu-
tions are exploring SRS to treat larger numbers of brain
lesions. For example, a prospective observational trial
investigating a multicentric, single-fraction SRS tech-
nique in patients with 2 to 10 brain metastases revealed
no differences in survival, local recurrence, or toxicity in
patients treated for 2 to 4 versus 5 to 10 brain metastases.’

The treatment of multiple brain metastases with SRS
has several challenges. The traditional practice of deliver-
ing radiosurgery to each lesion with a unique isocenter
plan can result in prolonged treatment times for patients
with many brain lesions. Conversely, single-isocenter,
multitarget (SIMT) techniques, in which all brain lesions
are simultaneously treated using a common isocenter,”
substantially reduce treatment time. Similarly, single-frac-
tion SRS also is limited to treatment of modest individual
and aggregate lesion volumes in noneloquent brain struc-
tures, as the prescribed dose must be reduced to prevent
toxicity for large lesions or those located in structures
such as the brainstem, which in turn may limit local con-
trol. Hypofractionated SRS (HF-SRS, SRS delivered in 2-
5 fractions) potentially provides a broader therapeutic
window than single-fraction SRS, permitting large lesions
and aggregate lesion volumes, as well as lesions within
critical structures, to be safely and effectively treated.'*'”
Retrospective studies have shown that SIMT using 1 to 5
fractions is technically feasible and affords reasonable
control of treated lesions with minimal toxicity,(”() 112
although additional systematic prospective studies of the

indications, efficacy, and toxicities associated with this
technique would be beneficial.

Combining an SIMT technique with dose adaptation
enables safe treatment of a large number and volume of
brain metastases in any brain location. In this study,
“dose adapted” is defined as selection of either a 5-frac-
tion SRS regimen for large treatment volumes or lesions
near critical structures, or a single-fraction regimen with
reduced dose prescribed to at least 1 lesion. We hypothe-
sized that dose-adapted SIMT SRS in patients with 4 or
more brain metastases is efficacious and can be delivered
efficiently with minimal toxicity and no significant effect
on quality of life and neurocognition and without
adversely affecting survival predicted by the diagnostic-
specific graded prognostic assessment (DS-GPA).'®!”

Methods and Materials

Patient population

Patients with 4 to 10 untreated brain metastases were
enrolled in this prospective, single-arm trial. Eligibility
criteria included age >18 years Karnofsky performance
status >70, and a life expectancy of >3 months. All
patients were required to have brain magnetic resonance
imaging (MRI). Patients with small cell carcinoma,
germ-cell tumors, lymphoma, leukemia, and multiple
myeloma or with leptomeningeal disease were excluded
from this study. DS-GPA score, calculated using the orig-
inal formulation of this system,“”17 needed to be 0.5 or
greater. The largest metastatic lesion could be no more
than 4 cm in maximum dimension, and all lesions were
required to be >2 mm from the optic apparatus. Brain
stem lesions were permitted. Previous cranial SRS/
WBRT was allowed if >3 months before SIMT.

Study design

The institutional review board—approved study
was registered at https://clinicaltrials.gov/ct2/show/
NCTO02886572. The primary endpoint was overall
survival (OS). Secondary endpoints were local recur-
rence, distant brain recurrence, time to neurologic
death, quality of life, prevalence of adverse events,
and steroid use.
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Radiation technique and treatment

For treatment planning, patients underwent computed
tomography (CT) simulation using a frameless SRS ther-
moplastic mask (BrainLAB, Munich, Germany). A thin-
cut (1-mm) CT scan of the brain was fused with a gado-
linium-contrast-enhanced axial 3-dimensional spoiled-
gradient MRI scan. Gross tumor volume included all con-
trast-enhancing lesions. The planning target volume
(PTV) was created by adding a 1 mm margin to the gross
tumor volume. Doses were prescribed to each lesion
based on that lesion’s size, location, and volume.

All prescription doses were assigned per the protocol
algorithm (Fig. E1). PTVs <2 cm in maximum dimension
were prescribed 20 Gy, and those between 2.0 and
<3.0 cm received 18 Gy.'® If 2 lesions were within 1 cm
of each other, the prescribed dose to both lesions was
based on the maximum diameter across these 2 lesions.
PTVs >3 cm in maximum diameter received five 5-Gy
fractions delivered on consecutive workdays. At the dis-
cretion of the treating physician, lesions in eloquent areas
of the brain (eg, the motor strip or speech center) could be
reduced from 20 Gy to 18 Gy for PTV <2 c¢cm and 18 Gy
to 16 Gy for PTV 2 to 2.9 cm. If the V5, of normal brain
parenchyma (subtracting out the PTV) exceeded 20 mL on
single-fraction treatment planning, treatment was
replanned and administered with 5 Gy x 5 fractions to all
lesions. In addition, if a patient had any lesions in the brain
stem, all lesions were also treated with 5 Gy x 5. Patients
were deemed to have had a “dose adjustment” if they
underwent a 5-fraction regimen or a single-fraction treat-
ment with at least 1 metastasis treated with reduced dose.

All patients were contoured using BrainLAB iPlan RT
Planning software and planned in ECLIPSE (Varian
Medical Systems, Palo Alto, CA) using volumetric mod-
ulated arc therapy with a single-isocenter technique
detailed previously.'® All treatments were delivered on a
Novalis TX or TrueBeam STx linear accelerator
equipped with a micromultileaf collimator (2.5 mm leaf
width, Varian Medical Systems) using orthogonal kV and
cone beam CT imaging. Translational and rotational posi-
tion deviations were detected and corrected using 2-
dimensional/3-dimensional image matching and a 6
degrees of freedom couch.”

Follow-up

One month after SRS, patients returned for physical
examination, QOL, and neurocognitive assessment. Sub-
sequently, patients underwent brain MRI with physical
examination, QOL/neurocognitive assessment every 3
months during the first year and every 6 months in the
second year. After local or distant recurrence, patients no
longer continued neurocognitive studies but were

followed for survival, local control, and radiation necro-
sis. Radiation necrosis was identified either histologically
when surgical intervention was appropriate or with the
treating physician and principle investigator's clinical
judgments of the appearance on MRI and rate of radio-
logic changes. Neurologic death was defined as death
from neurologic causes related to tumor and categorized
based on chart documentation. If neurologic death was
not clearly noted but patients had documented MRI/CT
progression of central nervous system disease within 3
months of death with no additional central nervous sys-
tem treatment, this was also judged as neurologic death.

Neurocognition and quality of life

Neurocognitive and QOL testing was performed at
baseline, 1 month after SIMT SRS, and at 3-month inter-
vals from the time of SRS. Testing consisted of Mini-
mental state examination (MMSE),21 Trail Making tests
part A and B (TMT-A/B),”” Hopkins Verbal Learning
Test,23 and the validated Functional Assessment of Can-
cer Therapy-Brain (FACT-Br).”" Testing was stopped
either because of distant brain failure, patient refusal, or
death.

Statistical design and analysis

The goal of this study was to determine that the use of
SIMT SRS does not significantly reduce or compromise
the outcome of patients with >4 brain metastases. The
original DS-GPA score developed by Sperduto et al,'®"”
dependent on primary histology and baseline characteris-
tics, was used to make this assessment. Note that updated
formulations of the DS-GPA provide more refined assess-
ments of OS,25 but the molecular characteristics neces-
sary to calculate these modified indices were usually not
available when the patients were entered into the study.
The expected survival calculated from the DS-GPA was
used to help assess the efficacy of SIMT SRS. If the sur-
vival of patients treated with SIMT SRS is truly compara-
ble to the survival of patients treated with currently
available treatment regimens, we would expect that
approximately half of the patients would live longer than
expected. In designing this study, we planned to accrue
40 patients. If 17 or more lived longer than expected
according to their GPA score, SIMT SRS would be con-
sidered noninferior to the treatment, given to the histori-
cal comparison cohort. Using this decision rule, there
was 90% power to detect a noninferiority difference of
—0.2 using a one-sided exact test with a target signifi-
cance level of .10. The inferiority difference of —0.2 is
the distance <0.5, the proportion that is expected to live
longer than expected per the GPA score, that is consid-
ered statistically noninferior. A one-sided test was used
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because the study has a one-sided hypothesis that SIMT
SRS does not significantly reduce or compromise the out-
come of patients with >4 brain metastases.

Kaplan-Meier methods were used to estimate OS, with
survival being defined as the time from the start of proto-
col SRS until death. Patients were censored at death or
the time of last follow-up if still alive. When analyzing
distant recurrence, the cumulative incidence function was
used due to the presence of death before distant recur-
rence existing as a competing risk. This would have been
the preferred analysis method of local recurrence as well,
but with only 4 patients having local recurrence, the num-
bers did not allow for a meaningful cumulative incidence
function to be calculated. Categorical variables were
described with frequencies and percentages. Continuous
variables were described using either means with stan-
dard deviations or medians with appropriate percentiles.

Results

Patient characteristics

From February 2017 to August 2019, a total of 40
patients were enrolled in this study. Patient characteristics
are summarized in Table 1. Non-small cell lung cancer
was the predominant histology (50%), followed by breast
(27.5%), renal cell (7.5%), and melanoma (7.5%). Median
age was 61 years (range, 30-80); 62.5% of participants
were female. Median Karnofsky performance status was
90 (range, 70-100), median number of metastases 6, and
total volume of brain metastases per patient ranged from
0.06 to 32.2 mL with a mean of 4.28 mL. In addition, 21
of 40 patients presented in their initial diagnosis of meta-
static cancer. Eleven patients had previous brain SRS (9),
whole brain (2), or both (1) before enrolling in this trial.
Five of these patients had 2 or 3 previous courses of SRS.

Twenty-four patients were treated in 1 fraction (total
of 125 lesions), and 16 patients were treated in 5 fractions
(total of 79 lesions). Of the patients who had single-frac-
tion treatment, 4 received reduced dose because of prox-
imity to critical structures such as optic nerve and brain
stem; thus, a total of 20 patients had dose adjustment.

Thirty-two patients had at least 1 follow-up MRI, and
only those patients were included in the analyses for all
calculations and data points. The other 8 patients died
before their first MRI. All 40 patients were included for
survival analysis.

Dosimetric data

Twenty-four patients were treated in 1 fraction and 16
in 5 fractions. Median maximum dose was 22.7 Gy
(19.8-25.2 Gy) for single-fraction cases and 29.0 Gy
(26.7-32.4 Gy) for 5-fraction cases. Mean prescribed

Table 1  Patient characteristics
All patients
N %

Total 40 100.00
Sex

Female 25 62.50

Male 15 37.50
Primary disease site

Lung 20 50.00

Breast 11 27.50

Renal 3 7.50

Melanoma 3 7.50

Other 3 7.50
Were brain metastasis present

at initial cancer diagnosis?

No 28 70.00

Yes 12 30.00
Immunotherapy at baseline?

No 32 80.00

Yes 8 20.00
Race

White 33 82.50

Black or African-American 7 17.50
Ethnicity

Hispanic or Latino 1 2.50

Not Hispanic or Latino 38 95.00

Unknown/not reported 1 2.50
Karnofsky Performance Score

100 3 7.50

90 21 52.50

80 11 27.50

70 5 12.50
No. brain metastasis

4 8 20.00

5 9 22.50

6 5 12.50

7 7 17.50

8 4 10.00

9 6 15.00

10 1 2.50
Metastatic involvement

Brain only 11 27.50

Extracranial 29 72.50
Prior brain surgery for metastasis

No 36 90.00

Yes 4 10.00
SRS technique

VMAT 39 97.50

Static conformal 1 2.50
Received prior SRS/WBRT

No 29 77.50

Yes 11 22.50
Abbreviations: SRS = stereotactic radiosurgery;

VMAT = volumetric modulated arc therapy; WBRT = whole-brain
radiation therapy.

dose was 19.9 Gy (18-20 Gy) for single fraction and 25
Gy for 5 fractions. For those treated in 1 or 5 fractions,
median Vg, (brain — PTV) was 11.7 mL (3.0-21.20
mL) and Vy4gy was 3.5 mL (0.93-10.97 mL), respec-
tively. Of the patients who underwent single-fraction
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Figure 1 Overall survival from start of protocol stereotactic radiosurgery (SRS) treatment. Kaplan-Meier methods were used to esti-
mate overall survival, with survival being defined as the time from the start of protocol SRS until death. Follow-up time was 2 years.

SRS, 4 had reduced dose because of proximity to critical
structures such as optic nerve and brain stem. Median
longest distance between metastases was 12.0 cm (6.7-
15.1 cm) with a median distance from the isocenter to the
most distant metastasis of 7.0 cm (4.2-9.6 cm), mean
overall conformity index 1.44 (1.1-2.0), and median num-
ber of arcs 4 (3-6). Largest PTV lesion diameter for each
patient had a mean of 1.62 cm (0.50-3.80 cm). Mean inte-
gral whole brain dose was 3.27 Gy (1.02-14.15 Gy).
Median total hippocampal dose was 2.4 Gy with right
and left hippocampal doses of 2.20 Gy and 2.76 Gy,
respectively. The median maximal hippocampal doses
were 4.27 Gy and 4.93 Gy for the right and left hippo-
campi, respectively.

Delivery time

Median total time on the treatment table was
31.5 min/d (13-70 minutes), including a median beam-on
time of 8 minutes (3-13 minutes).

Survival and local and distant control

From the time of protocol SRS, median follow-up time
was 15.2 months. Median OS was 8.1 months with a 6-
month OS of 57.3% and a 1-year OS 35.7% (Fig. 1). OS
by histology is presented in Table 2. For comparison,
based on the DS-GPA, the median OS for our cohort was
calculated to be 5.5 months with a 1-year survival rate of

9-mo survival 12-mo survival

(95% CI)

(95% CI)

57.3% (40.6%-70.9%)
60% (35.7%-77.6%)
54.5% (22.9%-78%)
33.3% (0.9%-77.4%)
33.3% (0.9%-77.4%)

Table 2  Overall survival from protocol SRS by histology

Primary Total No. Median survival 6-mo survival
disease site dead (95% CI), mo (95% CI)
Overall 40 30 8.1 (5-12.1)

Lung 20 15 8.4 (3.7-17.8)

Breast 11 9 8.3(2.9-12.6)

Renal 3 2 59(,.)

Melanoma 3 3 5.1 (2.1-8.1)

Other 3 1 -

100% (100%-100%)

41.7% (26.3%-56.4%)
45% (23.1%-64.7%)
45.5% (16.7%-70.7%)
33.3% (0.9%-77.4%)

50% (0.6%-91%)

35.7% (21%-50.7%)
39.4% (18.6%-59.7%)
36.4% (11.2%-62.7%)
33.3% (0.9%-77.4%)

Abbreviations: CI = confidence interval; SRS = stereotactic radiosurgery.
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Figure 2 Time from protocol single-isocenter, multitarget to distant recurrence within the brain. Magnetic resonance imaging was
obtained every 3 months. Cumulative incidence function was used due to the presence of death before distant recurrence existing as a

competing risk.

20% (see Tables E1-E3 for stratification by histology).
From the time of protocol SRS, 22 patients survived lon-
ger than predicted by DS-GPA, surpassing the minimum
of 17 patients needed for non-inferiority (Table E2). In
addition, 65% of lung patients and 18% of breast patients
lived longer than predicted. From the time of any initial
brain metastases—directed radiation therapy (including
those treated for brain metastases before the SRS deliv-
ered in this SIMT SRS study), 29 patients survived longer
than predicted by DS-GPA, with 80% of lung and 55%
breast patients living longer than predicted (Table E3).
From any brain radiation treatment including those before
this study, median OS was 11.8 months with a 1-year OS
of 49.5% (33.2%-63.9%).

To date, local recurrence has been observed in 4
patients, involving 10 of 204 treated lesions for a 1-year
local failure rate of 5% (2.6%, 8.7%) in 4 of 32 patients.
One patient with NSCLC exhibited recurrence in 5
lesions. Eight of the 10 recurrent lesions had been treated
as prescribed by RTOG 90-05, with no dose adjustment.
The other 2 lesions had been treated with 5 fractions.
Thus, for lesions where there was no dose adjustment and
treatment with a single fraction, local failure occurred in
8 of 119, for 93% local control. For those lesions treated
in a 5-fraction regimen, 2 of 79 lesions failed, for 98%
local control. Of the 40 patients, 19 experienced distant
brain failure and 16 died without documentation of dis-
tant failure. The 6- and 12-month cumulative incidence

for distant recurrence was 20% (95% CI, 9.3%-33.7%),
and 35.8% (95% CI, 20.9%-50.9%), respectively (Fig. 2).
Five patients recurred with >10 metastases, although
only 1 had diffuse leptomeningeal disease. The remaining
14 patients had 1 to 8 metastases at recurrence with a
median of 4 lesions.

Of the 15 patients who received salvage therapy after
the protocol SRS, 11 received SRS and 4 whole-brain
radiation therapy, with a median OS of 5.8 months and a
9-month survival of 37% (95% CI, 13.8%-60.8%) after
salvage therapy.

OS did not significantly differ between those who had
4 to 5 metastases versus 6 to 10 metastases. Similarly,
there were no differences in OS between patients who
received 1 versus 5 fractions. Among the 31 patients who
died, 6 experienced a neurologic death (20%) with 1
unknown cause of death. Nine patients were alive at the
time this article was submitted.

Toxicity

Adverse events that were possibly, probably, or defi-
nitely related to SIMT were reported in 73% of patients,
all grade 1 or 2. The most common were headache
(50%), fatigue (45%), nausea (25%), and alopecia (20%).
No grade 3-5 treatment-related adverse events attribut-
able to SIMT were observed (Table 3.) Additionally,



Table 3  Toxicities possibly, probably, or definitely related to SIMT SRS treatment

Grade of adverse event

1: Mild 2: Moderate 3: Severe 4: Life Threatening 5: Lethal Total
n (%) n (%) n (%) n (%) n (%) N
Nonhematologic adverse events
Eye disorders
Eye disorders: other, specify (decrease visual acuity) 2 (5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Gastrointestinal disorders
Nausea 9 (23%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 40
Vomiting 0 (0%) 2 (5%) 0 (0%) 0 (0%) 0 (0%) 40
General disorders and administration site conditions
Fatigue 16 (40%) 2 (5%) 0 (0%) 0 (0%) 0 (0%) 40
Gait disturbance 3 (8%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
General disorders and administration site conditions: other, spec- 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
ify (unsteadiness without vertigo)
Irritability 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Localized edema 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Musculoskeletal and connective tissue disorders
Generalized muscle weakness 0 (0%) 2 (5%) 0 (0%) 0 (0%) 0 (0%) 40
Nervous system disorders
Dizziness 2 (5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Dysgeusia 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Dysphasia 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 40
Headache 16 (40%) 4 (10%) 0 (0%) 0 (0%) 0 (0%) 40
Memory impairment 3 (8%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Nervous system disorders: other, specify (minor nuisance 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
discomfort in her head)
Nervous system disorders: other, specify (odd sensation in head 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
behind eyes)
Nervous system disorders: other, specify (right mandibular 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
numbness)
Nervous system disorders: other, specify (syncope with seizure 0 (0%) 1 3%) 0 (0%) 0 (0%) 0 (0%) 40
like activity and loss of consciousness)
Paresthesia 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Peripheral sensory neuropathy 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Tremor 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Psychiatric disorders
Confusion 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 40
Personality change 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Psychiatric disorders: other, specify (decrease concentration) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Psychiatric disorders: other, specify (mental fogginess) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Restlessness 1 (3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Skin and subcutaneous tissue disorders
Alopecia 7 (18%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 40
Scalp pain 3 (8%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 40
Nonhematologic adverse events
Summary
Maximum nonhematologic AE 18 (45%) 11 (28%) 0 (0%) 0 (0%) 0 (0%) 40
All adverse events
Summary
Maximum overall AE 18 (45%) 11 (28%) 0 (0%) 0 (0%) 0 (0%) 40

Abbreviations: AE = adverse events; CI = confidence interval; SIMT = single-isocenter, multi-target; SRS = stereotactic radiosurgery.
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when comparing patients who had no dose adjustment
versus those that had dose adjustment, there were no sig-
nificant differences in the relevant side effect profiles.

Among 204 lesions treated, radionecrosis was
observed in 5 lesions in 4 patients, and the 1-year local
recurrence rate was 1.5% (0.4%, 4%). Four lesions had
been treated with standard (unaltered) single-fraction
dosing and one with 5 fractions. PTV diameters ranged
from 0.9 to 1.78 cm with a median of 1.3 cm. Mean maxi-
mum doses did not exceed 113.9% for the metastases
treated with single fraction. Total Vg, values were
11.4 mL, 18.7 mL, and 14 mL for these single-fraction
SRS cases. Mean maximum dose for the 5-fraction treat-
ment was 124% with a total Vs, of 4 mL.

Steroid use

Twelve patients were receiving steroids immediately
before SIMT. All patients were able to discontinue ste-
roids after SIMT at a mean time of 1.55 months. Immedi-
ately after SRS treatment, 3 patients not previously on
steroids began receiving steroids. One patient received
0.5 mg daily for 5 days; another 4 mg 4 times a day fol-
lowed by a slow taper for 2 months; and the last 1 mg QD
to 4 mg twice daily for 3 weeks. The median duration of
steroid therapy for these patients was 1.3 months.

All 4 patients with radiation necrosis were placed on
steroids when they developed new neurologic symptoms
at a median time of 12.3 months after SRS; none had
received steroids at brain metastasis diagnosis or immedi-
ately after SRS. Two patients (total of 3 lesions) with
radiation necrosis required surgical intervention. One
patient received surgery for one lesion and laser intersti-
tial thermal therapy for another. Another patient received
surgery alone, after which steroids were discontinued.
Pathology showed necrosis alone in each of those 3 pro-
cedures. Both patients are still alive at the time of the arti-
cle; the first survived 15.3 months after surgery and 9.1
months after lesion and laser interstitial thermal therapy,
and the other lived 7.8 months after surgery.

Neurocognition

As shown in Tables E4 to E7 and Figures E2 to ES,
scores on the MMSE, Trail Making, and Hopkins Verbal
Learning tests did not change significantly from baseline
with a mean follow-up time of 4.2 months. A 3 months
post-SRS, the following scores were observed: MMSE,
29 pre-SRS and 30 post-SRS, with a mean change of 0.1;
Trail Making A, 37.04 pre-SRS and 33.88 post-SRS, with
a mean change of —1.17; Trail Making B, 75 pre-SRS to
75.50 post-SRS, with a mean change of —4.41; and
HVLT, 23.5 pre-SRS and 25 post-SRS, with a mean
change of 0.76. FACT-BR revealed no statistically

significant changes in QOL after treatment, with scores
of 142.50 (pre-SRS) and 136 (post-SRS), exhibiting a
mean change of —2.25.

Discussion

As advances in systemic therapies allow patients with
advanced cancer to live longer, brain metastases appear
to be a growing problem with rising prevalence.’®”’
There is increasing need for local control of brain disease
that preserves long-term QOL and neurocognition. SRS
has been demonstrated to better preserve neurocognition
than WBRT and is the preferred treatment for patients
with limited numbers of brain metastases. Larger num-
bers of brain lesions (>4) can present several logistical
and technical hurdles when treating multiple isocenters
with traditional SRS techniques. Likewise, increased tox-
icity can be associated with single-fraction SRS of large
lesions or those in or near critical structures. The volume-
adapted dosing strategy described and used in this pro-
spective study addresses many of these concerns.

This dose-adapted SIMT strategy effectively con-
trolled the local growth of brain metastases. Local control
rates were comparable with our previous prospective
study examining SRS margin, which showed 93% LC at
1 year.”® In the present study, even with a 12 cm median
maximum distant between targets (maximum 15 cm),
excellent local control was observed, highlighting the
accuracy of SIMT delivery, as Kraft et al have also
shown.”” In addition, local control rates per lesion with
hypofractionated SRS were similar to that for single-frac-
tion treatment (98% vs 93%, P = NS), in line with results
from previous studies.’’~” Thus, hypofractionated SRS
techniques appear appropriate for larger lesions and those
near critical structures without compromise of local
tumor control.

Although there is growing acceptance of SRS for mul-
tiple metastases, the risk of distant brain failure from
occult metastatic brain disease not visualized on MRI has
raised concerns about the appropriate therapeutic space
for SRS alone. However, note that the number of brain
metastases appears to be one of many factors in predict-
ing distant brain failure. Other factors must be consid-
ered, including histology, control of systemic disease,
existing systemic therapy options, and predicted
survival.*>** For example, Barrett et al® analyzed out-
comes of SRS in patients with 5 or more brain metastases
and demonstrated that neither tumor volume nor tumor
number were predictive of distant failure in multivariate
analysis. Risk of distant brain failure in 6 months in our
study was 58%, which is comparable with historical con-
trols, where risk of distant brain failure in patients after
SRS alone was similar and ranged from 35% to
64%>*%35 In addition, Nam et al demonstrated no differ-
ences in distant brain failure between those who had 1 to
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Table 4 Summary of studies of radiosurgery in the simultaneous treatment of >4 brain metastases

Study published, y No. of Nature Lesions/patient ~ Max lesion diameter (cm)/  Karnofsky performance  Median overall
patients  of study median (range)  aggregate lesion vol (mL) status median (range) survival (mo)

Yamamoto et al’*** 2014, 2017 1194 Prospective 3 (1-10) 3/<15 (<70->70) 13.9

Nichol et al'' 2016 60 Retrospective  (1-10) 3/<15 90 10.1

Limon et al’’ 2017 59 Retrospective 5 (4-23) No maximum >70 (93.2%) 5.8

Palmer et al'> 2019 173 Retrospective 4 (1-30) No maximum 80 (70-90) 13.2

Minniti et al*’ 2020 40 Retrospective 13 (10-21) 3/< 15 (>60) 14.1

Alongi et al® 2021 172 Retrospective 4 (2-22) 3/50 - 12

Present study 40 Prospective 6 (4-10) 4/no maximum 90 (70 - 100) 8.1

3 versus 4 to 10 brain metastases.”® More than half of our
patients did not experience a distant recurrence (21 of
40), and the cumulative incidence at 1 year for distant
recurrence was 35.8%. Of the 19 patients who failed after
protocol SRS, 15 patients received salvage therapy (11
with SRS and 4 with WBRT), exhibiting a median OS of
5.8 months after salvage therapy with a 9-month survival
of 37% (95% CI, 13.8%-60.8%). Salvage SRS appeared
well tolerated and effective, recognizing that regular
post-SRS imaging and follow-up are necessary. Conse-
quently, SRS provided reasonable overall disease control
in the majority of patients, most of whom would have
otherwise received WBRT.

In SRS trials treating multiple brain metastases,
median survival after SRS has ranged from 6.2 to 8.6
months (Table 4). In our study, survival was comparable
at 8.1 months. When patients were stratified by number
of brain metastases, OS did not significantly differ
between those who had 4 to 5 metastases versus 6 to 10
metastases. Also, there were there no differences in OS
between the group of patients who received single-frac-
tion SRS and those who received hypofractionated treat-
ment, despite the fact that HF-SRS was associated much
higher treatment volumes, a characteristic that should
adversely affect local control and brain-specific
survival.”’~*®

OS in this study was also similar to published reports
when adjusted for known risk factors for SRS patients.
Using the DS-GPA as a benchmark, our trial design
required that 17 patients surpass the DS-GPA expected
survival to demonstrate noninferiority of the SIMT
approach. From the time of protocol SIMT, 22 patients
exceeded their expected survival time with 1 patient still
alive with the potential to exceed their expected survival,
meeting this noninferiority mark. When comparing his-
tologies of primary tumors, 65% of lung and 18% of
patients with breast cancer lived longer than expected.
The benchmark used in this study is imperfect, as Sper-
duto et al calculated survival time based on time of initial
brain metastases.'®'” Eleven of the patients enrolled in
this study had prior SRS/WBRT. If we calculated sur-
vival from first presentation of brain metastases, median
survival was 11.8 months with a 1-year survival of 49.5%
(95% CI, 33.2%-63.9%), and 29 patients living longer

than predicted by the DS-GPA. Based on our results, we
conclude that SIMT does not significantly compromise
the survival of patients with 4 to 10 brain metastases.
Moreover, this SRS strategy also appears to preserve neu-
rocognition and QOL in at least the subset of patients
who elected to return for detailed testing after SRS.

SRS potentially offers benefits compared with WBRT
with regard to integrated treatment logistics and preserva-
tion of QOL and neurocognition. In this study, 77.4% of
patients died of systemic failure or nonneurocognitive
death. SRS can positively affect this by enabling more
rapid initiation or a shorter break from systemic therapy.
This could allow better extracranial tumor control, espe-
cially as systemic therapies continue to improve. In addi-
tion, as many patients have worsening performance
statuses on systemic therapy, this study is consistent with
the observation that patients undergoing SRS experience
smaller declines in QOL compared with those receiving
WBRT.’

Toxicity was extremely low in this study. In the litera-
ture, radiation necrosis rates have ranged from 2% to
24%.7** The rate of radiation necrosis per lesion was
2.5%, which is similar to a retrospective experience
involving SIMT to multiple metastases delivered in both
single and hypofractionated radiation schemes.'® In this
study, rates were 3.4% among lesions treated with a single
fraction (4 of 119 lesions) and 1.3% among lesions treated
with hypofractionation (1 of 79 lesions). Using this hypo-
fractionated regimen, no serious adverse effects and excel-
lent local control were observed, even though the
aggregate PTV was up to 32 mL. Finally, no treatment-
related grade 3 or 4 toxicities were observed in any patient.
Rates of grade 1 and 2 toxicities also did not appear to dif-
fer between hypofractionated and single-fraction schemes.
In this trial, hypofractionation was an effective and safe
method to treat a large number of brain metastases.

Regarding neurocognitive function, in a prospective
study of low-grade gliomas treated with conventional frac-
tionation, 7.3 Gy to at least 40% of hippocampal volume
was associated with long-term delayed recall.”’ In addi-
tion, a higher integral brain dose has been associated with
leukoencephalopathy and neurocognitive dysfunction.** In
our study, integral brain and hippocampal doses were low,
and there were no clear changes in neurocognition from
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baseline, as measured by the HVLT, MMSE, and Trail
Making Tests. In addition, QOL was well preserved after
SRS in patients who underwent testing. The results in this
study are consistent with other studies which have found
no significant changes in neurocognition or QOL a few
months after SRS.***>*

Limitations of the study

The study’s number of patients and population hetero-
geneity prevented multivariate analysis of survival. There
also were not enough events to calculate a statistically rele-
vant time to neurologic death, local failure, or radiation
necrosis. In addition, an analysis of metastases volume
effect on survival was not feasible given the number of
patients on study. Finally, compliance with neurocognitive
and QOL testing dropped off quickly after 6 months. Many
patients had died (18 before the 6-month mark and another
7 patients in the following 3 months) or did not undergo
the planned neurocognitive testing. However, in the 0- to
6-month timeframe, there were no obvious changes from
baseline. Lastly, 11 patients had prior radiation, primarily
SRS. Patients were chosen sequentially for consideration
as they came into our clinic, whether or not they had previ-
ous radiation. Enrolling patients who have had previous
brain radiation could be a confounding factor.

Conclusions

This study demonstrates that a dose-adapted SIMT SRS
strategy including hypofractionation can be used to effec-
tively and efficiently treat 4 to 10 brain metastases for a
broad range of lesion sizes and locations. In this setting, it
appears to be an attractive treatment option compared
with WBRT, as outlined. Nonetheless, validation of these
findings in a larger trial is merited. In particular, random-
ized trials evaluating SRS versus WBRT for patients with
multiple metastases are currently being conducted:
NCT03550391 (5-15 metastases; hippocampal-avoiding
WBRT), NCT03075072 (5-20 metastases), and
NCTO01592968 (4-15 metastases). We strongly encourage
enrollment in these trials. It would also be worthwhile to
determine the potential benefits of hypofractionated versus
single-fraction SRS in the large aggregate volume, multi-
ple brain metastasis space, similar to the Alliance trial in
resected brain metastases (NCT04114981) in which sin-
gle-fraction versus hypofractionated SRS is being tested.

Supplementary materials

Supplementary material associated with this article
can be found in the online version at doi:10.1016/j.
adro.2021.100760.
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