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Abstract

Purpose Intraoperative radiation therapy (IORT) is an emerging alternative to adjuvant stereotactic external beam radiation
therapy (EBRT) following resection of brain metastases (BM). Advantages of IORT include an instant prevention of tumor
regrowth, optimized dose-sparing of adjacent healthy brain tissue and immediate completion of BM treatment, allowing an
earlier admission to subsequent systemic treatments. However, prospective outcome data are limited. We sought to assess
long-term outcome of IORT in comparison to EBRT.

Methods A total of 35 consecutive patients, prospectively recruited within a study registry, who received IORT following BM
resection at a single neuro-oncological center were evaluated for radiation necrosis (RN) incidence rates, local control rates
(LCR), distant brain progression (DBP) and overall survival (OS) as long-term outcome parameters. The 1 year-estimated
OS and survival rates were compared in a balanced comparative matched-pair analysis to those of our institutional database,
encompassing 388 consecutive patients who underwent adjuvant EBRT after BM resection.

Results The median IORT dose was 30 Gy prescribed to the applicator surface. A 2.9% RN rate was observed. The estimated
1 year-LCR was 97.1% and the 1 year-DBP-free survival 73.5%. Median time to DBP was 6.4 (range 1.7-24) months in the
subgroup of patients experiencing intracerebral progression. The median OS was 17.5 (0.5-not reached) months with a 1 year-
survival rate of 61.3%, which did not not significantly differ from the comparative cohort (p=0.55 and p=0.82, respectively).
Conclusion IORT is a safe and effective fast-track approach following BM resection, with comparable long-term outcomes
as adjuvant EBRT.

Keywords Surgery for brain metastases - Intraoperative radiotherapy - IORT - Local tumor control - Survival - Adjuvant
radiotherapy

Introduction

Over the course of their disease, up to 40% of cancer patients
develop brain metastases (BM) [1]. With novel therapeutic
options prolonging their overall survival (OS) [2-5], the
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diagnostic incidence of BM and risk of local recurrence are
increasing [6, 7]. Although BMs do nowadays not necessar-
ily impact overall survival [8, 9], local treatment is critical
to prevent or stabilize neurological deterioration and impair-
ment of quality of life (QOL) [10, 11]. If feasible, large or
symptomatic lesions require surgical intervention. Adjuvant
radiation therapy (RT) of both potential tumor remnants
and the resection cavity improves local control rates (LCR)
[12—-14]. Considering the tumor localization, histology and
volumes, common RT regimens apply stereotactic external-
beam RT (EBRT) of one (stereotactic radiosurgery, SRS)
to seven fractions (fractionated stereotactic radiotherapy,
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FSRT) either before resection or afterwards, following ade-
quate wound healing and recovery from surgery [14-18].
As an alternative, low-energy intraoperative RT (IORT) has
increasingly gained attention in the past years. Initial reports
suggest promising LCR [19, 20] and a favorable safety pro-
file [21] with a comparatively lower radiation necrosis (RN)
incidence [22]. Available data are solely based on retrospec-
tive single institution experiences, with a radiation oncology
focus on dosage and technical aspects of the IORT approach
[23, 24]. Nonetheless, its safety profile has been previously
explored in brain tissue for treating glioblastoma [25, 26]
and its efficacy is currently evaluated in a phase III trial
(NCTO02685605). Several advantages of IORT include a
steep dose gradient, improved healthy brain tissue sparing
[27] and avoiding RT target-volume delineation challenges
caused by post-surgery tissue alterations. The instant appli-
cation of local high dose RT to the tumor bed may prevent
early repopulation of residual microscopic tumor. Further-
more, an accelerated completion of the interdisciplinary BM
treatment eases a faster recovery, shorter in hospital-times
and earlier initiation of subsequent systemic treatments.

We previously reported on a favorable periopera-
tive safety profile of patients receiving IORT for BM in a
matched-pair fashion with 388 BM patients who underwent
conventional post-surgical RT [28]. Here, we report on their
clinical long-term outcome and assess their survival in com-
parison to the same matched institutional cohort.

Methods
Patients

The study collected data from consecutively recruited
patients admitted to the Neurosurgical Department of the
University Hospital Bonn between November 2020 and
October 2021, who had undergone surgical resection of BM
combined with IORT. In all cases, BM were histopathologi-
cally confirmed. At a weekly tumor board meeting, inter-
disciplinary consensus was used to determine the treatment
strategies for each patient individually [29]. Treatment plans
were also coordinated with the referring physicians and
considered the patient’s past oncological therapies. Besides
receiving a histopathological diagnosis in case of cancer
of unknown primary, criteria for surgical resection were
presence or severe risk of acute neurological impairment or
clinically significant mass effects as abnormal intracranial
pressure or hemispheric shift. In case of multiple BMs, only
the clinically manifest lesion was considered for surgical
removal to prevent mass effects and tumor-related hydro-
cephalus [28, 30]. Clinical inclusion criteria for [ORT were
gross total resection, intraoperative confirmation of BM on
frozen tumor sections, no previous intracerebral irradiation

@ Springer

and fulfillment of dose constraints as described below. The
data were prospectively collected and managed using SPSS
(version 25, IBM Corp., Armonk, NY). Informed consent
was obtained from all patients. The collected information
included, among others, sociodemographic characteristics,
primary tumor location, radiological and histopathological
characteristics of the intracranial metastatic lesions, baseline
functional status. The Karnofsky performance score (KPS)
was used to classify the patients according to their functional
status at admission. A stratification cut-off of 70 was chosen
according to Péus et al. with regard to the patient’s ability
to carry on their normal activity and work [31]. Diagnostic-
Specific Graded Prognostic Assessment (DS-GPA) [32]
scores were calculated by standard procedures. The study
was conducted in accordance with the principles of the Dec-
laration of Helsinki and approved by the Ethics Committee
of the University Hospital Bonn (approval number: 018/21
and 057/22).

IORT

Preoperative contrast-enhanced T1-weighted MRI imaging
was used to provide 3D image guidance for both surgery
and radiation treatments. Optic nerves, chiasm, and brain
stem were identified preoperatively and intraoperatively as
organs at risk (OARs) for IORT and delivered doses were
defined based on dose-depth template profiles correspond-
ing to each applicator diameter. The INTRABEAM® 600
(Carl Zeiss Meditec AG, Oberkochen, Germany) was used
to deliver IORT with a spherical applicator ranging from 1.5
to 5.0 cm diameter by application of nominal 50 kV pho-
tons at a standard dose of 30 Gy prescribed to the applicator
surface. Decreasing the prescribed dose down to 16 Gy was
acceptable in case of OAR doses exceeding the constraints
of 12 Gy to the optical system or 12.5 Gy to the brain stem
following the QUANTEC (Quantitative Analyses of Normal
Tissue Effects in the Clinic) recommendations [33] consid-
ering the specific (1.3—1.5 times higher) RBE of low energy
photons. In individual cases, an anatomical positioning of
the applicator required consideration of further OAR that
were not regularly assessed, e.g., cochlea or thalamus, with
equal consideration of the QUANTEC recommendations.

Follow-up

All patients had regular follow-up (FU) visits including
physical examination and magnetic resonance imaging
(MRI). MRI assessments were performed according to the
RANO criteria by board-certified radiologists. In case of
uncertain clinical or radiographic response, the interdisci-
plinary neuro-oncological tumor board was consulted and a
combined decision was taken upon findings. The following
conditions qualified for diagnosis of RN: (1) after initial
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suspected progressive disease (PD), a minimum of two
FU MRI time points showed no sign of ongoing PD; (2)
advanced MRI incorporating dynamic susceptibility contrast
(DSC) or diffusion weighted imaging (DWI) was concord-
antly suggestive of RN; (3) RN was confirmed histopatho-
logically after surgery.

Study endpoints

The primary endpoints of the study were RN rates and
cumulative 1 year-LCR. The secondary endpoints were DBP,
1 year-OS rates and estimated OS. Local control was defined
as the absence of MRI-radiographic PD in or surrounding
the previously irradiated BM resection cavity and calculated
from the day of surgery until the date of PD. Patients lost to
FU or deceased prior to radiographic progression were cen-
sored at the last FU time point. OS was defined as the time
interval between the date of surgery and the date of either
the last FU (censored) or death.

Matching procedure

The study performed a propensity score matching, which
involved matching a cohort of 35 patients who received
IORT with a cohort of 388 patients who underwent surgery
for BM followed by EBRT (patient characteristics provided
in Suppl. Table 1). The matching was performed at a ratio
of 1:2, and the statistical computing program R (version
4.1.2; The R Foundation for Statistical Computing, https://
www.r-project.org/) was used for the analysis as previously
described [28]. The group of EBRT patients included all
patients aged 18 years or older who underwent surgery for
BM at the University Hospital Bonn neuro-oncological
center between 2013 and 2018, and who did not receive
IORT but EBRT (SRS, FSRT or whole brain radiotherapy
(WBRT)) during that period. The study aimed to increase
the robustness of the data by selecting known prognostic
parameters, such as age [34], KPS and Charlson comorbid-
ity index (CCI) at admission [34—-36], tumor entity, and the
status of solitary versus multiple BM [35], for matching. The
balance of these parameters was measured and visualized
to ensure that the two groups were comparable. A jitter plot
was used to display the distribution of propensity scores. The
study protocol for retrospective data collection was approved
by the local Ethics committee (approval number: 250/19 and
057/22).

Statistics

The computer software packages used for the data analyses
were SPSS and GraphPad Prism (version 9, GraphPad Soft-
ware, Boston, MA). Fisher’s exact test was used to analyze
categorical variables, which were presented in contingency

tables. The Mann—Whitney U test was used to compare con-
tinuous variables, as the data were not normally distributed.
Statistical significance was defined as a p-value of less than
0.05.

Results
Patient and tumor characteristics

Between November 2020 and October 2021, 35 consecutive
BM patients receiving IORT to the resection cavity were
enrolled. Their median age was 63 (range 43—80) years and
the median KPS was 80 (50-100). Of note, 29% of patients
had a KPS <70. The median DS-GPA score was 2 (0-4).
The most frequent BM localization was the frontal lobe
(37.1%) followed by the occipital lobe (25.7%). Most histo-
pathology results corresponded to non-small cell lung cancer
(NSCLC, 54%), followed by melanoma (11%) and breast
cancer (6%). With a range of 2 to 10 intracranial lesions,
15 patients (43%) suffered from multiple BM at the time
of surgery. Further details on patient characteristics can be
found in Table 1.

Treatment and dosimetry
No dose constraints were exceeded and all patients com-

pleted treatment. The median IORT duration was 18:12
(6:56—49:00) min and the median prescription dose was 30

Table 1 Patient and tumor characteristics*

n=35

Median age (IQR) (in yrs) 63 (54-71)
Female sex 19 (54.3)
Primary site of cancer

Lung 21 (60)

Melanoma 4(11)

Kidney 4(11)

Breast 2 (6)

Others 4(11)
Multiple BMs 15 (43)
Preoperative KPS < =70 14 (40)
Median DS-GPA score 2 (0-4)
Concomitant systemic treatment 309)
Median dose of IORT (in Gy) 30 (16-30)
Median duration of IORT (in min) 18.2 (6.9-49)

BM brain metastasis, CCI Charlson comorbidity index, DS-GPA diag-
nosis-specific graded prognostic assessment, Gy gray, /QR interquar-
tile range, KPS Karnofsky performance score, mOS median overall
survival, n number of patients, yrs years

“Values represent the number of patients unless indicated otherwise

(%)
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(16-30) Gy. The median applicator size was 2.5 (1.5-5.0)
cm. The brainstem and the optic tracts (optic nerves and
chiasm) were regularly assessed as OARs. Doses to other
structures were negligible and therefore not considered rel-
evant for this report. The median distance from the applica-
tor surface was 35.5 (10—65) mm to the brainstem and 60
(13-70) mm to the optic tracts, with a median estimated
OAR dose exposure of 0.7 (0.0-6.0) Gy and 0.0 (0.0-4.4)
Gy, respectively.

Radiation necrosis rate, local tumor control
and distant brain progression

In all patients, a gross total resection was achieved. After a
median FU of 10.4 (0.5-24.5) months and a median imag-
ing FU of 7.9 (0.1-24.4) months incorporating a median of
6 (1-13) MRI assessments, only one RN event was noted
at 18.7 months. Hence, an overall RN rate of 2.9% was
observed (Fig. 1a). As this patient’s RN was a grade 2 event,
only mild conservative management was initiated and subse-
quently led to clinical remission. Of note, the patient did not
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experience distant intracranial progression and is still alive
and systemically stable after 23.2 months of FU.

A second patient showed local recurrence after
2.9 months, in addition to previous distant intracranial pro-
gression. The latter led to clinical deterioration and sub-
sequent exitus. The overall IORT 1-year LCR was 97.1%
(Fig. 1b). With an overall distant brain progression rate of
29.4%, the median DBP-free survival (DBPS) was 24 (0.5-
not reached) months and the 1 year-DBPS 73.5% (Fig. 1c¢).
The median time to DBP was 6.4 (range 1.7-24) months in
the subgroup of patients experiencing distant intracranial
progression. Leptomeningeal spread occurred in 5.7% of
cases (2 cases), after 18.2 and 21.9 months, respectively.

Survival and comparison to matched EBRT cohort

For the IORT cohort, the median OS was 17.5 (0.5-
not reached) months and the 1 year-survival rate 61.3%
(Fig. 1d). 70 patients from the institutional database of
patients, who underwent surgery with subsequent EBRT
(Suppl. Table 1) and individually corresponded to the pre-
sent series were matched at a ratio of 1:2 to those receiving
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Fig. 1 Outcome of IORT patients. Kaplan—Meier curves for a radiation necrosis, b local control, ¢ distant brain progression and d overall sur-
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Fig.2 Graphical visualization of the applied matching procedure. a
Comparative matched pair analysis at a ratio of 1:2 identifies 70 out
of 388 patients with resected BM not receiving IORT who individu-
ally correspond to the present series of 35 patients with resected
BM undergoing IORT. Heat map as color-coded illustration of the
matching strategy of patients not receiving IORT to IORT cases
stratified by age, KPS at admission, tumor entity and solitary versus
multiple BM as matching parameters. The red box illustrates indi-

IORT (Fig. 2). The two patient populations did not differ
significantly by the matching variables age (p=0.74), KPS
(p=0.88), primary site of cancer (p=1.00) and frequency
of multiple BM (p=0.68). Concomitant systemic treatment
was equally distributed (p=0.99). With 61.3% versus 68.2%,
the 1 year-survival was not significantly different between
IORT and EBRT, respectively (p=0.82; Table 2). Further-
more, the median OS was comparable with 17.5 months and
26 months, in each respective cohort (p=0.55; Fig. 3).

Propensity Score

vidually-matched patients without IORT. b Love plot demonstrat-
ing the balance of the matching analysis for each matching param-
eter determined by the standardized mean differences. ¢ Illustration
of propensity scores obtained as described in a for matched (blue:
IORT; red: EBRT) and unmatched BM patients (green). BM brain
metastasis, EBRT external beam radiation therapy; /ORT intraopera-
tive radiotherapy, KPS Karnofsky performance score.

Discussion

IORT following BM resection is an emerging alternative
to adjuvant EBRT, but long-term experience and efficiency
are yet to be established. Taken together with our previous
study [28], this is the first report on IORT for BM that covers
both short and long-term clinical FU of a consecutive patient
cohort and matches and compares their survival outcomes
to those of EBRT.

There is consensus on the beneficial effect of adjuvant
RT on local control after BM resection [14, 16, 37]. How-
ever, depending on the individual clinical context, it remains
controversial which RT sequencing and technique achieves
best long-term outcomes at lowest toxicity levels. Despite
providing convincing BDFS [38, 39], WBRT was abandoned

@ Springer
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Table 2 Comparative matched

. . : Surgery with IORT n=35 Surgery with EBRT n=70 p-value
pair analysis on survival
outcome in patients with Matching variables
;2:%;1? 'V‘;f:;esdE%“}gTsfa“ﬁed Age (years) 63 (54-71) 63 (57-70) 0.74
Preoperative KPS 80 (60-90) 80 (70-90) 0.88
Primary site of cancer 1.0
Lung Cancer 21 (60) 41 (59)
Others 14 (40) 29 (41)
Solitary vs. multiple 0.68
Multiple 15 (43) 27 (39)
Solitary 20 (57) 43 (61)
Outcome parameters
1 year-survival 19/35%* (61.3) 33/70%** (68.2) 0.82
mOS (months) 17.5 26 0.55
BM brain metastasis, CCI Charlson comorbidity index, EBRT external beam radiation therapy, Gy gray,
IQR interquartile range, KPS Karnofsky performance score, mOS median overall survival, n number of
patients
“Values represent the number of patients unless indicated otherwise (%)
**2 of 35 patients censored with lost to follow-up < 12 months (33 patients with event at any time)
**17 of 70 patients censored with lost to follow-up < 12 months (53 patients with event at any time)
Overall survival from patient-centered and socioeconomic view points. This
100 R applies in particular to BM patients in a palliative care set-
. i == IORT | ting that may suffer from neurological impairment along
S i — EBRT with a limited life expectancy. Additionally, most patients
g T, T from our collective were first diagnosed with BM during
U%) p=0.55 staging of an extracranial primary tumor. For these patients,
5 907 swiftness is particularly important, since at time of brain
2 surgery they often still require completion of staging exami-
E . S— : nations and the initiation of systemic treatment [SO]. [ORT
2 can expedite these urgent subsequent steps by approximately
0 —TT—T— two to 3 weeks. Furthermore, patients at first diagnosis of
0 24 48 72 96 120 metastatic cancer [51], especially with favorable prognostic

Time (months)

Fig.3 Kaplan Meier survival curves for patients with surgically-
treated BM stratified for IORT versus EBRT. EBRT external beam
radiation therapy, JORT intraoperative radiotherapy

due to an inferior toxicity profile [15, 40-42] in comparison
to modern stereotactic RT approaches. Accordingly, previ-
ous intracavitary treatment modalities, such as permanent
intracerebral radio-isotopic seed implantation, yielded very
good LCRs, [43—45] yet are prone to induce RN [46, 47].
Moreover, arterial occlusion [48], seed detachment and
necessity of subsequent re-surgery could arise. For stereo-
tactic RT, reports on LCR and toxicity differ significantly
depending on entities, BM volume and number, but also
the fractionation scheme [14, 15, 17, 18, 49]. Besides clas-
sical outcome parameters, patient-centered factors such as
reduction of hospitalization times, timely treatment access
and quality of life have become increasingly important both

@ Springer

factors like solitary BM [52], are likely to experience DBP
requiring reirradiation to potentially closely located brain
structures. The specific physical features of 50 kV IORT
provide an increased linear energy transfer and a higher rela-
tive biological effectiveness [53] with steep dose gradients
allowing both optimized tumoricidal effect and OAR spar-
ing. Thus, patients may benefit from preservation of neu-
rological functions and improved subsequent reirradiation
options. The main disadvantage of IORT is a lack of dose
modulation options that render certain anatomic conditions
challenging. Therefore, it is not surprising that, in line with
previous reports [20], most of the BM treated in this cohort
were located either craniofrontal or occipital.

Consistent with our previously reported perioperative
safety profile [28], we here report a favorable overall RN rate
of just 2.9% after IORT. This is an improvement in compari-
son to adjuvant SRS or FSRT where RN rates typically range
between 8% [14] to more than 20% [49], but also to some
previous series of IORT patients. While Kahl et al. reported
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2.5% [22], Cifarelli et al. noted a RN rate of 7% [19] and
Diehl et al. of 11.1% [20]. Of note, the latter also included
few patients receiving additional post-surgery stereotactic
radiosurgery. In line with previous reports, we found only
a comparably low incidence of leptomeningeal spread after
IORT [19, 22]. This may be an additional clinical advantage
of IORT over other RT techniques that requires further sci-
entific attention. Our observed 1-year LCR of 97.1% com-
pares well with the 94% observed by Cifarelli et al. [19] and
outperforms most studies on both adjuvant and definitive
SRS or FSRT with rates roughly between 80 to 90% [14, 17,
18, 49, 54-56]. Definitive SRS of BM is the primary alterna-
tive option to resection when systemic treatment delays are
to be avoided. Both effectiveness and safety of single frac-
tion EBRT mainly depend on lesion volume [55]. Compared
to SRS only [56], our data indicate a superior LCR and RN
rate for IORT of BM > 2 cm, while equally avoiding addi-
tional treatment times following surgery.

By matched pair analysis, we demonstrated compara-
ble long-term survival outcomes of EBRT and IORT. The
1 year-survival rate of 57% reported here is also within the
range of previous reports for IORT [20, 22]. Meanwhile,
despite being marginally different, the matched cohort
exhibited outstanding long-term survival. Many of the
patients from this cohort surpassed a FU that timewise can-
not be achieved yet for the IORT group and, thus, long-term
survivors are censored at an earlier time point in the latter.
In addition, there are remaining risk factors that could not
be adjusted between the groups. While age, CCI, KPS and
singularity of BM were considered as matching factors, DS-
GPA scores were not. Depending on the tumor entity, this
score covers further disease-specific risk factors. However,
DS-GPA scores do not qualify for matching analyses as they
are not applicable to all tumor entities, nor are they prog-
nostically comparable between different entities [32]. The
IORT cohort had a relatively low median DS-GPA score of
only 2 and included a total of 25.7% of patients with at least
3 BM. Regardless of these unfavorable prognostic factors,
the IORT cohort achieved outstanding local control as well
as convincing RN rates in comparison to previous reports,
while demonstrating equal long-term outcomes compared to
matched EBRT cases.

Limitations

Although the present study had a prospective observational
design, its interpretation should take into account several
limitations. The most significant limitation is the relatively
small sample size of 35 patients, which may impact the
generalizability of the findings. Of note, IORT remains a
novel treatment option for BM with only very limited data
available from comparably sized patient collectives. As an
additional methodological measure, using a matched-pair

approach could have helped to mitigate some confounding
factors when comparing the long-term outcome of patients
undergoing EBRT and IORT to BM. However, certain
confounding factors, such as different prognostic profiles
according to each histology or variable systemic treatment
effects, were not regarded. Moreover, since FU MRIs were
frequently carried out in local centers using minimized
imaging protocols lacking DSC and/or DWI, no reliable
data on local control and RN rates were available for the
comparative cohort, hence it could not be included in the
analysis. Despite these limitations in sample size, the pre-
sent study may suffice to conceive further large-scale, cross-
regional databases to accurately evaluate the safety, feasibil-
ity, and efficacy of IORT in the setting of BM surgery. This
is the most comprehensive investigation on an IORT patient
cohort thus far, incorporating dosimetric aspects, periop-
erative mortality and RN rate, as well as survival and local
control outcomes.

Conclusions

IORT is a timely feasible fast-track approach for comple-
menting surgical BM treatment, with long-term safety and
control outcomes comparable to those of adjuvant stereotac-
tic RT. On-going phase II and III studies will soon elucidate
the actual role of IORT in this setting.
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