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Background: Boron neutron capture therapy (BNCT) is a precise targeted particle therapy. Its principal 
purpose is to specifically administer boron-10-containing drugs to tumor cells and subsequently irradiate 
them with thermal neutrons. This highly explosive tumor destruction method exclusively attacks tumor cells 
that uptake boron-10-containing drugs, while minimizing damage to the surrounding normal cells without 
drug uptake, thereby making it an ideal option for the precise treatment of pediatric patients with recurrent 
brain tumors.
Methods: Since March 2017, Taipei Veterans General Hospital collaborated with the Nuclear Science 
and Technology Development Center of National Tsing-Hua University to develop a salvage BNCT 
for recurrent tumors in the central nervous system. BNCT was delivered to patients using the research 
reactor of Tsing-Hua University. As of January 2020, a total of nine BNCT treatments (10 sites) have been 
performed on five pediatric patients with recurrent brain tumors.
Results: The diagnoses of all five patients were recurrent glioblastomas, two of which developed from the 
brainstem. The median follow-up duration was 5.3 months. After BNCT, one site had complete response, 
and three had partial response. The median progression-free interval was 3.8 months. None of the five 
patients showed severe normal brain tissue necrosis nor serious complications after treatment.
Conclusions: Pediatric patients are a vulnerable group with medical needs that are distinct from those 
of adult patients. BNCT is a precise cancer treatment for pediatric recurrent brain tumors with less normal 
toxicities and high tumor response.
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Introduction

According to the data from the Childhood Cancer 
Foundation, Taiwan, brain tumor has the highest incidence 
among solid tumors in children, with approximately 100–
150 cases annually in Taiwan (1). This number has gradually 
declined recently due to fewer births. Unlike those in adult 
patients, the primary brain tumor types in pediatric patients 
in Taiwan include medulloblastoma, germ cell tumors, and 
malignant gliomas (2). In addition, because of the variability 
in brain tumor types, the treatment strategies and prognosis 
of pediatric patients significantly differ from those of adult 
patients. Traditional standard management mainly includes 
radical surgery, followed by postoperative radiotherapy and 
chemotherapy. Although most pediatric patients with brain 
tumor demonstrate better prognosis than adult patients, 
they are more vulnerable to complications. The current 
standard treatment for these patients is often accompanied 
by related adverse effects. Particularly, after radiotherapy, 
it is possible that acute intracranial pressure changes that 
result in symptoms, such as nausea, vomiting, and headache, 
are often observed. Others include skin reactions in the 
irradiated area that lead to alopecia and chronic long-
term effects, including deterioration of neurocognitive 
functions and growth restrictions due to imbalanced growth 
hormone levels. Therefore, alleviation of various treatment 
complications is critical for pediatric patients with brain 
tumors. Despite better prognosis compared to adult patients 
after comprehensive treatment management, pediatric 
patients can still have recurrences of highly malignant brain 
tumors, such as glioblastoma. Once this type of tumor 
recurs, the prognosis is usually unfavorable. Other than 
repeating craniotomy for tumor resection, the remaining 
treatment methods can only delay tumor progression rather 
than treat it.

Boron neutron capture  therapy (BNCT) i s  an 
advantageous treatment option with strong biological 
effects. Since its first clinical trial in human patients 
with malignant brain tumors by a research team in the 
United States in the 1950s (3), BNCT has become an 
area of intense research focus worldwide. As a special 
medical technology, the success of BNCT relies on the 
integrated multidisciplinary development of clinical 
treatment strategies against the tumor, boron-containing 
drug chemistry, radiobiology, medical physics, and 
neutron nuclear engineering technology (4). The principle 
underlying this targeted particle therapy involves the 
specific administration of boron-10-containing drugs to 

the tumor, thereby labeling its location. Subsequently, by 
irradiating the tumor with thermal neutrons at low doses, 
boron-10, which has a strong capture and binding ability, 
efficiently binds to thermal neutrons and is cleaved into an 
α-particle and recoiling lithium nucleus. These two particles 
not only are capable of effectively destroying tumor cells but 
also have a limited reaction range of 5–10 µm. Therefore, 
treatment is restricted within the tumor cells, whereby the 
surrounding normal tissue that does not absorb boron-10 
remains unaffected, making it an ideal treatment option 
against tumors (Figure 1). Although, presently, BNCT is 
mainly used against brain tumors in adult patients (5-7), 
based on its treatment principle and mechanism, we believe 
that there are numerous advantages and great potential 
for the treatment of pediatric patients with brain tumor. 
In this article, we will share the experience of treating five 
pediatric patients (a total of ten sites irradiated with BNCT) 
with recurrent brain tumors. We will focus on not only the 
treatment responses, but also the patient’s condition after 
the treatment as well as the normal tissue adverse effects. 
We present the following article in accordance with the 
STROBE reporting checklist (available at http://dx.doi.
org/10.21037/tro-20-20).

Methods

In March 2017, Taipei Veterans General Hospital initiated 
a collaboration with the Nuclear Science and Technology 
Development Center of National Tsing-Hua University to 
use the Tsing-Hua Open Pool Reactor (THOR) to provide 
salvage BNCT as a compassionate treatment method. The 
study was approved by the institutional review board (IRB) 
of Taipei Veterans General Hospital and Taiwan Food 
and Drug Administration, Ministry of Health and Welfare 
R.O.C. Of 40 patients who completed BNCT, five were 
pediatric patients with recurrent brain tumors. The primary 
tumors of these five patients were all previously treated 
with surgery, radiotherapy, and chemotherapy. Upon 
tumor recurrence, evaluation by the specialized pediatric 
neuro-oncology team of our hospital suggested that no 
other active treatment modality was suitable. Therefore, 
remedial medical care was provided to the five pediatric 
patients through special medical applications. The tumor 
pathologies of all five patients were highly malignant 
glioblastoma, mainly WHO grade IV (8). The glioblastomas 
of the first two cases were possibly associated with previous 
radiotherapy and suspected to be radiation-induced 
malignancy. Two other patients, who were previously 
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treated with standard radiotherapy, were diagnosed with 
diffuse midline glioma (8). Treatment options available for 
these two patients upon recurrence were limited.

All pediatric patients underwent 4-borono-2-18F-fluoro-
phenylalanine-positron emission tomography (FBPA-
PET) 1–2 weeks before salvage BNCT was arranged 
(Figure 2A). The purpose of the examination was to label 

boron-10-containing drug 4-borono-2-18F-fluoro-L-
phenylalanine (BPA) with radioisotope fluorine-18 to 
display the distribution of the boron-containing drug via a 
PET scanner. According to the international BNCT clinical 
research guidelines, if the ratio between the standardized 
uptake value of the tumor and that of the surrounding 
normal tissue [tumor uptake/normal tissue uptake (T/
N ratio)] or blood pool [tumor uptake/blood pool uptake 
(T/B ratio)] is >2.5, the patient is considered suitable for 
BNCT (4,9). In our study, the median T/N and T/B ratios 
of the five patients before treatment were 2.32 and 2.50, 
respectively, which met the requirements of BNCT (4).

Treatments were arranged for a total of 10 tumor areas in 
the five patients (Table 1). For the second patient, two sites 
were simultaneously irradiated during one fraction. Three 
patients received multiple BNCTs (the first patient received 
two BNCTs at different sites; the fourth patient received 
three BNCTs; the fifth patient with brain stem tumors, who 
came from mainland China, received two planned BNCTs). 
Patients were admitted to the pediatric neuro-oncology 
ward at Taipei Veterans General Hospital the day before 
treatment. On the day of the procedure, the patients were 
transferred by an ambulance from Taipei Veterans General 
Hospital to THOR located at the Nuclear Science and 
Technology Development Center, National Tsing-Hua 
University. To satisfy the medical requirements of BNCT, 
THOR was upgraded since 1990s to deliver “epithermal 
neutrons”, thereby achieving the effect of neutron 
irradiation on deeper brain tumors (approximately 7–8 cm) 
than the depth previous “thermal neutron” reaches (10). 

Figure 1 Schematic diagram of BNCT’s mechanism. BNCT, 
boron neutron capture therapy.

Tumor cells are selectively destroyed without 
damage of adjacent normal tissue.

Mechanism of Boron Neutron Capture Therapy

Thermal Neutron

Normal cell 

Tumor cell

Boron (BPA)

Figure 2 Pre-BNCT evaluation for patient No. 1. (A) High BPA uptake of patient No. 1 detected by FBPA-PET. (B) Simulation for BNCT 
of patient No. 1. BNCT, boron neutron capture therapy; FBPA-PET, 4-borono-2-18F-fluoro-phenylalanine-positron emission tomography.
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Before BNCT, a treatment plan was generated using the 
treatment planning system of Tsing-Hua University, during 
which the dose prescription for the tumor and dose limits 
for normal tissue were specified (Figure 2B). Then, the plan 
approved by the treatment team was delivered on the day 
of the procedure. Before neutron irradiation, the patient 
received continuous infusion of a boron-10-containing 
drug, BPA. This drug, synthetized and prepared by Taiwan 
Biotech Company, fulfilled Taiwan’s Pharmaceutical Good 
Manufacturing Practice regulations. With a structure 
similar to that of phenylalanine, which is an amino acid 
essential to the human body, BPA was prepared by replacing 
the collateral structure of the phenyl ring with boric acid 
containing boron-10. Since tumor cells demand more 
essential amino acids than normal cells for proliferation, 
they absorb a large amount of BPA, which subsequently 
binds with thermal neutrons and produces destructive 
reactions. THOR is a uranium-235 circulating pool reactor 
with a standard power of 2.0 MW and TRIGA as the 
reaction fuel. Its optimal neutron flux, which satisfies the 
international requirements of BNCT (>109 n cm−2·s−1) (4), 
reduced the irradiation time of patients to approximately 
only 20 min each. During irradiation, patients will not have 
discomfort, such as burning sensation and pain. Before 
irradiation, patients receive continuous infusion of BPA at 
a dose of 450 mg/kg of body weight (i.e., for each kilogram 
of body weight, the patient must receive 450 mg of BPA 
injection). The infusion formulation was designed for full 
infusion during the first 2 h, followed by half infusion 
(infusion formulation was 180 → 180 → 90 mg/kg of body 
weight) during neutron irradiation. This formulation was 
proposed by the BNCT research team of Kyoto University 
(Institute for Integrated Radiation and Nuclear Science; 
KURNS), with the expectation of maintaining a constant 
concentration of boron-10-containing drug in the patient’s 
blood, thereby ensuring that the treatment dose of the 
patient’s tumor remains stable during irradiation with 
epithermal neutron (5).

To assist younger patients to complete the treatment, our 
team adopted the anesthesia-free sedation strategy generally 
used in pediatric patients at Taipei Veterans General 
Hospital. During the irradiation process, animated cartoons 
were projected onto the ceiling of the treatment bunker 
to reduce the possible anxiety of pediatric patients (11). 
During the study, the five pediatric patients successfully 
completed irradiation of all 10 areas without any anesthesia 
interventions.

All patients were followed until October 31, 2019 or 

the date of death. The magnetic resonance image-based 
RANO criteria were adopted to evaluate tumor responses 
on postoperative images (12). Alternatively, the adverse 
effects on normal tissue after treatment were assessed using 
CTCAE version 5.0 (13). The progression-free period 
was defined as date after BNCT to the date of tumor 
progression, death, or last follow-up. All collected data 
were reviewed and statistically analyzed using the statistical 
software R project (R version 3.4.3; http://rproject.
org). The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by institutional review board of Taipei Veterans 
General Hospital with the registration number of 2017-
05-E01A, 2017-11-E02B, 2018-03-E02C, 2019-01-E02B, 
2019-03-E01B, and informed consent was taken from all 
the patients

Results

All five pediatric patients had recurrent malignant 
intracranial glioblastomas. The median age of patients was 
8 years. The median follow-up duration after BNCT was 
5.3 months (range, 3.1–9.7 months). After treatment, four 
patients died, and one patient survived.

The fourth patient received three treatments. She 
had recurrent left parietal glioblastoma. The tumor was 
initially detected when she was aged nearly 3 years. Despite 
previous radical surgery followed by standard postoperative 
radiotherapy and chemotherapy, the tumor continued to 
relapse. Although, upon the first recurrence, the lesion 
was removed by remedial surgery, at the beginning of 
2019, a large number of tumors rapidly relapsed, making it 
impossible to control the disease through radical surgery. 
After the application was approved, the first BNCT was 
performed on the patient in March 2019. Following 
treatment, significant tumor regression was observed  
(Figure 3), and concurrently, the patient demonstrated 
normal limb movements and superior quality of life. 
Unfortunately, after treatment, the tumor tissue still 
gradually crossed over to the contralateral brain lobe 
through the splenium of the corpus callosum. Although 
the following two adjuvant BNCTs could not prevent the 
continuous tumor progression, tumor control was achieved 
for >6 months.

An analysis was conducted on the BNCT outcome of 
the five pediatric patients with brain tumor. The median 
tumor volume that was irradiated was 34.3 mL (range, 8.1– 
41.5 mL). Before treatment, the boron concentration in the 

http://rproject.org
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Figure 3 Significant tumor regression in patient No. 4 after BNCT. BNCT, boron neutron capture therapy.

MR on 20190314	 BNCT on 20190315	 MR on 20190423

blood was measured by inductively coupled plasma atomic 
emission spectroscopy, the median of which was 24.0 ppm 
(range, 18.9–34.0 ppm).

The median prescription dose of the treatment was 15.7 
Gy-E (range, 6.3–29.0 Gy-E). The median maximum dose 
was 25.0 Gy-E (range, 7.5–39.1 Gy-E), while the median 
minimum dose was 7.3 Gy-E (range, 5.0–21.8 Gy-E). In 
the follow-up images acquired between 1 and 3 months 
after treatment, of ten irradiated tumor sites, one showed 
a “near complete response” status, three showed a “partial 
response” status, four showed a “stable disease” status, and 
two showed a “progressive disease” status (Table 2).

No patient developed severe complications within one 
week of treatment other than occasional slight changes 
in intracranial pressure, causing head discomfort. These 
minor symptoms were effectively alleviated through 
steroid administration. Although all five pediatric patients 
showed obvious hair losses at the irradiated area, no severe 
skin damage was observed. Routine bevacizumab anti-
angiogenesis targeted therapy was delivered to all patients 
after treatment based on the recommendations by Miyatake 
et al. (14). None of the five patients showed severe normal 
brain tissue necrosis after treatment.

With the median progression-free period of 3.8 months, 
tumor responses were observed in all five patients. Four 
patients subsequently died due to disease progression.

Discussion

Glioblastoma, classified as grade IV by the WHO, is a disease 

with highly dismal prognosis (8) for both adult and pediatric 
patients. Even after traditional complete tumor resection 
followed by postoperative radiotherapy and chemotherapy, 
the overall survival period is 14–16 months (15). In  
addition, upon tumor recurrence, no standard remedial 
treatment is effective, making the treatment of glioblastoma 
a major challenge in clinical medicine. Despite the 
emergence of multiple novel treatment modalities, such 
as those reported by Gliadel Wafer (16) and TTF (17), 
patient survival has barely improved. Pediatric patients are 
a particularly fragile group. In these patients, the design 
and management of all treatments should be carefully 
performed to prevent possible complications. On this basis, 
precision medicine is the key to enhancing the vulnerable 
situation of pediatric patients.

The idea of BNCT was proposed in the 1930s by 
radiation oncology researchers, who suggested that only 
tumor cells that absorbed boron-10-containing drugs would 
be damaged by the radiation particles with high linear 
energy transfer. As it prevents damage to the surrounding 
normal tissue, BNCT is an ideal biologically targeting 
particle therapy technique (18,19). In addition to multiple 
clinical trials involving the use of BNCT on adult patients 
with malignant brain tumors (20,21), Nakagawa et al. 
reported the treatment of 23 children and adolescents aged 
<15 years with various types of malignant brain tumors (22). 
The treatment was conducted on a Japan Atomic Energy 
Agency (JAEA) atomic reactor using sodium borocaptate 
(BSH) as the boron-10-containing drug. This empirical 
study reported that, in patients with grade IV glioblastoma, 
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the tumor relapsed and metastasized to different areas of the 
spinal cord after BNCT, and the treatment achieved stable 
tumor control for a limited period. In contrast, for the seven 
remaining patients with WHO grade III malignant gliomas, 
complete tumor response was achieved, and no recurrence 
was reported. Our study reported the treatment of pediatric 
patients with recurrent glioblastoma using BPA-based 
BNCT for the first time worldwide. During the study, the 
amino acid structural drug, BPA, was adopted as the boron-
10-containing drug. The structure and drug absorption 
dynamics of BPA are different from those of BSH (18). 
According to the international clinical requirements for 
BNCT, before neutron irradiation, the boron concentration 
in the blood should reach approximately 25 ppm (4); 
an adequate boron concentration in the blood ensures 
sufficient boron-10-containing drug uptake by the tumor 
(the T/N and T/B ratios were calculated to derive the true 
boron concentration of the tumor with assistance of FBPA-
PET). During the BNCT dose calculation, the largest dose 
contribution was found to come from the response to the 
boron-10-containing drug (other sources included doses 
from the neutron itself and the γ-ray). The dose calculation 
of BNCT significantly differs from that of traditional 
photon therapy, as differences in the uptake of boron-
containing drugs between tumor cells and various normal 
tissues must be considered. Therefore, prior to assessing 
BNCT dose distributions, relevant biological calculations 
must be performed to clarify the drug uptake capacities of 
various types of cells (18,23) so that the dose estimation is 
accurate.

Another important observation noted in this study was 
that, in addition to improvements in tumor response, none 
of the pediatric patients had any severe adverse effects. 
During traditional radiotherapy courses, one of the greatest 
risks of treatment is changes in intracranial pressure. On 
the contrary, after BNCT, no patient developed severe 
and acute changes in intracranial pressure that required 
emergency medical treatment. We have even encountered 
a patient who not only recovered from neurological deficits 
after BNCT but was able to return to daily life and even 
resume work after treatment. It is also worth mentioning 
that pediatric patients with this type of brain tumor all 
previously received full doses of photon radiotherapy. 
When BNCT is performed in addition to these treatments, 
the impact of accumulated doses should be carefully 
evaluated. Presently, as the principles behind the dose 
calculations of BNCT and photon therapy are different, 
doses from these two treatment modalities cannot be 
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directly summed. However, as these two modalities are now 
often organized in a sequential order, the interval between 
the two treatment courses should be carefully assessed and 
arranged with a gap of at least half a year. In addition, the 
tumor dose prescription for BNCT adopted by our team 
was slightly lower than that in the internationally published 
dose scheme. This is mainly because our study was Taiwan’s 
first treatment of pediatric patients with brain tumor using 
BNCT; therefore, we prioritized safety so as to achieve 
a balance between treatment efficacy and normal tissue 
toxicity. Moreover, during our study, pediatric patients with 
brain tumor were regularly administered a targeted drug, 
bevacizumab, after BNCT. As a novel antiangiogenic drug, 
bevacizumab was originally applied as a remedial treatment 
to suppress tumor changes (24). However, clinical BNCT 
trials discovered that bevacizumab could also inhibit normal 
brain tissue from radiotherapy-induced necrosis (including 
BNCT) and, hence, recommend its routine management 
after BNCT (14,25).

Lastly, FBPA-PET is an essential evaluator of whether 
BNCT can successfully assist the management of pediatric 
patients. By labeling the therapeutic BPA drug with the F-18 
isotope, FBPA-PET can accurately determine the uptake of 
BPA by the tumor. This mode of using drugs to assist both 
treatment and diagnosis is referred to as theranostics (i.e., 
therapy + diagnostics) in nuclear medicine technology (26).  
During this process, our colleagues in the Department 
of Nuclear Medicine not only detected tumor uptake but 
also compared it with that of the normal tissue and blood 
(the cardiac ventricle was selected as the blood pool in the 
study) so that the ratios between these processes could be 
used to subsequently estimate the boron concentration 
of the tumor. This nuclear medicine technology is an 
indispensable factor for the success of BNCT (27).

Recurrent brain tumors in pediatric patients, especially 
glioblastoma, are severely debilitating. Previously, if 
remedial surgery could not be performed, the pediatric 
patient would lose their life within a short timeframe. In 
a previous population-based study by the Johns Hopkins 
group investigating the cancer-specific mortality of pediatric 
high grade glioma using Surveillance Epidemiology and 
End Results (SEER) database, they included 154 patients 
with high grade glioma (28). The results showed a 
median survival of 10 months, while radiation therapy was 
associated with a survival benefit at 6 and 9 months, but not 
at 1 or 2 years. BNCT is a novel, precise targeted therapy. 
By specifically targeting brain tumor cells with boron-10-
containing drug uptake and producing destructive effects 

with high precision, BNCT can fully satisfy the treatment 
demands of vulnerable pediatric patients. Although the 
development of a new treatment modality against tumors is 
time consuming, continuous breakthroughs in various fields 
involving the technology will conceivably result in BNCT 
becoming feasible for more pediatric patients with the same 
type of brain tumors, helping them achieve better treatment 
outcomes.
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