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NEURO

Intraoperative Radiotherapy in Newly Diagnosed
Glioblastoma (INTRAGO): An Open-Label,
Dose-Escalation Phase I/II Trial

BACKGROUND: The median time to recurrence of glioblastoma (GB) following multimodal
treatment is ~7 mo. Nearly all cancers recur locally, suggesting that augmenting local treat-
ments may improve outcomes.

OBJECTIVE: To investigate whether intraoperative radiotherapy (IORT) to the resection
cavity is safe and effective.

METHODS: INTRAGO was a phase I/Il trial to evaluate the safety and tolerability of IORT
with 20 to 40 Gy of low-energy photons in addition to standard radiochemotherapy (Clini-
calTrials.gov ID, NCT02685605). The primary endpoint was safety as per occurrence of dose-
limiting toxicities. Secondary endpoints were progression-free survival (PFS) and overall
survival (OS). We also performed an exploratory analysis of the local PFS (L-PFS), defined
as recurrence within 1 cm of the treated margin.

RESULTS: Fifteen patients were treated at 3 dose levels. Of these, 13 underwent incomplete
resection, 6 had unresected satellites, and 3 did not receive per-protocol treatment (PPT).
The MGMT promoter was unmethylated in 10 patients. The median follow-up was 13.8 mo.
The majority of grade 3 to 5 adverse events were deemed unrelated to IORT. Five cases
of radionecrosis were observed, 2 were classified as grade 3 events. Other grade 3 events
judged related to radiotherapy (external-beam radiotherapy and/or IORT) were wound
dehiscence (n = 1), CSF leakage (n = 1), cyst formation (n = 1). No IORT-related deaths
occurred. The median PFS was 11.2 mo (95% confidence interval [Cl]: 5.4-17.0) for all patients
and11.3 mo (95% Cl: 10.9-11.6) for those receiving PPT. The median L-PFS was 14.3 mo (95% Cl:
8.4-20.2) for all patients and 17.8 mo (95% Cl: 9.7-25.9) for those receiving PPT. The median
OS was 16.2 mo (95% Cl: 11.1-21.4) for all patients and 17.8 mo (95% Cl: 13.9-21.7) for those
receiving PPT.

CONCLUSION: These data suggest that IORT is associated with manageable toxicity.
Considering the limitations of a 15-patient phase I/Il trial, further studies aimed at assessing
an outcome benefit are warranted.
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lioblastoma (GB) is the most common
and aggressive adult primary brain

Standard

of surgical resection followed by concomitant
radiotherapy and temozolomide chemotherapy

cancer. treatment consists  followed by maintenance temozolomide'.

ABBREVIATIONS: CTC-AE, common terminology criteria for adverse events; DLT, dose-limiting toxicities; DSC,
dynamic susceptibility contrast; EBRT, external-beam radiotherapy; FET-PET, fluoroethyl-L-tyrosine positron
emission tomography; GB, glioblastoma; KPS, Karnofsky performance status; INTRAGO, intraoperative radio-
therapy in newly diagnosed glioblastoma; IORT, intraoperative radiotherapy; LENT/SOMA, late effects normal
tissue/subjective objective management analytic; L-PFS, local PFS; MRI, magnetic resonance imaging; OS, overall
survival; PFS, progression-free survival; PPT, per-protocol treatment.
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Despite appropriate aggressive surgical resection, tumor cells
remain at the surgical margin following surgery. Adjuvant radio-
therapy and chemotherapy only marginally retard the growth of
these residual cancer cells. Cancer progression occurs 6 to 7 mo
following treatment leading to death in little more than 1 yr.!*4

Nearly all of these recurrences take place at the original site
of the tumor, or at the brain-surgical margin interface following
complete resection of the contrast-enhancing cancer delineated
by magnetic resonance imaging (MRI).’® This proximal recur-
rence location is owing to locally invasive or residual tumor cells
that cannot be eradicated with even maximal surgical resection
and postsurgical therapies. The time gap elapsed between surgery
and adjuvant treatments plus the usual 6-wk period to deliver the
full course of radiotherapy provides a window of opportunity for
these remaining cancer cells to proliferate, increasing the cancer
burden from its lowest point immediately following surgery.’-!°
Thus, therapies that can overcome these spatial and temporal
deficiencies may be useful in delaying the time to cancer recur-
rence and improve outcomes.'!

Advances in intraoperative radiotherapy (IORT) technologies
that allow a single high dose of radiation to be specifically
delivered to a defined region along surgical margins now make
it possible for precision radiotherapy to be delivered immediately
following cancer resection. This novel treatment approach has the
potential to address both the spatial and temporal deficiencies
of current GB therapy'! by providing a single cytotoxic dose of
radiotherapy to the surgical resection margin, the location of most
recurrences, while in the operating room, thus eliminating the
time delay between surgery and conventional radiotherapy.!?!?
To test the effectiveness of this treatment strategy, we imple-
mented IORT into the neurosurgical workflow and performed
the first prospective evaluation of low-energy IORT in GB.

We found that surgery coupled with IORT, followed by the
standard of care radiotherapy and chemotherapy, considerably
prolonged the time to local recurrence—a result that has never
been achieved with any other GB therapy. IORT fit well into
the neurosurgical workflow, was well tolerated with a high safety
profile, and may prove to be a new approach to treat this tumor.

METHODS

Intraoperative Radiotherapy System and Technique

IORT was applied using a miniature x-ray source and spherical appli-
cators mounted on a variable tilt arm (Figure 1). Following surgery and
preparation of the resection cavity, the most appropriate applicator is
selected to provide the highest degree of target volume coverage, “tightest
fit rule” and is inserted into the surgical cavity. Ideally, the applicator
builds up mild nontraumatic pressure to the cavity margin, thereby
preventing bleeding and transudation.

The point source emits an isotropic field of 50 kV X-rays delivering
low-energy photons that are absorbed within the first several millimeters
of tissue. Their increased linear energy transfer results in a higher relative
biological effectiveness (ie more DNA double strand breaks per distance
of penetrated tissue) than conventional high-energy photons emitted
by linear accelerators used for external-beam radiotherapy (EBRT).12
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IORT with low-energy x-rays did not require additional radiation
protection measures as all operating rooms were approved for C-arm
fluoroscopy.

Study Design

INTRAGO was a prospective, single-arm phase I/II study to
determine the safety and tolerability of IORT with low-energy X-rays.'
The trial was approved by the local institutional review board and
the federal authorities. It is registered with ClinicalTrials.gov, number
NCT02685605. Patients with suspected new GB amenable to gross-total
resection of the contrast-enhancing portion of the tumor were eligible to
participate. Patients with contrast-enhancing lesions within the patho-
logical T2/FLAIR signal were not excluded. Following informed consent,
all patients underwent surgery. Once the cancer was resected, and after
intraoperative neuropathological confirmation of the diagnosis of GB,
IORT was delivered at 3 dose levels (20, 30, and 40 Gy). Doses were
always prescribed to the surgical margin to a 0-cm depth (the applicator
surface).

Following surgery and IORT, all patients received the standard of care
therapy with initial radiochemotherapy consisting of 60 Gy EBRT (target
volume definition as per the EORTC-NCIC 26 981-22 981 trial,! no
cone down) and concomitant temozolomide chemotherapy followed by
maintenance temozolomide chemotherapy for at least 6 cycles or until
disease progression.! Three patients received treatment with IORT at
the lowest dose level (20 Gy) within a compassionate use program but
compliant with the INTRAGO protocol.

Dose Escalation

Dose escalation was conducted in a 3 + 3 manner with 3 patients
entering each dose level. The primary endpoint was safety as per the
occurrence of dose-limiting toxicities (DLT) within 3 mo following
IORT, which is a similar time frame for acute toxicity as chosen in RTOG
98-03." Two types of DLTs were defined. Early DLTs, occurring <3
wk following IORT, include wound infections, wound-healing defects
requiring surgical intervention, and IORT-related cerebral hemorrhage
or ischemia. Early-delayed DLTs, occurring between 3 wk and 3 mo
following IORT, include symptomatic brain necrosis requiring surgical
intervention and termination of EBRT before the planned dose of 60 Gy
due to radiotoxicity.

Adverse Events

Adverse events were monitored throughout the entire follow-up
period and were graded according to Common Terminology Criteria
for Adverse Events (CTC-AE; Version 4.03). Each adverse event that
occurred was evaluated regarding attribution to IORT in 5 categories
(“definitively related”, “probably related”, “possibly related”, “unlikely to
be related,” and “not related”). Radiation necrosis was assessed by serial
perfusion MRI and using 18F-fluoroethyl-L-tyrosine positron emission

tomography (FET-PET).

Monitoring of Late Treatment Toxicity

We wused the late effects normal tissue/subjective objective
management analytic (LENT/SOMA) scales'®!” for grading late
side effects at baseline before surgery, 2 wk after surgery (before EBRT)
and then every 3 mo at follow-up visits. The scales measure subjective
(patient-reported) and objective (physician-graded) symptom severity
and also gather information related to symptom management (headache
and somnolence—steroid use, seizures—anticonvulsive medication,
cognition—psychological intervention or physiotherapy).
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FIGURE 1. Treatment of the resection cavity with low-energy IORT. A, Glioblastomas classically arise within a hemisphere of the cerebrum. Following resection, macroscopic
and microscopic residual tumor gives rise to local recurrence, the dominant failure pattern in glioblastoma. IORT using low-energy x-rays delivered by a spherical applicator
sterilizes 4- to 5-mm of the cavity margin (depending on the radiation dose) while preserving underlying brain tissue due to the low penetration depth of the photons. B, The
LORT system used in this trial (Intrabeam, Carl Zeiss Meditec Oberkochen, Germany) consists of a carrier system with 6 degrees of freedom, a mounted x-ray source and a set of
8 applicators, ranging from 1.5 to 5 cm in diameter that can be placed on the source. C, the measured dose distribution (calibrated gafchromic film) in a solid water phantom
(4 cm applicator). D, Dose distributions of all applicators. Note that low-energy X-rays are absorbed within the first few millimeters of tissue (50% of the total dose is absorbed

within 3-7 mm). E, Following draping (left), a suitable applicator is chosen that ideally fills the whole cavity and has contact to all cavity margins without squeezing healthy
brain tissue (middle) and the system is inserted into the cavity (right).
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TABLE 1. Baseline and clinical characteristics
IORT Radio- N of
Pat. Age KPS Satellite MGMT dose necrosis adjuvant FU Vital Cause of
# Program Gender [yl [%] EOR Lesion(s) promoter [Gy] (Grade) PPT cycles [mo] status death
1 T F 72 80 IC yes M 20 - No 0 45 Deceased LP
2 T M 63 60 IC no U 20 I° Yes 13 279 Alive
3 T F 65 90 IC yes M 20 - Yes 14 271 Alive
4 T M 60 90 IC no n/a 20 e Yes 3 17.8 Deceased DP
5 T M 65 50 IC yes u 30 I° Yes 6 143 Deceased DP
6 T F 59 80 CR yes U 30 - Yes 2 13.2 Deceased DP
7 T F 68 90 IC no U 30 e Yes 3 1.2 Deceased unclear (no
LP at death)
8 T F 46 70 IC yes u 40 - Yes 3 15.2 Alive
9 T M 73 90 IC no U 40 - No 0 8.6 Deceased DP
10 T F 55 80 IC no M 40 - Yes 8 13.8 Alive
n T M 62 70 IC yes U 40 1° Yes 5 n.s5 Alive
12 T F 57 90 IC no U 30 - Yes 3 55 Alive
13 (@V] M 61 50 IC no U 20 No 0 45 Deceased Seizures (no
LP at death)
14 (@V] M 59 20 CR no U 20 - Yes 14 30.7 Deceased Sepsis (no LP
at death)
15 (@V] M 70 90 IC no 20 - Yes 10 16.2 Deceased LP
Median [Range] 62 [46-73] 80 [50-90] 25 3 13.8 [4.5-30.7]

CU, compassionate use program (treatment was compliant with trial protocol); T, on trial; M, male; F, female; EOR, Extent of resection with CR, complete resection and IC, incomplete
resection with remaining T1enhancing lesions in early postoperative MRI scans; MGMT, O6-methylguanine-DNA methyltransferase (M, hypermethylated promoter; U, unmethylated
promoter; n/a, not available); IORT, intraoperative radiotherapy (prescribed to the applicator surface); PPT, per-protocol therapy; FU, follow-up; LP, local progression; DP, distant

progression.

Efficacy Parameters

Secondary endpoints were progression-free survival (PFS) and overall
survival (OS). Treatment response was assessed at 8- to 12-wk intervals
using MRI and updated Response Assessment in Neuro-Oncology
(RANO) criteria'® by an interdisciplinary panel of neuroradiologists,
neurosurgeons, and radiation oncologists. Analyses of serial dynamic
susceptibility contrast (DSC)-MRI scans,'” FET-PET,? or repeat surgery
were performed to distinguish posttreatment effects (eg pseudopro-
gression or radionecrosis) from true progressive disease. Symptomatic
radionecrosis was treated with bevacizumab (7.5 mg/kg every 3 wk)
until symptom relief.?! PFS was defined as the time to progression or
death by any cause. Second surgery was not classified as an event for
PFS if the neuropathological diagnosis was radionecrosis. Treatment with
bevacizumab for radionecrosis was also not classified as an event for PFS.

To accurately evaluate the effectiveness of a therapy that treats the
surgical margin, we also determined local PFS (L-PES) in an (initially
unplanned) exploratory analysis. L-PFS was defined as time to cancer
progression within 1 cm of the surgical margin or death by any cause.
OS was defined as time from IORT to death by any cause. All survival
analyses were performed using Kaplan—Meier estimations.

RESULTS

Patient Characteristics, Dose Escalation

Fifteen patients with newly diagnosed GB were treated with
surgery and escalating doses of IORT followed by the standard of
care combined radiotherapy and chemotherapy and subsequent
maintenance chemotherapy (Table 1). IORT dose escalation was

4 | VOLUMEO | NUMBERO | 2018

performed in a cohort of 12 patients, whereas safety was evaluated
at each level prior to dose escalation (see CONSORT diagram,
Figure, Supplemental Digital Content 1). Three patients were
treated within a compassionate use program at the lowest [ORT
dose level (20 Gy). Final pathological analysis confirmed the
diagnosis of GB in all cases, and the MGMT promoter was not
hypermethylated in 10 of 15 cancers. The median follow-up time
was 13.8 mo (range: 4.5-30.7 mo), the median age was 62 yr (46-
73 yr), and the median Karnofsky performance status (KPS) was
80% (50%-90%). Thirteen of these patients (87%) underwent
incomplete resection as defined by residual contrast-enhancing
cancer identified on early postoperative MRI. Three patients
were treated with surgery and IORT but did not complete the
full standard of care adjuvant treatments. Patient #1 declined
adjuvant radiotherapy or chemotherapy and succumbed to local
progression. Patient #9 received radiochemotherapy following
a 3-mo delay and did not receive maintenance chemotherapy.
Patient #13 developed treatment refractory seizures upon the
completion of combined radiotherapy and chemotherapy and
subsequently died prior to maintenance chemotherapy.

Primary End Point: Dose-Limiting Toxicities/Maximum
Tolerated Dose

No DLT occurred within the predefined 3-mo posttreatment
time frame and, accordingly, IORT doses were escalated from
20 to 40 Gy prescribed to the applicator surface. Thus, no
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maximum tolerated dose was established, and therefore, following
the treatment of 3 patients at the 40 Gy level, any newly included TABLE 2. Adverse events by CTC-AE Grade (V. 4.03)
patient could be treated with 20 to 40 Gy (given feasibility with CTC-AE Grade
regard to structures at risk).
1 2 3 4 5
Primary End Point: Acute Adverse Events Skin
A total of 21 Grade 2, 27 Grade 3, and 2 Grade 4 events Alopecia 6 1
were identified (Table 2). No treatment-related deaths occurred. Rash - > -
X . . Wound dehiscence 1
One grade 5 event occurred in a patient who developed sepsis T
originating from a urinary tract infection not deemed related Anemia 10 1
to IORT. Of all Grade 3 events, 3 were classified as “possibly” Lymphocytopenia 3 1 2
and 2 as “probably” related to IORT. Five cases of radionecrosis Platelet count decreased 3 2 1
were identified (2 at 20 Gy, 2 at 30 Gy, and 1 at 40 Gy). Central Nervous System )
Two patients were diagnosed with radiation necrosis by serial EerEbrESp,malﬂu'd leakage . !
perfusion MRI and 1 case by FET-PET. For the other 2 patients, Di:;ﬁa;:a 1 1 )
the MRI was inconclusive and thus surgery was performed 9 Extraocular muscle paresis 1
and 14 mo following surgery and IORT. The pathology revealed Facial muscle weakness 1
necrotic tissue only with no evidence of active cancer. Both of Headache 1 1
these cases of radionecrosis have been classified as grade 3 adverse Hydrocephalus 2
events. Intracranial Cyst ™
Leg paresis 1
Memory Loss 1
Primary End Point: Late Treatment Toxicity Muscle weakness left-/right sided 2
LENT/SOMA scoring!®'7 was performed in all 15 patients at l;ls:tsoea - 2
; perative hemorrhage
baseline and assessment of late effects (=9 mo) after surgery was Radionecrosis Jr prx gwx
completed in 9 patients. At baseline, 9 of 15 patients reported Seizure 5 1 3
grade 1 or 2 cognitive deficits (Figure, Supplemental Digital Vertigo
Content 2), which improved or stabilized over time in 8 of 9 Psychiatric
patients (Figure, Supplemental Digital Content 3). Objective Cognitive disturbance .
. . . . Concentration impairment 1
signs (>grade 1) of neurological deficits were detected in 11 S
. . . .. . Creatinine increased 1
patients at baseline and these improved or stabilized in 7 of 9 Delifium 1 1 1
patients and worsened in 2 patients. Tumor progression in both Fatigue 1 1
of these patients was at a distant site not treated with surgery or Insomnia 1
IORT. Headache was treated using corticosteroids in 10 patients Postsurgical psychosis 1
at baseline, and the dose was not increased 8 of the 9 patients Cardiovascular
assessed for late effects. Atrial Fibrillation 1
Deep Venous Thrombosis 2
Palpitations 1
Secondary End Points: PFS, L-PFS, and OS Pulmonary Embolism 1 2
The median local PFS (L-PFS), was 17.8 mo (95% confi- Livselrc/kRZ:]aulls !
dence interval [CI]: 9.7-25.9 mo) for the 12 patients who received Creatinine increased 1
full per-protocol treatment (PPT). For the entire group, which Elevated Liver Enzymes 4 1 1
included three patients that received IORT but not PPT, it was Hematuria 1
14.3 mo (95% CI: 8.4-20.2 mo; Figures 2A and 2B). The median Hypokalemia 1 1 1
PFS was 11.3 mo (95% CI: 10.9-11.6) for PPT patients and 11.2 e C e deva far . [
mo (95% CI: 5.4-17.0) for the entire group (Figure, Supple- Infgc.t;?gs . .
mental Digital Content 4A and 4B). The discrepancy between Mpl:cl)s);m:;section 1
L-PES and PFS is owing to progression of distant multifocal PN 2
cancers at the time of diagnosis that were not treated with surgery Sepsis 1
or IORT. Tooth Infection 1 1
The predominant failure pattern was distant progression Urinary Tract Infection 1
(Figure 3) and local recurrence occurred in only 2 of the 15 i 39 = = zZ ]

patients. Both of these patients were treated at the lowest IORT
dose level (20 Gy) and one of these patients did not receive radio-
therapy and chemotherapy following surgery and IORT.

NEURO

INTRAGO

Events marked with (*) were considered as “possibly,” those marked with (**) as
“probably” related to IORT. All events considered related to IORT occurred outside of
the 3-mo observation period and did thus not classify as DLT.
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FIGURE 2. Local PFS after IORT plus standard of care therapy. Median local PFS (defined as disease progression within 1 cm margin around the resection cavity or
death by any cause) was determined for all (n = 15) patients included in the analysis A and for patients treated per prorocol (n = 12) B.

OS was 17.8 mo (95% CI: 13.9-21.7 mo) for the PPT group
(Figure, Supplemental Digital Content 4C and 4D) and 16.2
mo (95% CI: 11.1-21.4 mo) for the entire group.

DISCUSSION

GB outcomes have not improved in more than a decade despite
the completion of multiple phase 3 trials>#?2-24 and advances in
our understanding of the molecular, genomic, and epigenomic
underpinnings of this disease. Median time to recurrence remains
unchanged at ~6-7 mo." In contrast to most solid cancers, 80%
to 90% of these recurrences, which ultimately lead to morbidity
and mortality, occur locally at the originally treated site.

A main determinant of the time to recurrence and OS time
is the amount of residual disease that remains following surgery,
prior to adjuvant radiotherapy and chemotherapy.?® Although a
short delay in the initiation of adjuvant therapy has so far not been
® treatment strategies that minimize
postsurgery cancer burden in a timely manner may provide a
therapeutic benefit.

Here, we describe the first prospective evaluation of low-
energy IORT for GB and show that it is a tolerable and effective
approach to prevent local cancer recurrence. We found that the L-
PES following IORT was 17.8 mo, ~3-fold longer than current
standard treatments. This result is potentially more encouraging
considering the negative prognostics factors inherent in this
cohort: 13 of 15 patients underwent incomplete resection and the
MGMT promoter was not hypermethylated in 10 of 15 cancers.

Only 2 instances of local recurrence were identified following
surgery and IORT. Both patients received the lowest IORT
dose (20 Gy), and 1 of the patients did not receive adjuvant
radiotherapy and chemotherapy. As such, the median L-PFS
was reached only because the progression that developed at

shown to worsen OU.tCOIIlCS,2
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distant sites caused death. These data also explain why the OS
advantage seen with the addition of IORT, 17.8 mo compared
to the standard of care 14.6 mo, was not proportional to the
dramatic improvements of L-PFS. Six out of 15 patients in this
cohort (40%) had multifocal disease at diagnosis, a 3- to 4-fold
greater incidence than is usually seen in newly diagnosed GB,?”+?8
suggesting that IORT should be restricted to patients with single
site disease.

This is not the first attempt to augment local radio-
therapy in glioma. Previous attempts at postsurgical radio-
therapy dose escalation, including stereotactic radiosurgery”
and brachytherapy®*®! failed to improve outcomes. A potential
explanation for the benefit seen with IORT to the surgical
margin directly following surgery is that it eliminates the
9- to 1l-wk time gap from surgery to the completion of
radiotherapy, thereby minimizing the cancer repopulation in
the interim. However, a major prerequisite of this immediate
treatment is the adequate coverage of all aspects of the cavity.
Previous (mostly monoinstitutional and pretemozolomide) series
on electron IORT did report conflicting data®** as there are
many technical factors that could bias target volume coverage
when handling a forward-directed electron beam. The major
challenges include the careful selection of (i) the electron energy
(mostly chosen too low), (ii) the appropriate cone (mostly under-
sized), and (iii) the electron beam angle (mostly inadequate
due to a lack of a planning system).** TORT with a spheri-
cally irradiating source as used in this trial circumvents all of
these sources of error and eventually provided adequate radiation
coverage of all cavity borders independent of the initial tumor
shape (exemplary seen in patients #6 and #10, where IORT to
an irregularly shaped cavity nonetheless resulted in homogenous
enhancement of a 2- to 5>-mm margin at the 8-mo follow-up

MRI).
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FIGURE 3. Response patterns of patients after IORT plus standard of care therapy. Shown are T1-weighted MRI scans from 6 patients
treated with IORT and standard of care, indicating that the predominant pattern of failure was distant progression. Native (N) and
contrast-enhanced (C) images are shown separately for early postoperative scans with white arrows indicating areas of residual tumor. In
FU scans, the time point is given (in months) on the top of each image. Patient #2 developed radionecrosis (diagnosed by FET-PET) 18 mo
after IORT and received treatment with bevacizumab, resulting in symptom relief and regression of the T1-contrast-enhancing areas. The
red arrowhead. in the preoperative scan of patient #3 depicts a pre-existing satellite lesion in the peritumoral edema that was progressive
13 mo after initial therapy but then disappeared in further FU scans without any change in therapy. Yellow arrows in the FU scans.

Another immediate local therapy that has been tested is the
intraoperative implantation of wafers that release carmustine into
the resection cavity.*> There is a body of evidence showing that
these wafers provide an OS benefit to patients when used as a first
line treatment.>® There are several disadvantages of this strategy
compared to treating the resection margin with radiotherapy.
A sufficient number of wafers must be implanted to achieve
tumoricidal doses, which limits their use in smaller cavities. The

NEUROSURGERY

penetration depth of 1- to 2-mm is low. In contrast, the low-
energy x-rays in IORT reach therapeutic doses to a depth of 5 mm.
Lastly, the use of wafers may not be safe or effective when the
ventricle has been opened.

No significant increases in patient-reported or physician-
graded toxicity through the addition of IORT to standard-of
care were observed. For the patients that were evaluated for late
toxicity, almost all preoperative conditions improved or stabilized,
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and the majority of the grade 3 toxicity was attributable to
chemotherapy and external-beam radiotherapy. The incidence
of radionecrosis, seen in 33% of patients, was higher than the
5% to 10% seen with the standard of care’” but lower than
reported for interstitial brachytherapy (~50%).%® We do not have
a clear explanation for the stable radiation necrosis rate in spite
of increasing dose. One possibility is that it is owing to the
relatively small sample size. To date, radionecrosis is well managed
with short-term bevacizumab treatment with almost 100% radio-
graphic response and clinical and improvement.?!

Low toxicity rates were also observed in the balloon
brachytherapy (GliaSite) trials for newly diagnosed and recurrent
GB.¥% In GliaSite treatment, an expandable balloon is
implanted into the resection cavity and radiation is delivered in
a delayed manner from a solution containing '*I injected via a
subcutaneous port. A major difference between this treatment and
IORT is that in IORT the radiotherapy is delivered at the time
of cancer resection and completed within 20 to 40 min, reducing
the potential for residual cancer cell proliferation. And, in contrast
to IORT, GliaSite delivers radiation at a low dose rate. Recent
in Vitro assays suggest that cancer cell survival rates significantly
increase if high radiation doses are applied at low dose rates.*!

Interpreting real cancer recurrence from posttreatment effects
remains a challenge for the neuro-oncology community. Although
none of the advanced MRI protocols available to date allow us
to perfectly separate both diagnoses, a tissue-based diagnosis was
only required in 2 cases in our trial. We believe that this supports
our approach of incorporating MRI imaging (specifically DSC
perfusion) in decision making'”*% as previous studies with local
radiation dose escalation (specifically those using the balloon
brachytherapy system) were not able to measure “true” PES due to
a high rate of pseudoprogression and radionecrosis at that time.*?

IORT fit well into the neurosurgical workflow. The system
occupies a similar footprint to that of conventional surgical
microscopes and the treatment time of 30 min did not extend
surgery time significantly more than most other intraoperative
surgical tools.

CONCLUSION

This prospective phase I/II trial suggests that low-energy IORT
to the surgical margin immediately following resection provides
long-lasting local control. By overcoming the spatial and temporal
deficiencies of current GB treatments, and with acceptable toxic-
ities, this treatment may prove to be a new and effective treatment
option for patients with unifocal tumors that are amenable
to complete resection. Based on these results, a multinational
randomized phase 3 trial has been initiated (ClincalTrials.gov ID
NCT02685605).
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Supplemental Digital Content 1. Figure. CONSORT flow diagram. At least 3
patients were required to be treated per-protocol at each dose level until the dose
could be escalated. In case a patient of a certain dose level did not receive per-
protocol therapy, a further patient needed to be treated at the corresponding dose
level. After completion of the highest dose level (40 Gy), the IRB was consulted
and, from then onwards, IORT could be performed at “any dose level that is safe
in terms of dose constraints” as phase II part of the trial (n = 1 additional patient
atlevel 3 and n = 3 patients within a local compassionate use program). Legend:
IORT, intraoperative radiotherapy; I'TT, intention-to-treat.

Supplemental Digital Content 2. Figure. Baseline LENT/SOMA scores. The
LENT/SOMA brain module was used to assess subjective and objective grading
of symptom severity as well as grading of the degree of management (intervention)
necessary to provide symptom relief. Shown are (preoperative) baseline scores,
whereas a grade of 0 indicates absence of symptoms (or no intervention needed)
and a grade of 4 of indicates maximum severity of symptoms (or maximum level
of management/intervention required).

Supplemental Digital Content 3. Figure. Incidence of late effects. Shown are
changes to the (preoperative) baseline LENT/SOMA score for 9 patients where
follow-up data was available for 4 or more time points after surgery (9 mo
and beyond). Negative values (max—4 points) indicate worsening and positive
values (max + 4 points) indicate improvement of symptoms or the intensity of
management/intervention (eg less/lower doses of medication).

Supplemental Digital Content 4. Figure. PFS and OS after IORT plus
standard of care. A, PFS (defined as the time to cancer progression or death by any
cause) is shown for all patients (n = 15) and B for all patients treated per protocol
(n = 12). Likewise, C depicts OS (defined as time from IORT to death by any
cause) for all patients (n = 15) and D OS for all patients treated per protocol
(n=12).
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