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Purpose: Boron neutron capture therapy (BNCT) is an advanced radiation therapy delivering highly selective tumor cell destruction
via localized fission reactions. This phase 1 study evaluated the safety and efficacy of BNCT using [B-10]L-4-boronophenylalanine
(BPA) in patients with recurrent high-grade gliomas, mostly glioblastomas.

Methods and Materials: A 3 + 3 dose-escalation design was used to determine the maximum tolerated dose of BNCT across 3
planned cohorts (D, 9, 11, and 13 Gy-Eq), with 3 additional subjects enrolled at any dose level where dose-limiting toxicity (DLT)
occurred. DLT was defined as BNCT-related grade 3+ toxicities within 90 days posttreatment, with protocol-defined exclusions.
Patients underwent a single session: intravenous BPA administration (500 mg/kg/3 h) and neutron irradiation 1 hour later. The
primary endpoint was the recommended phase 2 radiation dose, based on DLT incidence. Secondary endpoint included safety,
efficacy, and pharmacokinetics: treatment-emergent adverse events (TEAEs), progression-free survival, objective response rate, and
overall survival (OS).

Results: Six patients were treated between December 2022 and January 2024: 3 in the 9 Gy-Eq and 3 in the 11 Gy-Eq cohort. No DLTs
or grade >4 TEAEs occurred. Two patients experienced grade 3 TEAEs (brain edema, seizure). Common adverse events were alopecia,
aphasia, brain edema, and seizures. One serious adverse event (grade 3 seizure) was reported. Median follow-up was 9.03 months.
Median progression-free survival was 1.87 months by response assessment in neuro-oncology; not reached by modified response
assessment in neuro-oncology. Objective response was not observed. All patients survived to study completion; median OS not
reached, maximum OS was 16.56 months. BPA pharmacokinetics were within expected ranges. The safety monitoring committee
selected 11 Gy-Eq as the recommended phase 2 radiation dose, balancing tumoricidal effects with risks of necrosis and bevacizumab
requirements.

Conclusions: This study demonstrates the acceptable safety profile of BNCT and suggests potential survival benefits in recurrent high-
grade glioma. However, given the limited sample size and follow-up period, extended observation is required to validate long-term
efficacy and safety.

© 2025 Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Boron neutron capture therapy (BNCT) has emerged
as a promising therapeutic modality, leveraging tumor
cell-selective radiation therapy through the capture reac-
tion of boron-10 and thermal neutrons. The unique
mechanism of BNCT enables precise targeting of tumor
cells while sparing surrounding normal tissue, offering a
potential advantage over conventional radiation therapy.
Previous clinical studies have illustrated the feasibility and
potential efficacy of BNCT in high-grade gliomas, under-
scoring its role as a viable option for patients with limited
treatment alternatives.'

Glioblastoma (GBM), which constitutes a majority of
high-grade gliomas, is a highly aggressive and treatment-
resistant primary brain tumor. It is characterized by rapid
progression and a generally poor prognosis. Despite
advancements in standard treatment modalities, including
gross total resection, radiation therapy, and chemotherapy
with temozolomide, the median overall survival (OS) of
the newly diagnosed patients with GBM remains approxi-
mately 12 to 15 months,” with most patients experiencing
recurrence within the first year. This highlights an urgent
need for innovative therapeutic approaches that can
improve outcomes for these patients.

This study represents a phase 1 clinical trial aimed to
evaluate the safety and preliminary efficacy of BNCT in
patients with recurrent high-grade gliomas, specifically
GBM. The primary objective of this trial was to determine
the maximum tolerable dose (MTD) and confirm the rec-
ommended phase 2 radiation dose (RP2D). Secondary

objectives were to assess safety, efficacy, and pharmacoki-
netic (PK) profiles of BNCT.

Methods and Materials

Study design

This study was designed as a multicenter, open-label,
radiation dose-escalation phase 1 trial with the objective
of evaluating the safety and preliminary efficacy of BNCT
in patients who received a diagnosis of recurrent high-
grade gliomas. The study employed a 3 + 3 dose-escala-
tion design with 3 planned cohorts (targeting maximum
brain dose [Dyay] of 9, 11, and 13 Gy-Eq) to determine
the MTD of BNCT. An overview of the protocol is shown
in Fig. E1. Safety monitoring committee (SMC) confirmed
the occurrence of dose-limiting toxicities (DLT's) based on
BNCT-related adverse events (AEs) which occurred
within 90 days post-BNCT and decided whether to esca-
late the next dose level or confirm the MTD. DLT was
defined as, according to National Cancer Institute Com-
mon Terminology Criteria for Adverse Events version
5.0, a grade 3 or higher hematologic or nonhematologic
toxicity that was related to BNCT and occurred within
90 days after treatment. The next dose level was pro-
ceeded only if fewer than 2 DLTs were observed in the
cohort.

This study was conducted in accordance with the guid-
ance of Good Clinical Practice as well as the Declaration
of Helsinki. The study was approved by the institutional
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review board of each site and registered in ClinicalTrials.
gov. (NCT05737212).

Patient eligibility

Patients aged between 19 and 80 years with histologi-
cally or radiologically confirmed recurrent high-grade gli-
omas were eligible for inclusion in this study. The
inclusion criteria were as follows: a Karnofsky perfor-
mance status score of >60, prior standard radiation ther-
apy (54-66 Gy/25-35 fractions) or less, and appropriate
renal, hepatic, and hematologic function. Patients with
uncontrolled systemic illnesses, persistent cerebral edema
despite corticosteroid administration, significant labora-
tory abnormalities, or prior exposure to BNCT were
excluded from this study.

Treatment procedure

Patients received a single session of BNCT as part of
this trial. The investigational drug, labeled as DMX-101,
'B-boronophenylalanine (BPA) (DAWONMEDAX CO.
LTD., South Korea), was administered intravenously at a
dose of 500 mg/kg over 3 hours. Neutron irradiation using
DM-BNCT (DAWONMEDAX CO. LTD, South Korea), a
medical linear accelerator, was initiated 1 hour after the
completion of BPA infusion, a timing determined based
on PK characteristics indicating that peak boron concen-
tration within tumor tissues occurs approximately 1 hour
postinfusion” so that maximum therapeutic efficacy while
minimizing off-target radiation exposure can be ensured.

The duration of neutron irradiation was prospectively
determined at the start of irradiation based on real-time
blood boron concentrations using a PK prediction model.
Following the completion of irradiation, additional blood
samples were collected to confirm the blood boron con-
centration during neutron irradiation and determine the
delivered dose. These values were used to calculate the
final delivered dose using the same PK model.

Blood samples were collected depending on the sched-
ule and analyzed with inductively coupled plasma-mass
spectrometry: before administration; 1 and 2 hours after
the initiation of administration; 0, 10, 20, 30, 40, 50, and
60 minutes, as well as 2, 9, 24, and 48 hours after the com-
pletion of infusion. The PK in each patient was analyzed
using a noncompartmental method with WinNonlin soft-
ware 8.0 (Version 8.0, Certara). All the analyses were
based on actual sampling times.

The neutron dose delivered to each patient was
assessed as the biological dose (Gy-Eq), which was used
as the primary reference metric for prescription and eval-
uation. Four physical dose components—boron, hydro-
gen, nitrogen, and gamma—were weighted by their
respective relative biological effectiveness and compound

biological effectiveness values and summed to yield the
final biological dose.

For efficacy, the minimum tumoricidal dose was
defined as >20 Gy-Eq to tumor tissue in a single fraction,
based on linear—quadratic modeling. Therefore, eligibility
required that >90% of the planning target volume be cov-
ered by at least 20 Gy-Eq, assuming a tumor-to-blood
boron concentration ratio of ~3.5.

For safety, dose escalation in this phase 1 trial was
guided by the maximum absorbed dose to normal brain
(Dmax)> set at 9, 11, and 13 Gy-Eq across sequential
cohorts. In other words, while tumor coverage of >20 Gy-
Eq was mandated as an inclusion criterion, the prescribed
dose levels (9-13 Gy-Eq) specifically referred to the maxi-
mum allowable dose to normal brain tissue, which served
as the constraint for dose escalation.

The efficacy and safety were then evaluated for 6
months post-BNCT follow-up period, and the survival
survey was conducted up to 2 years after BNCT, until the
death of all patients, or the completion of the clinical trial,
whichever came first.

Statistical analysis

The primary endpoint was to determine RP2D by con-
firming MTD. Secondary endpoints were established to
determine the safety, efficacy, and PK characteristics of
BNCT.

The safety was evaluated by the number of patients, the
incidence rate, and the number of cases for the AEs that
occurred after the application of the investigational drug
and device. The maximal severity analysis presented the
number of patients who experienced treatment-emergent
adverse events (TEAEs) and the incidence rate, coded
according to system organ class and preferred term of
MedDRA version 24.1 or a later version.

The efficacy evaluation included tumor response, such
as progression-free survival (PFS), objective response rate,
and OS, assessed by central imaging and the investigator
using response assessment in neuro-oncology (RANO)
and modified RANO (mRANO) criteria.

The blood concentration-time trend of '°B-BPA and
'%B was plotted in linear or log/linear scale using R (ver-
sion 4.3.3.) in each patient. The main PK parameters were
calculated by noncompartmental method using the
appropriate and validated PK software Phoenix WinNon-
lin (version 8.0, Certara). The PK parameters analyzed
were as follows: Cpax Tmaxs AUCls (area under the con-
centration—time curve, AUC, to the last measurable time
point), AUCy ., (AUC extrapolated to infinity), CL
(clearance), CL, wr (weight-normalized clearance), ty5, ,,
t1/2, effs Vz, VZ, WT> Vss, VSS, WT> MRT (Mean residence
time) of '°B-BPA and '°B, and CLR (renal clearance), A,
(amount unchanged excreted in urine), F. (fraction
excreted unchanged in urine) of '’B-BPA.
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Results

Patient characteristics

Between December 2022 and January 2024, a total of
11 patients were screened after providing informed con-
sent, and 7 of these patients were enrolled in this study
and received BNCT. A total of 3 centers (Gil Medical
Center, Incheon, South Korea; Seoul St. Mary’s Hospital,
Seoul, South Korea; National Cancer Center, Goyang,
South Korea) were initially opened for screening, and 2
centers ultimately enrolled patients. All BNCT treatments
were performed at the BNCT Center, Brain Research Cen-
ter, Incheon, South Korea, where the BNCT facility is
located. However, 1 patient from cohort 2 withdrew con-
sent during neutron irradiation, having already shown a
rapid cognitive decline immediately before the procedure,
presumed to reflect aggressive progression of the recurrent
lesion; this event was not considered BNCT-related, and
the patient was therefore excluded from efficacy and safety
analyses (Fig. 1, Table 1). The median age was 53 years
(range, 39-57). The baseline characteristics and prior treat-
ments of the included patients are listed in Table 1.

The median gross tumor volume was 20.7 cc with a
range of 5.9 to 47.8 cc. The median Karnofsky performance
status was 100 (range: 90-100). Five patients received diag-
nosis for GBM, and 1 patient had astrocytoma, World
Health Organization (WHO) grade 4. Molecular genetic
information showed that only 1 patient in cohort 2 was iso-
citrate dehydrogenase (IDH)-mutant, and all other patients
were IDH wildtype, and WHO grade was grade 4 in all 6
patients. Radiation Therapy Oncology Group recursive par-
titioning analysis classification showed that classes 5 and 3
were the most prevalent at 33.33% (2/6), followed by clas-
ses 2 and 4 at 16.67% (1/6) each. On central imaging
review, all patients demonstrated multiple nodular recur-
rences at baseline; however, no cases of leptomeningeal or
extensive out-of-field dissemination were observed.

All patients had undergone prior surgical resection,
radiation therapy, and chemotherapy. Before enrollment,
second-line chemotherapy with temozolomide was
administered to 2 patients (33.33%). One patient had pre-
viously received bevacizumab as part of salvage therapy.
The interval between prior external beam radiation ther-
apy and BNCT was a mean of 36.5 months (range, 5.5-
66.6) across the enrolled population. The retrospectively
determined delivered doses of normal and tumor tissues
after BNCT, considering blood boron concentration and
neutron beam parameter, are summarized in Table EI.

Recommended phase 2 dose

No DLT occurred in cohorts 1 and 2. This outcome
was achieved when the radiation dose could be escalated

to 13 Gy-Eq, but the SMC decided 11 Gy-Eq as the RP2D
without further dose escalation, based on the comprehen-
sive safety and efficacy of each cohort.

Safety outcomes and AEs

Following BNCT, a total of 1 case of serious adverse
event (SAE), seizure, and 40 cases of TEAEs were
observed in all 6 patients. TEAEs were categorized by
maximum severity, using National Cancer Institute Com-
mon Terminology Criteria for Adverse Events version
5.0. Grade 2 TEAEs occurred in 4 patients (66.67%), and
grade 3 TEAEs occurred in 2 patients (33.33%) (brain
edema and seizure). No grade 4 or higher TEAEs nor
treatment-related deaths were reported during the trial.

The most frequently reported TEAEs were alopecia,
with 5 cases reported from 5 patients, and aphasia, with 5
cases in 3 patients. A total of 3 cases of paraesthesia were
observed in 2 patients. In addition, 2 cases each of brain
edema, seizure, hematuria, and parotitis, respectively,
were reported from different patients (Table 2).

Efficacy outcomes

No objective response was observed by either central
imaging (RANO and mRANO) or investigator (nRANO)
(Table 3). PFS was evaluated by central imaging and
investigators using mRANO criteria; however, due to
insufficient progression events per mRANO criteria, the
median PFS was not reached (range, 1.91-5.75 months).
The median PFS by central imaging with RANO criteria
was 1.87 months (range, 0.92-5.52 months). The median
follow-up period was 11.2 months. No deaths occurred
during the follow-up period; therefore, median OS could
not be ascertained (range, 3.88-16.56 months) (Fig. 2).

PK outcomes

The '°B-BPA whole blood and '°B plasma concentra-
tions measured during and after 3-hour intravenous infu-
sion of DMX-101 at 500 mg/kg exhibited linear PK as
shown in Fig. E2. The mean and SD (and range) of the
CL of '°B-BPA in whole blood was 5.63 (+1.95) L/h, with
a tyy, , of 8.65 (£3.39) h. The main PK parameters of
whole blood '°B-BPA, plasma '°B, and urine '’B-BPA are
presented in Table E2. The majority of '’B-BPA was
excreted in the urine, with a mean value of F, of 0.91, and
almost all of it was excreted within 27 hours of dosing.

Discussion

The treatment strategy for recurrent GBM or high-
grade glioma (WHO grade 4 astrocytoma, IDH-mutant)
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11 patients underwent screening

A 4

\ 4

4 were ineligible

Cohort 1 (9Gy-Eq)

3 recieved BNCT

contradicted therapy

1 dropped out from the clinical trial
1 received/planned to received

Cohort 2 (11Gy-EQq)
4 recieved BNCT
1 withdrawl consent

contradicted therapy

3 dropped out from the clinical trial

2 received/planned to received

RP2D

7 were included in Safety Set

7 were included in Full Analysis Set
6 were included in Dose Limiting Toxicity Set

Figure 1 Flowchart of patient enrollment and analysis.

Abbreviations: BNCT = boron neutron capture therapy; DLT = dose-limiting toxicity; RP2D = recommended phase 2 radiation dose.

varies based on recurrence patterns (diffuse, multifocal, or
local), resectability, and patient performance status. While
systemic therapies, reoperation, and reradiation therapy
are available, clinical trials are often preferred due to
unsatisfactory outcomes with current standard care.” It is
imperative to acknowledge the necessity for urgency and
introduction of new technology, particularly in light of
the nature of the high-grade glioma.

This study aimed to determine the RP2D for BNCT in
previously irradiated recurrent high-grade glioma by esca-
lating the brain dose (Dy.x) from 9 Gy-Eq to 13 Gy-Eq.
The selected dose range was based on previous studies.
Coderre et al,” after reviewing both the Massachusetts

Institute of Technology (MIT) phase 1 study and the
phase 1/2 study conducted at Brookhaven National Labo-
ratory, concluded that the tolerance dose for the brain is
approximately 14.1 Gy(W). This conclusion was derived
from observations regarding the incidence of somnolence
syndrome (D50/5), which was identified as the DLT. Fur-
thermore, the P-03 study conducted in Finland estab-
lished an upper limit by restricting brain doses to a
maximum of 8 Gy(W).lO Additionally, a recent phase 2
trial conducted in Japan reported acceptable safety out-
comes at a median administered dose of 10.9 Gy-Eq
among previously irradiated patients. Moreover, equiva-
lent dose in 2 Gy fractions calculations, commonly used''
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Table 1  Patient characteristics —full analysis set
Cohort 1 Cohort 2 All patients

Characteristics (units) (N=3) (N =3%) (N=6)
Age,y

Mean (SD) 47.0 (9.17) 54 (1.73) 50.9 (6.49)

Median (range) 45.0 (39-57) 55.0 (52-55) 53.0 (39-57)
Age group, n (%)

<50 2 (66.67) 0 2 (33.33)

>50 1(33.33) 3 (100.00) 4(66.67)
GTV (cc)

Median (range) 9.3 (8.7-44.9) 32.1(5.9-47.8) 20.7 (5.9-47.8)
Sex, n (%)

Male 2 (66.67) 2 (66.67) 4 (66.67)

Female 1(33.33) 1(33.33) 2 (33.33)
KPS

Median (range) 100.0 (90-100) 100.0 (90-100) 100.0 (90-100)
Diagnosis, n (%)

Astrocytoma 0 1(33.33) 1 (16.67)

Glioblastoma 3 (100.00) 2 (66.67) 5(83.33)
WHO grade, n (%)

4 3 (100.00) 3 (100.00) 6 (100.00)
RTOG RPA classification, n (%)

2 1(33.33) 0 1 (16.67)

3 2 (66.67) 0 2 (33.33)

4 0 1(33.33) 1 (16.67)

5 0 2 (66.67) 2 (33.33)
Molecular genetic information, n (%)

IDH-mutant 0 1(33.33) 1(16.67)

IDH wildtype 3(100.00) 2 (66.67) 5(83.33)

IDH-mutant, and 1p/19q-codeleted 0 0 0
Treatment history of primary disease, n (%)

Radiation therapy 3 (100.0) 3 (100.0) 6 (100.0)

Chemotherapy 3(100.0) 3(100.0) 6 (100.0)

1st line 1(33.33) 2 (66.67) 3 (50.00)

2nd line 2 (66.67) 0 2(33.33)

3rd line or above 0 0 0

Missing 0 1(33.33) 1 (16.67)

Immunotherapy 0 (0.0) 0 (0.0) 0 (0.0)

Salvage treatment 0(0.0) 17 (33.33) 1(16.67)
EBRT—BNCT interval (mo)*

Mean (range) 46.0 (27.9-66.6) 27.0 (5.5-46.9) 36.5 (5.5-66.6)

Abbreviations: BNCT = boron neutron capture therapy; EBRT = external beam radiation therapy; IDH = isocitrate dehydrogenase; KPS = Karnofsky
performance status; RPA = recursive partitioning analysis; RTOG = Radiation Therapy Oncology Group; WHO = World Health Organization.

*One patient from cohort 2 who withdrew consent on the day of neutron irradiation was excluded.

tBevacizumab.

iDenotes interval from last EBRT fraction to BNCT start.
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Table2 Safety outcomes—safety set
Cohort 1 Cohort 2 All patients
(N=3) (N=3% (N=6)
N (%) N (%) N (%)
Occurrence by maximum severity
Grade 2 2 (66.67) 2 (66.67) 4 (66.67)
Grade 3 1(33.33) 1 (33.33) 2(33.33)
N (%) Cases N (%) Cases N (%) Cases
Patients experienced TEAEs 3 (100.00) 22 3 (100.00) 18 6 (100.00) 40
Alopecia 3 (100.00) 3 2 (66.67) 2 5(83.33) 5
Aphasia 2 (66.67) 4 1 (33.33) 1 3 (50.00) 5
Paraesthesia 2 (66.67) 3 0 0 2 (33.33) 3
Brain edema 1 (33.33) 1 1 (33.33) 1 2 (33.33) 2
Parotitis 2 (66.67) 2 0 0 2(33.33) 2
Seizure 0 0 2 (66.67) 2 2(33.33) 2
Hematuria 1(33.33) 1 1(33.33) 1 2(33.33) 2

Abbreviation: TEAE = treatment-emergent adverse event.

MedDRA version 27.0.

Consecutive occurrences of the same adverse event in 1 patient are considered 1 event.

to compare various radiation therapy dosing schedules by
converting them into biologically equivalent doses, shows
that doses of 9 to 13 Gy-Eq correspond to cumulative
radiation doses approaching approximately 100 Gy.'*"”
In this study, no DLTs were observed within the 90-
day protocol-defined window up to 11 Gy-Eq. Under
strict 3 + 3 rules, escalation to 13 Gy-Eq could technically
have been pursued. However, the SMC considered addi-
tional safety signals that emerged beyond the formal DLT
period. Specifically, in cohort 2, a grade 3 seizure occurred
on day 98, and in cohort 1, 2 patients developed new 1 to
2 cm contrast-enhancing lesions with surrounding edema

at approximately 8 and 10 months post-BNCT. These
lesions showed no increased signal on perfusion magnetic
resonance imaging and no specific uptake on "*F-FDOPA
(**F-fluoro-L-DOPA) PET/CT, supporting the clinical
impression of radiation necrosis rather than progressive
disease (PD). Both cases required bevacizumab and subse-
quently improved. Although these events were outside the
central imaging review and formal DLT assessment, the
SMC regarded them as clinically meaningful late toxic-
ities.

Based on these qualitative but important observations,
the committee judged that dose escalation might only

Table 3 ORR outcomes evaluated by central imaging according to modified RANO criteria —full analysis set
Cohort 1 Cohort 2
(N=3) (N=3% All patients (N = 6)
Best overall response (BOR), n (%)
Confirmed CR 0 0 0
Confirmed PR 0 0 0
Confirmed PD 0 0 0
Stable disease (SD) 3 (100.00) 1(33.33) 4 (66.67)
Not evaluable (NE) 0 2 (66.67) 2 (33.33)
Objective response rate (ORR)
Confirmed CR or 0 0 0
Confirmed PR, n (%)
Abbreviations: CR = complete response; PD = progression disease; PR = partial response; RANO = response assessment in neuro-oncology.
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Figure 2 Progression-free survival (PFS) and overall survival outcomes—full analysis set.
Abbreviations: mRANO = modified response assessment in neuro-oncology; RANO = response assessment in neuro-oncology.

accelerate the onset of radiation necrosis, thereby increas-
ing long-term risk without offering incremental therapeu-
tic gain. When integrating these findings with prior
reirradiation BNCT constraints used in Finland'*—which
limited the normal brain peak dose to 8 Gy(W) and aver-
age dose to <6 Gy(W) while prescribing >17 Gy(W) to
tumor—and with the Japanese'' multicenter phase 2 data
reporting a median maximum dose to normal brain of
10.9 Gy-Eq (range, 9.6-11.6) alongside bevacizumab-con-
trolled edema after AB-BNCT in recurrent GBM, the
SMC considered escalation beyond 11 Gy-Eq to confer
undue risk without clear incremental benefit. Accordingly,
11 Gy-Eq was conservatively recommended as the RP2D.

In consistency with previous BNCT trials,'" the most
common TEAEs were alopecia, aphasia, brain edema, and
seizures, caused by pseudoprogression or radiation-
induced necrosis. Notably, episodes of aphasia were
observed predominantly in patients with tumors adjacent
to the eloquent cortex or with peritumoral edema, sug-
gesting that these were attributable to local tumor- and
edema-related effects rather than nonspecific systemic
toxicity of BNCT. Appropriate countermeasures with bev-
acizumab and corticosteroids against these predictable
radiation-induced pseudoprogression or necrosis will
make the symptom tolerable; however, the limitations of
long-term corticosteroid use underscore the potential
value of BNCT—bevacizumab synergy. Indeed, Miyatake
et al' reported that bevacizumab following BNCT pro-
longed mPES and OS, supporting a potential therapeutic
benefit when combined with anti-vascular endothelial
growth factor therapy.'>'°

Although bevacizumab was prohibited in the present
study to distinctly assess BNCT’s safety profile, these
observations highlight why symptomatic pseudoprogres-
sion became a central clinical concern, directly impacting
the Safety Committee’s RP2D recommendation. A phase
2 trial that permits on-demand bevacizumab after BNCT
is now ongoing to clarify this combination’s role.

Another salient consideration is the discrepancy
between RANO and mRANO criteria, which may lead to
misclassification of pseudoprogression as true progres-
sion. This is particularly relevant for BNCT, where tran-
sient lesion enlargement after treatment can mimic
progression and complicate clinical decision-making.
Such challenges, however, can be mitigated by specialized
expertise and the application of modified assessment cri-
teria, underscoring the importance of careful interpreta-
tion in both safety evaluation and trial design.

In the current BNCT trial, the observed objective
response rate was 0%. The median PFS was 1.87 months
by RANO criteria and not reached by mRANO criteria.
These clinically contradictory results are primarily attrib-
utable to symptomatic pseudoprogression—findings that
are commonly observed following radiation therapy,
underscoring the necessity of differentiating between gen-
uine therapeutic response and pseudoprogression.

For example, in patients presenting with a significant
tumor burden, a considerable tumor reduction leading to
cavitation, and the emergence of marginal linear enhance-
ment along the cavity wall—where the tumor mass was
previously located—with minimal residual FDOPA
uptake observed post-BNCT. Notwithstanding this find-
ing, the cases were classified as PD by independent
reviewers at 1 month per RANO and at 4 months per
mRANO post-BNCT due to lesion enlargement (Fig. 3).
This observation illustrates a potential discordance
between radiographic interpretation and underlying bio-
logical response. Such radiological response patterns were
observed throughout the present study, emphasizing the
critical need to accurately distinguish true tumor progres-
sion from pseudoprogression.

Likewise, Kawabata et al'' reported the results of a
phase 2 trial of accelerator-based BNCT in patients with
previously irradiated recurrent GBM. The median PFS by
RANO was only 0.9 months, while the median OS (mOS)
was 18.9 months.'" This marked disparity between
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Figure 3 Key example. A 57-year-old female was diagnosed as glioblastoma multiforme with IDH wildtype grade 4, RPA II,
MGMT methylated, and TERT-mutant. The patient received tumor resection, radiation therapy, and chemotherapy with temo-
zolomide. Four months after BNCT, a low dose of bevacizumab was administered to control the symptoms of cerebral edema
that had increased 2 to 4 months after the BNCT, which accompanies tumor necrosis due to the large tumor size. This case dem-
onstrates the tumor control capability of BNCT, as the patient, despite being a rapidly progressing case with a new 2 to 3 cm
tumor detected at the resection margin just 4 months after surgery, remained in a stable condition without evidence of recur-

rence until 11 months posttreatment.

Abbreviations: BNCT = boron neutron capture therapy; FDOPA = 6-[18F]fluoro-L-3,4-dihydroxyphenylalanine; FLAIR = fluid-attenuated inversion
recovery; IDH = isocitrate dehydrogenase; MGMT = O6-methylguanine-DNA methyltransferase; RPA = recursive partitioning analysis; TERT = telome-

rase reverse transcriptase.

radiological progression and clinical outcome supports
the frequent occurrence of pseudoprogression following
BNCT and further illustrates the challenge in accurately
evaluating true biological response.

In the current study, mRANO was employed to assess
whether early progression observed per RANO could, in
fact, be indicative of pseudoprogression, as mRANO crite-
ria allow for extended observation before confirming
PD."" In certain cases, such as the one illustrated in Fig. 3,
mRANO enabled a longer PFS determination of up to 4
months, though radiologic interpretation tended to clas-
sify the lesion as PD due to cavitation and apparent lesion
enlargement. Recognizing these limitations, RANO 2.0—
which incorporates decision logic similar to mRANO—
will be adopted in the upcoming trial to better differenti-
ate true tumor progression from pseudoprogression in
the context of BNCT."*

As all patients remained alive at the time of data cutoft,
the median OS was not reached, underscoring the limita-
tions of interpretation given the short follow-up period.
In light of the fact that the current phase 1 trial primarily
focused on short-term safety evaluation, the median fol-
low-up period was 11.2 months, and no mortalities were
reported during this period. The interpretation of these

results must be conducted with a high degree of caution.
This is due to the fact that the follow-up duration and the
post-trial observation period are limited, which has the
potential to introduce bias when estimating true long-
term survival.

However, it is important to note that there are several
limitations associated with this approach. The study’s lim-
itations, including its modest sample size and single-arm
design, restrict the extent to which its findings can be gen-
eralized. Moreover, the absence of a comparator arm pre-
cludes definitive conclusions about BNCT’s superiority
over existing treatments. Another limitation is the short
follow-up period, which restricts the assessment of long-
term survival and late toxicities. Additionally, a single-
arm phase 2 trial (KCT0010193) is currently underway to
evaluate in recurrent GBM. This trial plans to recruit a
larger patient cohort and extend the follow-up period,
allowing for a more robust evaluation of the treatment’s
effectiveness. Furthermore, the potential of imaging bio-
markers (‘**F-FDOPA PET/CT or '®F-FET PET/CT) will
be investigated to assess their clinical usefulness in identi-
fying patients most likely to benefit from BNCT. This
exploration has the potential to optimize patient selection
and improve outcomes in future studies.
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Conclusion

BNCT demonstrates potential as a novel therapeutic
approach for recurrent high-grade gliomas. No DLT was
observed across both cohorts, along with the consistency
of TEAEs with those previously reported in BNCT stud-
ies, which substantiates the safety profile. This phase 1
trial establishes a preliminary foundation for subsequent
research, emphasizing the need to further explore its
long-term safety and efficacy in larger, more diverse pop-
ulations.
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