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Abstract
Purpose  Several hundreds of patients have been so far treated in clinical trials with boron neutron capture therapy (BNCT).
Methods  This is a non-systematic review of clinical trials with BNCT, with special emphasis on the more recent trials.
Results  The conducted trials have been relatively small single-arm studies and included mostly the patients with head and 
neck carcinomas resistant to traditional treatment modalities and glioblastomas. In general, the efficacy results have been 
promising and BNCT has been relatively well tolerated, even in the patients who have already been treated with conventional 
radiotherapy or chemoradiation. The most frequent adverse events have been similar to those associated with the conven-
tional radiotherapy. At present, there is no evidence how the efficacy of BNCT would compare to the standard treatment 
modalities in earlier treatment lines.
Conclusions  Most of the existing studies have been performed with reactor-based facilities, but there is now a rapidly 
increasing number of linear accelerator-based BNCT sites, and the clinical research is apparently activating again. This, 
combined with the increased knowledge on cancer biology and novel types of oncological therapies, opens possibilities to 
study innovative boron carriers and to combine BNCT with modern oncological therapies in the future clinical trials. To 
conduct larger phase III trials, multicenter approaches are encouraged to be applied, keeping in mind the importance of joint 
instructions and quality control measurements.
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1 � From reactors to linear accelerators

The principle of BNCT was first presented by astrophysicist 
Gordon Locher in 1936, but the first clinical BNCT trials 
enrolling glioblastoma patients after debulking craniotomy 
were published not until in mid-50’s [1–4]. In these stud-
ies, no patients survived beyond one year and substantial 
toxicities, such oedema, necrosis, and refractory shock were 
recorded in all patients. Clinical BNCT trials were mostly 
halted until late 1960’s when a new generation of especially 
Japanese groups using sodium borocaptate (BSH) as a boron 
carrier reported trial results, again using mostly patients 
with glioblastoma [5–8]. The field continued as active until 
the millennium, after which several BNCT nuclear reactor 

facilities were closed. Now, there is a rapidly increasing 
number of linear accelerator-based BNCT sites and the clini-
cal research is apparently activating again.

2 � Overview of the efficacy and toxicity 
in clinical BNCT trials

So far, several hundreds of patients have been treated with 
BNCT using neutrons obtained from a nuclear facility and 
with boronophenylalanine (L-BPA) and/or BSH as the boron 
carrier, but the trials have been almost solely single-site 
studies without a comparison arm. By far most of the cur-
rent evidence comes from head and neck carcinomas and 
glioblastomas and due to the radiobiological principles of 
BNCT, also other BNCT-treated tumors have been mostly 
superficially located. As usually in oncological trials, the 
development of a new method has started from the tumor 
types mostly refractory to standard treatments. In all con-
ducted studies, the efficacy results have been compared to 
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the historical controls if anything, which may potentially 
cause misleading interpretations of toxicity in tumor types 
such as metastases and melanomas, where the evidence of 
re-irradiation efficacy is scarce.

Although the multidisciplinary approach is especially 
emphasized in the treatment of head and neck cancers, 
external radiotherapy is one of the mainstays in the treat-
ment of early, locally advanced and metastatic head and 
neck cancers. Of all tumor types, BNCT has been under 
the most active clinical research in head and neck carci-
nomas, with some exceptions specifically in tumors with 
squamous cell carcinoma histology. The number of patients 
in each trial has been low, up to 30 patients. In the reported 
modern phase I/II trials the efficacy has still been encourag-
ing with objective response rates more than 70% in heavily 
pre-treated patients and even complete responses in more 
than half of the patients have been reported in several trials 
[9–18]. In a trial with locally recurred head and cancer and 
previous photon irradiation to a cumulative dose of 50 to 
98 Gy, the 2-year locoregional recurrence-free survival was 
27%, 2-year progression-free survival 20%, and 2-year over-
all survival 30% [9]. The most frequently reported adverse 
events across the different head and neck cancer trials have 
included mucositis, oral pain and fatigue, but the rate of 
grade 3 adverse events have been relatively low. In sum, the 
available data suggest BNCT as an effective and moderately 
well tolerated treatment in locally recurrent, inoperable head 
and neck cancer with relatively high response rates.

Glioblastoma is a malignancy with an aggressive behav-
ior and with extremely rare long-term survivors. External 
radiotherapy with temozolomide after debulking surgery 
has been the major first-line treatment modality for over 
decade [19]. In the BNCT context, trials enrolling glioblas-
toma patients have recruited a larger number of patients 
per trial compared with e.g. the trials with head and neck 
cancer patients, and notably also patients without previous 
radiotherapy have been included in the glioblastoma trials. 
Although the latest published BNCT clinical trial includ-
ing specifically glioblastoma patients dates back to 2011, 
the results have been promising and without no alarming 
rates of adverse events in the trials conducted in the modern 
BNCT era. For example, Joensuu et al. and reported 1-year 
overall survival rate of 61% and Hideghety et al. 50%, with 
study sizes of 72 and 36 patients, respectively [14, 20]. The 
results are consistent with more recent studies, also [21, 22]. 
There is also preliminary data regarding BNCT efficacy in 
patients with high-grade meningiomas. In a retrospective 
series of 44 recurrent and refractory high-grade meningi-
omas treated with a reactor-based BNCT, median overall 
survival of 29.6 months was observed [23]. Promisingly, 
also grade 3 recurrent and refractory meningiomas had an 
overall survival of 21.6 months, while in grade 2 recurrent 
and refractory meningiomas median overall survival was 

44.0 months. These results are far better than reported from 
e.g. octreotide analogue and tyrosine kinase inhibitor stud-
ies in this patient population [24–26]. One patient in the 
meningioma BNCT series died of disseminated intravascu-
lar coagulation syndrome, otherwise no unexpected toxicity 
signals were reported either in the meningioma trials.

The treatment landscape of cutaneous melanomas has 
been reformed during the last decade after the successful 
introduction of immuno-oncological compounds, mainly 
checkpoint inhibitors, and BRAF/MEK inhibitors [27]. 
Cutaneous melanomas are considered as radioresistant 
tumors, but in early phase clinical trials BNCT has dem-
onstrated substantial efficacy. The published response 
rates have been even tremendous with complete responses 
observed in 70–75% of the patients [28, 29]. Some pre-
liminary results suggest that BNCT could be effective espe-
cially in melanoma subtypes of non-nodular histology [30]. 
Although skin ulcers and necrosis have been reported, long-
term safety overall seems very reasonable [31].

In addition to glioblastomas, head and neck cancers and 
cutaneous melanomas, there have been single clinical BNCT 
trials e.g. in the patients with liver metastases, hepatocellular 
carcinomas, sarcomas and extramammary Paget’s disease in 
the modern BNCT era [11, 32–37]. Still, these studies have 
included only very few patients, which makes the interpreta-
tion of efficacy and toxicity of BNCT in these tumor types 
currently impossible.

3 � Special issues when conducting clinical 
BNCT trials

As discussed above, BNCT has been demonstrated as a safe 
method to treat several tumor types with promising effi-
cacy during the last 25 years in investigator-initiated trials. 
As new linear accelerator-based BNCT facilities are con-
tinuously built and several commercial companies are also 
involved in the research, larger phase II, even phase III trials 
are expected to be launched in the near future, which will 
provide BNCT a possibility to become as one of the standard 
treatment options in several clinical situations.

Still, there are several unsolved issues in the clinical 
development of BNCT. As there are still few BNCT sites 
globally and the slow patient recruitment has been a bot-
tleneck in many BNCT trials, all efforts should be under-
taken to develop multicenter trial approaches. This would 
also enhance the generalizability of the obtained results, not 
mentioning the unification and dissemination of good BNCT 
practices created when designing the trials. To conduct such 
multicenter studies, it is obvious that both the unified quality 
control and operating instructions are in the key role for their 
success. These include, but are not limited to boron dos-
ing and boron measurements, joint response evaluation and 
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the standardization of the neutron beam characteristics. The 
radiobiological perspectives of BNCT are not in the scope of 
this review, but it is obvious that complex BNCT dose dis-
tribution with low and high LET components requires spe-
cial knowledge, and normalization. Similarly, outside of the 
primary focus of this review, the studies on the toxicity and 
efficacy of novel boron carriers have special considerations. 
The binary nature of BNCT means that novel boron carri-
ers, without their own therapeutic effect, have to be tested 
at first in cancer patients without irradiation, yielding to a 
rare occasion in the development of oncological treatments 
with no potential benefit for a patient.

4 � Potential combinational targets in BNCT 
clinical trials

In the future, in phase II-III trials BNCT could be studied 
to combine it with several intriguing targets. Optimally, 
these strategies could help to overcome the resistance 
mechanisms of both BNCT and the combined treatment 
and increase synergy without an increased toxicity. Boro-
nated epidermal growth factor receptor (EGFR) binding 
antibodies have shown promising results in preclinical 
studies, but also very preliminary, successful clinical 
experiences for combining BNCT with chemoradio-
therapy including EGFR antibody cetuximab have been 
reported [38–41]. As BNCT is effective only locally, the 
combination with e.g. checkpoint inhibitors may comple-
ment BNCT by eliminating the micrometastatic disease. 
There is no any literature available on combining BNCT 
with checkpoint inhibitors, although these drugs have 
revolutionized the treatment of BNCT-sensitive mela-
nomas and are approved also for the treatment of locally 
advanced and metastatic head and neck cancers [27, 33]. 
Despite the lack of any clinical evidence, it is not fore-
seen that checkpoint inhibitors would affect to resistance 
mechanisms for BNCT. Instead, destroying tumor cells 
with BNCT could in theory lead to the increased effi-
cacy of checkpoint inhibitors by the increased release of 
neoantigens [42].

In contrast to BNCT, chemotherapy is effective only in 
cancer cells in the proliferative phases of the cell cycle, but 
could also complement the efficacy of BNCT by destroying 
subclinical metastases. Adding BNCT to the standard of care, 
external radiotherapy and temozolomide, in patients with 
glioblastoma yielded encouraging median survival time of 
21.1 months and 2-year overall survival of 45.5%, although 
the final results are still unpublished (NCT00974987) [21]. 
Several tumor-targeted boron delivery systems with chemo-
therapeutic agents such as doxorubicin and paclitaxel are in 
the early phases of the development [43, 44].

Conventional photon radiotherapy is dependent from 
oxygen, while BNCT needs especially sufficient and even 
tumor to normal tissue boron intake ratio to be effective 
and predictable. Hypothetically, photon radiotherapy 
could provide means to ameliorate dose shortages in 
poorly boron-intaking tumors. Still, poorly vascularized 
tumors are likely to have both deoxygenation and reduced 
boron intake. These two radiotherapy modalities have lit-
tle expected cross-resistance and have been successfully 
combined in preclinical models [45]. In a non-randomized 
controlled clinical trial of 21 patients with newly diagnosed 
glioblastoma, BNCT followed by external radiotherapy 
led to a substantial improvement of median survival time 
compared with BNCT alone, without no worrying toxicity 
signals [46]. If BNCT could be beneficial to combine e.g. 
with hadrontherapies or FLASH radiotherapy, will likely 
remain as an unsolved issue for long.

5 � Conclusions

The binary nature of BNCT requires special solutions for 
clinical BNCT research. So far, data from hundreds of 
patients, mainly with head and neck carcinomas, is avail-
able from single-site, controlled phase I-II clinical trials with 
promising results and acceptable toxicity. There is no at pre-
sent evidence if BNCT would be most effective in earlier 
treatment lines. Currently there are only two registered BNCT 
trials in ClinicalTrials.gov enrolling patients (NCT05737212, 
NCT05601232), but the number of clinical BNCT studies is 
expected to be a rapidly growing field later in this decade 
[47]. In the nearest future, it is likely that BNCT will be tested 
in basket trials with several tumor types. To conduct still 
lacking comparative phase III trials, multicenter approaches 
are encouraged to be applied, keeping in mind the importance 
of joint instructions and quality control measurements.
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