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Abstract

Background Salvage of recurrent previously irradiated brain metastases (rBrM) is a significant challenge. Resection without
adjuvant re-irradiation is associated with a high local failure rate, while reirradiation only partially reduces failure but is
associated with greater radiation necrosis risk. Salvage resection plus Cs131 brachytherapy may offer dosimetric and bio-
logic advantages including improved local control versus observation, with reduced normal brain dose versus re-irradiation,
however data are limited.

Methods A prospective registry of consecutive patients with post-stereotactic radiosurgery (SRS) rBrM undergoing resection
plus implantation of collagen-matrix embedded Cs131 seeds (GammaTile, GT Medical Technologies) prescribed to 60 Gy
at 5 mm from the cavity was analyzed.

Results Twenty patients underwent 24 operations with Cs131 implantation in 25 tumor cavities. Median maximum preopera-
tive diameter was 3.0 cm (range 1.1-6.3). Gross- or near-total resection was achieved in 80% of lesions. A median of 16 Cs131
seeds (range 6-30), with a median air-kerma strength of 3.5 U/seed were implanted. There was one postoperative wound
dehiscence. With median follow-up of 1.6 years for survivors, two tumors recurred (one in-field, one marginal) resulting
in 8.4% 1-year progression incidence (95%CI=0.0-19.9). Radiographic seed settling was identified in 7/25 cavities (28%)
1.9-11.7 months post-implantation, with 1 case of distant migration (4%), without clinical sequelae. There were 8 cases of
radiation necrosis, of which 4 were symptomatic.

Conclusions With> 1.5 years of follow-up, intraoperative brachytherapy with commercially available Cs131 implants was
associated with favorable local control and toxicity profiles. Weak correlation between preoperative tumor geometry and
implanted tiles highlights a need to optimize planning criteria.
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Introduction

The treatment of recurrent, previously-irradiated brain
metastases (rBrM) is a growing clinical challenge given the
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resection for post-SRS recurrence, where the risk of recur-
rence with surgery alone approximates 40%, adjuvant reir-
radiation (reRT) carries a greater risk of radiation necrosis
(RN) [7]. Thus, adjuvant reRT is commonly withheld or
underdosed in this population, likely contributing to subop-
timal local control [8].

Brachytherapy, which delivers radiation to surgical cavi-
ties’ most superficial margin and thus spares the deeper sur-
rounding, previously-irradiated brain parenchyma, offers an
opportunity for adjuvant RT with theoretically better RN
risk profile than less-conformal external-beam irradiation if
appropriately dosed. Best studied among permanent intra-
cavitary brachytherapy isotopes in the CNS are iodine-125
(I125) and cesium-131 (Cs131). 1125 is characterized by
higher total deposited dose, more unpredictable dosimetry
and a 60-day half-life, which can result in prolonged patient
radiation exposure and has been found to carry radiation
necrosis rates of around 25% after prior SRS [9, 10]. Cs131
has radiobiological advantages including continuous deposi-
tion with a substantially lower half-life of 9.7 days, resulting
in reduced deposited dose than 1125, and has been described
for a variety of primary and metastatic brain tumor applica-
tions since FDA approval in 2003. This advantage translates
to reductions in theoretical and observed CNS RN rates, ver-
sus both 1125 and external-beam irradiation in early reports
[11,12].

An initial report using a manually-spaced “seeds on a
strand” formulation of Cs131 for rBrM described 83%
local control with limited accrual and follow-up [13]. More
recently, an FDA-approved, commercially available Cs131
formulation with the radioactive seeds embedded in a con-
formable collagen carrier has been introduced, with the
logistical advantages of more even seed spacing, and thus
no need for additional surgical glues or scaffolds to affix the
initial construct in place as with the unembedded preparation
reported previously.

Initial clinical data using collagen-embedded Cs131
brachytherapy suggest safety and early efficacy for recurrent
meningiomas, glioblastomas and a mixed cohort of tumors,
but rBrM outcomes have not been detailed [14-16]. We
describe the first experience using this Cs131 formulation
for rBrM and report selection criteria, planning considera-
tions and outcomes, with long-term follow-up.

Methods

Patient inclusion and selection criteria

Following IRB approval, consecutive patients with rBrM
who underwent resection plus permanent intracavitary col-

lagen-embedded Cs131 brachytherapy (GammaTile, GT
Medical Technologies) were evaluated. At our institution,
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all patients with suspected rBrM undergo multidisciplinary
tumor board review with neurosurgery, radiation oncology,
neuro-radiology, neuro-oncology and medical oncology
participation, and are evaluated with gadolinium-enhanced
MRI and perfusion imaging [17]. In general, recurrent
disease is suspected with nodular enhancement, intercur-
rent growth on two consecutive MRIs, and > 1 advanced
imaging modality suggestive of viable tumor over treat-
ment effect (i.e., elevated DCE perfusion or FDG posi-
tron emission tomography [PET] if suitable). Systemic
cancer-directed treatment is generally suspended periop-
eratively, particularly with anticipated myelosuppression.
In general, myelosuppressive systemic therapy is resumed
2-4 weeks postoperatively, depending on magnitude/rapid-
ity of toxicity.

Cs131 tile implantation

After tumor resection, brachytherapy implantation pro-
ceeded after intraoperative frozen section confirmation
of viable recurrent disease by a neuropathologist (>5%
viable disease in cases with admixed treatment effect/RN).
Csl31plaques were rehydrated using sterile saline. Entire
resection cavities were covered without gaps, not including
overlying dura which is resected with suspected involve-
ment. Per vendor specifications, this orientation is designed
to deliver a prescribed dose of 60 Gy at a depth of 5 mm
from the cavity assuming the cavity is fully covered with
tiles. The delivered dose is not modifiable given the sup-
plied seed strength is determined by the vendor; a higher
dose could be delivered if the tiles are surgically oriented in
the opposite direction, which brings the embedded Cs131
seeds closer to the exposed cavity wall. Each tile was used
whole (4 seeds) or halved (2 seeds) to accommodate smaller
or irregularly shaped cavities. Seed strength was confirmed
by medical physicists; vendor specifications were used when
in-house measurements were within 3% variance, which was
the case with all lots to date.

Following tile placement, dura was closed, and skin
closed with staples (or absorbable sutures in 3 cases dur-
ing an acute phase of the COVID-19 pandemic to reduce
subsequent patient-caregiver exposure). All patients were
treated with routine antibiotic prophylaxis and 2 weeks of
levetiracetam prophylaxis for supratentorial resections per
standard procedure.

Postimplant dosimetry was performed using a registration
of the postoperative-day 1 axial T1 post-contrast MRI and
1 mm-slice thickness CT. A CNS radiation oncologist con-
toured the surgical cavity and a high risk CTV (HR-CTV)
was created as a 5 mm expansion of the surgical bed exclud-
ing uninvolved anatomic structures like adjacent cranium
[16].
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Imaging analysis

Clinical evaluations were performed 2 weeks postoperatively;
and at least every 3 months thereafter with concurrent sur-
veillance contrasted MRI. Complications were assessed using
CTCAE version 5.0.

MRIs were acquired on 1.5 T or 3 T scanners using consen-
sus brain tumor protocol specifications [18]. Preoperative and
all subsequent scans were reviewed for all patients (n=184
total scans) by a blinded neuroradiologist. The preoperative
scan (within 30 days before surgery), postoperative day 1 scan,
scan closest to 3 months post procedure, and subsequent scan
with the maximal enhancing and non-enhancing lesions after
surgery or the last available follow up scan were selected for
quantification. The enhancing lesion on contrast T1-weighted
images and perilesional T2 hyperintense non-enhancing lesion
on fluid-attenuated inversion recovery (FLAIR) images were
manually segmented using commercial FDA-approved soft-
ware (iNtuition ver.4.4.13.P6, TeraRecon, Durham, NC) by
a neuroradiologist. Extent of resection was categorized as
gross- or near-total resection (GTR/NTR) if > 85% reduc-
tion in enhancing volume and otherwise as subtotal (STR)
based on prior literature in gliomas and metastases [19-21].
Radiation necrosis was defined as postoperative enhancement
enlargement > 1 cm® without suspicion for viable recurrence
by blinded neuroradiologist review, and was considered symp-
tomatic with new or worsened referable symptoms.

Statistics

Associations between the number of embedded seeds with
the pre- and postoperative tumor diameters, volume, and
surface area were calculated using Pearson correlation coef-
ficients. Local failure was determined at the lesion level and
defined as evidence of progressive disease (defined per
above) within the HR-CTV. Seed settling was determined
at the lesion level. Both local failure and seed settling rates
were estimated using a cumulative incidence function from
the date of Cs131 implant assuming a competing risk of
death. Overall survival (OS) was calculated using Kaplan
Meier methodology from the date of first resection until
death for those with an event or last follow-up for those
who were censored. Level of statistical significance was
set<0.05. All tests were two-sided and statistical analyses
were performed using SAS v9.4 (SAS Institute, Cary, NC)
and R v4.1.3 (The R Foundation for Statistical Computing).

Results

Twenty patients underwent 24 operations with Cs131
implantation in 25 cavities between September 2019 and
October 2021 (Table 1). An additional 10 cases with planned

Cs131 implantations for suspected rBrM were aborted intra-
operatively given < 5% viable disease (n=>5) or cancelled for
unrelated reasons (n=15; 15% each).

Median maximum preoperative diameter was 3.0 cm
(range 1.1-6.3), median preoperative enhancing volume was
9.5 cm?® (range 0.6-69.7) and median preoperative surface
area was 21.7 cm? (range 3.4-81.9). All treated lesions had

Table 1 Patient and lesion level characteristics

Patient level characteristics N (%)

Female gender 11 (55)

Median age at first surgery (range) 59.2 (20.5-74.7)

Primary cancer

Lung 5(25)
Breast 4 (20)
Renal cell carcinoma 3 (15)
Other® 8 (40)
Systemic disease control at first surgery
No EOD 7 (35)
Stable/Improving 5(25)
Progressive 8 (40)
Lesion level characteristics N (%)
Maximum preoperative dimension (cm)
<2 3(12)
2-3.5 13 (52)
>3.5 9 (36)
Extent of resection
GTR/NTR (>85%) 20 (80)
STR 5 (20)
Hemisphere
Left 12 (48)
Right 13 (52)
Lobe
Frontal 7 (28)
Parietal 7 (28)
Temporal 4 (16)
Occipital 2(8)
Cerebellum 5 (20)
Surgical pathologic finding
Exclusively viable tumor 18 (72)
Admixed viable tumor plus necrosis 7 (28)
Status of additional intracranial disease at time of Cs131 implant
None 9 (36)
Stable 5(20)
Progressive 11 (44)

EOD evidence of disease, GTR gross total resection, NTR near total
resection, STR subtotal resection.

#Other reflects individual patients each with different histologies,
which include: alveolar soft part sarcoma, cervical squamous cell
carcinoma, cholangiocarcinoma, esophageal carcinoma, malignant
peripheral nerve sheath tumor, oral cavity squamous cell carcinoma,
rectal cancer and prostate cancer
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received > 1 prior course of SRS (range 20-30 Gy between
1 and 5 fractions) a median of 358 days preoperatively
(range 56—1334) earlier. Eight lesions (32%) had prior sin-
gle-fraction SRS with doses ranging from 18 to 21 Gy and
the remainder hypofractionated SRS of either 8-9 Gy X3
fractions (n=9) or 6 Gy X5 (n=38). Four had also under-
gone prior resection or laser ablation. Twenty-three of 25
implanted lesions had elevated DCE perfusion character-
istics on preoperative MRI. Six lesions also were evaluated
with FDG PET prior to resection, of these, 4 (66%) were
FDG avid.

Seed requirement

For the 25 cavities successfully implanted, 156 tiles were
pre-ordered and 114 were ultimately implanted, reflecting a
wastage rate of 26.9%. A median of 16 Cs131 seeds (range
6-30) per lesion, with a median air-kerma strength of 3.5 U/
seed (and variance of 0.09 U) were implanted. In one case,
seeds were implanted one day earlier with a corresponding
strength of 3.81 U/seed and dose of 65.3 Gy at 5 mm from
the cavity surface (this case was not subsequently necrotic
or recurrent). Preoperative surface area, maximal diameter
and enhancing volume were weakly associated with the
number of ultimately implanted seeds (correlation coeffi-
cients =0.49, 0.50, and 0.41, respectively).

Clinical outcomes

With median follow-up for survivors of 1.6 years (range
0.6-2.1), 2 local recurrences were identified resulting
in a 1-year local progression incidence of 8.4% (95%CI
0.0-19.9, Fig. 1). This included patients with large

recurrences with radioresistant histology and multiple
prior local treatments, including 1 patient with renal
cell carcinoma who progressed through laser interstitial
thermal therapy (LITT) and SRS as previously reported
(Fig. 2A) [22]. The local recurrence was in a gross-totally
removed 3.0 X 2.8 cm ALK-rearranged solitary lung can-
cer brain metastasis that recurred 7.5 months following
SRS (21 Gy). Eleven months later, nodular enhancement
with elevated perfusion was identified along the anterio-
inferior edge of the resection cavity, partially within and
marginal to the HD-CTV which did not receive the full
60 Gy prescription dose and fell within the 50% isodose
line of 30 Gy. The patient was neurologically stable with
well-controlled extracranial disease. This marginal relapse
was recently treated with salvage hypofractionated SRS
(27 Gy in 3 fractions).

The second relapse was a 3.4 % 1.5 cm left frontopari-
etal tumor renal cell carcinoma metastasis that recurred
44.5 months after hypofractionated SRS (30 Gy in 5 frac-
tions) (Fig. 2C). Pathology showed admixed viable tumor
and necrosis. Mildly hyperperfusing nodular enhancement
was identified 10 months post-implantation along the surgi-
cal cavity suggestive of viable recurrence (likely with mixed
RN). He was managed with dexamethasone for symptomatic
RN and subsequently observed over the ensuing 5 months
with mild change. More recently, he received addition SRS
for distant brain progression.

One-year cumulative incidence of overall intracranial
progression was 41.1% (95%CI 20.9-61.3); corresponding
to the 2 above local/regional index-site progression plus 13
cases with new or progressing pre-existing distant sites of
disease within the brain. One year OS was 64.0% (95%CI
45.8-89.4); median OS was not reached.
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Fig. 1 Clinical outcomes. A cumulative incidence of local failure at the lesion level. B Cumulative incidence of intracranial PFS at the patient
level from date of first Cs131 implant. C Overall survival at the patient level for the cohort from date of first Cs131 implant
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Preoperatiye—T1 +G

Fig.2 Three representative rBrM case examples with columns from
left to right delineating pre-operative T1 post contrast MRI (T1+G),
immediate post-operative MRI, dosimetry, post-implant T1 post
contrast MRI showing either local control or suspected relapse and
DCE (dynamic contrast-enhanced) perfusion imaging correspond-
ing to that same post-implant MRI scan. A Recurrent parietal rectal
cancer metastasis after prior hypofractionated SRS (8 Gy x3) show-
ing durable control with no evidence of tumor recurrence 17 months
post implantation. Of note, the dosimetry is set to show 95% of the
prescription dose or higher. B Recurrent temporal non small cell lung
cancer brain metastasis after prior 21 Gy X 1 showing hyperperfusing

Detailed analysis of post-implant imaging
T1 post-contrast enhancement

Following implantation, increased enhancement versus the
immediate postoperative scan was seen in 19/23 evalu-
able lesions at 3 months postoperatively (83%; 95%ClI
61.2-95.0). However, morphologic features and perfusion
characteristics were not suggestive of viable disease in
any case at this time point, and the patients were managed
with the assumption this was treatment effect with dexa-
methasone used as needed for symptoms. Two such lesions
were eventually deemed radiographically concerning for

Immediate postop—-T1+G Cs131 dqsimetry

Surveillance-T1+G Surveillance-DCE

-

30 Gy IDL

60 Gy IDL

recurrence within and marginal to the HR-CTV 11 months post-oper-
atively (blue dotted box). Of note, for the Cs131 dosimetry, the thin
yellow line delineates the HR-CTV. For the upper panel, the dosim-
etry shows 95% of the prescription dose or higher. In the enlarged
lower panel, the 30 Gy (i.e., 50% isodose line) and 60 Gy (i.e., 100%
isodose line) are shown in blue and red, respectively. C Recurrent
parietal renal cell carcinoma metastasis after previous hypofraction-
ated SRS (6 Gy x5) showing enhancement in the surgical cavity with
subtle hyperperfusion at 10 months post implant suspicious for viable
tumor mixed with necrosis (blue dotted box)

recurrent disease by multidisciplinary consensus and
reflect the two aforementioned local progression events.

T2 FLAIR

Median baseline preoperative FLAIR volume was 48.1 cm?
(range 7.0-231.6). At 3 months 23/24 evaluable lesions
had a reduction in the quantitative volumetric edema with
an average reduction of 56.0% (Supplemental Fig. 1).

@ Springer
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Post-implant radiation necrosis and wound toxicity

There were 8 cases (32%) of radiographic radiation necrosis
of which 4 (50%) were assessed to be symptomatic after
retrospective multidisciplinary review. One of these lesions
had previously received single-fraction SRS to a total dose
of 21 Gy and the remaining 7 lesions received hypofraction-
ated SRS.

There was 1 case of wound dehiscence in a high-risk
patient with multiple prior RT courses, and prior resection
complicated by pseudomeningocele. The patient required
CSF shunting and wound revision for CSF leak and intrac-
ranial hypertension. There was 1 postoperative seizure in a
patient with prior seizures, that was controlled with anti-
epileptic medications.

Stability of tile/seed positioning post-implantation

Seven treated cavities (28%) were found to have asympto-
matic change in seed position at a median 6.3 months post-
operatively (range 1.9-11.7), most often into a dependent
position (n=6) with half into a discrete cluster, and less
commonly, a fall from a single cavity wall (n=1), for a
1-year cumulative incidence of 28.8% (95% CI 10-2-47.3).

One patient with ventricular communication with the
resection cavity was found to have a single seed migrate
into the adjacent occipital horn of the lateral ventricle at

Fig.3 Illustrative case example
of seed position change after
implantation. A T2 MRI and B
Thin slice CT showing original
position of the Cs131 brachy-
therapy seeds on postoperative
day 1 apposed to the anterior,
posterior and medial resection
cavity walls. C T2 MRI from
3.7 months post-implant which
reveals clumping of the tiles/
seeds along the inferior cavity
wall (and no longer apposing
the medial edge). D T2 MRI
from 5 months post-implant
which shows migration of these
seeds with clustering in the
inferior medial margin of the
surgical cavity. E Sagittal con-
trast-enhanced T1 MRI shows
a single hypointense seed in the
infundibular recess of the 3rd
ventricle, which is confirmed
on F axial non-contrast CT as
metallic density. Yellow arrows
point to Cs131 seeds

@ Springer

3.6 months, and further migration of that single seed into
the infundibular recess of the third ventricle at 5.9 months
postoperatively, at which point no meaningful radioactiv-
ity remained due to the isotope’s relatively short half-life
[Fig. 3].

Discussion

We describe the application of commercially available
collagen-embedded Cs131 for previously-irradiated rBrM.
This is an area of significant unmet need given historically
poor control with surgery alone and the potential toxicity
of repeat SRS. In one of the largest reported series of rBrM
treated with repeat SRS, 30 patients with a median brain
tumor volume of 4.8 cc experienced a suboptimal 1-year
local control rate of 68%, with associated toxicities includ-
ing edema (13%), RN (10%) and hemorrhage (13%), all in
tumors of >7 cc volume [23]. Others report similarly low
1-year local control rates of approximately 61-68% at even
smaller tumor volumes [24, 25]. Recurrent tumors requir-
ing surgical resection are an even bigger challenge to sal-
vage: these are often significantly larger (typically >2.5 cm
in diameter or> 8 cm? in volume, and in our current series
approximately 9.5 cm?), and local failure is size-dependent
with larger tumor volumes associated with higher recurrence
rates [26]. Indeed, the largest salvage surgical experience
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identified a 40% 1-year local recurrence rate in 155 rBrM,
with a trend towards improved but still suboptimal, local
control with adjuvant reirradiation versus observation (29%
vs. 44%, p=0.07 by multivariate analysis)[7].

While these data support using adjuvant reirradiation
for local control, the tradeoff lies in balancing radiotoxic-
ity. Some series suggest high 1 year symptomatic RN rates
with reRT in almost 30% of patients [27]. In one surgical
series describing resection and reRT of rBrM, 13% devel-
oped symptomatic RN (grade 2 RN with grade 3 seizures
or grade 3 RN) at a median follow-up of only 9 months at
which time 2/3 of patients were deceased [8]. In Wilcox
et al., the radiographic RN rate at 1 year was 13.4% with
a symptomatic RN rate of 5.1% [7]. Thus, in our practice,
gross-totally removed post-irradiation rBrM typically do not
receive reRT until additional local failure due to this per-
ceived significant rate of external-beam radiotoxicity. We
thus sought to define the role for Cs131 brachytherapy as
part of a programmatic salvage strategy for rBrM incorpo-
rating LITT for deep/unresectable tumors below 2.5 cm in
diameter or for poor open-surgical candidates, and salvage
resection for larger, superficial, and tumors near/involving
high-eloquence circuitry.

We selected Cs131 for this population given early
reported Cs131 efficacy for rBrM both in the upfront and
salvage (previously-irradiated) settings [14, 28]. Prior stud-
ies have yielded early enthusiasm for Cs131 in a “seeds-on-
a-strand” formulation with different seed strengths, follow-
ing salvage rBrM resection. Wernicke et al. demonstrated
83% 1-year actuarial freedom from local progression in 13
patients with 15 previously-irradiated rBrM (previously
treated with SRS or whole-brain radiotherapy) treated with
Cs131 prescribed to 80 Gy to 5 mm depth, with limited
follow-up of 5 months [13]. Toxicity at this higher prescrip-
tion dose included 4 postoperative infections/pseudomenin-
goceles, 2 new-onset seizures, 1 case of asymptomatic RN,
1 infection 7 months postoperatively, and seed migration
in 1 case (in which fibrin glue was used). Chen et al. also
reported on “strands on a seed” Cs131, at the higher pre-
scription dose of 80 Gy to 5 mm, for a spectrum of histolo-
gies including 22 recurrent metastases of which not all were
previously irradiated, and without uniform reporting on prior
local treatment histories; this treatment was associated with
an 11.2% 1-year local failure rate [29].

The collagen matrix-embedded formulation described
in this study allows for rapid, evenly spaced placement of
brachytherapy apposed to resection cavity walls. This tile-
embedded form factor, similar to historical gelfoam-embed-
ded 1125 formulations, may also theoretically help main-
tain the overall shape of the implant and cavity during the
dose-deposition period [30, 31]. This formulation has been
described to be associated with a 10% surgical complication

rate and 10% rate of RN, in recurrent meningiomas with
limited follow-up [14].

Our finding of durable local control with approximately
10% failure cumulative incidence (of which 1 of 2 cases
was asymptomatic and has not yet required retreatment
with 5 months of follow up) for this difficult-to-treat sal-
vage population with large tumors compares favorably to
the aforementioned historical cohorts with both observation
and reRT, which carry failure rates of up to 40% [7]. This
larger study corroborates control outcomes from the prior
non-embedded reports, despite three-times longer follow-up
for the earlier report; this follow-up duration is more repre-
sentative of the modern 18-month median survival of brain
metastasectomy patients (Table 2) [32]. Reflective of the
high-risk population, iPFS was more modest, underscoring
that such salvage approaches are most successful in well-
selected patients and as part of a broader multi-modality
strategy for example with CNS-penetrant cancer-directed
therapies able to prevent further brain progression. Wound
outcomes were generally good, and implants were previ-
ously shown to not be associated with concerning radiation
exposure to patients, caregivers or providers [33]. Further,
we identified decreased tumor-associated edema at 3 months
post-operatively in line with the known benefits of pallia-
tive resection of brain metastases in other contexts [34]. Our
symptomatic radiation necrosis rate of 15-20% is on par
with other accepted approaches for retreatment of rBrM,
though still suboptimal [7]. We have limited power to assess
for associations between prior SRS doses or prior resection/
LITT and post-brachytherapy radiation necrosis. Most of the
lesions which developed radiation necrosis in our series had
prior hypofractionated SRS which we suspect is a surrogate
for larger lesional size, and which is a known predictor of
radiation necrosis risk.

We identify several key areas for future research.
Increased enhancement was seen in most patients post-
implantation, representing treatment effect in a majority
of cases, as corroborated by DCE perfusion/FDG PET or
subsequent resolution [35]. Better correlates of subsequent
recurrence or symptomatic RN are needed for this popula-
tion, but also for all post-radiation brain metastases. Despite
multidisciplinary expert review and advanced imaging sug-
gestive of recurrent disease for all cases, patient selection
remained challenging, with over one-quarter of patients ulti-
mately found to not harbor viable tumor, despite a relatively
liberal (though evidence-based) 5% viability threshold for
implantation[7, 36]. The specific benefit of Cs131 brachy-
therapy for patients with purely recurrent tumor vs. < 100%
viable disease remains unclear, though we did not identify an
increased rate of changes in post-operative enhancement by
viability-necrosis proportions, within the limited powering
of this experience.
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Table 2 Studies describing permanent brachytherapy for brain metastases in the upfront and recurrent settings

Author & Year N (lesions) Indication(s)  Median lesion Isotope/for- Brachytherapy Median Outcomes Radiation
(number of diameter mulation prescription follow-up necrosis rate
lesions) (range) dose

Current study 25 Recurrent 3.0(1.1-6.3)  Cs-131 (colla- 60 Gy at 19 mos 92% LC (at 32% (of which

BrM (25) genimplant) 5 mm depth 1 year) 50% sympto-
matic)

Chen et al. 42 Recurrent 3.0 IQR: Cs-131 (SOS) 80 Gy at 17 mos 89% LC (at 9.5% overall

(2022) BrM (22), 2.3-3.7) 5 mm depth 1 year) for
recurrent recurrent
meningioma BrM
(16), other
recurrent
brain tumors
C))
Wernicke et al. 46 Untreated 3.0(2.0-6.8) Cs-131(SOS) 80Gy at 12 mos 100% LC 0%
(2017) BrM (32 5 mm depth
patients),
recurrent
BrM (10
patients)
Wernicke et al. 15 Recurrent 29(1.0-5.6) Cs-131(SOS) 80Gy at 5 mos 83% LC (at 7% overall
(2017) BrM (15) 5 mm depth 1 year)
Raleighetal. 105 Untreated 13.5 (0.2-76)* 1-125 seeds 263 Gy at 9 mos 90% LC 25% in recur-
(2016) BrM (49), 5 mm depth rent BrM,
recurrent (median) 15% overall
BrM (56)
Petr et al. 72 Untreated 3.0(1.2-7.0) I-125 seeds 150 Gy at 16 mos 93% LC 6% sympto-
(2009) BrM (72) surface matic

BrM brain metastases, FFP freedom from progression, LC local control, mos months, SOS “seeds on a string” formulation (Isoray Medical)

aVolume in cm? reported

Seed ordering estimates require better prognostic mod-
els. The relatively high implant-wastage rate has implica-
tions for the healthcare system given the high incremental
cost of this technology. Better predictive models poten-
tially incorporating radiomics may assist in this work. In
addition, as there may be a learning curve with this as with
any procedural adjunct, future study should evaluate the
role of user experience on outcomes.

Finally, we identify a high rate of Cs131 seed settling
1.9-11.7 months postoperatively, corresponding to the
known disintegration timeframe of collagen at 3—6 months,
and a case of distant migration. While we did not identify
any patient harm, and do not foresee off-site radioactivity
danger given the majority of biologically relevant dose
is deposited by 40 days (approximately 4 half-lives), this
phenomenon requires attention in all implanted cases and
particularly intra- and para-ventricular cavities, given the
potential risk of aqueductal obstruction.

Randomized prospective study is necessary to eliminate
potential selection bias and provide additional powering
to establish more definitive safety and efficacy data for
this indication. The accruing phase II study randomizing

@ Springer

salvage resection of rBrM with or without Cs131 brachy-
therapy (NCT04690348) will help fill this gap.

Conclusions

Salvage intracavitary Cs131 implantation was associated
with a favorable control rate and toxicity profile in large
recurrent rBrM. This paradigm is also associated with sig-
nificantly improved tumor-associated edema, though delayed
seed settling and rare migration requires clinician awareness.
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