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H I G H L I G H T S
� BNCT can prolong median overall survival.

� BNCT can be associated with severe adverse effects.
� BNCT may be comparable to chemotherapy-based regimens.
� BNCT may be comparable to re-irradiation techniques regimens in patients with low performance status.
a r t i c l e i n f o

Article history:
Received 19 January 2015
Received in revised form
23 June 2015
Accepted 25 July 2015
x.doi.org/10.1016/j.apradiso.2015.07.044
43/& 2015 Published by Elsevier Ltd.

esponding author.
ail address: marignol@tcd.ie (L. Marignol).

e cite this article as: Lim, D., et al., C
iated head and neck cancer. Appl. Ra
a b s t r a c t

This review compares the safety and efficacy of boron neutron capture therapy (BNCT) in the treatment
of previously irradiated, inoperable locoregional recurrent HNC patients and compares BNCT against the
standard treatment of platinum-based chemotherapy. Our analysis of published clinical trials highlights
efficacy of BNCT associated with mild side effects. However, the use of BNCT should be explored in
stratified randomised trials.

& 2015 Published by Elsevier Ltd.
1. Introduction

Patients with Locally Recurrent Head and Neck Cancer (LRHNC)
have limited treatment options (Vermorken and Specenier, 2010).
Optimal therapy has not been established and prognosis is gen-
erally poor (Tanvetyanon et al., 2009). Combination chemotherapy
has been used, but results are far from satisfactory. The addition of
EGFR inhibitors (cetuximab) conferred a median survival of 10.1
months, more than the 7.4 months of those who received che-
motherapy only (EXTREME trial) (Vermorken et al., 2008; Ver-
morken and Specenier, 2010). Re-irradiation utilizing alternate
techniques that can deliver a high tumouricidal dose while limit-
ing normal tissue exposure has potential, and in this context,
Boron Neutron Capture Therapy (BNCT) has also been explored.
The first registered Phase II trial addressing the use of BNCT in
Head and Neck Cancer (Kankaanranta et al., 2007,, 2012) showed
that it is effective in managing patients with LRHNC, but to date no
studies have compared its potential to systemic therapy. This re-
view aims to assess the clinical potential of BNCT in comparison to
linical potential of boron ne
diat. Isotopes (2015), http:/
systemic therapies alone, systemic and radiation therapies and
radiation therapy alone and thereby make observations on its
potential for the improved management of these patients.
2. Materials and methods

Published BNCT studies were identified on MEDLINE using the
following key words: “Head and Neck Neoplasms” [Mesh] AND
“Neoplasm Recurrence, Local/radiotherapy” [Mesh] AND “Boron
Neutron Capture Therapy”[Mesh]. RCTs were identified using the
following MEDLINE search strategy: “Head and Neck Neoplasms”
[Mesh] AND “drug therapy”[Subheading]) AND “Cisplatin/admin-
istration and dosage” [Mesh] AND “Neoplasm Recurrence, Local/
drug therapy” [Mesh] AND “Clinical Trial, Phase III” [Publication
Type]. The Cochrane Library was searched using the following key
words: “head and neck neoplasm” AND chemotherapy NOT
radiotherapy. Clinicaltrials.gov was searched using: “head and
neck neoplasm” AND chemotherapy NOT radiotherapy. Seven
phase I and phase II BNCT trials reporting the use of BNCT with
intravenous administration of boron-carrier in patients with pre-
viously treated loco-regionally recurrent unresectable HNC were
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identified. (Aihara et al., 2014; Ariyoshi et al., 2007; Kankaanranta
et al., 2012; Kato et al., 2009; Kimura et al., 2009; Suzuki et al.,
2014; Wang et al., 2011). The EXTREME phase III randomized
controlled trial evaluating clinical outcomes of standard systemic
therapy in this same category of patients was included to assess
standard therapy (Vermorken and Specenier, 2010). The primary
outcomes used to evaluate the safety and efficacy of BNCT for
treatment of locally recurrent inoperable HNC patients were re-
sponse rates (Complete and Partial Response), survival and in-
cidence of severe acute adverse events (National Cancer Institute
Common Terminology Criteria for Adverse Events version 3.0 (NCI
CTC) Grade 3-5). The secondary outcomes considered to compare
BNCT to systemic therapies were response rate, survival and in-
cidences of severe acute adverse events (NCI CTC version 3.0 Grade
3-5). The descriptions of original studies were assessed by using
frequency, 95% confidence intervals and forest plots. Statistical
heterogeneity across trials was assessed using the chi-squared (X2)
test and consistency between studies with the I2 statistic (Higgins
and Thompson, 2002). Fishers’ exact tests were used to compare
groups with respect to dichotomous end points (eg, response rates
and toxicities). A t-test was performed according to the metho-
dology described in (Hozo et al., 2005) to compare reported sur-
vival data between BNCT vs CTX, and between BNCT vs CTX/C225.
All P values reported are two-sided. Po0.05 was considered sta-
tistically significant.
3. Results

3.1. Efficacy and safety of BNCT

Median overall survival of 13.1 and 9.7 months were reported
(Kankaanranta et al., 2012; Suzuki et al., 2014). A survival time of
up to 72 months was reported for one patient after receiving seven
BNCT treatments over 6 years (Kato et al., 2009). Reports of pro-
gression-free survival ranged from 5.1 to 7.9 months (Kankaan-
ranta et al., 2012; Suzuki et al., 2014). Reported response rates,
based on the Response Evaluation Criteria for solid tumours, ran-
ged from 61% to 100%. The heterogeneity of the treatment re-
sponse between trials was significant (X2 (5, N¼115)¼4.878,
po0.05). There was no evidence of statistical heterogeneity be-
tween trials (I2 ¼17.9%, p¼0.3). The weighted frequency of the
response rate of these 5 trials was 72.1% (95%CI: [62.5–78.8]). All
BNCT trials evaluated toxicity and severe adverse effects (Fig. 1).
The incidence of Grade 3 toxicities was up to 53%, while that of
Grade 4 was below 10%. Three treatment-related deaths were
Fig. 1. Incidence (%) of reported severe acute ad
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reported in a single trial (Suzuki et al., 2014). Mucositis was the
most commonly reported toxicity.

3.2. BNCT vs standard chemotherapy

The overlay of the Kaplan–Meier curves from the two arms of
the EXTREME trial (Vermorken and Specenier, 2010) and the
Kankaanranta BNCT study (Kankaanranta et al., 2012) suggests
that a proportion of patient treated with BNCT exhibit a better
outcome than those receiving platinum chemotherapy alone or
with combination of Cetuximab (Figs. 2 and 3). All 30 patients
evaluated in the BNCT trial had inoperable head-and-neck cancers
that had recurred locally with/without metastasis after surgery
and prior conventional radiotherapy or chemoradiation therapy.
The 442 patients included in the EXTREME trial had recurrent and/
or metastatic squamous-cell carcinoma of the head and neck that
were ineligible for local therapy. Patients from all groups received
some form of treatment before disease recurrence and/or metas-
tases. 53% of patients in the BNCT group had WHO Performance
Status 41, similar to Karnofsky score (KPS) o80, in contrast to
11% and 12% of the CTX and the CTXþC225 group respectively. The
median survival times for all patients offered BNCT, CTX/C225 and
CTX were 13.1 months, 10.1 months and 7.4 months respectively
(Tables 1 and 2). The survival advantage when compared to CTX/
C225 and CTX were both considered statistically significant
(po0.0001). The hazard ratio (HR) was �0.78 (95% CI: 0.5, 1.49)
for BNCT vs CTX/C225 and �0.57 (95% CI: 0.36, 0.9) for BNCT vs
CTX. The percentage of patients who were alive at 1 year was
higher for patients who received BNCT as compared to both CTX/
C225 and CTX (60% vs 37% vs 29.5%). Long term survival (Z2
years) was also increased for patients treated with BNCT (30% vs
o1%) and 18% of the patients treated with BNCT were still alive
after 4 years. PFS was significantly improved in patients treated
with BNCT than those receiving CTX/C225 and CTX (po0.0001)
The response rates for BNCT appear to be significantly better when
compared to either arm of the EXTREME trial (both arms,
p¼0.001) (Table 1). While the percentages of Grade 3 toxicities
were highest in the BNCT group (53%) and lowest in the CTX group
(45%), Grade 4 side effects were significantly reduced in the BNCT
group (3%) as compared to 31% of each of the CTX and CTX/C225
trials. The Grade 3 and 4 adverse toxicity profile for BNCT was
significantly better than CTX (p¼0.0444) and CTX/C225
(p¼0.0032).

Median OS was measured from the time of randomization in
the phase III EXTREME study but from the time of first treatment
in the BNCT study. Time from randomization to treatment
verse events (Grade 3–5) across BNCT trials.
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Fig. 2. Superimposed Kaplan–Meier Curve of overall median survival from Kankannrana et al. (2012) BNCT study10 and the EXTREME study2 comparing Chemotherapy and
Chemotherapy with Cetuximab.

Survival 95% Confidence Interval
Median Survival

BNCT
CTX/C225
CTX

Progression-Free 
Survival

BNCT
CTX/C225
CTX

Fig. 3. Comparison of Published confidence intervals from BNCT study and both arms of EXTREME study.

Table 2
Summary of patient survival parameters and record acute adverse events in pa-
tients receiving Boron Neutron Capture Therapy (BNCT), Platinum-based Che-
motherapy with Cetuximab (CTX/C225), Platinum-based Chemotherapy only (CTX).

Parameter BNCT (95%CI) CTX/C225 (95%CI) CTX (95%CI)

Median OS (months)
All patients 13.0 (8.2–17.8) 10.1 (8.6–11.2) 7.4 (6.4–8.3)

Median PFS (months)
All patients 7.5 (5.4–9.6) 5.6 (5.0–6.0) 3.3 (2.9–4.3)

Response Rate (%) 76 (61-91) 36 (29–42) 20 (15–25)
Complete Response 45 (27–63) – –

Partial Response 31 (14–48) – –

Acute adverse events
Grade 3 (%) 53 51 45
Grade 4 (%) 3 31 31
Grade 5 (%) 0 1 3

OS, Overall Survival; PFS, Progression-Free Survival; KPS, Karnofsky Performance
Status; CI, Confidence interval.

Table 1
Baseline patient characteristics for patients treated with Boron Neutron Capture
Therapy (BNCT), Platinum-based Chemotherapy with Cetuximab (CTX/C225), Pla-
tinum-based Chemotherapy only (CTX).

Parameter BNCT CTX/C225 CTX

Number of patients 30 222 220
Median Age (range) (years) 61 (37–79) 56 57
Previous Treatment (%)
Chemotherapy 33 41 36
Radiotherapy 100 85 86
Performance status^ (%)
ECOG Karnofsky
0 0

47 88 89
1 Z 80 47
2 43 53 12 11
3 o80 10

KPS, Karnofsky Performance Status; ECOG, Eastern Cooperative Oncology Group.̂
Relationship between ECOG and Karnofsky performance status are adopted from
study by Oken et al. (1982).
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commencement was not reported in the EXTREME trial. Similarly,
PFS for the EXTREME study was reported from the time of ran-
domization whereas the BNCT trial measured it from the time of
first BNCT until the disease progressed locally or distally or death,
whichever came first. The EXTREME Study used the Modified
World Health Organization criteria to determine tumor response
and disease progression. Tumour response was evaluated at
6-week intervals. In the BNCT study, treatment response was
evaluated by use of the RECIST (Response Evaluation Criteria in
Please cite this article as: Lim, D., et al., Clinical potential of boron ne
irradiated head and neck cancer. Appl. Radiat. Isotopes (2015), http:/
Solid Tumors), performed at 1, 3, 6 and 12 months after neutron
irradiation. Adverse effects were evaluated according to the Na-
tional Cancer Institute Common Terminology Criteria (NCI-CTC) in
both papers.
4. Discussion

It is believed that LRHNC tumors represent clonogens that have
been exposed to selective pressures during initial RT that cause
utron capture therapy for locally recurrent inoperable previously
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radioresistance (Weichselbaum et al., 1988), and to control these
recurrences, a greater tumoricidal dose may be required. Re-irra-
diation of critical normal tissues is difficult as these tissues are
already close to the assumed lifetime tolerance doses following
prior irradiation. Treatment approaches that allow dose escalation
for tumor control and can effectively spare normal tissue during
re-irradiation would be the ideal treatment for this group of pa-
tients. Boron Neutron Capture Therapy is a form of treatment that
can address these issues. BNCT, being a single day treatment, can
potentially offer these patients treatment-free improvement in
overall survival. The clinical potential of BNCT has been reported in
several solid tumours, including Glioblastoma Multiforme (GBM),
recurrent head and neck cancer, malignant melanoma and hepa-
tocellular carcinoma (reviewed in (Barth and Joensuu, 2007)).

A median survival of 9.7 months and 13.1 months for BNCT-
treated patients with recurrent HNC was reported in two out of
the 7 eligible trials (Kankaanranta et al., 2012; Suzuki et al., 2014).
This is an improvement from an estimated lifespan of 6 months
had these patients been offered supportive care only (Zafereo
et al., 2009). Median survival could not be reported in the other
5 trials because a large proportion of the patients were still alive at
the study end-point. A wide range of survival assessment from as
low as one to two months to as high as 72 months was reported
(Kato et al., 2009). However, analysis of survival data was further
complicated by a lack of standardisation in the reporting of out-
comes. Only 2 studies reported on progression-free survival (up to
7.9 months) (Kankaanranta et al., 2012; Suzuki et al., 2014). This
end-point is important for these patients, as head and neck tu-
mours may cause a loss of organ function and cosmesis issues that
may impair the patients’ quality of life (Zafereo et al., 2009).
Generally these radioresistant recurrent head and neck tumours,
responded well to BNCT with at least 71.2% of the patients ex-
periencing tumour shrinkage of more than 30% or complete dis-
appearance of tumour. However, despite claims of good normal
tissue sparing, side effects, sometimes severe, were still noted. To
overcome this problem, newer and more specific boron carriers
need to be engineered, with the latest developed carriers already
increasing tumour uptake from the current 2.5- to an impressive
9-fold, when compared to normal tissues (List et al., 1999).

The current standard of care for LRHNC is platinum-based
combination chemotherapy, usually cisplatin or carboplatin, both
alkylating agents, with 5-flurouracil, and an anti-metabolite.
When the monoclonal anti-EGFR antibody Cetuximab was ad-
ministered alongside concurrent platinum-based chemotherapy
(CTX/C225), a survival benefit of 2.5 months was reported, when
compared to platinum-based chemotherapy only (CTX) (Vermor-
ken et al., 2008). Although patients from the BNCT trials were
generally of poorer performance status, their 1 and 2-year survival
were approximately higher than in patients treated with CTX or
CTX/C225. Long-term survival (4 years), PFS and response rates
were also superior in patients treated with BNCT. This is crucial for
this group of patients as uncontrolled disease at the primary site
or regional lymph nodes may cause complications and lead to
development of metastatic disease (Zimmermann et al., 2006).
Furthermore, no weight loss was reported after the first BNCT
treatment. While the EXTREME studies included patients LRHNC
and metastatic disease, approximately half of patients in each arm
of the study had only locoregional disease and no significant dif-
ference in survival was reported between patients with metastatic
or recurrent and metastatic disease and those with only recurrent
locoregional disease. These results must also be considered in the
context of trials in which radiation therapy has been re-adminis-
tered to previously irradiated patients who present with LRHNC.
Dornoff et al. report 1 year overall survival rates for RT with ce-
tuximab of 44.4% and of RT with cisplatin of 45.5% in a cohort of 66
re-irradiated patients with LRHNC (Dornoff et al., 2015). Other
Please cite this article as: Lim, D., et al., Clinical potential of boron ne
irradiated head and neck cancer. Appl. Radiat. Isotopes (2015), http:
studies have yielded similar results with reports of median pro-
gression-free survival from re-irradiation of 15.0 months (Mallick
et al., 2014) to 2 year overall survival rates of 43% (Riaz et al., 2014).
Developments in modern radiation therapy such as stereotactic
body radiation therapy (SBRT) delivered with concomitant cetux-
imab have yielded one year overall survival rates of 47.5% (Lartigau
et al., 2013).
5. Conclusion

This review highlights the possible potential of BNCT in the
management of patients with LRHNC, but BNCT should be com-
pared against other emerging local re-irradiation therapeutic op-
tions for patients with LRHNC – Stereotactic Radiosurgery (Roh
et al., 2009), IMRT (Lee et al., 2007) or Proton Therapy (Stuschke
et al., 2013). While the availability of BNCT facilities remains lim-
ited, it has been estimated that accelerator-based BNCT facilities
can be installed in hospitals at a similar cost to that of presently
used for standard radiotherapy (Blue and Yanch, 2003). None-
theless issues with safety associated with the delivery of neutrons
will have to be addressed. Further evaluation of this treatment
option is warranted.
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