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Abstract

Background and objective The ideal delivery of radiation to the surgical cavity of brain metastases (BMs) remains the subject
of debate. Risks of local failure (LF) and radiation necrosis (RN) have prompted a reappraisal of the timing and/or modality
of this critical component of BM management. IORT delivered at the time of resection for BMs requiring surgery offers
the potential for improved local control (LC) afforded by the elimination of delay in time to initiation of radiation following
surgery, decreased uncertainty in target delineation, and the possibility of dose escalation beyond that seen in stereotactic
radiosurgery (SRS). This study provides a retrospective analysis with identification of potential predictors of outcomes.
Methods Retrospective data was collected on patients treated with IORT immediately following surgical resection of BMs at
three institutions according to the approval of individual IRBs. All patients were treated with 50kV portable linear accelerator
using spherical applicators ranging from 1.5 to 4.0 cm. Statistical analyses were performed using IBM SPSS with endpoints
of LC, DBC, incidence of RN, and overall survival (OS) and p <0.05 considered significant.

Results 54 patients were treated with IORT with a median age of 64 years. The most common primary diagnosis was non-
small cell lung cancer (40%) with the most common location in the frontal lobe (38%). Median follow-up was 7.2 months
and 1-year LC, DBC, and OS were 88%, 58%, and 73%, respectively. LMD was identified in 2 patients (3%) and RN present
in 4 patients (7%). The only predictor of LC was extent of resection with 1-year LC of 94% for GTR versus 62% for STR
(p=0.049).

Conclusions IORT is a safe and effective means of delivering adjuvant radiation to the BM resection cavities with high rates
of LC and low incidence of RN. Further studies are warranted directly comparing LC outcomes to SRS.
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dedicated SRS targeting guidelines which are still being
validated [15, 20].

Advances in radiation delivery techniques have led to a
re-emergence of intra-operative radiotherapy (IORT) as a
viable mechanism for delivery of adjuvant treatment fol-
lowing tumor resection. The safety of IORT in the setting
of glioblastoma has been established in conjunction with the
addition of external beam radiotherapy (EBRT) on the Stupp
protocol and its efficacy is being evaluated in Phase III clini-
cal trial [6]. The published data regarding the use of IORT
for surgically resected BMs is limited to single institutional
studies [9, 24, 25]. Moreover, recent evidence suggests that
the dose delivered locally to the resection cavity may be
escalated beyond that safely achievable with traditional SRS
techniques, eliminating delay in time to initiation of radia-
tion treatment following surgery and avoiding the complex-
ity of target delineation in post-operative period [24].

The current study represents a retrospective analysis of
multi-institutional data from centers in the United States and
Europe designed to provide insight into the ability of IORT
to provide improvement in local control and reduced toxicity
compared to historical data from SRS.

Methods

Following institutional review board approval, an interna-
tional multi-institutional data set was retrospectively formu-
lated between three participating centers. Data was shared in
de-identified format using a comprehensive data set formu-
lated by all study investigators. Inclusion criteria included
patients treated with IORT in conjunction with resection
of brain metastases. The decision to proceed with surgical
resection was made by the primary treating neurosurgeon
and followed the guidelines of being a lesion not amenable
to SRS based on size or requiring surgical removal for mass
effect and/or need for tissue diagnosis. Patients with primary
brain tumors were excluded. Patients who underwent surgery
and IORT followed by SRS for additional untreated lesions
were included in the analysis. Although the goal of surgical
treatment was to achieve a gross total resection, patients with
post-operative radiographic evidence of a subtotal resection
was also included in the analysis.

All patients were treated with IORT using the Intrabeam
device (Carl Zeiss Meditec AG, Oberkochen, Germany)
with spherical applicators ranging from 1.5 to 4.0 cm in
diameter using a low-energy 50 kV X-ray portable linear
accelerator. IORT prescription doses were specified to
the spherical applicator surface and delivered in a single
fraction following resection of the tumors. Intra-operative
navigation was utilized to determine the distance to criti-
cal organs, i.e., brainstem and optic apparatus. Following
from the INTRAGO II trial guidelines for glioblastoma,
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dose reduction or abandonment of the IORT procedure
were reserved for cases in which the dose to critical organs
exceeded tolerances. BMs in the posterior fossa where
excluded from IORT treatment based on proximity to the
brain stem. Follow-up imaging was performed at the dis-
cretion of each institution’s practice, but generally included
gadolinium enhanced magnetic resonance imaging (MRI)
with perfusion imaging or positron emission tomography
(PET) for evaluation of radiation necrosis versus disease
progression. Radiation necrosis was determined by the pres-
ence of contrast enhancement in the absence of increased
perfusion or FDG uptake. Imaging was performed at a mini-
mum interval of every 3 months for the first two years fol-
lowing IORT dependent on overall survival. Radiographic
progression was determined based on RANO criteria, with
the definition of distant lesions being those not in continu-
ity with the post-operative resection cavity not previously
identified prior to IORT.

Statistical analyses were completed using IBM SPSS ver-
sion 24 (Armonk, NY). Local failure (LF, defined as radio-
graphic progression at the site surgery and IORT), distant
brain control (DBC, defined as the absence lesions at other
intracranial sites independent of surgery and IORT), and
overall survival (OS) were calculated using Kaplan—Meier
method. Comparisons between groups were made using the
log-rank method. Variables examined included: gender, age,
primary histology, IORT dose, applicator size, lesion loca-
tion, eloquent versus non-eloquent location, and extent of
resection based on post-operative imaging. Continuous vari-
ables were categorized around the median for comparisons.
Due to a low number of events relative to the number of
potential covariates, a valid multivariate model could not
be generated. Variables potentially impacting the develop-
ment of radiation necrosis were compared using a two-sided
Chi square test. A p<0.05 was considered significant for all
analyses.

Results

Baseline patient and treatment characteristics for the
included 54 patients are detailed in Table 1. Briefly the
median age was 64 years, the most common histology was
non-small cell lung cancer (40%, n=23), the most common
location was frontal lobe (38%, n=22), and the majority
were in non-eloquent regions of the brain (72%, n=42).
Post-operative imaging verified gross total resection was
achieved in 81% (n=44). The median prescription dose for
IORT was 30Gy to the applicator surface [interquartile range
(IQR) 20-30Gy]. The median applicator size was 2.0 cm
(IQR 2.0-2.5), with a median treatment time of 16.8 min
(IQR 12.1-22.3).
The median follow-up was 7.2 months (IQR 3.4-15.3).
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Table 1 Baseline patient and treatment characteristics i
Baseline characteristics Median (inter-
quartile range), or 0s
n (%)
8
Gender g .
Male 24 (44%) J
Female 30 (56%) L
Age 64 (54-68) .
Primary Histology
Non-small cell lung 23 (43%) oy
Breast 8 (15%) 365 730
Melanoma 8 (15%) Time (days)
Renal 4(7%) N at Risk 15 1 5
Gastrointestinal 4 (7%)
Gynecologic 2 (4%) 10
Other 5 (9%)
Prescription Dose o o
>18 Gy 4(1%) 3
18 Gy 7 (13%) 5
20 Gy 14 (26%) g
30 Gy 29 (54%) g
IORT applicator size &
1.5 cm 9 (17%) -
2.0 cm 20 (37%)
2.5cm 13 (24%) |
3.0cm 8 (15%) Time (days)
3.5cm 1 2%) N at Risk 54 27 12 6 3
4.0 cm 3 (6%
IORT treatment time, minutes 16.8 (12.1-22.3) 10
Brain Lobe
Frontal 22 (41%) 08
Parietal* 15 28%) g
Occipital 6 (11%) _§ 06
Temporal 5 (9%) 3
Posterior Fossa 6 (11%) T o
Eloquent brain 8
Eloquent 12 (22%) =
Non-eloquent 42 (78%)
Extent of resection -
Gross total 44 (81%) ' e Gays
Sub total 10 (19%) N at Risk 51 29 18 10 6

Median age of 64 years, diagnosis of non-small cell lung cancer and
a prescription dose of 30 Gy to the applicator surface were the most
common trends among the 54 patients reported

*Denotes that the tumor occupied both parietal and occipital lobes
with the majority of disease burden in the parietal lobe

The 1-year local control (LC), distant brain control
(DBC), and overall survival were 88% (95% CI 76-100%),
58% (95% CI1 41-75%), and 73% (95% CI 59-88%), respec-
tively (Fig. 1). During the entire study period, 6 patients
(11%) developed local disease progression. Treatment of

Fig. 1 Kaplan—-Meier estimations following IORT. Local control (LC)
at 1-year was 88% (top panel); Distant Brain Control (DBC) was 58%
at 1-year (middle panel); Overall survival (OS) was 73% percent at
1-year post IORT treatment (bottom panel). Numbers of patients at
risk are listed at the bottom of each graph with 54 patients for LC and
DBC and 51 patients in OS, accounting for 3 patients lacking survival
status data at the time of collection

these local failures included GammaKnife® SRS (n=1),
repeat surgical resection (n=23), whole brain radiotherapy
(n=1), and/or hypofractionated stereotactic radiotherapy
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Fig.2 Kaplan—Meier estimation of LC between GTR and STR
cohorts. At 1-year, the LC rate remained at 94% for patients with
post-operative imaging demonstrating a GTR, while the LC rate at
1-year for STR patients was only 62%. GTR gross total resection, STR
sub-total resection

(HSRT). Two patients developed leptomeningeal failure
(3%). The only significant predictor of local control follow-
ing surgery and IORT was extent of resection [1-year local
control 94% (95% CI 83-100%) for gross total resection
vs. 62% (26-97%) for subtotal resection, p =0.049, Fig. 2].
There were no significant predictors of distant brain failure
based on IORT parameters.

Dedicated perfusion imaging was available for 28 patients
(52%). The remaining patients were imaged with positron
emission tomography (PET)-CT. Radiation necrosis was
noted in 4 patients (7% of the total cohort). Table 2 outlines
comparative rates of radiation necrosis between groups.
There were no significant differences in the development of
radiation necrosis by IORT dose, applicator size, [ORT treat-
ment time, extent of resection or eloquent brain location.
Only one patient developed symptomatic radiation necrosis
that was treated with steroid administration. This patient has
received two previous external beam radiation treatments,
receiving 40 Gy (2 Gy, 20 fractions) and 20 Gy (4 Gy, 5
fractions) prior to salvage treatment with IORT for an in-
field recurrence. Two additional patients in the analysis also
received WBRT prior to IORT without subsequent evidence
of radiation necrosis.

Discussion

The optimal technique for the delivery of adjuvant radiation
in surgically resected brain metastases remains the subject
of considerable debate. Factors such as timing, modality,
and targeting technique serve as the basis for a multitude of
‘best practice” approaches, each offering a unique advantage

@ Springer

Table 2 Comparative rate of radiation necrosis between dichotomous
groups

Rates of radiation necrosis p

(%)

All patients 7

IORT dose 0.232
<20 Gy 12
> 20 Gy

IORT applicator size 0.232
<2.0cm
>2.0cm 12

IORT treatment time 0.299
< 16.81 minutes 4
> 16.81 minutes 11

Brain location 0.890
Non-eloquent
Eloquent

Extent of resection 0.092
Gross total 5
Sub total 20

The total rate of radiation necrosis (RN) among patients treated with
IORT in this study was low (7%, n=4) and no significant predictors
of RN could be identified based on statistical analysis; p>0.05 in all
parameters

with regard to disease control. In comparison to EBRT from
a linear accelerator, IORT provides a low-energy (50 kV)
system for delivery a higher linear energy transfer (LET),
thereby producing a relatively higher proportion of lethal
DNA lesions, such as double-stranded breaks (DSBs) and a
higher radiobiological effect [7, 8]. Moreover, our previous
work has demonstrated that the steep dose drop off inherent
in IORT provides the advantage of decreased dose exposure
to organs at risk, such as the brainstem and optic apparatus
[24].

The data presented in this study supports a promising
local control rate of 88% at 1-year and a minimal associated
toxicity with radiation necrosis incidence of 7%. Compara-
tively, the 1-year local control rate in historical trials that
treated brain metastases with surgery alone was 40-50%
with the addition of WBRT post-operatively increasing the
1-year local control to 70-80% [12, 16]. Similarly, Weil et al.
(2015) and reported local control rates of 70% in a cohort of
brain metastases patients receiving and IORT dose of 14 Gy
at 2 mm, significantly lower than the 30 Gy at the applicator
surface described here [25]. Single institutional studies using
SRS following surgical resection demonstrate 1-year LC at
70-80% while a recent report by Traylor et al. placed 1-year
LC at 85% in patients treated with a fractionated stereotactic
radiotherapy protocol [14, 23].

The recent randomized clinical trial data from N107C/
RTOG1270 comparing WBRT to SRS for the treatment of
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post-operative resection cavities demonstrated superiority in
local control in the WBRT arm at the expense of worse cog-
nition [3]. In development of guidelines for post-operative
SRS for brain metastases, Soliman et al. hypothesized that
the inferior LC in N107C was due to poor target delineation
in the post-operative tumor cavity [20]. Remodeling of the
tumor cavity along with the development of post-operative
gadolinium enhancement not due to tumor growth can be
significant obstacles in developing an accurate SRS target
following surgery [1]. To overcome this issue, several groups
have proposed the addition of a margin beyond the resection
cavity [21]. Although measuring up to 2 mm in most stud-
ies, Susko et al. have proposed extending this margin up to
10mm for metastatic tumors with a dural attachment [22].
In an SRS targeting paradigm where submillimeter accuracy
is the goal, utilization of centimeter margins seems subop-
timal. With the direct placement of the spherical applicator
within the resection cavity following tumor removal, the
interpretation of post-operative imaging artifact and associ-
ated uncertainty are excluded. By insuring direct apposition
of the applicator surface with the cavity wall, treatment dose
delivery is made simple and highly accurate. Pre-operative
planning and applicator selection can also be facilitated
using IORT planning software. Comparisons with potential
SRS plans are also possible to determine the dosimetric dif-
ferences between the two treatment modalities (Fig. 3). One
clear distinction that would need to be made in such a com-
parison would involve the phenomenon of post-operative
cavity remodeling. The traditional delay between surgical
resection and adjuvant radiation typically results in change
in cavity size [1, 11]. Predictive capacities for the percent
size reduction are more difficult to ascertain, but would need
to be factored into any dose comparison analysis.

Fig.3 Dosimetric representation of IORT versus SRS plan in a
sample patient. The pre-operative navigation CT scan was used for
dose map development for an IORT plan using a 2.0 cm applicator
and a surface prescription dose of 30 Gy (left panel) while the same
images were used for the creation of a potential SRS plan using Gam-

In addition to complex nature of targeting, the delivery
of adjuvant radiation to the surgical resection cavity of large
brain metastases is further complicated by the potential for
local regrowth during the interval between surgery and
initial of radiation treatment. While the majority of post-
operative adjuvant radiation literature is concerned with
complications in surgical wound integrity, few studies have
been aimed at determining an optimal time to initiation
(TTI) between surgery for intracranial metastatic disease
and radiation [17]. Yusuf et al. have provided such analysis,
indicating that a TTI greater than 30 days post-resection
was associated with a higher rate of local failure in patients
treated with CyberKnife [26]. Similarly, Iorio-Morin et al.
have described an increase in LF rate in post-operative
cavities treated with SRS using the Gamma Knife beyond
3 weeks after surgery [10]. In the present study, the IORT
dose was administered immediately after the tumor resec-
tion, affording the patients the complete elimination of delay
in TTL

Although more widely studied in the context of breast
cancer, there is mounting evidence to support the importance
of changes in the tumor microenvironment following IORT
and the ability to provide superior control of local disease.
Wound fluids (WF) collected from the post-operative cavi-
ties in the days following IORT and breast conserving sur-
gery have the ability to exhibit inhibitory activity on the epi-
thelial-mesenchymal transition for several breast cancer cell
lines in vitro. Conversely, the WF from non-IORT treated
cases was found to increase migratory capacity and expres-
sion of mesenchymal markers, such as N-cadherin [2, 13].
The durability of this effect and its uniqueness in response to
the high dose of radiation involved in IORT is underscored
by the ability of such WF extracts to exert radiation induced

maPlan® with a prescription dose of 16 Gy at the margin (middle
panel). Both plans were imported into independent dose calculation
software with the generation of the dose map according the scale
shown (right panel)
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bystander effects (RIBE) on additional cells without addi-
tional radiation delivery [18]. Such a prolonged effect, pos-
sibly mediated through the activity caspases, could provide
further insight into the ability of single fraction IORT to
provide superior local tumor control. In the same context,
such remote effects following IORT may also contribute
the low incidence of LMD identified in our current patient
cohort. Further studies directed at the brain tumor micro-
environment will be needed to address this potential anti-
tumor activity beyond traditional radiation-induced cell
death pathways.

From a technique standpoint, the impact of extent of
resection was found to be the only significant predictor of
local control following IORT treatment of the resection
cavity in our patient population. While the most (54%) of
patients treated received a prescription dose of 30 Gy to the
applicator surface and the majority (80%) received a single
dose great than 20 Gy, the ability to detect a dose-response
effect was hindered. Conversely, the extent of resection effect
on l-year LC could be seen as a proxy indicator of dose
effect. With the 1-year LC being on 62% in the STR group
versus 94% in the GTR cohort (p=0.049), we could propose
that the STR patient may be better served by increasing the
prescription dose to account for the residual tumor at the
time of IORT treatment. This would require more precise
measurement of the residual tumor and underscores the
continued importance of maximizing extent of resection.
The use of intra-operative MRI for dose determination could
be performed with the use of an intra-cavity trial spherical
applicator, also confirming the appropriateness of applica-
tor size in addition to the pre-operative and intra-operative
measurements.

Finally, the use of IORT in surgically resected brain
metastases has a potential system impact on the delivery of
care to cancer patients. The majority of patients treated with
IORT in the current study were from rural/suburban areas
of the United States or Germany. Several studies have con-
firmed the presence of significant disparities in healthcare
afforded to patients in rural areas, based on the relative lack
of providers and/or limited services available [5]. By allow-
ing for consolidation of care episodes at an academic can-
cer facility, the socio-economic burden to patients and their
care-takers is substantially reduced compared with standard
surgery followed by multi-visit adjuvant radiation treatments
while providing a level of care not normally available close
to the patients’ residences. Further studies of the value that
is care provides for patients will be required to establish the
presence or absence of benefit beyond oncologic control.

The presented analysis is limited by the inherent con-
straints imposed by its retrospective design including
potential selection and indication biases. The incorpo-
ration of multi-institutional international data helps to
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mitigate this flaw. Our ability to predict the safety of [ORT
with respect to the development of radiation necrosis are
further constrained by the small number of patients actu-
ally developing RN along with the lack of follow-up in all
patients until expiration. Future development of a patient
registry to follow outcomes could also assist in providing
a more reliable metric of the utility of IORT in patients
undergoing indicated surgical resection. Prospective stud-
ies will allow for measurement of impact on neuro-cogni-
tion, cost-analysis, and overall value in comparison to SRS
and traditional WBRT approaches.

Conclusions

Overall, the current study establishes IORT as a safe and
effective means to delivery relatively high dose radiation
to the resection cavity of surgically removed brain metas-
tases. The high 1-year local control rate and low incidence
of complication are equivalent or exceed current standard
techniques with the further benefits of consolidation of
care. Future studies will be needed to evaluate the value
that such treatment brings to patients with surgically indi-
cated brain metastases.
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