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   Preface 

   Boron Neutron Capture Therapy (BNCT) is based on the ability of the non-radioactive 
isotope boron-10 to capture with a very high probability thermal neutrons. This 
nuclear reaction produces two high-LET particles (He-4 and Li-7) with ranges in 
tissue limited to the diameter of a single cell. This offers the possibility to target 
single tumor cells and to destroy them with high ef fi ciency while sparing other tis-
sues containing less boron-10. Such a radiotherapy on the cellular level can provide 
an extremely precise dose delivery allowing to ef fi ciently treat tumors and to reduce 
side effects. It also has the potential to successfully treat types of cancer that are 
actually incurable. 

 In recent years major progress was made in conventional radiation oncology to 
improve precision. However, the radiation dose still has to be delivered to a volume 
that necessarily also includes normal tissues. Even more so, physicians have to 
de fi ne this volume, which depends from the imaging modalities available and which 
will vary from one physician to another. BNCT with its biological targeting of sin-
gle cells has the potential to overcome these inherent problems of conventional 
radiotherapy. 

 However, the success of BNCT is not guaranteed. It depends on two conditions: 
the preferential uptake of boron-10 atoms into each cancer cell and the delivery of a 
high  fl uence of thermal neutrons into the target volume. To realize these technical 
and biological prerequisites, BNCT needs multi-disciplinary science relying on the 
collaboration of medicine and biology, nuclear and medical physics, chemistry and 
pharmacology, mathematics and information technologies. 

 This book has brought together a number of reputable clinicians and scientists in 
the  fi eld of BNCT, who have collaborated to write chapters covering the whole range 
of topics within BNCT. It has been designed as a guide to BNCT providing the reader 
with a de fi nitive, authoritative, and comprehensive review of the topic. For the edi-
tors, it was a challenging task to coordinate this multi-disciplinary and multi-cultural 
approach. The reader may appreciate the resulting variety but he will also recognize 
the need of further development of standards in the reporting of BNCT. 

 After more than 50 years of research in BNCT, substantial progress is now within 
reach: Hospital-based accelerators delivering high intensity epithermal neutron 
beams will facilitate clinical trials and will allow for the inclusion of more patients 
into such trials. This creates a market attractive for the pharmaceutical industry, 
which is mandatory for any new drug development in BNCT. We therefore see 
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a great future for BNCT and we sincerely hope that all the efforts necessary to real-
ize this book will help to advance all aspects of BNCT. We would like here to take 
the opportunity to express our gratitude to Mrs. Reiko Matsuoka, who supported 
and accompanied the development of BNCT from its beginning. She entered the 
topic as Prof. Hatanaka’s secretary and after he passed away she promoted the 
International Society for Neutron Capture Therapy supporting congresses around 
the world and facilitating exchange between Japanese and non-Japanese scientists. 
Her continuous voluntary engagement behind the scenes has been a tremendous 
support for many colleagues working in the  fi eld. 

 The editors would like to thank all the authors, who accepted multiple correc-
tions and rewriting. We are very grateful to Springer Verlag to publish this book. We 
especially appreciate the kind but determined support of our assistant editor Meike 
Stoeck who accompanied the sometimes laborious birth over a long time period. We 
also thank the project coordinator Wilma McHugh and the project manager 
Ms. Madona Samuel, who made from a simple manuscript this book now in your 
hands. 

 Essen, Germany Wolfgang A.G. Sauerwein 
 Marburg, Germany Andrea Wittig 
 Petten, The Netherlands Raymond Moss 
 Kagawa, Japan Yoshinobu Nakagawa   
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    1.1   Principles 

 Boron    neutron capture therapy is a binary form of radiation therapy using the high 
propensity of the nonradioactive nuclide boron-10 to capture thermal neutrons result-
ing in the prompt nuclear reaction  10 B(n, a ) 7 Li. The products of this reaction have high 
linear energy transfer characteristics ( a  particle approximately 150 keV m m −1 , 
 7 Li-nucleus approximately 175 keV m m −1 ). The path lengths of these particles in water 
or tissues are in the range of 4.5–10  m m: hence resulting an energy deposition limited 
to the diameter of a single cell. Theoretically, therefore, it is possible to selectively 
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irradiate those tumor cells that have taken up a suf fi cient amount of  10 B and simultane-
ously spare normal cells. The basic nuclear reaction is shown in more detail below: 

   

4
2

1
0He  + Li  + 2.79 MeV (6.1%)

+ 2.31 MeV (93.9%)

   

 Shortly after the discovery of the neutron by Chadwick in 1932  [  1  ]  and the 
description of the  10 B(n, a ) 7 Li reaction by Taylor and Goldhaber 1935  [  2  ] , the basic 
idea to use neutron capture reactions in cancer treatment was published by Locher 
in 1936  [  3  ] : “In particular, there exist the possibility of introducing small quantities 
of a strong neutron absorber into the regions where it is desired to liberate ionization 
energy (a simple illustration would be the injection of a soluble, non-toxic com-
pound of boron, lithium, gadolinium or gold into a super fi cial cancer, followed by 
bombardment with slow neutrons).” 

 A number of nuclides exist that have a high propensity for absorbing thermal 
neutrons (Table  1.1 ) that hypothetically might be used in neutron capture therapy 
(NCT). The probability of a nucleus to capture thermal neutrons, referred to as the 
neutron capture cross section (  s   

th
 ), is measured in barns (1 b = 10 −28  m 2 ).  

 Most of the nuclides listed in Table  1.1  interact with thermal neutrons by the (n, g )-
reaction. The effect of the resulting photon irradiation is not restricted to the labeled 
“target cells”; therefore, the postulated selectivity of NCT will not be attained. On 
the other hand, such a  g −irradiation may lead to a more homogenous dose distribu-
tion in small volumes. Some authors were attracted by this option especially inter-
ested by the very high cross section of  157 Gd. In a  fi rst glance, this approach seems 
also attractive because of the use of Gd as paramagnetic agent for contrast-enhanced 

   Table 1.1    Isotopes with high 
values of thermal neutron 
capture cross sections  [  4–  7  ]    

 Nuclide  Interaction  Cross section   s   
th
  (b) 

  3 He  (n,p)  5,333 
  6 Li  (n, a )  940 

  10 B  (n, a )  3,835 

  113 Cd  (n, g )  20,600 

  135 Xe a   (n, g )  2,720,000 

  149 Sm  (n, g )  42,080 

  151 Eu  (n, g )  9,200 

  155 Gd  (n, g )  61,100 

  157 Gd  (n, g )  259,000 

  147 Hf  (n, g )  561 

  199 Hg  (n, g )  2,150 

  235 U a   (n,f)  681 
  241 Pu a   (n,f)  1,380 
  242 Am a   (n,f)  8,000 

   a Radioactive  



31 Principles and Roots of Neutron Capture Therapy

NMR imaging. A number of preclinical investigations have been made, without 
showing a real bene fi t of this approach  [  8–  18  ] . The suggestion to use Auger electrons 
that are produced during the (n, g )-reaction with  157 Gd could not be realized in clini-
cally relevant biological experiments  [  19,   20  ] . Another approach that however is not 
much investigated is the use of  6 Li and  235 U, whose reaction products might have 
larger biological effects as compared to  10 B  [  21–  26  ] . In particular, the radioactivity of 
 235 U and its af fi nity for bone together with the wide energy range of its  fi ssion prod-
ucts make it dif fi cult to handle. Its use as shielded seed implants together with an 
external irradiation has been proposed to overcome such problems but never has been 
tested. The fact that both isotopes are restricted, because of their military and strate-
gic importance, has probably limited investigations and publications. 

 The essential experimental work and all clinical applications in neutron capture 
therapy are based on  10 B. 

 Kruger published the  fi rst experiments on BNCT in 1940  [  27  ] . He treated tumor 
fragments in vitro with boric acid and neutron irradiation. After implantation in 
mice, these tumors showed a lower transplantation ef fi ciency compared to controls, 
which have been treated only by boric acid or thermal neutrons, respectively. In the 
same year, Zahl et al. investigated the ef fi ciency of NCT in vivo after injection of 
boric acid or boron in an oily suspension in a mouse sarcoma  [  28  ] . Quite soon, the 
treatment of brain tumors by NCT was proposed  [  29  ]  suggesting a selective uptake 
of boron compounds in the tumor due to the missing blood–brain barrier there 
whereas the normal brain would be protected  [  30  ] . Higher boron concentrations in 
brain tumors than in normal brain were demonstrated in humans  [  31  ] . 

 Ten years after the early biological experiments,  fi rst clinical applications in 
humans were performed. The history of clinical applications of BNCT can be 
divided in four sections:

   The early clinical applications in the USA from 1951 to 1961  • 
  The pioneering work of Hatanaka and others in Japan from 1968 to end of the 1980s  • 
  The period of prospective early clinical trials starting mid of the 1990s and still ongoing  • 
  And  fi nally the use of accelerator-based epithermal neutron facilities that will • 
start nowadays     

    1.2   Early Clinical Applications in the USA 

 From February 1951 to January 1953, the  fi rst ten patients suffering from malignant 
glioma (probably glioblastoma multiforme) were treated at the Brookhaven Graphite 
Research Reactor  [  131–  134  ] . Eight of these patients had previously undergone con-
ventional radiation therapy for their brain tumor. Ninety-six percent  10 B-enriched 
borax was used as boron carrier. Immediately prior the irradiation, 100 ml of an 
aqueous solution containing 20 g borax was given as i.v. injection. No serious radi-
ation-induced side effects were observed although the large amount of borax led to 
some toxicity     [  32,   33  ] . Irradiations were performed in one, two, or four fractions 
with intervals of 5–6 weeks. A short-time improvement of the clinical situation was 
observed in nine of the ten cases. All patients died of their progressive disease. The 
median survival of the patients in this  fi rst series was 97 days (43–185 days) and 
comparable to the results after treatment with photons. 
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 The reactor was modi fi ed with the aim to optimize the facility prior starting a 
second series, which included nine patients suffering from highly malignant brain 
tumors. Now, sodium pentaborate was used, which showed less toxicity as com-
pared to borax. The amount of  10 B administered was higher than in the  fi rst series. 
Now, serious side effects occurred such as untreatable radiodermatoses of the 
scalp, some with deep ulcerations  [  34  ] . The median survival was 147 days (93–
337 days)  [  35  ] . 

 In a third series of nine patients, immediately prior irradiation, sodium pentaborate 
was injected into the internal carotid artery of the tumor-bearing hemisphere with the 
intention to avoid high  10 B concentrations at the scalp. None of these patients devel-
oped severe skin reactions. The median survival was 96 days (29–158 days). This 
result was similar to the outcome after conventional radiotherapy at these days  [  36  ] . 

 In a next step, it was intended to reduce the time of irradiation to a period 
where an optimal  10 B gradient between tumor and brain was expected. With the 
intention to increase the  fl uence rate, a compact high- fl ux reactor, the 5-MW 
water-moderated Brookhaven Medical Research Reactor (BMRR), was con-
structed. Between 1959 and 1961, 18 patients suffering from brain tumors were 
treated. Temporary skin  fl aps were re fl ected and protected by  6 Li shielding. 
Although this precaution avoided nonhealing ulcerations, it did not prevent 
radiation dermatitis altogether. Moreover, postoperative infections within the 
irradiation  fi eld occurred. Rises of intracranial pressure were treated by con-
tinuous drainage of the cerebrospinal  fl uid and by i.v. application of urea. 
Nevertheless, four out of 18 patients died within 2 weeks after irradiation 
because of cerebral edema and intractable shock. The median survival was 
3 months (3–170 days)  [  35,   37  ] . 

 At the same time period, another 17 patients (16 with glioblastoma, one with 
medulloblastoma) were irradiated at the reactor of the Massachusetts Institute of 
Technology after injection of  10 B-enriched 4-carboxlyphenyl boronic acid. Some 
of these patients received disodium decahydrodecarborate (Na 

2
 B 

10
 H 

10
 ) that is 

less toxic and contains much more boron  [  38  ] . The median survival in this cohort 
was 5.7 months  [  39  ] . This was similar to the survival time of patients treated by 
the same physicians at the Massachusetts General Hospital by conventional 
modalities. However, severe side effects such as acute brain edema and perivas-
cular  fi brosis but especially the appearance of brain necroses were observed 
within a few months  [  39,   40  ] . 

 In 1961, these disappointing results lead to the cessation of BNCT in the USA 
for three decades. There are several explanations for these poor results: The bor-
onated compounds available were not selectively accumulated in tumor tissue. 
Some of the observations only can be explained by high boron concentrations in 
blood, brain, and skin. A relevant part of the misadventure may be based on the poor 
depth-dose distribution of thermal neutrons, causing a low dose to the tumor and a 
high dose to the skin. Another important aspect however was the underestimation of 
the contribution to the applied dose from incident fast neutrons and photons as well 
as from the protons and gammas produced by nuclear reactions in the patient  [  36, 
  37,   41–  43  ] . It also has to be reminded that in those days, corticosteroids to avoid 
brain edema after high-dose irradiation were not yet available.  
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    1.3   The Pioneering Work in Japan 

 In 1968, Hiroshi Hatanaka started the renewal of BNCT introducing into clinical 
application the boron compound disodium mercaptoundecahydro-closo-dodecabo-
rate Na 

2
  B 

12
 H 

11
 SH (BSH), which was recently synthesized by Soloway et al.  [  44, 

  45  ] . The drug was intra-arterially injected. The treatment was performed after 
tumor excision as an intraoperative radiotherapy (Fig.  1.1 ) exposing directly the 
tumor bed and shielding of the skull  [  46–  49  ] . Hatanaka reported exciting results, 
the 5-year survival rate being 58 % in a small group of highly selected patients suf-
fering from malignant glioma grades 3 and 4  [  48  ] . In 1989, I met him for the  fi rst 
time in Paris at the 17th International Congress of Radiology; he was very much 
concerned that nobody except me really appreciated his work and his results. This 
interaction resulted in a nice dinner together, and I obtained from him a print out of 
his results on computer paper, which I show here as Fig.  1.2 . After some hesita-
tions, these data stimulated worldwide new efforts to start new clinical trials out-
side of Japan.   

 The group around Hatanaka made a multitude of innovative approaches to BNCT 
that cannot be all mentioned here, such as the application of heavy water to the 
patient in order to obtain a better dose distribution  [  50,   51  ] , BNCT for brain tumors 
in children  [  52  ] , and pharmacokinetics of BSH  [  135  ] . 

 Another pioneer from Japan has to be mentioned here, who introduced the sec-
ond drug used in BNCT clinical trials: In 1987, Mishima started to treat super fi cial 
malignant melanoma using p-boronophenylalanine (BPA)  [  53–  55  ] . It was supposed 
that the speci fi c metabolic activities of malignant melanoma by producing melanin 
might facilitate the uptake of this analogon of a melanin precursor. Even if this 
hypothesis was not con fi rmed, BPA now is the drug mostly used in modern clinical 
trials for BNCT. The super fi cial localization of skin melanoma also allowed the 
treatment of these tumors with thermal neutron beams. This approach was an impor-
tant step to apply BNCT for other tumors outside the central nervous system.  

    1.4   Epithermal Reactor-Based Neutron Sources 
and Prospective Clinical Trials 

 In the early 1990s, epithermal neutron sources were developed in the USA and 
Europe to treat deeper-seated tumors. These facilities created the conditions to start 
controlled prospective clinical trials at Brookhaven  [  56  ]  and Cambridge (MA)  [  57  ]  
in 1994 and in Petten  [  58  ]  in 1996. These were soon followed by the creation of 
similar facilities in Finland  [  59  ] , Sweden  [  60  ] , the Czech Republic  [  61  ] , Japan  [  62–
  64  ] , Argentina  [  65  ] , and Taiwan  [  66  ]  where patients were treated. The clinical indi-
cations for BNCT were extended to other diseases such as head and neck tumors 
 [  67–  69  ] , meningioma  [  70  ] , pleural mesothelioma  [  71  ] , and hepatocellular carci-
noma  [  72  ] . All these clinical efforts cannot be described in detail in this chapter, but 
most of them are part of the content of the book you have in your hands. 

 Despite all these activities, BNCT has still to be considered as an experimental 
modality, and further research activities are mandatory to develop this promising 
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SURVIVAL of grade III/IV glioma patients
(excluding those who had been previously treated,
As of June 30, 1989)

BNCT (All the 12 cases of 1986–89)
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sorted out of the 38)
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  Fig. 1.2    Copy of H.Hatanaka’s printed results shown 1989 at the 17th International Congress of 
Radiology in Paris       

  Fig. 1.1    Intraoperative BNCT performed by H. Hatanaka and Y. Nakagawa       
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idea to a clinically available therapy. The real important progress in this period 
however was the realization that BNCT as a novel tumor therapy has to follow the 
normal procedures of evidence-based medicine. Preclinical efforts as well as clini-
cal trials have to be designed to collect data that will permit regulatory authorities to 
approve this modality as therapy. The clinical trials themselves are highly complex, 
applying to a human patient “new,” non-commercially available drugs and an irra-
diation beam not used in conventional radiotherapy. 

 One of the  fi rst groups, which was forced to follow this way, was created in the 
frame of several research projects supported by the European Commission around 
the HFR in Petten. The international approach that was demanded by EU 
Commission led to a situation where a German radiation oncologist had to irradiate 
a French or Austrian patient at a reactor owned by the EU Commission, the experi-
mental drug being prepared and applied in a Dutch hospital. In this situation, regu-
latory authorities from different European countries were involved, and special 
efforts had to be made with respect to quality management on all levels concerning 
organizational aspects, medical physics and dose reporting, trial design and statis-
tics, radiation protection, etc.  [  58,   73–  85  ] . Special support given by the European 
Organisation for Research and Treatment of Cancer (EORTC) was a prerequisite to 
overcome such hurdles  [  58  ] . 

 BNCT results in a highly complex dose distribution with different dose compo-
nents having different biological effects. This challenging side of BNCT is addressed 
from the point of view of radiation biology and medical physics. International orga-
nizations started to recognize the need to develop standards. The IAEA published in 
2001 a Technical Document on NCT  [  86  ] . In the frame of an EU research project, 
an international code of practice for dosimetry on BNCT was developed  [  87  ] . 
Radiobiologic and dosimetric intercomparison of epithermal beams at different 
facilities were started  [  88–  91  ] . 

 Instead of all these efforts and scienti fi c progresses, an intrinsic problem leads to 
a severe backlash worldwide. Up to now, only nuclear reactors produce a (epi-)ther-
mal neutron beam of an intensity high enough for BNCT. These facilities strongly 
depend from political support. For different reasons, most of the BNCT facilities 
that were constructed and opened in the 1990s had to interrupt patient treatments. 
These closures were due to political and economical reasons and not due to the 
clinical results. BNCT treatments actually are only possible at the Tsing Hua Open-
pool Reactor (THOR) at National Tsing Hua University (Taiwan), and the RA-6 
reactor at the Bariloche Atomic Center (Argentina).  

    1.5   Outside the Mainstream of BNCT 

 A far different approach was applied at Pavia where the thermal column at the 
TRIGA reactor was used to treat in two patients their explanted livers with multiple 
metastases from colorectal cancer followed by a retransplantation of the irradiated 
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organ  [  92–  95  ] . One of the two patients survived for several years. This success 
stimulated other groups to evaluate further the possibility of an extracorporeal 
BNCT  [  96–  102  ] . 

 In the 1970s and 1980s of the last century, fast neutron therapy was perceived as an 
important contribution in the  fi ght against cancer due to the high LET of these particles 
 [  103–  106  ] . Unfortunately, a bene fi t of fast neutron therapy could only be demonstrated 
for some few indications in rare diseases  [  107–  109  ] . Fast neutrons interacting with 
material are thermalized in tissues. It is possible to use this thermalized component to 
initiate neutron capture reactions and speci fi cally enhance the radiation dose in tumor 
cells. Using the  10 B(n, a ) 7 Li reaction to boost radiation effects in tumor cells would 
considerably enhance the therapeutic ratio of fast neutrons and avoid the problem of 
poor depth dose, poor collimation, and poor skin sparing. In multiple preclinical exper-
iments, a neutron capture-enhanced fast neutron therapy has been developed  [  23,   110–
  128  ] . Despite of the promising results, a clinical trial has never been started. The 
thermalized component in a fast neutron beam will be larger in beams with relatively 
low primary energies. Two such fast neutron beams are still in use: the Essen Medical 
Cyclotron Facility installed in 1978 (Fig.  1.3 ), which produces d(14) + Be fast neutrons 
with a mean energy of approximately 5.8 MeV  [  23,   129  ] , and the recently installed fast 
neutron therapy facility at FRM II in Munich  [  130  ] . BNCT-enhanced fast neutron 
radiotherapy may have a high therapeutic effectiveness in a wide variety of clinical 
situations and is without doubt an area of research that needs to be pursued.   

  Fig. 1.3    The isocentric gantry of the fast neutron therapy facility at the University Hosptial Essen 
(Germany)        
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    1.6   Outlook on the Future 

 The key factor for success and failure in BNCT is  fi rst of all the collaboration 
between very different disciplines, ranging from nuclear physics to surgery, from 
chemistry to radiation oncology, and from mathematics to radiation biology. Such 
a diverse collection of intellect requires dedicated coordination structures to 
develop the synergies needed to move forward. A second important aspect is the 
availability of a reliable hospital-based neutron source. As long as this technical 
challenge cannot be realized, there will be no real progress in BNCT. The drug 
aspect, which in the past often has been perceived as the bottleneck of BNCT, is 
less important. The two drugs that have been used in clinical trials, namely, BSH 
and BPA, offer already a very good boron gradient between several tumors and 
surrounding normal tissues to design and continue clinical trials. Real progress in 
this area will only be possible when the pharmaceutical industry can be involved in 
a drug development program. A prerequisite for such expensive campaigns is the 
existence of a market for the drugs to be developed. Such a market can only be 
generated if accelerators for epithermal neutrons beams by become available in 
every large hospital.      
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          2.1   Introduction    

 The principal objective of beam design for neutron capture therapy is to create a 
uniform distribution of low-energy (thermal) neutrons in the targeted treatment vol-
ume which may include a margin around the enhancing tumor as well as regions 
with suspected in fi ltrating disease. Buildup and broadening in the thermal neutron 
distribution are usually evident that are created as incident, higher energy neutrons 
slow down via elastic scattering interactions while passing through hydrogenous 
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tissue. Tumor dose conformity is attained by thermal neutron capture in boron that 
is selectively targeted to the tumor and retained during irradiation. This binary 
 strategy mitigates the need for complex tailoring of the beam spatial pro fi le. 
The   treatment volume can therefore be considerably larger than in conventional 
radiotherapy as the dose absorbed in normal tissue from the neutron beam itself is 
smaller than neutron capture in tumors containing boron. Neutron beams do 
require collimation to help avoid irradiating organs or other normal tissues periph-
eral to the  fi eld that may be radiosensitive or retain some of the administered 
boron. The adventitious dose whether from neutrons interacting with the constitu-
ents of normal tissue or boron retained in normal tissue should also be limited for 
critical organs both inside and outside the treatment volume. Judicious selection of 
the neutron beam characteristics helps to ful fi ll many of these aims. However, in a 
clinical setting, treatment planning calculations are performed to optimize tumor 
doses within the constraints of normal tissue dose limits by simulating various 
beam placements, aperture sizes, and even beam  fi ltration options. Clinical trials 
in BNCT have thus far comprised mainly investigations into the safety and feasi-
bility of this experimental modality, and the available clinical data are insuf fi cient 
to fully optimize therapeutic beam delivery. Consequently, although certain neu-
tron beam characteristics are known to be desirable, irradiation  facilities  must be 
versatile and able to adapt by making tradeoffs in beam characteristics as clinical 
experience is gained. 

    2.1.1   Beam Characteristics 

 A number of computational studies provide useful guidance on desirable character-
istics for neutron beams used in BNCT  [  6,   9,   13,   39,   47,   53,   57–  59  ] . More general 
requirements for NCT facilities have been outlined elsewhere  [  38  ] , and  fi ssion reac-
tor sources for NCT have been reviewed critically  [  20  ] . 

 The earliest trials of BNCT employed low-energy thermal neutrons because 
these beams are relatively easy to create with virtually negligible unwanted fast 
neutron and gamma-ray contamination using a  fi ssion reactor. Thermal neutrons do 
not possess enough energy to penetrate deeply into tissue, and the absorbed dose 
pro fi les for the inherent, nonselective beam components therefore have maxima 
near the surface. These beams are therapeutically useful for super fi cial and rela-
tively shallow tumors at depths of less than approximately 4 cm in tissue, depending 
on selectivity of the tumor boron uptake. In the earliest human clinical trials at 
Brookhaven (1951–1961) and at the Massachusetts Institute of Technology (1959–
1961)  [  50  ] , thermal neutrons were used for treatment of brain cancer, glioblastoma 
multiforme (GBM). Intraoperative NCT irradiations were used by Dr. W Sweet in 
these trials  [  16  ]  because slow neutrons could not adequately penetrate to the tumor 
site, and this approach was subsequently continued in Japan under the leadership of 
Dr. H. Hatanaka  [  24  ] . 

 Recognizing the bene fi t of external beam radiotherapy where deep-seated tumors 
(e.g., near the brain midline, approximately 8 cm deep laterally) are treated without 
the need to surgically re fl ect tissue and bone, researchers began to consider more 
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energetic neutron beams that could achieve the desired buildup of thermal neutrons 
at depth in tissue. Intermediate energy or epithermal neutrons undergo moderation 
in tissue and produce improved thermal neutron distributions at signi fi cantly greater 
depths in tissue than is possible with slow neutrons. Optimizing the therapeutic 
parameters of beams for neutron capture therapy soon became a major subject of 
study in BNCT with particular emphasis on the neutron energy spectrum that is 
incident upon the patient. 

 Early studies on the effects of the incident neutron energy used Monte Carlo 
calculations to determine RBE-weighted depth-dose pro fi les along the central axis 
of a representative phantom and derive  fi gures of merit collectively called advan-
tage parameters that indicate relative performance in terms of tumor dose rate, 
therapeutic selectivity, and beam penetration  [  13  ] . These studies used geometrical 
phantoms of water or polyethylene to represent the clinical target volume and uni-
directional as well as monoenergetic neutron beams or simpli fi ed energy spectra 
without contamination from unwanted neutrons or photons. Moreover, these opti-
mizations were necessarily independent of other important parameters such as 
tumor size/location, boron uptake in tissue and tumor, beam/target size, collima-
tion, and dose weighting factors. Indeed, increasing beam collimation as well as 
increasing aperture size relative to the target was found to signi fi cantly improve 
 fi gures of merit by deepening penetration of the thermal neutron component  [  57  ] . 
Aperture size, collimation, and beam placement are also critical aspects for limit-
ing dose to organs at risk in or near the treatment  fi eld and for minimizing patient 
whole-body exposure that can lead to secondary cancers or other radiation-induced 
injuries. As computational techniques advanced, more sophisticated multiparam-
eter optimizations were undertaken to determine how factors such as tumor loca-
tion or boron uptake in fl uence the outcome of optimizations  [  6,   39  ] . These studies 
con fi rmed earlier results, indicating that a broad range of neutron energies from 
approximately 1 eV up to tens of keV are therapeutically advantageous for external 
beam NCT with the keV range appearing generally useful for a broad range of 
tumor depths and boron uptake. There does not appear to be a well-de fi ned neutron 
energy range that is optimum for all therapeutic conditions envisioned. The optima 
are slowly varying and depend upon tumor location, size, normal tissue constraints, 
boron uptake, and other factors. Beams comprising a range of neutron energies are 
perhaps therefore most suitable for BNCT at this stage of development with 
 fl exibility incorporated into the beam delivery system to facilitate investigating 
new ideas derived from accrued clinical results. 

 As reactor-based NCT centers began to develop and implement resonance scat-
tering  fi lters that produce beams of epithermal neutrons, the necessary tradeoffs 
between beam intensity and purity from unwanted photons and neutrons rapidly 
became apparent. An epithermal beam intensity of 10 8  n cm 2  s −1  results in a peak 
absorbed dose rate in brain of approximately 0.025 Gy min −1 , and this was near the 
minimum feasible for beginning safety-related dose-escalation trials where peak 
brain doses of 8–10 Gy were speci fi ed. The kerma for epithermal neutrons in tissue 
is approximately 2 × 10 −12  Gy cm 2   [  18  ] , and restricting total beam kerma from 
unwanted photons as well as fast and thermal neutrons to less than 10 % of this 
(2 × 10 −13  Gy cm 2 ) is a desirable objective to avoid degrading therapeutic beam 
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performance. The  fi ltration needed to achieve this, however, signi fi cantly reduces 
beam intensity, and many facility designers instead found it necessary or practical 
to accept higher levels of contamination, recognizing that boron retained in normal 
tissue will also contribute to the nonselective dose. A study of measurements in 7 
different clinical epithermal neutron beams found that when boron retention in 
normal tissue is 18  m g g −1  (as with boronated phenylalanine, BPA), further deleteri-
ous effects in beam penetration and therapeutic ratio occur only at relatively high 
contamination levels greater than approximately 3 × 10 −12  Gy cm 2 . Signi fi cant deg-
radation in the advantage parameters is, however, apparent for all but the lowest 
beam contamination levels when a very low amount of boron is retained in tissue, 
for example, less than 1  m g g −1  as with more advanced compounds currently under 
development  [  4  ] .  

    2.1.2   Beam Monitoring and Control 

 Reliably and reproducibly administering the prescribed dose in external beam ther-
apy requires a method for monitoring and integrating beam output while a radia-
tion  fi eld is administered. In BNCT, most of the absorbed dose is derived from 
neutron interactions in tissue, and so a method is needed for monitoring neutrons 
transmitted by the beam. Uranium-lined  fi ssion counters are used in many systems 
    [  21,   41,   51  ]  because they easily discriminate against the gamma rays inevitably 
contained in the beam and can be fabricated with the sensitivity necessary for sam-
pling output in the epithermal energy range without signi fi cantly perturbing beam 
characteristics     . Helium or boron gas- fi lled detectors are also a good choice for 
these reasons and have been used successfully at some clinical centers. These 
detectors are inherently sensitive to thermal neutrons, and it is therefore common 
practice to use a thermal neutron-absorbing shroud such as cadmium to reduce this 
response, which may arise from neutrons that backscatter toward the detector in 
either the collimator or patient. Gamma rays emitted by the beam itself sometimes 
comprise a nonnegligible portion of the absorbed dose in tissue, and beam moni-
toring systems may therefore contain either ionization chambers or Geiger-Müller 
detectors that are sensitive to gamma rays. In practice, since this dose component 
mostly derives from activation of beamline components, it is generally propor-
tional to the neutron output of the beam, and the gamma-ray monitor is used only 
for informational purposes. The beam monitoring system is frequently equipped 
with a computer for displaying and archiving readings from the beam monitors 
throughout an irradiation. 

 The administered neutron  fl uence may also be monitored in situ by activation 
foils or wires usually comprised of gold that are inserted in the cavity remaining 
after surgical resection of the tumor  [  1,   27  ] . Activation foils are insensitive to gamma 
rays and for low neutron energies have an energy-dependent response very similar 
to that for neutron capture in boron. These measurements therefore accurately 
record the thermal neutron  fl uence in unresected tumor for individual patients, and 
this information can be used to determine absorbed dose. Since activation wires are 
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integrating passive dosimeters, irradiations are frequently paused to remove the 
wire (or in some cases, the wire is remotely removed) for counting (measurement of 
the activation) that enables a determination of the remaining irradiation time. These 
measurements may also be augmented with small thermoluminescent dosimeters 
(TLDs) to measure the gamma-ray dose in situ. Although wires and TLDs may be 
af fi xed to the skin for monitoring external beam irradiations, this approach is most 
practical for intraoperative BNCT where detectors may be implanted near the tumor. 
Relatively long irradiations are required for this technique to ensure that there is 
enough time to complete the necessary measurements and determine the appropriate 
stopping time. 

 The precision and accuracy required for timing control in patient irradiations are 
inversely proportional to beam intensity. Irradiations using higher intensity beams 
are invariably shorter, and small errors in starting or stopping the irradiation become 
a relatively larger proportion of the administered  fi eld. As  fi elds become increas-
ingly short, on the order of minutes, an automated control system with safety inter-
locks is needed to help avoid human errors inadvertently causing a signi fi cant 
deviation from the planned exposure. 

 Various methods are used to control NCT beams, but  fi elds are invariably 
based on integral beam monitor readings since beam output, although normally 
constant during an irradiation, is dictated by reactor operating conditions which 
can vary from day to day, especially at multipurpose reactors. Some research 
reactors such as the FiR-1 in Finland have a short beamline without much space 
for beam control shutters. This reactor is dedicated to BNCT research and beam 
output is controlled by manipulating reactor power. Beam output is not constant 
during the early part of these irradiations as the reactor gradually approaches full 
power, but this effect is taken into account by the beam monitors. Irradiations 
may be terminated rapidly by lowering reactor power or inserting all control rods 
to scram the reactor. 

 At facilities such as Petten and MIT, the reactor operates continuously for long 
period of time to service a variety of experimental needs, and it is not feasible to 
alter reactor power except in the case of an emergency. These facilities therefore 
employ a series of beamline shutters to turn the beam on and off, enabling free 
access to the medical room even when the reactor is at full power. Normally there is 
at least one beamline shutter that controls the irradiation by acting quickly enough 
so that the irradiation has a well-de fi ned start and stop time.  

    2.1.3   Irradiation Facility and Patient Support 

 The experimental hall of most existing research reactors is enclosed by a con-
tainment building that is not easily penetrated or expanded and therefore repre-
sents a  fi xed boundary constraining the available space for constructing medical 
facilities. The epithermal beams used in NCT research require approximately 
1 m of concrete shielding to keep ambient radiation levels low while the facility 
is in use, and this combined with space required for other experiments supported 
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by the reactor often severely restricts the available options for NCT irradiation 
and patient support facilities. Design of the medical irradiation room is most 
important to mitigate constraints inherently imposed by the  fi xed beamline by 
providing enough space to accommodate staff and equipment as well as  fl exibility 
to orient the patient in any direction for  fi elds on any part of the body. An area 
outside the therapy room to accommodate equipment for beam monitoring and 
control is also needed, and this space must be large enough for beam operators as 
well as responsible medical  personnel to monitor the patient. Each of these com-
ponents (including the shielding walls) must be carefully sized so as to avoid 
adversely impacting their functionality while meeting available space constraints. 
Other important facilities such as simulation setup areas or examination and 
observation rooms for pre- and postirradiation procedures although ideally 
located near the therapy room can be accommodated outside the containment 
building where space constraints are less severe. 

 Layout inside the therapy room is dictated by the  fi xed and usually horizontal beam-
line which ideally is centered in the room some distance from the entrance to avoid 
complications from entering and exiting traf fi c. A beamline about waist high above the 
 fl oor is a comfortable working position for staff and is easiest for patients getting on 
and off the therapy table. Relatively short patient-to-aperture distances of a few cm or 
less are used in BNCT because these beams spread signi fi cantly in air, except at Petten 
where the beam is highly collimated and an air gap of 30 cm does not adversely affect 
beam characteristics. In the former cases, patient positioning is made easier by bring-
ing the beam into the room through a cone-shaped collimator that affords space near 
the aperture to orient the patient at any angle to the beam. This is also convenient 
because the collimator is then readily accessible from inside the medical room so that 
differently sized or shaped apertures can be easily implemented. A photograph from 
the Harvard-MIT clinical trials is shown in Fig.  2.1  where the long protruding collima-
tor is used to set up a lateral  fi eld irradiation with a small air gap of 3 cm.  

 Wall and ceiling mounted lasers to illuminate the beam central axis enable using 
 fi eld setup practices developed for conventional radiotherapy, and this improves 
patient comfort by making setup easier and more ef fi cient. Axial back pointing and 
beam’s eye view lasers as implemented in the MIT therapy room are also useful for 
con fi rming beam entry or exit that may be used as a reference in treatment plans. At 
the FiR-1 reactor in Finland, a mock-up of the beamline with a specially designed 
docking couch is used to pre-position the patient outside the therapy room where 
more space is available. Once the patient is in place, the couch may be moved into 
the therapy room and accurately positioned using a matching dock and coordinate 
settings on the couch  [  29  ] . 

 Two-way audio communication between the control console and therapy room is 
important for both operational convenience and safety so that staff may easily com-
municate and monitor the patient during irradiations. Visual monitoring is similarly 
important, and this is often done via closed-circuit television. Some facilities are 
also equipped with a shielded window which is not susceptible to electric power 
failure and helps reassure the patient with a view to outside the room.  
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    2.1.4   Summary 

 This section described epithermal neutron irradiation facilities using  fi ssion reactor 
sources, which together with currently approved boron delivery drugs can attain 
useful therapeutic effect for tumors up to approximately 9-cm depth in soft tissue. 

  Fig. 2.1    A lateral  fi eld irradiation setup using the long protruding collimator in the MIT FCB and 
an air gap of 3 cm       

 



26 O.K. Harling and K.J. Riley

The following characteristics and capabilities are recommended for future NCT 
facilities to enable ef fi cient and productive clinical studies as well as more routine 
clinical use where higher throughput may eventually be needed:
    1.    High intensity to facilitate delivering radiation  fi elds in several minutes as is 

normally done with conventional photon therapy. Short irradiation times also 
enable better temporal targeting of the beam during the optimum boron pharma-
cokinetic window that may be relatively brief. Additional beam intensity is 
invaluable for improving other beam parameters such as collimation, purity, or 
energy  fi ltration that may eventually prove advantageous and which will inevita-
bly reduce beam output. Short irradiation times also signi fi cantly improve patient 
comfort and reduce the need for rigid restraint to keep the patient properly 
positioned.  

    2.    The neutron beam purity and energy spectrum should achieve a therapeutic ratio 
greater than unity up to and beyond 9-cm depth using a boron delivery drug like 
BPA where tissue and tumor uptake is approximately 18 and 65  m g g −1 , 
respectively.  

    3.    Well-collimated beams, with an accessible portion of the beamline near the 
patient, and a wide range of apertures is desirable. This will afford  fl exibility in 
treatment planning for a variety of treatment sites using multiple beam place-
ments, in an effort to optimize tumor dose while restricting dose to sensitive 
organs in the  fi eld and keeping whole-body exposure acceptably low.  

    4.    A large (approximately 9 m 2  or larger) shielded medical irradiation room with a 
long, protruding beam snout, or patient collimator, eases patient setup and 
enables comfortably placing beams for any envisioned tumor site. Figure  2.1  
illustrates the use of a long patient collimator during a lateral brain irradiation at 
the MIT FCB.  

    5.    The NCT irradiation facility should be able to operate reliably with high capacity 
factor and, if needed, 24 h/day and 7 days/week.  

    6.    Systems for observing, monitoring, and communicating with the patient inside 
the medical therapy room are necessary.  

    7.    An automated beam monitoring and control system which ensures accurate dose 
delivery by precisely monitoring beam output with interlocks to help assure 
safety of both patients and staff is essential.  

    8.    A system for conveniently positioning the patient and aligning the planned irra-
diation  fi elds is important.     
 Speci fi c parameters based on these criteria for epithermal neutron irradiation 

facilities are summarized in Table  2.1 . Reactor-based epithermal neutron facilities 
are able to meet or exceed these  fi rst-order requirements and thereby help advance 
clinical research in BNCT. A few facilities presently ful fi ll all of these criteria, and 
several others satisfy most except, for example, intensity or contamination. 
Regardless of the parameters, each facility used in clinical BNCT plays an impor-
tant role by accruing valuable information that is needed to develop this modality. 
Clinical experience gained with the beams available today is needed to guide future 
designs or modi fi cations and to help judge the relative importance of various beam 
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parameters for sustaining or possibly improving clinical performance. Most BNCT 
irradiation facilities available today are suitable for this purpose, and the best are 
able to accommodate more advanced clinical implementations where signi fi cantly 
higher patient throughput is needed.  

 The following sections discuss two different approaches for using  fi ssion 
reactors as sources for epithermal neutron-based NCT. The performance of cur-
rent reactor-based epithermal neutron facilities is described, illustrating how 
they satisfy the operational characteristics outlined above, followed by a section 
on a state-of-the-art epithermal irradiation facility as well as a concluding 
summary.   

    2.2   Approaches to Using Reactors 
for Epithermal Neutron NCT 

 In the past, neutron beam facilities for NCT have not generally been part of the 
original design speci fi cations for research or test reactors. The two exceptions 
are the Massachusetts Institute of Technology Research Reactor (MITR)  [  52  ]  
and the now decommissioned Brookhaven Medical Research Reactor (BMRR) 
 [  17  ] , both of which were commissioned in the 1950s when interest in testing the 

   Table 2.1    Suggested performance characteristics of epithermal neutron irradiation facilities for 
BNCT of brain tumors (or comparable soft tissue) using the tumor-targeting agent BPA and associ-
ated weighting factors  [  14  ]    
 Characteristics  Desired facility performance for BPA 
 Neutron and photon beam contamination  <2 × 10 −12  Gy cm 2a  
 Advantage depth (useful penetration)  >8 cm 
 Energy  ~0.4 eV <  E  < ~10–20 keV 
 Collimation (calculated current to  fl ux ratio)   J /  j   > 0.75 
 Beam aperture  Adjustable size and shape, 0–16 cm diam. 

for brain 
 Intensity, epithermal neutron  fl ux   ³ 2 × 10 9  n cm −2  s −1b  
 Treatment time  ~10 min 
 Patient positioning  Beam placement on any part of the body 

facilitated by a long protruding collimator, large 
irradiation room, visual  fi eld alignment tools 

 Beam control  Fluence delivery to ± 1 % of prescription 
 Safety interlocks to protect staff and patient 

 Patient support  Visual and audio communication for monitoring 
patient, rapid egress during emergencies 

   a Equivalent to 2.8 × 10–12 Gy cm 2  when applying weighting factors of 3.2 and 1.0 for photons and 
neutrons respectively 
  b Higher intensities are desirable for tumors with deeper target volumes or when using more 
advanced compounds with lower uptake in tissue (but with improved selectivity) to keep irradia-
tion times as short as possible  
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concept of BNCT initially developed. The NCT facilities at these reactors were 
designed speci fi cally for thermal neutron NCT and were used in the early clini-
cal studies during the 1950s. During the 1990s, Brookhaven  [  32  ]  and MIT  [  46  ]  
each    constructed epithermal neutron beams at these reactors that were subse-
quently used in more recent trials of BNCT. More recently, a new, small (30 kW) 
reactor speci fi cally designed for NCT has been constructed near a hospital site in 
Beijing, China  [  19  ] . This is the  fi rst reactor constructed speci fi cally for BNCT 
since the 1950s and may become the  fi rst modern facility suitable for hospital 
siting. 

 Research interest in BNCT grew rapidly in the 1990s, and as the feasibility 
of external beam irradiations became clear, a signi fi cant number of research or 
test reactors were modi fi ed to incorporate epithermal neutron beams. The most 
common approach for retro fi tting these reactors is to use the reactor core directly as 
the source for the epithermal neutron beam  [  2,   7,   11,   12,   33,   35,     40,   46,   49    ] . 
Reactors ranging in power from 100 kW to several MW have been successfully 
converted using this approach. Examples include the low-power (250 kW) 
Finnish reactor FiR-1  [  2  ] , the 1 MW Washington State University Reactor  [  40  ] , 
and the high-power (45 MW) test reactor, HFR, at Petten  [  42  ] . Small, low-power 
ultrasafe reactors could also be built to obtain high-performance epithermal 
neutron beams using designs that are speci fi cally optimized for BNCT. These 
reactors would require only 100–300 kW of  fi ssion power because core neutrons 
could be used directly as a source for the epithermal neutron beam. Several 
preliminary designs have been proposed for this type of special purpose reactor 
 [  30,   31  ] . These special purpose NCT reactors could be expected to meet the 
requirements for clinical investigations of BNCT as well as more routine clini-
cal treatments. 

 Another approach to modifying existing reactors for epithermal NCT is to use a 
subcritical array of fuel called a  fi ssion converter originally proposed by Rief et al. 
 [  43  ]  that is located outside the reactor core and driven by thermalized neutrons from 
the moderator. The  fi rst such facility, known as the  fi ssion converter beam (FCB), 
was constructed at the MITR  [  22,   23,   25  ] . A few other  fi ssion converter-based 
beams have been designed, one for the 3-MW BMRR  [  32  ]  and another for the 
2 MW McClellan Air Force Base Reactor  [  34  ] . A  fi ssion converter is particularly 
appropriate for higher power or multipurpose research reactors without a movable 
core that support a broad range of experiments. These reactors cannot accommodate 
frequent power changes or shutdowns that are used for beam control at some low-
power facilities without integrated beamline shutters. Moreover, due to the large 
number of experimental stations at some reactors, it is often impractical or impos-
sible to install a medical room near the reactor core to attain the necessary epither-
mal neutron  fl ux. A  fi ssion converter could be incorporated into the initial design of 
a multipurpose research or test reactor to help accommodate the desired experimen-
tal facilities. Whether using a  fi ssion converter or the reactor core directly, careful 
consideration of the NCT facility during the initial reactor design should generally 
result in better and less expensive facilities than those made by retro fi tting existing 
reactors.  
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    2.3   Performance of Some Current Epithermal Neutron 
Irradiation Facilities 

 Table  2.2  summarizes parameters and  fi gures of merit published for most epither-
mal neutron beams that have been used in NCT clinical trials together with pertinent 
details about the corresponding irradiation facilities. The  fi gures of merit are 
described in detail elsewhere  [  14  ]  and are good  fi rst-order indicators of beam per-
formance. More sophisticated analyses, such as treatment plans for identical targets 
showing tumor isodose contours as well as dose to nearby normal tissue, are beyond 
the scope of this chapter. The data in Table  2.2  are taken from an experimental study 
comparing seven different clinical epithermal neutron beams  [  4  ]  as well as published 
reports on the performance and features of the irradiation facilities  [  1,   49,   55  ] . Unless 
otherwise noted, the  fi gures of merit (where available) are all derived using a com-
mon set of dose conversion parameters, boron concentrations, and weighting factors 
that are representative of brain irradiations using both BPA and an advanced 
compound.  

 The advantage depth (AD) or useful beam penetration should exceed a minimum 
of 8 cm if external beam brain irradiations are contemplated. An 8–10-mm-thick 
 fi lter of pure  6 Li as in the case of the Studsvik and MIT beams hardens the neutron 
energy spectrum and provides a signi fi cant increase in AD, thereby improving dose 
coverage for the deepest tumors  [  5  ] . A lithium  fi lter does, however, reduce thera-
peutic margin in shallow tumors and is associated with a roughly 50 % reduction in 
beam intensity that increases treatment time.  6 Li  fi ltration is therefore best used as 
an option for deeper tumors in beams with the highest intensity where the reduced 
output does not lead to excessively long irradiations. All of the currently available 
epithermal neutron beams achieve an AD of at least 8 cm with BPA, increasing 
signi fi cantly when parameters for an advanced compound are applied, where the 
most penetrating beams have an AD exceeding 11 cm. 

 The advantage ratio (AR) is the total tumor-to-normal-tissue dose ratio averaged 
from the beam entrance to the advantage depth. This varies between  fi ve and six in 
most beams when using BPA which indicates an average tumor dose  fi ve to six 
times higher than in nearby normal tissue. The advantage ratio is generally higher 
in beams with lower contamination, but this  fi gure of merit depends principally on 
the boron uptake parameters, increasing to nearly 12 for an advanced compound in 
the cleanest beams. 

 High beam intensity is important to minimize treatment times. Short irradia-
tions are more comfortable for the patient and more ef fi cient for clinical staff. 
Shorter  fi elds also mitigate degradation in the therapeutic advantage that may occur 
as the compound is washed out of tissue and tumor following administration. 
However, patient throughput is at present limited by the clinical resources available 
to BNCT rather than the duration of irradiations or the capacity and availability of 
suitable neutron sources. High beam intensity is nevertheless desirable for the rea-
sons described earlier and for future development to enable larger, more compre-
hensive studies that rigorously evaluate the ef fi cacy of this modality. Table  2.2  lists 
the incident epithermal  fl ux intensity together with the irradiation time to reach a 
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peak brain dose of 12.5 Gy (w) using a single  fi eld that is representative of irradia-
tions in the brain cancer trials performed to date. Irradiation time is inversely 
related to the incident epithermal neutron  fl ux although the two quantities are not 
directly proportional. MIT and Studsvik with the highest beam intensities can 
reach tolerance doses in several minutes, and this duration is comparable to  fi elds 
routinely administered with other forms of radiotherapy. Irradiations at other facil-
ities last two to six times longer than those at MIT, and these are manageable for 
clinical investigations but would become a limiting factor with signi fi cant increases 
in clinical enrollment. Irradiation times could also become substantially longer in 
trials using better tumor-targeting agents where the normal tissue dose rate is lower 
due to much lower retention of boron in normal tissue. 

 Neutron beam characteristics are relatively straightforward to quantify, and 
based on the clinical experience to date, some of the most recently constructed 
facilities have reached a practical optimum in terms of intensity, beam purity, and 
therapeutic effectiveness. The operational characteristics of these irradiation facili-
ties are, however, equally important for implementing clinical programs and even-
tually incorporating new ideas derived from translational and preclinical research. 
Reactor-based beamlines are  fi xed (usually horizontal), but many designs have 
incorporated  fl exibility in terms of beam delivery and patient positioning as sum-
marized in the bottom four rows of Table  2.2 . Brain irradiations in BNCT normally 
apply circular beam apertures with diameters ranging from 12 to 16 cm. Variable 
aperture sizes are used at several facilities, and these are helpful in minimizing col-
lateral dose and improving tumor dose conformity while restricting doses to organs 
at risk. 

 A highly collimated neutron beam also helps to minimize normal tissue dose 
and is associated with increased beam penetration  [  4  ]  that can improve cover-
age for deep-seated tumors. Good collimation eases patient positioning and 
minimizes uncertainties associated with dose falloff from the aperture of the 
beam. In the FCB facility at MIT, the epithermal neutron  fl ux decreases at a rate 
of approximately 0.7 % mm −1 , and the routinely applied air gap of 3 cm mod-
estly reduces intensity of the incident beam by approximately 20 %  [  45  ] . 
Positioning uncertainties of approximately 5 mm therefore result in up to a 
3.5 % error in the administered dose which is comparable to other sources of 
uncertainty. An even larger air gap between the patient and beam aperture is 
feasible at the facility in Petten where the neutron beam has extraordinarily 
high collimation and intensity drops by less than 20 % over 30 cm from the 
beam aperture. The full width at half maxima (FWHM) of epithermal neutron 
pro fi les measured in air 30 cm from the collimator are only 10 % (or less) wider 
than the nominal beam aperture. Patients may therefore be positioned at this 
distance without adversely affecting beam targeting, and axial positioning 
uncertainties are negligible  [  42  ] . 

 A beam collimator that protrudes into the medical room helps to comfortably 
position patients, especially in cranial irradiations where the shoulders of the 
patient may interfere. With the advent of relatively intense and pure epithermal 
neutron beams, greater consideration is now being given to operational characteristics, 
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for example, in Finland where the facility was recently modi fi ed to make patient 
positioning easier  [  3  ] . A long, protruding patient collimator accessible from 
inside the irradiation room that can be readily adapted to accommodate apertures 
of different sizes or shapes affords more beam placement options and greater 
 fl exibility in treatment planning and facilitates easier patient setups for a multi-
tude of disease sites. A medical therapy room with an area of approximately 9 m 2  
centered about the beam is large enough to accommodate the length of a patient 
for either side of a lateral brain irradiation. Some of the facilities listed in 
Table  2.2  are larger than this and have ample space for the patient and associated 
monitoring equipment. Field placement may however still be encumbered by 
room geometry that restricts angles relative to the beam centerline for position-
ing patients. An example is the medical room at JRR-4 which is spacious but 
long and narrowest near the beam aperture so patient positions are relatively 
restricted. Facilities with less than a full 180º arc for positioning patients about 
the beam centerline are noted in Table  2.2 . 

 Some facilities have incorporated options to control the neutron energy spectrum 
by adding one or more tanks to the beamline that can be  fi lled with heavy water to 
moderate neutrons with low parasitic absorption  [  12,   49,   55  ] . Other groups have 
augmented their beamline to accommodate cassettes containing solid lithium metal 
which hardens the neutron energy spectrum and may be added or removed as needed 
 [  5 ,  12  ] . Reactor-based beamlines can therefore extract neutrons spanning the entire 
energy range of interest in BNCT from thermal up to ~10 keV, and this may prove 
advantageous because no single neutron energy is optimum for tumors at all depths 
in tissue. 

 Clinical trials in BNCT have thus far been carried out exclusively with reactor-
based neutron sources. This re fl ects the suitability and relative abundance of the 
aforementioned facilities that are located at research reactors around the world near 
large metropolitan areas with research hospitals. Several accelerator-based sources 
are being developed for BNCT, mainly in physics research laboratories. Research 
results from these programs indicate that intensities for these sources must increase 
by more than an order of magnitude over currently achievable levels to match the 
beam characteristics of existing reactor-based beams  [  8,   10,   15,   28,   56  ] . The limita-
tions arise mainly from engineering challenges in beamline and target development, 
and if these problems are resolved, accelerator-based sources may become a com-
petitive option for clinical research. Accelerator-based beamlines could be more 
readily transferred to a radiation oncology center than reactor-based sources.  

    2.4   A State-of-the-Art Epithermal Neutron 
Irradiation Facility 

 A state-of-the-art epithermal neutron irradiation facility was designed and con-
structed at MIT to meet all of the requirements for a clinical BNCT research facil-
ity with the capability for high patient throughput in support of larger clinical 
trials or more routine therapy. Constructed at the 6 MW MITR, the FCB provides 
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a high-performance irradiation facility suitable for clinical studies and large animal 
experiments that is capable of administering    irradiations to several patients a day 
in support of larger trials or more routine clinical implementation. A  fi ssion con-
verter-based neutron source comprised of a subcritical array of fuel was chosen 
because the reactor core is  fi xed in the center of the surrounding re fl ector/mod-
erator, making it dif fi cult to access core neutrons directly. Figure  2.2  shows an 
isometric view of the FCB epithermal neutron irradiation facility  [  22,   23  ] . Also 
depicted in the lower left-hand corner of Fig.  2.2  are the vertical thermal neutron 
beamline and medical irradiation room that were included in the original design 
of the MITR and provide a high-quality thermal neutron beam for NCT research. 
The  fi ssion converter is presently con fi gured to produce 120 kW by using 11 
standard MITR-II fuel elements cooled with D 

2
 O and was designed and licensed 

to operate up to 250 kW. Considerable increases in neutron source strength are 
therefore possible in the future, which can be achieved by using an optimized 
converter fuel rather than MITR fuel elements or by increasing the reactor power.  
Details on the characteristics and performance of the epithermal neutron beam 
are documented elsewhere  [  44  ] .  

 A shielded horizontal beamline 2.5 m long directs neutrons from the converter to 
the treatment room as shown schematically in Fig.  2.2 . The beamline consists of a 
series of Al (81 cm), Te fl on ®  (13 cm), and Cd (0.5 mm) neutron  fi lter/moderators; a 
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  Fig. 2.2    Isometric drawing of the MITR-II depicting components of the vertical thermal neutron 
beam and (horizontal)  fi ssion converter-based epithermal neutron beam       
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lead photon shield (8 cm); and a large conical collimator 1.1 m long with lead walls 
15 cm thick that is followed by a  fi nal patient collimator. An experimental study of 
radiation damage effects has veri fi ed that the  fl uorine contained in Te fl on ®  is chemi-
cally stable and the material retains adequate mechanical properties during the 
expected lifetime of the FCB  [  23  ] . The 0.42-m-long patient collimator is made from 
a mixture of lead and boron or lithium-loaded (95 % enriched in  6 Li) epoxy that 
extends the beamline into the shielded medical therapy room. The patient collimator 
has provisions for inserting a cassette into the beamline that contains an 8-mm-thick 
lithium metal disc (also 95 % enriched in  6 Li). This  fi lter hardens the neutron beam 
by removing some of the lower energy neutrons and can increase the useful thera-
peutic beam penetration for deep-seated tumors. 

 The neutron beam is controlled by three in-line shutters acting independently 
that are installed along the length of the beamline. The  fi rst of these, starting near 
the reactor core, is the converter control shutter (CCS) that is a 0.5-mm layer of Cd 
followed by a 6.4-mm sheet of aluminum alloyed with boron of natural isotopic 
abundance. This shutter modulates the  fi ssion rate in the converter (and beam inten-
sity) between 1 and 100 % by shielding the converter fuel against thermal neutrons 
incident from the MITR-II re fl ector region. Downstream from the converter fuel is 
a 68-cm-long tank that when  fi lled with light water provides effective neutron atten-
uation. Following this is the mechanical shutter that effectively turns the beam on 
and off (reducing beam intensity by 2–3 orders of magnitude) within 3 s during 
therapy and comprises a large sliding slab to  fi ll a section of the collimator with a 
20-cm thickness of borated (100 mg cm −3   10 B) high-density (  r   = 4.0 g cm −3 ) concrete 
and 20 cm of lead. The room entrance is shielded from direct beam radiation by a 
short hallway as well as a 0.28-m-thick steel door driven by an air motor that opens 
the door in 10 s. 

 The medical room in  Fig. 2.3  is built with 1.1 m-thick walls of high-density con-
crete with a roof of 15 cm-thick steel beneath 55 cm of high-density concrete. The 
wall of the medical room nearest the FCB control console includes a large window 
containing layers of quartz and lead glass as well as mineral oil as shown schemati-
cally in Fig.  2.3 . Inner surfaces of the walls and ceiling are lined with 2.5 cm of 
borated polyethylene to absorb thermal neutrons and reduce activation of the steel-
reinforced concrete walls and steel ceiling. A 1 cm thick boron loaded epoxy ground 
reduces activation of the concrete  fl oor.  

 During operation at full beam intensity, dose equivalent rates outside the medical 
room are a maximum of 12  m Sv h −1  measured behind the rear wall opposite the 
beam, with no signi fi cant neutron contribution. Since the observed values are only 
marginally higher than the nominal background of approximately 8  m Sv h −1  in the 
reactor hall without the converter operating, no additional access control to the 
experimental hall is required when the FCB is in use. Inside the medical room with 
all shutters closed, a dose equivalent rate of 100  m Sv h −1  is apparent at the patient 
position (somewhat higher immediately following an irradiation) that is due entirely 
to photons emanating from the beamline. General area dose rates of approximately 
20  m Sv h −1  are observed away from the patient collimator in the medical room with 
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the reactor at full power, and staff can therefore freely enter the room without the 
need to lower reactor power. 

 The beam centerline in the medical room is 0.42 m above the  fl oor, and the 
patient collimator can be readily con fi gured to provide aperture diameters of 80, 
100, 120, and 160 mm that conveniently extend up to 0.42 m beyond the wall of 
the medical room. The collimator diameter tapers from 0.67 m at its base to 0.3 m 
near the patient, and this, combined with ample (14 m 2 )  fl oor space in the medical 
room allows patients to be comfortably positioned for cranial irradiations in a full 
180° arc around the beam centerline while lying supine on the treatment couch. A 
laser projection illuminates the central axis of the beam to help with patient posi-
tioning as well as optics that penetrate the wall of the collimator to provide a 
beam’s eye view. Prior to commencing an irradiation, the laser and optics are 
withdrawn and replaced with a plug that has a composition identical to the patient 
collimator walls. 

 Four  fi ssion counters positioned in the periphery of the beam near the base of the 
patient collimator operate in pulse mode and serve as integral monitors of the neu-
tron  fl uence as it is delivered to the patient. Fields are prescribed as an integral 
number of counts in these detectors based on a correlation with absorbed dose 
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mal neutron beam       
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measurements that are used to benchmark treatment plans  [  26  ] . Signals are fed to 
NIM electronics, and irradiations are administered with a redundant pair of pro-
grammable logic controlled (PLC) systems that automatically terminates the irra-
diation when the integrated counts on any of the four beam monitors reach the 
prescribed target. Data from instrumentation in the FCB cooling system and beam-
line shutters are also fed to the PLCs, which are programmed with automated inter-
locks to help ensure the safety of the patient and operational staff alike. The facility 
is operated from the control console that includes a dedicated computer for display-
ing progress of an irradiation and archiving data from the PLCs. During an irradia-
tion, the patient and his or her vital signs are monitored through the shielded viewing 
window and closed-circuit cameras which contain an integrated audio system for 
two-way communication between the medical room and control console. 

 Prior to commencing an irradiation, a series of safety interlocks must be satis fi ed 
before the shutters can be opened to turn the beam on. The prescribed monitor units 
are entered using a numeric keypad on the console. The operator commences ther-
apy with a single pushbutton, and the PLCs issue commands to open each shutter in 
sequence and initiate data acquisition. It takes 2 min for all shutters to open. Monitor 
counts accumulate continuously on the updated display. The PLCs repeatedly inter-
rogate all safety interlocks, check that the accumulated monitor counts are below 
the preset targets, and store the data to the computer in programmed intervals of 
10 s. Like conventional radiotherapy machines, no other actions are required from 
the operator unless they need to intervene, for which there is a manual override that 
terminates an irradiation by closing shutters or scramming the reactor. When the 
accumulated counts on any one of the four beam monitors  fi rst reach the set target, 
the PLCs signal all shutters to close. To defend against overexposures that might be 
caused by some mechanical or electrical failure during shutter closure, programmed 
safety interlocks automatically scram the reactor if any channel exceeds 102 % of 
the prescribed target value  [  21,   54  ] . 

 Controls for opening shutters are deactivated when the shield door to the medical 
room is open to help prevent inadvertent beam exposure of staff inside the room. 
The entrance to the medical room is equipped with motion sensors that stop side-
ways movement of the pneumatically operated 11 t shielding door if anyone is in the 
vicinity and pressure-sensitive strips run along its leading edge to stop the door 
upon any contact. 

 Loss of building power would automatically scram the MITR-II, but if electrical 
power fails only to the medical area, uninterruptible power supplies keep the PLCs, 
computer, and other vital instrumentation running for at least 20 min to enable an 
irradiation  fi eld to be completed as planned. The mechanical shutter can be rapidly 
closed using a hand crank located on the outside of the room, while the water shutter 
and CCS close automatically under the force of gravity. The shielding door can also 
be opened by hand in an emergency to quickly gain access to the medical room. 

 The  fi ssion converter concept has proven suitable for obtaining a high-purity beam 
of epithermal neutrons for BNCT with intensities that result in irradiation times as 
short as a few minutes. The relatively low power (120 kW) generated in the converter 
illustrates the ef fi ciency of the  fi ssion process for producing epithermal beams and 
the feasibility of small reactor-based sources for dedicated use in a hospital. 
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 Since the MITR-II is not dedicated solely to BNCT research, the FCB operates 
independently of other experiments and does not affect regular reactor operation. 
The beamline is presently optimized for brain tumor studies although it can be eas-
ily recon fi gured to treat other disease sites. The operational characteristics of the 
facility closely match those established for conventional radiotherapy, which 
together with nearly optimum beam characteristics ensure that the FCB is capable 
of determining whether the radiobiological promise of this cellular tumor-targeting 
therapy can be realized in routine practice.  

    2.5   Summary 

 This short chapter provides some guidance for those planning to design and con-
struct reactor-based epithermal neutron irradiation facilities for neutron capture 
therapy. Important performance capabilities for these facilities are presented, and 
different approaches for using reactors as epithermal neutron irradiation facilities 
are described. Reactor-based facilities that are presently available generally meet 
the requirements for clinical studies with more recently constructed facilities mak-
ing important advances in terms of patient comfort,  fl exibility, and ease of use. A 
few of the newer facilities can support larger clinical trials with high patient through-
put that is typical of more routine clinical application. Patient throughput and devel-
opment of BNCT are presently not restricted by the characteristics of existing 
reactor-based facilities but rather by the level of resources committed to BNCT that 
in some programs are by necessity centered at institutes hundreds of kilometers 
away instead of nearby hospitals. Epithermal neutron beams designed for BNCT 
have been optimized based upon established clinical programs and the trial experi-
ence gathered thus far. Additional optimization or customization may become desir-
able as more data are accrued and a clinical rationale is developed for exploring 
other tumors outside the brain. Although gains from these optimizations are likely 
to be small compared, for example, with those derived from improved boron target-
ing, new facilities should nevertheless seek to incorporate  fl exibility into beamline 
designs to be able to realize the full bene fi t of progress in clinical research. At pres-
ent, a strong basis for widespread implementation of BNCT does not exist, and it is 
dif fi cult to envision a major demand for new neutron sources. New reactor-based 
BNCT facilities could be constructed if needed by modifying more research reac-
tors as described in this chapter or by using currently available and well-proven 
technology to construct low-power ultrasafe reactors.      
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   3.1   Introduction    

 Boron neutron capture therapy (BNCT), as testi fi ed by the present book and the lively 
biennial series of international conferences held uninterruptedly around the world 
since 1982, is considered by a signi fi cant international community as a promising 
option for the treatment of certain types of cancer  [  37,   53  ] . While a great deal of prog-
ress has been made and will continue to be made using nuclear reactors, we are con-
vinced that the advancement of BNCT requires neutron sources suitable for installation 
in hospital environments. Low-energy particle accelerators are most appropriate for 
this purpose and can be constructed for modest cost, comparable to that of other con-
ventional radiotherapy medical devices  [  7  ] . Furthermore, it is highly likely that the 
presence of these devices in specialized health-care institutions may be decisive for 
the future of BNCT in terms of a qualitative improvement in our ability to gather data 
and experience, patient recruitment, on-site resources, and institutional commitment. 
A major advantage of accelerator-based BNCT (AB-BNCT) over reactor-based neu-
tron sources is the potential for siting within a hospital.    Accelerators offer a number of 
advantages over reactor-based sources for clinical applications: (a) Accelerators can 
be easily turned off when the neutron  fi eld is no longer required while reactors have a 
large permanent inventory of radioactive material. This, and the fact that neutrons are 
not produced via a critical assembly of  fi ssile material, means that licensing and regu-
lations associated with installing and maintaining the neutron source are substantially 
simpli fi ed. (b) The capital expense of an AB-BNCT system is likewise substantially 
lower than that associated with the installation of a reactor system in or near a hospital. 
(c) Accelerators have been a prominent feature of radiotherapy departments in hospi-
tals for years, and hence, clinicians have a long-standing experience with similar 
devices for patient irradiation. (d) Very importantly, the neutron energy spectrum from 
certain nuclear reactions is much “softer” (less energetic) than the one coming from 
 fi ssion, which makes it easier to generate the “ideal” epithermal neutron spectrum 
needed to treat a deep-seated tumor, and hence, the quality of the neutron  fi eld can be 
designed to signi fi cantly exceed the quality of the neutron  fi eld for reactor-based neu-
tron sources. 

 In this chapter, a variety of possible charged-particle-induced nuclear reactions 
and the characteristics of the resulting neutron spectra will be discussed along with 
corresponding particle accelerators as neutron-producing sources. Different past 
and present efforts to develop such facilities worldwide will be described including 
an ongoing project to develop a tandem-electrostatic-quadrupole (TESQ) accelera-
tor for accelerator-based (AB)-BNCT.  

    3.2   Different Neutron-Producing Reactions 
of Interest for Accelerator-based BNCT 

 There are basically two ways of producing neutrons. The  fi rst one is nuclear  fi ssion 
of  235 U induced by thermal neutrons, taking place in nuclear reactors, and it is the 
one which has been used so far for BNCT. The neutrons emitted from the  fi ssion 
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fragments are quite energetic. They can be well represented by the following distri-
bution:  F ( E ) = 0.770 √ E  exp(−0.775 E ). This spectrum extends out to 10 MeV and 
has an average energy of about 2 MeV. These neutrons have to be moderated, either 
to thermal energies to treat super fi cial lesions (in the context of BNCT, these are 
neutrons of energies below 0.5 eV) or to epithermal energies (energies in the inter-
val 0.5 eV–10 keV, ideally centered near the upper end of this range) for deep-
seated tumors in order to spare the healthy tissue allowing for  fi nal moderation in 
the tissue located between the skin entrance point of the patient and the tumor site. 

 The other process is a nuclear reaction induced by charged particles. Namely, a 
certain projectile, accelerated to a suf fi ciently high energy to overcome the repul-
sive Coulomb barrier, impinges on an appropriate target nucleus leading to a “resid-
ual” or product nucleus and a neutron. There are two types of reactions, from the 
energetic point of view: Those called exothermic, which do not require a minimum 
kinetic energy of the projectile (except for the one to overcome the Coulomb repul-
sion). For these reactions, the  Q  value is positive ( Q  is equal to the energy associated 
with the rest mass  M  

i
  c  2  of the incoming particles minus  M  

o
  c  2  of the reaction prod-

ucts). A typical example is the d + d reaction (a deuteron impinging on another deu-
teron) to produce the residual nucleus  3 He and a neutron. The  Q  value is 3.270 MeV 
and the neutron energy at negligible projectile energy is 2.451 MeV, even larger 
than the average  fi ssion neutron energy. The other type of reaction is called endo-
thermic and requires a minimum threshold energy to take place. Near this threshold, 
the neutron energy is very low, so that the use of these neutrons for BNCT is very 
ef fi cient. 

    3.2.1   The Endothermic  7 Li(p,n) 7 Be and  9 Be(p,n) 9 B Reactions 

 The most popular endothermic reaction for AB-BNCT is  7 Li(p,n) 7 Be (a notation 
equivalent to  7 Li + p →  7 Be + n). The  Q  value is −1.644 MeV (the minus sign shows 
explicitly the endothermic character), and the threshold energy for the impinging 
proton is 1.880 MeV (the relation between  Q  value and threshold energy  E  

th
  is given 

by the center of mass, c.m., to lab transformation,     th p t t( ) /E Q M M M= +   ; p stands 
for projectile and t for target). At this bombarding energy, the neutron is emitted 
with zero energy in the c.m., it moves in forward direction following the c.m. and 
has about 30 keV kinetic energy in the lab frame. This energy is not very far from 
the epithermal regime. There are in fact proposals to work in this regime  [  29–  31  ] . 
Below 1.92 MeV, the function is bi-valued re fl ecting the fact that the velocity of the 
isotropically emitted neutron in the c.m. frame is smaller than the c.m. velocity in 
the lab leading to its con fi nement to forward angles in the lab frame. At 1.91 MeV, 
the maximum and average neutron energies are 105 and 42 keV and the maximum 
and average emission angles are 60° and 28°  [  39,   40  ] . This angular con fi nement 
(“kinematic collimation”) allows for a very ef fi cient utilization of the neutrons (in 
terms of the ratio of utilized neutrons/produced neutrons). Even for energies well 
above the threshold, the emission pattern in the lab is mainly concentrated in the 
forward hemisphere, and neutron energies for angles larger than 90° are small. 
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 In addition to the kinematics of the reaction, it is important to examine the cross 
section as a function of the proton energy in the lab which will determine the actual 
neutron production. Figure  3.1  shows a very steep rise from the threshold on and a 
small plateau starting at about 1.93 MeV (reaching a value of 270 mb) before the 
pronounced resonance at 2.25 MeV (reaching 580 mb). This translates, as examples, 
into the following values for total thick target Li neutron yield: 6.3 × 10 9  n/(mA s) 
for 1.89 MeV and 5.8 × 10 11  n/(mA s) for 2.3 MeV proton bombarding energy ( [  40, 
  41  ] ; see also Table  3.1 ).   

 Working near threshold would require very little moderation (at 1.89 MeV, the 
maximum neutron energy is 67 keV) but at the same time, would impose a very 
stringent demand on the energy/voltage stability of the accelerator of 0.1 %  [  4  ]  
in order to maintain the production rate suf fi ciently constant. In our studies  [  10–  12  ] , 
we have concluded that 2.3 MeV incident proton energy is a very good compromise 
between an already signi fi cant value of the production cross section (taking advan-
tage of the resonance) and still a suf fi ciently low maximum neutron energy of 
573 keV (the exact value of the best energy may depend, though, on the tumor 
depth). The minimum neutron energy is 35 keV (at an angle of 180 o ), and the aver-
age energy is 233 keV for a thick target (a thick target is de fi ned as one in which the 
projectile looses enough energy to cross below the reaction threshold). One sees that 
working with an endothermic reaction has the advantage of having a much softer 
neutron spectrum as compared to the  fi ssion one. Fast neutrons (de fi ned, in the 

1.5  2.0 2.5 3.0 3.5 4.0 4.5 5.0
 

 

 

 

 

 

0

100

200

300

400

500

600

1.880 MeV (threshold)

7Li(p,n)7  Be

C
ro

ss
 s

ec
tio

n 
(m

b)

Proton energy (MeV)

  Fig. 3.1    Reaction cross section for  7 Li(p,n) for different proton bombarding energies. The pro-
nounced resonance is at 2.25 MeV  [  42  ]        
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 context of BNCT, as having energies larger than 10 keV) are very radiotoxic and 
have no selectivity whatsoever (they are at the opposite end of the philosophy sought 
for in BNCT). These neutrons transfer their energy to recoil protons through elastic 
collisions, and these low-energy protons have a high linear energy transfer (LET) 
and hence a high ionization density leading to a large relative biological effective-
ness (RBE) value. For reference, a 20 keV proton has a LET of 59 keV  m m −1  in 
water  [  52  ] . (It is worth remembering that the maximum in the RBE vs. LET curve 
lies in the region 100–150 keV  m m −1 .) They have to be avoided by all means in a 
therapeutic beam. Neutron  fi ltering and moderation from a  fi ssion spectrum down 
to a pure epithermal spectrum is an inef fi cient and dif fi cult undertaking (to put this 
into numbers, it is interesting to recall that a 0.1-MW reactor produces 10 16  n/s vs. 
10 13  n/s for a 10 mA proton beam on a Li target at 2.3 MeV). The best option is to 
use a process which minimizes the production of fast neutrons in the  fi rst place. 

 To use the  7 Li + p reaction would hence demand an accelerator of 2.3 MV “effec-
tive” voltage if it is a single-ended machine (the term effective is to indicate that it 
is not necessarily an electrostatic voltage, e.g., if the accelerator is electrodynamic) 
or 1.15 MV if it is a tandem (we shall discuss the different accelerator options later 
on). In addition, the necessary therapeutic thermal neutron  fl ux of the order of 
10 9  n cm −2  s −1  at the tumor position demands relatively high currents (order of tens 

   Table 3.1    For    different neutron-producing reactions, the table lists the threshold and bombarding 
energy, the total thick target neutron production for different bombarding energies, the percentage 
for which the maximum neutron energy is less than 1 MeV, and the maximum and minimum neu-
tron energies  [  17,   22,   39,   40  ]    

 Reaction   E  
th
  (MeV)   E  

in
  (MeV) 

 Total 
production 
(n/mA s) 

 Fraction 
 E  

n
  < 1 MeV (%)   E  

n,max
  (keV)   E  

n,min
  (keV) 

  7 Li(p,n) 7 Be  1.880  1.880  0  100  30  30 
 1.890  6.3 × 10 9   100  67  0.2 
 2.500  9.3 × 10 11a   100  787  60 
 2.800  1.4 × 10 12b   92  1,100  395 

  9 Be(p,n) 9 B  2.057  2.057  0  100  20  20 
 2.500  3.9 × 10 10   100  574  193 

  9 Be(d,n) 10 B  0  0  0  50  3,962  3,962 
 1.500  3.3 × 10 11   50  4,279  3,874 

  13 C(d,n) 14 N  0  0  0  75  4,974  4,964 
 1.500  1.9 × 10 11   70  6,772  5,616 

  12 C(d,n) 13 N  0.327  0.327  0  100  4  3 
 1.500  6.0 × 10 10   80  1,188  707 

 d(d,n) 3 He  0  0  0  0  2,451  2,451 
 0.120  3.3 × 10 8c   0  2,898  2,123 
 0.200  1.1 × 10 9   0  3,054  2,047 

 t(d,n) 4 He  0  0  0  0  14,050  14,050 
 0.150  4.5 × 10 10   0  14,961  13,305 

   a Average between the values reported in Colonna et al.  [  17  ]  and Lee and Zhou  [  39,   40  ]  
  b Allen and Beynon  [  2  ]  
  c Ganda et al.  [  22  ]   



46 A.J. Kreiner

of mAs), and here is where the real challenge lies. The high-power density depos-
ited in the target material, here metallic Li in the most ef fi cient case, is very high (of 
the order of 1 kW cm −2 ), and its cooling represents a challenging technological 
problem in itself, particularly in view of the rather low melting point (180.5 K) and 
thermal conductivity (85 W m −1  K −1 ) of Li. 

    Finally, a brief comment about the other endothermic reaction induced by pro-
tons on Be. As shown in Table  3.1 , the yield of the  9 Be(p,n) 9 B reaction at 2.5 MeV 
is much lower than the one of protons on Li at the same energy. In order to get a 
comparable production, one has to go to energies of about 4 MeV. At these bom-
barding energies, the average neutron energy is signi fi cantly higher than for the 
p + Li case (between 1.1 and 2.1 MeV), and in addition, the effective voltage has to 
be 4 MV (or 2 MV for a tandem) which increases the cost of the accelerator 
signi fi cantly. Such a facility is actively pursued by the LNL-INFN Italian group  [  15  ]  
but to generate thermal neutrons and treat super fi cial lesions.  

    3.2.2   Exothermic-Deuteron-Induced Reactions 

 We shall now discuss several deuteron-induced nuclear reactions which have been 
mentioned in the literature in the context of AB-BNCT. The best option would be a 
reaction at low projectile energy (which means low voltage and hence a less expen-
sive machine), low neutron energy (avoidance of fast radiotoxic neutrons, ease of 
moderation, and ef fi cient use of the produced  fl ux), and large production cross sec-
tion (means less primary beam intensity). Table  3.1  gives some information on the 
energetics and thick target total yield of different neutron-producing reactions. 

 The so-called “fusion” reactions d + d and d + t have already signi fi cant yields at 
very low energies (e.g., 120 keV), but their high  Q  values (especially for d + t, this 
value is 17.59 MeV) lead to very high neutron energies and also to near-isotropic 
emission in the lab frame. The devices used to accelerate the deuterons or tritons, 
usually in the 100–200 keV energy range, go by the name of neutron generators. 
They are advantageous from the point of view of the required voltage. Quite sophis-
ticated compact neutron generators are being developed  [  18  ] , but extremely high 
currents are necessary to generate  fl uxes useful for BNCT due to limited yield in the 
appropriate energy range and inherent inef fi ciency associated with high-energy and 
isotropic neutron production. These sources can generate 10 12  d-d n/s and 10 14  d-t n/s, 
respectively. The d-t case is disfavored by its very high neutron energies (which 
demand large moderation and shielding volumes) and by the known dif fi culties 
associated with working with tritium, particularly in a hospital environment. In the 
 fi rst case, a 2 A deuteron current at 200 keV is designed to produce a source inten-
sity of 2.3 × 10 12  n/s, which is still, for the d-d reaction, a factor of about 30 too short 
of the intensity needed for treating a deep-seated tumor with BNCT. Already at 
these levels, the cost of electricity (400 kW) becomes excessive. The possibility has 
been envisaged  [  22  ]  of coupling this d-d generator with a subcritical  fi ssion assem-
bly as a neutron multiplier. Such a device is likely to become too complex and 
expensive to be installed in a hospital. 
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 The d-d reaction has also been studied  [  13  ]  at higher energies up to 1.3 MeV to 
explore its applicability to skin tumor treatment (i.e., as a source of thermal neu-
trons). A thick TiD 

2
  target and heavy water moderation (of 30 cm depth) would 

yield a useful thermal  fl ux of 10 9  n cm −2  s −1  at the tumor position with a deuteron 
beam of about 100 mA. A single-session BNCT treatment would demand 170 min 
under these conditions. These numbers are still marginal. On the other hand, the 
use of the  9 Be(d,n) 10 B leads to very acceptable results for the treatment of 
super fi cial lesions  [  13  ]  which will be discussed in the following. This reaction has 
often been mentioned in the past as a possible source of neutrons for BNCT (e.g., 
 [  17  ] ). Being an exothermic reaction, it has the advantage of no threshold and a 
signi fi cant neutron production cross section at relatively low energies. Its draw-
back is its high  Q  value which leads to signi fi cant fast neutron production (about 
4 MeV for 1.5 MeV bombarding energy, see Table  3.1 ). There is however a very 
interesting feature of this reaction noted some time ago  [  25  ] .  10 B, the heavy prod-
uct in the  7 Be(d,n) reaction, being a doubly odd nuclide, is already a relatively 
complex nucleus. It has a number of excited states, but in particular, it has three 
states at excitation energies between 5.1 and 5.2 MeV which are strongly popu-
lated as soon as they become energetically accessible. Hence, if the  fi nal state is 
one of that group, the reaction becomes effectively endothermic and the emitted 
neutrons have very small energies depending on the exact bombarding energy. 
The  Q  value is −0.802 MeV and the corresponding threshold is 0.981 MeV. At 
1.2 MeV bombarding energy, the maximum neutron energy is only 297 keV (and 
the minimum is 68 keV). This fact opens the possibility for suppressing most of 
the fast neutrons produced in this reaction. If one takes a thin Be target (about 
2  m m thick), so that a 1.2 MeV deuteron looses about 100 keV, the whole fast 
neutron production from 1.1 MeV downward is suppressed while the low-energy 
neutron production remains intact. Under these circumstances, a thin Be target 
and heavy water moderation (of 15 cm depth) with a 20 mA beam allow a single-
session BNCT treatment in 48 min  [  13  ] . This means that for super fi cial lesions, a 
single-ended machine of 1.2 MV in the terminal would suf fi ce, while a tandem 
would only require 600 kV. This kind of machine is envisaged as an intermediate 
step in a project under development  [  34,   36,   37  ] . In addition, the thermomechani-
cal properties of Be are quite good as compared to Li: a melting point of 1,290 K 
and a thermal conductivity of 190 W m −1  K −1 . More recently, this reaction has been 
studied by our group in connection with epithermal deep-seated tumor treatment 
with encouraging results  [  14  ] . 

 To complete the discussion of the reactions shown on Table  3.1 , we have to con-
sider carbon as a target, which has excellent thermomechanical properties: a melt-
ing point of 3,550 K and a thermal conductivity of 230 W m −1  K −1 . It is a very stable 
material, and the construction of a target is relatively simple. The  12  C( d , n ) 13  N reac-
tion is not competitive due to its low neutron production, but  13  C( d , n ) 14  N at 1.5 MeV 
bombarding energy is characterized by a relatively large yield with interesting spec-
tral features for AB-BNCT. This reaction has been studied both by  [  17  ]  and by our 
group in collaboration with scientists from LABA-MIT  [  9  ] , and there is some prom-
ise here in the case of low-energy machines.   
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    3.3   Beam-Shaping Assemblies 

 As shown above, from the neutronics point of view, the  7 Li(p,n) 7 Be reaction, in the 
1.9–2.5 MeV range, is the best choice, in particular, for deep-seated tumors. The 
main advantages of this reaction are its high yield at the lowest bombarding energy 
and at the same time its low-energy neutron spectrum (average energy in the 
34–326 keV range). The moderation volumes necessary to get rather pure epither-
mal neutron spectra out of the beam-shaping assemblies (BSAs) are modest and 
smaller than for other target materials. A small BSA implies fewer neutron losses 
due to capture reactions, with higher useful  fl ux per unit accelerator current. The 
problem of an optimal BSA has been thoroughly studied in the last decade, includ-
ing geometry, proton energy, and materials  [  6  ] . These authors proposed an optimal 
BSA in the 2.1–2.6 MeV proton energy range consisting of (a) a 22-cm-deep  7 LiF 
moderator for 2.3 MeV protons and (b) a 34-cm-deep Al/AlF3 moderator for 
2.4 MeV protons, in both cases surrounded by an Al 

2
 O 

3
  re fl ector. For a 20 mA 

beam, the treatment times were 40 and 54 min, respectively. The advantage depths 
(AD, depth where the tumor dose equals the limiting healthy skin tissue dose) of 
the  7 LiF and Al/AlF 

3
  moderated beams of 9.5 cm were found to be about 1 cm 

more than that of the Brookhaven Medical Research Reactor beam (the one in use 
at that time). These more penetrating beams lead to a signi fi cantly increased tumor 
dose at depth (50 % at 8 cm) and represent a clear clinical advantage. Hence, it 
became clear  [  50  ]  that the spectral distribution of the neutrons and the associated 
depth-dose distribution are essential to determine the tumor control probability 
(TCP, see  [  46  ] ). In our studies  [  8,   12  ] , we have come up with an optimal BSA con-
sisting of a 34-cm-thick Al/PTFE/LiF moderator and a Pb re fl ector. A 30 mA pro-
ton beam on Li leads to a TCP of 98 % at 6.4 cm inside the brain (keeping the 
maximum healthy tissue dose at 11.6 Gy-Eq, namely, below the limit at 12.5 Gy-Eq) 
in a 27-min treatment. The AD for that beam and BSA turns out to be 11.5 cm. 
Figure  3.2  shows the general layout of such a BSA. Further studies exploring sys-
tematically the geometry and the impinging proton energy have essentially 
con fi rmed these results  [  44  ] .   

    3.4   Accelerators and Facilities 

 In spite of the long history of BNCT, there has not been to date a single accelerator-
based facility with the necessary characteristics to carry out a BNCT clinical pro-
gram in an optimized way. There are many different types of accelerators ranging 
from low-energy electrostatic machines to higher energy cyclotrons and to still 
much higher energy linacs or synchrotrons, which are being considered for neutron 
production and BNCT. However, these latter machines produce neutrons with ener-
gies far too high for BNCT purposes, and while “brute force” moderation can be 
applied (namely large enough moderation assemblies), high-energy neutron tails 
are likely to survive. In addition, these facilities may lend themselves for experi-
mental programs but are unlikely to provide the optimal solution in terms of space 
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and cost for BNCT to become a widespread hospital-based modality. Hence, we 
shall here limit the discussion to past and ongoing attempts to build and develop 
high current (beyond the mA range) proton accelerators of a few MV (1–3 MV) to 
be used in connection with one of the best endothermic reactions discussed above 
(namely, protons on Li or Be). For the most part, these machines have been and still 
are electrostatic, and we shall start with them. 

    3.4.1   Electrostatic Accelerators 

 Work conducted during the 1990s in Lawrence Berkeley Lab (LBNL) was aimed at 
developing a 2.5 MeV, 100 mA proton single-ended electrostatic machine  [  3,   38  ] . 
The innovation consisted in considering electrostatic quadrupoles (ESQs) to pro-
vide suf fi ciently strong transverse focusing to counteract space charge effects of the 
intense beam. This machine never got built, and the major challenge was in develop-
ing the proper power supply system. A thin Li target on a Cu or Al backing with 
microchannels and convective water cooling was developed, demonstrating that for 
a 50-kW load, the target remained below the Li melting point  [  43  ] . 
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  Fig. 3.2    Beam-shaping assembly for TESQ accelerator  [  8  ]        
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 Another very important milestone in the development of an AB-BNCT facility 
was the compact tandem promoted at the Laboratory for Accelerator Beam 
Applications at MIT  [  28,   51  ] . This machine operated up to voltages of 2 MV (4 MeV 
proton and deuteron beams) and currents of the order of 1 mA. An active research 
program, including animal studies aimed at developing BNC synovectomy, unfolded 
around that machine. 

 A currently active AB-BNCT program is based around a 3 MV Dynamitron 
accelerator in the School of Physics and Space Research at the University of 
Birmingham, UK  [  2,   24  ] . It is a single-ended machine enclosed in an SF6- fi lled 
pressurized vessel and, the high voltage is generated through recti fi ed RF power 
 [  16  ] . At Birmingham, this machine operates regularly at 2.8 MV and 1–2 mA and is 
entirely and successfully devoted to multiple aspects of the AB-BNCT activity (e.g., 
 [  23  ] ). It operates with a heavy water submerged jet-cooled solid Li target (Scott, 
private communication, 2008) and a Fluental-based beam-shaping assembly (BSA) 
with a beam port at 90° to the vertical beam direction. In order to conduct an optimal 
clinical program, this facility would need an upgrade in terms of beam current. This 
same machine, with an upgraded ion source, is proposed as the core of a BNCT 
facility which is intended to operate at 2.8 MeV and 20 mA on a thin solid Li target 
at about 0.5 kW cm −2  power density  [  20  ] . 

 Another facility under development is based around a vacuum-insulated compact 
tandem at the Budker Institute of Nuclear Physics in Novosibirsk, Russia  [  4  ] . The 
goal for this facility is the production of near-threshold neutrons from the p +  7 Li 
reaction at about 1.9 MeV and currents up to 10 mA. First low current tests have 
been performed  [  5  ] . Progress has been made in the design and construction of a 
solid Li target which can be evaporated within the vacuum of the beam line  [  48  ] . To 
date, the maximum currents achieved are at about 2.7 mA  [  1  ] . 

 There is also another installation under development around a high current cas-
cade generator  [  33  ]  at the IPPE, Obninsk, Russia, which has so far operated at 
2.3 MeV and 3 mA. 

 Finally, a project to build a tandem-electrostatic-quadrupole (TESQ) accelerator 
facility is under development in Argentina  [  34–  37  ]  based on the ESQ concept devel-
oped at LBNL. The machine being designed and constructed is a folded TESQ with 
a terminal of up to 1.2 MV intended to work in air, to avoid the need for a pressure 
vessel and for an insulating gas installation. The project aims at developing a machine 
capable of delivering a proton beam of about 2.4 MeV and 30 mA to irradiate a Li 
metal (or a refractory Li compound) target in order to produce a high-quality thera-
peutic neutron beam (i.e., with the least possible fast neutron contamination) after 
appropriate beam shaping. The general geometric and mechanical layout, its associ-
ated electrostatic  fi elds, and the acceleration tube have been simulated using a 3D 
 fi nite element codes. The electromechanical structure including the high voltage col-
umn, the accelerator tubes, the generators, and the power supplies is under construc-
tion. Beam transport calculations through the accelerator have been performed 
 [  41,   49  ]  using the self-consistent 3D code WARP  [  21  ]  and other  fi nite element codes. 
Likewise, work related to strippers and neutron production targets is in progress, and 
a prototype of an optimized beam-shaping assembly is completed  [  8,   44  ] .  
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    3.4.2   Electrodynamic Machines 

 There are presently two ongoing projects to develop AB-BNCT facilities based on 
radiofrequency machines. The  fi rst one to be commented on, currently in its  fi nal 
construction phase, is the AB-BNCT project at the  Laboratori Nazionali   de Legnaro  
(LNL) of the Italian INFN organization  [  45  ]  based on a high-intensity radiofre-
quency quadrupole operating at 5 MeV proton energy and 30 mA and intended to 
be used, with the  9 Be(p,xn) reaction, for the development of a thermal neutron 
source for the treatment of skin melanoma  [  15,   19  ] . A high power (150 kW) and 
quite sophisticated solid Be target has already been developed and the correspond-
ing BSA designed. 

 The second project is based on a superconducting linac, currently under con-
struction at the Soreq research center, Israel. The high-intensity proton beam (of 
about 2 MeV and 2–4 mA) will be converted in a liquid Li target con fi gured as a 
windowless forced  fl owing Li jet  [  26,   27  ] . 

 These interesting projects are based on machines which are likely to be more 
expensive and complex than electrostatic ones for hospital-based facilities. 

 It should  fi nally be mentioned that there is a 30 MeV proton cyclotron being cur-
rently installed at Kyoto University in combination with a Be target, to start clinical 
work in the near future  [  47  ] .   

    3.5   Summary and Conclusions 

 The advancement of BNCT requires neutron sources suitable for installation in hos-
pital environments. Low-energy particle accelerators are most appropriate for this 
purpose. Furthermore, it is highly likely that the presence of these devices in special-
ized health-care institutions may be decisive for the future of BNCT. Major advan-
tages of accelerator-based BNCT (AB-BNCT) over reactor-based neutron sources are 
(a) the potential for siting within a hospital; (b) less radiation hazards; (c) larger sim-
plicity in licensing, installation, and maintenance; (d) substantially lower capital 
expense than that associated with the installation of a reactor system in or near a hos-
pital; and (e) very importantly, the neutron energy spectrum from certain nuclear reac-
tions is much “softer” (less energetic) than the one coming from  fi ssion, which makes 
it easier to generate the “ideal” epithermal neutron spectrum needed to treat a deep-
seated tumor, and hence, the quality of the neutron  fi eld can be designed to signi fi cantly 
exceed the quality of the neutron  fi eld for reactor-based neutron sources. 

 In this chapter, a variety of possible charged-particle-induced nuclear reactions 
and the characteristics of the resulting neutron spectra are discussed along with cor-
responding beam-shaping assemblies and particle accelerators as neutron-producing 
sources. The endothermic reaction  7 Li(p,n) 7 Be at proton energies around 2.3 MeV 
and currents in the 20–30 mA range coupled to appropriate BSAs, with either solid 
or liquid Li targets provides the best solution for the production of epithermal neu-
tron beams for treatment of deep-seated tumors. Possibly, near-threshold operation 
with this reaction is also likely to be a good option. Other reactions at lower energies, 
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like  9 Be(d,n) 10 B at 1.2 MeV, may be possible for the treatment of both super fi cial and 
deep-seated lesions. Different past and present efforts to develop such facilities 
worldwide are described including an ongoing project to develop a tandem-electro-
static-quadrupole (TESQ) accelerator for accelerator-based (AB)-BNCT.      
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          4.1   Introduction    

 Neutron sources are commonly used in research, industry, and clinical applications. 
Many of these are in sealed radiological sources used in petroleum engineering 
(e.g., well logging for oil exploration), in medicine (cancer treatment, pacemakers, 
and diagnostics), in homes (smoke detectors), and to make electricity (in radiother-
mal generators that generate power in remote areas ranging from lighthouses to 
outer space). For example, Cf-252 and Am-Be are used to provide multi-MeV neu-
trons for activation analysis and well logging. Radioactive sources can be portable 
or  fi xed, and most are quite small, ranging from tiny brachytherapy needles or seeds 
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(implanted for localized cancer treatment) to thimble-sized plugs sealed within 
secure capsules for industrial gauges. 

 In recent years, substantial effort has been spent in the development of radio 
frequency (RF) plasma-based neutron generators that can provide high yields of 
neutrons for clinical applications such as boron neutron capture therapy (BNCT). 
By using the D-D fusion reaction, 2.4 MeV neutrons can be produced with a com-
pact generator operating with ~100 keV of deuterium beam energy. Similarly, 
14 MeV neutrons can be produced by the D-T fusion reaction. These RF plasma-
based neutron sources are safe to operate and they can be turned on and off conve-
niently. A number of these D-D neutron generators have already been operating in 
universities, research institutions, and private industries around the world to replace 
the radioisotope neutron sources. In particular, a compact D-D neutron generator 
has been installed in Turin, Italy, for BNCT development. 

 BNCT brings together two components. The  fi rst component is the delivery of 
 10 B – a stable isotope of boron with a large cross section for thermal neutron absorp-
tion – preferentially to the tumor cells with the help of tumor-seeking compounds. 
The second component is a beam of low-energy neutrons. When a thermal neutron 
is captured by  10 B, the reaction  10 B(n, a ) 7 Li occurs, releasing two high-energy ions. 
Because of the high linear energy transfer and relative biological effectiveness 
(RBE) of these ions, only cells in close proximity to the reaction are damaged, leav-
ing adjacent cells unaffected. The enhanced uptake of the boron-labeled agent in 
tumor cells versus normal cells results in selective killing of tumor cells, due to the 
higher dose that can be delivered to them. So far, the neutrons used for BNCT are 
produced mostly in a  fi ssion reactor. In recent years, attempts have been made to 
generate the neutrons by using a compact neutron generator so that one can house 
the complete BNCT system inside a medical facility.  

    4.2   RF-Driven Plasma Source for Neutron Production 

 A compact neutron generator consists of three components: an ion source, an elec-
trostatic accelerator, and a target electrode (Fig.  4.1 ). RF-driven plasma source is 
now commonly used for ion beam generation. A schematic of an RF-driven plasma 
source is shown in Fig.  4.2 . This type of ion source is being used in all compact 
neutron generators developed by the Plasma and Ion Source Technology Group at 
Lawrence Berkeley National Laboratory (LBNL). Three deuterium ion species (D + , 
D  

2
  +  , and D  

3
  +  ) are present in a deuterium gas discharge plasma. The atomic D +  ions 

are preferred for neutron production because they can provide full energy for the 
fusion reaction when they impinge on the target surface. The molecular deuterium 
D  

2
  +   and D  

3
  +   ions will disintegrate into two or three atoms at the target. Each of these 

atoms will carry only one-half or one-third of the beam energy. With lower interac-
tion energy, the fusion neutron production rate will be reduced.   

 The ion source is operated with a 13.5 MHz power supply and an impedance 
matching network. The plasma is produced by RF induction discharge via a copper 
coil antenna covered with quartz tubing. By operating the source with pure deuterium 
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gas (or a mixture of deuterium and tritium gas), D +  ions (or D +  and T +  ions) will be 
extracted from the exit aperture of the source. A simple single gap extraction system 
is used to accelerate the ions to 100 keV or higher energy. An actively cooled Ti 
target electrode is used to catch the accelerated D +  (or D +  and T + ) ion beam. As a 
result, the target surface will continue to be loaded with deuterium (or deuterium 
and tritium). The incoming D +  ions will react with the D atoms on the target surface 
forming the 2.45 MeV D-D neutrons (or the 14 MeV D-T neutrons). This type of 
 beam-loaded target  has been employed in all the neutron generators developed at 
LBNL. It provides a very long-life operation and can be designed in various 
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  Fig. 4.1    An axial-type neutron generator       
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con fi gurations. With a 100 keV, 1 A D +  ion beam, one should be able to achieve a 
D-D neutron yield >10 11  n/s (or D-T neutron yield > 10 13  n/s). 

 Compared with other types of ion sources (such as the Penning discharge source 
used in most commercial neutron generators), the RF-driven ion source has two 
advantages. It can provide high atomic D +  or T +  ion percentage (>90 %), and it can 
easily generate deuterium (or tritium) ion current density higher than 100 mA/cm 2  
with modest RF input power. Figure  4.3  shows the ion species distribution when a 
beam is extracted from a 10-cm-diam RF-driven hydrogen plasma source. It can be 
seen that the atomic ion concentration is higher than 90 % with 1.5 kW of RF input 
power. Similar results are obtained with a deuterium, tritium, or a mixed deuterium-
tritium RF discharge.  

 Figure  4.3  shows the extractable ion current density from the RF-driven plasma 
source increases linearly with the RF input power. In principle, there is no limitation 
on the extractable ion current density as long as the RF power supply is capable of 
providing the required input power. However, for optimal neutron production, the 
beam power density on the target electrode of the neutron generator should not 
exceed 700 W/cm 2 . If the beam energy is 100 keV, the current density should not 
exceed 7 mA/cm 2  on the target surface. In order to increase the neutron yield, one 
has to increase the fusion reaction rate by increasing the total beam current  and  at 
the same time maintaining the optimum beam power density on the target electrode. 
One can meet these two requirements by using multiple beamlet extraction, and at 
the same time, spreading the ion beamlets to a large target surface. 

 The external surface of the ion source chamber is normally surrounded with 
columns of permanent-magnets forming a series of magnetic line-cusp  fi eld for 
plasma con fi nement. This type of  multicusp  plasma source can provide large areas 
of very uniform plasma density (Fig.  4.4 ) that will enable multi-beamlet extraction 
and therefore high neutron output.   
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  Fig. 4.3    Current density as function of RF input power and ion species distribution       

 



594 Compact Neutron Generator for BNCT

    4.3   Compact Neutron Generator for High Neutron Yield 

 Two neutron generator con fi gurations have been used to provide high neutron yield. 
The  fi rst is the  axial-type  con fi guration shown schematically in Fig.  4.1 . In this type 
of generator, the external surface of the ion source chamber is surrounded with col-
umns of permanent-magnets for plasma con fi nement (a  multicusp  ion source). As a 
result, a large area of very uniform plasma density can be formed. Multiple ion 
beams can be extracted from the uniform plasma density region. Figure  4.4  shows 
the cross-sectional view of a 30-cm-diam  multicusp  ion source chamber and the 
radial plasma density pro fi le for three different discharge power. The  multicusp  
source con fi guration enables multi-beamlet extraction and therefore high total beam 
current. 

 Figure  4.5  shows a schematic diagram of a sealed axial-type D-T neutron genera-
tor  [  1  ] . In this system, the RF-driven ion source, the accelerator column, and the 
target electrode are all housed in a sealed metal container without external pumping. 
During operation, deuterium and tritium will be released from the reservoir element 
and the target. After operation, both gases will return to the reservoir element and 
target due to their lower temperatures. The ion beamlets are extracted from one side 
of the ion source. In order to reduce the beam power density, the beamlets are 
focused at the high-voltage electrode. They then spread out to a much larger area on 
the target electrode as illustrated in Fig.  4.5 . With a 150 keV and 2 A mixed D +  and 
T +  beam hitting a well-cooled target, a neutron yield of 10 14  n/s can be achieved over 
long periods of operation.  

 In order to treat deep brain tumor with BNCT, one has to deliver thermal neu-
trons to it. A previous study showed that one ideally needs to supply epithermal 
neutrons with an energy distribution peaking at ~10 keV  [  2  ] . The high hydrogen 
content of the brain slows down the incoming epithermal neutrons in such a way 
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that they become thermalized when they reached the desired depth. Verbeke et al. 
 [  3  ]  and Cerullo et al.  [  4  ]  demonstrated that the 14 MeV D-T neutrons can be moder-
ated to the desired energy range without reducing the neutron  fl ux to a negligible 
level. With the optimal moderator and lead re fl ector con fi guration, a 1-A mixed D + /
T +  beam with energy of 150 keV accelerated onto a titanium target leads to a treat-
ment time of 1 h  [  3  ] . The dose near the center of the brain obtained with this neutron 
generator and moderator system is more than 65 % higher than the dose from a typi-
cal spectrum produced by the Brookhaven Medical Research Reactor and is compa-
rable to the dose obtained by the other accelerator-produced neutron beams. 
Figures  4.6  and  4.7  show the beam-shaping assembly (BSA) design and the result-
ing neutron energy distribution as reported in Ref.  [  3  ] .   

 The second con fi guration is the  coaxial type  of source (Fig.  4.8 ). In this arrange-
ment, the ion source is cylindrical in shape and is located at the center of the genera-
tor. The target is a larger diameter aluminum cylinder with the inner surface coated 
with a layer of titanium. In normal operation, the ion source chamber is at ground 
potential while the target is biased at −120 kV. The plasma is produced by 13.5 MHz 
RF induction discharge. Positive deuterium ions are extracted from the apertures on 
the source chamber wall and they will be accelerated toward the target. When the 
deuterium ions impinge on the titanium target surface, neutrons will be generated 
by the D-D fusion reaction. If the ion source is operated with a mixture of deuterium 
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  Fig. 4.5    Schematic diagram of the sealed axial-type D-T neutron generator       
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and tritium discharge, both D +  and T +  ions will be extracted and accelerated to the 
target cylinder. In this case, both D-T, D-D, and T-T neutrons will be produced. 
Since the D-T reaction has a much larger cross section, most of the neutrons pro-
duced will have energies of 14 MeV.  

 Columns of permanent-magnets are installed in the target chamber so as to sup-
press the secondary emission electrons generated by the ion beams. These electrons 
will constitute a large power supply drain current. They will also generate unwanted 
X-rays when they impinge on the ion source chamber. Since the diameter of the 
target chamber is larger than that of the ion source, the applied electric  fi eld will 
spread the ion beam to a larger surface area. As a result, the beam power density on 
the target electrode is reduced (at least by a factor of  R  

t
 / R  

s
  where  R  

t
  and  R  
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radius of the target chamber and the ion source chamber, respectively). Thus, one 
can produce high neutron  fl ux without overheating the target surface. 

 A photograph of a coaxial type D-D neutron generator is displayed in Fig.  4.9 . 
This generator was developed by LBNL for the EUROSEA Committee in Turin, 
Italy, for BNCT application. Both the ion source and the target electrode are designed 
to operate with a total beam power of 120 kV, 1 A so that a D-D neutron yield higher 
than 10 11  n/s can be achieved. This coaxial neutron generator was delivered to Turin, 
Italy, at the end of 2004. The commissioning of this D-D neutron generator was 
performed in the University of Turin in March, 2005. In order to reduce the treat-
ment time for liver tumor, MCNP computation shows that the neutron yield has to 
increase to about 2 × 10 12  n/s. Different schemes for upgrading the EUROSEA gen-
erator yield to higher than 10 12  D-D n/s have been investigated, and the results were 
reported in the 13th International Congress on Neutron Capture Therapy, November 
2–7, 2008, Florence, Italy.   

    4.4   Moderator Design for the Coaxial Neutron Generator 

 D-D fusion neutrons have energies of 2.45 MeV, and D-T fusion neutrons have 
energies of 14 MeV. These neutrons need to be moderated to the optimal neutron 
energy spectrum for BNCT. MCNP computation code has been employed for the 
moderator design study. Preliminary results have been reported by H. Koivunoro 
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  Fig. 4.9    The EUROSEA Coaxial-type D-D neutron generator       
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et al.  [  5  ] . Figure  4.10  shows one of the moderator designs developed by the Plasma 
and Ion Source Technology Group at LBNL. With the use of a different material 
such as Fluental and iron, one can optimize the neutron energy spectrum for liver 
cancer treatment as illustrated in Fig.  4.11 . In order to optimize the therapeutic ratio, 
various beam shaping assemblies (BSA) have been investigated by E. Durisi et al. 
 [  6  ]  using different materials and geometrical shapes.    

    4.5   Use of a Subcritical Multiplier for BNCT 

 Even though the upgraded coaxial neutron generator can provide a D-D neutron 
source intensity of 2 × 10 12  n/s, it is still an order of magnitude short of the intensity 
needed for BNCT of deep-seated brain tumors. The feasibility of using a small, 
safe, and inexpensive subcritical  fi ssion assembly (SCM) to multiply the D-D fusion 
neutrons from a compact neutron generator (CNS) has recently been investigated 
 [  7  ] . This will enable one to treat deep-seated brain tumors in approximately one 
hour. It was identi fi ed that the optimal design of a passively cooled SCM should be 
made of 20 %-enriched, aluminum clad metallic uranium fuel. The SCM geometry 
was designed so as to increase the solid angle by which the SCM “views” the CNS 
(Fig.  4.12 ); it was arranged as a “cup” shape that surrounds the CNG on three sides: 
 k  

eff
  is 0.98. The required 20 %-enriched uranium amount is 8.5 kg. The required 

SCM power level is estimated at 400 W when driven by a 1 × 10 12  D-D n/s neutron 
source. This translates into consumption of only about 0.5 % of the initially loaded 
 235 U atoms during 50 years of continuous operation. It thus appears that the SCM 
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  Fig. 4.10    A beam shaping assembly (BSA) for liver cancer treatment       
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could operate continuously for the entire lifetime of the machine without refueling. 
Also as desired, cooling the SCM does not pose a challenge; it may be accom-
plished passively; i.e., without resorting to forced circulation.  

 Two optimal beam shaping assembly (BSA) designs were identi fi ed: one for 
maximizing the dose rate (illustrated in Fig.  4.13 ) and the other for maximizing the 
total dose that can be delivered to a deep-seated tumor. The maximum dose rate that 
can be delivered by the former is 10.1 Gy/h, and the maximum dose that can be 
delivered by the latter is 51.8 Gy. The former features a harder neutron spectrum 
and relatively high neutron dose component to the skin, while in the latter the neu-
tron, gamma-ray, and boron-dose components in the skin are comparable. The cor-
responding maximum dose rates that can be delivered to the tumor are 10.1 Gy/h 
and 51.8 Gy.  

 The study concludes that the addition of a SCM makes it possible to increase the 
treatment beam intensity by a factor of 18 – from 0.56 to 10.1 Gy/h, with the CNS 
intensity of 1 × 10 12  n/s. Therefore, a practical BNCT facility based on the optimal 
system identi fi ed in this study could deliver the desired tumor dose in less than an 
hour, if either one of the following approaches is adopted: (1) irradiating the patient in 
3 to 4 one-hour sessions; (2) irradiating the patient using 3 or 4 beams simultaneously; 
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  Fig. 4.11    Moderated neutron spectra for D-D and D-T neutrons       
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  Fig. 4.12    Cross-sectional view of the “cup shape” SCM that surrounds the CNS       
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  Fig. 4.13    Cross-sectional view of the BSA design that maximizes the dose rate       
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or (3) increasing the permissible SCM maximum  k  
eff

  to 0.995. However, if the CNS 
intensity of 2.3 × 10 12  n/s could be achieved, the above mentioned remedies would not 
be needed.  

    4.6   Summary 

 In summary, compact neutron generators based on the D-D and D-T fusion reac-
tions can provide the required neutron yield for boron neutron capture therapy. Two 
neutron generator con fi gurations have been developed to meet the BNCT require-
ment. These compact neutron generators coupled with the proper moderator design 
and ef fi cient boron-10 compound can provide a low cost and easy to operate BNCT 
facility well-suited for installation in the hospital environment.      
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    5.1   Physical    Properties of Californium-252 

 In November 1952, the isotope Cf-252 was discovered in the debris from the MIKE 
thermonuclear test at Enewetak  [  1  ] . Early investigations of its properties indicated 
a half-life of between 2 and 3 years (actually 2.645 years) and signi fi cant branching 
fractions for decay by spontaneous  fi ssion (SF), making Cf-252 an especially good 
and compact source of neutrons. Due to its availability in macroscopic quantities, 
Cf-252 has been one of the most extensively studied transplutonium isotopes. Most 
of the effort has been directed at understanding the spontaneous  fi ssion properties, 
some of which are summarised in Table  5.1 . These properties make Cf-252 one of 
the most useful neutron emitters out of all the ~3,000 known radionuclides. Though 
isotopes such as Cf-254 and Md-260 have higher rates of spontaneous  fi ssion, their 
half-lives are too short, i.e. weeks, to permit large-scale fabrication. The majority, 
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96.9 %, of Cf-252 decays are through alpha decay, but due to the nature of encapsu-
lation, these He-4 nuclei do not escape the con fi nes of the source. A small 3.092 % 
but signi fi cant proportion of Cf-252 decays via spontaneous  fi ssion which produces 
 fi ssion fragments, as well as a neutron yield of 3.768 n/ fi ssion (2.31434 × 10 12  
neutrons/s/g of Cf-252). The Cf-252 neutron energy spectrum is shown in Fig.  5.1 . 
These neutrons have an energy spectrum which can be modelled as either a 
Maxwellian or a Watt  fi ssion spectrum. The National Bureau of Standards (NBS) 
evaluated this spectrum (Table  5.2 ) and made compensation for the deviations from 
an ideal Maxwellian spectrum with the use of energy-dependent adjustment func-
tions. The relative uncertainty in the NBS neutron energy spectrum is small, with 
exceptions of the relative uncertainties in the 0–0.25 and 8–12 MeV groups. 
However, the number of neutrons emitted in these two energy groups is small, 

   Table 5.1    Decay and spontaneous  fi ssion properties of Californium 252  [  3–  5  ]    

 Half-life  2.645 years 
 Speci fi c activity  536.3 Ci/g 
 Decay mode   a  (96.908 %), SF (3.092 %) 
 Neutron multiplicity  3.768 n/ fi ssion 
 Mean  fi ssion neutron spectrum energy  2.13–2.15 MeV 

 Prompt  g -ray multiplicity (mean)  ~10/ fi ssion 

 Average prompt  g -ray energy  0.7–0.9 MeV 
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  Fig. 5.1    Neutron energy spectrum from spontaneous  fi ssion of Cf-252 (total = 2.31 × 10 12  
neutrons/ m g·s)       
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 compared with the total neutron emission. Other Cf-252 emissions include prompt 
gammas and also photons from the  fi ssion products  [  2  ] . The total gamma emission 
spectrum is shown in Fig.  5.2 .      

    5.2   Californium-252 Medical Sources 

 Clinical brachytherapy (interstitial and intracavitary) can be performed with essen-
tially three different types of source designs: seed, needle, and applicator tube. Seed 
sources are more often used in the form of a  fl exible assembly. The characteristics 
of these Cf-252 medical sources are summarised in Table  5.3 .  

 The clinical application of needls and  fl exible Cf-252 sources are limited because 
of their low neutron activity. On the other hand, the maximum possible licensed 
activity cannot be more than 100  m g of Cf-252 because of the neutron dose incurred 
by medical personnel during manual loading into patients. Use of miniature high 
activity more than 1 mg of Cf-252 (2.5 × 10 9  n/s), remotely, afterloaded sources, 
signi fi cantly reduce treatment times, eliminate radiation hazard to the medical staff, 
and expedite treatment of brain and other tumours.  

    5.3   Dosimetric Properties of Cf-252 Sources 

 The dose deposition in tissue, in the vicinity of the Cf-252 source, is well known 
and basically has four components: 

  D  =  D  
n
  +  D  

 g 
  +  D  

n  g 
  +  D  

p
  (primary neutron dose, primary photon dose, secondary 

photon dose, and proton dose). 
 The primary neutron dose is produced by the emitted neutrons with properties 

described above. This main component of the total absorbed dose in the tissue 
decreases rapidly with increasing distance from the source. The primary photon 
dose is due to the photons emitted by source, either from the spontaneous  fi ssion or 
by decay by-products. Close to the source, the photon dose is about half of the neu-
tron component (see Fig.  5.3 ), but due to the increased penetrating ability through 
the tissue of photons compared to the neutrons, its proportional contribution 
increases at larger distances. The secondary photon dose is due to radiation capture 
of slow neutrons by hydrogen. Contribution of this component depends on the 

   Table 5.2    NBS evaluation of the Cf-252 neutron spectrum  [  5  ]   X  
Cf

  = [0.6672( E ) 1/2 exp(− E /1.42)]·  m  
( E ), where  E  is in MeV   
 Energy interval (MeV)    m  ( E )  Relative uncertainty (1  s  ) (%) 
 0–0.25  1 + 1.20 E  − 0.237  ±13 
 0.25–0.8  1 – 0.14 E  + 0.098  ±1.1 
 0.8–1.5  1 + 0.24 E  − 0.0332  ±1.8 
 1.5–6.0  1 – 0.00062 E  + 0.0037  ±(1.0–2.1) 
 6.0–20  1.0 exp[−0.03( E  − 6.0)]  ±8.5 
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 fl uence of slow (thermalized) neutrons at the point of interest. It is negligibly small 
close to the source, but quite signi fi cant at distances up to 2–3 cm (see Fig.  5.4 ). The 
proton dose is a consequence of the  14 N(n,p) 14 C capture reaction, and its contribu-
tion also depends on the thermal neutron  fl uence.    

    5.4   Clinical Applications of Cf-252 Sources 

 Needles and seeds of Cf-252 have been used clinically for interstitial soft tissue 
implants and surface applicators. These treatment techniques require manual 
loading of radioactive sources and are almost obsolete nowadays due to radiation 
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  Fig. 5.2    Photons energy spectrum from spontaneous  fi ssion of Cf-252 (total = 1.322 × 10 13  
photons/ m g·s)       

   Table 5.3    Properties of Cf-252 medical sources   

 Source type  Neutron  fl uence n/s 
 Source size (mm) 

 Encapsulation 
 Country of 
origin  Diameter  Length 

 Needle  2 × 10 6 –1.5 × 10 7   1.2  15–35  1  Russia 
 1.7 × 10 6 –3.5 × 10 6   0.96  18–33  1  USA 
 2.6 × 10 6 –5 × 10 6   1.2  35  1  Germany 

 Flexible  5.5 × 10 6 –1 × 10 7   1.1  40–60  1  Russia 
 3.5 × 10 6 –8 × 10 6   1.1  30–80  1  USA 
 3.0 × 10 6 –6 × 10 6   1.0  40–90  1  France 

 Applicator tube  2.3 × 10 7 –3.7 × 10 9   3.0  15  2  Russia 
 4.6 × 10 7 –2.3 × 10 9   2.8  14–23  2  USA 
 2.3 × 10 8   4.7  9.8  2  Japan 
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protection concerns. Such sources are also of little interest to BNCT as the neu-
tron  fl uence is far too low. The tube sources, on the other hand, with activities 
from more than 1 mg of Cf-252, produce considerably higher neutron  fl uences 
and may be of interest for BNCT. 

 Cf-252 remote afterloading devices with three sources (two “ovoids” and “tan-
dem” with initial activities of 0.4 and 1.3  m g of californium, respectively) have been 
designed for gynaecological applications  [  7  ] . The physical size of the source also 
allows their application for the treatment of other cancer sites, such as rectum, 
esophageal, and brain tumours. Considering the suf fi ciently high  fl uence of thermal 
neutrons from this type of source and the increase in the relative  fl uence of slow 
neutrons with distance (see Fig.  5.4 ), some investigators have explored boron-10 
enhancement Cf-252 brachytherapy  [  8  ] . Administration of a B-10 compound to the 
treatment site combined with the insertion of high activity Cf-252 into the tumour 
can improve signi fi cantly the dose distribution, especially in areas of micro-invasion. 
However, current boron drugs are still viewed as giving insuf fi cient tumour-to-blood 
and tumour-to-tissue concentrations. 

 For the treatment of bulky brain tumours, it is essential that the dose distribution 
is conforming to the irregularly shaped, gross target volume and at the same time, 
delivers the necessary dose to the areas of clinically suspected disease. Due to the 
symmetrical nature of the dose distribution from a single Cf-252 source, these 
requirements are impossible to achieve in most cases. The use of small Gd-157 
pellets (seeds or needles) as the NCT agent, in the case of bulky brain tumours, 
could provide the clinician with more  fl exibility to provide the desired dose 
distribution.      
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          6.1   Introduction 

 Boron is a peculiar and intriguing element, and, mainly because of its particular 
electronic con fi guration, can give rise to an eclectic and complex chemistry. In view 
of the context of the book in which this chapter is included, we will limit our discus-
sion to some basic elements of boron chemistry, both from inorganic and organic 
chemistry viewpoints. During the past, and also in the present, its unique properties 
have stimulated not only the development of preparative and theoretical chemistry, 
but also industrial and technological applications  [  1  ] . 

 Looking at the periodic table (Fig.  6.1 ), boron is located at the top of group 13, 
being the only non-metal in this group. Moreover, its chemical behavior has many 
similarities with the following element, carbon, and its diagonal neighbor, silicon. 
Then, like them, it has a strong tendency to form covalent bonds, but it differs 
clearly from them as it has four bonding orbitals, but only three external electrons, 
so it can be de fi ned as electron de fi cient. This feature has a dramatic effect on its 
chemistry and is the main reason for the choice of boron in medicinal chemistry, 
together with its large cross-section for neutron capture, as it is possible to easily 
incorporate boron atoms in organic compounds.  

 Historically, boron has long been used for the production of borosilicate glasses. 
Boron was  fi rst isolated, although in impure form, by Davy, Gay-Lussac, and 
Thénard in 1808. Only in 1892 was a quite pure form obtained by Moissan, who 
prepared elemental boron by the reduction of B 

2
 O 

3
  with Mg, while high-purity 

boron was obtained only in the past century. Among the methods available for ele-
mental boron production, the most effective for obtaining high-purity material is the 
reduction of boron compounds (e.g., halides) with H 

2
  at high temperature on a 

heated tantalum  fi lament; the crystallinity improves by increasing the temperatures, 
and the crystal structure is also temperature dependent. The name, introduced by 
Davy, derives from its main source ( bor ax) and from its behavior, similar to that of 
carb on . 

 Boron is relatively scarce in the earth’s crust (about 10 ppm), being found as 
borate minerals or borosilicates, with the main deposits being found in California 
and Turkey. Other isolated deposits have also been found in Argentina, Chile, 
Russia, China, and Peru. 

 Only silicates have more complex structures than boron compounds, and various 
allotropic forms of boron itself are known.  

    6.2   Elemental Boron 

    6.2.1   Structure 

 The many-sided properties of boron are re fl ected in the unique complexity of its 
allotropic modi fi cations. The origin of such complexity is the tactics used by boron 
to try to solve the problem of having more atomic orbitals than electrons. Metal 
compounds, which have a similar situation, usually solve the problem by metallic 
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bonds, but boron’s small size and high ionization energy lead to a much more pro-
nounced tendency to form covalent bonds. The  fi nal result is that the most repre-
sented structural unit in various boron allotropes is the B-12 icosahedron, which 
also occurs in metal borides, boron hydrides, and boron-carbon hydrides. 

 As the B-12 icosahedral packing is not very ef fi cient, leaving empty spaces even 
in the closely packed  a -rhombohedral form, other allotropic modi fi cations can 
accommodate extra atoms (boron or others) such as in  a -tetragonal boron in which 
2C or 2N atoms, each 50 B atoms, seem to be required to form this phase. 

 The crystal structures of more polymorphs have been elucidated, such as  b -rhom-
bohedral, while others, e.g., the  b -tetragonal phase, are even more complex and 
elusive  [  2  ] . 

 It is important to emphasize that the structural representation of boron and boron 
compounds (such as in Fig.  6.2 ) simply represents the geometry of the cluster of 
boron atoms, but does not describe the compounds in terms of localized bonds con-
taining couples of electrons between pairs of atoms. Later, we will brie fl y describe 
the electronic behavior of the boron atoms involved in bond formation.   

    6.2.2   Physical Properties 

 Natural boron has two stable isotopes, namely  10 B and  11 B, with a natural abundance 
of about 20 and 80 %, respectively. Small variations in their concentration are 
observed. For instance, borates from California are more abundant in  11 B, whereas 
those from Turkey are more abundant in  10 B, thus preventing a precise determina-
tion of the atomic weight (Table  6.1 ). Both isotopes show a nuclear spin, allowing 
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  Fig. 6.1    Schematic representation of the periodic table       
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the use of NMR spectroscopy for the structural characterization of boron-containing 
compounds, with the  11 B isotope being generally preferred  [  3  ] .  

 A relevant nuclear property of the  10 B isotope is the high cross section for neu-
tron capture, which has opened the possibility of the therapeutic use of boron com-
pounds for boron neutron capture therapy (BNCT) (Table  6.2 ).  

  Fig. 6.2    Representation of the structure of the basal plane of  a -rhombohedral boron in a quite 
densely packed arrangement of boron icosahedra       

   Table 6.1    Physical information    Atomic number  5 
 Relative atomic mass ( 12 C = 12.000)  10.811(7) 

 Melting point ( b -rhombohedral)/K  2,352 

 Boiling/point/K  4,000 
 Density/kg m 3   2,340 (293 K) 
 Ground state electron con fi guration  [He]2s 2 2p 1  
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 The ionization energies are 800.6, 2,427.1, and 3,659.7 kJ/mol, much larger than 
those of the other elements of the same group. The electronegativity is 2.0, close to 
that of H (2.1), but lower than that of C (2.5), which means that the polarity of the 
B–H bond is reversed with respect to that of the C–H bond, a factor that plays a role 
in the hydroboration reaction. The physical properties are dif fi cult to determine 
precisely because of the polymorphisms and dif fi culty obtaining high purity. 
Elemental boron has low density, extreme hardness (close to that of diamonds), and 
very low conductivity, and appears as a dark powder.  

    6.2.3   Chemical Properties 

 The chemistry of boron is probably the most complex and varied of all the elements 
in the periodic table. The last 50 years have seen tremendous developments in boron 
chemistry, with many different structures being elucidated and the nature of bond-
ing better understood. 

 The main features that in fl uence the chemical behavior of boron are its small 
size, high ionization energy, and electronegativity that is close to that of C and H 
(and Si), leading to an unusual ability to form covalent bonds. 

 Similar to C and Si, it shows a marked propensity to form covalent molecular 
compounds, but it differs sharply from them in having one less valence electron 
with respect to the number of valence orbitals, being therefore electron de fi cient. 
Therefore, although the presence of three external electrons accounts for its propen-
sity to form tervalent compounds, much of its chemistry derives from the tendency 
to act as an electron-pair acceptor and to give multicenter bonds. Finally, it has a 
high af fi nity for oxygen, which is the basis of the vast chemistry of oxygen 
derivatives. 

 Different classes of boron compounds can thus be recognized; we have tenta-
tively divided boron compounds in the following classes:
    1.    Boron–oxygen compounds  
    2.    Other boron-heteroatom compounds (we will focus on halides and B–N 

derivatives)  
    3.    Metal borides  
    4.    Boron hydrides (including boron clusters, carbaboranes, and metal derivatives 

thereof)  
    5.    Organoboron compounds (molecular species containing localized B–C bonds)       

   Table 6.2    Boron isotopes    Nuclide   10 B   11 B 
 Relative mass  10.01294  11.00931 
 Natural abundance (%)  19.055–20.316  80.945–79.684 
 Half-life  Stable  Stable 
 Nuclear spin parity  3  3/2 
 Cross section for neutron 
capture (barns)1 barn 10 −28  m 2  

 3,835  0.005 
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    6.3   Classes of Boron Compounds 

    6.3.1   Boron-Oxygen Compounds 

 Boron always occurs in nature as oxygen compounds, and it has never been found 
as an element or bound to other elements  [  4  ] . As for elemental boron, borides and 
boranes, boron–oxygen compounds show an enormous structural complexity and 
variety. Moreover, a large number of organic boron compound containing B–O 
bonds are known (namely BPA) and have found many application in synthesis. 

 The main oxide derivative of boron is boric oxide, B 
2
 O 

3
 , which can be prepared 

by cautious dehydration of boric acid. Its structure consists of a network of trigonal 
BO 

3
  units in which boron atoms are linked through oxygen atoms. 

 It is largely employed for the preparation of borosilicate glasses. 
 Hydrolysis of most inorganic boron compounds gives boric acid, B(OH) 

3
 , which 

is mainly obtained by acid treatment of aqueous solutions of borax (Na 
2
 B 

4
 O 

7
 ·H 

2
 O). 

It forms white crystals in which the molecules are connected by a network of hydro-
gen bonds. Partial dehydration of B(OH) 

3
  above 100° yields metaboric acid HBO 

2
 , 

whose structure is shown in Fig.  6.3 .  
 Boric acid is a very weak acid having a p K  

a
  of 9.25. Its acid behavior is not due 

to a proton donation, but to its reaction with water as a Lewis acid accepting an OH 
and releasing a proton, as shown in Fig  6.4 :  

 Boric acid is highly reactive towards alcohols and easily forms esters. Moreover 
boric acid, as well as other boron–oxygen compounds (e.g., boronic acids), is able 
to form acetal-like derivatives with diols  [  5  ] . This elevated af fi nity for diols strongly 
in fl uences the p K  

a
  of boric acid; for example, the complexation with mannitol leads 

to a p K  
a
  of 5.15 according to Fig.  6.5 .  

 Also in borate salts a complex structural variability is observed, and they have 
been intensively studied for their industrial relevance, as they are found in many 
minerals. Some common features are recognized. Boron can link three or four oxy-
gen atoms, forming trigonal or tetrahedric structures, polynuclear anions are formed 
by sharing a single vertex oxygen, and they can be hydrated, can contain boric acid 
units and form polymeric    structures  [  6  ]  (Fig.  6.6 ).  

 Examples of frequent units containing tri- or tetracoordinated boron are shown 
in the previous  fi gure.  

    6.3.2   Other Boron–Heteroatom Compounds 

    6.3.2.1   Boron Halides 
 Boron halides can be found either as monomeric boron trihalides, which have been 
extensively studied, or polynuclear derivatives, including halogenated polyhedral 
compounds. We will limit our discussion to trihalides, which are the most impor-
tant for industrial application. Indeed, this class of boron derivatives is involved in 
the preparation of elemental boron and used as catalysts for a variety of organic 
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reactions, such as the Friedel-Crafts reaction  [  7  ] , ole fi n polymerization  [  8  ] , crack-
ing of hydrocarbons  [  9  ] , and nitration and sulfonation of aromatic compounds. 

 Boron trihalides are very volatile and highly reactive compounds. Structurally 
they are planar trigonal molecules like organoboranes; they are very strong Lewis 
acids because of the combined effects of the empty p orbital and of the electronega-
tivity of the bound halogens. The B–X bond energies are very high, and the bond 
distances are shorter than those expected for a single bond. This can be attributed to 
an overlap between the empty orbital on boron with halogen lone-pair containing 
orbitals  [  10  ] . 

 When mixed, different boron trihalides give rise to a rapid halogen exchange, 
forming mixtures of mixed halides:     3 3 3 3 2 2BX BY BX BY BX Y BXY .+ ® + + +    

 Boron tri fl uoride can be obtained by  fl uorination of borates with CaF 
2
  or HF in 

the presence of concentrated sulfuric acid. Boron trichloride and tribromide are 
obtained by treating boron oxide with elemental bromine or chlorine, respectively, 
in the presence of carbon, while boron triiodide is prepared by reacting elemental 
iodine with sodium or lithium borohydride. 

 Like the other Lewis acids, boron trihalides form stable complexes with Lewis 
bases such as ethers or amines (Fig.  6.7 ). The stability of the adducts follows the 
order BF 

3
  < BCl 

3
  < BBr 

3
  < BI 

3
 , most likely because of the previously mentioned 
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orbital interaction, geometry reorganization from trigonal to tetrahedral, and the 
electronegativity effect, with a complex interplay between these factors  [  11  ] .   

    6.3.2.2   Boron–Nitrogen Compounds 
 Boron–nitrogen compounds have raised considerable interest for three main rea-
sons: the electronegativities of the three elements, including carbon, are quite simi-
lar, with that of carbon being intermediate between nitrogen and boron; they have 
similar sizes, and, very importantly, the B–N unit is isoelectronic with a C–C bond 
(Table  6.3 ). The features of the B–N bond in amine–borane complexes have been 
discussed to a large extent. Usually such bonds are represented as follows: 
R 

3
 N → BX 

3
  or R 

3
 N +  =  − BX 

3
 , which suggests that the origin of the bond is a donation 

of a pair of electrons from nitrogen to boron. However, it does not mean that nitro-
gen becomes positively charged and boron negatively, as the electron density distri-
bution depends on the atoms’ characteristics, mainly electronegativity.  

 Calculation indicates that there is a decrease of positive charge on boron and a 
decrease of electron density on nitrogen, but without reversal of charge. 

 A similar situation is found in compounds of the type shown in Fig.  6.8 , from 
which the isoelectronic analogy with alkenes is evident.  

 From the electronic point of view, however, the previous consideration can be 
applied also to this type of compounds. The possibility of replacing a single or 
double carbon-carbon bond with a B–N or B═N unit has opened the possibility 

  Fig. 6.7    BCl 
3
 -

trimethylamine complex       

   Table 6.3    Properties of B, C and N    Element  B  C  N 
 Valence electrons  3  4  5 
 Electronegativity  2.0  2.5  3.0 
 Radius (Å)  0.88  0.77  0.70 
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obtaining a large number of new classes of compounds, but the discussion is beyond 
the scope of this chapter. 

 However, a particular example deserves to be mentioned, namely borazine, 
shown in the following  fi gure (Fig.  6.9 ):  

 Borazine is prepared by the reaction of diborane with ammonia or, more 
ef fi ciently, by the reaction of BCl 

3
  and NH 

4
 Cl, followed by reduction with NaBH 

4
 . 

 Borazine can be considered as an analog of benzene and, actually looking at their 
physical properties, they appear quite similar. Moreover, borazine has a structural 
similarity to benzene, being a planar, regular hexagonal ring, and discussions on its 
aromaticity are still ongoing  [  12  ] . However, the analogies do not go further as bora-
zine’s chemical behavior shows few aromatic properties. In fact, borazine can easily 
yield addition reactions, usually initiated by nucleophiles reacting with boron atoms. 

 Apart from discrete molecules, boron–nitrogen compounds can also be found in 
boron nitrides, which are isoelectronic with graphite and have a similar hexagonal 
layer structure; other structures are known, but obtaining them requires harsh condi-
tions. Differently from graphite, however, boron nitride has the layers superposed, 
having B on one layer located on N on the adjacent layer; moreover, boron nitrides 
have good electric conductibility and high chemical resistance. For these reasons, 
boron nitrides are mainly applied in ceramic materials and composites  [  13  ] .   

    6.3.3   Metal Borides 

    6.3.3.1   Properties and Preparation 
 Boron is able to form metal-rich binary compounds showing, a surprising variabil-
ity in stoichiometry and structural motifs, as well as some non-stoichiometric deriv-
atives or ternary and more complex combinations. The boron-metal ratio can vary 
from rich metal compounds, e.g., M 

5
 B, to very rich boron derivatives, such as MB 

66
 ; 

X-ray diffraction has been a powerful technique for their structural elucidation. 
Beyond academic attention, these compounds also stimulate a signi fi cant industrial 
interest because of their relevant physical and chemical properties. 

 Metal borides are, in fact, exceptionally hard, non-volatile, chemically inert, 
and refractory (ceramic) materials with melting points often exceeding 3,000 °C. 

R2C=CR2  R2B NR2  Fig. 6.8    Analogy between C ═ C and B ═ N bonds       

BCI3 + NH4CI + NaBH4

B2H6 + NH3

H

H H

H

H
H N

N N
B

B B

Borazine: MW = 80.5
Mp = -57 °C Bp = 55 °C
B-N= 1.44 A

Benezene: MW= 78.1
Mp= 6 °C Bp = 80 °C
C-C = 1.42 A

  Fig. 6.9    Borazine synthesis and properties       
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They are usually obtained as powders, but can be made up into the desired shape 
by standard metallurgical and ceramic techniques, and can be applied in  heavy-duty 
apparatuses, such as turbine blades, rocket nozzles, and combustion chambers, as 
well as having nuclear applications because of the very high neutron capture cross 
section even with high-energy neutrons. Metal borides can be obtained with a vari-
ety of methods either for laboratory or industrial preparation. The main method for 
small-scale preparation is the direct combination of the elements at high tempera-
ture; all the other methods are based on the reduction of boron and/or metal oxides 
or halides exploiting boron or metal itself, or external reductants (e.g., C, other 
metals, and H 

2
 ), or by electrolysis of molten salts.  

    6.3.3.2   Structure of Borides 
 As already found for other classes of boron compounds, also in this case a structural 
variability is observed. Metal-rich borides can contain isolated boron atoms, or, 
alternatively, boron can form pairs, linear or branched chains, as well as planar net-
works. Increasing the percentage of boron results in a predominant occurrence of 
B–B bonds in which boron is present as icosahedral units, and the metal atoms are 
located in speci fi c cavities or vacant sites. A compound that is strictly structurally 
related to rhombohedral elemental boron is boron carbide, for which the formula 
B 

4
 C was originally proposed, but is not better written as B 

13
 C 

2
 , although the stoichi-

ometry can slightly differ from that. It is interesting to remember that boron carbide 
was  fi rst prepared in 1899, and it is produced in large amounts, but still waits for a 
conclusive structural characterization  [  14  ] . 

 Figure  6.10  shows a pictorial representation of boron carbide in which icosahe-
dron units are clearly visible, joined by C–B–C units, besides B–B bonds.  

= boron = carbon

  Fig. 6.10    Structure of boron carbide       
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 Other metal borides with large electropositive metals such as lantanides have 
simpler structures. For example, MB 

12
  has a structure similar to that of NaCl in 

which the 12 boron atoms form a cubic octahedral cluster that behaves like the Cl −  
ion in NaCl crystals, and MB 

6
  compounds form CsCl-type structures in which Cl −  is 

replaced by an octahedral B 
6
 . From the structural complexity and properties of 

borides, it is apparent that boron bonding (and more generally, in inorganic com-
pounds) is inadequately described as ionic, covalent, or metallic. A more appropri-
ate description requires the use of a molecular orbital approach. We will brie fl y 
discuss such problems in the borane section.    

    6.4   Boranes 

    6.4.1   General Features 

 Borane chemistry was initially explored at the beginning of the twentieth century 
thanks to investigations of Stock. Later, the inorganic chemistry of boranes and 
related carbaboranes attracted tremendous research interest for different reasons: 
the new principles involved in borane structures, the intriguing properties of bonds 
in boranes, which constituted a serious problem for Lewis electronic theory and 
forced the development of molecular orbital theory, and,  fi nally, an extensive reac-
tivity peculiar to this class of compounds. This part of the story ended with the 1976 
Nobel Prize to Lipscomb for his “studies on boranes, which have illuminated prob-
lems of chemical bonding.” Besides these investigations of the theoretical and inor-
ganic aspects, Brown, a young chemist who joined the Schlesinger group as a Ph.D. 
student, started up the study of the reactivity of boranes with organic compounds. 
This was the beginning of a rapid development of new reagents and new reactions 
in organic chemistry, which culminated with a second Nobel Prize awarded to 
Brown in 1979 (shared with Wittig) for “their development of the use of boron- and 
phosphorus-containing compounds, respectively, into important reagents in organic 
synthesis.” 

 Boron is the only element other than carbon that can make a complex and 
extended series of hydrides. Comparing the structures of boron hydrides with those 
of carbon hydrides (or, better hydrocarbons) shows that while carbon hydrides have 
a tendency to form chains and rings, boranes prefer to give rise to three-dimensional 
clusters (Fig.  6.11 ).   

    6.4.2   Chemical Bonding in Boranes 

 The understanding of the structure of boranes started with the determination of the 
structure of decaborane  [  15  ]  by Harker, who showed the existence of an icosahedral 
structure together with four hydrogen atoms bridging couples of boron atoms. Later 
on, the structure of diborane was demonstrated, showing the presence of bridging H 
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atoms. To explain such structures, the concept of a tricentric bond, namely three 
centers and two electrons, was initially introduced in 1949 by Longuett-Higgins  [  16  ] . 
The concept was then applied to higher boranes and developed by the Lipscomb 
group  [  17  ] . In bonding theory, atomic orbitals can be linearly combined to give 
molecular orbitals; in localized bonds, a pair of atomic orbitals is combined to give 
two molecular orbitals, one bonding and one antibonding. The pair of electrons 
occupies the lower energy bonding orbital. In a more general situation, linear com-
bination of n atomic orbitals gives rise to n molecular orbitals, which can be bond-
ing, antibonding, and non-bonding. As a consequence, not only two center, but also 
three or multicenter orbitals can be obtained by calculation. 

 When applied to the B–H–B bond in diborane, the molecular orbital theory 
gives rise to the orbitals shown in Fig.  6.12  in which only the bonding orbital is 
occupied, essentially meaning that the two electrons are used to keep three atoms 
together.  

 In a similar way, for more complex boron clusters, also three-center bonds can be 
described for boron atoms; in Fig.  6.12b , a pictorial representation of the three-
center boron orbital overlap is shown. 

 More complex structures with clusters of boron atoms can also be obtained, for 
which this concept of multicenter bonds explains the stability of such polyhedral 
boranes. 

 Structure and bonding descriptions were attained through a topological theory by 
Lipscomb  [  17  ] , and the relation between electron counting and cluster geometry 
resulted in Wade’s rules in 1971  [  18  ] . These aspects will not be described in detail 
as they are beyond the scope of this chapter.  

  Fig. 6.11    Comparison between carbon and boron hydride structures       
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    6.4.3   Structure of Boranes 

 Three main structures of boranes can be envisaged together with two other minor 
classes:

    • Closo -boranes with a polyhedral closed structure of the general formula B 
 n 
 H 

 n 
  2−   

   • Nido -boranes having a non-closed structure and the formula B 
 n 
 H 

 n  + 4
  or     

3
B Hn n -+

    
   • Arachno -boranes with an even more open structure and the formula B 

 n 
 H 

 n  + 6
     

 Besides these, two supplementary groups have been classi fi ed:  hypno -boranes, for 
which adducts are known, and  conjuncto -boranes, which are derived by linking together 
the above-mentioned structures (at least  fi ve different structures have been identi fi ed). 

 Boranes are usually named by indicating the number of B atoms with a Latin 
pre fi x with the number of H atoms in parentheses, e.g., B 

5
 H 

9
  pentaborane(9); anion 

names end in “ate” and contain both the number of B and H atoms and the charge, 
e.g., B 

3
 H  

8
  −   is octahydrotriborate(1-). Additional information on the structure ( closo -, 

 nido -, etc.) can be included (in italics). 
 Figure  6.13  shows few examples of the possible borane structures.   

    6.4.4   Preparation and Reactivity of Boranes 

 Low terms can be obtained thanks to the availability of anionic monoborane, e.g., 
BH  

4
  –   or B 

3
 H  

8
  –  , which allows easy access to diborane or B 

3
 H 

7
 , respectively.

BX 
3 
 + BH 

4 
–  →  HBX 

3 
– + ½ B 

2 
H6

BX 
3
  + B 

3
 H 

8
 –  →  HBX 

3 
– + B 

3
 H 

7
  

antibonding

non-bonding

a b 

c

bonding

  Fig. 6.12    Three-center bond in boranes: ( a ) B–H–B orbitals; ( b ) B 
3
  orbitals overlap; ( c ) 

diborane       
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 Diborane can be obtained on a small scale by the reaction of NaBH 
4
  and Et 

2
 OBF 

3
  

in diglyme and used directly without isolation:

     4 2 3 4 2 6 23NaBH 4Et OBF 3NaBF 2B H 4Et O+ ® + +     

 Higher terms are typically obtained by thermolysis of smaller boranes. The elu-
cidation of the thermal behavior of boranes took a long time from its  fi rst observa-
tion by Stock because of the complexity of the system and the instability of 
intermediates, requiring reliable tools for product analysis and detailed mechanistic 
studies. Precise optimization of the reaction conditions can allow obtaining an 
acceptable yield of intermediate boranes. 

 Boranes are extremely reactive compounds, and many of them are pyrophoric 
and ignite spontaneously in air. This tendency and, more generally, the reactivity are 
very high in  arachno -boranes and decrease in  nido -derivatives; in general, reactivity 
decreases with increasing molecular weight.  Closo -boranes are surprisingly stable, 
suggesting the concept of three-dimension aromaticity  [  19  ] . 

 The chemistry of the lower terms of boranes, namely BH  
4
  –   and B 

2
 H 

6
 , will be 

discussed, together with few information on boron clusters in the context of BNCT 
compounds. 

B6H10(nido)

B10H14 (nido)

B4H10 (arachno)

B12H12
2- (closo)

  Fig. 6.13    Some borane structures       
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 Boron hydrides have been widely used in both the laboratory and industrial 
applications. One of the most commonly used hydrides is sodium borohydride, 
which is cheap, easy to handle, and can be used in protic solvents. Sodium borohy-
dride allows for the reduction of electrophilic compounds including aldehydes, 
ketones, imines and related derivatives, and, to some extent, esters  [  20  ] . 

 In carbonyl reduction, the hydrogen atom, together with the pair of electrons 
from the B–H bond, will be transferred to the carbon atom of the C═O group 
(Fig.  6.14 ).  

 Though no hydride ion, H – , is actually involved in the reaction, the transfer of a 
hydrogen atom with an attached pair of electrons can be regarded as a ‘hydride 
transfer. The oxyanion produced in the  fi rst step can help stabilize the electron-
de fi cient BH 

3
  molecule by adding to its empty  p  orbital. Now a tetravalent boron 

anion is formed again and could transfer a second hydrogen atom (with its pair of 
electrons) to another molecule of carbonyl compound. 

 The alkoxyborane intermediate then reduces a second molecule of the carbonyl 
compound, and the reaction can continue until all hydrides are consumed, so that BH  

4
  –   

is able to reduce four molecules of carbonyl derivative. From the above mechanism, the 
interplay between tri- and tetracoordination on the boron atom can be easily noticed. 

 An alternative to BH  
4
  –  , B 

2
 H 

6
  is also able to reduce carbonyl compounds. As such, 

it is a gaseous substance, but it can be tamed by complexation with Et 
2
 O or Me 

2
 S. 

Although at  fi rst glance borane appears similar to borohydride, it is not an ion, which 
is the basis of the difference in its reactivity. Whereas borohydride prefers to react 
with the most electrophilic carbonyl groups, the reactivity of borane is dominated by 
its tendency to accept an electron pair into its empty p orbital, thus showing its soft 
Lewis acid properties. In the context of carbonyl group reductions, this means that it 
reduces electron-rich carbonyl groups fastest. As a consequence, apart from alde-
hydes and ketones, it is able to reduce amides to the corresponding amines ef fi ciently, 
whereas the reduction of esters is very slow. On the other hand, borane is able to 
reduce carboxylic acids very ef fi ciently as it initially forms a borate anhydride with 
the carboxylic group, making the carbonyl group much more electrophilic. In fact, in 
carboxylic derivatives, the carbonyl group is usually less electrophilic than in other 
carbonyl compounds, e.g., ketones, because of conjugation between the carbonyl 
group and the lone pair of the  sp  3  hybridized oxygen atom, but, in these boron esters, 
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  Fig. 6.14    Mechanism of NaBH 
4
  reduction of carbonyl compounds       
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the oxygen next to the boron has to share its lone pair between the carbony l group 
and the boron’s empty  p  orbital, so they are considerably more reactive than normal 
esters (Fig.  6.15a ). In this way, it is even possible to reduce a carboxylic acid in the 
presence of a ketone (Fig.  6.15b ).  

 The most relevant reaction of borane, however, is the hydroboration of alkenes 
and alkynes, which was discovered and developed by Brown, who was awarded the 
1979 Nobel Prize, as previously mentioned  [  21  ] . Hydroboration is an electrophilic 
addition reaction of borane to multiple bonds. It is a regioselective reaction as the 
boron shows a tendency to attack preferentially the less substituted carbon atom of 
the multiple bond in a so-called anti-Markovnikov approach. This behavior has an 
electronic justi fi cation, as the more electrophylic boron preferentially attacks the 
carbon atom, which leads to the formation of a better stabilized positive charge on 
the more substituted carbon atom in the transition state. Besides electronic reasons, 
steric factors also play a major role in the regioselectivity. Looking at the transition 
state, it is also apparent that the reaction is stereospeci fi c, with the boron and the 
hydrogen atoms approaching the same face of the double bond (Fig.  6.16 ). The 
reaction can go further by adding two other alkene molecules.  

 Alkyl boranes are easily converted in other derivatives. Their oxidation with 
hydrogen peroxide in basic conditions leads to the corresponding alcohol; the 
hydroxyl group replaces boron with retention of the con fi guration. The mechanism, 
shown in Fig.  6.17 , once more illustrates the ability of boron to go back and forth 
between planar neutral structures and anionic tetrahedral structures.  

 Superior boron clusters have also been explored  [  22  ] , but the discussion will be 
limited here to some information on  nido -decaborane B 

10
 H 

14
  and to just an example 

of  closo -dodecaborane B 
12

 H  
12

  2–   in the context of BNCT. 
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O O
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  Fig. 6.15    Reduction of carboxylic acids with borane: ( a ) schematic mechanism; ( b ) example of 
selectivity          
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  Fig. 6.16    Addition of borane to alkenes       
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  Nido -B 
10

 H 
14

  is probably the most studied among polyhedral boranes and has 
been produced in the past in large amounts for potential application in high-power 
fuels. It can be obtained on a small scale by pyrolysis of diborane at 100–200°C in 
the presence of weak Lewis bases. Decaborane is insoluble in water, but freely sol-
uble in many organic solvents; however, its reactivity strongly limits the range of 
solvents that can be used. Decaborane behaves as a relatively strong protic acid and 
can be titrated in hydroalcoholic solutions showing a p K  

a
  of 2.70. Deprotonation 

can also be observed using other strong bases such as MeO – , NH  
2
  –  , etc. 

 Treatment of decaborane with donor ligands gives rise to replacement of two 
hydrogen atoms:

     10 14 10 12 2 2B H 2L B H L H+ ® +     

 The ligand can be either inorganic or organic, neutral or anionic. Ligands can 
activate decaborane for several types of reactions, including degradation reactions 
in the presence of protic compounds, e.g., alcohols:

     ( )10 12 2 9 13 23
B H L 3ROH B H L B OR L H+ ® + + +

    

 Another example of reactions of activated decaborane will be considered later. 
 Decaborane can undergo reactions in which boron or other atoms are incorporated 

to give an expanded cluster. In this way, metallaboranes can be generated easily. 
  Closo -boranes, obtained by pyrolysis, are very stable. They are relatively reac-

tive towards electrophiles, but much less so with nucleophiles. An important substi-
tuted derivative of this class is BSH, (sodium mercaptoundecahydrododecaborate, 
Na 

2
 B 

12
 H 

11
 SH), which is currently being used for clinical trials in BNCT. It can be 

obtained from B 
12

 H  
12

  2–   by a reaction with  N -methylthiopyrrolidone  [  23  ] , as shown 
in Fig.  6.18 :    

    6.5   Carboranes 

 Carboranes  [  24  ]  (or, better, carbaboranes) can be structurally seen as boron clusters 
in which one or more of the BH groups in boranes are substituted by a CH. The dif-
ferent number of external electrons introduced in the cluster by a formal B to C 
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  Fig. 6.17    Oxidation of organoboranes       
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substitution is compensated by the elimination of an H atom involved in a three-
center bond. The most represented carboranes have the stable  closo  structure and 
can be obtained by pyrolytic reaction between a borane and an alkyne. As for 
boranes, many substitution derivatives, including metallacarboranes, have been 
extensively studied and even today are still of great interest. Only the icosahedral 
carborane C 

2
 B 

10
 H 

12
  will be brie fl y considered in this context. The three isomeric 

C 
2
 B 

10
 H 

12
  ( ortho -,  meta - and  para - according to the relative position of the carbon 

atoms) are by far the most studied because of their easy preparation and great 
stability. 

 Two main strategies for the preparation of substituted carboranes are usually 
exploited (Fig.  6.19 ): 

   The addition of ligand-activated decaborane to alkynes  • 
  The addition of deprotonated carboranes to electrophiles as carbon atoms in • 
decaborane are quite acidic (p K  

a
  around 23).    

2− 2−
2−
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S
N

N
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  Fig. 6.18    A preparation of BSH       
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 Although carboranes are usually stable, they are sensitive to bases such as HO – , 
MeO – , R 

2
 NH, giving rise to the  nido -derivative by extraction of a boron atom  [  25  ] . 

A large number of structures containing carboranes have been synthesized with the 
above and other strategies  [  26  ] .  

    6.6   Organoboron Compounds 

 Besides reactivity concerns, boron chemistry has been extensively studied in a num-
ber of other aspects. The ability of boron to form stable bonds with carbon allows 
its easy incorporation in organic molecules. Many carbon-carbon bond-forming 
reactions exploiting organoborane are known  [  27  ] . Of particular interest are aryl 
and vinylboronic acids, which can be applied for carbon-carbon bond-forming reac-
tions, such as Suzuki coupling  [  28  ] . 

 Boronic acids can be obtained in a variety of ways, with the reaction of vinyl or 
aryl lithium or Grignard reagents with triethylborate followed by hydrolysis being 
the most common methods. Such a reaction has also been applied for the synthesis 
of 4-borono- l -phenylalanine, BPA, a compound approved for clinical use in BNCT 
together with BSH  [  29  ] . 

 A large number of compounds have been synthesized exploiting Suzuki cross-
coupling. The synthesis of vitamin A reported in Fig.  6.20  is just one example  [  30  ] .  

 Boronic acids can also be obtained from palladium-catalyzed cross coupling, 
and this approach has been used for the synthesis of BPA. One example is reported 
in Fig.  6.21  starting from partially protected 4-iodophenylalanine and bis-pinacolato 
diboronate in the presence of a Pd catalyst  [  31  ] .   

OH
pd(PPh3)4

TIOH, THFOH(HO)2B+

vitamin A

  Fig. 6.20    Suzuki vitamin A synthesis       
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 Finally, boronic acid also has other applications apart from synthesis. As previ-
ously mentioned, it can provide stable boron acetals with diols and has been used as 
a protecting group to give better solubility in water, as in the case of the complex 
between BPA and fructose, or as an analytical tool for selective sugar recognition 
based on  fl uorescence variations (Fig.  6.22 )  [  32  ] .      
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    7.1   New    Candidates for Boron Carriers in BNCT 

 The cell-killing effect of BNCT is due to the nuclear reaction of two essentially non-
toxic species, boron-10 ( 10 B) and thermal neutrons, whose destructive effect is well 
observed in boron-loaded tissues. Therefore, the high accumulation and selective 
delivery of  10 B into the tumor tissue are the most important requirements to achieve 
ef fi cient neutron capture therapy for cancer  [  1,   2  ] . In order to fatally damage tumor 
cells with BNCT, three important parameters should be considered in the develop-
ment of boron carriers: (1) the boron concentrations in the tumor should be in the 
range of 20–35  m g  10 B/g; (2) the tumor/normal tissue ratio should be greater than 
3–5; and (3) the toxicity should be suf fi ciently low  [  3  ] . So far, two boron compounds, 
sodium mercaptoundecahydrododecaborate (Na  

2
  10  B 

12
 H 

11
 SH; Na  

2
  10  BSH)  [  4  ]  and L- p -

boronophenylalanine (L- 10 BPA)  [  5  ] , have been clinically utilized for the treatment of 
patients with malignant brain tumors  [  6  ]  and malignant melanoma  [  7  ] . Recently, 
BNCT has been applied to various cancers, including head and neck cancer, lung 
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cancer, hepatoma, chest wall cancer, and mesothelioma  [  8–  10  ] . Therefore, the devel-
opment of new boron carriers is one of the most important issues that should be 
resolved to extend the application of BNCT to various cancers. As the novel review 
written by Soloway and coworkers covered boron carriers reported until 1998 in 
detail  [  1  ] , we review herein new and promising candidates for boron carriers devel-
oped in the last 10 years. 

 In the last decade, boron carrier development has taken two directions: small 
boron molecules and boron-conjugated biological complexes. Unlike approaches 
using pharmaceuticals, boron carriers require high tumor selectivity and should be 
essentially nontoxic. Therefore, the latter approach has become one of the recent 
trends to accumulate a large amount of  10 B in tumor tissues. 

    7.1.1   Small Boron Molecules 

 A small boron molecule includes a  10 B moiety and a tumor-af fi nity function. Water 
solubility is also an important requirement for the boron molecule to act as a boron 
carrier. Boronic acid, carboranes, and various boron clusters  [  11,   12  ]  have been cho-
sen as  10 B moieties in the molecules. Boron molecules designed and synthesized in the 
last decade are divided into  fi ve classes: amino acid derivatives, nucleic acid deriva-
tives, porphyrins and related derivatives, carbohydrates, and other biomimetics. 

    7.1.1.1   Amino Acid Derivatives 
 As L- 10 BPA was found to be actively accumulated in malignant melanoma cells, much 
attention has been focused on the development of boron-containing amino acids and 
related peptides. Kabalka and coworkers synthesized various boron-containing cyclic 
amino acids  [  13  ] . Biodistribution studies in mice bearing melanoma tumors indicated 
that boronated amino acids were taken up by the tumors selectively  [  14  ] . Slepukhina 
and Gabel developed dodecaborate-containing amino acids. An assay for in vitro tox-
icity using V79 Chinese hamster cells revealed that the dodecaborate-containing 
amino acids (LD50 of 5.7 mM) displayed approximately the same toxicity as BSH 
(LD50 of 5.5 mM)  [  15  ] . Hattori and coworkers synthesized  fl uorinated BPA deriva-
tives in an effort to devise practical tools for both magnetic resonance imaging (MRI) 
and BNCT agents  [  16  ]  (Fig.  7.1 ).   

    7.1.1.2   Nucleic Acid Derivatives 
 Initial approaches focused on boron incorporation into nucleic acid bases, such as 
purines and pyrimidines  [  17,   18  ] . Another approach was the direct conjugation of a 
boron moiety to nucleic acids. Various boronic-acid- and carborane-conjugated 
nucleic acids were developed in the 1990s  [  1  ] . Recent advances in boron-containing 
nucleoside conjugates include carborane-containing thymidine analogs and metal-
lacarborane derivatives. Al-Madhoun and coworkers found that thymidine analogs 
containing o-carboranylalkyl groups at the 3-position are potential substrates for 
human thymidine kinase 1 (TK1)  [  19  ] . Lesnikowski and coworkers developed met-
allacarborane derivatives of all four of the canonical nucleosides, thymidine (T), 
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2 ¢ - O -deoxycytidine (dC), 2 ¢ - O -deoxyadenosine (dA), and 2 ¢ - O -deoxyguanosine 
(dG). The availability of this methodology has made studies of a broad spectrum of 
nucleoside conjugates bearing metals and the incorporation of these metal centers 
into DNA oligomers at designated locations possible  [  20  ]  (Fig.  7.2 ).   

    7.1.1.3   Porphyrins and Related Derivatives 
 Porphyrins and related macrocyclic nitrogen heterocycles are known to accumulate in 
a wide variety of solid tumors and are thus proposed for dual application as boron 
delivery agents and photosensitizers for photodynamic therapy (PDT). Studies of bor-
onated porphyrins for BNCT were pioneered by Kahl, Morgan, Miura, Gabel, and their 
associates  [  21–  25  ] . Among them, boronated protoporphyrin (BOPP) developed by 
Kahl and Koo  [  21  ]  has been studied for possible use as a BNCT/PDT dual sensitizer. 
BOPP is selectively taken up by tumor cells in xenograft models of glioma and local-
izes predominantly in tumor cell mitochondria. Thus, phase I clinical study was carried 
out using BOPP. However, thrombocytopenia was observed in the patients due to the 
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direct toxic effect of BOPP or its metabolites on platelets  [  26  ] . In order to overcome 
this drawback, various boronated porphyrins and related macrocyclic nitrogen hetero-
cycles were synthesized and evaluated by several research groups. Vicente and cowork-
ers developed four  nido -carborane cluster-linked porphyrins via aromatic linkage  [  27  ] . 
These amphiphilic porphyrins displayed very low cytotoxicity, were taken up by 9L 
and U-373MG cells in both time- and concentration-dependent manners, and localized 
preferentially in cell lysosomes. Matsumura, Gabel, and their coworkers introduced 
BSH into the protoporphyrin framework to improve solubility in water  [  28,   29  ] . As 
other boron sources,  closo -monocarbon carborane  [  30  ] , cobalt bis(dicarbollide)  [  31  ] , 
and azanonaborane  [  32  ]  have been investigated (Fig.  7.3 ).   

    7.1.1.4   Carbohydrates 
 An increased rate of glycolysis is often observed in many cancer cells, and therefore, 
boron-containing carbohydrates have recently sparked much interest. The sugar moiety 
is expected to not only confer water solubility to the otherwise hydrophobic boron clus-
ter but also accumulate selectively in tumor tissues through the glucose transport sys-
tem. Tjarks and coworkers reported that  o -carboranylglucose signi fi cantly accumulated 
in F98 glioma cells  [  33  ] . Various water-soluble  o -carborane-containing glycosides  [  34, 
  35  ] , functionalized glycosylated carboranes  [  36,   37  ] , mono- and bisglucuronylated 
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carboranes  [  38  ] , and ribofuranosylaminobutylazanonaborates  [  39  ]  have been synthe-
sized, and their biological properties as boron carriers are being investigated.  

    7.1.1.5   Other Biomimetics 
 One of the recent remarkable advances in boron cluster chemistry is the possible use of 
carboranes as components of biologically active molecules in pharmaceutical science. 
Endo and coworkers focused on the exceptionally hydrophobic character and spherical 
geometry of carboranes and reported the  fi rst example of the design, synthesis, and 
biological evaluation of retinoids containing a carborane cage as a hydrophobic phar-
macophore. They found that  p -carboranylphenol derivatives exhibited at least ten-fold 
higher estrogen agonist activity than 17L-estradiol in the luciferase reporter gene assay, 
and their interaction with the estrogen receptor was demonstrated by computational 
docking simulation. The  p -carboranylphenol derivatives also showed potent in vivo 
effects on the recovery of uterine weight and bone loss in ovariectomized mice  [  40,   41  ] . 
As alternative carborane pharmacophores, transthyretin amyloidosis inhibitors have 
been investigated by Hawthorne and coworkers  [  42  ] . Kang and coworkers reported the 
synthesis of  o -carboranyl triazine derivatives and are currently investigating in detail 
the biological mode of action  [  43  ] . Carboranes are versatile cores that can be used not 
only as bioisosteres for aryl groups or other hydrophobic moieties but also as platforms 
for preparing radionuclide-conjugated molecular imaging agents  [  44  ] .   

    7.1.2   Boron-Conjugated Biological Complexes 

 The effect of BNCT depends on the selective and relatively large amount of  10 B 
delivery to tumor cells while sparing adjacent normal cells. Recent promising 
approaches entail the use of boron-conjugated biological complexes, such as boron 
polymers, growth factors, and monoclonal antibodies (mAbs). As an alternative 
approach, drug delivery systems, including emulsion, virus envelope, and lipo-
somes, have been utilized for selective boron delivery to tumor tissues in BNCT. 
These approaches involve ligands targeting certain receptors, the overexpression of 
which has been observed on the surface of many tumor cells. 

    7.1.2.1   Boron-Containing Polymers 
 A polyamidoamine dendrimer is arranged in a starburst pattern and thus has been 
the subject of recent attention as a spherical precision macromolecule. The  fi rst 
boronated polyamidoamine dendrimer was synthesized by Barth, Soloway, and 
their coworkers in 1993  [  45  ] . Tjarks and coworkers investigated the possibility of 
targeting the folate receptor on cancer cells using folic acid conjugates of bor-
onated poly(ethylene glycol) (PEG)-containing third-generation polyamidoamine 
dendrimers to obtain  10 B concentrations necessary for BNCT by reducing the 
uptake of these conjugates by the reticuloendothelial system (RES). Among the 
prepared combinations, a boronated dendrimer containing ~13 decaborate clusters, 
~1 PEG2000 unit, and ~1 PEG800 unit with folic acid attached to the distal end 
exhibited the lowest hepatic uptake in C57BL/6 mice. Biodistribution studies of 
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this conjugate in C57BL/6 mice bearing folate receptor (+) murine 24JK-FBP sar-
comas resulted in selective tumor uptake (6.0 % ID/g tumor), but also high hepatic 
(38.8 % ID/g) and renal (62.8 % ID/g) uptake, indicating that the attachment of a 
second PEG unit and/or folic acid may adversely affect the pharmacodynamics of 
this conjugate  [  46  ] . 

 Hosmane and coworkers took advantage of the fact that functionalized single-
wall carbon nanotubes (SWCNTs) were able to cross cell membranes and concen-
trate in a number of neoplastic cells without obvious toxic effects. The nido-carboranes 
were attached to the side walls of SWCNTs to produce water-soluble macromolecu-
lar boron carriers and injected into mice bearing an EMT6 mammary cancer tumor. 
It was found that the boron persisted in the tumor cell giving a 21.5 B/g tumor and 
a tumor-to-blood ratio of 3.12:1  [  47,   48  ] . 

 Srebnik, Rubinstein, and coworkers focused on the tissue uptake of  99m Tc that 
was increased by cationic dextran in a charge-dependent manner in bladder carci-
noma patients. They prepared boronated cationic copolymers composed of different 
ratios of acrylamide,  N -acryloyl-3-aminophenylboronic acid, and  N -acryloyl-
diaminoethane (the cationic moiety). Direct analysis of tissue boron levels showed 
that polymeric aminophenylboronic acid (APB) uptake was higher in colonic pol-
yps than in surrounding normal tissues. Free APB, however, was found in similar 
quantities in both tissues. When tested in normal jejunum and colon of the rat, poly-
meric APB uptake was directly proportional to the molar content of the cationic 
monomer in the copolymers. The presence of magnesium ions, free boron cationic 
monomer, and mucin interfered with this uptake in a concentration-dependent man-
ner. APB accumulation in colonic polyps was inversely proportional to the cationic 
monomer content in the copolymers, suggesting an increased amount of mucus 
around the polyps, which probably impeded the electrostatic attachment of the 
polymer to the malignant tissue  [  49  ] .  

    7.1.2.2   Boron Peptides and Antibodies 
 The majority of high-grade gliomas express the ampli fi ed epidermal growth factor 
receptor (EGFR) gene, and increased numbers of EGFRs are found on the cell sur-
face. Barth and coworkers developed the EGF-conjugated boronated starburst poly-
amidoamine dendrimer (EGF-BSD) that contains ~960 boron atoms per EGF 
molecule. As determined by electron spectroscopic imaging, EGF-BSD initially 
was bound to the cell surface membrane and then was endocytosed, which resulted 
in the accumulation of boron in lysosomes  [  50  ] . Either F98 wild-type (F98 

WT
 ) recep-

tor (−) or EGFR gene-transfected F98 
EGFR

  cells were stereotactically implanted into 
the brains of Fischer rats. Biodistribution studies revealed that 33.2 % of the injected 
dose/g of EGF-BSD was retained by F98 

EGFR
  gliomas compared with 9.4 % of the 

injected dose/g in F98 
WT

  gliomas by 24 h after an intratumoral (i.t.) injection of  125 I-
labeled EGF-BSD, and the corresponding boron concentrations were 21.1 and 
9.2  m g/g, respectively. The rats that received an i.t. injection of EGF-BSD (~60  m g 
 10 B/~15  m g EGF) either alone or in combination with i.v. BPA (500 mg/kg) were 
irradiated at the Brookhaven Medical Research Reactor 24 h after the i.t. injection. 
Irradiated controls had a mean survival time (MST) of 31 ± 1 days, whereas animals 
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bearing F98 
EGFR

  gliomas, which had received i.t. EGF-BSD and BNCT, had an MST 
of 45 ± 5 days compared with 33 ± 2 days for animals bearing F98 

WT
  tumors, and rats 

that received i.t. EGF-BSD in combination with i.v. BPA had an MST of 57 ± 8 days 
compared with 39 ± 2 days for i.v. BPA alone  [  51  ] . 

 The anti-EGF mAb cetuximab (IMC-C225) has been also utilized as a delivery 
agent for BNCT. BSD was chemically linked to cetuximab  [  52  ]  and the bioconju-
gate (BD-C225) was speci fi cally taken up by F98 

EGFR
  glioma cells in vitro compared 

with receptor-negative F98 
WT

  cells (41.8 vs. 9.1  m g/g). As regards the in vivo biodis-
tribution of F98 

WT
  or F98 

EGFR
  glioma rats, BD-C225 was given intracerebrally by 

either convection-enhanced delivery (CED) or direct i.t. injection. The amount of 
boron retained by F98 

EGFR
  gliomas 24 h following CED and i.t. injection was 77.2 

and 50.8  m g/g, respectively, with normal brain and blood boron values (<0.05  m g/g). 
When BNCT was carried out 24 h after CED of BD-C225, either alone or in com-
bination with i.v. BPA, the corresponding MSTs were 54.5 and 70.9 days, respec-
tively, with one long-term survivor (more than 180 days). In contrast, the MSTs of 
irradiated and untreated controls were 30.3 and 26.3 days, respectively. These data 
show the therapeutic ef fi cacy of molecular targeting of EGFR using a boronated 
mAb either alone or in combination with BPA  [  53  ] .  

    7.1.2.3   Emulsion 
 Lipiodol is an iodinated and esteri fi ed lipid of poppy seed oil and is coadministered 
with chemotherapeutic agents for transcatheter arterial chemoembolization. Suzuki 
and coworkers found that the intra-arterial administration of BSH/lipiodol emul-
sion provided selectively high  10 B concentrations (approximately 200 ppm 6 h after 
administration) in experimental liver tumors  [  54  ] . This high  10 B accumulation in 
the liver tumor can be attributed to the embolizing effect of lipiodol on tumor ves-
sels. Furthermore, they also investigated degradable starch microspheres (DSMs) 
that cause transient and reversible embolization in small arteries and increase the 
retention of chemotherapeutic agents within a liver tumor, as the other embolizing 
agent. The biodistribution of  10 B after the intra-arterial administration of BSH/
DSM emulsion was investigated using a rat liver tumor model.  10 B concentration in 
the tumor at 1 h after administration of BSH with DSM was 231 ppm. At 6 h, the 
 10 B concentration in the tumor in the BSH + DSM group was 81.5 ppm. On the 
other hand, the  10 B concentration in the liver at 1 h after administration of BSH 
with DSM was 184 ppm. At 6 h, the 10 B concentration in the liver in the BSH + DSM 
group was 78 ppm. The tumor/liver  10 B concentration ratios (T/L ratios) in the 
BSH + DSM group were signi fi cantly smaller than those in the BSH + lipiodol 
group at 1 h (1.4 vs. 3.6) and 6 h (1.1 vs. 14.9). Therefore, BSH/DSM-based BNCT 
was not suitable for the treatment of multiple liver tumors due to the low T/L ratio. 
However, the high  10 B accumulation in the liver tumors following intra-arterial 
administration of BSH/DSM emulsion suggests that BSH/DSM-based BNCT has 
the potential for application to malignant tumors in other sites  [  55  ] . 

 The water-in-oil–water (WOW) emulsion has been used as the carrier of anti-
cancer agents in arterial injections in clinical cancer treatment. Yanagie and cowork-
ers prepared BSH-entrapped WOW emulsion for selective arterial injection for the 
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treatment of hepatocellular carcinoma. WOW emulsion was administered by arte-
rial injections via the proper hepatic artery. The antitumor activity of the emulsion 
was compared with that of the BSH/lipiodol emulsion or BSH solutions, using 
VX-2 rabbit hepatic tumor models. The concentration of  10 B in VX-2 tumor on 
delivery of WOW emulsion was superior to that of conventional BSH/lipiodol emul-
sion. Electron microscopic images delineated the accumulation of fat droplets of 
WOW emulsion in the tumor site, but there was no accumulation of fat droplets in 
the BSH/lipiodol emulsion  [  56  ] .  

    7.1.2.4   HVJ Envelope 
 The HVJ envelope (HVJ-E) vector system is a novel fusion-mediated gene delivery 
system that is based on inactivated hemagglutinating virus of Japan (HVJ; Sendai 
virus). The HVJ liposome, a liposome fused with HVJ-E  [  11  ] , has higher boron 
trapping ef fi ciency than HVJ-E alone. Nakai, Kaneda, and coworkers investigated 
boron delivery into cultured cells with HVJ-E and HVJ-liposome systems. The cel-
lular  10 B concentration after 60-min incubation with HVJ-E containing BSH was 
24.9  m g/g cell pellet for BHK-21 cells (baby hamster kidney cells) and 19.4  m g/g 
cell pellet for SCC VII cells (murine squamous cell carcinoma). These results indi-
cate that HVJ-E fused with tumor cell membrane to rapidly deliver boron agents, 
and that the HVJ-E-mediated delivery system is applicable to BNCT  [  57,   58  ] .  

    7.1.2.5   Boron-Encapsulated Liposomes 
 The  fi rst liposomal boron delivery system was reported by Yanagie and coworkers 
in 1991. They investigated a BSH-encapsulated liposome that conjugated with mAb 
speci fi c for carcinoembryonic antigen (CEA). The liposome was prepared from egg 
yolk phosphatidylcholine, cholesterol, and dipalmitoylphosphatidylethanolamine 
(1/1/0.05), and BSH was encapsulated. The liposome was treated with dithiothreitol 
and suspended in the  N -hydroxysuccinimidyl-3-(2-pyridyldithio)propionate-treated 
Ab solution for conjugation. This immunoliposome was shown to bind selectively 
to human pancreatic carcinoma cells (AsPC-1) bearing CEA on their surfaces, and 
to inhibit tumor cell growth on thermal neutron irradiation in vitro  [  59  ] . Furthermore, 
the cytotoxic effects of locally injected BSH-encapsulated immunoliposomes on 
AsPC-1 xenografts in nude mice were evaluated. After i.t. injection of the immuno-
liposomes, boron concentrations in tumor tissue and blood were 49.59 ± 6.59 and 
0.30 ± 0.08 ppm, respectively. Tumor growth in mice that received an i.t. injection of 
BSH-encapsulated immunoliposomes was suppressed with thermal neutron irradia-
tion in vivo. Histopathologically, hyalinization and necrosis were found in the 
immunoliposome-treated tumors  [  60  ] . 

 In 1992, Hawthorne and coworkers prepared boron-encapsulated liposomes with 
mean diameters of 70 nm or less from distearoylphosphatidylcholine (DSPC) and 
cholesterol. Hydrolytically stable borane anions, B 

10
 H  

10
  2−  , B 

12
 H 

11
 SH 2− , B 

20
 H 

17
 OH 4− , 

and B 
20

 H  
19

  3−  , and the normal form and the photoisomer of B 
20

 H  
18

  2−   were encapsulated 
in the liposomes as soluble sodium salts. Although the boron compounds used do not 
exhibit any af fi nity for tumors and are normally rapidly cleared from the body, the 
liposomes were observed to selectively deliver borane anions to tumors. The highest 
tumor concentrations reached the therapeutic range (>15  m g of boron per g of tumor) 



1077 Boron    Compounds: New Candidates for Boron Carriers in BNCT

while maintaining high tumor-boron/blood-boron ratios (>3). The most favorable 
results were obtained with the two isomers of B 

20
 H  

18
  2−  . These boron compounds have 

the ability to react with intracellular components after they have been deposited in 
tumor cells by liposomes, thereby preventing the release of the borane ion into blood 
 [  61  ] . Furthermore, an apical-equatorial ( ae ) isomer of the B 

20
 H 

17
 NH  

3
  3−   ion, 

[1-(2 ¢ -B 
10

 H 
9
 )-2-NH 

3
 B 

10
 H 

8
 ] 3− , which was produced by the reaction of the polyhedral 

borane ion B 
20

 H  
18

  2−   with liquid ammonia, was encapsulated by liposomes prepared 
with 5 % PEG-200-distearoylphosphatidylethanolamine. The PEGylated liposomes 
exhibited long circulation lifetimes due to escape from the RES, resulting in the 
continued accumulation of boron in the tumor over the entire 48-h experimental 
period and reaching a maximum of 47  m g of boron per g of tumor  [  62  ]  (Fig.  7.4 ).  

 Boron-containing folate receptor (FR) targeted liposomes were developed by 
Lee and coworkers. FR expression is frequently ampli fi ed in human tumors. Two 
highly ionized boron compounds, Na 

2
 [B 

12
 H 

11
 SH] and Na 

3
  (B 

20
 H 

17
 NH 

3
 ), were incor-

porated into liposomes by passive loading with encapsulation ef fi ciencies of 6 and 
15 %, respectively. In addition,  fi ve weakly basic boronated polyamines were inves-
tigated, as shown in Fig.  7.5 . These were incorporated into liposomes by a pH-gra-
dient-driven remote-loading method with varying loading ef fi ciencies. High loading 
ef fi ciencies were obtained with low molecular weight boron derivatives, using 
ammonium sulfate as the trapping agent, compared to those obtained with sodium 
citrate. The in vitro uptake of folate-derivatized, boronated liposomes was investi-
gated using human KB squamous epithelial cancer cells that have ampli fi ed FR 
expression. Much higher cellular boron uptake was observed with FR-targeted lipo-
somes (up to 1,584  m g/10 9  cells) than with nontargeted control liposomes (up to 
154  m g/10 9  cells), irrespective of the chemical form of the boron and the method 
used for liposomal preparation  [  63  ] .  

 Kullberg and coworkers investigated an EGF-conjugated PEGylated liposome-
delivery vehicle containing water-soluble boronated phenanthridine, WSP1, or 

[n-B20H18]2-

NH3

[1-(2'-B10H9)-2-NH3B10H8]3-

2-

NH2
-

3-

  Fig. 7.4    Conversion of [ n -B 
20

 H 
18

 ] 2−  into [1-(2 ¢ -B 
10

 H 
9
 )-2-NH 

3
 B 

10
 H 

8
 ] 3−        
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water-soluble boronated acridine, WSA1, for EGFR targeting. In the case of WSA1, 
ligand-dependent boron uptake was achieved and the boron uptake was as good as 
that when free WSA1 was administered. No ligand-dependent boron uptake was 
seen for WSP1-containing liposomes. Thus, WSA1 is a candidate for further stud-
ies. Approximately 10 5  boron atoms were loaded into each liposome. Critical assess-
ment indicated that after optimization, up to 10 6  boron atoms can be loaded. In vitro 
boron uptake by glioma cells (6.29 ± 1.07  m g/g cells) was observed with WSA1-
encapsulated EGF-conjugated PEGylated liposomes  [  64  ]  (Fig.  7.6 ).  

 Transferrin (TF)-receptor-mediated endocytosis is a normal physiological pro-
cess by which TF delivers iron to cells, and a high concentration of TF receptor has 
been observed on most tumor cells in comparison with normal cells. Maruyama and 
coworkers developed BSH-encapsulating, TF-conjugated PEGylated liposomes 
(TF-PEG liposomes). When TF-PEG liposomes were injected at a dose of 35 mg 
 10 B/kg, prolonged residence time in the circulation and low uptake by RES were 
observed in colon 26 tumor-bearing mice, resulting in enhanced accumulation of 
 10 B in the solid tumor tissue (e.g., 35.5  m g of boron per g of tumor). TF-PEG lipo-
somes maintained a high  10 B level in the tumor, with concentrations exceeding 
30  m g of boron per g of tumor for at least 72 h after injection. On the other hand, 
plasma  10 B level decreased, resulting in a tumor/plasma ratio of 6.0 at 72 h after 
injection. The administration of BSH encapsulated in TF-PEG liposomes at a dose 
of 5 or 20 mg  10 B/kg and the irradiation with 2 × 10 12  neutrons/cm 2  for 37 min sup-
pressed tumor growth and improved long-term survival compared with PEG lipo-
somes, bare liposomes, and free BSH  [  65,   66  ] . Masunaga and coworkers evaluated 
the biodistribution of BSH and Na 

2
 B 

10
 H 

10
 -encapsulated TF-PEG liposomes in SCC 

VII tumor-bearing mice. The time courses of the change in  10 B concentration in the 
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tumors loaded with both liposomes were similar except that  10 B concentrations were 
higher at 24 h after loading of Na 

2
 B 

10
 H 

10
  than BSH in TF-PEG liposomes, and  10 B 

concentration in the tumors was 35.6  m g of boron per g of tumor when Na 
2
 B 

10
 H 

10
 -

encapsulated TF-PEG liposomes (35 mg  10 B/kg) were injected  [  67  ] . 
 Cetuximab-conjugated liposomes were also investigated as an alternative immu-

noliposome for targeting EGFR(+) glioma cells. Lee and coworkers developed 
cetuximab immunoliposomes via a cholesterol-based membrane anchor, maleim-
ido-PEG-cholesterol (Mal-PEG-Chol), to incorporate cetuximab into the liposomes. 
BSH-encapsulated cetuximab immunoliposomes were evaluated for targeted deliv-
ery to human EGFR gene transfected F98 

EGFR
  glioma cells. Much greater (~8-fold) 

cellular boron uptake was achieved with cetuximab immunoliposomes in EGFR(+) 
F98 

EGFR
  than with nontargeted human IgG immunoliposomes  [  68  ] .  

    7.1.2.6   Boron-Lipid Liposomes 
 The development of lipophilic boron compounds embedded within the liposome 
bilayer is an attractive means to increase the overall incorporation ef fi ciency of 
boron-containing species, as well as to raise the gross boron content of the lipo-
somes in the formulation. Selective boron delivery to tumors by lipophilic species 
incorporated in the membranes of unilamellar liposomes was  fi rst demonstrated by 
Hawthorne and coworkers. They synthesized nido-carborane amphiphile  1  (Fig.  7.7 ) 
and prepared boronated liposomes composed of DSPC, cholesterol, and  1  in the 
bilayer. After injecting liposomal suspensions into BALB/c mice-bearing EMT6 
mammary adenocarcinomas, the time course of the biodistribution of boron was 
examined. At low injected doses normally used (5–10 mg  10 B/kg), peak tumor boron 
concentration of 35  m g of boron per g of tumor and tumor/blood boron ratio of −8 
were achieved. These values are suf fi ciently high for the successful application to 
BNCT. The incorporation of both  1  and the hydrophilic species, Na 

3
 [1-(2 ¢ -B 

10
 H 

9
 )-

2-NH 
3
 B 

10
 H 

8
 ], within the same liposomes signi fi cantly enhanced biodistribution 

characteristics as exempli fi ed by the maximum tumor boron concentration of 50  m g 
of boron per g of tumor and the tumor/blood boron ratio of 6  [  69  ] .  

 In 2004, Nakamura and coworkers developed nido-carborane lipid  2 , which 
consists of the nido-carborane moiety as the hydrophilic functionality conjugated 
with two long alkyl chains as the lipophilic functionality. Analysis under a trans-
mission electron microscope by negative staining with uranyl acetate showed sta-
ble vesicle formation of nido-carborane lipid  2 . Compound  2  was incorporated into 
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  Fig. 7.6    Structures of water-soluble boronated phenanthridine (WSP1) and acridine (WSA1)       
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DSPC liposomes in a concentration-dependent manner  [  70  ] . Furthermore, TF 
could be introduced to the surface of nido-carborane lipid liposomes (Tf(+)-
PEG-CL liposomes) by coupling TF to the PEG-CO 

2
 H moieties of Tf(−)-PEG-CL 

liposomes. The biodistribution of Tf(+)-PEG-CL liposomes injected intravenously 
into colon 26 tumor-bearing BALB/c mice revealed that Tf(+)-PEG-CL liposomes 
accumulated in tumor tissues and stayed there for a suf fi ciently long time to 
increase tumor/blood boron ratio, although Tf(−)-PEG-CL liposomes were gradu-
ally released from tumor tissues with time. A boron concentration of 22  m g of 
boron per g of tumor was achieved by injecting Tf(+)-PEG-CL liposomes (7.2 mg 
 10 B/kg) into tumor-bearing mice. As described before, BSH-encapsulated Tf(+)-
PEG liposomes accumulated in tumors at 35.5  m g of boron per g of tissue 72 h after 
administration of 35 mg  10 B/kg. Therefore, 10 B delivery to tumor tissues by Tf(+)-
PEG-CL liposomes would be more ef fi cient than that by BSH-encapsulated Tf(+)-
PEG liposomes. However, signi fi cant acute toxicity was observed in 50 % of the 
mice when Tf(+)-PEG-CL liposomes were injected at a dose of 14 mg  10 B/kg. 
Injection of Tf(+)-PEG-CL liposomes at a dose of 7.2 mg  10 B/kg and irradiation 
with 2 × 10 12  neutrons/cm 2  for 37 min at the KUR atomic reactor suppressed tumor 
growth, and the average survival rate of mice not treated with Tf(+)-PEG-CL lipo-
somes was 21 days, whereas that of treated mice was 31 days  [  71  ] . Hawthorne and 
coworkers also synthesized nido-carborane lipid  3  and investigated the formation 
of boron-rich, DSPC-free liposomes from  3  and cholesterol. DSPC-free liposomes 
exhibited a size distribution pattern of 40–60 nm, which was in the range normally 
associated with selective tumor uptake. Animal studies showed that nido-carborane 
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lipid  3  liposomes were too toxic for use in BNCT  [  72  ] . However, liposomes pre-
pared from lipids  2  and/or  3  contain a new type of bilayer constituent having high 
boron content. 

 In order to solve the problem of the signi fi cant toxicity of liposomes prepared 
from nido-carborane lipids  2  and  3 , closo-dodecaborate has been focused on as an 
alternative hydrophilic function of boron lipids. Nakamura and coworkers succeeded 
in the synthesis of double-tailed closo-dodecaborate lipids  4a - c  and  5a - c , which 
have a B 

12
 H 

11
 S moiety as the hydrophilic function, by S-alkylation of BSH with 

bromoacetyl and chloroacetocarbamate derivatives of diacylglycerols. Calcein 
encapsulation experiments revealed that the liposomes, prepared from boron cluster 
lipids  4 , DMPC, PEG-DSPE, and cholesterol, are stable at 37 °C in FBS solution for 
24 h  [  73,   74  ] . The time-dependent biodistribution experiment of boronated lipo-
somes prepared from closo-dodecaborate lipid  4c  and injected intravenously into 
colon 26 tumor-bearing BALB/c mice (20 mg  10 B/kg) showed high  10 B accumula-
tion in the tumor tissue (22  m g of boron per g of tumor) 24 h after injection  [  75  ] . 
Besides the determination of  10 B concentration in various organs, the mice were 
anesthetized 24 h after administration of the boron liposomes and placed in an 
acrylic mouse holder where their whole bodies, except their tumor-implanted leg, 
were shielded with acrylic resin. Neutron irradiation was carried out in the JAEA 
atomic reactor (JRR-4). Tumor growth rate in mice-administered boron liposomes 
was signi fi cantly suppressed, although the administration of saline did not reduce 
tumor growth after neutron irradiation. Gabel and coworkers also developed closo-
dodecaborate lipids  6a  and  6b . Differential scanning calorimetry showed that  6a  
and  6b  bilayers have main phase transition temperatures of 18.8 and 37.9 °C, respec-
tively. When incorporated into liposomal formulations with equimolar amounts of 
DSPC and cholesterol, stable liposomes were obtained.   x  -Potential measurements 
indicated that both  6a-  and  6b- containing vesicles are negatively charged, with the 
most negative potential described of any liposome so far. Liposomes prepared from 
 6a  were slightly less toxic to V79 Chinese hamster cells (IC 

50
  = 5.6 mM) than unfor-

mulated BSH (IC 
50

  = 3.9 mM), while liposomes prepared from  6b  were not toxic 
even at 30 mM  [  76  ] . 

 Meanwhile, cholesterol is also indispensable for the stable formation of lipo-
somes. Therefore, the development of boronated cholesterol derivatives is consid-
ered to be an alternative approach to boron embedment in the liposome bilayer. The 
 fi rst boronated cholesterol derivatives were reported by Feakes and coworkers  [  77  ] . 
Although they synthesized nido-carborane conjugated cholesterols  7a - b  (Fig.  7.8 ), 
the evaluation of their liposomes has not been reported yet. Nakamura, Gabel, and 
coworkers developed closo-dodecaborate-conjugated cholesterols  8a - c .  

 The closo-dodecaborate-conjugated cholesterol  8a  liposome, which was prepared 
from dimyristoylphosphatidylcholine, cholesterol,  8a , and PEG-conjugated dis-
tearoylphosphatidylethanolamine (1:0.5:0.5:0.1), exhibited higher cytotoxicity than 
BSH at the same boron concentration and the IC 

50
  values of  8a  liposome and BSH 

toward colon 26 cells were estimated to be 25 and 78 ppm of boron concentration, 
respectively  [  78  ] . Tjarks and coworkers developed carboranyl cholesterol analog  9  as 
a lipid bilayer component for the construction of nontargeted and receptor-targeted 
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boronated liposomes. The major structural feature of these boronated cholesterol 
mimics is the physicochemical similarity between cholesterol and carborane frame-
works  [  40  ] . Cholesterol analog  9  was stably incorporated into non-, FR-, and vascu-
lar endothelial growth factor receptor-2 (VEGFR-2)-targeted liposomes. No major 
differences in appearance, size distribution, and lamellarity were found among con-
ventional DPPC/cholesterol liposomes, nontargeted, and FR-targeted liposomal for-
mulations of this carboranyl cholesterol derivative. FR-targeted boronated liposomes 
were taken up extensively by FR-overexpressing KB cells in vitro, and the uptake 
was effectively blocked in the presence of free folate. There was no apparent in vitro 
cytotoxicity in FR-overexpressing KB cells and VEGFR-2-overexpressing 293/KDR 
cells when these were incubated with boronated FR- and (VEGFR-2)-targeted lipo-
somes, respectively, although the former accumulated extensively in KB cells and the 
latter effectively interacted with VEGFR-2 by causing autophosphorylation and pro-
tecting 293/KDR cells from SLT (Shiga-like toxin)-VEGF cytotoxicity  [  79  ] .        
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          8.1   Introduction    

 Boron neutron capture therapy (BNCT) is a binary therapy based on the interaction of 
thermal neutrons with  10 B that needs to be transported by dedicated molecules at a 
higher concentration into tumor cells as compared to surrounding normal tissues. Despite 
the decades of effort from chemists, only two compounds showing some tumor speci fi city 
are actually available for clinical use: the boron cluster sodium borocaptate (BSH) and 
the amino acid analogue boronophenylalanine (BPA). Even for these compounds, quite 
few data exist, which were collected in a controlled and reliable way. This situation is 
mainly due to the fact that all major research activities in the  fi eld were made by aca-
demic institutions to answer a scienti fi c question but not by pharmaceutical industries 
with the goal to collect data for regulatory authorities for licensing a new drug. 

 Starting 1995, the European Organisation for Research and Treatment of Cancer 
(EORTC) made a  fi rst approach to design clinical trials with the goal to follow the 
principles of classical trial design for drug development intended to collect clinical 
data for regulatory authorities  [  1–  18  ] . 

 In this chapter, published data are summarized concerning physical, chemical, 
and pharmaceutical aspects, preclinical and clinical trials with information to toxic-
ity, pharmacokinetics, and tissue distribution of the two drugs BSH and BPA. 

 Missing information with respect to the quality control of the drugs used for animal 
experiments but also in some pioneering clinical trials are a major concern by interpret-
ing some of the observations reported in the past. We therefore will give a detailed 
description of the quality control procedures used for both drugs in the frame of the 
EORTC trials 11001 and 11011. The chapter is based on a shortened version of the inves-
tigators brochures from the EORTC clinical trials 11001 and 11011 concerning the boron 
compounds Sodium Borocaptate (BSH) and Boronophenylalanine (BPA). It summa-
rizes essential information that might be asked by regulatory authorities. The intention of 
this chapter is to support and to facilitate the preparation of new clinical trials based on 
these  compounds. However this compilation cannot offer a complete and  fi nal descrip-
tion of all aspects concerning these two compounds necessary to  fi le for drug approval.  

    8.2   Sodium Borocaptate (BSH) 

    8.2.1   Introduction 

 Sodium mercaptoundecahydro-closo-dodecaborate (BSH, Na  
2
  10  B 

12
 H 

11
 SH) synthe-

sized by Soloway [  19  ] , is a polyhedral mercaptoboron molecule. Designed for the 
treatment of tumors of the central nervous system it was applied to patients  fi rst by 
Hatanaka  [  20  ]  and investigated in a phase I trial for glioblastoma multiforme (EORTC 
11961)  [  2,   11  ] . After infusion of BSH,  10 B is found in tumor lesions localized in the 
brain at concentrations similar to the blood concentration, but it is almost not present 
in healthy cells of the central nervous system  [  12  ]  leading to tumor-to-healthy-tissue 
concentration ratios suitable for therapy. The majority of the studies on pharmacoki-
netics, toxicity and tissue uptake were performed on patients suffering from brain 
tumors  [  21–  25  ] . Substantial data have been collected on the biodistribution of BSH 
in brain tumors and surrounding normal tissues (i.e. brain, skin, muscle and dura). 
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Little attention has been paid to investigate the tissue uptake of boron compounds in 
other tumor types  [  17,   18,   26–  28  ] . Instead of the use of BSH for BNCT in clinical 
trials since many years, there are still important information on pharmacokinetics 
and metabolism missing. This chapter tries to summarize the actual knowledge. It is 
based on the pharmacy brochures for BSH of the EORTC trials 11001 and 11011, 
which received relevant information from the compilation of clinical and pre-clinical 
data collected by the European Collaboration on Boron Neutron Capture Therapy 
and published by Peters and Gabel 1997  [  29  ] .  

    8.2.2   Physical, Chemical, and Pharmaceutical Data 

    8.2.2.1   Physicochemical Properties 
     Names 
   Chemical names 

  Dodecaborate(2-)- • 10 B 
12

 , 1,2,3,4,5,6,7,8,9,10,11-undecahydro-12-mercapto-, disodium  
  Sodium Mercaptoundecahydro-closo-Dodecaborate  • 10 B  
  Disodium Mercaptoundecahydro-closo-Dodecaborate  • 10 B  
  Disodium (1+) 1-Mercapto-2,3,4,5,6,7,8,9,10,11,12-Undecahydro- closo-Dodecaborate • 
 10 B (2-)   

  Synonyms 
  Sodium borocaptate  • 10 B  
  BSH [ • 10 B]  
  Na2BSH [ • 10 B]  
  Sodium BSH [ • 10 B]  
  Hydrogen sul fi de (H2S), boron-10 complex;  • 
  Borocaptate sodium  • 10 B  
  Borolife  • 
  Sodium borocaptate ( • 10 B)  
  Sodium mercaptoundecahydrododecaborate- • 10 B (Na  

2
  10  B  

12
 H 

11
 SH)    

 CAS registration number: 12448-24-7  

      Structural Formula 
 Molecular formula: Na 

2
 B 

12
 H 

11
 SH 

 Molecular weight: Precise molecular weight is dependent upon the boron isotopic 
composition of the material. 

 A series of typical molecular weights is listed below for varying isotopic 
 compositions (Table  8.1 ).  

   Table 8.1    Atomic weight of the atoms composing BSH   
 Atom weight 

 Sodium (Na)  22.9898 
 Hydrogen (H)  1.0079 
 Sulfur (S)  32.0600 
 Boron (B) 
   10 B  10.0129 
   11 B  11.0093 
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 Therefore, BSH has the following molecular weight according to the varying  10 B 
and  11 B contents as shown (Table  8.2  and Fig.  8.1 )    

     Physical and Chemical Characteristics 
    Solid state form: White hygroscopic crystalline powder  
  Solubility: Approximately 67 % w/v in water at 20 °C  
  Solution pH: 6.3 for a 1 % w/v solution  
  Speci fi c rotation: Not applicable  
  Refraction index: Not known      

    8.2.2.2   Production, Puri fi cation, and Methods of Preparation 
 The manufacturing of BPA including production, puri fi cation, and control tests will 
depend on the procedures used by the chemical and/or pharmaceutical company pro-
ducing the compound. Because of the  10 B-enrichment necessary for the use of BSH 
for BNCT, the production of the enriched compound, which normally is not done by 
pharmaceutical industry, is of major concern and might be an important source for 
unwanted impurities. The entire procedure has to follow the principles of good man-
ufacturing practice including a strong quality control of the starting material. The 
solution of the BSH powder to produce the solution for injection to the patient is part 
of the production line; it has to be done by and under the control of approved phar-
macists and needs special licensing if performed at the treating hospital.  

    8.2.2.3   Stability 
 Sodium borocaptate,  10 B enriched BSH, prior to be dissolved for the infusion 
 solution is white or creamy white powder. The powder is hygroscopic and attracts 

B
B

H
B

B

B

B

BB

B

B

B B

H

H

H

H

H

H

H

H H

H
SH

  Fig. 8.1    The BSH molecule       

   Table 8.2    Molecular weight of BSH according to its content of  10 B   
  10 B content (%)   11 B content (%)  Atomic wt.  BSH MW 

 Natural boron  20  80  10.8100  219.8544 
 90  10  10.1125  211.4844 
 95  5  10.0220  210.4092 
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water on standing on air. It is suggested to store it in glass vials sealed with a septum 
and aluminum cap and well protected from humidity air, and light. The containers 
have to be labeled with the content, the batch number, and the weight of the con-
tained material. Under such circumstances, the product can be stored for years. It is 
recommended to control the product on a yearly base using the appropriate quality 
control procedures as described later. 

 The stability of the infusion solution has not been published in detail. The experi-
ences from the EORTC trials show that the infusion solution is stable toward degra-
dation and especially oxidation for at least 1 day. Oxidation products (i.e., BSSH) 
are the major impurities appearing. Within this 24-h period, the conversion of BSH 
to BSSB is not signi fi cant, provided that the compound is carefully handled. This 
rate of conversion may change dramatically if large quantities of dissolved oxygen 
(or some yet unknown factor) are present. More precise experimentations are still 
missing to determine the reaction kinetics in more details.   

    8.2.3   Quality Control 

 For the EORTC trials 11001 and 11011, the quality control of the material was 
tested according to the following procedure. This procedure was written down in a 
SOP. The authors might be asked for more details. 

    8.2.3.1   Description of the Study Medication 
 BSH,  10 B-enriched (Na  

2
  10  B 

12
 H 

11
 SH), is used as a white or creamy white lyophilized 

powder in glass vials sealed with a septum. 
 The containers are labeled with the content, the batch number, and the weight of 

the contained material. 
 The powder is hygroscopic and attracts water on standing on air.  

    8.2.3.2   Identi fi cation of BSH 
      Sodium 
 Test solution a: dissolve 10 mg in 0.1 ml 1 M hydrochloric acid. Heat a platinum 
wire in a colorless  fl ame until no coloration is seen. Moist the platinum wire with 
test solution a and heat in the colorless  fl ame. A yellow color is seen.  

      BSH,  10 B-enriched 
 Examine by infrared absorption spectrophotometry (see  European Pharmacopoeia , 
3rd edition 1997, section 2.2.24) using the golden gate method. The principal peaks 
appear at wave numbers 2,500, 880, 1,090, 1,015, and 750 cm −1 .   

    8.2.3.3   Purity of BSH 
      Oxidized Degradation Products 
 Examine by high-pressure liquid chromatography. 
 Mobile phase: methanol/water 60/40 (vol/vol), 10 mm tetrabutylammonium hydro-
gen sulfate, adjusted to pH 7.0 with tetrabutylammonium hydroxide. The mobile 
phase must be degassed before use. 
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 Column: Merck Superspher RP-18 endcapped, 4  m m, 125 × 4 mm in diameter. 
The system must be equilibrated over night before injecting the test solution. 

 Flow: the  fl ow rate of the mobile phase is set at 0.5 ml/min. Detection: the eluent 
is monitored at 220 nm. 

 Test solution b: to 50 mg add 10 ml 0.9 % sodium chloride solution. Dilute 10  m l 
to 1.0 ml with mobile phase. This solution must be freshly prepared and injected 
within 15 min. after preparation. 

 Inject 30  m l of test solution b on the column. BSH elutes at 6.5 min and the deg-
radation product at 12.3 min. The material conforms to the demands if the integral 
for BSH is 98 % or more of the total integral, excluding the injection peak.  

      Pyrogens 
 Examine by Limulus amebocyte lysate test. 

 Test solution c: with a pyrogen-free spatula, 40.0 mg is weighed and dissolved in 
4.0 ml pyrogen-free 0.9 % sodium chloride solution and dissolved. 33  m l of this 
solution is diluted to 1.0 ml with pyrogen-free water. 

 Carry the Limulus amebocyte lysate test out according to SOP “endotoxin assay.” 
The material conforms to the demands if it contains less than 0.025 ie pyrogens/mg 
BSH.   

    8.2.3.4   Control of the BSH Content and the  10 B Enrichment 
      BSH Content 
 One vial of BSH is dissolved in water. Of this solution, an aliquot is diluted to 50–100 ppm 
boron. Three individual samples are analyzed for total boron content with mass spec-
trometry. The average of the three samples avg (total) and their relative standard devia-
tion sd(total) is calculated. The total content of the vial is  calculated from the indicated 
net weight and the indicated degree of enrichment. The theoretical molecular weight is 
calculated from the formula Na 

2
 B 

12
 H 

11
 SH with the atomic masses Na = 22.990, H = 1.008, 

S = 32.066,  11 B = 11.009,  10 B = 10.013. The material conforms to the speci fi cation if 
content of the vial is within 95–105 % of the amount given on the label.  

      Degree of Enrichment 
 In order to verify the actual degree of  10 B enrichment, an aliquot of the infusion solu-
tion is analyzed for  10 B by prompt gamma ray spectroscopy (PGRS)  [  30  ] . Three indi-
vidual 1-ml samples of this solution are analyzed for  10 B contents with prompt gamma 
spectroscopy, with a counting time long enough to reach a counting  statistics of better 
than 1 %. The average of the three samples avg( 10 B) and their relative standard devia-
tion sd( 10 B) is calculated. The degree of enrichment avg(enrich) is the ratio of avg( 10 B)/
avg(total). The relative standard error is given by sd(enrich) = (sd( 10 B + sd(total))). The 
material conforms with the demands if avg(enrich) (1 + 2sd(enrich)) is 0.95 or larger.    

    8.2.4   Studies in Animals 

 This part refers exclusively to animal experiments. The following animals were 
investigated: mice, rats, rabbits, and dogs. Reports on investigations in monkeys 
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were found, but cannot be referenced, as the company in question, Shionogi, has not 
permitted the use of their internal report. 

 Several of the studies were performed in the late 1960s. They were not per-
formed according to good laboratory practice, as these guidelines did not exist at 
this time. Some of the information required by GLP is not obtainable because of the 
long time since the performance of the investigations. The newer studies were gen-
erally performed according to GLP. 

 It has to be stressed that some of the experiments were performed using  10 B 
enriched BSH and some others used non-enriched BSH which may in fl uence phar-
macodynamics and pharmacokinetics. Furthermore, most of the publication does 
not specify the quality control procedures used to control the compound tested. This 
is of major concern for the interpretation of toxicity. 

    8.2.4.1   Pharmacodynamics 
      Actions Relevant to the Use of BSH for Treating High-Grade Glioma 
 BNCT relies solely on the ability of compounds to selectively accumulate in or be 
selectively retained in tumor cells in comparison to surrounding normal cells. 
Accumulation or retention of the compound in organs outside the treatment volume 
reached by thermal neutrons is of no consequence for the selectivity, safety, and 
ef fi cacy of the therapeutic action. Thus, compounds do not possess any chemical or 
physiological activity of their own at the dosages used, with exception of the selec-
tive accumulation and retention. 
 BSH has been investigated in brain malignancies, especially with the goal to treat 
high grade malignant glioma, that is, glioblastoma multiforme. It was suggested 
that its transport from the blood to the tumor cells occurs through an alteration in 
the blood–brain barrier (BBB). Following this hypothesis, once in contact with the 
tumor cells, it is taken up into the cells and was even being found in the cytoplasm 
and the nucleus of glioma cells  [  31,   32  ] . More recent observation  [  18,   27,   28  ]  cast 
doubts on this hypothesis but does not show a more convincing explanation. In 
summary, no  fi nal assessment can be made as to the mechanism by which BSH is 
taken up by glioma cells or how different concentration of BSH is reached in dif-
ferent tissues. The most promising approach to investigate further the behavior of 
this small molecule probably is perfusion imaging of the interested tissues. The 
knowledge of these mechanisms is certainly desirable but not absolutely neces-
sary for assessing the therapeutic potential of BSH (or other boron compounds) 
for BNCT. 

 Several publications using BSH on glioma models are published in mice  [  33–  35  ]  
and rats  [  36,   37  ] .  

     Other Actions Investigated 
 Very few data applying BSH to other tumor models than glioma are available in 
mice  [  27,   38  ] .  

      Interactions 
 There is no information available on the interaction of cellular BSH uptake with 
other molecules also taken up by cells.   
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    8.2.4.2   Toxicity 
 Very few animal experiments were performed to systematically investigate the tox-
icity of BSH. Compared to other drugs, very high amounts of boron compounds are 
needed for BNCT in order to reach a relevant tissue concentration of  10 B. Such 
amounts already have been applied to humans without fateful consequences; it 
therefore might be concluded that the acute toxicity of BSH is very low (as com-
pared to other drugs for medical use). Under such circumstances, the preparation of 
the infusion solution, its amount, and its infusion rate may have a major impact on 
toxicity. This aspect too is not very well investigated. 

     Single Intravenous Injection 
      Mice 
 The initial studies of toxicity in mice were carried out with intraperitoneal injection. 
A value for LD50 was determined to be 73 mg/kg. From subsequent publications, it 
can be deduced that the original compound contained greater amounts of oxidation 
products than the ones used in later studies  [  39  ] . Further studies reported by the 
same authors  [  39  ]  using intravenous administration showed a greatly reduced toxic-
ity. The problem of impurities may be amenable to measurement with newer chro-
matographic methods for determining purity  [  40  ] . 

 For intravenous infusion of BSH, Hatanaka et al.  [  39  ]  found a strong dependence 
of LD50 on the speed of infusion. Whereas LD50 for slow infusion (33 mg/kg/min) 
was >1,000 mg/kg, the values for 200 and 1,200 mg/kg/min were 300 and 215 mg/
kg, respectively. Details on the cause of death are not given in the publication. 
Elsewhere  [  39  ]  in the same monography, convulsion and instant spasm of the blood 
vessels with resulting thrombosis or hemorrhagic infarction were found in rabbits.  

      Rats 
 LaHann reports on infusion of BSH intravenously into rats  [  41  ] . Lethal events are 
described of single doses of 375 mg BSH/kg. Different batches of BSH were used; 
they appear to be of no good chemical purity, as judged by the presence of odor and 
color (Centronic), and occasional odor (Boron Biologicals Inc.). Thus, some or 
much of the toxicity reported could also be caused by contaminants of the product 
used. No distinction is made in the report on which batches were used for which 
experiment. 

 An effect of the volume rate of administration on the toxicity of BSH was found, 
as already described for mice (see above). With a dose of 550 mg/kg, the ratio of 
dead/injected animals was 7/8 at 0.283 ml/min/kg, 3/3 at 0.213, and 1/4 at 0.142 ml/
min/kg. No indication is available as to the concentrations of the infusion 
solutions. 

 With administration of BSH at a rate of 1.8 mg/min/kg, a dose of 550 mg/kg was 
not lethal in three animals, whereas the same dose resulted in death of 6/7 animals 
when administered at a rate of 28.3 mg/min/kg. Administration of BSH at a rate of 
28.3 mg/kg/min and at dose of 375 mg/kg resulted in death of 4/13 animals. 
Conscious rats showed better tolerance to BSH infusion as rats under general anes-
thesia and noninstrumented rats better than instrumented rats. 
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 With doses of 500 mg/kg (no infusion speed given, but given elsewhere in the 
report as between 7.1 and 200 mg/mg/kg/min), death usually occurred within 6 h of 
the infusion. Pulmonary parameters (rate,  fl ow, and tidal volume) were little affected 
by BSH until just prior to death. Respiratory depression did not appear to be a pri-
mary cause of BSH-induced death, since arti fi cial respiration was not an effective 
antidote. Cardiovascular parameters were rapidly and substantially altered by BSH 
administration. The following effects on the heart were seen: initial positive inotro-
pic effect; over time, decrease in cardiac contractility; massive increase in total 
peripheral resistance; initially increased arterial blood pressure and variable effects 
on heart rate; and EKG changes indicative of cardiac rhythm (disturbances; reduc-
tion in cardiac output). Thus, death is concluded to be secondary to cardiovascular 
collapse. 

 Administrations of 375–500 mg/kg were often associated with delayed death, 
the animals often did not succumbing until 1–4 days post-infusion. The delayed 
time to death associated with these doses of BSH would make cardiovascular failure 
or respiratory arrest unlikely causes of death. Observations indicated that beginning 
within a few hours of BSH infusion, animals were edematous, had low urine output, 
and at autopsy, displayed enlarged kidneys. 

 Morris reported that 200 mg/kg BSH, infused intravenously over 10 min, killed 
the rats. No fatalities were observed with 100 mg/kg. The material used was from 
Callery Chemical Co. No cause of death was given  [  42  ] . 

 Changes of glomerular  fi ltration rate (GFR) measured as  14 C-inulin clearance 
and urine  fl ow rate (UFR) after a slow intravenous injection of BSH (25 and 50 mg/
kg body weight, respectively) were investigated in rats under pentobarbital anesthe-
sia  [  43  ] . The effect of BSH has been compared with that of its disul fi de (BSSB), 
which is spontaneously generated by oxidation of BSH during storage. It was found 
that BSH decreases GFR in relation to dose and, in the same way, causes a tempo-
rary increase of UFR. On the other hand, BSSB (50 mg/kg) induced a large revers-
ible decrease of GFR as well as a decrease of urine excretion. It was supposed that 
kidney function changes after BSH or BSSB administration might be related to a 
high retention of BSH or BSSB in the kidneys.  

      Dogs 
 Large animal studies have been utilized to de fi ne tolerance of normal brain to irra-
diation and verify treatment planning programs with epithermal neutron beams 
 [  44  ] . Some information can also be deduced from treatment of spontaneous brain 
tumors in dogs by BNCT  [  45  ] . However, these studies do not give a major contribu-
tion to the toxicity evaluation of the drug BSH. 

 Hatanaka reported the application of 34.8 mg/kg boron (= 60.6 mg/kg BSH) into 
the common carotid artery of a single dog autopsied on the  fi fth postinjection day 
 [  39  ] . No toxicological effect was observed. 

 Gavin et al. gave an overview of animal studies and dog treatments performed at 
Washington State University and JRC Petten  [  46  ] . BSH was applied up to a concen-
tration of 131 mg/kg body weight through slow intravenous infusion. The studies 
focused on de fi ning the proton RBE for the contaminant fast neutrons and from 
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nitrogen capture of thermal neutrons and boron capture reaction biologic effect. 
These studies on healthy tissue tolerance were performed with subsequent neutron 
irradiation. For this reason, the dogs received dexamethasone. No fatality was 
observed and no late toxicity due to the drug was apparent. Observation period was 
up to 1 year, depending on the development of neurological symptoms following 
radiotherapy.   

     Toxicity with Repeated Administration of BSH 
      Mice 
 BSH and BSSB were infused through intraperitoneal pumps. Administration was 
for 9 days. Doses administered were from 160 to 680 mg/kg. No fatalities were 
observed. Neither of the two substances in fl uenced leukocyte numbers or hemoglo-
bin concentrations in the blood, but each was hepatotoxic, BSSB more so than the 
monomer. There was histopathological evidence of liver regeneration at similar 
rates 5 days after infusion of BSH and BSSB  [  39  ] .  

      Rabbits 
 Male and female New Zealand white rabbits were injected with 40 mg/kg boron 
(= 71 mg/kg BSH) for 5 consecutive days. The animals were observed for 30 days 
following the last injection  [  19  ] . Rapid injection of a solution with 13.5 mg/ml 
boron was hazardous, being capable of provoking thrombosis, vasospasm, or exert-
ing some type of phlebotoxic effect. Autopsied animals showed evidence of pulmo-
nary infarction, cerebral arterial thrombosis, multiple hemorrhagic infarction of the 
brain stem, and scar-like foci in the lungs, kidneys, liver, and intestinal tract. With a 
slow intravenous injection of a more dilute solution (6–7 mg/ml boron), no apparent 
alteration in normal function was observed. Following sacri fi ce at 30 days, a com-
plete histopathological examination of the organs revealed no atrophy or other 
abnormal pathology. 

 One rabbit was given an intravenous dose of 60 mg/kg boron (= 71 mg/kg BSH) 
daily for 5 consecutive days  [  39 : pp. 60, 64, 65]. No change in blood chemistry or 
blood count was seen. 

 Janku et al. have reported on toxic effects on rabbits following multiple BSH 
injections  [  47  ] . The animals were male Chinchilla rabbits fed on laboratory diet. 
BSH was administered into the ear vein for 7 days, each dose (bolus injection) con-
taining 50 or 25 mg/kg BSH. Animals were sacri fi ced 17 h after the last dose. 
Samples of brain, lung, heat, liver, spleen, kidneys, and adrenals were excised for 
histopathological examination. Red and white blood cell counts were performed 
before and after the dosage of BSH, as were serum levels of glucose, cholesterol, 
bilirubin, urea, and creatinine, as well as activities of aminotransferases. Lethal 
effects were observed after the  fi fth daily dose in two of  fi ve animals receiving 
25 mg/kg BSH and in one of seven animals receiving 50 mg/kg. The major toxic 
effect was on kidney function, with a rise of blood urea at 50 mg/kg (164 ± 85 % of 
control). In histopathological examination of tissue, non-dose-dependent alterations 
of kidney and brain were found. A sample of BSH from the same supplier (Léciva 
Pharmaceuticals) was later analyzed in Gabel in Bremen (personal communication) 
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by HPLC for the stability investigation. Multiple peaks were observed, with a major 
component (44 % of the integrated UV absorbance) being caused by a single, highly 
hydrophobic compound of unknown nature. Thus, it is highly probable that the 
toxic and lethal effects might not be caused by BSH but by some impurities, which 
obviously were present in the preparation used.  

      Dogs 
 Preparing the EORTC trial 11961, four dogs received four doses of BSH (44 mg/kg) 
intravenously on 4 consecutive days. The dogs received also dexamethasone, in 
order to reduce edema of the brain after radiation. Blood was sampled repeatedly 
during the 4 days, in order to determine the boron concentration in the blood. Blood 
count was performed up to 40 days after the irradiation. Except for the known effects 
of dexamethasone on white blood count and differential count and the effect of the 
repeated blood sampling on red blood count and hematocrit, no effect was seen. The 
dogs were sacri fi ced after 1 year, with no apparent effect on organs.   

     Chronic Toxicity Trials 
 Toxicity trials with the goal to observe long-term toxicity (3 months and more) are 
not published. A long-term observation period is only available from the canine trial 
performed in Petten: A total of 39 dogs received up to 100 mg/kg BSH as part of a 
study for healthy tissue tolerance to BNCT. No drug-related late effects were seen 
during the observation period, which was a minimum of 4.5 months (when the  fi rst 
animals had to be sacri fi ced for radiation-induced neurological damage) and 1 year 
(when all remaining animals were sacri fi ced).  

     Fetal Toxicity and Fertility Studies 
 No studies for fetal toxicity and fertility studies have been carried out.  

     Mutagenic Potential 
 To investigate the mutagenic effect in boron neutron capture therapy, Chine hamster 
ovary cells were incubated with  10 B-enriched BSH for 2 and 20 h. After removal of 
the BSH, the cells were irradiated with thermal neutrons. The biological end point 
of cell survival was measured by colony formation assay. The mutagenicity was 
calculated from the mutation frequency at the hypoxanthine-guanine phosphoribo-
syltransferase (HPRT) locus. The mutagenicity of BSH was similar to that of  10 B 
boric acid when the cells were irradiated with neutrons at an isosurvival dose after 
2 h preincubation. Preincubation with BSH for 20 h, compared with preincubation 
for just 2 h, had no effect on either cytotoxicity or mutagenicity  [  48  ] .  

     Carcinogenic Potential 
 No studies for carcinogenic potential have been carried out.  

      Conclusions 
 As already mentioned for many of the studies quoted below, the quality of the com-
pound used was not well established. Reports of odor and color of the  compounds, 
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found occasionally in the literature, indicate the presence of high  concentrations of 
unwanted material. Thus, especially the presence of toxic signs might not be attrib-
utable solely to BSH but also to other compounds present. Even within one study, it 
is not clear that the material used was of constant quality. The LD50 value of the 
oxidation products of BSH are much higher than for BSH, being quoted as 62 mg/
kg for the disul fi de BSSB and 53 mg/kg for the sulfoxide product  [  39 : p. 15], as 
compared to over 800 mg/kg for BSH. Thus, even the presence of only a few percent 
of BSSB could in fl uence greatly the observed toxicity of the preparation. 

 Single intravenous injection and especially single intravenous infusion of BSH is 
tolerated well in animals. Also, multiple infusions are tolerated without major side 
effects. The toxicity levels for pure BSH preparations appear to be high. Toxic 
effects were described on the cardiovascular system, on the renal system, and on 
liver. Once the initial phase of toxic reaction of a few days has passed, the values 
normalize.   

    8.2.4.3   Pharmacokinetics and Tissue Distribution in Animals 
 Animal experiments (mice, rats, rabbits, and dogs) that gives some information on 
pharmacokinetic and tissue uptake are summarized below. Most of the trials were 
not designed for pharmacokinetic studies in the proper sense of the term. In most 
trials, boron and not BSH was measured. Sometimes, it is not mentioned if 
 10 B- enriched or non-enriched BSH has been applied. 

      Half-Lives in Plasma 
 The half-life of boron in blood after application of BSH was investigated following 
intravenous infusion and intraperitoneal injection. A two-compartment model could 
be used for evaluation provided that data were available for suf fi cient time periods 
after infusion. The half-lives are summarized in Table  8.3 .   

     Pharmacokinetic Scaling 
 The total clearance and steady state volume of distribution in humans and in 
 laboratory animals were analyzed as a function of species body weight using an 
allometric equation for the interspecies scaling. Linear relationships were obtained 

   Table 8.3    Half-life of boron after application of BSH in different species   
 Animal  Route  Amount (mg/kg)  Infusion time (min)   T ½ a  (h)   T ½ b  (h)  Author 
 Rat  i.p  87  Bolus  1.3  29.1   [  49  ]  
 Rat  i.v  87–261  Bolus  12.1  n.a.1   [  49  ]  
 Rat  i.v  50  Bolus  0.62  6.17   [  32  ]  
 Rat  i.v  100  10  2.78  18.1   [  50  ]  
 Mouse  i.p  61  Bolus  2.58  145   [  33  ]  
 Dog  i.v  96  55  14.5  n.a. a    [  51  ]  
 Rat  i.v.  30  Bolus  0.2  1.7   [  52  ]  
 Rat  i.v.  100  Bolus  1.2  17   [  52  ]  
 Rat  i.v.  300  Bolus  0.2  19   [  52  ]  
 Rat  i.v  100  Cont. Inf  0.9  13.5   [  52  ]  

   a Data suf fi ce only for an one-compartment analysis  
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between the logarithms of Cl (L/h) and weight (kg) as well as de logarithms of Vdss 
(L) and weight (kg). BSH clearance in various species was shown to be a constant 
fraction (0.26) of creatinine clearance, the relationship being independent of body 
weight. The results indicate that the BSH data obtained in laboratory animals could 
be used to generate preliminary estimates of the pharmacokinetic parameters in 
humans  [  53  ] .  

      Plasma Protein Binding 
 The interaction between BSH and serum albumin is of interest because it is related 
to the pharmacokinetics of BSH. Early research suggested that covalent disul fi de 
bridges might be involved in the interaction  [  54  ] . Subsequent studies, using 
 11 B-nuclear magnetic resonance spectroscopy have not supported this hypothesis 
 [  18,   55–  57  ] . 

 Another investigation reported that there is no covalent binding and no 
 formation of disul fi de bridges between BSH and the three types of albumin inves-
tigated (human, bovine, and canine)  [  58  ] . Furthermore, a fast exchange of bound 
and unbound BSH was demonstrated. The number of binding sites for BSH on 
 albumin is about 3–5. At a serum albumin concentration of 5 % and a temperature 
of 37 °C, between 68 and 98 % of the total BSH (200  m g/ml) were bound to the 
protein.  

      Distribution and Excretion 
 Yamaguchi et al. studied the distribution and excretion of boron after intravenous 
administration of BSH to rats  [  52  ] . AUC (32, 219, and 4030  m g·h/ml) increased 
with the dose, but there was no proportionality among the values. Total clearance 
decreased drastically from 233 ml/h/kg (100 mg/kg) to 38 ml/h/kg (300 mg/kg). As 
boron was excreted mainly into the urine, these results suggest that renal function 
failure might occur with dosing of 300 mg/kg. In case of continuous infusion of 
100 mg/kg of BSH for 30 min, the pharmacokinetic parameters were similar to 
those of rapid injection of 100 mg/kg. The highest boron concentrations were 
observed in the kidney and the lowest in the brain. After multiple dosing of BSH at 
100 mg/kg/day × 14 days, the boron concentrations in blood, liver, lung and kidney 
at 24 h after the last dosing were higher than those after single dosing and were 
similar to those of simulated values calculated from single dosing parameters. The 
results clearly indicate that boron does not accumulate unexpectedly in any tissue 
with multiple dosing of 100 mg/kg of BSH for 2 weeks.  

     Metabolism 
 No information is available on the metabolism of BSH and the form in which it is 
excreted.  

     Tissue Distribution 
      Normal Brain 
 Only very small boron concentration was detected in normal brain tissues  [  27,   32, 
  33,   51  ] . The amount of boron found in normal brain corresponds slightly to the 
content of blood in average brain tissues and is close to 4 %. 
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 Wittig et al. published in 2009 an extensive study in male athymic nude mice 
(HsdCpb:NMRI-nu/nu)  [  27  ] . Animals received twice the dose of BSH per kg body 
weight that was given to patients in the EORTC 11961; the compound was injected 
intraperitoneally in a 1-ml volume: 200 mg/kg (113.2 mg  10 B/kg). The compound 
was purchased from Katchem Ltd. Rez, Czech Republic. The  10 B enrichment was 
99 %. The quality control and the preparation of the injection solutions were per-
formed according to standard operating procedures established for the EORTC 
clinical trials. 2.5 h after BSH injection, a blood concentration of  10 B was measured 
with 16 ± 8  m g/g. The  10 B concentration was high in kidneys (26 ± 20  m g/g) and liver 
(20 ± 12  m g/g); medium in lung (11 ± 5  m g/g), skin (8.4 ±6.6  m g/g), spleen 
(8.5 ± 7.3  m g/g), bone (5.3 ±2.7  m g/g), testes (5.3 ± 2,7  m g/g), and heart (4.7 ± 2.3  m g/g); 
but was low in fat (2.1 ± 2.4), muscle (1.9 ± 1.2  m g/g), and brain (1.0 ± 0.8  m g/g). 

 In large animals (dogs), Kraft et al. have intensively investigated tissue concen-
trations of boron after BSH application  [  51  ] . At time intervals of 2, 6, and 12 h after 
BSH infusion, the concentration of boron in bone (scalp) and oral mucosa was lower 
than that in blood (around 70 % of the blood concentration). Concentrations in pitu-
itary gland and tongue were around 50 % of the blood concentration. Concentration 
in muscle was about 250 % of that in blood. Over the observed time period, the 
concentration ratios tissue/blood was approximately constant. Uptake in 30 sponta-
neous tumors occurring in dog heads has been studied. The histology of the tumors 
was astrocytoma (protoplastic,  fi brillary, and diffuse astrocytoma included) (6 cases), 
meningioma (7 cases), pituitary adenocarcinoma (7 cases), choroid plexus papil-
loma (5 cases), nasal adenocarcinoma (3 cases), and other histologies (2 cases). 
Uptake was determined to 35.6 ± 4.6  m g/g tissue at 2 h ( n  = 15), 22.5 ± 6.0  m g/g at 6 h 
( n  = −9), and 7.0 ± 1.1  m g/g at 12 h ( n  = 6). At all time points, the boron concentration 
in tumor was around 50 % of that of blood.     

    8.2.5   Clinical Studies 

 Few data are published for BSH with respect to results on pharmacodynamics, phar-
macokinetics, toxicity, and side effects as well as tissue uptake in humans. The data 
of one of the few controlled prospective phase I trials (EORTC 11961) are still not 
yet fully available in the accessible literature. After the pioneering work initiated by 
Hatanaka and Nakagawa  [  39  ] , BSH  [  19  ]  was used in modern clinical trials for treat-
ments of glioblastoma  [  11,   59  ]  and in combination with  l - para -boronophenylala-
nine (C 

9
 H  

12
  10  BNO 

4
 , BPA) for the treatment of glioblastoma  [  60  ]  and of squamous 

cell carcinoma of head and neck  [  61  ] . 

    8.2.5.1   Pharmacodynamics 
      Pharmacological Actions 
 The substance itself is not toxic and does not inhibit cell growth or proliferation in 
the concentrations of clinical relevance. The use of BSH for BNCT is solely 
 dependent on the differential accumulation of  10 B in tumor cells as compared 
to surrounding normal tissues. The molecule has to be perceived as a carrier 
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 transporting  10 B to target cells without any known secondary pharmaceutical 
capacity. There is a controversial discussion how and why BSH leads to a differ-
ential boron concentration in different tissues. The most plausible explanation 
might be the diffusion of the small molecule following the perfusion of the differ-
ent organs including the effect of some physiological barriers such as the blood–
brain barrier. Some authors discuss the oxidation/reduction of BSH in tissues or 
suggest some speci fi c binding.  

      Intracellular Distribution of Boron after BSH Application 
 Because of the short range of the highly energetic particles  4 He and  7 Li resulting 
from the  10 B(n, a ) 7 Li reaction, the ef fi cacy of BNCT not only depends from the 
boron concentration measured in macroscopic volumes but is strongly dependent on 
localization of  10 B inside a cell  [  62  ] . 

 An early study published by Amano in 1985  [  63  ]  suggests some intracellular and 
also intranuclear localization of boron in tumor tissue. The author points out the 
tentative nature of the results. Otersen et al. investigated the binding of boron pres-
ent in surgically removed tumor tissue from patients infused with BSH  [  64  ] . Freeze-
dried sections retained boron independent of the  fi xation method (formalin vapor, 
formalin solution, and glutaraldehyde solution). In addition, boron could not be 
removed with reducing agents or acids. Kageji et al., using differential centrifuga-
tion after tissue homogenization, found the highest amount of boron in the fraction 
containing cytoplasm (and extracellular  fl uid)  [  65  ] . In a similar study by Ceberg 
et al., tumor material from patients infused with BSH and operated around 18 h fol-
lowing infusion showed that about 60 % of the total boron of the tissue was present 
in cytoplasm and extracellular  fl uid. Twenty-one percent was present in the nuclear 
fraction and 18 % in the mitochondrial fraction  [  66  ] . With LAMMA as analytical 
technique, Haselsberger et al.  [  67  ]  detected boron only in patients whose tumor 
accumulated larger amounts of boron. When found, boron could be detected only in 
the nuclei of tumor cells. The detection of boron with this method is rather 
insensitive. 

 Such analyses are extremely depending on the correct sample preparation, which 
never is easy  [  68,   69  ] . For example, with electron energy-loss spectroscopy (EELS) 
it could be shown that early boron locating studies had reported artifacts  [  70,   71  ] . In 
addition, the use of such highly elaborated techniques is time demanding and expen-
sive and needs well-trained personal. To obtain a reliable result in biological sys-
tems, a lot of samples have to be analyzed in order to reach a statistically signi fi cant 
result. Up to now, such an expensive effort could not be realized.  

      Boron Concentration in Tissues after Application of BSH 
 During the 1990s, in Europe, a research project funded by the European Commission 
called “European Collaboration on Boron Neutron Capture Therapy” made major 
efforts to further evaluate BSH  [  22  ] , resulting a  fi rst BSH pharmacy brochure that 
was the starting point of the later EORTC investigators brochure  [  29  ] . The total 
number of patients included in this pharmacokinetic and tumor uptake studies as 
well as the amount of BSH applied are shown in Table  8.4 .  
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 The mean tumor-to-blood ratios (± SD) found by the different investigators for 
samples taken at different time points investigating different brain malignancies 
were the following: Bremen 2.0 (± 1.1), Graz 1.3 (± 0.3), Lausanne 1.9 (± 4.4), and 
Lund 1.6 (±1.8). Using ICP-OES, it was found that boron from BSH would be taken 
up into tumor tissue with a time constant of some hours, peaking at around 12 h 
after the infusion of BSH. There was a drop of boron concentration in the tumor 
with time thereafter, roughly parallel with the boron concentration in blood. Thus, 
after around 12 h, concentration ratios between the average concentration in tumor 
and in blood were around 1–2 (with considerable interpatient variations)  [  29  ] . 

 Horn reports the tissue distribution after infusion of 25 mg/kg borocaptate sodium 
in 10 patients with malignant brain tumors investigated by atomic emission spec-
trometry. Differences in boron content were found not only in relation to the type of 
tissue but also with respect to the time interval which elapsed from termination of 
the BSH infusion. Average uptake in tumor was 12.1, 12.4, 16.5, and 10.4  m g/g after 
3, 6, 12, and 18 h, respectively. Tumor-to-blood ratios higher than 1.5 can only be 
obtained after at least 12 h  [  82  ] . 

 The uptake of BSH in tumor and normal tissues was investigated in the frame of 
the EORTC phase I trial “Postoperative treatment of glioblastoma with BNCT at the 
Petten Irradiation Facility (EORTC trial 11961)”. The boron concentration in blood, 
tumor, normal brain, dura, muscle, skin, and bone was detected using inductively 
coupled plasma-atomic emission spectroscopy in 13 evaluable patients. In a  fi rst 
group of 10 patients, 100 mg BSH/kg body weight (BW) were administered; a sec-
ond group of 3 patients received 22.9 mg BSH/kg BW. The toxicity due to BSH was 
evaluated. The average boron concentration in the tumor was 19.9 ± 9.1 ppm (1 stan-
dard deviation (SD)) in the high-dose group and 9.8 ± 3.3 ppm in the low-dose 
group; the tumor/blood ratios were 0.6 ± 0.2 and 0.9 ± 0.2, respectively. The highest 
boron uptake has been detected in the dura; very low uptake was found in the bone, 

   Table 8.4    Clincial trials on BSH of the European Collaboration on Boron Neutron Capture 
Therapy. The following hospitals participated: (1) Zentralkrankenhaus Bremen, Germany; (2) 
Neurochirurgische Klinik Graz, Austria; (3) Neurosurgical Clinic Lausanne, Switzerland; (4) 
Neurosurgical Clinic Lund, Sweden. Abbreviations: male (m), female (f), years (y)   

 Hospital 
 Patients 
included 

 Patients receiving 
  multiple   BSH 
applications 

 sex   (range 
of age)  histology 

 BSH   mg/
kg (range)  publications 

 1  41  7  23 m;   18 f 
 (31-72 y) 

 Astrocytoma 
  WHO grade 
III-IV 

 11.2-58.1  [71-71] 

 2  19  7  13 m;   6 f 
 (52-67 y) 

 Astrocytoma 
  WHO grade IV 

 75.0  [74,75] 

 3  39  2  19 m;   20 f 
 (30-82 y) 

 different tumor 
entities 

 8.6-86.0  [76-80] 

 4  8  0  2 m;   6 f 
 (31-61 y) 

 astrocytoma 
  WHO grade 
II- IV 

 42.9-69  [64] 
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the cerebrospinal  fl uid, and especially in the brain (brain/blood ratio 0.2 ± 0.02 and 
0.4 ± 0.2). The study underlines the importance of a further investigation of BSH 
uptake in order to obtain enough data for signi fi cant statistical analysis. The boron 
concentration in blood seems to be a quite reliable parameter to predict the boron 
concentration in other tissues  [  25,   83  ] .   

    8.2.5.2   Pharmacokinetics of BSH 
 Although BSH has been used clinically for many years, its pharmacokinetics and 
metabolism are still not fully understood. Pharmacokinetic studies that used various 
study designs but all included a limited number of patients investigated single-dose 
applications of BSH  [  24,   29,   81,   82,   84,   85  ] . A  fi rst report on pharmacokinetic 
investigations for multiple doses of BSH was incomplete  [  86  ] . 

 Of note, all pharmacokinetic parameters that were reported characterize the 
boron or  10 B disposition after BSH infusion but not the disposition of the molecule 
BSH. The reason is that assays to quantify BSH on a routine basis still do not exist 
 [  87,   88  ] . Instead, the assays used (PGRA, ICP-AES, direct current plasma-atomic 
emission spectroscopy (DCP-AES)) cannot distinguish between whether  10 B is 
bound within the parent drug (BSH), to any boronated metabolites, and/or to 
 oxidation products. As BNCT ef fi cacy relies on the preferential accumulation of  10 B 
in the target cells and not on the chemical form of  10 B, assays used for pharmacoki-
netic pro fi ling of  10 B are suf fi cient to optimize delivery. 

 Most authors report that  10 B disposition after i.v. infusion of BSH follows a 
 classical three-compartment open model with zero-order input and  fi rst-order 
 elimination. Horn et al.  [  82  ]  administered a 1-h infusion of 25 mg BSH/kg to 10 
patients with malignant glioma. They reported a mean boron-blood clearance of 
19.8 ml/min and a terminal half-life of 44.0–92.8 h. Goodman et al.  [  24  ]  and Gibson 
et al.  [  84  ]  describe the results from a group of 19 patients with malignant glioma, 
who were infused with BSH at doses of 26.5–88.2 mg BSH/kg b.w. over a 1-h 
period at the Ohio State University and the Beijing Neurosurgical Institute. They 
found a boron-blood clearance of 18.3 ± 4.5 ml/min and a terminal half-life of 
79.6 ± 32.8 h. Kageji et al.  [  85  ]  reported the results of a retrospective pharmacoki-
netic and biodistribution analysis in 123 patients who received a one-hour i.v. infu-
sion of 12–100 mg BSH/kg. In most patients, blood samples were taken over a 36-h 
time interval only; in some patients, they were taken for up to 6 days. The patient 
concentration-time data were  fi tted to a two-compartment model. With this, the 
mean blood boron clearance was 60 ml/min, which was far greater than the blood 
clearance values determined by the former authors. The harmonic mean terminal 
half-life was 77.2 ± 54.1 h. Finally, Stragliotto et al.  [  81  ]  studied a group of 61 
patients with intracranial tumors, who received one infusion of 10–100 mg BSH/kg 
b.w. In only 7 patients, who received 10–20 mg BSH/kg b.w., blood samples were 
taken over a period of 7 days. In all other patients, samples were taken over a period 
of 24–48 h only. Resulting data were best described by a 3-exponential model. The 
clearance of  10 B from blood was 0.21 ± 0.1 ml/min/kg; the mean residence time was 
29.9 ± 18.6 h. 
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 Unpublished results of the EORTC trials are in reasonable agreement with these 
earlier reports. Thirty patients were included in trial EORTC 11961 (21 males, 9 
females, mean age: 60.8 years), of whom 26 patients were included in the BNCT-
treatment study (17 males, 9 females, mean age: 60.0 years) receiving repeated BSH 
infusions. Fourteen patients (12 males and 2 females, mean age: 61.2 years) partici-
pated in the biodistribution substudy. Between June 2003 and December 2007, 10 
other patients were enrolled in EORTC trial 11001, who received BSH. The mean 
age was 54.1 years with 5 males and 5 females. The mean  10 B-clearance from the 
blood was 11 ± 8 ml/min. The half-life for boron disposition was 94 ± 70 h (22–288 h) 
after a single dose of BSH. Multiple doses of BSH can also best be described with 
a three-compartment model. It could be shown that systemic clearance as well as the 
volume of distribution of  10 B both increase with increasing BSH dose. Higher doses 
of BSH do not increase the blood boron concentration and possibly do not lead to 
increased tumor boron concentrations. BSH doses below 100 mg BSH/kg b.w. seem 
suf fi cient to reach the therapeutic effect and should be considered to avoid drug-
related side effects. 

 In all studies, the intra- and interpatient variability in blood boron concen-
trations was remarkably high. This observation is common to all BSH biodis-
tribution reports. This variability underlines the necessity for individual 
measurements of the blood  10 B concentration at least during irradiation in each 
patient. Missing individual measurements would create a large uncertainty in 
the calculations based on boron concentration, especially calculations of the 
irradiation dose.  

    8.2.5.3   Toxicology of BSH 
 BSH administration was always followed by surgery and/or irradiation for BNCT 
with concomitant medication. Therefore, possible toxic effects of BSH cannot be 
easily differentiated from those of general anesthesia, surgery, and other 
medication. 

 The most reliable toxicity data have been collected in the EORTC study protocol 
11961 (clinicaltrials.gov registration number NCT00004015), a phase I dose  fi nding 
trial aiming to determine the safety and toxicity of a BSH-mediated BNCT in 
patients with glioblastoma multiforme. The patients received BNCT in 4 fractions 
on 4 consecutive days. BSH was given prior each fraction. The trial investigated 
dose limiting toxicity and maximum tolerated radiation dose of BNCT as a postop-
erative treatment. A secondary end point was the systemic toxicity of BSH and the 
antitumor effect. Cohorts of patients suffering from glioblastoma were irradiated 
with four fractions of BNCT after complete resection of the tumor. Thirty patients 
have been entered into the study, 21 males and 9 females. Mean age of the patients 
on study registration was 60 years (50–74). The performance status at inclusion was 
very good with a median Karnofski index of 90 (70–100). In the  fi rst cohort, three 
patients with a remaining tumor volume larger than 30 % of the initial tumor size 
had to be excluded from the procedure of BNCT. One patient could not undergo 
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BNCT because of an intercurrent infection and  prolonged recovery after the sur-
gery. All of the 16 patients entered for treatment in the cohorts 2–4 where treated 
with BNCT. Four cohorts of patients (26 patients) were treated with BNCT in the 
trial. BNCT was performed in 4 fractions on 4 consecutive days, except one case, in 
which the third and fourth fractions of irradiation were delivered subsequently on 
the same day. On the day prior to the  fi rst irradiation, 100 mg/kg BSH was admin-
istered i.v. at a dose rate of 1 mg/kg/min. On the following days, both the amount 
(range 9.5–107.1 mg/kg) and the time point of BSH administration (range 8–14 h 
prior to the radiation) were modi fi ed to achieve an average boron concentration of 
30 ppm  10 B in blood over the four fractions. The amount, start of the infusion, and 
duration were adapted each day after obtaining the actual pharmacokinetic data 
(from the regularly taken blood samples) by prompt gamma ray spectroscopy. In the 
26 patients treated, the mean blood boron concentration over the four fractions of 
BNCT was 30.2 ppm (range 27.3–32.3 ppm). No drug-related toxicity was detected 
in the EORTC trial 11001. 

 Only one event of serious toxicity was reported and described as possibly related 
to the drug BSH: the  fi rst irradiated patient developed a WHO grade 4 granulocy-
topenia during the week of BNCT. The granulocytopenia was treated by GSF and 
resolved within 36 h. Some grade 1–2 toxicity regarding hematological changes, 
erythema and urticaria, erythema,  fl ash-like sensation during infusion, nausea and 
vomiting, hypokalemia, and hyponatremia were detected and interpreted as 
 possibly related to BSH. Grade 1, 2, and 3 fever possibly related to the study 
 medication occurred in three patients. In summary, no dose-limiting toxicity has 
been observed  [  89  ] . 

 No BSH related toxicity was detected in the EORTC trial 11001. 
 The intensive biodistribution studies performed by Fankhauser and Stragliotto 

 [  77–  81  ]  were not designed to detect toxicity. A retrospective analysis of the 
patient  fi les to investigate unexpected hematological and metabolic toxicity 
(including liver and renal function) following BSH infusion was undertaken. 
A follow-up for 40 of 61 patients is available. No speci fi c drug-related toxicity 
was observed. 

 A safety evaluation of patients following single and multiple BSH infusions 
without and with concomitant hyaluronidase application performed by Haselsberger 
in Graz  [  75,   90  ]  can be summarized as follows: Seven patients having received 
multiple doses of BSH (each dose 75 mg/kg body weight), spaced 24 h apart, were 
evaluated together with three patients of the group having received a single dose of 
BSH (75 mg/kg). Follow-up was usually available only for the immediate postop-
erative period. Common side effects in 7 of 10 patients (without concomitant 
hyaluronidase treatment) of the Austrian investigation were facial  fl ushing during 
the BSH infusion that did not require treatment and resolved spontaneously upon 
completion of treatment (WHO-grade l). One of the patients (with concomitant 
hyaluronidase treatment) experienced a slight allergic skin reaction following BSH 
infusion (WHO-grade 3 because of therapy with Ca ++ ).  
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 From patients treated by Haritz in Bremen  [  72–  74  ] , following toxicity data are 
available: For the 22 patients who received BSH in a dose up to 41 mg/kg and 
2 patients who received BSH 2 times subsequently, the blood and laboratory values 
were evaluated statistically by using the Wilcoxon test with a 95 % level of 
signi fi cance and revealed no differences between the BSH group and the control 
group of 10 patients  [  91  ] . During the BSH infusion and over the observation period, 
cardiovascular function remained unchanged (with exception of patients, who had 
disturbances of cardiovascular function in their medical history). Furthermore, no 
allergic skin reactions were observed; moreover, the patients did not complain of 
any subjective disorders like nausea and vomiting. A transient skin reddening 
( fl ush) was observed twice when BSH was infused with high concentration and 
over shorter time periods. There was no indication that BSH (in the administered 
doses) had myelosuppressive effects on the bone marrow. Because of the large 
number of concomitant treatments, it was dif fi cult to distinguish any de fi nite toxic 
in fl uence of BSH on liver function. There is no correlation of BSH dose depen-
dency and disturbance of liver function. Abnormal values were either preexisting 
or could be attributed to other reasons (i.e., concomitant application of phenytoin). 
In these series, there was no registration of a potential toxic BSH effect on renal 
function. 

 In summary: Flush-like symptoms and nausea during BSH infusions might be 
related to infusion of the drug at a higher rate than 1 mg/kg/min. It is important not 
to apply the drug at higher speed. 

 BSH proved to be safe for clinical application at a dose of 100 mg BSH/kg 
infused and at a dose rate of 1 mg/kg/min.    

    8.3   Boronophenylalanine (BPA) 

    8.3.1   Introduction 

 Boronophenylalanine (BPA) is a derivative of the neutral amino acid phenylalanine, 
its synthesis was published in 1958  [  92  ] . The molecular structure of BPA resembles 
tyrosine. It was thought to act as a substrate for tyrosinase in melanoma cells, lead-
ing eventually to macromolecular incorporation via the melanin metabolic pathway. 
However, the mechanism seems to be more complex; BPA accumulates in both 
melanotic and amelanotic tumors  [  93  ]  as well as in a number of other malignant cell 
types  [  93–  97  ] . Cellular uptake is selective for the  l -stereoisomer, indicating a phys-
iological transport mechanism rather than passive diffusion which was found to be 
the neutral amino acid transport mechanism, namely, the  l -amino acid transport 
system  [  98  ] . An increased rate of cell division and catabolism alone do not account 
for the increased accumulation in tumor cells, leading to speculation that the neutral 
amino acid pathway is less selective in tumors, that is, melanoma than in normal 
tissue  [  99  ] . For reasons of solubility, BPA is often complexed with fructose to pro-
duce an infusion solution.  
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    8.3.2   Physical, Chemical, and Pharmaceutical Data 

    8.3.2.1   Physicochemical Properties 
      Names 
   Chemical names 
   l -Phenylalanine, 4-(borono- 10 B)   
  Synonyms 

  ( • 10 B)-4-Borono- l -phenylalanine  
  4-(Borono- • 10 B)- l -phenylalanine  
   • l -(p-[ 10 B]Boronophenyl)alanine  
   • l -para-Boronophenylalanine  
   • l -4-[ 10 B]Boronophenylalanine  
  p-[ • 10 B]Borono- l -phenylalanine  
  BPA [ • 10 B]    

 CAS registration number: 80994-59-8  

     Structural Formula 
 Molecular formula: C 

9
 H  

12
  10  BNO 

4
  

 Molecular weight: Precise molecular weight is dependent upon the boron isoto-
pic composition of the material (Fig.   8.2  ).  

 A series of typical molecular weights is listed below for varying isotopic 
compositions.  

 Carbon  12,011 
 Hydrogen  1,0079 
 Boron 
  Isotope 10  10,0129 
  Isotope 11  11,0093 
 Nitrogen  14,0067 
 Oxygen  15,9994 

 Therefore, BPA has the following molecular weight according to the varying 
boron 10 and 11 contents as shown in Table  8.5 .   

     Physical and Chemical Characteristics 
 Solid state form: White crystals without smell 

 Solubility: Insoluble in water, soluble in acids and alkalis. 
 Optical rotation: [á]  

D
  25   -10.1 ( c  = 0.25, 0.1 N HCl) 

 Melting point: 283–293 °C, decomposes 
 Density: 0.89 g/cm 3    

HO

HO

B

H H

C C C

O

OH
H NH2

  Fig. 8.2    The BPA molecule        
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    8.3.2.2   Production, Puri fi cation, and Methods of Preparation 
 The manufacturing of BPA including production, puri fi cation, and control tests 
will depend on the procedures used by the chemical and/or pharmaceutical 
 company producing the product. Its synthesis is less demanding as compared to 
BSH; therefore, several producers are offering the chemical compound in a 
 10 B-enriched and non-enriched version. The whole procedure has to follow the 
principles of good manufacturing practice including a strong quality control of 
the starting material. Up to now, the pharmaceutical industry does not provide 
the drug ready for infusion. Producing a complex with fructose is mostly used 
for the preparation of a solution for injection to the patient (BPA-F). This step 
is part of the pharmaceutical production line; it has to be done by and under the 
control of approved pharmacists and needs special licensing if performed at the 
treating hospital. 

      Preparation of the BPA-Fructose Solution 
 Here, the de fi nition is given on the detailed procedure of preparation of the 
 BPA-fructose (boronophenylalanine-fructose) infusion solution used for study 
protocol EORTC 11001 “ 10 B-uptake in different tumors using the boron com-
pounds BSH and BPA”  [  100  ] .

   Clean, wrap, and autoclave all glassware and utensils and store in sterile environ-• 
ment until use.  
  The following instructions for dosing refer exclusively to protocol EORTC • 
11001. BPA is administered at a concentration of 100 mg/kg body weight. Vials 
contain exactly 1,000 mg of BPA each.    
  First day of preparation 
   Calculate the correct amount of BPA and fructose (1:1.1 molar ratio) for the • 
patient (e.g., patient weight 65 kg, 6,500 mg BPA, and 6,180 mg 
fructose).  
  Clean bench area and equipment with sterile 70 % alcohol for disinfection and • 
then place all other equipment in the hood.  
  Disinfect hands with ethanol 70 % for hand disinfection; then wear gloves. Spray • 
the gloves with sterile 70 % ethanol before working in the hood.  
  Calibrate the pH meter with pH 7 and pH 10 buffer. Rinse the electrode with • 
sterile water several times.  
  Prepare 10 g fresh 10 N solution of NaOH from sodium hydroxide and • 
water for injection (10 N = 40 %; 4 g sodium hydroxide in 10 ml NaOH 
solution).  

   Table 8.5    Molecular weight of BPA according to varying  10 B content   
 Boron 10 content (%)  Boron 11 content (%)  Atomic wt.  BPA MW 

 Natural boron  20  80  10.81002  209.0008 
 90  10  10.11254  208.3106 
 95  5  10.06272  208.2608 
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  Weigh out the correct amount of BPA in a 500-ml sterile beaker with a stir mag-• 
net, and add 50 % or less of the total volume using sterile water for injection.  
  Stir for 5 min with a magnetic stirrer.  • 
  The BPA–water mixture should look very cloudy. Measure the initial pH, which • 
should be 4.5–6. Rinse electrode directly into solution using sterile water.  
  Add 10 N NaOH until the pH reaches 9. At a pH of 9, add 10 N NaOH drop by • 
drop so that you can stop when the solution becomes clear, with a pH of 10.5. 
The BPA solutes at this pH and further on the BPA-F complex will be formed at 
this pH so that the pH should not rise higher than 12.  
  Stir the solution for 20 min and check that the solution is clear.  • 
  Weigh out the correct amount of fructose in a 100-ml beaker and add it to the • 
clear BPA solution.  
  Stir for 10 min with a magnetic stirrer.  • 
  Record the pH.  • 
  Slowly add concentrated HCl to bring the pH down to 8 but be careful to avoid • 
precipitate formation.  
  Add 1 N HCl to reduce the pH to above or equal to 7.4.  • 
  Stir for 10 min with a magnetic stirrer.  • 
  Filter the clear BPA-F solution into a sterile receiver with a stir magnet using a • 
combined 5- m m/0.45- m m  fi lter unit ( fi rst 5- m m  fi lter, then 0.45- m m  fi lter).  
  Add sterile water to adjust the volume of the solution to the desired volume.  • 
  Stir for a few minutes and recheck the pH.  • 
  Cap the sterile receiver with a sterile cap and refrigerate overnight.    • 
  Second day of preparation 
   Keep the BPA-F solution out of the refrigerator and wait for it to return to room • 
temperature.  
  Recheck the pH of 7.4.  • 
  Filter the BPA-F solution into a sterile infusion bag or several sterile 50-ml • 
syringes using a 0.22- m m  fi lter unit.  
  Ensure that no air gets into the bag or syringe.  • 
  Protect the bag from light.  • 
  Can be stored in refrigerator (2–8 °C) and protected from light for no more than • 
12 days.      

    8.3.2.3   Stability 
      Stability of the Substance 
 Yearly retesting of the BPA material revealed that the BPA in substance is stable at 
room temperature for years.  

      Stability of the  10 B- L -Boronophenylalanine-Fructose Injection 
 The stability of  10 B- l -BPA-F injection solution containing 30 mg  10 BPA/mL was 
investigated. The 30 mg/ml BPA (as BPA-fructose) infusion was aseptically pre-
pared at the Department of Pharmacology of the Vrije Universiteit Amsterdam 
 [  101  ] . Two batches of 40  10 B- l -BPA-F infusions were prepared (for details cf. 
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 chapter “preparation of the  10 B- l -boronophenylalanine-fructose injection solu-
tion”), stored at room temperature (15–20 °C), and protected from light. Three 
bottles from each batch were analyzed in duplicate at the time of preparation and on 
days 2, 3, 6, 10, 13, 15, and 21 (batch A) or on days 1, 2, 5, 9, 12, 14, and 20 (batch 
B). Furthermore, three samples of each batch were stored at 2–8 °C to determine 
whether decomposition was affected by temperature. 

 A decrease of the BPA-F concentration in time was observed, indicating a lim-
ited shelf life of the product. With 95 % reliability (with a lower limit of 90 % of the 
nominal  10 B-BPA concentration), a maximum shelf life of 11.9 and 12 days was 
found for batches A and B, respectively. No degradation products exceeded 1 % of 
the parent compound in any of the chromatograms. These results match the shelf 
life of 12 days established by the Food and Drug Administration  [  102  ] . 

 In conclusion, a  10 B- l -BPA-F solution containing 30 mg  10 B- l -BPA/ml was sta-
ble for 12 days when stored at room temperature and protected from light. Shelf life 
did not improve signi fi cantly when the solution was stored at 2–8 °C  [  101  ] .    

    8.3.3   Quality Control 

 For the EORTC trials 11001 and 11011, the quality control of the material was tested 
according to the following procedure. This procedure was written down in a SOP. 

    8.3.3.1   Description of the Active Ingredient 
 BPA,  10 B-enriched is used as white or creamy white lyophilized powder in glass 
vials sealed with a septum. 

 The containers are labeled with the content, the batch number, and the weight of 
the contained material. 

 The powder is hygroscopic and attracts water on standing on air.  

    8.3.3.2   Identi fi cation of BPA 
  Appearance  

 White crystals without smell packed to 1-, 10-, or 20-ml vials sealed with rubber 
septum and aluminum cap 

  Melting point  
 283–293 °C, decomposes 
  Infrared spectrum  
 Examine by Fourier transform infrared (FTIR) absorption spectroscopy (see 

 European Pharmacopoeia , 3rd edition 1997, section 2.2.24). The principal peaks 
appear at 3582, 1333, 1595, 1504, 652, 955, 746, 713, 826 cm −1   

    8.3.3.3   Purity of BPA 
      HPLC Analysis 
 Column: Nucleosil 120RP18, 5 micron, LiChroCART. Stabilized more than 12 h 
before analysis. Detection: uv 254 nm. Flow: 1.0 ml/min. 
 Mobile phase: Phosphate 12.5 mM + acetonitrile (5 + 95) 
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 50 mg BPA is solved in 10.0 ml 0.1 M sodium hydroxide. 10.0  m l is diluted with 
mobile phase to 1.00 ml. 30  m l is injected on the column. The solution should be 
freshly prepared and analyzed within 15 min. Purity is accepted if the surface of the 
principal peak (Rt 5.5 min) is more than 98 % of the integrated surface.  

      Pyrogens 
 Examination by the Limulus amebocyte lysate test. 

 Test solution c: with a pyrogen-free spatula, 20.0 mg is weighed and dissolved in 
2.0 ml pyrogen-free 0.9 % sodium chloride solution and dissolved. 50  m l of this 
solution is diluted with 1.45 ml pyrogen-free water. 

 Carry the Limulus amebocyte lysate test out according to SOP “endotoxin assay.” 
The material conforms with the demands if it contains less than 0.050 i.e., pyrogens/
mg BPA.   

    8.3.3.4   Control of the  10 B Enrichment 
 A test solution of BPA is diluted to a  10 B-concentration in the range of 50–75 ppm. 
The volume of this solution should be at least 10 ml. With this solution, the follow-
ing tests are performed. 

      Determination of  10 B Content 
 The PGRA of fi cer prepares three individual vials of 1 ml each with the test solution. 
Prompt gamma ray analysis is performed and the concentrations of  10 B are 
detected.  

      Determination of the Total Boron Content ( 10 B +  11 B) 
 After completion of the prompt gamma ray analysis, the three samples mentioned 
above are transferred to ICP preparation and analyzed for total boron content 
( 10 B +  11 B) and total boron concentration.  

      Control of Degree of Enrichment 
 The degree of enrichment (with standard deviation) is calculated as the ratio between 
the  10 B concentration (from prompt gamma ray analysis) and the total boron con-
centration (from ICP). The degree of enrichment is accepted if it equals 0.995 within 
two standard deviations.    

    8.3.4   Pre-clinical Studies 

    8.3.4.1   In Vitro Trials 
      Pharmacodynamics 
 BNCT relies solely on the ability of compounds to selectively accumulate in or be 
selectively retained in tumor cells in comparison to surrounding normal cells. 
Accumulation or retention of the compound in organs outside the treatment volume 
reached by thermal neutrons is of no consequence for the selectivity, safety, and 
ef fi cacy of the therapeutic action. Thus, compounds are not required to carry any 
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chemical or physiological activity of their own, with exception of the selective accu-
mulation resp. retention. 

      Uptake of BPA in Cells 
 The transport of  l -BPA·HCl and its metabolic fate have been studied in human 
uveal melanoma cell line isolated from a primary enucleated tumor. The results of 
this trial suggest that BPA is actively transported into melanoma cells, but not 
metabolized  [  103  ] . 

 The mechanism of transport of BPA through the cell membrane was investigated 
in vitro using rat gliosarcoma cells. The results of this study support the hypothesis 
that  10 B-BPA is actively transported by the L system, which can be further stimu-
lated by amino acids preaccumulated in the cell by either L or A amino acid trans-
port systems  [  98  ] . 

 Papaspyrou et al. studied the effects of preloading mouse melanoma cells with 
 l -tyrosine. They found that this preloading increased the intracellular boron con-
centration by a factor of 3. They concluded that  10 B- d , l -p-BPA is transported by 
L and presumably ASC (alanine, serine, cysteine) systems and that boron uptake 
can be stimulated by  l -tyrosine preloading  [  104  ] .  

      Mutagenic Potential of BPA in Cells 
 Kinashi et al. investigated the mutagenic effects of BPA and BSH in Chinese ham-
ster ovary cells. They incubated the cells with  10 B-enriched BPA or BSH and exposed 
them to thermal neutrons. Mutagenicity was measured by the occurrence of muta-
tions at the hypoxanthine-guanine phosphoribosyltransferase locus. They concluded 
that, after 20 h of incubation, BPA was less mutagenic than BSH. The mutagenic 
study of BPA or BSH revealed a reduced mutagenicity. The authors state that these 
results suggest that the retention of BPA and BSH in the cell causes a more accurate 
assault on the cell and lessens the chance of a misrepair after neutron irradiation 
 [  48  ] .    

    8.3.4.2   In Vivo Trials 
 This part refers exclusively to animal experiments. The following animals were 
investigated: mice, rats, and dogs. The studies were generally performed in the spirit 
of GLP. 

      Pharmacodynamics and Pharmacokinetics 
 According to Matalka et al., the  fi nding that the  l -isomer of BPA-F was taken 
up 1.8 × higher in tumor cells than the  d,l  racemic mixture indicates that  10 B-
BPA accumulates in tumors through a metabolic pathway rather than through 
diffusion  [  105  ] . 

      Biodistribution 

   Tumor Accumulation of BPA   
 Gregoire et al., who were among the  fi rst to recognize the tumor speci fi city of 
 l -BPA-F, investigated mice with murine tumors  [  106  ] . In a second trial, they found 
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a tumor-plasma ratio of  l -BPA-F of 3.2 in melanoma-bearing mice. Their pharma-
cokinetic parameters are subject to large errors according to the authors and are 
therefore not included here  [  107  ] . 
 Pignol et al. have studied the selective delivery of  10 B-L-BPA.HCl to soft tissue 
sarcoma in 24 rats. They used intraperitoneal doses of BPA (300, 600, and 
1,200 mg/kg). The neutron capture radiology analysis showed that the 
 tumor-to-muscle ratio was 13 ± 4 and the tumor-to-blood ratio 15 ± 3, 6 h after an 
intraperitoneal dose of 600 mg/kg. The amount of  10 B incorporated into the tumor 
was 36 ± 4  m g/g  [  108  ] . 

 Matalka et al. used a rat brain tumor model to study the pharmacokinetics and 
tissue distribution of BPA using intracerebrally implanted human melanoma cells. 
They injected 120 mg of  10 B enriched  l -BPA-F intraperitoneally into the rats. Six 
hours after infusion, they obtained  10 B rates of 23.7 (tumor), 9.4 (blood), and 
8.4  m g/g (normal brain)  [  105  ] . 

 Morris et al. evaluated the biodistribution of  10 B-BPA-F (4.9%  10 B) using a rat 
spinal cord model. Different doses of the compound (700, 1,000, and 1,600 mg/kg) 
were used to establish the biodistribution of  10 B in blood, spinal cord, and brain after 
intraperitoneal administration. These doses matched  10 B blood concentrations of 
approximately 12, 42, and 93  m g/g. At the two highest doses, BPA exhibited a 
biphasic clearance pro fi le, with blood concentrations highest at 1 h after infusion. 
The  10 B blood-to-CNS ratio increased with higher doses, reaching a value of 10 at 
the 1,000 and 1,600 mg/kg dose ( t  = 1 h after infusion). After 3 h, this ratio was 
decreased to 3  [  109  ] . 

 A high boron uptake and a heterogenous subcellular microdistribution of  10 B 
after BPA was demonstrated in a murine sarcoma by Wittig et al.  [  38  ] .  

   Distribution of BPA to Normal Tissues   
 The biodistribution of  l -p-BPA was investigated in a mouse model by Wittig et al. 
 [  27  ] . Samples were taken 1.5 h after i.p. injection of  10 BPA as a fructose complex at 
a dose of 700 mg/kg (33.4 mg  10 B/kg). The following mean  10 B concentration were 
reached (in  m g/g ± SD): blood 11.3 ± 6.1, brain 5.4 ± 2.6,muscle 10.1 ± 5.3,fat 
2.4 ± 1.3, heart 11.5 ± 5.1, testes 10.2 ± 4.3, bone 8.3 ± 3.5, skin 12.3 ± 8.5, spleen 
16.7 ± 8.1, lung 12.5 ± 9.8, liver 12.1 ± 6.3, and kidney 37.8 ± 24.8.  

   Factors In fl uencing Biodistribution   
 Joel et al. investigated the effect of dose, infusion time, and route of infusion on 
the delivery of  10 B- l -BPA-F in rats bearing gliosarcoma. They increased the 
dose from 250 to 1,000 mg/kg, which resulted in an increase of tumor boron 
concentration (from 30 to 70  m g  10 B/g) with a constant tumor-to-blood-ratio of 
3.7, 1 h after the end of the infusion. Extension of the infusion time from 2 to 6 
h (dose 125 mg/kg) had the same effects. Only intracarotid infusion of BPA (1 h, 
125 mg BPA/kg) changed the tumor-to-blood ratio to 5.0 with a boron concen-
tration of 38  m g/g  [  110  ] .  

   Metabolism   
 Kiger et al. state that the excretion of BPA mainly involves the renal pathway  [  111  ] . 
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 There is no conclusive information available on the metabolism of BPA and the 
form in which it is excreted. Svantesson et al. have found evidence that BPA is 
indeed metabolized, but further research is necessary to determine the identity of 
the possible metabolite(s)  [  112  ] . 

 For the intended pharmacological action, the chemical form of boron is not of 
relevance. Only if the metabolites represent toxic substances, the nature of these 
molecules would be of importance in order to possibly counteract their toxic action.  

   Plasma Half-Life   
 Coderre et al. investigated in a canine model the pharmacokinetics and biodistribu-
tion of  10 B-BPA-F. They found that the blood boron concentration decreases in a 
bi-exponential way after infusion, indicating that at least two compartments can be 
distinguished. The investigators suspect that the  fi rst phase consists of redistribution 
of the blood boron into the water compartment ( T ½ = 10 min) and that the second 
phase consists of renal clearance of the BPA ( T ½ = 3 h)  [  113  ] .    

      Toxicology 
      Toxicology of BPA 
 Taniyama et al. investigated acute and subacute toxicity of  10 B-BPA.HCl in rats 
injected i.p. and s.c. They used doses ranging from 300 to 3,000 mg/kg. Acute 
 toxicity decreased dramatically by adjusting the pH of the solution to neutral value 
(Table  8.6 ).  

 The subacute toxicity was determined by injecting rats subcutaneously daily for 
28 days at doses of 300, 700, and 1,500 mg/kg. All rats survived. All rats showed an 
increase in urine ketone level. No further differences were observed between control rats 
and rats with low doses of  10 B-BPA.HCl. At the highest dose level, hematologic changes 
were observed including a decrease in hemoglobin and leukocyte count and an increase 
in reticulocyte count and neutrophil-lymphocyte ratio. The authors suggest that these 
 fi ndings could be caused by hemolysis and local reactions at the injection site  [  114  ] . 

 Kulvik et al. conducted a study on the toxicity of  l -BPA-F in male albino Sprague 
Dawley rats. Eight of the rats were infused with 2.8 g  l -BPA/kg as BPA-F. The 
control group consisted of  fi ve rats who received fructose solution only. The follow-
ing laboratory results were collected: hemoglobin, leukocytes, C, aspartate amin-
otransferase, alkaline phosphatase, glucose, cholesterol, triglyceride, albumin, and 
á-, â-, and ã-globulin. No statistically signi fi cant differences were detected between 
control and  l -BPA-F rats  [  115  ] . 

 There are no more data available investigating the toxicity of BPA in animals.  

   Table 8.6    Summary of the toxicity study published by Taniyama et al.  [  114  ]    
 Route  pH  LD50 
 i.p.  1  640 mg/kg (male) 

 710 mg/kg (female) 
 s.c.  1  >1,000 mg/kg (male and female) 
 i.p.  7  >3,000 mg/kg (male and female) 
 s.c.  7  >3,000 mg/kg (male and female) 
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      Toxicology of BNCT using BPA 
 Unfortunately, the reporting of the applied dose is for most of the animal trials not 
done following the suggestions of the IAEA as proposed in IAEA TECDOC-1223 
 [  116  ] . The reported results are therefore dif fi cult to interpret and their comparison 
is highly problematical. 

 Setiawan et al. investigated the effect of  10 B- l -BPA-F and BNCT on mouse 
brain dopaminergic neurons. The mice received a dose of 12 mg  10 B-BPA intra-
peritoneally and a radiation dose to the brain of 4.4 Gy (“boron dose”) plus 4.0 
(“nonboron dose”). They measured damaging effect to dopaminergic tracts as 
tyrosine hydroxylase immunohistochemical activity. Their  fi ndings state that 
no permanent damage on dopaminergic tracts was observed at 120 h postradia-
tion  [  117  ] . 

 Coderre et al. evaluated the effects of BNCT on oral mucosa using a rat model. 
All rats received 700 mg/kg  10 B- l -BPA-F i.p. and irradiation doses of 13.4, 4.2, or 
3.0 Gy. Ulceration of the tongue was evident at all doses approximately 7 days after 
irradiation; healing speed was dose-dependent  [  118  ] . 

 Coderre et al. investigated the tolerance of the normal canine brain to epithermal 
neutron irradiation in the presence of BPA. They used twelve dogs, which were 
intravenously infused with 950 mg/kg  10 B-BPA-F. The dogs were irradiated at the 
left hemisphere. Peak doses (delivered to 1 cm 3  of brain at the depth of maximum 
thermal neutron  fl ux) ranged from 7.6 to 11.6 Gy, while the average dose was 6.6 to 
10.0 Gy to the left hemisphere. The whole brain received an irradiation dose of 3.0 
to 8.1 Gy. They found a signi fi cant drop in lymphocyte and platelet count following 
BNCT. At 6–8 days after irradiation, lymphocyte count had dropped from 8,000–
11,000/ m l to 4,000/ m l. Platelet count was lowest after 11–17 days and decreased 
from 200–350,000 to 50–150,000. Lymphocyte count returned to normal 3–4 weeks 
after irradiation; platelet count returned to normal after 30–40 days. The investiga-
tors found dose-related effects on skin, resulting in hair loss at the irradiation  fi eld 
together with hyperpigmentation of the skin and loss of hair pigment. Effects on 
muscle were minor and were only seen at high doses (Peak dose in brain (PDB) 
9.0 Gy). Above a certain threshold, all dogs developed dose-dependent MRI 
changes, neurological de fi cits, and focal brain necrosis. This threshold was 9.5 Gy 
for the peak dose, 8.2 Gy for the left hemisphere, and 6.7 Gy for the whole brain. 
These neurological changes were severe and generally responded to steroid treat-
ment for only a short period  [  113  ] . 

 Morris et al. evaluated the central nervous system tolerance to BNCT with 
 10 B-BPA-F using a rat spinal cord model. Different doses of  10 B-BPA-F (700, 1,000, 
and 1,600 mg/kg, 4.9 %  10 B) were used intraperitoneally. The follow-up period was 
32 weeks after irradiation. No rats were lost during this period of time. They 
observed the ED50 values (i.e., radiation value at which 50 % of rats developed 
radiation myelopathy). At 1,000 mg/kg, the ED50 was 17.5 ± 0.7 Gy, and at 
1,600 mg/kg, the ED50 was 25.0 ± 0.6 Gy  [  109  ] .  

      Fetal Toxicity and Fertility Studies 
 No studies for fetal toxicity and fertility studies have been carried out.  



146 W.A.G. Sauerwein et al.

      Mutagenic Potential 
 No in vivo studies for mutagenic potential have been carried out.  

      Carcinogenic Potential 
 No studies for carcinogenic potential have been carried out.  

      Conclusions 
 BPA in neutral solution is tolerated well, p.o., i.p., i.v., and i.c. (intracarotidly). 
Toxic effects were found almost only after irradiation.   

      Effectiveness 
      Effectiveness of BNCT Using BPA 
 Coderre et al. studied the effect of irradiation using  10 B-BPA in mice carrying mela-
noma s.c. on the thigh.  10 B concentrations in the tumor ranged from 15 to 40 ppm. 
They have found that p.o. delivery of BPA results in signi fi cantly higher amounts of 
 10 B in tumor than via intraperitoneal injections. They concluded that long-term 
tumor growth control after neutron irradiation was higher after BPA administration 
(11 of 19) than without BPA administration (4 of 22)  [  119  ] . 
 Tamaoki et al. investigated the use of nude mice carrying melanoma allografts in 
 10 B-BPA BNCT. Each mouse received 10 mg  10 B-BPA.HCl (400 mg/kg) 4 h prior to 
irradiation. Thirty mice were divided into three groups of ten. The  fi rst group only 
received neutron irradiation, the second group received both BPA and irradiation, 
and the third group did not get any treatment. The tumor growth was signi fi cantly 
suppressed for 4 weeks after BPA and irradiation  [  120  ] . 

 Matalka et al. used a rat brain tumor model to study the pharmacokinetics and 
tissue distribution of BPA using intracerebrally implanted human melanoma cells. 
They injected 120 mg of  10 B-enriched BPA-F i.p. The reported results are summa-
rized in Table  8.7 . The authors conclude that BNCT using BPA is effective against 
intracranial melanoma in a rodent model  [  105  ] .   

      Effectiveness of BNCT Using Simultaneously BPA and BSH 
 Ono et al. tried to increase the effect of BPA BNCT by adding BSH (sodium boro-
captate) to the therapy. They studied mice bearing mouse squamous cell carcinoma. 
They administered  10 B- d , l -BPA.HCl intragastrically and  10 B-BSH-Na intrave-
nously. They found that the combination of these compounds was more effective in 
tumor cure than using the single compounds  [  121  ] . 

   Table 8.7    Results on survival of neutron irradiation after injection of BPA  [  105  ]    
 Treatment  Radiation dose (Gy)  Tumor dose (Gy)  Survival (days) 
 Untreated  0  44 
 Irradiation  2.7  76 
 Irradiation  3.6  93 
 120 mg BPA  1.8  5  170 
 120 mg BPA  2.7  7.5  182 
 120 mg BPA  3.6  10.1  262 
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   Enhanced Delivery of BPA in Brain Tumors   
 Barth et al. investigated the difference between i.v. and i.c. injection of  10 B-BPA-F 
and the effect of blood–brain barrier disruption (BBB-D). BBB-D was achieved by 
infusing a 25 % solution of mannitol via the internal carotid artery to rats bearing 
F-98 glioma. Approximately, 10 % of animals died within 6–12 h following BBB-D 
due to cerebral edema. The results observed are summarized in Table  8.8 . The  10 B 
concentrations were measured with DCP-AES (direct current plasma-atomic 
 emission spectrometry):  

 These results indicate that i.c. administration and BBB-D enhance  10 B 
 concentration in the tumor, resulting a higher radiation dose to the tumor and 
improving survival  [  122  ] . 

 In another study, Barth et al. investigated whether  10 B-BPA-F delivery to the 
tumor could be enhanced by adding Cereport, a bradykinin analogon, which 
 produces a transient, pharmacologically mediated opening of the blood–brain 
 barrier. They used F98 glioma-bearing rats. The rats were injected intravenously or 
intracarotidly with 300 mg/kg BPA-F and 1.5–7.5  m g/kg Cereport. Cereport i.c. 
signi fi cantly increased tumor boron uptake  [  123  ] . In a later trial, it could be shown 
that Cereport can not only increase tumor uptake of  10 B-BPA-F but also enhances 
the ef fi cacy of BNCT  [  124  ] .      

    8.3.5   Clinical Trials with BPA 

 In order to treat cancers with BNCT, it is necessary to accumulate  10 B in the tumor 
prior to irradiation and to ensure at the same time that healthy tissue unavoidably 
present in the neutron beam contains a minimal amount of boron. Because of the 
short range of the high-LET particles  4 He and  7 Li resulting from the  10 B(n, a ) 7 Li 
reaction, the ef fi cacy of BNCT is strongly dependent on  10 B distribution in tissues. 
Several boron carriers have been subject of trials, among which BPA is one of the 
most promising. 

 The concentration of boron in the tissues exposed to the neutron beam is of 
utmost importance for the predication of healthy tissue damage and cancer con-
trol. Several clincal trials to determine the pharmacokinetics and biodistribution 

   Table 8.8    Survival of rats and ratios tissue/blood after BPA injection ± blood–brain barrier dis-
ruption ± neutron irradiation   

 Administration 
 BBB-D, 
yes/no  BPA 

 Neutron 
irradiation, 
yes/no 

 Survival 
(days) 

  10 B-ratio 
tumor/
blood ± SD 

  10 B-ratio 
tumor/brain 

 i.c.  Y  500 mg/kg  Y  69  10.9 ± 6.3  7.5 ± 4.3 
 i.c.  N  500 mg/kg  Y  48  8.5 ± 3.5  5.9 ± 2.0 
 i.v.  N  500 mg/kg  Y  37  3.2 ± 2.7  5.0 ± 2.1 
 None  N  0  Y  29  NA  NA 
 None  N  0  N  24  NA  NA 
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of BPA have therefore been performed. This chapter is dedicated to data on human 
pharmacology. 

    8.3.5.1   Pharmacodynamics 
      Pharmacological Actions 
 The substance itself, an amino acid analogue, is not toxic and does not inhibit 
cell growth or proliferation in the concentrations of clinical relevance (see 
Sect.  8.3.4.2.2 ). 
 Its use in BNCT is solely dependent on its selective accumulation resp. retention in 
tumor tissue and its own contents of boron.  

      Pharmacodynamic Mechanisms Underlying the Therapeutic Effects: Uptake 
of Boron in Tumor Tissue 
 In 1994, Mallesch et al. investigated the uptake of BPA for glioma and brain 
 metastases of melanoma. The results for the metastatic melanoma patients were 
encouraging with an average tumor/blood boron concentration ratio and standard 
deviation of about 4.4 ± 3.2 and a maximum value of 10 for the cerebral metastasis. 
The glioma patients involved high-grade glioma for which the tumor/blood ratio was 
2.2 ± 1. The authors pointed out that the uptake of boron in tumor tissue is based 
upon its amino acid properties.  d , l -BPA-F was postulated to be taken up by active 
metabolic pathways in cells. It was suggested that due to elevated metabolism of 
tumor cells, the molecule will be accumulated in these tissues  [  125  ] . Wittig et al.  [  98  ]  
showed in vitro that BPA is mainly transported through the membrane by the  L -amino 
acid transport system. In a clinical trial (EORTC 11001), no correlation between 
BPA uptake and the LAT1 and Ki67 expressions in tumor samples was found  [  126  ] . 

 The uptake of BPA into glioma and melanoma was measured by tissue sampling 
in several trials  [  127–  130  ] . After the extracorporal irradiation of an explanted liver 
to treat metastases of colorectal cancer  [  131  ] , different groups investigated the 
uptake of BPA in colorectal liver metastases sampled during surgery  [  26,   132,   133  ] , 
all demonstrating a higher uptake of  10 B in the metastases as compared to normal 
liver tissue. Only one trial investigated the uptake of BPA in squamous cell  carcinoma 
of the head and neck by tissue sampling showing a promising  10 B concentration and 
demonstrating for the  fi rst time the change of boron concentration over time in the 
tumor  [  17  ] . The hypothetic approach to treat thyroid cancer by BNCT  [  134  ]  could 
not be supported by data from the EORTC trial 11001 showing no boron uptake in 
tissues from several thyroid cancers  [  135  ] .   

    8.3.5.2   Pharmacokinetics of BPA 
      Absorption, Including Bioavailability 
 Some of the older melanoma trials have been performed using oral administration 
of  l -BPA. The reason for oral administration was the limited aqueous solubility of 
BPA at physiological pH. Coderre concluded that the fraction of the oral  10 B- l -BPA 
dose that is actually absorbed from the gastrointestinal tract is 42.1 ± 17.8 % ( n  = 13). 
In these patients, a slurry of a crystalline-free, slightly soluble amino acid analogue 
was used  [  136  ] . 
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 In later trials with patients suffering from glioblastoma multiforme (GBM), malig-
nant melanoma, and cancers of the head and neck, as well as for EORTC 11001, 
BPA was infused through a central venous catheter. BPA was complexed with fruc-
tose to solve the solubility dif fi culties ( 10 B- l -BPA-F). This signi fi cantly raised blood 
boron concentrations from 6  m g/g (oral) to 32  m g/g (intravenous)  [  111  ] . One trial 
actually investigates the potential of BPA complexed with mannitol  [  137  ] .  

      Protein Binding 
 The action of BPA might be dependent on the protein binding of the drug. There are 
no studies known about this parameter.  

      Plasma Half-Life 
 Several authors have published data on plasma concentrations as a function of time. 
Generally, these data are considered to consist of biphasic kinetics, with a redistri-
bution and an elimination phase. Exact data are given in the next paragraph  

      Pharmacokinetics 
 Almost all trials were aimed at composing a model with which the blood and/or 
tumor level of BPA could be estimated out of limited data. These models were two, 
three, and four compartmental. The results of different pharmacokinetic trials will 
be summarized below. 

 Elowitz et al. concluded that  10 B- l -BPA-F exhibits biphasic clearance kinetics. 
During the  fi rst phase, blood boron concentrations decreased with a half-time of 
approximately 1.2 h (redistribution). The second phase (elimination) had a half-
time of 8.2 h  [  96  ] . 

 Ryynänen et al. combined two models (an open two-compartment model and a 
biexponential function) to describe the clearance of  10 B from blood after 290 mg/kg 
BPA ( 10 B-BPA-F) infusion. The combined model is created for predicting the  10 B 
blood concentration. The pharmacokinetic parameters used in these models are 
described in Table  8.9   [  138  ] .  

 Fukuda et al. took another approach and studied the pharmacokinetics of  10 B- d , l -
BPA-F in skin and blood of melanoma patients. Their results are summarized in 
Table  8.10   [  129  ] .  

 Mallesch et al.  [  125  ]  studied the pharmacokinetics of  d , l -BPA-F in patients with 
metastatic melanoma and glioma. BPA-F was administered as an intravenous bolus 
(12.06 ± 3.2 mg/kg). Tissue and blood samples were measured. They concluded that 
tumor-selective uptake of BPA in patients with brain metastases of malignant mela-
noma is higher than in patients with glioma. They also normalized all results to a 
nominal dose of 20 mg/kg, average weight 75 kg, and obtained the pharmacokinetic 
parameters stated in the Table  8.11 .  

 Kiger et al. designed a pharmacokinetic two compartment model for the 
 concentration of  10 B in blood following the administration of ( 10 B- l -BPA-F). They 
included 24 patients, 21 with GBM, 2 with metastatic melanoma, and 1 with 
 subcutaneous melanoma. They found a biphasic exponential clearance pro fi le. 
The pharmacokinetic parameters are presented in Table  8.12 . The validity of this 
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model was demonstrated by successfully predicting the average pharmacokinetic 
response for a cohort of 32 patients  [  111  ] . This model was also reliable predicting 
the  10 B concentration in patients suffering from melanoma brain metastases and 
irradiated in the frame of EORTC 11011  [  139  ] .   

      Elimination 
 The metabolization path of BPA is unknown. The excretion is mainly made via the 
kidneys. BPA can be found nonmetabolized in the urine of patients  [  140  ] .  

      BPA Distribution 
 Analysis of boron has been carried out through prompt gamma ray spectroscopy 
(PGRS) and direct current plasma-atomic emission spectrometry (DCP-AES). The 

   Table 8.9    Pharmacokinetic parameters for BPA-F of the combined model from Ryynänen  [  138  ]    
 No. of 
patients  Histology 

 BPA 
mg/kg 

 K 12 
(min −1 ) 

 K 21 
(min −1 ) 

 K el 
(min −1 ) 

 T1/2 
redistribution 

 T1/2 
elimination 

 7 m, 3 f  GBM  290  0.325 
(± 0.207) 

 0.06 
(± 0.033) 

 0.031 
(± 0.005) 

 16 (± 5) min  6.6 (± 2.0) h 
 40–81 
years 

   Table 8.10    Compilation of the pharmacokinetic data published by Fukuda and all  [  129  ]    

 No. of 
patients  Histology 

 BPA i.v. 
(mg/kg) 

 Additional 
BPA (mg/
kg) 

  T ½ 
redistri-
bution 

  T ½ 
elimina-
tion 

 Ratio, skin/
blood 

 Ratio, 
tumor/
blood 

 9  Melanoma  170–210  2.8 h  9.2 h  1.31 ± 0.22 
Constant 
during 6 h 
post infusion 

 3.40 ± 0.83 
Constant 
during 6 h 
post 
infusion 

 7  Melanoma  85  2.2 h  9.2 h  7  Melanoma 
 7  Melanoma  170–190  30 s.c.  3.3 h  9.0 h 
 2  Melanoma  50 i.m. × 5 

   Table 8.11    Pharmacokinetic parameters for BPA-F published by Mallesch et al.  [  125  ]    
 Dose BPA 
(mg/kg) 

 Weight 
(kg) 

 Dose  10 B 
(mg) 

 Initial conc. 
( m g/ml)  K el (h −1 )  Half-life 

 AUC 
( m g/h/ml)  Vd (l) 

 20  75  71.46  1.02  0.05  5.05  23.76  59.6 

   Table 8.12    Pharmacokinetic parameters following Kiger et al.  [  111  ]    

 No. of 
patients 

 BPA dose 
(mg/kg) 

  T ½ 
redistri-
bution 

  T ½ 
elimination 

 K 12 
(min −1 ) 

 K 21 
(min −1 ) 

 K el 
(min −1 ) 

 Vd (kg/
kg) 

 11 male, 13 
female 

 250 (12)  0.34 ± 
0.12 h 

 9.0 ± 2.7 h  0.0227 ± 
0.0064 

 0.0099 ± 
0.0027 

 0.0052 ± 
0.0016 

 0.235 ± 
0.042 

 24–82 years  300 (2) 
 350 (10) 
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former provides an accurate assessment of boron in larger quantities of tissue 
(around 1,000 mg); the latter is more sensitive and allows accurate measurement of 
 10 B and  11 B in 10- to 20-mg samples. 

 Using these methods, Elowitz et al. concluded that tumor-to-blood ratios were 
highly variable. Seventeen GBM patients received different intravenous amounts of 
 10 B-enriched  l -BPA-F: 130 mg BPA/kg ( n  = 5), 170 mg/kg ( n  = 6), 210 mg/kg ( n  = 3), 
and 250 mg/kg ( n  = 3).The blood boron concentration reached a maximum at the 
end of the 2-h BPA infusion and was proportional to the administered dose. The 
maximum boron concentration did not increase when infusion time was decreased 
to 1 h. Considerable variation in the measured boron concentration of resected 
tumor specimens was seen from patient to patient and among multiple samples from 
individual patients. The average tumor-to-blood-boron ratio was 1.6 (± 0.8). The 
concentration of boron in normal brain is generally equal to or less than that in 
blood. An initial qualitative analysis relating tumor histopathology and boron con-
centrations indicated that samples from more cellular areas exhibited a higher boron 
uptake than samples containing a high degree of necrosis  [  96  ] . 

 Coderre et al. also concluded that boron concentrations correlate with tumor 
cellularity. They measured 107 surgical samples from 15 patients with glioblas-
toma multiforme receiving 98–290 mg 95 %  10 B-enriched BPA per kg. The blood 
boron concentration reached a maximum at the end of the 2-h  10 B-enriched BPA-F 
infusion and was proportional to the administered dose of BPA. Boron concentra-
tion (normalized to a BPA dose of 250 mg/kg) between patients and between sam-
ples from individual patients varied signi fi cantly. However, they found that the 
boron concentration in tumor samples correlated to the cellularity of the sample 
( r  = 0.84) calculated using the formula:  B  = 9.1 + 61.9*CI, in which  B  = concentra-
tion  10 B in tissue ( m g/g) and CI = cellularity index. They concluded that the accu-
mulation of boron in tumor cells is a linear function of the administered dose of 
BPA and that the variation observed in boron analysis of multiple samples from 
individual patients was due to the inclusion of nontumor tissue (i.e., necrotic tissue 
or normal brain). The results of the cellularity analysis and the correlation with 
measured boron  concentrations (normalized to a BPA dose of 250 mg/kg) indi-
cated that the intracellular boron concentration in GBM was approximately 50  m g 
 10 B/g. They found an average blood boron concentration of 12.2 ± 1.6  m g  10 B/g, 
resulting in an average tumor-to-blood boron ratio of approximately 4, measured 
between 30 and 90 min after an infusion over 2 h  [  97  ] . It was also found in this trial 
that there is no difference in clearance kinetics between anesthetized and conscious 
patients. 

 A special aspect of BPA distribution in metastases of colorectal adenocarcinoma 
due to the high amount of noncellular materials in these tissues was discussed by 
Wittig et al.  [  26  ] . 

 Several researchers have used positron-emission tomography (PET) for deter-
mining pharmacokinetic parameters of BPA. They all used a derivative of BPA, that 
is,  18 F- 10 B-BPA-F. Because of this modi fi cation of the original structure of BPA-F, it 
is uncertain whether these data are to be extrapolated to BPA-F. Therefore, these 
results are not included here.   
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    8.3.5.3   Toxicology of BPA 
      Toxicity of the Drug 
 Kulvik et al. administered 100 mg  l -BPA/kg as BPA-F to 5 schwannoma and 3 
meningioma patients and 450 mg  l -BPA/kg as  l -BPA-F to 1 glioblastoma patient. 
Monitored parameters were blood leukocytes, blood erythrocytes, hemoglobin, 
thrombocytes, C-reactive protein, creatinine, alanine aminotransferase and ã-glu-
tamyltransferase. No clinically signi fi cant adverse events attributable to  l -BPA-F 
infusions were observed  [  115  ] . 

 In the EORTC trial 1101, patients suffering from melanoma brain metastases 
were irradiated in 2 fractions on 2 consecutive days. Prior to each fraction of irradia-
tion, each patient received a dose of 14.0 g BPA/m 2  body surface, which is equiva-
lent to 350 mg/kg body weight for a person of 80 kg and with a body surface of 
2 m 2 . BPA will be administered as  10 B-BPA-fructose complex. The infusion was 
applied intravenously via central venous catheter over 90 min. In the four treated 
patients, no drug-related toxicity was observed. However in the urine of the patients, 
crystals were observed. The crystallization occurred outside the patient and was 
therefore not seen as a toxic event. This effect may cause troubles if patients are 
treated with long irradiation times and obtain an urine catheter. 

 Patients treated in the frame of the biodistribution trial 11001 received only 
100 mg/kg BPA dissolved in a volume of 30 mg BPA-F/ml solution that was infused 
over 1 h. No drug-related side effects were observed. Single BPA crystals in the 
urine could be detected after carefully searching under the microscope.  

      Toxicity of BPA-Mediated BNCT 
 A high uptake of BPA in skin and mucosa has been described in animal experiments 
and clinical trials  [  17,   26,   27,   129,   141–  143  ] . Skin reactions and mucositis are 
expected as well as observed side effects of BPA-mediated BNCT.         
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    9.1   Introduction 

 Boron    has two stable naturally occurring isotopes,  10 B and  11 B, with natural abun-
dance of approximately 19 and 81 %, respectively. In biology, boron is an essential 
trace element for the growth of higher plants. Even in organisms in which boron is 
present but has not been established as essential (e.g., animals and humans), this 
element has been recognized to be bene fi cial. 

 Boron neutron capture therapy (BNCT) exploits the ability of the isotope  10 B to 
capture thermal neutrons with a very high probability, leading to the nuclear reac-
tion  10 B(n, a , g ) 7 Li. This reaction produces 478 keV gamma rays, He-4 particles, and 
Li-7 recoil ions, the latter two having high linear energy transfer (LET) properties 
and a high relative biological effectiveness (RBE) relative to photon irradiation. The 
range of these particles in tissue is limited to 8 and 4  m m, respectively, which restricts 
their effects to one cell diameter. Therefore, if the  10 B can be selectively delivered to 
tumor cells, the short range of the high LET-charged particles offers the potential for 
a targeted irradiation of individual tumor cells  [  1,   2  ] . 

 The energy released in matter by the  a  and  7 Li particles is inhomogeneous. As 
the range of these particles is so small, the clinical ef fi cacy of the therapy is only 
guaranteed if the boron is located inside a tumor cell and ideally close to the cell 
nucleus. 

 It is therefore a crucially important requirement to investigate the physiological 
and pharmacological behavior of the  10 B in the patient. The methods used should be 
suitable for accurately measuring the bulk  10 B concentration in tissue and  fl uids 
such as blood and urine as well as its microscopic spatial distribution at the cellular 
or subcellular level. Ideally, these methods should be noninvasive, allowing for 
in vivo measurements in the patient, and results should be obtained within a time 
period allowing for clinical decisions based on such results. 

 The following sections describe methods for measuring the quantitative distribu-
tion of boron and boron compounds on a microscopic and macroscopic level. All 
methods have been used in BNCT applications both in preclinical and clinical inves-
tigations and have partly been adapted for this special purpose. This chapter aims at 
describing and comparing these methods with emphasis on a short technical back-
ground, the speci fi c endpoint, application possibilities complexity, and pitfalls. This 
chapter condenses a more detailed description especially of technical aspects as 
published in 2008  [  2  ] , which might be additionally consulted by the interested 
reader. 

     9.2   Description of Methods 

    9.2.1   Prompt Gamma-Ray Spectroscopy 

 Prompt gamma-ray analysis (PGRA) is a fast method for measuring the average  10 B 
content in macroscopic samples  [  3–  5  ] , which has been used in BNCT studies since 
many years  [  6–  10  ] . 



1659 Boron    Analysis and Boron Imaging in BNCT

 The principle of PGRA is based on gamma-ray spectroscopy following neutron 
capture in  10 B. The recoiling  7 Li nuclei from the  10 B(n,  a ) 7 Li reaction decays to the 
ground state of  7 Li by the emission of 478 keV photons. The emission rate of the 
photons is proportional to the reaction rate of the neutron capture reaction and there-
fore carries information of the  10 B concentration. Among other possibilities, nuclear 
reactors provide the most usual sources of neutrons. Often,  fi ltering systems are 
needed to produce a beam of neutrons with the appropriate quality. Other elements 
present in the sample also emit photons after neutron capture, the most relevant 
being the 2.2 MeV photon from the  1 H(n,  g ) reaction. The count rate of this hydro-
gen line can be used as a neutron  fl uence monitor  [  11  ] . 

 Of note, exclusively the  10 B isotope can be quanti fi ed with this method. PGRA is 
not applicable for  11 B and only indirectly applicable for the naturally occurring B 
isotope if the  10 B to  11 B ratio is precisely known. 

 The content of the  10 B line in PGRA for an unknown sample must be calibrated 
against  10 B reference samples with known  10 B concentrations. Intercalibration 
between PGRA and other methods for  10 B quantitation, is mandatory for the detec-
tion of possible systematic errors. 

 Sample changing and  10 B analysis can be fully automatized. Facilities operating 
24 h a day are therefore suited to process a large number of samples. Sample prepara-
tion is quite simple. For liquid samples (e.g., blood, urine), a  fi xed volume is injected 
into a standard vial and then weighted. Tissue samples are just weighted. The vials 
are positioned in a sample changer, which allows for automatic measurements. 

 Present PGRA facilities provide fast (about 5 min/sample), accurate (standard devi-
ation about 0.5 ppm), and nondestructive measurements of  10 B concentrations down to 
1 ppm, suited for macroscopic samples (0.4–1.0 ml) of tissue, blood, and urine. 

 The major limitation of this method, the relatively large sample size, can be further 
reduced by improvement of the shielding and the geometry of the facility to decrease 
the background in the gamma-ray spectra. PGRA measures the integral  10 B concentra-
tion within a sample; therefore, it cannot show any inhomogeneities of the  10 B concen-
tration within a possibly inhomogeneous sample. Such inhomogeneities can however 
be relevant in BNCT as the tissue volume, which can be measured with PGRA, is far 
bigger than the volume irradiated with a boron neutron capture reaction. 

 The PGRA has been applied to quality control of the compounds BSH and BPA, 
boron uptake studies, pharmacokinetic studies, and blood-boron concentration measure-
ments during BNCT of patients  [  2,   5  ] . The latter is an important tool for the patient treat-
ment planning adjustment and dosimetry during BNCT: the measured  10 B concentration 
in the blood of a patient can be used to adjust the calculated pharmacokinetic curve to the 
actual situation of an individual patient. This allows readjustment of the calculated beam 
exposure time during a BNCT treatment to reach the intended total absorbed dose. To 
make such adjustment during a BNCT treatment, a very quick analytical method is man-
datory, as is the case for PGRA. As of today, PGRA is the only available tool for such 
purpose; therefore, the method plays an essential role for clinical BNCT  [  2  ] . 

 Further application of PGRA for BNCT includes the possibility of in vivo gamma-
ray spectroscopy of the patient during treatment  [  12,   13  ] . The gamma-ray telescope 
can provide in vivo dosimetry and measurement of  10 B concentrations, averaged over 
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a volume of several cm 3  and over a time interval of about 2 min. This method, how-
ever, needs further improvement for implementation in a clinical routine  [  2  ] .  

    9.2.2   Inductively Coupled Plasma Spectroscopy 

 Inductively coupled plasma atomic emission spectroscopy (ICP-AES), also referred 
to as inductively coupled plasma optical emission spectrometry (ICP-OES), is an 
emission spectrophotometric technique, exploiting the fact that excited electrons 
emit energy at a given wavelength as they return to ground state. The fundamental 
characteristic of this process is that each element emits energy at speci fi c wave-
lengths peculiar to its chemical character. Thus, by determining which wavelengths 
are emitted by a sample and by determining their intensities, the elemental composi-
tion of the given sample relative to a reference standard can be quanti fi ed  [  2  ] . 

 ICP-MS (inductively coupled plasma mass spectrometry) is a type of mass spec-
trometry that is highly sensitive and capable of the determination of a range of met-
als and several nonmetals at concentrations below one part in 10 × E 12 . It is based on 
coupling an inductively coupled plasma as a method of ionization with a mass spec-
trometer as a method of separating and detecting the ions. ICP-MS is also capable 
of monitoring isotopic speciation for the ions of choice such as the individual iso-
topes of boron with the atomic masses of 10 and 11. Hence, ICP-MS can quantify 
each isotope individually. 

 ICP-MS methods are applicable to quantify boron at ppb levels in serum, plasma, 
urine, saline, water, and tissue. Boron isotopes are determinable with better than 
2 % relative standard deviation (RSD), which means very accurate data can be 
obtained using isotope dilution. While the sensitivity of ICP-MS for boron and other 
elements is excellent, their backgrounds, their tendency to adsorb onto glass, and 
their chemistry all have to be controlled for successful quantitative analysis in com-
plex matrices such as biological  fl uids or tissues  [  2  ] . Therefore, a rugged, validated 
analytical procedure for sample preparation and analysis using ICP-MS is to be 
demanded for boron determination. 

 The principal concerns when using ICP-MS for isotopic determinations of boron 
are memory effects and mass discrimination. Special washing agents help prevent-
ing the memory effect  [  2  ] . Mass discrimination between  11 B and  10 B is accentuated 
due to the 10 % isotopic mass difference and arises during ion transport caused by 
instrumental adjustments or by the sample matrix  [  14  ] . The instrumental effect is 
corrected by analyzing a reference standard with a certi fi ed  11 B/ 10 B ratio  [  15  ] . The 
sample matrix effect on mass discrimination can be corrected using internal stan-
dards  [  16,   17  ] . 

 The ICP-MS is often the method of choice over ICP-OES and spectrophotomet-
ric methods for analysis of boron  [  18  ] . The advantages of ICP-MS over other meth-
ods are higher sensitivity, lower detection limits, and simultaneous measurement of 
 10 B to  11 B isotopic ratio and total B concentration in a sample. The ability of ICP-MS 
to measure B isotope ratios renders this instrument especially suitable for biological 
B tracer studies  [  19  ] . 
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 The detection limits are at the ppb level, e.g., 1 ppb  [  20  ]  to 3 ppb  [  18  ]  in bio-
logical materials, 0.15 ppb in saline waters  [  16  ] , and 0.5 ppb in human serum 
 [  21  ] . The uniqueness of ICP-MS is also due to its capability to carry out B deter-
mination by the isotope dilution method which is considered the most precise for 
quantitative determination. Laakso et al.  [  22  ]  compared both the ICP-MS as well 
as the ICP-AES (ICP-OES) method and found a strong correlation between results 
of the ICP-AES and ICP-MS ( r  = 0.994). They concluded, that their established 
ICP-AES method is also feasible, accurate, and one of the fastest for boron deter-
mination during BNCT. ICP-AES has been applied to quality control of the com-
pounds and boron uptake studies as well as boron concentration measurements in 
blood of patients  [  23  ] . 

 ICP-MS is a reliable technique for the determination of the mean concentration 
of total boron and mean isotopic ratios of boron in biological samples. It is possible 
to quantify boron in liquids and – after suitable disintegration – in tissue samples. In 
contrast to PGRA which measures the mean  10 B concentration in a sample, an irra-
diation with neutrons is not necessary, and therefore the method is independent of a 
nuclear reactor site. ICP-MS however is destructive. It is not appropriate for imag-
ing the distribution of boron in histological preparations  [  2  ] .  

    9.2.3   High-Resolution Alpha Autoradiography, Alpha 
Spectroscopy, and Neutron Capture Radiography 

    9.2.3.1   High-Resolution Alpha Autoradiography  
 The  fi rst experiments in which a neutron-induced nuclear reaction was utilized to 
image a stable nuclide in a sample was reported by Ficq  [  24  ]  and reported in the 
context of BNCT  fi rst by Edwards  [  25  ] . Subsequently, variants of Edwards’ approach 
that provide cellular level spatial resolution have been reported by Solares et al.  [  26, 
  27  ]  and Yam et al.  [  28  ] . These approaches are based on the transient activation of 
the stable isotope  10 B using thermal neutron activation to convert  10 B to the unstable 
isotope  11 B.  11 B disintegrates into alpha and  7 Li particles sharing 2.3–2.4 MeV of 
kinetic energy between them. These charged particles have corresponding ranges in 
tissue of 8 and 4  m m, respectively, making the mapping of these particles a useful 
surrogate measurement of the  10 B distribution itself. 

 The high-resolution alpha-track autoradiography (HRAR) is possible in small 
tissue samples, which are surgically removed after  10 B compound administration 
and immediately frozen. One to two  m m thick histological frozen tissue sections are 
cut and mounted on top of submicrometer thick Ixan and Lexan  fi lms on top of a 
quartz glass slide. The quartz slide/tissue/Ixan/Lexan units are packed with dry ice 
and irradiated with thermal neutrons. Upon completion of irradiation, the tissue sec-
tions are histologically stained. The quartz glass slide is then remounted in contact 
with the tissue section on the opposing side of the unit thereby exposing the Lexan 
 fi lm. During neutron irradiation, the interaction of the alpha- and  7 Li-charged par-
ticles with the Lexan  fi lm from the  10 B neutron capture reactions in the frozen tissue 
causes molecular weakening of the Lexan along the paths of these particles. 
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Chemically etching the exposed surface of the Lexan  fi lm yields optically visible 
1–2- m m diameter tracks. The Ixan  fi lm located between the frozen tissue section 
and the Lexan  fi lm act as a chemical barrier ensuring that the corrosive etchant  fl uid 
seeping through the etched tracks does not damage the stained tissue. Finally, digital 
microphotographs are taken of the superimposed tracks and stained tissue sections. 
Correlation of the distribution of tracks with the anatomical features of the stained 
tissue provides maps of  10 B distribution in the tissue. A calibration curve of track 
density in standard tissues vs. known concentration of boron provides the ability to 
relate the observed track densities in the experimental tissue samples to absolute 
boron concentrations. The HRAR calibration curve is highly linear over the entire 
range of boron concentrations of interest. Saturation effects at the high end of the 
calibration curve can be corrected by irradiation with lower thermal neutron  fl uence. 
This approach of track counting as opposed to  fi lm darkening, as utilized in boron 
neutron capture radiography, provides a more quantitative analysis of the boron 
distribution in tissue but does not provide the useful macroscopic visual depiction 
of boron distribution that is extremely useful for many applications in BNCT  [  2  ] . 

 The method has been used to study the boron concentration in normal tissues and 
tumors BNCT animal models, e.g., rat tongue and brain  [  29,   30  ] . 

 Another level of analysis using HRAR at the initial stage  fi rst described by 
Solares et al.  [  31  ]  and Kiger et al.  [  30  ]  uses a Monte Carlo code to simulate the 
trajectories of the alpha- and  7 Li-charged particles within the tissue using the mea-
sured track locations from the HRAR images to determine the number of nuclear 
“hits” and other important microdosimetric quantities. This approach investigates 
the more realistic domain of the expected responses of normal and tumor tissues to 
BNCT  [  2  ] .  

    9.2.3.2   Neutron Capture Radiography 
 Neutron capture radiography (NCR) can be combined with particle spectros-
copy and histological analysis of neighboring tissue sections to measure the  10 B 
concentration and its spatial distribution in relation to the histological informa-
tion  [  32–  36  ] . Unlike the HRAR technique, NCR provides intuitive visualization 
of the boron distribution, which may also be quanti fi ed on a macroscopic scale 
by densitometric analysis  [  37  ] . The  10 B concentration is measured using the 
spectroscopy of charged particles  [  38  ]  emitted in the boron neutron capture 
reaction and is then spatially correlated with stained tissue sections. Tissue sam-
ple of a few millimeter thickness and an area of approximately 0.5 cm 2  is needed 
for the NCR technique. The tissue is cryo fi xed by immersion of the sample into 
liquid nitrogen to statically “freeze” the physiological distribution of the 
 10 B-containing molecule. For each measurement, a minimum of three neighbor-
ing slices are cut from the tissue block using a cryostat operating at a tempera-
ture of −20 °C.
    1.    The  fi rst section cut is deposited on a Mylar disk for charged particle spectro-

scopy.  
    2.    The second section is deposited on a glass slice for histological analysis by 

hematoxylin-eosin staining using a light microscope coupled with software for 
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image analysis. It is optimized to gain information on the biological composition 
of the sample, especially to evaluate the percentage of tumor cells, healthy paren-
chyma, necrosis,  fi brosis, mucus, blood vessels, and other tissues in a speci fi c 
sample.  

    3.    The third slice is deposited on a solid state nuclear track detector for imaging of 
the macroscopic boron distribution by neutron capture radiography (NCR).     

 The third tissue slice is positioned on a nuclear detection  fi lm and exposed to thermal 
neutrons. At the locations in the tissue sample where a  10 B atom is present, an  a  par-
ticle and a  7 Li ion are emitted and cause damage to the nuclear detection  fi lm. After 
irradiation, the tissue sample is removed from the  fi lm, and the image of the  10 B dis-
tribution is obtained by chemical etching in a dilute NaOH solution  [  39  ] . The distri-
bution of the tracks in the detector is representative of the macroscopic distribution 
of the  10 B atoms in the sample. Using the NCR technique, it is possible to digitally 
superimpose and compare the histological image with a map of the spatial  10 B distri-
bution and relative  10 B concentration  [  2  ] . One example of such correlation between 
the macroscopic boron distribution and tissue histology is depicted in Fig.  9.1 .  

 To determine the absolute  10 B concentration using particle spectroscopy, section 
1 is used. If exclusively normal tissue is present in the sample, the absolute  10 B 
concentration can be directly determined by spectrometric analysis. If the sample 

normal
liver

a b

  Fig. 9.1    Comparison between ( a ) histology and ( b ) neutron capture radiography of a liver sample 
from a patient with liver metastases of colorectal adenocarcinoma after infusion of BPA. The 
tumor zone is above the  green line  while normal liver is below it. In the neutron capture radiogra-
phy image the  darker zone  (higher boron concentration) corresponds to the tumor while the  lighter 
one  (lower boron concentration) corresponds to normal liver. The boron concentration ratio 
between tumor and liver is about 3×. The tissue sample is 7 mm × 10 mm × 10  m m thick (S. Altieri, 
Department of Nuclear and Theoretical Physics, University of Pavia, and National Institute of 
Nuclear Physics (INFN) – Pavia Section, Pavia, Italy) (Reprinted from Wittig et al.  [  2  ] )       
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contains both, normal and tumor tissue, the regional tumor tissue  10 B concentration 
can be calculated by subtracting the amount of the boron contained in normal tissue 
(determined in a tumor-free location based on morphological appearance) from the 
total  10 B content. 

 The  fi rst tissue sample section on Mylar disk is placed in front of a silicone solid 
state detector (Si detector) in a vacuum container and exposed to thermal neutron 
irradiation. Alpha particles and  7 Li ions induced in the boron by the neutrons are 
detected in the Si detector and their energy distribution spectra are recorded by a 
multichannel analyzer. 

 The experimental error of this method is in the order of ±10 %. The lower limit 
of detection is approximately 0.5 ppm and is limited by the naturally occurring 
boron background concentration in tissue. The accuracy of the method depends on 
the number of counts, the irradiation time, and the number of boron atoms in the 
sample. 

 The main advantage of the charged particle spectrometry is the ability to measure 
the  10 B concentration as well as the  10 B distribution in a two-dimensional slice of 
tissue and to directly correlate the spatial information at the macroscopic level to the 
histology of the specimen analyzed. The lateral resolution of the method is limited 
to approximately 100  m m. 

 The necessity to irradiate tissue samples with thermal neutrons limits this method 
as the other two techniques described in this section to very few specialized nuclear 
research centers. Moreover, it is not possible to directly measure liquid samples 
using charged particle spectroscopy as samples have to be measured under vacuum. 
To obtain absolute results, it is necessary to know the mass stopping power for each 
material to be analyzed or to use a set of reference standards with known boron 
concentrations representing typical biological tissue types  [  2  ] .   

    9.2.4   Laser Post-ionization Secondary Neutral Mass Spectrometry 

 The range of the alpha particles from the boron capture reaction is approximately 
10  m m. If the irradiated volume is to be investigated, then methods are necessary 
that have a similar resolution. Determination of boron distributions at the subcel-
lular level is crucial to understanding the behavior of boron compounds in tissues 
and cells and its impact on radiation response. 

 Laser post-ionization secondary neutral mass spectrometry (laser-SNMS) and 
secondary ion mass spectrometry (SIMS) are alternative techniques for element- 
and molecule-speci fi c imaging. SIMS analysis utilizes a technique in which the 
sample is bombarded with a focused, energetic ion beam that sputters atoms and 
molecules off the surface. A fraction of these particles are ejected as ions which are 
extracted and mass analyzed. Combining SIMS with a time-of- fl ight mass spec-
trometer (ToF-SIMS), all masses can be detected simultaneously on each primary 
ion pulse, and charge compensation for insulator analysis is then possible using 
pulsed low-energy electrons, which are introduced during the time interval between 
ion pulses. If a liquid metal ion gun is used, the ion beam can be focused from a few 
 m m down to <200 nm in diameter, enabling analysis with nanometer-scale spatial 
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resolution. Imaging is carried out either by scanning the ion beam over the sample 
(500  m m × 500  m m or smaller) or by moving the sample under a  fi xed ion beam posi-
tion (up to 10 cm × 10 cm). By combining the imaging technique with an additional 
sputtering ion beam to remove successive atomic/molecular layers, a three-dimen-
sional image of the chemical composition of the surface can be obtained  [  2  ] . 

 Although SIMS has many advantages and has often been used in the dynamic 
SIMS mode for imaging boronated compounds in cell cultures and tissues  [  40–  45  ] , 
its application for boron imaging is often limited because of a lack of sensitivity and 
quantitation. Detection limit, ef fi ciency, and quantitation, however, can be 
signi fi cantly improved by the use of laser-SNMS  [  46–  48  ] . This technique, with the 
same technical features as ToF-SIMS, decouples the sputtering and ionization pro-
cesses by applying laser beams to ionize the majority of neutral particles sputtered 
from the sample surface. The neutral particles yield is less affected by the chemical 
composition of the surface than the much smaller yield of secondary ions used for 
SIMS analysis, resulting in much greater sensitivity and accuracy of laser-SNMS 
than SIMS. Furthermore, laser-SNMS images are signi fi cantly less in fl uenced by 
topographical effects than SIMS images. 

 Laser-SNMS has been used for examining the subcellular distribution of intrin-
sic elements and molecules as well as the potential of BSH and BPA to deliver  10 B 
to tumor cells in vitro and in vivo to cells of experimental tumors and of normal tis-
sues. The analysis of the samples is carried out with a combined gridless re fl ectron-
based laser-SNMS/ToF-SIMS instrument. Ion-induced electron images (IIEI) can 
be obtained from all samples to select regions of interest for further analysis  [  2  ] . 

 In order to be able to analyze the samples in the vacuum system, cryo fi xation, 
freeze-fracturing, and freeze-drying of the living cell while preserving its structural 
and chemical integrity must be carried out  [  49–  51  ] . A dedicated cryo fi xation method 
with very high cooling rate must therefore be used. 

 Laser-SNMS was used in vitro and in animal experiments employing the 
described preparation technique to analyze normal tissues and different experimen-
tal tumors after treatment of mice with the compounds BPA and BSH. Laser-SNMS 
simultaneously delivers maps of the distribution of elements and molecules such as 
K, Na, Ca, CN, and C 

3
 H 

8
 N as well as a distinct boron distribution. Proof of a Na and 

K concentration and distribution as known from living cells serve to ascertain suc-
cessful preparation of the tissue. 

 A challenging task is however correlation of elemental/molecular maps with his-
tological information  [  2  ] . Such correlation is possible through analysis of distinct 
molecular fragments: earlier studies on L- a -dipalmitoylphosphatidylcholine (DPPC) 
membrane model systems have shown that C 

3
 H 

8
 N is a typical fragment of the cho-

line headgroup of the DPPC  [  52,   53  ] . The CN signal contribution originates mainly 
from DNA (purine and pyrimidine) and proteins. In particular, the subcellular distri-
bution of the membrane-characteristic C 

3
 H 

8
 N signal shows a distinct pattern. The 

signal almost disappears in the center of some cells. It may be presumed that, in 
these areas, the nucleic membrane was removed by the fracturing process, leaving 
behind an open nucleus. In the CN pattern, however, no decreases are observed at 
the positions where the C 

3
 H 

8
 N signal almost disappears. This can be explained by 

the fact that CN originates not only from fragments of membrane constituents and 
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proteins but also from fragments of DNA constituents such as purine and pyrimidine 
rings. Therefore, at the site of the nucleus, the CN signal should not disappear. 

 By overlaying images of the distribution of different molecules with distinct 
distribution  [  2  ] , e.g., CN and C 

3
 H 

8
 N, it is possible to denote cell nuclei and cell 

membranes and to relate the boron signal to such regions. With this method, it is 
possible to investigate the boron concentration and distribution within single cells. 
The laser-SNMS has proven  10 B as delivered with BSH and BPA within tumor 
cells and even within the cell nucleus  [  2  ] . 

 Figure  9.2  shows an example of laser-SNMS images of a kidney sample from a 
nude mouse treated with a combination of BPA and BSH. Intensive signals from 
several elements and molecules such as  10 B, CN, and C 

3
 H 

8
 N were observed in the 

laser-SNMS images (top row). The  10 B image (top left) shows a distinct boron dis-
tribution. The molecules (top middle and right) represent mainly lipids, proteins, 
and nucleic acids and also exhibit distinct features. The bottom images show overlay 
images, where the CN image is overlaid with the C 

3
 H 

8
 N image (bottom left) and  10 B 

with the C 
3
 H 

8
 N image (bottom right). Here, the CN signal, corresponding to nucleus 

10B

Area: 120 x 120 µm2

Overlay: Red: CN
Green: C3H8N

CN C3H8N

Overlay: Blue: 10B
Green: C3H8N

  Fig. 9.2    Laser-SNMS images of a kidney sample from a NMRI nude mouse treated with a com-
bination of BPA and BSH (H.F. Arlinghaus, Physikalisches Institut, Westfälische Wilhelms-
Universität Münster, Münster, Germany) (Reprinted from Arlinghaus et al.  [  49  ] )       
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sites, is presented as red, the C 
3
 H 

8
 N as green, and  10 B signal as blue in color. 

Individual kidney tubules and lumen can be identi fi ed in the overlay image (tubules 
surrounded by single cells). The high concentrations of boron are observed espe-
cially in the lumen of the tubule, which was cut along its longitudinal axis (bottom 
left part of the image), and in the basal membrane surrounding the tubules.  

 Figure  9.3  shows an image of a murine sarcoma grown in a mouse treated with BPA 
 [  2  ] . The top row shows the  10 B, CN, and C 

3
 H 

8
 N images again showing distinct distri-

butions. The bottom row demonstrates images where CN is overlaid with C 
3
 H 

8
 N (bot-

tom left) and  10 B is overlaid with C 
3
 H 

8
 N (bottom right). Here, the highest  10 B signal is 

presented as blue and the highest CN signal, which again denotes the nuclei, as red.  
 In summary, the cryopreparation techniques described preserve the structural 

and chemical integrity of cell cultures and tissues and make cellular structures 
directly accessible for laser-SNMS analysis. In particular, where molecular images 
are available, different functional areas of the cells can be identi fi ed. Laser-SNMS 
is particularly well suited for identifying speci fi c cell structures and for imaging 
ultratrace  10 B concentrations in tissues with nanometer-scale lateral resolution and a 
detection limit in the upper ppb renage. These possibilities make laser-SNMS a very 

10B

Area: 60 x 60 µm2

Overlay: Red: CN
Green: C3H8N

CN C3H8N

Overlay: Blue: 10B
Green: C3H8N

  Fig. 9.3    Laser-SNMS images of a murine sarcoma tumor sample from a NMRI nude mouse 
treated with the compound BPA (H.F. Arlinghaus, Physikalisches Institut, Westfälische Wilhelms-
Universität Münster, Münster, Germany) (Reprinted from Arlinghaus et al.  [  49  ] )       
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valuable tool in directly imaging and quantifying  10 B and (simultaneously) other 
elements. Due to the necessity of the demanding preparation of cells or tissues and 
the challenging measurements, the method is reserved to special questions but not 
suitable as a routine method for direct clinical decisions  [  2  ] .  

    9.2.5   Electron Energy Loss Spectroscopy 

 Regarding boron imaging, the best spatial resolution is obtained using methods 
based on electron microscopy. Two such methods exist: immunohistochemistry  [  54  ]  
and electron energy loss spectroscopy (EELS)  [  55,   56  ] . Immunochemistry is a very 
sensitive method, but it has its drawbacks: indirect detection leading to the possibil-
ity of artifacts (e.g., redistribution during the  fi xation process) and the need to pre-
pare a speci fi c antibody for each potential boron carrier molecule. EELS is based on 
the inelastic scattering of incoming electrons after interaction with the sample elec-
trons. Inelastic scatter results in a characteristic energy loss depending on the atomic 
or molecular energy level involved. It has been well established that EELS is the 
most sensitive nanoanalytical method for detecting light elements such as carbon, 
boron, or even phosphorus and particularly in a biological tissue  [  57,   58  ] . 

 Two experimentally different spectroscopic approaches have been derived from 
this theoretical basis: EELS and electron spectroscopic imaging (ESI), which is an 
imaging technique coupled with energy- fi ltering transmission electron microscopy 
(EFTEM). Furthermore, EELS is an analytical technique generally coupled with 
transmission or scanning transmission electron microscopy (TEM/STEM). It is 
important to keep in mind that despite signi fi cant experimental differences, these 
two approaches (EELS and ESI) are based on the same physical signal and that 
knowledge of the EELS spectrum is required in order to understand and to safely 
use the EFTEM images. An electron energy loss spectrum corresponds to the count-
ing of the electrons passing through a de fi ned area of the sample. 

 A critical point in the study of elemental distributions in tissues and cells is 
sample preparation. A cryopreparation method, avoiding any chemical treatments, 
has to be used in order to immobilize also small molecules and ions close to their 
positions in the natural state. It implies successive cryo fi xation, cryosectioning, and 
cryo-observation. A speci fi c step in EELS is the need for ultrathin cryosections 
(100 nm or less), which are freeze-dried inside the microscope by raising the tem-
perature to 193 K and  fi nally investigated at a temperature below 110 K. 

 The boron signal in the EELS spectrum is very weak and superimposed over a 
strong noncharacteristic background, which requires a dedicated method based on 
digital  fi ltering to extract the signal  [  59  ] . Moreover, the boron K edge located at 188 
eV can be confused with the phosphorus L1 signal. Consequently, the experimental 
 fi ltered spectrum has to be modeled as a sum of a boron- fi ltered reference and a 
phosphorus- fi ltered reference spectrum  [  56  ] . Neglecting the phosphorus signal can 
lead to erroneous images, where boron is systematically detected in phosphorus-
rich regions. This problem has also to be resolved using ESI. The detection limits 
can be estimated to be around a few tens of ppm in, for a sample area of 0.1  m m 2  (see 
Ref.  [  56  ]  for details of the method for boron detection and quanti fi cation). 
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 Boron imaging is performed using the spectrum-imaging acquisition mode in 
which a spectrum is collected from each pixel in a de fi ned STEM image area. In 
order to reveal the boron signal, each spectrum is processed (digital  fi ltering, mul-
tiple least-squares  fi tting). Measured signals can then be presented as elemental 
maps to be correlated with the STEM image (Fig.  9.4 )  [  2  ] .  

 Measurements using EELS, thanks to their high spatial resolution, are most com-
plementary to sensitive measurements obtained by other methods, such as SIMS or 
a nuclear microprobe technique. In this way, EELS can be a very speci fi c tool to 
detect small accumulation areas of boron or boron compounds and to localize them 
at the subcellular level. Furthermore, a lack of boron in the EELS measurement in 
samples where boron is detected by other methods on a larger scale implies a homo-
geneous distribution of boron at the subcellular level in the limits of the EELS 
detection sensitivity. Boron detection by is independent of the isotopic form of 

  Fig. 9.4    ( a ) Dark- fi eld STEM image (inverted contrast) of a freeze-dried cryosection of mouse 
kidney tissue. ( b ) Phosphorus map, ( c ) corrected boron map, ( d ) uncorrected boron map (J. Michel, 
Laboratoire de Microscopie Electronique Analytique, INSERM ERM 0203, Université de Reims 
Champagne-Ardenne, Reims, France) (Reprinted from Michel et al.   [  90  ] )       
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the element. The isotope  10 B cannot be discerned from  11 B in the measurements. 
 10 B contents have to be deduced from the previously known relative abundance of 
the different isotopes which can increase uncertainties in the  fi nal quantitative val-
ues. Similar to SIMS, EELS is an important data source for BNCT; the complexity 
of sample preparation, measurement, and data processing however prevents using 
EELS as a routine method  [  2  ] .  

    9.2.6   Ion Trap Mass Spectrometry and Proteomic Technologies 

 The analytical methods described in the previous sections are usually applied to 
detect the isotope  10 B only, but cannot be used to analyze and characterize the 
speci fi c molecule of the relevant  10 B-containing compound under investigation, 
which is highly desirable in in vivo and in clinical investigations. 

 This is however possible with ion trap mass spectrometry and proteomic tech-
nologies. For this technique, a liquid sample is injected into the mass spectrometer 
by means of electrospray interface (ESI). Thereafter, fragmentation of each speci fi c 
molecule is performed using the ion trap mass spectrometer (tandem mass spec-
trometry) that allows isolation and fragmentation in the same space  [  60  ] . Ion trap 
mass spectrometry monitors the entire MS/MS spectrum with the same sensitivity. 
Mauri  [  61  ]  proposed an analytical method using  fl ow injection coupled with tandem 
mass spectrometry (FI/ESI-MS/MS) in order to obtain quantitative data of the boron 
carrier molecules. For such analysis, a sample is  fl ow injected (FI) through an HPLC 
injector (injected volume approximately 1  m l) into the ESI-MS/MS system  [  2  ] . 

 BSH is detected in a negative mode, and the main ion is  m/z  187.4, correspond-
ing to [( 10 B 

12
 H 

11
 SH)Na] − , while the product of its MS/MS fragmentation is an ion 

with an  m/z  of 131.5, due to the loss of the [SNa] residue. The dimer (BSSB) of 
BSH has a molecular weight of  m/z  395.7, and its fragment ion is  m/z  391.9  [  61  ] . 
The detection of BPA has been performed in a positive mode, and its molecular and 
fragment ions are  m/z  209.1 and  m/z  163.1, respectively. 

 The FI/ESI-MS/MS methodology results in typical  fi ngerprinting mass spectra 
of boron derivatives and allows for their quantitative determination  [  62  ] . When 
extracting the speci fi c fragment ions, a linear relationship between the peak area 
and the concentration of the  10 B-containing compound is found in the range of 
10–10,000 ng/ml. 

 The high sensitivity of the FI/ESI-MS/MS method allows for dilution of biologi-
cal samples, which reduces the matrix effect occurring due to the high salt concentra-
tions in urine and plasma. High salt concentration produces an overloaded response 
on the mass spectrometer and reduce the signal (ion suppression) related to the 
metabolites of interest.  10 B-containing compounds could be detected by FI/ESI-MS/
MS in biological samples (urine and plasma, diluted 10,000- and 1,000-fold, respec-
tively) when injecting a small volume (1  m l) of the diluted samples  [  62  ] . 

 In conclusion, the FI/ESI-MS/MS is a rapid and quantitative method for the 
analysis of  10 B-containing compounds in pharmaceutical preparations and biological 
samples. The method is particularly suited for analyzing liquid samples. The assay 
of  10 B compounds in tissue samples requires extraction by 50 % methanol  [  2  ] . 



1779 Boron    Analysis and Boron Imaging in BNCT

    9.2.6.1   Ion Trap and Proteomics 
 Ion trap mass spectrometry coupled to two-dimensional chromatography (2DC-
MS/MS) has been applied to develop a shotgun approach for proteomic studies  [  63  ] . 
It permits the simultaneous characterization of each of many proteins without limits 
concerning molecular weight or isoelectric point. Quantitative analysis is also pos-
sible  [  64  ] . This approach, also known as MudPIT (multidimensional protein 
identi fi cation technology), is very useful in clinical proteomics for biomarker dis-
covery and to identify molecular targets for new drugs. This translational research 
aspect can also be applied for BNCT  [  65  ] . The MudPIT proteomic approach can be 
used for characterizing protein pro fi les of biological samples (urine and tissues) 
after  10 B application, investigating the accumulation of boron in cancer cells and 
combining proteomic with pharmacokinetic data. The use of the above methodolo-
gies means that transport, metabolism, and uptake of the different drugs used in 
BNCT can be investigated in great detail  [  2  ] .   

    9.2.7   Nuclear Magnetic Resonance 
and Magnetic Resonance Imaging 

 Both the  10 B and  11 B nuclei are amenable for detection by nuclear magnetic reso-
nance (NMR), and therefore their spatial distribution can be mapped using magnetic 
resonance imaging (MRI). MRI is a special type of the NMR method where the 
frequencies of the nuclear spins are encoded according to their locations in space. 
Moreover, NMR can distinguish between nuclei of the same type in different molec-
ular species (typically through an interaction called “chemical shift”)  [  2  ] . 

 The sample is placed in the magnetic  fi eld of the NMR spectrometer or MRI 
scanner. Signal excitation and detection is achieved through a properly tuned radio-
frequency (RF) coil, which (depending on its geometry) either encompasses the 
sample or is placed adjacent to it. Energy is delivered by short pulses (10 −3 –10 −6  s) 
and can be absorbed by the nuclear spins if it matches the gaps in energy levels cor-
responding to different spin states. The frequencies of these transitions are propor-
tional to the strength of the magnetic  fi eld and are typically in the order of 10 6 –10 8  
Hz. The RF pulses perturb the Boltzmann equilibrium of the nuclear spin popula-
tions, which decay back to equilibrium after the pulses are turned off. During this 
return to equilibrium, the nuclei emit signals at their characteristic resonance fre-
quencies, which are detected, digitized, and interpreted to create spectra or images. 
Immediately after the pulse, the signals from individual spins have the same phase 
and are therefore summed coherently, which is what makes the total signal detect-
able. The return to equilibrium proceeds exponentially at a rate characterized by a 
time constant  T  

1
 , which is rather short for  10 B and  11 B in the molecules used for 

BNCT. The short  T  
1
  is an advantage for NMR detection because it permits to repeat 

successive signal excitations at a high rate, which is necessary to gain enough inde-
pendent input for creating images, and achieving a suf fi ciently high signal-to-noise 
( S / N ) ratio. The return to equilibrium also results in an irreversible, exponential loss 
of coherence, characterized by a time constant  T  

2
 , which is often signi fi cantly 

shorter than  T  
1
 . The short  T  

2
  for  10 B and  11 B, especially in biological tissue, can be 
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problematic. The reason is that, for mainly technical reasons, a  fi nite delay between 
signal excitation and detection is inevitable, and unless this delay is much shorter 
than  T  

2
  (which is often not the case), a signi fi cant part of the signal is lost, which not 

only decreases the  S / N  ratio and sensitivity, but also introduces uncertainties in the 
quantitation of the boron presence in the sample  [  2  ] . 

 NMR is quantitative as the signal is proportional to the total amount of the 
detected nucleus within the sample volume. For MRI, the image intensity is propor-
tional to the amount of the detected nucleus in a voxel. Therefore, quantitation 
through comparison with the signal from calibration or reference samples should be 
straightforward. However, the accuracy of boron quantitation by NMR or MRI can 
be compromised by several factors, mainly due to the dependence of  T  

2
  on molecu-

lar mobility. In practice, only boron in relatively mobile molecules in liquid or 
 liquid-like environments can be properly detected. If the boron atoms themselves, 
or the molecules containing boron, are tightly bound or attached to entities with 
high molecular weight (e.g., membranes, proteins, nucleic acids), their NMR signal 
can either be completely missed or severely underestimated. This problem is usu-
ally worse for MRI and in vivo experiments than for “test-tube” spectroscopy, 
because in the latter case shorter detection “dead times” can be achieved. The 
quanti fi cation accuracy can be improved to some extent by measuring the  T  

2
  decay 

rates and extrapolating the measured signal intensities to zero decay time  [  2  ] . 
 Sensitivity and spatial resolution are inherently connected for MRI of boron 

compounds. The sensitivity, de fi ned as the “minimum detectable concentration,” is 
inversely proportional to the volume of the image voxel. 

 One of the aspired applications of boron imaging for BNCT is the real-time 
monitoring of  10 B-enriched compounds administered to patients, in and around the 
tumor, prior to irradiation with neutrons. This goal has not yet been achieved  [  66, 
  67  ] , but due to the high potential, this method strongly deserved further develop-
ment. Recently, Porcari et al. used (19)F MR Imaging ((19)F MRI) and spectros-
copy ((19)F MRS) to evaluate the boron biodistribution and pharmacokinetics of 
4-borono-2- fl uorophenylalanine ((19)F-BPA) in vivo  [  68  ] . 

 One of the most signi fi cant advantages of NMR or MRI is that there are rela-
tively few restrictions on sample preparation. The analysis is noninvasive and non-
destructive, and can be performed on homogeneous liquid samples but also on intact 
chunks of tissue, cells, etc. and most important on laboratory animals and human 
patients. Therefore, NMR has considerable potential to ful fi ll the desired function 
of noninvasive mapping of the spatial distribution of the administered  10 B carrier in 
the course of the treatment. Another advantage is its ability to distinguish between 
different molecular species, thereby providing an opportunity for assessing metabo-
lism for the investigated compound. The main disadvantage is the rather low sensi-
tivity of the method, particularly for imaging (Fig.  9.5 )  [  2  ] .   

    9.2.8   Positron Emission Tomography 

 Positron emission tomography (PET) is a key imaging tool in clinical practice and 
biomedical research to quantify and study biochemical processes in vivo. PET is a 
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tracer technique based on the use of labeled molecules carrying a short-lived posi-
tron-emitting radionuclide  [  69  ] . PET can yield quantitative measurements of the 
distribution of radioactivity that is present in the scanned  fi eld of view (FOV) after 
correction for physical parameters, such as subject self-attenuation, spurious events 
(scattered, random), and scanner ef fi ciency calibration. PET data are conveniently 
displayed in the form of 2D and volumetric 3D images (Bq/voxel). PET images are 
analyzed by de fi ning regions of interest (ROI) in correspondence with relevant 
organs or organ substructures to assess activity concentration in the form of peak or 
average values. PET imaging can also be dynamic, to detect activity changes over 
an observation period. In this case, time-activity curves (TAC) can be extracted for 
the selected region. Pharmacokinetic modeling may be applied to such values  during 

  Fig. 9.5    The  upper   1 H  images  show axial ( left ) and sagital ( right ) views through the head of a 
volunteer, with a cylindrical vial attached close to the ear and the temple. The  lower images  are the 
 10 B images at the corresponding orientations and geometric scale. The vial contained a solution of 
28 mM BSH. The  10 B images have a voxel size of 1.7 cc (1.2 × 1.2 × 1.2 cm) and are slices through 
a 3D matrix acquired in under 3 min (P. Bendel, Chemical Research Support Department, The 
Weizmann Institute of Science, Rehovot, Israel) (Reprinted from Bendel et al.  [  91  ] )       
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image postprocessing to noninvasively assess the tracer kinetics in vivo. Arterial 
concentration of the tracer and PET tissue measurements are then used to calculate 
radiotracer regional kinetic parameters. Blood sampling may be necessary to calcu-
late derived biochemical parameters and/or apply corrections for metabolites  [  2  ] . 
PET molecular imaging is thus a powerful pharmacological tool. 

 Labeling of biologically active molecules to assess their body distribution and 
regional concentrations has emerged as an outstanding application of PET imaging. 
The recent physical integration of PET and computed tomography (CT) in hybrid 
PET/CT scanners allows combining anatomical and functional imaging  [  70  ] . The 
high-resolution images produced by CT can be overlaid on to PET images, thus 
yielding anatomical reference to biochemical and metabolic measurements and 
reducing the lack in spatial resolution that has affected PET imaging (spatial resolu-
tion: 4–6 mm at best). This development has also prompted the use of PET/CT for 
treatment planning in radiotherapy, adding the metabolic information coming from 
PET imaging to the assessment of tumor volumes made by CT for the optimization 
of treatment on areas  [  2 ,  71,   72  ]  (Fig.  9.6 ).  

 The in vivo pharmacokinetics of a boron carrier for BNCT and the 
quanti fi cation of  10 B in living tissue were already performed by PET in the late 

  Fig. 9.6    Head and neck tumor, 66 years old patient,  18 F-FDG study performed with PET/CT 
model  GE Discovery RX  (L. Menichetti, C.N.R. Institute of Clinical Physiology, Pisa, Italy) 
(Reprinted from Wittig et al.  [  2  ] )       
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1990s by W. Kabalka in the USA  [  73  ]  and Y. Imahori in Japan  [  74,   75  ] . PET and 
PET/CT have been used to address the issue of pharmacokinetics, metabolism, and 
accumulation of BPA in target tissue. Imahori et al.  [  74  ]  reported a method for the 
quantitative measurement of boronated drug uptake in patients with high-grade 
gliomas, based on the use of  L -[ 18 F]-BPA. A three-compartment model was used to 
analyze PET data and to assess the tumor pharmacokinetics. The concentration of 
boron in the tumor calculated by the model was found to be close to that measured 
in surgical specimens. The similarity in pharmacokinetics between  L -BPA and the 
labeled analogue was con fi rmed using a segmental convolution method. The esti-
mated values of the  10 B concentration of BPA can be calculated from a four rate 
constants model applied to a dynamic study by PET using  18 F-BPA as a tracer. With 
this approach, the  10 B concentration was assessed during neutron irradiation of 
patients to be treated with BNCT after  L -BPA administration. Following a similar 
approach,  18 F-BPA has been used to measure its uptake in recurrent cancer of the 
oral cavity and cervical lymph node metastases  [  76  ] ; malignant glioma  [  77  ] ; low-
grade brain tumors, such as schwannoma and meningioma  [  78  ] ; head and neck 
malignancies  [  79  ] ; and metastatic malignant melanomas  [  73  ] . These early clinical 
 fi ndings with  18 F-BPA/PET led to study the transport and the net in fl ux and accumu-
lation of BPA and to show the capability of PET to screen the different types and 
different grades of tumor lesions as candidates for BNCT  [  2 ,  80  ] . 

 The added value of the use of  L - 18 F-BPA and PET/CT in BNCT is to provide key 
data on the tumor uptake of  10 BPA and normal tissue and to predict the ef fi cacy of 
the treatment of individual patients. Based on the assumption that the biochemical 
fate of the BPA is due to the molecular similarity to tyrosine  [  81–  83  ] , the PET of 
aromatic amino acid analogues might help in proving the pharmacokinetic rate con-
stants ( k  

1
    ,  k  

2
 ,  k  

3
 ,  k  

4
 ) for the tumor and the input function for plasma  L -BPA concen-

tration (as previously demonstrated for L-BPA and  L - 18 F-BPA). 
 One key role of PET/CT in BNCT is further to test the  L - 18 F-BPA uptake in the 

tumor relative to surrounding normal tissues in individual patients and to use this 
information as a predictor for BNCT effectivity. Such data can be used as inclusion/
exclusion criterion in clinical trials and might enormously help in patient selection 
to avoid treatment failures due to insuf fi cient  10 B uptake in tumors of individual 
patients  [  76,   79  ] . 

 Feasibility studies are moreover conducted to use single-photon emission com-
puted tomography (SPECT) during BNCT treatments to compute online boron dose 
maps without the large current uncertainties in the assessment of the boron concen-
tration in different tissues  [  84,   85  ] . 

 One main challenge using PET for BNCT however is the need to prepare a radio-
actively labeled molecule for each potential boron carrier molecule, which has imag-
ing qualities. To date, this was exclusively successful for the compound BPA. For 
BSH, the second compound used clinically, and even for newly designed compounds, 
such radioactively labeled compound is not available. New compounds, which come 
to the state of clinical testing, must undergo all legal testing requirements applicable 
for new drugs which will be a very cost and time-intensive process  [  2  ] .   
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     Conclusions 
 One crucially important requirement at every stage in the development of BNCT 
has been the ability to measure the concentration and image the spatial distribu-
tion of boron in biological samples. Without such capabilities, new boron com-
pounds cannot be designed or evaluated and prospective controlled clinical trials 
cannot be developed. Furthermore, radiation dosimetry remains unacceptably 
basic, while the radiobiology of the  10 B neutron capture reaction leaves many 
open questions. Boron analysis and boron imaging is therefore one of the 
scienti fi c pillars upon which the success or failure of this modality rests. 

 Boron analysis and boron imaging is a very complex task. After decades of 
research, presently, numerous methods are available with distinct endpoints and 
advantages/disadvantages. Therefore, it is of importance to carefully choose the 
appropriate technique which can correctly answer the clinical or experimental 
question addressed: 

 PGRA, ICP-AES, and ICP-MS are rapid, reliable methods for quantitation of 
the  10 B concentration in macroscopy. PGRA is suited for “online” measurements 
of the  10 B concentration in blood of patients during a BNCT treatment. However, 
it is of the utmost importance to realize that the  10 B compounds are inhomoge-
neously distributed on the microscopic level. However, measurements from 
PGRA, ICP-AES, and ICP-MS integrate the  10 B concentration over a volume, 
which is always larger than the volume irradiated by the BNC reaction. Hence, 
such measurements cannot be used to directly predict the radiation effect. Some 
research groups have proposed methods to overcome this shortcoming by ana-
lyzing the inhomogeneities of the sample, e.g., percentage of tumor cells, normal 
tissue, and necrosis in the analyzed volume and correcting the measured data by 
a factor derived from the analysis  [  86,   87  ] . Such factors can complicate the com-
parison of data measured by different groups especially if methodology and fac-
tors induced are not reported in detail  [  2  ] . 

 Techniques that might help to solve this problem and are able to image the  10 B 
distribution in tissue with a lateral resolution similar that to histomorphological 
images are high-resolution alpha-track autoradiography and neutron capture 
radiography. Quantitative evaluations can be included to be able to consider the 
inhomogeneous  10 B distribution in tissues  [  88  ] . 

 Laser microprobe mass analysis (LMMA) was the  fi rst technique to reach a 
subcellular resolution in BNCT  [  89  ] . Further developments using TOF-SIMS 
and especially laser-SNMS have the capability to quantitatively map the spatial 
boron distribution in biological matrices with a detection limit in the sub-ppm 
range, extremely high selectivity, and high spatial resolution. Methods based on 
electron microscopy (i.e., EELS) are less sensitive but have a much higher spatial 
resolution that readily satis fi es the needs of BNCT for calculating radiation 
response. However, laser-SNMS and EELS are so time-, labor-, and cost-inten-
sive that the small amount of information available until now does not yet satisfy 
the statistics necessary to evaluate biological phenomena  [  2  ] . 

 Another important aspect that has been investigated to a little extent only is 
the metabolism of the compounds BPA and BSH that are actually used in clinical 
trials for BNCT. Ion trap mass spectrometry in combination with proteomic tech-
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nologies offers a possibility to investigate metabolites and transport of target 
molecules. Such information is mandatory to optimize the application of these 
drugs on a scienti fi cally solid basis. 

 For clinical purposes, noninvasive in vivo techniques to follow the pharmaco-
logical and chemical behavior of the boron carrier are needed. The labeling of 
BPA with  18 F and the use of PET to assess the molecule in a patient and the detec-
tion of boron compounds by MRI are feasible but not yet available for routine 
clinical use. PET with  18 F-labeled BPA is already used for patient selection in the 
recent clinical trials in Japan  [  78  ] . The expensive procedure to introduce a new 
radiopharmaceutical in clinical practice has limited this approach in Europe and 
the USA. In Europe,  18 F-BPA is available to patients in Finland only. 

 Available methods offer powerful tools to the clinical scientist to further 
investigate BNCT. However, none of these methods satis fi es all needs at any time 
in each situation. Often, a complementary use of different techniques will become 
necessary. The complementary use of different methods, which are not accessi-
ble everywhere and which need special knowledge and trained personnel, is only 
feasible in the framework of a well-organized and structured network. Important 
tasks for such collaboration will be not only to establish a standardized system 
for reporting the  10 B concentration, especially in the clinical situation, but also to 
be able to provide answers to questions in basic science. Moreover, the design of 
standardized samples with known boron concentration and distribution should 
be developed, such that cross calibration and comparison of different analytical 
approaches can be made  [  2  ] .      
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        10.1   Introduction 

 The term proteome, coined in the 1990s as an equivalent to the concept of genome 
 [  1  ] , is used to describe the complete set of proteins that is expressed and modi fi ed 
following expression by the entire genome in the lifetime of a cell. It is also used in 
a less universal sense to describe the complement of proteins expressed by a cell at 
any given timepoint  [  2  ] . 

 While a genome is relatively static and remains unchanged over time, the pro-
teome is dynamic. The genome is organism speci fi c, whereas the proteome is tissue 
and cell speci fi c. For example, our liver and lung cells have the same genome, but 
they perform very different functions as a result of their different proteomes. Further, 
a cell’s proteome expression changes in response to intracellular actions and/or 
because of environmental events. The changes may also be brought about by growth, 
differentiation, senescence, changes in the environment, genetic manipulation, or 
other reasons. 

 Investigation of the proteome of an organism, tissue, or cell requires the simulta-
neous identi fi cation and relative quantities of the various proteins expressed in the 
sample of interest. This protein “pro fi ling” can be compared among different condi-
tions, such as physiological versus pathological states, to discover the biomarkers 
related to a speci fi c situation. 

 Clinical proteomic investigation has been recently introduced as part of proteom-
ics, and could allow a novel and important approach for the diagnosis and follow-up 
of different diseases. In this context, the proteomes of a wide range of biological 
materials have been studied, such as body  fl uids, serum and urine, and tissues. 

 The protein pro fi le is obtained with the aid of high-resolution techniques, such as 
two-dimensional electrophoresis (2DE). 2DE separates proteins based on two inde-
pendent characteristics: charge and size. As a result, up to 10,000 proteins and pep-
tides can be resolved from a complex mixture, and the resulting protein pattern is 
characteristic of a particular biological system in a particular state. Bioinformatic 
tools are used to compare different proteome  fi ngerprints and identify changes of 
interest. These changes can be characterized using tandem mass spectrometry, pro-
viding amino acid sequence information that can be used to search protein and 
expressed sequence tag databases. Traditionally, characterization of the proteome is 
performed by means of 2DE methodology; however, the 2DE system is tedious and 
time-consuming, and analysis of hydrophobic proteins is not simple. In addition, 
proteins with extreme molecular weight (<10 and > 200 kDa) or an isoelectric point 
(pI < 4 or >10) are very dif fi cult to detect  [  3  ] . For these reasons, in recent years, 
other approaches have been proposed, such as capillary electrophoresis  [  4  ] , surface 
enhanced laser desorption ionization (SELDI)  [  5  ] , and two-dimensional chroma-
tography coupled to tandem mass spectrometry (2 DC-MS/MS, also called multidi-
mensional protein identi fi cation technology, MudPIT)  [  6  ] . 

 Today, proteomic methodologies are of primary importance for discovery-driven 
biomarker studies. Theoretically, the ideal approach for biomarker discovery could 
be its detection in a tumor’s bio fl uids of speci fi c structural and secreted proteins  [  7  ] . 
This approach is interesting and used by many researchers, but obtaining technically 
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well-reproducible results is not easy; in fact, the concentration of potential biomarkers 
may be high close to the tumor, but diluted in the circulatory system, which is also 
a complex matrix  [  8  ] . 

 In this chapter, the classic, based on gel electrophoresis, and innovative, based on 
liquid chromatography, proteomic methodologies are described. In particular, more 
details are given for the MudPIT approach and its applications in clinical proteom-
ics, speci fi cally for BNCT studies.  

    10.2   Overview of the Main Proteomic Methodologies 

 The most popular method for characterizing protein pro fi les is surely two-dimen-
sional gel electrophoresis (2DE). It is involves two separation systems for the pro-
tein mixture, such as an extract from body  fl uids or tissues:  fi rstly, proteins are 
separated according their isoelectric point (pI) in the range 4–10 pH, and the second 
dimension of separation is related to the molecular weight of proteins in the typical 
range 10–200 kDa. Separated proteins are detected by means of silver or Coomassie 
staining, and the resulting images are compared for selecting differentially expressed 
spots to be identi fi ed one-to-one by means of tryptic digestion and mass spectrom-
etry analysis (see Fig.  10.1 ). This approach is also called gel-based; in fact, the most 
important step is the gel separation of proteins. On the contrary, in the MudPIT 
proteomic strategy, the complex mixture of proteins has been digested previously, 
and the resulting peptides are separated by means of two-dimensional nano-chro-
matography (2 DC or LC/LC):  fi rstly, peptides are separated on an ion-exchange 
column ( fi rst dimension) by means of increasing the concentration of salt 
(0–1,000 mM of ammonium chloride, acetate, or formate) and then on a reversed-
phased column (C 

18
  stationary phase, second dimension). The LC/LC system is 

directly coupled to tandem mass spectrometry (MS/MS), usually an ion trap mass 
spectrometer, for detecting molecular weight and fragments of eluted peptides. The 
identi fi cation of peptide sequences is obtained through an automated database 
search with appropriate software, such as the SEQUEST algorithm for data han-
dling of mass spectra  [  9–  11  ] . The experimental mass spectra (full MS and MS/MS) 
are correlated to tryptic peptide sequences by comparison with the theoretical mass 
spectra deduced from public protein or fully translated genomic databases  [  12  ] . The 
sequenced peptides permit identifying the correlated proteins present in the original 
sample. Because thousands of spectra are collected (20–50 thousand) for MudPIT 
analysis, it is better to use a Parallel Virtual Machine (CPU cluster) for data han-
dling. Figure  10.1  summarizes the main steps involved in the 2DE (Fig.  10.1a ) and 
MudPIT (Fig.  10.1b ) approaches. In particular, 2DE presents some advantages, 
such as the high resolution and requiring little investment. However, 2DE has some 
disadvantages, such as limited pI and MW ranges, and being time consuming.  

 In contrast, the MudPIT approach provides a signi fi cant improvement over gel-
based analysis, as it represents a fully automated technology that simultaneously 
allows separation of digested peptides, their sequencing, and the identi fi cation of 
the corresponding proteins. In this way, quantitative characterization  [  13,   14  ]  of the 
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  Fig. 10.1    Main steps used in ( a ) traditional 2DE and ( b ) MudPIT proteomic approach. 2DE method-
ology involves  fi rstly the protein separation by means of  IPG  ( fi rst dimension) and  SDS -PAGE (second 
dimension). The differential expressed protein spots are cut and in-gel digested. The resulting peptides 
are identi fi ed by means of mass spectrometry (usually tandem mass spectrometry,  MS/MS , for obtain-
ing peptide sequence). Digestion and  MS/MS  analysis require repetition for each spot of interest. On 
the contrary, MudPIT methodology involves the preliminary digestion of the complex protein mixture 
and separation of the resulting peptides by two-dimensional liquid chromatography (2DC or  LC/LC ) 
combined with mass spectrometry for identifying the eluted peptides. This gives the possibility to plot 
a list of proteins on a virtual 2D map using theoretical pI and MW of identi fi ed proteins       
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protein mixtures is possible in wide pI and MW ranges, and the membrane proteins 
are also identi fi ed. Concerning MudPIT analysis, it is con fi rmed to be “nascent 
methods for free-gel analysis of complex mixtures hold great promise”  [  15  ] . This 
technology is a part of so-called mass spectrometry-based proteomics. 

 Recently, a number of cancer investigations have been performed by means of 
MudPIT methodology for identifying biomarkers  [  16  ] . For example, the released pro-
teins from pancreatic cancer cells were studied, and differentially expressed proteins 
correlated to extracellular matrix degradation and metastasis were identi fi ed  [  17  ] . 
Other authors obtained similar results by studying pancreatic cancer tissue directly 
 [  18  ] . Also, MudPIT analyses of ovarian cancer cells were performed, and it was pos-
sible to group the cell lines in relation to their motile and invasive capacity  [  19  ] .  

    10.3   Results Related to BNCT 

 Up to now, few proteomic investigations have been performed in relation to BNCT. 
Mainly, these works have been oriented to the following aspects: (1) investigating 
the possibility of detecting proteins modi fi ed with  10 B-containing compounds and 
(2) characterizing tumor biomarkers and targets for  10 boron drugs. 

 Some experiments have been performed to verify possible chemical interaction 
between proteins and boron compounds; for example, phospholipid hydroperoxide 
glutathione peroxidase (PHGPx, about 2  m g) has been treated with BSH (about 
0.05 mM), and the resulting products were separated by SDS gel electrophoresis 
(SDS-PAGE) and blotted on PVDF (polyvinylidene  fl uoride) transfer membrane. 
Using chemical staining of proteins, for example, using Ponceau red  [  20  ] , two bands 
of around 22 and 14 kDa were detected, both with and without BSH reactions (see 
Fig.  10.2 ). On the contrary, using the physical method, based on the speci fi c detec-
tion of  10 B obtained by neutron autoradiography  [  21  ] , a protein band was detected 
in BSH-treated samples  [  22  ] . In particular, protein of around 14 kDa did not react 
with BSH, while the 22-kDa protein band contained  10 boron.  

 To con fi rm these results, the neutron-positive 22-kDa band was excited and digested 
with trypsin, and the resulting peptide mixture analyzed by liquid chromatography 
coupled to tandem mass spectrometry (LC-MS/MS). In this way, many peptides 
were sequenced, and it was also possible to identify one peptide containing a BSH 
residue (Fig.  10.3 ). In particular, the modi fi ed peptide corresponds to T 

172-178
 , and 

BSH is linked to protein by a disulfur bridge with Cys 
175

 . Of note, it was possible to 
observe the characteristic fragment ( m/z  131) in the MS/MS spectrum of peptide 
(Fig.  10.3d ) because of tandem mass spectrometry analysis of BSH  [  23  ] .  

 The described results indicate that it is possible to detect post-translational 
modi fi cation due to the eventual interaction between protein and  10 B-compounds 
using the proteomic approach based on LC-MS/MS. Moreover, recently new anti-
bodies have been developed that are speci fi c for detecting BSH or BPA  [  24  ]  in free 
form or linked to proteins by means of Western blot staining. These methodologies 
are of primary importance for investigating the targets of drugs applied for BNCT. 

 For investigating the mechanism of accumulation for boron drugs in tumor cells 
and grouping those presenting a higher reactivity, it is important to characterize 
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their proteome. To perform protein pro fi le studies in relation of BNCT, the shotgun 
MudPIT approach has been used. As described above, this methodology permits the 
identi fi cation of many proteins for each analyzed sample and also allows obtaining 
quantitative results. Typically, normal and tumor tissues are analyzed in parallel for 
increasing the con fi dence of comparison. 

 Tissue is homogenized in 100 mM ammonium bicarbonate, pH 8, at 4 °C, and 
ultra-centrifuged for separating hydrophilic (supernatant) and hydrophobic (pellet) 
protein fractions. Each fraction is digested (4–16 h) by means of modi fi ed trypsin, 
in order to avoid protease autodigestion, at 37 °C. The substrate/enzyme ratio is 
around 50:1 (w/w) in 30–50  m l  fi nal volume; the reaction is stopped by the addition 
of formic acid so as to obtain a pH of equal or less than 2. For detecting cysteines, 
it is necessary to perform reduction and alkylation before digestion  [  25  ] , but this 
procedure eliminates the eventual bonds    between proteins and BSH. Sample desalt-
ing of tryptic digests permits increasing chromatography resolution and mass spec-
trometry sensitivity  [  26  ] . Five to ten microliters of trypsin-digested tissue sample is 
analyzed by MudPIT methodology:  fi rstly, peptides are separated by strong ion 

- BSH + BSH

22 kDa

14 kDa

+ Neutron

22 kDa

14 kDa

  Ponceau Red + NeutronPonceau Red

ba

  Fig. 10.2    Gel electrophoresis separation blotted on PVDF membrane of PHGP × untreated ( a ) 
and treated ( b ) with  BSH , and stained with  Ponceau red  and neutron autoradiography       
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exchange chromatography (SCX column, usually 0.30 i.d. ×100 mm) by applying a 
nine-step ammonium chloride concentration gradient (0, 20, 40, 80, 120, 200, 400, 
700 mM) at a  fl ow rate of around of 1–2  m l/min. The second dimension is obtained 
by loading, using a ten-port valve, each salt step elute directly into a reversed-phase 
column (C 

18
 , 0.180 i.d. ×100 mm) and separating them with an acetonitrile gradient 

at a 1  m l/min. 
 Each peptide eluted from the C 

18
  column is directly detected with a mass spec-

trometer for collecting full MS and MS/MS spectra in positive mode. The typical 
acquisition range is 400–1,700  m/z , and a data-dependent scan and dynamic exclu-
sion are used  [  27  ] . 

 The identi fi cation of the proteins is then obtained through an automated database 
search with appropriate software, such as the SEQUEST algorithm  [  28  ] , for data 
handling the mass spectra. The experimental mass spectra produced are correlated to 
peptide sequences obtained by comparison with the theoretical mass spectra in the 
human protein database downloaded from the NCBI (  www.ncbi.nlm.nih.gov    ). As an 
example, MudPIT analysis of the hydrophobic fraction of homogenized tumor liver 
permitted the characterization of more than 120 proteins for each sample. Table  10.1  
reports a typical list of proteins identi fi ed by at least two different peptides.  

 To visualize the protein list output data in a user-friendly format, MAProMA (mul-
tidimensional algorithm protein map) software was developed, which automatically 
plots MW vs. pI for each identi fi ed protein  [  17  ] . A color-code/shape is automati-
cally assigned according to a range of score values or different peptides identi fi ed 
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  Fig. 10.3     LC-MS/MS  analysis of protein detected by neutron autoradiography (see Fig.  10.1 ). ( a ) 
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ration of obtained peptides, ( d ) their sequencing, and ( e ) identi fi cation of BSH modi fi ed peptide       
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   Table 10.1    Typical list of proteins identi fi ed by at least two different peptides from MudPIT 
analysis of hydrophobic fraction of homogenized tumor liver   
 Reference  Accession  Hits  Score 
 FINC_HUMAN  fi bronectin 
precursor (FN) (cold-insoluble 
globulin) (CIG) 

 2506872  16  160 

 Chaperonin  31542947  7  76 
 CO6A3_HUMAN collagen 
alpha-3(VI) chain precursor 

 5921193  7  70 

 Tenascin C (hexabrachion)  4504549  7  70 
 Keratin 8  4504919  6  60 
 I38369 beta-tubulin – human 
(fragment) 

 2119276  5  50 

 Ig heavy chain V region precursor  2146957  2  42 
 Glyceraldehyde-3-phosphate 
dehydrogenase 

 7669492  4  40 

 Keratin 18  4557888  4  40 
 Vimentin  62414289  4  40 
 POSTN_HUMAN periostin 
precursor (PN) (osteoblast-speci fi c 
factor 2) 

 93138709  4  40 

 FLNA_HUMAN  fi lamin-A 
(alpha- fi lamin) (Filamin-1) 

 116241365  3  36 

 Tyrosine 3/tryptophan 5 -monooxy-
genase activation protein 

 4507953  3  30 

 Myosin, heavy polypeptide 9, non-
muscle 

 12667788  3  30 

 Enolase 1  4503571  3  30 
 Chain human serum albumin  4389275  3  30 
 Tubulin alpha 6  14389309  3  30 
 Prolyl 4-hydroxylase, beta subunit 
precursor 

 20070125  3  304 

 B chain B, T-To-T(high) quaternary 
transitions 

 61679604  3  30 

 B chain B, crystal structure of 
recombinant human  fi brinogen 
fragment D 

 24987624  3  30 

 Serine (or cysteine) proteinase 
inhibitor, clade A 

 50363217  3  30 

 Fibrinogen, alpha polypeptide 
isoform alpha-E preproprotein 

 4503689  3  30 

 Heat shock 27-kDa protein 1  4504517  2  28 
 Glutathione transferase  4504183  2  20 
 Pyruvate kinase 3 isoform 1  33286418  2  20 
 Alpha 2 globin  4504345  2  20 
 Vinculin isoform meta-VCL  7669550  2  20 
 Heat shock 70-kDa protein 5  16507237  2  20 
 C chain C, crystal structure of 
 fi brinogen fragment D 

 2781209  2  20 

(continued)
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by SEQUEST data analysis. This provides a 2D map overview of the obtained pro-
tein list (Fig.  10.4a ) and allows a rapid evaluation of the identi fi cation con fi dence: 
higher score or peptide number correspond to higher con fi dence of protein 
identi fi cation. In addition, Fig.  10.4b  reports the 2D map obtained from the hydro-
phobic fraction of homogenized normal liver. Comparing the two maps, it is possi-
ble to observe some differences. It is interesting that the traditional proteomic 
approach, based on 2D gel electrophoresis (2DE), is limited in the pI and MW 
ranges (typically 4–10 pH and 10–200 kDa for the isoelectric point and molecular 
weight, respectively)  [  29  ] . On the contrary, MudPIT analysis permits the 
identi fi cation of proteins in a wide range of pI (>10) and MW (>200 kDa).   

    10.4   Perspectives 

 A brief overview has been reported above for describing the main proteomic 
approaches available, gel based (2DE) and mass spectrometry based (MudPIT). Other 
technologies are available, for example, surface-enhanced laser desorption ionization 
coupled to time-of- fl ight mass spectrometry (SELDI-TOF) permits rapid screening 
from a small amount of sample; it allows protein peak pro fi les, but the sequence 
identi fi cation and post-translational modi fi cations of proteins are not provided  [  30  ] . 

 Proteomic technologies aim to provide clinicians with new tools for developing 
innovative research on biomarker and target discovery of diseases, such as cancer. 

 In particular, MudPIT methodology is an innovative and high-throughput pro-
teomic approach that allows the identi fi cation of 100–1,000 proteins for each sam-
ple without pI or MW limits. In addition, a wide range of samples can be analyzed, 
such as cell, tissue (fresh, frozen, or formalin  fi xed, paraf fi n embedded  [  31  ] ), and 
body  fl uid  [  32  ]  samples. Concerning the BNCT investigations, in the future, it will 
be possible and important to apply proteomic approaches for characterizing protein 

 Reference  Accession  Hits  Score 
 Eukaryotic translation elongation 
factor 1 alpha 1 

 4503471  2  20 

 Transforming growth factor, 
beta-induced, 68 kDa 

 4507467  2  20 

 A chain A, human platelet pro fi lin 
complexed with the L-Pro10 peptide 

 3891601  2  20 

 CO1A2_HUMAN collagen 
alpha-2(I) chain precursor 

 82654930  2  20 

 Phosphoglycerate kinase 1  4505763  2  20 
 ATP synthase, H + transporting, 
mitochondrial F1 complex, beta 
subunit 

 32189394  2  20 

 Electron transfer  fl avoprotein, alpha 
polypeptide 

 4503607  2  20 

 H4 histone family, member A  4504301  2  20 

Table 10.1 (continued)
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pro fi les of untreated and treated patients, and to combine these studies with pharma-
cokinetic results. Speci fi cally, correlation between  10 boron levels (qualitative and 
quantitative in tissues and body  fl uids) and differentially expressed proteins will be 
of primary importance for determining molecular mechanisms related to transport, 
metabolism, and uptake for the different  10 boron-containing compounds used in 
BNCT. The recent availability of antibodies against BPA and BSH will permit the 
validation of  fi ndings concerning protein- 10 boron drug interactions (see Chap.   7    ). 
Finally, recent BNCT studies concerning the genetic incorporation of unnatural 
amino acids, such as modi fi ed phenylalanine, into proteins of mammalians cells are 
of great interest  [  33  ] . In our opinion, this may be an interesting approach to the 
biosynthesis of therapeutic proteins (such as antibodies or polypeptides for known 
tumor targets) containing BPA as an unnatural amino acid and will permit increas-
ing the  10 boron concentration in tumors.      
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  Abbreviations  

  BNCT    Boron neutron capture therapy   
  BPA    4-boronophenylalanine   
  [ 18 F]FBPA    4-borono-2-[ 18 F] fl uorophenylalanine   
  FDG    2-deoxy-2-[ 18 F] fl uoro- D -glucose   
  ICP-AES    Inductively coupled plasma-atomic emission spectroscopy   
  MET     l -[methyl- 11 C]methionine   
  PET    Positron emission tomography   
   T / N     Tumor-to-normal-tissue ratio      

        11.1   Introduction 

 Positron emission tomography (PET) is a useful medical imaging modality for 
monitoring biological events inside the human body. PET can quantitate the distri-
bution of positron-labeled molecules in living tissue by coincidence detection of 
gamma rays and attenuation correction with an external positron-emitting source 
 [  32  ] . Thus, the tomographic image obtained by PET serves well as an in vivo ana-
logue of an autoradiograph  [  31,   33  ] . 

 Another important advantage of PET is the existence of the positron-emitting 
isotopes  11 C and  15 O, two major constituents of organic molecules, and  18 F, a useful 
analogue of hydrogen. These isotopes have been used for the development of diag-
nostic probes for both clinical and experimental use, as their rates of uptake express 
various biological processes of the living body. 

 With these diagnostic probes, PET has served as one of the most powerful tools 
for investigating human brain function noninvasively  [  5  ] . Recently, however, the 
applications of PET have spread beyond mainly research settings into clinical set-
tings with practical targets. Two of the major practical uses for PET are in the  fi elds 
of oncology and pharmacology. In the former, the whole-body PET scan with 
2-deoxy-2-[ 18 F] fl uoro- d -glucose (FDG) is now accepted as a modality for routine 
use. Oncologists, meanwhile, await newer probes for the imaging of tumors, as 
FDG imaging lacks suf fi cient sensitivity in the organs in which FDG accumulates 
under normal conditions, such as the brain. Pharmacologists use PET as a tool to 
monitor pharmacokinetics in drug development  [  3,   35  ] . By injecting a small 
amount of a positron-labeled drug, researchers can noninvasively monitor the 
dynamics of the drug or the occupancy of the drug at target sites in human. The 
application of PET for boron neutron capture therapy (BNCT) amply demonstrates 
the bene fi ts of PET in both oncology (i.e., tumor imaging with PET) and pharma-
cology (i.e., monitoring the pharmacokinetics of treatment substances). 

 In contrast to the other types of radiotherapy, BNCT confers a tumoricidal effect 
that is heavily in fl uenced not by the type of irradiation but by the biological distribu-
tion of boronated substrate injected into the body. Thus, oncologists await the estab-
lishment of an imaging method capable of quantifying boron uptake into tumors and 
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surrounding normal tissue  [  38  ] . PET will serve as just such a tool, provided that an 
appropriate positron-labeled tracer is developed. 

 4-Borono-2-[ 18 F] fl uorophenylalanine ([ 18 F]FBPA) is a positron label of 4-borono-
phenylalanine (BPA), a boron carrier for BNCT. Since its synthesis in the early 
nineties by one of the authors (KI)  [  13–  16  ] , [ 18 F]FBPA has been the only PET tracer 
capable of monitoring boron concentrations in vivo in human. The clinical protocol 
of [ 18 F]FBPA PET for BNCT was validated by two groups  [  10–  12,   19  ]  in the late 
nineties. Today, [ 18 F]FBPA PET is considered an inevitable screening tool for can-
didates for BNCT in Japanese clinical trials  [  1,   25,   39  ] . 

 This chapter will de fi ne PET imaging with [ 18 F]FBPA and describe its radiophar-
maceutical synthesis, experimental use, clinical use as a tumor-imaging agent, and 
use for BNCT.  

    11.2   Radiosynthesis of [ 18 F]FBPA 

 [ 18 F]FBPA is synthesized by direct  fl uorination of BPA with [ 18 F]acetyl hypo fl uorite 
([ 18 F]AcOF) or [ 18 F]F 

2
 , as shown in Fig.  11.1   [  14,   19,   36,   37  ] . The radiolabeled [ 18 F]

F 
2
  used is produced by deuteron irradiation of a high-pressure Ne gas containing a 

low-percentage (0.05–0.2 %) F 
2
 , via the  20 Ne(d, a ) 18 F reaction. By passing a target 

Ne gas containing [ 18 F]F 
2
  through a column  fi lled with potassium/sodium acetate, 

the [ 18 F]F 
2
  is converted to [ 18 F]AcOF. The ef fl uent containing [ 18 F]AcOF is then 

bubbled into BPA in tri fl uoroacetic acid, and the [ 18 F]FBPA product is puri fi ed by 
high-performance liquid chromatography. Ishiwata et al.  fi rst prepared [ 18 F]FBPA 
using a mixture of  d - and  l -isomer of 4-boronophenylalanine as a precursor  [  14  ] . 
Later, they and other groups prepared [ 18 F]FBPA using a pure  l -isomer, 4-[ 10 B]
borono- l -phenylalanine. Ishiwata et al. used [ 18 F]FBPA for animal studies. The 
other groups decided to further composite [ 18 F]FBPA with fructose to produce [ 18 F]
FBPA-fructose ([ 18 F]FBPA-Fr), as BPA conjugated with fructose has been proven to 
increase the solubility of the boron carrier  [  19,   37  ] .  

 Because the [ 18 F]F 
2
  produced in pure Ne is very active and chemically adsorbed to 

the target holder, the presence of carrier F 
2
  is essential to recover [ 18 F]F 

2
 . Thus, the radio-

synthesis using carrier-added [ 18 F]F 
2
  via the  20 Ne(d, a ) 18 F reaction provides [ 18 F]FBPA 

with low speci fi c activity (35–60 GBq/mmol  [  14  ]  and 130 GBq/mmol  [  10  ] ). Välhätalo 
et al., on the other hand, have produced [ 18 F]F 

2
  by an alternative procedure  [  36  ] . By 

applying the  18 O(p,n) 18 F reaction, they produced a high speci fi c activity [ 18 F]F −  and then 

CO2H

NH2B
OH

HO

CO2H

NH2B
OH

HO

18F
1)  [18F]CH3CO2F/CF3CO2H
2) HPLC separation

  Fig. 11.1    Radiosynthesis of 4-borono-2-[ 18 F] fl uorophenylalanine       
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carried out a post-target conversion of [ 18 F]F −  to [ 18 F]F 
2
  via [ 18 F]CH 

3
 F. Though only a 

small amount of carrier F 
2
  (1.2  m mol) was used in the conversion, [ 18 F]FBPA with rela-

tively high speci fi c activity was produced (850–1,500 GBq/mmol). With higher levels 
of initial activity for clinical studies, it becomes possible to increase the speci fi c activity 
of [ 18 F]FBPA up to 3,700 GBq/mmol.  

    11.3   Experimental Studies of [ 18 F]FBPA in Animal Models 

    11.3.1   Tumor Accumulation 

 The potential of [ 18 F]FBPA for tumor imaging has been investigated in the follow-
ing tumor models: FM3A mammary carcinoma in mice  [  13,   23  ] , B16 melanoma in 
mice  [  15,   16,   23  ]  or melanotic Greene’s melanoma no. 179 and amelanotic Greene’s 
melanoma no. 178 in hamsters  [  15,   16  ] , and F98 glioma in rats  [  4,   37  ] . All of the 
reports demonstrate that [ 18 F]FBPA accumulates in tumors for the  fi rst 1–2 h, while 
decreasing in all other tissues. These results, particularly those in hamsters with 
Greene’s melanomas  [  16  ] , clearly con fi rm the potential of [ 18 F]FBPA as a PET 
tracer for tumor imaging. 

 Intriguingly, tumors with melanogenic capability have an enhanced uptake of 
[ 18 F]FBPA. In hamster models, Greene’s melanoma no. 179, a melanotic cell line, 
showed an [ 18 F]FBPA uptake at 1.7 times higher than that in amelanotic Greene’s 
melanoma no. 178  [  15,   16  ] . Yet the same two melanomas exhibited similar meta-
bolic activities in a tracer uptake study using  l -[ 14 C]methionine, 2-deoxy- d -[ 14 C]
glucose, and [ 3 H]thymidine, markers of mainly protein synthesis, glucose metabo-
lism, and DNA synthesis, respectively  [  15,   16  ] . In a mouse model, the uptake of 
[ 18 F]FBPA was higher in a B16-F1 melanoma than in a B16-F10 melanoma, a tumor 
which grew faster and had a more highly metastatic potential (con fi rmed by uptake 
of FDG) but whose melanin content was lower. These  fi ndings stand to reason, as 
[ 18 F]FBPA is partially incorporated into the melanogenic cells  [  15,   16  ] . The studies 
by Ishiwata et al. on the topic were animal studies using a mixture of  d - and  l -isomer 
of [ 18 F]FBPA. Later, Ishiwata’s group demonstrated that the tumor uptake of the 
 l -isomer is higher than that of  d -isomer and that both isomers are incorporated into 
the melanogenic cells to a similar extent  [  16  ] .  

    11.3.2   Cellular Distribution 

 Kubota et al. investigated the cellular distribution of [ 18 F]FBPA in murine B16 melanoma 
sublines and FM3A mammary carcinoma by double-tracer microautoradiography in vivo 
 [  23  ] . According to their results, the greatest amount of [ 18 F]FBPA was found in S phase 
melanocytes and the lowest amount was found in non-S phase nonmelanocytes. The [ 18 F]
FBPA accumulation is primarily related to the activity of DNA synthesis and secondarily 
related to the degree of pigmentation in melanocytes. The therapeutic ef fi cacy of BNCT 
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with BPA may be greater in melanomas with higher DNA synthesis activity and higher 
melanin content.  

    11.3.3   Metabolism 

 The arti fi cial amino acid [ 18 F]FBPA is generally thought to be taken up by tumors 
and other tissues via the amino acid transport system, without being incorporated 
into proteins. In mice with FM3A mammary carcinoma, [ 18 F]FBPA was found to be 
stable for metabolic alteration  [  13  ] . In an experiment with FM3A mammary carci-
noma tissues, most radioactivity (>94 %) was detected as [ 18 F]FBPA over a 6-h 
postinjection, and the acid-insoluble fraction was present at levels of less than 2 %. 
In an experiment with B16 melanoma tissue, considerable amounts of the radioac-
tivity were detected in the acid-insoluble fraction (27 % by 6 h). This suggests that 
[ 18 F]FBPA is involved in melanogenesis  [  15  ] , as described above. On the other 
hand, the percentages of the acid-insoluble fraction in plasma were found to increase 
with time after injection of [ 18 F]FBPA (10 % by 2 h)  [  13  ] . This implies that a debo-
ronation of the [ 18 F]FBPA takes place in vivo. Liver phenylalanine 4-monooxyge-
nase may convert [ 18 F]FBPA to 2-[ 18 F] fl uoro- l -tyrosine, a molecule used in the 
synthesis of plasma proteins recirculated into the bloodstream. If 2-[ 18 F] fl uoro- l -
tyrosine is recirculated into the bloodstream, it may contribute slightly to the total 
radioactivity of the tumor tissues. These  fi ndings suggest that there may be some 
discrepancy between the concentrations of  18 F radioactivity and  10 B in vivo.  

    11.3.4   Relationship Between Concentrations 
of  18 F Radioactivity and  10 B 

 Ishiwata et al. evaluated whether the concentration of  10 B can be measured by PET 
signals  [  16  ] . After injecting a mixture of [ 18 F]FBPA and an excess amount of BPA 
in B16 melanoma-bearing mice and Greene’s melanoma-bearing hamsters, they 
estimated the concentrations of  10 B from the levels of radioactive uptake and speci fi c 
activity of the [ 18 F]FBPA, then directly measured the concentrations of  10 B by induc-
tively coupled plasma-atomic emission spectroscopy (ICP-AES) in the same tissues 
and blood from the test animals. In the B16-bearing mice, the ratios of the estimated 
concentration by the  18 F signal to the measured concentration by ICP-AES ( 18 F/ICP-
AES ratios) were small in blood (0.24) and muscle (0.21) but relatively large in B16 
(3.7) at 6 h after the injection. In the hamsters, the  18 F/ICP-AES ratios were 0.92 in 
blood, 0.70 in muscle, 1.00 in Greene’s melanoma no. 179, and 0.96 in Greene’s 
melanoma no. 178 at 6 h after the injection. Thus, the  18 F/ICP-AES ratios differed 
between the two animal species and also between the tissues. Wang et al. injected 
[ 18 F]FBPA-Fr and BPA separately into F98 glioma-bearing rats and then used ICP-
AES to measure the concentrations of  10 B in normal brain hemispheres and in the 
brain hemispheres implanted with the glioma  [  36  ] . According to their  fi ndings, the 
uptake characteristics of [ 18 F]FBPA-Fr and BPA were similar  [  37  ] .  
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    11.3.5   Kinetic Analysis 

 Chen et al. performed a kinetic analysis of [ 18 F]FBPA-Fr in glioma-bearing rats by 
dynamic scanning with a high-resolution PET scanner for tracer kinetic modeling in 
trying to examine if such model analysis is applicable for a clinical use  [  4  ] . According 
to an estimation of the rate constants of BPA using a three-compartment model, the 
optimal irradiation time for BNCT was 4 h after the BPA-Fr injection.   

    11.4   Clinical Use of [ 18 F]FBPA 

    11.4.1   Clinical PET Imaging of Malignant Tumors with [ 18 F]FBPA 

 Tumor imaging with FDG, a glucose analogue, is an established clinical imaging 
tool. Whole-body imaging with FDG-PET is routinely used to diagnose cancer 
 [  6,   7  ] . As the sensitivity of PET tumor diagnosis depends on the uptake contrast 
of tracer into the tumor versus that into the surrounding normal tissue ( T / N ), 
FDG-PET can only be used to good effect in organs in which FDG do not accu-
mulate in abundant levels under normal conditions. Thus, the method is not suit-
able for application for the brain and genitourinary system, and therefore, PET 
tracers based on principles other than FDG have also been clinically used, includ-
ing amino acid probes such as  l -[methyl- 11 C]methionine (MET) for brain tumor 
 [  28,   29  ]  and [ 11 C]choline for prostate cancer  [  8,   9  ] . 

 BPA and its positron-labeled substance, [ 18 F]FBPA, are analogues of the amino 
acid phenylalanine and are taken up into tumor cells through a large neural amino 
acid transporter located at the luminal membranes of microvessels and cell mem-
branes  [  24,   34  ] . Given that MET and all of the other positron-labeled amino acid 
probes are taken up into the tumor cells through the same transporter system, the 
[ 18 F]FBPA method can be regarded as an imaging method which uses amino acid 
PET tracers. Our comparison between [ 18 F]FBPA PET and MET-PET for malig-
nant tumors of the brain and skull indicates that the two probes provide almost 
identical tumor images (Fig.  11.2 )  [  30  ] . In another comparative study between 
MET-PET and the amino acid analogue O-[ 11 C]methyl- l -tyrosine, the PET tumor 
images using the two probes were also identical  [  17,   18  ] . It thus seems that the 
PET tumor images obtained by different amino acid probes, including [ 18 F]FBPA, 
are quite similar.  

 Arti fi cial amino acid probes such as [ 18 F]FBPA or  O -[ 11 C]methyl- l -tyrosine dif-
fer from nutritional amino acids such as MET in their uptake into normal tissue. As 
the former play no part in protein synthesis, they accumulate into tumor tissue selec-
tively, as well as in excretion sites such as the kidney and bladder (Fig.  11.3 ). The 
latter, meanwhile, take part in protein synthesis and thus accumulate extensively in 
the liver and glandular organs such as the pancreas and salivary glands  [  22  ] . On this 
basis, [ 18 F]FBPA seems to have better potential as an imaging tool for malignant 
tumors in most parts of the body other than the urinary system. And by extension, 
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  Fig. 11.2    PET images of four patients with glioblastoma. The [ 11 C]methionine (MET) images 
and [ 18 F] fl uoroboronophenylalanine (FBPA) images are almost identical (Cited from  [  30  ] )       
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  Fig. 11.3    Comparison of whole-body PET images obtained with [ 18 F]FBPA (a patient with low-
grade cerebellar tumor), MET (a normal control), and FDG (a normal control with adenoids). Note 
the difference in the accumulation of these tracers into normal tissue. The image of MET was 
provided by Dr. Kazuo Kubota from the Division of Nuclear Medicine in the Department of 
Radiology at the International Medical Center of Japan.  Ad  adenoids,  Bl  bladder,  Bo  bone marrow, 
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we can assess BPA as a superior pharmaceutical for sending boron into tumors 
wherever the contrast with surrounding tissue is high.   

    11.4.2   PET Imaging with [ 18 F]FBPA for BNCT 

 Imahori et al.  [  12  ]  and Kabalka et al.  [  19  ]  established and validated an [ 18 F]FBPA 
method to estimate the boron concentrations of malignant brain tumors in patients 
who received BNCT. First, they used dynamic PET scans to examine patients with 
glioblastoma multiforme before BNCT. Next, they constructed a three-compartment 
model to estimate the tumor concentration of boron administered via an i.v. injec-
tion of BPA. Finally, they measured the boron concentrations after the BPA injec-
tions directly from surgical specimens (from seven patients in the former study and 
from two patients in the latter). Both groups concluded that the estimation achieved 
by PET examination was close enough for practical use. 

 In practice, it is suf fi cient to determine the ratio of the boron concentration in the 
tumor to that in the surrounding normal tissue. To do so, it may be suf fi cient to 
compare a static scan of the activity of the tumor [ 18 F]FBPA with a static scan of the 
activity of the normal tissue ( T / N  of [ 18 F]FBPA). A recent analysis by our group has 
indicated that the estimated  T / N  of the boron concentration after a slow infusion of 
BPA had a signi fi cant linear correlation with the  T / N  of radioactivity after a bolus 
injection of [ 18 F]FBPA (Fig.  11.4 )  [  30  ] .  

 Researchers in Japan have conducted several BNCT series by setting certain 
thresholds on the  T / N  of [ 18 F]FBPA obtained by PET studies for patient selection. 
Three categories of tumor have been covered in these series: malignant glioma  [  25  ] , 
malignant meningioma  [  26  ] , and head and neck malignancies  [  1,   2,   21  ] . Kabalka 
et al. have reported a case of metastatic malignant melanoma in brain in whom [ 18 F]
FBPA was useful to make decision to perform BNCT [  20  ] . The dearth of compara-
tive studies has made it dif fi cult to verify the superiority of PET-based BNCT over 
non-PET-based BNCT or other radiotherapies. Findings have suggested, however, 
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  Fig. 11.4    A graph to indicate the 
relationship between the  T / N  ratio of [ 18 F]
FBPA on a static PET scan ( x -axis) and 
the  T / N  ratio of the tissue boron 
concentration after a 1-h constant infusion 
of BPA estimated by a pharmacokinetic 
analysis of a dynamic [ 18 F]FBPA PET 
scan ( y -axis) (Cited from  [  30  ] )       
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that PET-based BNCT for glioblastoma is achieving progressively better results 
than the former protocol  [  39  ] .  

    11.4.3   Practical Use of PET for BNCT 

 As long as BNCT is based on the transfer of the boron molecule to the tumor tissue, 
PET boron imaging will continue to play a key role in successful treatment. Of the 
various in vivo measurement methods, PET sensitivity is maximum with high-pow-
ered irradiation from a minimal quantity of molecular probe. To extend the use of 
BNCT on a practical basis, parallel efforts must be made to extend the use of PET 
clinically. As this chapter has described, [ 18 F]FBPA PET is categorizable as one of 
PET methods using amino acid tracers. Thus, PET studies with other amino acid 
tracers can be applied for the screening of tumor types or of individual patients who 
may bene fi t from BNCT, as long as BPA is used as the boron carrier agent. MET-
PET may be suitable for this type of screening, in light of the ease with which it can 
be synthesized and the many years it has been used at PET institutes around the 
world. 

 The clinical application of PET for the posttreatment evaluation of patients who 
have received BNCT is also inevitable. PET should be useful to differentiate tumor 
regrowth from pseudoexpansion by radiation injury  [  27  ] . Without PET, the treat-
ment effects of BNCT cannot be precisely evaluated. FDG-PET is also suited for 
evaluating the treatment effects of patients with whole-body malignancies, while 
amino acid PET is the better choice for patients with brain tumors. We are con-
vinced that the routine use of PET tumor imaging with amino acid tracers, MET, 
[ 18 F]FBPA, and the like will support the widespread and bene fi cial use of BNCT.   

    11.5   Summary 

 An important step in the planning for optimal BNCT for malignant tumor is to esti-
mate the  T / N  of the boron concentration. Investigators have developed the PET 
imaging probe [ 18 F]FBPA and have con fi rmed its ef fi cacy in estimating boron con-
centrations in animal experiments. Others have established a clinical PET applica-
tion using [ 18 F]FBPA and have started to use it for the selection of candidates for 
BNCT in clinical protocols in Japan. Comparative clinical imaging studies have 
revealed that [ 18 F]FBPA PET images are almost identical to the images obtained 
with another amino acid probe, MET. Static images of FBPA or MET-PET can be 
used for the planning of BNCT. PET imaging with amino acid probes may contrib-
ute signi fi cantly to the establishment of an appropriate BNCT application for 
patients with malignant tumors.      

  Acknowledgement   We thank Dr. Kazuo Kubota from the Division of Nuclear Medicine in the 
Department of Radiology at the International Medical Center of Japan for kindly offering us 
whole-body PET images of MET uptake.  



210 T. Nariai and K. Ishiwata

   References 

    1.    Aihara T, Hiratsuka J, Morita N, Uno M, Sakurai Y, Maruhashi A, Ono K, Harada T (2006) 
First clinical case of boron neutron capture therapy for head and neck malignancies using 18F-
BPA PET. Head Neck 28:850–855  

    2.    Ariyoshi Y, Miyatake S, Kimura Y, Shimahara T, Kawabata S, Nagata K, Suzuki M, Maruhashi A, 
Ono K, Shimahara M (2007) Boron neuron capture therapy using epithermal neutrons for recurrent 
cancer in the oral cavity and cervical lymph node metastasis. Oncol Rep 18:861–866  

    3.    Bauer M, Wagner CC, Langer O (2008) Microdosing studies in humans: the role of positron 
emission tomography. Drugs R&D 9:73–81  

    4.    Chen JC, Chang SM, Hsu FY, Wang HE, Liu RS (2004) MicroPET-based pharmacokinetic 
analysis of the radiolabeled boron compound [18F]FBPA-F in rats with F98 glioma. Appl 
Radiat Isot 61:887–891  

    5.    Cherry S, Phelps M (1996) Imaging brain function with positron emission tomography. In: 
Toga A, Mazziotta J (eds) Brain mapping: the methods. Academic, San Diego, pp 191–221  

    6.    Coleman RE (2002) Value of FDG-PET scanning in management of lung cancer. Lancet 
359:1361–1362  

    7.    Gould MK, Maclean CC, Kuschner WG, Rydzak CE, Owens DK (2001) Accuracy of positron 
emission tomography for diagnosis of pulmonary nodules and mass lesions: a meta-analysis. 
JAMA 285:914–924  

    8.    Groves AM, Win T, Haim SB, Ell PJ (2007) Non-[18F]FDG PET in clinical oncology. Lancet 
Oncol 8:822–830  

    9.    Hara T, Kosaka N, Kishi H (1998) PET imaging of prostate cancer using carbon-11-choline. 
J  Nucl Med 39:990–995  

    10.    Imahori Y, Ueda S, Ohmori Y, Kusuki T, Ono K, Fujii R, Ido T (1998) Fluorine-18-labeled 
 fl uoroboronophenylalanine PET in patients with glioma. J Nucl Med 39:325–333  

    11.    Imahori Y, Ueda S, Ohmori Y, Sakae K, Kusuki T, Kobayashi T, Takagaki M, Ono K, Ido T, 
Fujii R (1998) Positron emission tomography-based boron neutron capture therapy using 
boronophenylalanine for high-grade gliomas: part I. Clin Cancer Res 4:1825–1832  

    12.    Imahori Y, Ueda S, Ohmori Y, Sakae K, Kusuki T, Kobayashi T, Takagaki M, Ono K, Ido T, 
Fujii R (1998) Positron emission tomography-based boron neutron capture therapy using 
boronophenylalanine for high-grade gliomas: part II. Clin Cancer Res 4:1833–1841  

    13.    Ishiwata K, Ido T, Kawamura M, Kubota K, Ichihashi M, Mishima Y (1991) 4-Borono-2-
[18F] fl uoro-D, L-phenylalanine as a target compound for boron neutron capture therapy: tumor 
imaging potential with positron emission tomography. Int J Rad Appl Instrum B 18:745–751  

    14.    Ishiwata K, Ido T, Mejia AA, Ichihashi M, Mishima Y (1991) Synthesis and radiation dosim-
etry of 4-borono-2-[18F] fl uoro-D, L-phenylalanine: a target compound for PET and boron 
neutron capture therapy. Int J Rad Appl Instrum A 42:325–328  

    15.    Ishiwata K, Ido T, Honda C, Kawamura M, Ichihashi M, Mishima Y (1992) 4-Borono-2-
[18F] fl uoro-D, L-phenylalanine: a possible tracer for melanoma diagnosis with PET. Int J Rad 
Appl Instrum B 19:311–318  

    16.    Ishiwata K, Shiono M, Kubota K, Yoshino K, Hatazawa J, Ido T, Honda C, Ichihashi M, 
Mishima Y (1992) A unique in vivo assessment of 4-[10B]borono-L-phenylalanine in tumour 
tissues for boron neutron capture therapy of malignant melanomas using positron emission 
tomography and 4-borono-2-[18F] fl uoro-L-phenylalanine. Melanoma Res 2:171–179  

    17.    Ishiwata K, Tsukada H, Kubota K, Nariai T, Harada N, Kawamura K, Kimura Y, Oda K, Iwata R, 
Ishii K (2005) Preclinical and clinical evaluation of O-[11C]methyl-L-tyrosine for tumor imaging 
by positron emission tomography. Nucl Med Biol 32:253–262  

    18.    Ishiwata K, Kubota K, Nariai T, Iwata R (2008) Whole-body tumor imaging: [O-11C]methyl-
L-tyrosine/positron emission tomography. In: Hayat M (ed) Cancer imaging: instrument and 
application, vol 2. Elsevier, Amsterdam, pp 175–179  

    19.    Kabalka GW, Smith GT, Dyke JP, Reid WS, Longford CP, Roberts TG, Reddy NK, Buonocore E, 
Hubner KF (1997) Evaluation of  fl uorine-18-BPA-fructose for boron neutron capture treatment 
planning. J Nucl Med 38:1762–1767  



21111 Analysis    and Imaging: PET

    20.    Kabalka GW, Nichols TL, Smith GT, Miller LF, Khan MK, Busse PM (2003) The use of posi-
tron emission tomography to develop boron neutron capture therapy treatment plans for meta-
static malignant melanoma. J Neurooncol 62:187–195  

    21.    Kato I, Ono K, Sakurai Y, Ohmae M, Maruhashi A, Imahori Y, Kirihata M, Nakazawa M, Yura Y 
(2004) Effectiveness of BNCT for recurrent head and neck malignancies. Appl Radiat Isot 
61:1069–1073  

    22.    Kubota K (2001) From tumor biology to clinical PET: a review of positron emission tomogra-
phy (PET) in oncology. Ann Nucl Med 15:471–486  

    23.    Kubota R, Yamada S, Ishiwata K, Tada M, Ido T, Kubota K (1993) Cellular accumulation of 
18F-labelled boronophenylalanine depending on DNA synthesis and melanin incorporation: a 
double-tracer microautoradiographic study of B16 melanomas in vivo. Br J Cancer 
67:701–705  

    24.    Langen KJ, Muhlensiepen H, Holschbach M, Hautzel H, Jansen P, Coenen HH (2000) 
Transport mechanisms of 3-[123I]iodo-alpha-methyl-L-tyrosine in a human glioma cell line: 
comparison with [3H]methyl]-L-methionine. J Nucl Med 41:1250–1255  

    25.    Miyatake S, Kawabata S, Kajimoto Y, Aoki A, Yokoyama K, Yamada M, Kuroiwa T, Tsuji M, 
Imahori Y, Kirihata M, Sakurai Y, Masunaga S, Nagata K, Maruhashi A, Ono K (2005) 
Modi fi ed boron neutron capture therapy for malignant gliomas performed using epithermal 
neutron and two boron compounds with different accumulation mechanisms: an ef fi cacy study 
based on  fi ndings on neuroimages. J Neurosurg 103:1000–1009  

    26.    Miyatake S, Tamura Y, Kawabata S, Iida K, Kuroiwa T, Ono K (2007) Boron neutron capture 
therapy for malignant tumors related to meningiomas. Neurosurgery 61:82–90; discussion 
90–81  

    27.    Miyatake SI, Kawabata S, Nonoguchi N, Yokoyama K, Kuroiwa T, Ono K (2009) 
Pseudoprogression in boron neutron capture therapy for malignant gliomas and meningiomas. 
Neuro Oncol 11(4):430–436  

    28.    Nariai T, Senda M, Ishii K, Maehara T, Wakabayashi S, Toyama H, Ishiwata K, Hirakawa K 
(1997) Three-dimensional imaging of cortical structure, function and glioma for tumor resec-
tion. J Nucl Med 38:1563–1568  

    29.    Nariai T, Tanaka Y, Wakimoto H, Aoyagi M, Tamaki M, Ishiwata K, Senda M, Ishii K, Hirakawa K, 
Ohno K (2005) Usefulness of L-[methyl-11C] methionine-positron emission tomography as a bio-
logical monitoring tool in the treatment of glioma. J Neurosurg 103:498–507  

    30.    Nariai T, Ishiwata K, Kimura Y, Inaji M, Momose T, Yamamoto T, Matsumura A, Ishii K, 
Ohno K (2009) PET pharmacokinetic analysis to estimate boron concentration in tumor and 
brain as a guide to plan BNCT for malignant cerebral glioma. Appl Radiat Isot 
67:S348–S350  

    31.    Phelps ME, Mazziotta JC (1985) Positron emission tomography: human brain function and 
biochemistry. Science 228:799–809  

    32.    Phelps ME, Hoffman EJ, Mullani NA, Ter-Pogossian MM (1975) Application of annihilation 
coincidence detection to transaxial reconstruction tomography. J Nucl Med 16:210–224  

    33.    Raichle ME (1983) Positron emission tomography. Annu Rev Neurosci 6:249–267  
    34.    Sanchez del Pino MM, Peterson DR, Hawkins RA (1995) Neutral amino acid transport char-

acterization of isolated luminal and abluminal membranes of the blood–brain barrier. J Biol 
Chem 270:14913–14918  

    35.    Suhara T, Takano A, Sudo Y, Ichimiya T, Inoue M, Yasuno F, Ikoma Y, Okubo Y (2003) High 
levels of serotonin transporter occupancy with low-dose clomipramine in comparative occu-
pancy study with  fl uvoxamine using positron emission tomography. Arch Gen Psychiatry 
60:386–391  

    36.    Vahatalo JK, Eskola O, Bergman J, Forsback S, Lehikoinen P, Jaaskelainen J, Solin O (2002) 
Synthesis of 4-dihydroxyboryl-2-[F-18]  fl uorophenylalanine with relatively high-speci fi c 
activity. J Label Compd Radiopharm 45:697–704  

    37.    Wang HE, Liao AH, Deng WP, Chang PF, Chen JC, Chen FD, Liu RS, Lee JS, Hwang JJ 
(2004) Evaluation of 4-borono-2-18F- fl uoro-L-phenylalanine-fructose as a probe for boron 
neutron capture therapy in a glioma-bearing rat model. J Nucl Med 45:302–308  



212 T. Nariai and K. Ishiwata

    38.    Wittig A, Michel J, Moss RL, Stecher-Rasmussen F, Arlinghaus HF, Bendel P, Mauri PL, 
Altieri S, Hilger R, Salvadori PA, Menichetti L, Zamenhof R, Sauerwein WA (2008) Boron 
analysis and boron imaging in biological materials for boron neutron capture therapy (BNCT). 
Crit Rev Oncol Hematol 68:66–90  

    39.    Yamamoto T, Nakai K, Kageji T, Kumada H, Endo K, Matsuda M, Shibata Y, Matsumura A 
(2009) Boron neutron capture therapy for newly diagnosed glioblastoma. Radiother Oncol 
91:80–84        



213W.A.G. Sauerwein et al. (eds.), Neutron Capture Therapy, 
DOI 10.1007/978-3-642-31334-9_12, © Springer-Verlag Berlin Heidelberg 2012

          12.1   Introduction       

 Nuclear magnetic resonance (NMR) is a popular method for spectroscopy (magnetic 
resonance spectroscopy – MRS) or imaging (MRI)  [  11  ] . Many of the stable isotopes 
possess a magnetic moment and are therefore amenable for detection by NMR. 
Among these isotopes are  1 H, the prevalent detected nucleus for medical diagnostic 
MRI (due to its abundance in water molecules), as well as  10 B,  11 B,  19 F,  13 C,  31 P, and 
others. 

 Since about two decades ago, there has been a continuous effort to apply NMR 
in its different forms to various stages of BNCT-related research and clinical 
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 implementation. These studies can be divided into the following categories: 
(1) NMR as a research tool for studying and screening BNCT agents in the test 
tube, in vitro cell cultures, and in vivo animal models, (2) NMR and MRI targeted 
to the detection of BNCT compounds, applied to patients after administration of 
the agent and before neutron irradiation, and (3) NMR and MRI targeted to the 
detection of chemically or isotopically modi fi ed BNCT compounds, applied to 
patients in pretreatment “rehearsal” studies, similar to the use of positron emission 
tomography (PET) for this purpose  [  17,   20  ] . At this point, it should be mentioned 
that, although the title of this chapter is “Boron imaging,” we include in this chap-
ter the  molecular  detection of the boron-containing compounds used in BNCT, 
even if the detection is through any nucleus (possibly other than  10 B), located in the 
same molecule, or even through the interaction between the BNCT agents and sur-
rounding water molecules. A previous review focused on the applications of  10 B 
and  11 B NMR  [  1  ] .  

    12.2   Background 

 The main advantages of NMR, in the context of its implementation as auxiliary tool 
for preclinical research related to and clinical application of BNCT, are that it is 
utterly noninvasive and nondestructive and that it is (at least potentially) quantita-
tive. Another advantage is that it is versatile and able to provide various levels of 
information beyond quanti fi cation, such as metabolism, pharmacokinetics, etc. Its 
main disadvantages are low sensitivity and, for the imaging of BNCT agents, rela-
tively low spatial resolution and slow performance time. 

 MRS and MRI refer to different approaches for gaining information from NMR 
experiments, although they sometimes differ merely in the way in which the data are 
presented. MRS achieves “spectral resolution” of different chemical environments for 
the detected nuclear isotope. In traditional NMR spectroscopy, this spectral informa-
tion is obtained from an entire homogeneous sample, and therefore, “spatial resolu-
tion” or imaging of this sample is not achieved and would be super fl uous for a 
homogeneous distribution in space. For in vivo applications, however, where the 
“sample” is heterogeneous, both spectral and spatial features will affect the results. At 
the simplest level, one can apply what is known as “localized MRS,” where the NMR 
spectrum is collected from a con fi ned region in space, either by virtue of the geometry 
of the detection hardware (surface coils) or by appropriate experimental design and 
data manipulation, or both. In its simplest implementation, the information is gath-
ered from a single location or volume element (single-voxel MRS). In more advanced 
implementations, the spectra are obtained from several or many volume elements. In 
this case, one can choose to present the results either in the form of localized spectra 
(the NMR spectrum from each of the locations) or in the form of “metabolite images” 
in which a separate image is presented for each of the signals identi fi ed in the spectra, 
a method known as “spectroscopic imaging,” or MRSI. In this sense, traditional MRI 
can be considered a special case of MRSI, where the detected nucleus is  1 H and the 
imaged molecules are water and fat, simply because these molecules contain the 
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highest abundance of  1 H nuclei in human and laboratory animal tissue and overwhelm 
the signals from other molecules by orders of magnitude. 

 All molecules used for BNCT contain boron, present at natural abundance pre-
dominantly (80 %) as  11 B and for treatment >95 % enriched in  10 B. Both boron 
isotopes are NMR detectable, but so are other nuclei in these molecules, such as  1 H, 
which are, in principle, also candidates for imaging BNCT compounds. The choice 
of which nucleus to use for detection is complex, depending mostly on consider-
ations about sensitivity (see below) but also on other factors. For example, the 
absence of an endogenous background signal weighs in favor of  10 B or  11 B NMR, 
but  1 H NMR is more straightforward to implement on clinical scanners which are 
commonly equipped for  1 H detection. 

    12.2.1   Sensitivity and Spatial Resolution 

 The basic and most important question to address when discussing the use of MRI 
for the imaging of BNCT compounds concerns sensitivity and spatial resolution. 
What are the limits of imaging performance in terms of (1) the smallest concentra-
tion or amount of the BNCT compound, (2) the spatial resolution, and (3) the time 
required for this imaging process? The answers to the above questions 1–3 are not 
independent but tightly coupled. For experiments targeted at the detection of BNCT 
compounds, spatial resolution and performance time are limited by the signal-to-
noise ratio ( SNR ). The signal is detected by a receiver coil which is tuned to the 
resonance frequency of a speci fi c isotope, and the  SNR  is proportional to the total 
number of nuclear spins (of the detected type). Moreover, in the  SNR -limited regime, 
the  SNR  will be, to a good approximation, proportional to the square root of the total 
scan time. This can be cast into the following equation:

     SNR Vc tµ    (12.1)  

where  V  is the effective sample volume,  c  is the concentration of the relevant nuclear 
species, and  t  is the total scan time. The precise de fi nition of  V  depends upon the 
type of experiment being conducted. For spatially nonselective experiments (MRS 
in its simplest form),  V  is the entire part of the sample within the sensitive volume 
of the receiver coil, while for MRI experiments,  V  is the volume of a single voxel in 
the image. In this case,  V  can be expressed in terms of a length unit,  a , which, for a 
cubic voxel, will lead to:

     
3SNR a c tµ    (12.2)  

 a  is the measure of spatial resolution. The smaller the value of  a , the better the 
spatial resolution, and the best achievable resolution is the size of the volume ele-
ment for which the  SNR  is acceptable or suf fi cient. Let us denote by  c  

min
  the mini-

mal concentration of BNCT agent that can be detected by MRI. To quantify this 
parameter, we need to specify the  SNR  value which is suf fi cient for the desired 
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detection. This will inevitably be a somewhat vague de fi nition, depending on the 
desired accuracy and precision. In any case, regardless of the precise  SNR  value 
that we de fi ne for this purpose, it can be shown that:

     

1
2

minc t
-

µ    (12.3)  

and

     

1
3

minc a
-

µ    (12.4)   

 Similarly, for any concentration or  SNR  value, the achievable linear resolution 
depends only weakly on the total scan time, since:

     

1
6a t

-
µ    (12.5)    

    12.2.2   Factors Which Affect the Signal-to-Noise Ratio 

    12.2.2.1   Coil Size, Nuclear Spin, Field Strength 
 After identifying the  SNR  as the key parameter that limits the performance for 
detecting or imaging BNCT agents by NMR, let us review the dependence of  SNR  
on basic physical and experimental factors, besides those already included in 
Eq.  12.1   [  15,   16  ] . First, it can be shown that the signal,  S , is proportional to:

     
1 2

c o o( 1)S V I I Bγ ω-µ +    (12.6)  

where  V  
c
  is the effective volume covered by the receiver coil,  I  and   g   are the spin 

quantum number and gyromagnetic ratio of the detected nuclear species,  B  
o
  is the 

scalar magnitude of the magnetic  fi eld along its principal direction, and   w   
o
  is the 

detection frequency, which is also the resonance frequency of the detected nuclei 
(“Larmor” frequency), de fi ned by:

     o oBω γ=    (12.7)   

 On the other hand, the noise ( N ) induced in the receiver coil also depends on the 
detection frequency, to an extent which may be described by:

     oN βωµ    (12.8)   

   b   can assume values between 0.25 and 1, depending on how heavily the coil is 
loaded by the sample. The value will be close to the lower limit for small and 
nonconducting samples (e.g., organic solvents) and close to the upper limit for 
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large and conducting samples, such as biological tissue. The proportionality in 
Eq.  12.8  cannot be applied over an arbitrarily large frequency range, because   b   
also depends to some extent upon   w   

o
 , tending to the lower limit for low frequen-

cies and increasing for high frequencies. The dependencies in Eqs.  12.6 ,  12.7 , and 
 12.8  can be combined to:

     
1 (3 ) (2 )

c o( 1)SNR V I I Bβ βγ- - -µ +    (12.9)   

 Equation  12.9  shows that  SNR  can be increased by using small coils (which will 
of course also limit tissue or organ coverage) and by using the highest possible  fi eld 
strength. There will also be signi fi cant differences between nuclear species, depend-
ing on their characteristic values of  I  and   g  .  1 H is the most sensitive nucleus for 
NMR detection. Comparing the relative NMR sensitivities for different nuclei at the 
same  fi eld strength and assuming to be in the regime where   b   = 1 (a reasonable 
approximation for human “samples” at high magnetic  fi elds), one arrives at sensi-
tivities of 0.8 for  19 F, 0.5 for  11 B, and 0.19 for  10 B, relative to an assumed value of 1.0 
for  1 H. This comparison ignores, however, other factors that may be important for 
experiments under realistic conditions (in particular MRI), namely, relaxation times, 
which will be summarized in the following section.  

    12.2.2.2   Relaxation Times 
 Relaxation times (or their reciprocal measures, relaxation rates) are intrinsic proper-
ties of ensembles of nuclear spins in a nonequilibrium state, measuring their return 
to equilibrium, which, for most cases, can be approximated by an exponential time 
dependence. They depend not only on the nuclear species but also on the molecular 
environment, both the immediate neighbors of the nucleus in the molecule and the 
microscopic environment of the molecule, particularly the rates of its molecular 
motions. The rate at which a perturbed nuclear spin system returns to thermal equi-
librium (Boltzmann distribution) is characterized by a time  T  

1
 , and the rate at which 

it loses phase coherence by a time  T  
2
 . These relaxation processes affect the SNR 

values of MRS and MRI experiments for the following reasons: First, in order to 
obtain suf fi cient information and accumulate suf fi cient  SNR , each image or spec-
trum must be based on repeated excitations or perturbations of the spin system, 
which are separated by a time TR. These repeated excitations increase  SNR  by sig-
nal averaging, which was taken into account in Eq.  12.1 . However, if TR is of the 
order of, or even shorter than,  T  

1
 , the spin population (or “magnetization”) will not 

be able to recover to its full equilibrium value between successive perturbations, and 
this will decrease  SNR . Second, for various technical reasons, it is not possible to 
detect the signal at its most coherent state, which is immediately at the end of the 
excitation. The inevitable delay between excitation and detection is denoted by a 
time  TE , and the loss of coherence during this delay also diminishes  SNR . The effect 
of these mechanisms on SNR can be approximated by:

     

1
2

o 1
2,eff

( ) exp( )TESNR SNR T
T

-
= -    (12.10)  
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where  SNR  
o
  contains all contributions other than  T  

1
  and  T  

2
 . The parameter  T  

2,eff
  was 

introduced to indicate that, depending on the type of imaging or spectroscopy 
experiment, it may (or may not) include contributions from local inhomogeneities 
in the magnetic  fi eld. Equation  12.10  indicates that short  T  

1
  and long  T  

2
  will be 

advantageous for NMR detection. Usually, nuclear spins with long  T  
1
  will also have 

long  T  
2
  (and vice versa), and the optimal choice of nucleus for detecting a certain 

molecule will depend upon molecular structure and its degree of motional freedom 
in the in vivo environment. For example, while  10 B NMR is possible and may be 
even advantageous for imaging of BSH, it may not be practical for the imaging of 
BPA, where its  T  

2
  is prohibitively short.    

    12.3   Applications 

 At the time of writing of this chapter, no applications of MRI to the detection of 
BNCT agents in patients directly before treatment were reported. NMR and MRI 
were applied for basic research about molecular and pharmacological properties of 
compounds used for BNCT, including rehearsal studies in patients as well as in 
studies aimed at validating and optimizing possible methods for direct detection in 
patients, conducted in phantoms and laboratory animals. These will be summa-
rized in the following sections, classi fi ed according to the detected nuclear species. 
In some published studies, several nuclear species were utilized for detection, 
either for a direct comparison between different approaches  [  2,   12  ]  or for gathering 
complementary information on metabolic mechanisms and processes  [  21  ] . Imaging 
studies are usually performed by obtaining a conventional MRI at high spatial 
resolution for anatomic registration and overlay of the image of the boron 
distribution. 

    12.3.1    11 B 

  11 B NMR was traditionally the natural choice for detecting and studying BNCT 
compounds by NMR, since it has 80 % natural abundance and is inherently more 
NMR sensitive than  10 B. Although it is clearly not suitable for direct pretreatment 
detection in patients (where the molecules are >95 % enriched with  10 B), it can be 
applied for studying uptake properties in preliminary studies as well as for in vitro 
and in vivo investigations in animal models  [  5,   18  ] .  11 B has relatively high NMR 
sensitivity (about 50 % the  SNR  of protons, see Sect.  2.2.1 ), which is further 
enhanced by a short  T  

1
 , but the very rapid transverse relaxation (short  T  

2
 ) makes the 

implementation of  11 B MRI either dif fi cult (for BSH) or outright impossible (for 
BPA). One of the earlier studies employing  11 B MRI in a human patient  [  10  ]  still 
remains, to this day, the only viable demonstration of MRI of a BNCT compound in 
a patient.  
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    12.3.2    10 B 

 Imaging or localized spectroscopy by  10 B NMR appears to be the natural choice for 
direct clinical implementation, since  10 B uniquely labels the administered BNCT 
agents. Although  10 B is a less-sensitive NMR nucleus than  11 B, its  T  

2
  in biological 

environments is longer than that of  11 B at the same molecular location  [  2  ] . The 
implementation for detection in patients could be feasible for BSH but probably not 
for BPA where it has very short  T  

2
 , particularly in tissue environment.  10 B MRI of 

BSH was accomplished in mice  [  6  ] , but only preliminary experiments were con-
ducted to establish its feasibility for clinical implementation  [  7  ] . Figure  12.1  shows 
an example of BSH distribution in a mouse, imaged by  10 B MRI.   

    12.3.3    19 F 

  19 F has almost the same sensitivity as  1 H for NMR detection and virtually no endog-
enous background signal in tissue and is therefore an attractive candidate for MRI 
or MRSI, since its chemical shift range also permits assignments to different mol-
ecules or molecular sites. It is also the 100 % natural abundant isotope of  fl uorine. 
An obvious method for labeling BNCT compounds is to substitute one of the 

4

3

2

  Fig. 12.1    The upper part is a conventional MRI showing a cross-sectional view through the lower 
abdominal region of a mouse. The lower part is a  10 B image shown on the same scale. The  10 B 
image is part of a 3D scan, obtained in 16 min with (6 mm) 3  isotropic resolution, 2 h after injection 
of BSH into the mouse’s tail vein. The  10 B distribution shows the highest accumulation in the blad-
der (upper right side of the anatomy). The average concentration in an implanted M2R mouse 
melanoma tumor (lower left part of the anatomy) corresponds to 27 ppm (Reproduced with per-
mission from Bendel et al.  [  6  ] )       
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hydrogen atoms on the aromatic ring in BPA by  fl uorine, similar to the  18 F substitu-
tion used for PET. In contrast to PET, the  fl uorine-labeled BPA could also, in prin-
ciple, be used for the neutron irradiation so that imaging and treatment would be 
achieved with the same molecule, although such a modi fi ed molecule would require 
separate approval for clinical use. The  fi rst demonstration for in vivo detection in a 
mouse tumor was reported over a decade ago using simple MRS localized by a 
surface coil  [  4  ] , and recently, imaging of  19 F-labeled BPA was achieved in a rat 
brain tumor  [  22  ] . Figure  12.2  shows a representative image from this study.   

    12.3.4    1 H 

 The use of proton detection is attractive, not only due to the inherent high sensitiv-
ity, but also because it can be implemented directly on commercial clinical MRI 
scanners. The drawback is that  1 H signals in vivo originate from an immense variety 
of molecules, and the task of separating and isolating the signals of the BNCT 
agents is not simple. Three categories of MRI and MRSI of BNCT compounds 
using  1 H NMR were reported: 

 The  fi rst obvious approach is the application of standard  1 H MRS or MRSI and 
identi fi cation of the signals from the administered boronated molecules. BSH has a 
prominent proton signal, but it is rather broad and overlaps with many other signals 
in the same chemical shift range. The situation is somewhat more favorable for 
BPA, where the aromatic-ring protons were identi fi ed as possible candidates for 
detection  [  24  ] . MRS and MRSI experiments using this approach were demonstrated 
in mice  [  8,   9  ] , with a representative image shown in Fig.  12.3 .  

 The second approach attempts to isolate the signal from the protons on the bor-
onated molecules using their interaction (scalar coupling) with  10 B and thereby 
overcoming the problem of overlapping signals from other molecules  [  13  ] . In vivo, 
in vitro, and ex vivo results using this approach were reported  [  3,   12  ] . Practically, 
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  Fig. 12.2    Color overlay of a 
 19 F image superimposed upon 
a conventional MRI, obtained 
2.5 h after administration of 
 19 F-BPA-fructose complex by 
ICA infusion. The high  19 F 
signal intensity coincides 
with the location of an 
implanted C6 rat glioma 
brain tumor. The  19 F image 
acquisition lasted for 77 min 
and has a spatial resolution of 
1.85 × 1.85 × 40 mm 
(Reproduced with permission 
from Porcari et al.  [  22  ] )       
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this approach is suitable only for BSH, although it was also argued that in this case 
(i.e., for BSH), the direct detection by  10 B NMR may provide comparable sensitivity 
 [  2  ] . Moreover, the implementation of this method is not straightforward on standard 
medical scanners, since it requires hardware suitable for the low  10 B frequency. 

 The third approach is different because it attempts to detect the BNCT agents not 
directly but rather through their in fl uence on the relaxation properties of the water mol-
ecules in its vicinity, i.e., the boronated molecules act as conventional contrast agents. 
Therefore, the imaging is achieved with standard MRI, thereby providing a potentially 
tremendous improvement in sensitivity and spatial resolution. In order to achieve this 
goal, the boronated molecules have to be conjugated with paramagnetic or superpara-
magnetic moieties, which again raises problems concerning the degree of similarity 
between the uptake and washout properties between these modi fi ed compounds and the 
original molecules used for therapy, or the clinical approval of the contrast agents for 
NCT  [  19,   23  ] . Another possible variant for this approach would be applicable for 
GdNCT, since Gd-containing molecules are also MRI  contrast agents  [  14  ] .   

    12.4   Summary 

 There is no doubt that the clinical ef fi cacy of BNCT would greatly bene fi t from an 
imaging method, which can provide noninvasive quantitative monitoring of the 
biodistribution of the administered BNCT agents, in real time. MRI (or localized 
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  Fig. 12.3    The image shows a color overlay of the signal intensity from the aromatic-ring BPA 
protons, superimposed on a conventional MRI, focused on a mouse kidney. The  color bar  indicates 
the local concentration of total BPA (present as both free BPA and BPA-fructose complex). The 
MRSI data for the BPA image were acquired with a spatial resolution of 1.4 × 1.4 × 4.5 mm in 17 
min. Image acquisition was started 18 min after the end of a 55-min long infusion of BPA-fructose 
into the tail vein (Reproduced with permission from Bendel et al.  [  8  ] )       

 



222 P. Bendel

MRS) is potentially capable of this task but has so far not ful fi lled this potential. 
There are several approaches and NMR techniques which could be applied, each 
with advantages and disadvantages, depending on the speci fi c molecule that needs 
to be imaged. Direct  10 B MRI appears to be feasible for BSH, while the preferred 
approach for BPA is probably  1 H MRSI. Other approaches, such as  19 F MRI (for 
modi fi ed BPA) or contrast-enhanced  1 H MRI (for yet-to-be-developed combined 
BNCT-contrast agents) are also promising, but they work on molecules which are 
still not approved for the treatment itself. Whatever the method of choice, the sensi-
tivity and spatial resolution of MRI will not be spectacular, reaching at best an 
imaging capability of ~10 0  ppm of Boron with linear spatial resolution of ~5 mm (in 
patients). The “indirect” detection of combined BNCT-contrast agents could achieve 
better performance. However, even at these modest levels of spatial resolution, the 
clinical bene fi t could be substantial.      
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    13.1   Introduction    

 In this chapter, we consider the experimental macroscopic physical dosimetry of 
neutron beams useful for boron neutron capture therapy (BNCT). Such neutron 
beams may be produced by small nuclear reactors or by particle accelerators and 
may be of the following types, categorized by their dominant ranges of neutron 
energy ( E  

n
 ):

   Thermal beams ( • E  
n
  < 0.414 eV) for cell and small-animal research.  

  Hyperthermal ( • E  
n
  ~ 1 eV) and epithermal (0.414 eV <  E  

n
  < 10 keV) beams for 

small- and large-animal research and for human clinical applications.  
  Fast-neutron ( • E  

n
  > 10 MeV) beams for NCT-augmented fast-neutron therapy 

(NCT-FNT).    
 With minor variations, the techniques of macroscopic dosimetry covered in this 

chapter are applicable to all four beam types listed above. A detailed quanti fi cation 
of the spectral quality and physical dosimetric characteristics of the neutron source 
to be used is a key prerequisite for the practical application of BNCT. These charac-
teristics include the following:

   The free- fi eld neutron  fl ux spectrum and intensity.  • 
  Neutron-induced dose rates in standard phantoms and tissue resulting from neu-• 
tron interactions that produce high linear energy transfer (LET) charged parti-
cles. Such particles include recoil protons from elastic scattering by hydrogen, 
600 keV protons resulting from thermal neutron capture in nitrogen, and of 
course the alpha particles and lithium ions produced by neutron capture in boron, 
where boron is present.  
  The dose rate of the incident photon component in the beam as well as the • 
induced photon dose component, largely due to capture of thermal neutrons by 
hydrogen in tissue.  
  Additional minor dose components due to neutron interactions with other tissue • 
constituents, for example, neutron capture by chlorine and, at high energies, 
heaver ions resulting from elastic scatter by elements other than hydrogen. The 
latter interactions are ordinarily of signi fi cance only for NCT-FNT.    
 This information is required for con fi rmation that the neutron beam is in fact 

performing as intended, for use as input data in detailed radiation transport mod-
els of the patient anatomy used in treatment planning and clinical dosimetry, and 
for use as an aid in interpreting the results of preclinical and clinical studies. In 
recognition of this, the international BNCT research community has made 
signi fi cant efforts to identify and standardize certain key techniques and protocols 
that have been found useful. It is the intent of this article to offer a summary 
description of these, along with key supporting references, as a starting point and 
guide to further study for the practitioner entering this  fi eld of radiation 
oncology. 

 The scope of the discussion will be focused on the experimental quanti fi cation 
of the macroscopic  physical  performance characteristics of neutron beams for 
BNCT and their small, but inevitable, photon components incident to the neutron 
source production and the spectral tailoring process. Brief descriptions of advanced 
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radiation transport computational techniques and models useful as aids for experi-
ment planning and beam performance data interpretation are also included. 

 The discussion is organized according to the various radiation measurement 
techniques that are commonly employed for physical dosimetry. It is assumed that 
the reader has some background and experience with radiation measurements at 
roughly the level of the classic texts by Knoll  [  33  ]  and Attix  [  6  ] . A relatively detailed 
description of neutron activation spectrometry, generally viewed as the most robust 
(and the most reproducible and accurate) approach to the determination of the inten-
sity and energy dependence of neutron sources used for BNCT will be presented 
 fi rst. Applications of gas- fi lled radiation detectors, both to provide additional neu-
tron information and to separately quantify the incident photon component of the 
neutron source and the induced photon component in tissue, will then be covered. 
Finally, some specialized techniques that are useful in many situations are brie fl y 
summarized. Some recommended additional survey references for many of these 
subjects include Harker et al.  [  26  ] , Rogus et al.  [  53  ] , Järvinen and Voorbraak  [  31  ] , 
Munck af Rosenschöld et al.     [  41  ] , Auterinen et al.  [  7  ] , Blaumann et al.  [  12  ] , and 
Moss et al.  [  40  ] . 

 It is important to note that the closely related  fi eld of treatment planning for 
BNCT is covered in a separate chapter. Discussions are also provided elsewhere for 
microdosimetry, the study of the basic physical and chemical mechanisms of radia-
tion dose delivery on the cellular and subcellular levels of spatial resolution  [  55,   60, 
  61,   65  ] . This is also the case for biological dosimetry, the in vitro and in vivo study 
of the observable radiobiological effects that are induced in living organisms by 
neutron beams acting alone and in conjunction with the BNCT process  [  17,   46, 
  64  ] ). The latter two  fi elds are of crucial importance for the understanding of the 
biological effects of a given neutron beam (and of the BNCT process itself) and are 
dependent in turn on the physical characteristics of the neutron beam of interest, as 
is the treatment planning process. 

 Finally, it is important to recognize the importance of accurate and reproducible 
physical beam dosimetry as an essential tool for combination and intercomparisons 
of preclinical and clinical results from different centers. To this end, an international 
BNCT dosimetry exchange was conducted recently by the clinical BNCT research 
centers in Europe and in the Americas. This exchange has also served as a mecha-
nism for further re fi nement and standardization of the most widely used experimen-
tal methods described here. Further details of this important effort are provided by 
Binns et al.  [  10,   11  ]  and Riley et al.  [  50,   51  ] .  

    13.2   Neutron Activation Spectrometry 

 Neutron activation spectrometry is based on the fact that different elements (and 
different isotopes of the same element) placed in a neutron beam will capture and 
scatter neutrons selectively with respect to the incident neutron energy. Some ele-
ments are primarily sensitive to capture of thermal neutrons; others have strong 
capture resonances in the epithermal energy range, while others exhibit interaction 
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energy thresholds for inelastic scatter, secondary neutron and charged particle emis-
sion, and  fi ssion, below which essentially no interactions occur. If the neutron inter-
action product for a particular nuclide is radioactive, then the induced radioactivity 
of a sample of that nuclide placed in a neutron beam will be largely proportional to 
the neutron  fl ux at energies where interactions are most likely to occur in the sam-
ple. If different materials having different sensitivities to neutrons as functions of 
energy are activated in the same beam, it is ultimately possible to reconstruct a mea-
sured neutron spectrum from the induced activities. The level of spectral detail that 
can be reliably obtained generally corresponds to the number of different materials, 
and different interactions in the same materials, that are available. 

    13.2.1   Physical and Mathematical Basis 

 As an example to illustrate the underlying physics of activation spectrometry, 
Fig.  13.1  shows the capture cross section for  197 Au, which has a relatively high 
thermal neutron capture component as well as a prominent capture resonance at 
about 5 electron volts (eV). Capture of neutrons in a small sample (typically a foil 
or wire) of  197 Au produces  198 Au, which undergoes beta decay with emission of a 
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  Fig. 13.1    Capture cross section (barns) of  198 Au ( Source : OECD Janis 2.1)       
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prominent 0.411 keV gamma ray. The strength of this gamma ray is proportional 
to the neutron capture rate, which is for the most part proportional to the  fl ux of 
neutrons at thermal energies and at 5 eV. If the sample is placed inside a cover 
made of cadmium, which absorbs essentially all incident thermal neutrons, then 
the interaction rate of the gold sample will be proportional to the neutron  fl ux 
above thermal energies, primarily at 5 eV where the resonance occurs. The thermal 
and above-thermal neutron  fl uxes can then be separated by converting the mea-
sured induced activities to saturation activities (i.e., activation rates per atom), sub-
tracting the activation rate of the cadmium-covered sample from that of the bare 
sample and computing the corresponding thermal neutron and total neutron  fl uxes. 
This is the classic cadmium difference method, and in effect it yields a two-energy 
group (thermal and above-thermal) spectrum. Elemental gold also exhibits several 
very useful and convenient threshold interactions for secondary neutron emission. 
These include (n,2n) up through (n,6n), covering the entire neutron energy range 
of interest for NCT as well as FNT, extending up to about 60 MeV  [  43  ] .  

 As another example, cross-section data for  115 In are shown in Fig.  13.2 . This 
nuclide (96 % abundance in natural indium) captures thermal neutrons, and it also 
has a strong neutron capture resonance at about 1 eV. In both cases, neutron capture 
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  Fig. 13.2    Capture ( green ) and inelastic scatter ( red ) cross sections (barns) of  115 In ( Source : OECD 
Janis 2.1)       
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produces radioactive  116 In, which emits three prominent gamma rays with energies 
of 416, 1,097, and 1,293 keV. In addition, it will form an isomer by inelastic scatter 
of neutrons above about 400 keV. This yields  115m In, which decays back to the ground 
state by emission of a 336 keV gamma ray. Hence, the inelastic scatter rate (and thus 
the neutron  fl ux above the 400 keV threshold) is proportional to the measured activ-
ity of the 336 keV gamma ray, while the activities of the other three gamma rays, 
which also incidentally have a different half-life since they are associated with a 
different radionuclide ( 116 In), are largely proportional to the neutron  fl ux at thermal 
energies and at 1 eV. If an indium foil is covered with cadmium, the thermal neutron 
capture rate is suppressed as described previously for gold. As a result, this single 
nuclide can be used to obtain information in three different energy ranges of the 
neutron spectrum of interest.  

 In the general case, a number of different activation responses (typically 8–12) 
are typically measured using a variety of different nuclides having different sensi-
tivities to neutrons in the thermal, resonance, and fast-energy ranges. This permits 
the reconstruction of additional spectral detail in the unfolding process. Materials 
found useful for BNCT applications include gold and indium as described above, as 
well as copper, manganese, cobalt, dysprosium, uranium, copper, scandium, nickel, 
aluminum, and lanthanum. 

 We now consider some essential mathematical details of neutron activation spec-
trometry. In general, the volume-average activation rate per atom for a foil or wire 
dosimeter placed in a neutron  fl ux  fi eld may be calculated as:

     d d0
( ) ( )dR E E Eσ

¥
= Yò    (13.1)  

where   s   
d
 ( E ) is the microscopic activation cross section of interest for the dosim-

eter material, as a function of neutron energy, and  y  
d
 ( E ) is the volume-average 

scalar neutron  fl ux existing within the active dosimeter, again as a function of 
energy, and accounting for self-shielding effects, if any. Equation  13.1  can also be 
expressed as:
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where  y ( E ) is the unperturbed neutron  fl ux that would exist at the measurement 
location in the absence of the  fl ux perturbations caused by the dosimeter itself and 
any surrounding spectral modi fi cation devices and other structures placed in the 
beam (Cd covers, foil and wire positioning devices, etc.). 

 It may be noted here that, as a practical matter, the function  P  
d
 ( E ) in Eq.  13.2  can 

be determined independently from  Y ( E ) if desired since it is simply a  fl ux ratio. In 
this case,  Y ( E ) on the far right-hand side of Eq.  13.2  can be any appropriate a priori 
free-beam unperturbed  fl ux estimate that is then modi fi ed by the self-shielding 
function  P  

d
 ( E ). 
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 Equation  13.2  may be written as a summation rather than as an integral by parti-
tioning the range of the energy variable into a number of discrete contiguous energy 
groups:
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where NG is the total number of energy groups,
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and
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where EL 
 j 
  and EH 

 j 
  are the lower and upper energy limits of energy group  j . 

 If additional dosimeter materials are placed in the beam, or if a particular mate-
rial exhibits more than one independent activation response (e.g., gold or indium as 
noted earlier), then Eq.  13.3  may be written as a system of equations:
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where  R  
 i 
  is the total activation rate for interaction  i  and  a  

 ij 
  is the activation con-

stant from Eq.  13.4  for reaction  i  due to neutrons in energy group  j . There will be a 
total of NF equations, where NF is the total number of activation responses 
available. 

 Effective shielded cross sections   s   
d
 ( E ) and the corresponding shielded and 

unshielded a priori neutron  fl uxes suitable for computing the function  P  
d
 ( E ) in the 

above equations may be obtained by any of several well-established neutron trans-
port modeling techniques and nuclear data libraries. A typical approach involves 
computation of application-speci fi c cross sections and a priori  fl uxes for each dosim-
eter in the beam using Monte Carlo techniques, for example, MCNP  [  14  ] . This is 
crucial if self-shielding or mutual shielding (as in a stack of foils) is signi fi cant. The 
Monte Carlo calculations for dosimeter packages generally include only the dosim-
eters and surrounding support structure with a representation for the incoming space-, 
angle-, and energy-dependent incident neutron source that has been precomputed 
using a Monte Carlo or deterministic computational model of the entire neutron 
beamline upstream from the irradiation location. The beamline computations may 
also be done with MCNP, or with a standard multidimensional discrete-ordinates 
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code such as DORT  [  49,   63  ] . It is also possible to use highly dilute foils  [  7  ]  to avoid 
the need for a self-shielding correction, facilitating the direct application of standard 
dosimetry cross-section libraries. The dosimeter packages can usually also be 
designed to avoid mutual shielding, depending on the desired application. 

 The system of activation equations, Eq.  13.6 , may be written out in matrix form 
as:
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or, more compactly:

     [ ][ ] [ ]A RF =
   (13.8)   

 Equation  13.7  is exact, provided that the reaction rates  R  
 i 
 , the activation con-

stants  a  
 ij 
 , and the group  fl uxes   j   

 j 
 , are all self-consistent. If experimentally  measured  

reaction rates (as opposed to the a priori reaction rates) for each interaction  R  
 i 
  are 

substituted into Eq.  13.7 , a solution of the resulting new system of equations for 
“measured”  fl uxes corresponding to the measured reaction rates may also be 
obtained under certain conditions. 

 If NF = NG in Eq.  13.7 , then the matrix [A] is square, its inverse will ordinarily 
exist, and the unknown  fl ux vector may be obtained by any standard solution method 
that converges, provided that the rows of [A] are linearly independent to a suf fi cient 
degree and the measured reaction rates are suf fi ciently precise. In physical terms, the 
former requirement implies that the response functions (cross sections) for the acti-
vation interactions used in the measurement must be selected such that they have 
suf fi ciently different shapes as functions of energy. Spectral modi fi cation devices 
(e.g., cadmium covers) can also be used to force linear independence. It may be 
noted that positive  fl uxes are not guaranteed to result from this procedure, but if the 
elements of [A] are computed in a suf fi ciently valid, physically realistic manner for 
the speci fi c measurement con fi guration and if the measured reaction rates are accu-
rately determined, a positive solution will generally be obtained. In practice, this 
situation (NF = NG) is exempli fi ed by the previously noted cadmium difference 
method, which can readily be shown to be a special case of Eq.  13.7 , with only two 
rows in the matrix, one for the bare foil and one for the covered foil. It also typically 
occurs when measuring pointwise  fl uxes at resonance energies  [  26  ]  using stacks of 
foils and when measuring simple spectra in phantoms using  fl ux wires composed of 
alloys of two materials with different spectral responses, such as copper and gold, or 
manganese and gold. 
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 There are two possibilities for the situation where NF, the number of available 
activation response functions, is not equal to NG, the number of energy groups for 
which it is desired to obtain unfolded  fl uxes. If NF < NG, the problem is underde-
termined and additional information must be introduced in some manner to permit 
a solution, as is done in the various types of “adjustment” techniques for spectrum 
estimation from activation data. These methods involve the numerical modi fi cation 
of an input a priori spectrum to produce calculated responses that give the best 
overall match to the measured responses in a least-squares sense. If NF > NG, the 
problem is overdetermined and the “extra” information that is thereby available 
can be incorporated into the determination of a unique solution for the group  fl uxes 
and their propagated uncertainties by a linear least-squares procedure  [  43  ] . This 
“direct” unfolding method has an advantage in that it converges to a single unique 
solution. 

 The “adjustment” methods for spectral unfolding allow the estimation of a spec-
trum having more energy detail than the number of linearly independent activation 
responses, but with one exception, these do not produce a unique solution – many 
solutions are possible from the same input data. A unique solution can be obtained 
only by the generalized least-squares method, which requires covariance informa-
tion for all of the input parameters, including the input spectrum as well as the 
activation cross sections and the measured responses. This covariance information 
in effect constrains the solution to a single physically realistic optimum in a least-
squares sense. Several adjustment codes based on this approach have been devel-
oped. A popular example is the LSL code  [  57  ] . 

 If the covariance information required for least-squares adjustment procedures is 
not available, other somewhat more empirical adjustment techniques are widely 
used, one popular example being the method described by Draper  [  20  ] , implemented 
as an option in the SAND-II code  [  38  ] . Effective use of such methods requires good 
physical insight and intuition, as the form of the input a priori spectrum and its 
assumed uncertainty, as well as the iteration strategy used to produce a solution, can 
have a signi fi cant in fl uence on the results. A more complete review of the various 
spectral unfolding and adjustment methods is provided by Järvinen and Voorbraak 
 [  31  ]  or in any of several other comprehensive sources widely available in the neu-
tron physics literature. 

 Neutron activation spectrometry can be applied to any neutron  fi eld for which 
suitable activation responses can be measured, either in air, in a phantom, or in vivo. 
It is used worldwide as a primary recommended method for characterization of 
epithermal neutron beams     [  10,   11,   31  ] . It has also been successfully applied to ther-
mal neutron beams (e.g.,  [  15  ] ) and to accelerator-driven fast-neutron beams intended 
for use in BNCT-augmented fast-neutron therapy (e.g.,  [  43  ] ). It is capable of high 
precision (<5 %) if experimental uncertainties are carefully managed throughout 
every step of the process. Precautions to be taken include the following:

   Use of high-purity, accurately assayed activation materials  • 
  Careful weighing, preparation, and handling of the foil packages to ensure accu-• 
rate knowledge of the foil masses and to avoid contaminants  
  Careful recording of the activation and post-irradiation decay times of the foils  • 
  Irradiation at constant  fl ux if at all possible  • 
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  Accurate, reproducible calibration of gamma spectrometers used for measure-• 
ment of the foil activities, using certi fi ed, traceable standards  
  Use of good techniques for the foil activity measurements in order to minimize • 
uncertainties due to coincidence summing, counting geometry, etc.  
  Thoughtful selection and application of unfolding techniques  • 
  Use of multiple unfolding techniques to verify consistency    • 
 It is also important to recognize that in vivo activation measurements, especially 

in the case of thermal neutron beams, must be interpreted very carefully due to large 
 fl ux gradients that depend on the speci fi c target geometry, which can change in time 
and from one animal to the next because of respiration, motion, and other effects. 
As a result, reproducibility can be an issue and direct comparison with correspond-
ing phantom measurements can be problematic.  

    13.2.2   Practical Application 

 Some recent measurements performed for the epithermal neutron beam constructed 
for preclinical BNCT research at Washington State University  [  44  ]  provide a basic 
but illustrative example of an application of activation spectrometry for BNCT. 
Figure  13.3  shows a schematic diagram of the WSU epithermal neutron beam 
facility. The 1 MW WSU TRIGA TM  reactor core is suspended from a movable 
bridge spanning an open pool. It can be positioned directly adjacent to a truncated 
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aluminum cone that extends horizontally into the reactor pool from the tank wall. 
This cone and the adjacent thermal column region penetrating the reactor shield 
monolith were originally  fi lled with graphite. The epithermal neutron beam extrac-
tion components are located in this region.  

 A key distinguishing feature of the WSU facility is the incorporation of the high-
ef fi ciency neutron moderating and  fi ltering material Fluenthal TM , developed by the 
Technical Research Centre of Finland, into the design. A block of this material, 
which is composed of aluminum, aluminum  fl uoride, and lithium  fl uoride, is sur-
rounded by aluminum oxide to produce the neutron  fi ltering and moderating region 
shown in the  fi gure. MCNP  [  14  ]  and DORT  [  49  ]  radiation transport design calcula-
tions using the BUGLE  [  54  ]  cross-section library indicated that a free-beam epith-
ermal neutron  fl ux of approximately 10 9  n/cm 2 -s would be produced at the irradiation 
position with the reactor core optimally loaded and operated at the design power of 
1 MW. The background neutron kerma rate per unit useful epithermal neutron  fl ux 
(a measure of the fast-neutron contamination) for the beam was calculated to be 
approximately 3.0 × 10 −11  cGy/n-cm 2 . 

 Figure  13.4  shows the bismuth collimator installation. The downstream end of 
the collimator is  fi tted with a bismuth collar designed to provide a transition from 
the circular shape of the cone to the square shape required to match with the lead 
shielding bricks comprising the  fi nal shield wall. The collar accommodates borated 
or lithiated polyethylene inserts to provide various beam aperture sizes and  fi eld 
shapes.  

 Neutron spectrum measurements for an imaginary transverse “source plane” 
passing through the base of the square  fl ange on the downstream side of the bismuth 
collimator collar are summarized here. The source plane is a mathematical construct 
used for specifying the neutron source boundary conditions for the various dosim-
etry and treatment planning computations required to support each experimental 
irradiation. By de fi nition, the physical beamline components upstream of the source 
plane do not change from one irradiation to the next. Components downstream of 

  Fig. 13.4    Beam collimator 
installation at WSU showing 
the collimator with square 
exit port collar and lower 
borated polyethylene 
shielding       
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this plane, such as the  fi eld-shaping plates, can change for each irradiation and are 
therefore explicitly modeled in dosimetry and treatment planning computations. 
Time-consuming beam modeling computations are thus done only once for each 
beamline con fi guration upstream of the source plane, and the results are coupled to 
the patient dosimetry computations for each irradiation via a computed boundary 
condition speci fi ed for the source plane and validated by appropriate measurements 
such as described in this example. 

 Standard 12.7-mm (0.5") diameter In, Au, W, Mn, Cu, and Sc foils were used 
with a lexan foil positioning plate shown in Fig.  13.5 . The neutron activation inter-
actions and resulting gamma emissions of interest are listed in Table  13.1 . These 
provide good coverage of the energy range of interest, but many other resonance 
and threshold interactions are available and are widely used  [  7,   31  ] . Cadmium cov-
ers are placed around some foils as indicated to suppress the thermal neutron 
response. Thus, each foil responds largely to neutrons having energies at or near the 
energy of the respective primary resonance of the foil material, as shown in the  fi rst 
six lines of Table  13.1 . The covered foils were placed in outer foil positioning plate 

  Fig. 13.5    Activation foil 
plate positioned in the WSU 
epithermal neutron beam 
source plane       

   Table 13.1    Activation interactions and foils used for the WSU epithermal neutron beam mea-
surement example   

 Neutron interaction 
 Spectral 
modi fi cation 

 Energy range of 
primary response 

 Activation gamma 
energy of interest (keV) 

  197 Au (n,  g )  None  Thermal  411 

  115 In (n,  g )  Cadmium cover  1 eV resonance  1,293, 1,097, and 416 

  197 Au (n,  g )  Cadmium cover  5 eV resonance  411 

  186  W(n,  g )  Cadmium cover  18 eV resonance  686 

  55 Mn(n,  g )  Cadmium cover  340 eV resonance  847 

  63 Cu (n,  g )  Cadmium cover  1 keV resonance  511 (positron) 

  45 Sc(n,  g )  Cadmium cover  4.5 keV resonance  1,120, 889 

  115 In (n,n ¢ )  Boron-10 shield  430 keV threshold  336 
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positions. An uncovered gold foil was also placed in an outer position of the foil 
plate to measure the thermal  fl ux. The foils had nominal thicknesses in the range of 
0.0254 mm (0.001") to 0.127 mm (0.005"), depending on the material type.   

 An additional foil package is used to provide key spectral information in the 
energy range above epithermal ( E  > 10 keV). A heavy (~5 g) 25.4-mm diameter 
indium foil was placed in a small hollow boron sphere (inside diameter 2.8 cm, 
outside diameter 4.75 cm) located in the center of the foil positioning plate as can 
be seen in Fig.  13.5 . The composition of the sphere is approximately 93 %  10 B and 
7 %  11 B by weight, with a total boron density of 2.6 g/cm 3 . This arrangement pro-
vides essentially total suppression of thermal  and  epithermal neutrons within the 
inner cavity of the boron sphere. Thus, an arti fi cial threshold above the resonance 
neutron capture energy range for indium is imposed on the foil within the sphere. 
Since the activation gamma emissions that arise from neutron capture in indium are 
thereby suppressed, the relatively weak 336-keV gamma line from inelastic scatter 
in indium, which is of crucial interest in these measurements, is also much more 
prominent in the spectrum of the activated indium foil. 

 The irradiated foils used for this example were assayed at WSU using a standard 
high-purity germanium (HPGe) gamma spectrometry system (Canberra/Genie TM ). 
The induced activities in the foils were computed from the photopeak areas and 
system ef fi ciencies based on calibration of the spectrometer using a National 
Institute of Standards and Technology (NIST   )-traceable mixed europium-antimony 
calibration source. The measured activity of the heavy indium foil in the boron 
sphere was corrected for gamma self-shielding using an escape fraction at 336 keV 
calculated using a combination of MCNP computations and handbook data for the 
speci fi c source-detector geometry that was used for the assay. This factor was 
0.90 ± 0.01. The saturation activities of the various foils were then used to estimate 
the neutron spectrum by way of the overdetermined least-squares matrix unfolding 
procedure  [  43  ]  discussed previously, with the required shielded foil cross sections 
computed using an MCNP model of the foil plate, the foils, and their surrounding 
spectral modi fi cation covers. 

 Figure  13.6  shows an unfolded 6-group free- fi eld unperturbed neutron spectrum 
in the source plane, projected by the unfolding process (via the self-shielding fac-
tors) to the center of the foil positioning plate. The a priori 47-group neutron spec-
trum is also shown for comparison. The broad-group structure used for calculating 
the unfolded 6-group spectrum from the data for the eight activation interactions 
considered was selected to provide a well-conditioned unfolding matrix and to per-
mit an accurate integration of the measured spectrum in the epithermal energy range 
to determine the total epithermal neutron  fl ux. Integrating the measured curve over 
the epithermal energy range (0.5 eV–10 keV) produces a total epithermal neutron 
 fl ux in the source plane of 1.66 × 10 9  n/cm 2 -s at 1 MW with a propagated uncertainty 
of approximately 5 % (1  s  ).  

 A simple, but widely used, metric for the biophysical quality of reactor-based 
epithermal neutron beams is based on dividing the free- fi eld neutron kerma rate of 
the beam (integrated over all energies above thermal) due to proton recoil by the 
useful epithermal neutron  fl ux, again measured in the free  fi eld. This parameter is 



240 D.W. Nigg

an indicator of the nonselective neutron background dose that will be produced in 
tissue by the above-thermal spectral component of the beam itself, in the absence of 
any neutron capture agent that may be administered to the patient. It is computed 
here for WSU using the measured  fl ux spectrum in conjunction with broad-group 
kerma factors based on data for the components of standard tissue available on File 
27 of the BUGLE  [  54  ]  cross-section library. Fine-group neutron kerma factors are 
averaged over the broad unfolding group structure using the a priori spectrum as a 
weighting function to produce the necessary information. This procedure yields a 
measured free-beam spectral-average neutron kerma factor of 2.53 × 10 −11  cGy total 
neutron kerma from all components per unit useful epithermal neutron  fl ux, with an 
estimated uncertainty of about 7 %. This is in excellent agreement with the com-
puted value of 2.75 × 10 −11  cGy-cm 2 . 

 Approximately 91 % of the direct background neutron dose from the WSU beam 
results from proton recoil. Additional background dose in tissue is of course produced 
by other nonselective, thermal-neutron-induced components, primarily neutron cap-
ture in nitrogen and hydrogen as noted earlier. These components are not directly 
indicative of the intrinsic biophysical quality of the incident beam. They must be taken 
into account in treatment planning, however, and are computed by folding the appro-
priate kerma factors with the measured spectrum in the same manner. The incident 
gamma component in the beam could also theoretically be measured by activation 
techniques (photoactivation of the  115 In isomer, e.g.), but this is not ordinarily done in 
BNCT practice for a number of reasons beyond the scope of this discussion. 

 Activation measurements are also widely used to characterize the neutron  fl ux in 
various types of phantoms. Figure  13.7  shows a small polymethylmethacrylate 
(PMMA) phantom adjacent to a 10.16-cm beam aperture at WSU. Small segments 
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of copper wire containing 1.55 % gold by weight as placed on the axis of this phan-
tom at various distances downstream from the aperture plane. Although copper has 
a weak resonance at about 1 keV, it is primarily sensitive to thermal neutrons, while 
gold is sensitive to both thermal and resonance neutrons, the latter primarily at 
about 5 eV. The gold and copper activation is measured simultaneously in each 
wire, and a two-group (thermal and above-thermal) spectrum can be unfolded from 
the data at each spatial location.  

 Figure  13.8  shows the results of the two-group spectral unfolding process for the 
phantom. Calculated and measured  fl ux data are shown for comparison. Once the 
measured  fl ux pro fi les are available, most of the signi fi cant BNCT dose components 
may be estimated as functions of depth in the phantom by application of appropriate 
spectrally averaged kerma factors as multipliers on the  fl ux. The background hydro-
gen-recoil dose is essentially proportional to the above-thermal  fl ux, while the nitro-
gen (n,p) dose and the boron neutron capture dose are proportional to the thermal 

  Fig. 13.7    Cylindrical 
PMMA phantom in the 
epithermal neutron beam at 
WSU. The diameter of the 
phantom is 12.5 cm and the 
length is 18.1 cm       
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neutron  fl ux. Neutron capture by hydrogen, which leads to emission of a 2.2 MeV 
gamma ray, is also proportional to the thermal  fl ux, but the resulting photon source 
distribution is ordinarily used as input to a separate calculation of the photon dose 
that accounts for the fact that the source photons travel away from their initial loca-
tions prior to depositing signi fi cant radiation dose by the usual three mechanisms 
(photoelectric effect, Compton scattering, and pair production). The photon dose 
(both induced and incident) may also be measured directly by methods to be 
described in the following sections.    

    13.3   Gas-Filled Detectors 

 Various types of gas- fi lled radiation detectors have been successfully applied for 
measurement of the macrodosimetric properties of neutron sources for BNCT as 
well as for online beam intensity monitoring. The most important detector types that 
have been found useful for these applications are summarized in this section. These 
include ionization chambers, proton-recoil proportional counters, BF 

3
  and  3 He pro-

portional counters, and  fi ssion chambers. Tissue-equivalent proportional counters, 
used primarily for microdosimetry, are not included here. 

    13.3.1   Ion Chambers 

 Paired ion chambers, one relatively more sensitive to neutrons and the other more 
sensitive to gammas, offer the most widely used method for online dosimetry of 
neutron sources used in BNCT. This approach provides additional information 
that complements what can be obtained from activation spectrometry and is in 
fact speci fi cally recommended for separation of the incident gamma and neutron 
dose components in the “free” beam (i.e., the beam as it exits from the reactor 
or accelerator-based system used for neutron production and beam tailoring) as 
well as for measurements of the background neutron and gamma (incident and 
neutron-induced) dose components in standard water and tissue-equivalent plastic 
phantoms. 

 In general, ion chambers used for BNCT dosimetry should offer several design 
features that are important to this particular application  [  31  ] . The chamber size 
should be as small as possible, in order to minimize  fl ux gradients across the active 
volume. The compositions of the wall and gas materials in the tissue-equivalent 
chamber should be the same as possible, and care should be taken so that the 
hydrogen and nitrogen contents are as close as possible to that of the tissue of inter-
est. For example, A-150 plastic for the wall material is recommended as a good 
match to brain tissue. Minimum wall thickness for the tissue-equivalent chamber 
should be suf fi cient to provide charged-particle equilibrium for the most energetic 
recoil protons expected. The neutron-insensitive chamber should of course be con-
structed of materials with a minimum sensitivity to neutrons, especially in the ther-
mal energy range. When used for in-phantom measurements, the wall thickness of 
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the neutron-insensitive chamber should be as thin as possible to minimize pertur-
bation of the secondary electron  fl uence generated in the phantom. 

 Figure  13.9  shows a typical set of paired ion chambers, mounted on a lithiated 
polyethylene beam-shaping aperture plate that is used in the thermal neutron beam 
at the University of Missouri Research Reactor  [  15  ] . The active region of the 
gamma-sensitive chamber (FarWest TM  IC-18) has a graphite wall with CO 

2
  gas. The 

neutron-sensitive chamber (FarWest TM  IC-18 G) uses a tissue-equivalent gas (64.4 % 
CH 

4
 , 32.5 % CO 

2
 , and 3.1 % N 

2
  by volume) and a wall of tissue-equivalent plastic 

(e.g., A-150). The active volume of each of these chambers is 0.1 ml. Magnesium 
chambers with argon gas can also be used for the gamma measurement. Figure  13.10  
shows the same chambers positioned in a standard water phantom at Washington 
State University  [  44  ] .   

 These chambers feature several sophisticated details in their construction and 
operation. There is, for example, a grounded guard ring to bleed off leakage cur-
rent between the actual active chamber region (a sphere at the tip of the long cylin-
drical stem) and the collection electrode. The chambers are connected to standard 

  Fig. 13.9    Typical paired ion 
chambers used for BNCT 
dosimetry, with buildup caps 
in place for free-beam 
dosimetry       

  Fig. 13.10    Water phantom at WSU ( left ), with detail of paired ion chamber arrangement ( right )       
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electrometers and produce currents in the range of a few picoamperes in mixed 
neutron-gamma  fi elds typical of BNCT applications. They typically operate with 
a bias voltage of 250 VDC, which for practical purposes is suf fi cient to achieve 
saturation. Low-noise cables should be used, and care should be taken to keep the 
cable out of the radiation  fi eld as much as possible to minimize spurious radiation-
induced currents originating from locations other than in the chamber itself. 

 Ion chambers are initially calibrated by the manufacturer in a standard gamma 
 fi eld. For example, the IC-18G shown in the  fi gures has a calibration of 1.64 × 10 10  
R/Coloumb. The corresponding tissue-equivalent chamber (IC-18) has a calibration 
of 2.25 × 10 10  R/C. The chambers are calibrated for a standard gas  fl ow rate, typi-
cally 5 ml/min at a speci fi ed gas pressure and temperature, typically 22 °C and 
760 mm. Appropriate adjustments to the calibration are required if the gas condi-
tions are not as stated in the calibration data. Use of buildup caps for measurements 
of the beam in air is generally recommended. 

 The responses of paired ion chambers may be characterized by the following two 
equations, which are solved simultaneously to determine the neutron and gamma 
doses:

     u u u g u n u thN Q h D k D t ϕ= + -
   (13.9)  

     t t t g t n t thN Q h D k D t ϕ= + - -
   (13.10)  

where: 
  D  

g
  and  D  

n
  are the gamma- and neutron-absorbed doses in the reference material 

corresponding to the calibration (typically air or water). 
  N  

u
  and  N  

t
  are the calibration factors (R/C) for the chambers for the neutron-in-

sensitive and the tissue-equivalent chambers, respectively. Calibration data are gen-
erally provided by the manufacturer and may be used directly for beam design 
con fi rmation and preclinical dosimetry.  However, it is important to recognize that 
these factors must be independently con fi rmed against traceable standards in the 
case of clinical applications, as described elsewhere.  

  Q  
u
  and  Q  

t
  are the charges collected by the chambers, corrected for charge recom-

bination (usually negligible) and for local temperature and air pressure as speci fi ed 
by the manufacturer. 

  h  
u
  and  h  

t
  are the sensitivities of the chambers to the gamma radiation of interest 

relative to the sensitivities to the gamma  fi eld used for calibration and may be deter-
mined by any standard method that includes the effect of gamma spectral differ-
ences and, ideally, the local gamma  fi eld spatial perturbation by the chambers. 

  k  
u
  and  k  

t
  are the sensitivities of the chambers to the neutron  fi eld of interest rela-

tive to the sensitivities to the gamma  fi eld used for calibration. 
  t  
u
  and  t  

t
  are the sensitivities of the chambers per unit thermal neutron  fl uence. 

   f   
th
  is the thermal neutron  fl uence at the measurement location. 

 Determination of the sensitivities of the chambers to the neutron  fi eld of interest 
relative to the sensitivities to the gamma  fi eld used for calibration can be somewhat 
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complicated and application dependent. Useful information can be found in ICRU-
26  [  28  ]  and ICRU-45  [  29  ] . Typical values of relative neutron sensitivity for neutron-
insensitive chambers range from zero to approximately 0.15, depending on details 
of the chamber construction and the speci fi c application. Typical values for the tis-
sue-equivalent chamber range from 0.9 to 1.4, depending again on the details of the 
chamber and on the application, as well as on the details of the correction for nitro-
gen (n,p) interactions. A complete discussion of these factors and their speci fi c 
determination is beyond the scope of this chapter. Additional practical details on 
this subject, as well as on other key aspects of the paired ion chamber technique, are 
available in Rogus et al.  [  53  ] , Raaijmakers et al.  [  47,   48  ] , Kosunen et al.  [  35  ] , and 
Roca et al.  [  52  ] . 

 Paired ion chamber readings must be corrected to re fl ect dose in the reference 
tissue of interest relative to the response of the medium (e.g., a water phantom) used 
for beam characterization. In the case of the neutron-insensitive chamber, this is 
typically done using the ratio of the mass attenuation coef fi cients of the reference 
tissue relative to that of the phantom material, averaged over the gamma spectrum 
obtained from a calculation or perhaps from an actual spectral measurement. In the 
case of the tissue-equivalent chamber, the correction may be calculated using ratios 
of the neutron kerma factors for the two materials, averaged over the neutron 
spectrum. 

 Finally, the third terms on the right-hand side of Eqs.  13.9  and  13.10  are required 
to correct for thermal-neutron-induced dose to the chambers that is not characteris-
tic of the tissue of interest. This is especially important in the case of the tissue-
equivalent chamber since a signi fi cant component of its response results from the 
nitrogen (n,p) interaction, and the nitrogen content of the chamber wall and  fi ll gas 
is not necessarily equivalent to that of the tissue of interest, which varies consider-
ably (as much as a factor of 2) from one tissue type to another. The thermal neutron 
response of the chambers is typically computed using the thermal neutron  fl ux 
determined by activation spectrometry as described previously, folded with the 
appropriate kerma factors for the chamber materials. Online measurement (e.g.,  [  8  ] ) 
can also be used to determine the chamber response of interest. In the case of of 
Eqs.  13.9  and  13.10 , this response is subtracted from the chamber readings. The 
background dose to the tissue due to thermal-neutron-induced high-LET interac-
tions such as (n,p) is then computed for the appropriate tissue composition and 
reported separately. Other, equivalent, mathematical formulations for the thermal 
neutron correction are also possible.  

    13.3.2   BF 
3
  and  3 He Detectors 

 The utility of these detectors is based on the fact that  10 B and  3 He have large cross 
sections for low-energy neutron capture with subsequent emission of energetic 
charged particles whose energy appears as collected charge in a suitable gas-
 fi lled tube  [  6,   33  ] . In the case of boron tri fl uoride, the emitted particles are lith-
ium and helium ions, just as with the BNCT interaction in tissue. In the case of 
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 3 He, energetic protons and tritons are released. These detectors are generally 
operated as proportional counters in pulse mode, allowing for discrimination 
against gamma radiation, but they do not generally provide any signi fi cant infor-
mation about the energy of the incident neutrons. This type of detector, espe-
cially with boron tri fl uoride as the  fi ll gas, has been found useful for online 
neutron beam monitoring and for thermal neutron measurements in various phan-
tom and in vivo applications (see, e.g.,  [  1,   58  ] ).  

    13.3.3   Proton-Recoil Spectrometers 

 Recoil detectors for neutrons employ tubes  fi lled with low molecular weight gasses 
(typically hydrogen or helium) at pressures up to a few atmospheres. Gas atoms that 
are elastically scattered by incident neutrons in the energy range where this type of 
detector is useful will be stripped of their electrons and will have suf fi cient energy 
to create many ion pairs in the surrounding gas as they slow down. The collected 
charge associated with each neutron scattering event will be proportional to the 
initial energy of the scattered ion. In the case of hydrogen- fi lled detectors, which 
have been the most popular for BNCT applications and therefore will be the pri-
mary subject of discussion here, the recoil proton spectrum bears a particularly 
simple relationship to the energy of the incident neutron. This is because (1) neu-
trons and protons have essentially the same mass and (2) elastic scattering of neu-
trons by hydrogen may be assumed to be isotropic in the center of mass system for 
neutrons having energies of interest in BNCT applications. As a result, it can be 
shown that the energy spectrum of the recoiling protons is constant with respect to 
energy, over the range from essentially zero up to the energy of the incident neutron. 
Furthermore, the elastic scattering cross section of hydrogen for neutrons in the 
energy range of interest for BNCT is also constant with respect to energy, facilitat-
ing the spectral unfolding process as described below. 

 Proton-recoil tubes are operated as proportional counters, in pulse mode. This 
typically requires that the neutron source of interest be operated at a much lower 
 fl ux level for this type of measurement than is the case with actual clinical applica-
tion. The measurements must thus be scaled to the full operating  fl ux level, with 
any nonlinearity in the scaling factor properly accounted for. Each neutron scatter-
ing event in the detector gas produces a recoil proton. The ionization energy depos-
ited in the gas by this proton appears as collected charge per pulse, and the signal 
is stored in the appropriate bin of a suitable multichannel analyzer. A proton-recoil 
spectrum is thus constructed, and the incident neutron spectrum may be unfolded 
from this spectrum using mathematical techniques based on the previously 
described relationship between the incident neutron energy and the recoil-proton 
energy spectrum. Basically, the magnitude of the proton-recoil spectrum at a given 
energy is proportional to the integral of all neutron scattering events that have 
occurred at this energy and above, and the incident neutron spectrum can in princi-
pal be obtained by simple differentiation of the recoil-proton spectrum. Energy 
calibration of the detector may be facilitated by the addition of a trace quantity of 
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a suitable gas (e.g., nitrogen or  3 He) that exhibits a neutron capture reaction with 
emission of a proton or other charged particle with a known energy. 

 Although proton-recoil chamber counters can theoretically be used to detect 
neutrons of any energy, there are complications that limit their practical utility to 
the range of approximately 10 keV to typically a few MeV, and various correc-
tions to the data are required. In the lower part of the useful energy range (10 keV 
up to approximately 100 keV for most devices), signi fi cant corrections must be 
made to separate the inevitable incident gamma content of essentially all neutron 
sources that are used for BNCT. These corrections can be made to some extent by 
direct subtraction if the absolute magnitude of the gamma contamination is known, 
and suitable gamma sources with spectra that are similar to that of the gamma 
content of the beam are available. Pulse-shape discrimination can also be used in 
the lowest part of the energy range to separate the gamma component, at the 
expense of somewhat more complicated electronics. In the higher parts of the 
energy range, corrections must be made for the fact that recoil protons may travel 
all of the way to the wall of the chamber without depositing all of their energy in 
the gas (the so-called wall effect). The correction for this effect is dependent on 
the pressure of the  fi ll gas. As with all proportional counters, great care must be 
taken to avoid contamination of the  fi ll gas with air, which would interfere with 
the charge multiplication process. A number of other considerations and precau-
tions that must be observed in connection with the use of proton-recoil chambers, 
in general and speci fi c to BNCT, are discussed in the literature  [  26,   33,   45  ] .  

    13.3.4   Fission Chambers 

 Fission chambers used for BNCT applications generally take the form of small 
cylindrical tubes (Fig.  13.11 ) with a deposit of a  fi ssionable nuclide on the 
inner surface. The  fi ssionable material can be selected to permit detection of 

  Fig. 13.11    Fission chambers 
used for beam monitoring at 
the Washington State 
University epithermal neutron 
beam facility (Reuter-Stokes 
Model P6-0402-101)       
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fast neutrons, thermal neutrons, or both. They are used primarily as online 
beam intensity monitors, operated in current mode, but can also be operated in 
pulse mode, allowing discrimination of gamma radiation. A typical  fi ssion 
chamber used for BNCT has a small deposit (few milligrams) of  235 U on its 
inner surface and is therefore sensitive to low-energy neutrons. Typical  fi ll gas-
ses include argon or methane. Incident neutrons induce  fi ssions in the uranium 
deposit, and the resulting  fi ssion fragments that travel into the gas cause ion-
ization, and the resulting charge is collected and measured. The uranium 
deposit on the inner surface of the chamber may also include an appropriate 
quantity of  234 U as well to compensate for depletion of the  235 U during opera-
tion, especially if the chamber is to be used continuously.  

 Although the manufacturers of  fi ssion chambers generally provide calibration 
data, it is essential that  fi ssion chambers used for BNCT be calibrated for their 
speci fi c application and their location in the neutron beamline relative to the source 
plane and the irradiation location. Calibration is typically accomplished via neutron 
activation spectrometry. Unlike self-powered neutron detectors (see Sect. 4.6), 
 fi ssion chambers conveniently provide an essentially immediate indication of any 
change in neutron beam intensity caused, for example, by the intentional closing of 
a beam shutter or by an unexpected change in reactor power or accelerator operating 
parameters.   

    13.4   Additional Techniques 

 Activation spectrometry and various gas- fi lled detectors have been the primary 
workhorses for neutron beam dosimetry and monitoring in BNCT. However, several 
additional radiation detection technologies, especially thermoluminescent dosime-
ters, have also been adapted for BNCT purposes and are used by various institutions 
and researchers for both beam characterization and some aspects of clinical dosim-
etry. The most prominent of these are described brie fl y in the following sections. 

    13.4.1   Scintillators 

 In the simplest sense, scintillation detectors are based on the emission of  fl uorescent 
light due to the excitation of atomic and molecular energy levels in the detector 
medium by ionizing radiation  [  33  ] . Scintillators may be in liquid or solid form and 
can be designed for measurement of neutrons or gammas. Inorganic crystals such as 
NaI and LaBr are widely used for radiation detection and spectrometry but have not 
seen signi fi cant use for direct beam characterization and dosimetry in BNCT. 
However, solid organic scintillators have been found useful. These may be in the 
form of pure organic crystals (e.g., anthracene, stilbene), or polymerized plastics 
(e.g., styrene, polyvinyl toluene, polymethylmethacrylate). Materials that feature a 
strong proton-recoil response are used for fast-neutron detection and spectrometry 
in BNCT, with the gamma response suppressed by pulse-shape  discrimination. 
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Unfolding of the neutron  fl ux from the recoil proton spectrum can in principal be 
accomplished by the same basic techniques as are used for gas-tube proton-recoil 
spectrometry although additional complications exist  [  31  ] . A boron compound can 
also be included in the scintillator, and the resulting signal is then largely propor-
tional to the boron interaction rate at the measurement location. Applications of 
scintillators to BNCT are further described by Crawford et al.  [  18  ]  and Ishikawa 
et al.  [  30  ] . Applications of scintillation in optical  fi bers have also been explored by 
Bliss et al.  [  13  ] .  

    13.4.2   Thermoluminescent Dosimeters 

 In contrast to the types of scintillators described above, which emit a pulse of light 
essentially immediately after the deposition of radiation from a charged particle, 
thermoluminescent dosimeters (TLD) are designed to store the energy of the radia-
tion in their solid crystal lattice until a later time, when the integrated energy, which 
is proportional to the radiation dose, is released by heating the dosimeter to a pre-
scribed temperature. This design feature is accomplished by addition of so-called 
activator impurities that act as electron and hole trapping centers. The trapped 
charged carriers then recombine and produce optical photons when they are released 
by the heating process. Detailed descriptions of TLD physics are available in stan-
dard texts  [  6,   33  ] . 

 Typical TLD materials include CaSO 
4
  with Mn added as an activator (CaSO 

4
 :Mn), 

as well as CaF 
2
 :Mn and LiF:Mn,Ti). LiF-based TLDs have seen the most use for BNCT 

applications. They are nearly tissue-equivalent and relatively inexpensive so that many 
measurements can be made at different locations in a phantom or in vivo subject (e.g., 
as in Fig.  13.12 ). Also, it is in principle possible to separate the neutron and gamma 
components of a mixed radiation  fi eld using lithium-based TLDs because they can be 
made sensitive primarily to neutrons through the use of enriched  6 Li (TLD-600), or 

  Fig. 13.12    Thermoluminescent 
dosimeters arranged on a 
hamster phantom used for 
preclinical BNCT 
radiobiological studies  [  46  ]        
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relatively insensitive to neutrons by use of  7 Li (TLD-700), although in the latter case, 
the neutron sensitivity cannot be completely eliminated and must be carefully accounted 
for in the analysis. Natural lithium LiF TLDs (TLD-100) are also available. Another 
type of lithium-based TLD that has been investigated for BNCT applications features 
a combination of Mg, Cu, and P as the activator and may offer somewhat improved 
capabilities for clean separation of neutron and gamma dose components.  

 A lengthy description of TLD applications and techniques in BNCT is beyond 
the scope of this chapter. The handling, calibration, and readout processes are com-
plicated, but useful results can generally be produced with careful attention to detail. 
Excellent sources of additional information on BNCT-speci fi c TLD applications 
include Järvinen and Voorbrack  [  31  ] , Aschan et al.  [  3–  5  ] , Bilski et al.  [  9  ] , Burn 
et al.  [  16  ] , Croft and Perks  [  19  ] , Kessler et al.  [  32  ] , Konijnenberg et al.  [  34  ] , 
Raaijmakers et al.  [  47,   48  ] , Seppälä et al.  [  56  ] , and Toivonen et al.  [  59  ] .  

    13.4.3   Gel Detectors 

 Applications of Fricke dosimetry in tissue-equivalent gels have been explored as a 
possible means of two- and three-dimensional dosimetry in BNCT. In Fricke dosim-
etry, ferrous ions (Fe 2+ ) in a suitable medium (solution or gel) are converted to ferric 
(Fe 3+ ) ions through a complex series of chemical interactions that are induced by 
ionizing radiation. In the case of BNCT, gel detectors offer the possibility of three-
dimensional dosimetry via, for example, irradiation of gel-based phantoms and sub-
sequent imaging of the iron ion distribution using magnetic resonance imaging, 
whereby ferric and ferrous ions produce different perturbations of the proton relax-
ation rates in the medium  [  22  ] . Optical absorption imaging of the irradiated gel to 
quantify the dose distribution is also possible  [  23,   24  ] .  

    13.4.4   Superheated Nucleation Detectors 

 The neutron activation approach for beam spectrometry is relatively simple and 
capable of very high accuracy in the energy ranges where many materials with lin-
early independent activation responses are available. However, it has a signi fi cant 
disadvantage when additional detail is desired for neutrons in the biologically 
important energy range of 10 keV to about 400 keV. Convenient materials with suit-
able characteristic activation responses (either resonance or threshold) are not read-
ily available for detailed measurements in this radiobiologically important range of 
the neutron spectrum, just above the upper epithermal cutoff energy range. Other 
methods are available as noted elsewhere, but for the most part these also have their 
characteristic disadvantages. However, one promising low-cost alternate technique 
for this energy range is based on counting of radiation-induced nucleation sites in 
specialized superheated materials  [  2,   42  ] . 

 An example of the implementation of this technique is provided by the RemSpec TM  
superheated drop detector (SDD) spectrometer. SDD dosimeter materials that are 
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totally photon insensitive can be used with this device. These materials have thresh-
olds for neutron detection between 50 keV and 1 MeV in the case of one medium and 
500 keV to 10 MeV in the case of a second medium. In each case, the threshold energy 
can be  fi ne-tuned by varying the temperature of the medium, and the response func-
tion of the medium above the threshold can be quanti fi ed. The RemSpec incorporates 
an SDD-containing vial, a temperature control system, and an acoustic sensor that 
records the formation of each nucleation site in real time, along with appropriate con-
trol and data acquisition software. Since the threshold and the response function of the 
SDD media are known at each temperature, it is possible to unfold the bubble forma-
tion data to produce a measured neutron spectrum within the energy range over which 
the medium is sensitive. 

 Figure  13.13  shows a RemSpec detector assembly positioned in the source plane 
of the previously described WSU beam. The actual detector material is enclosed in 
a tube that is incorporated into an insulated heating unit to vary the temperature as 
discussed above. An ion chamber is also suspended in the beam to provide an indi-
cation of the gamma dose rate in the free beam. The reactor power for the irradiation 
described here is on the order of a few tens of watts, in order to maintain a count rate 
within the speci fi cations of the instrument.  

 Figure  13.14  shows some results from the RemSpec measurements. In this case, 
the  fl uxes are plotted on an expanded scale to show detail above about 30 keV, the 
lower threshold of the energy range that is detectable by this particular instrument. 
To obtain the results shown in this  fi gure, the RemSpec detector response curves 
provided by the manufacturer were digitized to an 84-group equal-lethargy structure 
covering the energy range from 30 keV to 10 MeV. The a priori  fl ux from the base-
line beam design computations was likewise remapped into this same group struc-
ture. The spectrum implied by the RemSpec responses was estimated using a variation 
of the Sand-II empirical adjustment method  [  38  ]  as described by Draper  [  20  ] . The 
measured results are normalized to a reactor power of approximately 300 kW in this 
particular case. The adjustment procedure produces a somewhat harder measured 

  Fig. 13.13    RemSpec 
superheated nucleation 
spectrometer unit positioned 
in the source plane at WSU       
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spectrum compared to the a priori curve as seen in Fig.  13.14 . Neutrons are shifted to 
the energy range above about 500 keV in order to produce the best  fi t to the observed 
detector responses.   

    13.4.5   Semiconductor Detectors 

 Semiconductors, which operate on the principle of electron–hole creation by radia-
tion deposition, followed by pulse mode collection of the resulting current from 
each interaction, offer several advantages as radiation detectors and spectrometers. 
Their solid physical form provides signi fi cantly greater ef fi ciency than gas- fi lled 
detectors, and the relatively low energy that is required to produce an electron–hole 
pair results in improved energy resolution compared to plastic or organic crystal 
scintillators. Germanium semiconductor detectors are of course very widely used 
for general high-resolution gamma spectrometry. These have been successfully 
applied for in-phantom monitoring of the 480 keV gamma that is produced by the 
boron-neutron interaction and the 2.2 MeV hydrogen capture gamma, yielding a 
viable method for monitoring of these dose components of BNCT therapy in vivo as 
well  [  62  ] . Silicon detectors alone, or with  10 B,  6 Li, or  235 U coatings that absorb neu-
trons to produce charged particles that subsequently create the detector signal, have 
also been used for neutron beam characterization  [  37  ]  and as thermal neutron  fl ux 
monitors in BNCT  [  25,   27,   36  ] .  
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  Fig. 13.14    Results of the RemSpec superheated nucleation detector measurements for the WSU 
epithermal neutron beam       
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    13.4.6   Self-Powered Neutron Detectors 

 Self-powered neutron detectors (SPND), or Hilborn detectors, offer a simple and 
robust method for online monitoring of neutron  fl ux during BNCT irradiations. The 
basic principle of operation is illustrated in Fig.  13.15 . A central electrode com-
posed of a suitable metal with a relatively high neutron capture cross section is 
positioned within a surrounding cylindrical electrode, separated by an insulating 
material. In the most commonly employed mode of SPND operation, neutrons are 
captured in the central electrode, or emitter. Subsequent beta decay of the activation 
product produces energetic electrons that travel through the insulator to the outer 
electrode, producing a current in an external circuit. At equilibrium, this current is 
proportional to the neutron capture rate, and hence the neutron  fl ux, at the location 
of the emitter.  

 Other interactions can also occur in an SPND and must be properly accounted 
for in the calibration process. These include prompt gamma production in the emit-
ter and other structural materials, with subsequent Compton scatter of electrons that 
contribute to the detector current as well as production of electron currents via direct 
gamma interactions in the detector materials in the case of mixed neutron-gamma 
 fi elds. Neutron and gamma interactions in the connection cable can also be signi fi cant 
and must be properly accounted for or canceled by suitable design of the external 
circuit. 

 Typical SPND emitter materials include vanadium and rhodium (Knoll 1999). 
Vanadium offers a lower sensitivity and is more suitable for measurements in high-
 fl ux  fi elds typical of nuclear power reactors, whereas rhodium has a higher neutron 
cross section and corresponding higher sensitivity for neutron  fl uxes typical of 
BNCT (in the range of 10 9 –10 10  n/cm 2 -s). Rhodium also has a shorter half-life for its 
most prominent beta decay mode, allowing equilibrium to be reached more 
quickly. 

 Miller et al.  [  39  ]  have developed an implantable rhodium-zircaloy SPND that 
has proven useful for beam monitoring  [  15  ]  as well as for in vivo neutron dosimetry 
 [  21  ] . This detector has an active length of 10 mm with an unusually small outer col-
lector diameter of 2 mm to facilitate in vivo applications. Neutron calibration is 
typically accomplished by comparison with foil or wire neutron activation 
measurements.       

Collector (e.g Inconel) Emitter (e.g Rh)

Insulator (e.g AI2O3)β−

Neutron
09-GA50634-02

  Fig. 13.15    Basic self-
powered neutron detector 
design and operation       
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          14.1   Introduction 

 The optimal energy for a neutron beam intended for BNCT for brain tumours is often 
referred to as epithermal, i.e. above thermal neutron energy (i.e. above 0.025 eV)  [  11, 
  46  ] . Depending on neutron production and on the design of the  fi lter and the collima-
tors, a neutron beam will exhibit different characteristics with respect to photon and 
fast neutron contamination  [  20  ] . Unique beam  fi lter design has emerged through the 
computer optimisation process performed at each facility (e.g.  [  8,   16,   27  ] ), which 
calls for individual characterisation of each neutron beam. Careful investigation and 
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reporting of the properties of the radiation source, as well as the treatment details of 
clinical trials performed, are equally important in all radiotherapy modalities. The 
radiation absorbed dose delivered is traditionally one of the principal parameters in 
radiotherapy, as it is correlated to tissue response  [  18  ] . Thus, the uncertainty in the 
delivered absorbed dose is a treatment parameter that must be kept as low as possible. 
A few studies have discussed the acceptable level of total uncertainty in the dosim-
etry of a radiotherapy regime. The ICRU (Report 24  [  21  ] ) recommended that radio-
therapy dosimetry should aim for an overall uncertainty of no more than 5 %, which 
has been interpreted as referring to an interval of 2 standard deviations (2 SD)  [  4  ] . 
Other authors suggested  [  12  ]  that the uncertainty of the dose delivery in external 
photon and electron therapy should be no more than 3 % (1 SD) for curative treat-
ments. Based on radiobiological considerations, Mijnheer et al.  [  41  ]  found that the 
uncertainty of the dose delivery should be no more than 7.0 % (2 SD) in both photon 
and fast neutron therapy. Until information speci fi cally relevant for NCT is made 
available, it is reasonable to assume the evaluation provided by Mijnheer et al.  [  41  ]  
applies also to NCT. The uncertainty associated with each individual step in the treat-
ment procedure must thus introduce substantially lower dosimetric uncertainty in 
order to keep the overall uncertainty within these limits (Ahnesjö et al.  [  1  ]    ). 

 In the characterisation of mixed neutron-photon beams, it is necessary to quan-
tify each dose component individually as the absorbed dose distributions and the 
relative radiobiological effect of the components in tissue are different (e.g.  [  14, 
  43–  45  ] ). We will now limit the discussion to the case of BNCT, but the formulation 
in this chapter can fairly easily be adapted to for instance gadolinium NCT. In 
BNCT, the irradiated tissue is subjected to (primarily) four biologically relevant 
absorbed dose components:
    1.    The photon absorbed dose  
    2.    The fast neutron absorbed dose  
    3.    The nitrogen absorbed dose  
    4.    The boron absorbed dose     

 It is here suggested that the following de fi nition is used: the photon absorbed 
dose is delivered by electrons produced in photon interactions. The boron absorbed 
doses and the nitrogen absorbed dose are delivered by the charged particles pro-
duced by neutron capture in boron and nitrogen, respectively. The fast neutron 
absorbed dose is the absorbed dose delivered by neutron scatter in hydrogen (pro-
ducing recoiling protons). Please note that by this de fi nition the “fast neutron 
absorbed dose” is delivered by neutrons with rather low kinetic energy down to 
some conveniently selected cut-off energy such as 0.5 eV. Other neutron interaction 
processes occur that give rise to absorbed dose in tissue, although these are of 
smaller relevance in BNCT and can often be considered negligible in comparison to 
the listed. A rigorous dose calculation in neutron beams would thus require a full 
simulation of neutron, photon and charged particle interactions, and a Monte Carlo-
based approach is suitable and could be adopted for the purpose. In clinical BNCT, 
simpli fi cations are often made in order to make the treatment planning process 
faster ( [  52,   53  ] , see Chap.   16        for full details). 

 The topic of the following sections is the many measures needed to be taken 
before a radiotherapy treatment can be started.  
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    14.2   Clinical Acceptance 

    The purpose of the clinical acceptance tests is to ensure that the equipment are safe 
to use in the clinic. The clinical acceptance procedure encompasses all tests needed 
to verify that the delivered equipment is meeting the speci fi cations stipulated in the 
contract. The tests included are agreed upon as part of the purchase. The level of 
details of the speci fi cations can vary and may even be non-existing such as in the 
case of a home-grown system. The acceptance procedure then involves the point-
wise check of all delivered systems using previously agreed upon customer accep-
tance procedures. The tests are performed by representative/s of the manufacturer 
and the clinic. From the clinic’s side, the person in charge of such a process is a 
certi fi ed medical  physicist expert (EU Directive 97/43). In the case of a non-existing 
set of customer acceptance procedures, it is worthwhile to formulate a set of tests 
required to be ful fi lled in order to ensure that the systems are safe for clinical use; 
there are many sources of information that could be drawn upon to this end (e.g. 
IAEA TRS-430,  [  5  ] ). 

 All important parts of a facility must be subjected to an acceptance procedure, 
e.g. the beam and gantry (if applicable), the patient couch, the imaging system/s, the 
interlocks, radiation protection and safety, etc. In this chapter, however, we will 
limit the discussion to the beam. The acceptance and commissioning of the treat-
ment planning system is detailed in Chap.   16       . The main topics in interest related to 
the beam are the beam monitoring system and the beam properties (i.e. beam qual-
ity) and the reproducibility. Obviously, a beam intended for BNCT should not be 
heavily contaminated with photons and fast neutrons, or has a poor reproducibility 
in terms of beam quality or intensity, as that would compromise patient safety. Such 
serious problems would need to be corrected before a commissioning phase is 
started. 

 The performance of the beam monitors needs to be investigated during the accep-
tance procedure  [  9  ] . In particular, the accuracy, reproducibility and linearity of the 
beam monitors with neutron and photon  fl uence and  fl uence rate need to be carefully 
investigated as part of the acceptance. As an example, Fig.  14.1  shows one of the 
initial tests of the four beam monitors installed at the BNCT facility at Studsvik, 
Sweden. In the simple test shown in Fig.  14.1 , the reactor power was stepwise 
increased, and the beam monitor count rate was recorded. As can be seen, the count 
rate was occasionally erroneously elevated in a few points. The problem was subse-
quently identi fi ed as a programming error in the control software and was corrected.  

 During the clinical acceptance phase, it is advisable to study parameters previ-
ously suggested by Zamenhof et al.  [  74  ] : advantage depth, advantage depth dose 
rate and advantage ratio. The parameters give an indication whether the neutron 
beam is well suited for BNCT, such an analysis was provided for instance by Kiger 
et al.  [  27  ]  and Giusti et al.  [  16  ] . The advantage depth and advantage ratio param-
eters give an indication of the contamination of photons and fast neutrons. It must 
be pointed out that it is not suf fi cient to rely on a computer model for the genera-
tion of such data as impurities of the construction materials might signi fi cantly 
alter the beam properties; for instance, small impurities in materials at crucial 
positions in the beam line might impact the resultant photon component of the 
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beam. A computer model must be veri fi ed against measured data before it is used 
for calculation of advantage depth, advantage depth dose rate and advantage 
ratio. 

 Measurements free in air (or in a mini-phantom) (see for instance,  [  10  ] ) have 
some interest for the validation of the computer model, but the clinical relevance of 
such data is less than in phantom data. In the end, the primary focus is to be able to 
get convergence of measured and calculated data using the treatment planning 
 system in a tissue-equivalent phantom. The thermal neutron  fl uence and dose distri-
bution in phantom are not overly sensitive to the photon and neutron spectra  [  17,   25  ] . 
For instance, for pure photon beams, it has been shown that it is adequate to know 
the average and spread of the energy in order to calculate a depth dose curve in 
water with high accuracy  [  25  ] . In-air measurements are therefore largely left out of 
the present treatise, and we limit the scope of the discussion to some brief com-
ments. It should be noted that in-air data is useful for the purpose of comparison 
with existing and decommissioned neutron beams used for therapy such as that 
compiled by Harling et al.  [  20  ] . A beam with larger contamination of photons 
and fast neutrons than the previously used for BNCT is not advisable to accept for 
therapeutic purposes. One should be careful, however, to make sure that the same 
parameters are compared. Speci fi cally, the kerma (kinetic energy released in matter) 
in air without the presence of the detector needs to be reported (refer to  [  50  ] , for a 
full discussion). One should also be aware that signi fi cant deviations in calculated 
and measured in-air data have been observed, even for very elaborate computer 
models (for instance,  [  16  ] ).  

−1000

4000

9000

14000

19000

24000

0

20000

40000

60000

80000

100000

120000

11:02:24 11:09:36 11:16:48 11:24:00 11:31:12 11:38:24 11:45:36 11:52:48 12:00:00

B
ea

m
 m

o
n

it
o

r 
co

u
n

t 
ra

te
 (

cn
ts

/s
ec

)

B
ea

m
 m

o
n

it
o

r 
co

u
n

t 
ra

te
 (

cn
ts

/s
ec

)

Time

Beam monitor test

Beam monitor N3 (primary axis)
Beam monitor N4 (primary axis)
Beam monitor N1 (secondary axis)
Beam monitor N2 (secondary axis)

  Fig. 14.1    Initial tests of the four beam monitors installed at the Studsvik facility, Sweden. The 
reactor power was stepwise increased, and the count rate of the beam monitors was recorded. As 
can be seen, the count rate was occasionally erroneously elevated in a few points. A programming 
error of the control system was detected and subsequently corrected.       
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    14.3   Commissioning 

 The steps that have been taken in the commissioning of facilities to date include 
characterisation of the beam in air, validation of the computer model usually con-
structed using a Monte Carlo-based model (e.g. MCNP, Briesmeister et al.  [  13  ] ), 
dosimetry under reference conditions and  fi nally clinical commissioning of the 
beam. These steps differ from those generally taken in commissioning of conven-
tional radiotherapy equipment. However, dosimetric calculations in pure (or nearly 
so) photon beams are somewhat simpler and do not generally require a Monte 
Carlo-generated source  fi le for dosimetric calculations of high accuracy, which is 
generally considered the case for BNCT – though some authors have experimented 
with a more simplistic approach for epithermal beams  [  58  ] . A comprehensive dis-
cussion regarding treatment planning systems in BNCT is provided in Chap.   16       , and 
an overview of dosimetric detectors and methods for use in epithermal neutron 
beams is provided in Chap.   13       . 

 As the beam has been deemed safe in the acceptance procedure, the aim of the 
commission process is thus to gather all data required for the clinical use. It is gen-
erally a quite extensive set of measurement data needed as input for or as veri fi cation 
data for the treatment planning system. The data set will then serve as reference for 
subsequent quality assurance procedures in which a subset of the commissioning 
parameters is checked. The procedure is commonly referred to as dosimetry under 
non-reference conditions. In addition to that, measurements need to be performed 
where the data is acquired in terms of absorbed dose per beam monitor unit (MU) 
for a reference point in a phantom, which is generally referred to as dosimetry under 
reference conditions  [  2,   4,   71  ] . 

    14.3.1   Dosimetry Under Reference Conditions 

 Traditionally, BNCT dosimetry is loosely based on ICRU Report 26  [  22  ]  describing 
neutron dosimetry in biology and medicine and ICRU Report 45  [  23  ]  describing 
clinical dosimetry in fast neutron therapy. ICRU Report 45 was not intended for 
BNCT, which was also explicitly stated in the report, and it does not address a num-
ber of key issues for adequate BNCT dosimetry. The report serves however as 
a good source of information for neutron dosimetry in general. A report on BNCT 
dosimetry was recently stipulated by an international work group  [  71  ] ; the follow-
ing discussion follows largely the recommendations of that unique work. 

    14.3.1.1   Choice of Dosimeters 
 Two types of ionisation chambers are generally used for the determination of 
 photon and fast neutron absorbed dose, while the thermal neutron  fl uence is best 
determined using activation detectors  [  34,   39,   49,   50,   54,   62,   63  ] . The detectors can 
be calibrated with a low uncertainty (about 1 %, 2 SD) at standards laboratories 
 [  50  ] . Two ionisation chambers of identical geometrical design but with different 
material choice is referentially used, which commonly referred to as the “twin” or 
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“paired ionisation chambers”. A common choice is to make use of one chamber 
with a wall and central electrode of tissue-equivalent plastic (A-150 plastic) and 
 fl ushed with tissue-equivalent gas (“TE/TE chamber”) and one with a wall of mag-
nesium and  fl ushed with argon gas (a “Mg/Ar chamber”). The latter is often referred 
to as a “neutron-insensitive chamber”, which is a fairly reasonable assumption look-
ing at the neutron cross section of the materials, but in reality, oxidation of the 
magnesium causes a signi fi cant neutron response  [  50,   56  ] . An alternative ionisation 
chamber construction is to make use of graphite for wall and central electrode and 
 fl ushing the chamber with carbon dioxide gas  [  63  ] . Graphite is a detector material 
in widespread use for photon dosimetry in the conventional  fi eld  [  4  ] . 

 A signi fi cant amount of work has been performed using various kinds of dosim-
eters in epithermal neutron beams, including for instance thermoluminescence 
dosimeters  [  6,   7  ] , dosimetry gels  [  67,   69  ] , diodes  [  60  ] , prompt gamma methods 
( [  31  ] ; Verbakel et al.  [  48 ,  70  ] ), scintillator materials  [  33  ] , proportional counters 
 [  42  ] , activation detectors  [  10  ]  and bubble detectors  [  15  ] . An overview of dosimeters 
in epithermal beams is presented in Chap.   13       . For dosimetry under reference condi-
tions in epithermal beams (often referred to as “absolute dosimetry”), it must be 
considered that ionisation chambers and activation (primarily) gold foils are 
 currently the standard. Even so, somewhat surprisingly, the data appearing in open 
literature regarding correction factors to apply in clinical beams in the typical  format 
found for other radiotherapy disciplines, i.e. reports AAPM TG51  [  2  ]  and IAEA 
TRS 398  [  4  ] , are scarce. 

 The use and corrections applicable to ionisation chamber measurements were 
provided in detail in the IAEA TRS-398 protocol  [  4  ] , and the discussion provided 
in this reference is relevant also for measurements in neutron beams. Brie fl y, ionisa-
tion chamber signal collected needs to be corrected for temperature and pressure, 
polarisation, recombination effects and the electrometer charge collection correc-
tion. In addition, there is possibly also an unwanted signal arising from activation of 
parts of the detector materials when placing an ionisation chamber in the neutron 
beam. The signal caused by activation could be dif fi cult to account for in practice 
considering that the irradiation history might not be known in suf fi cient detail. 
At the very least, the error introduced needs to be estimated and included in the 
uncertainty analysis.  

    14.3.1.2   Choice of Phantom 
 The ICRU Report 45 promotes the determination of absorbed dose to tissue inside 
a tissue-equivalent phantom, for instance in a water phantom. In fast neutron beams, 
the choice is reasonable given that the absorbed doses to water and tissue are com-
parable, and hence, the corrections required to account for the differences in the 
neutron/photon interaction properties are rather close to unity. This has then become 
the tradition within the neutron therapy community. 

 The situation is different in an epithermal neutron beam, however, where the 
total neutron absorbed dose during BNCT differs quite substantially in tissue and 
water. This dosimetric difference is due to the contributions of boron and nitrogen 
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neutron capture, causing the corrections related to the interaction properties to 
 deviate quite strongly from unity. In addition, the geometry of the irradiated object 
affects the absorbed dose rate considerably in an epithermal neutron beam  [  51,   59  ] . 
Therefore, reporting absorbed doses resulting from boron and nitrogen capture, 
photons and fast neutrons to tissue inside a water phantom are not of high clinical 
relevance.    By determining and reporting absorbed doses to the materials in which 
the measurements were performed, the problem is avoided in the sense that the 
clinical relevance of the values is not implied. This concept was introduced in 
Munck af Rosenschöld et al.  [  49  ] . More importantly, the suggested methodology 
allows adaptation of the mathematical formalism and dosimetric procedures con-
cerning ionisation chambers to that formulated in the IAEA TRS-398 protocol  [  4  ] . 
The procedures in the IAEA report form the basis for radiotherapy dosimetry in 
general, and the exception is then only the fast neutron therapy  fi eld. 

 The effect of phantom material composition and size has been studied previously 
in epithermal neutron beams  [  32,   59,   65,   73  ] . In a previous work, an arti fi cial “liq-
uid brain” mixture was found to serve as an appropriate phantom material for 
dosimetry in epithermal neutron beams  [  65  ] . In other works, the authors used an 
ellipsoidal phantom for dosimetry under reference conditions to have a better repre-
sentation of a human head  [  19,   63  ] . The material and geometric corrections from 
PMMA to brain tissue containing boron applicable in the Studsvik beam were pre-
sented in Munck af Rosenschöld  [  51  ] , and strongly indicate their importance in 
BNCT dosimetry. 

 The international report on dosimetry of BNCT suggests the use of a water phan-
tom for dosimetric measurements  [  71  ] , the reference serves as an excellent and 
comprehensive guide for BNCT dosimetry, and this chapter largely adheres nota-
tion and methods described in that publication. 

 Though the geometry and material composition of a phantom have a large impact 
on the mixed neutron and photon radiation  fi eld of a beam optimised for BNCT, for 
dosimetry under reference conditions, a water phantom of a simple geometrical 
shape appears the best choice. Water is readily available, is cheap and practical to 
use and is also the choice for all other radiotherapy disciplines. Further, having 
a simple phantom geometry and composition to use for dosimetry under reference 
conditions simpli fi es future standardisation of measurement methodology and the 
collection and tabulation of correction factors for recommended dosimeters. 
However, in the subsequent step of commissioning the treatment planning system, 
it is useful to investigate the accuracy of the system to handle the effects of various 
geometrical shapes and composition in order to match the treatment situation more 
closely.  

    14.3.1.3   General Formalism 
 The commonly accepted formalism used in all disciplines of radiotherapy is here 
adopted and extended to cover neutron therapy  [  4  ] , similar to what was previously 
suggested and presented  [  49  ] ,  [  50  ] . When a detector is calibrated in terms of 
absorbed dose to water is used at the reference depth in a water phantom for a 
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reference beam quality ( Q  
0
 ) and in the absence of the detector, the absorbed dose is 

given by  [  2,   4  ] 

     0 0 0, , ,·w Q Q D w QD M N=
   (14.1)   

 In this work, it is assumed that the detector response could be separated into 
a signal arising from photons (index   g  ), fast neutrons (index  fn ) and thermal neu-
trons (index  tn ), giving

     
fn tn

Q Q Q QM M M Mγ= + +
   (14.2)   

 Here,  M  
 Q 
  is the total detector response corrected for quantities affecting the mea-

surement. The detector reading includes a response caused by interactions in the 
detector structures in the active medium in the detector. The corrected detector read-
ing can be related to the absorbed dose to water ( D  

 w 
 ) at the point of measurement in 

beam quality ( Q ) through the following equations:

     , , ,·w Q Q D w QD M Nγ γ γ=
   (14.3)  

     , , ,·tn tn tn
w Q Q D w QD M N=

   (14.4)  

     , Q , ,·fn fn fn
w Q D w QD M N=

   (14.5)   

    Three detectors with a different response to photons, thermal and fast neutrons 
are used in order to resolve the equation system arising from Eqs.  14.2 ,  14.3 ,  14.4 , 
and  14.5 . Instead of the dose to water from thermal neutrons (Eq.  14.4 ), it might be 
more convenient to refer to the thermal neutron  fl uence.  

    14.3.1.4   Photons 
 The calibration factor,     , ,D w QN γ   , needs to be known in order to derive the photon 
absorbed dose in the absence of the detector in the mixed beam. In a mixed radiation 
 fi eld, the calibration factor needs to be corrected by a beam quality correction factor 
that accounts for differences in perturbation effects and sensitivity (energy response) 
of the chamber compared to the calibration  fi eld. This yields a chamber calibration 
factor that can be used in the mixed radiation  fi eld  Q , i.e.

     0, , , , ·D w Q D w Q QN N kγ γ=
   (14.6)  

where     
0, ,D w QN   is the chamber calibration factor provided by a standards  laboratory, 

herein assumed to be the quality of  60 Co gamma-rays, and     Qk
γ   is the beam quality 
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correction factor applicable to the mixed radiation  fi eld for photons. This factor is 
therefore equivalent to the     Qk    [  2  ]  and     

0,Q Q
k   factors  [  4  ]  given by the recent dosimetry 

protocols based on absorbed dose to water standards. The  k  
 Q 
  factor is equal to unity 

for the reference beam quality by de fi nition. The     Qk
γ   factor for a mixed beam needs 

to be calculated. To my knowledge, presently, only data is available for a magne-
sium-walled and argon- fl ushed and an A-150-walled ionisation chamber for 
a decommissioned epithermal neutron beam in open literature  [  49  ] . In that refer-
ence, it was also shown that the beam quality of the epithermal neutron beam was 
similar to  60 Co gamma-rays which therefore is a reasonable reference beam quality. 
Equations  14.1  and  14.3  give

     
0 0

,

,

/
/

w Q Q
Q

w Q Q

D M
k

D M

γ γ
γ =

   (14.7)   

 Preferably, the     Qk
γ   factor is known through measurements in a number of beams. 

This is however not realistic in epithermal neutron beams given the dosimetric com-
plexities involved of mixed beams and the lack of methods for absolute dosimetry 
methods. Instead, one has to rely on a calibration in a pure photon beam and 
 calculations for the determination of a suitable correction of stopping power ratios and 
perturbation effects. Assuming that the detector signal per unit absorbed dose to the gas 
inside the ionisation chamber is the same regardless of the beam quality, one has

     
0 0

, gas,

, gas,

/
/

w Q Q
Q

w Q Q

D D
k

D D

γ γ
γ =

   (14.8)  

where     gasD   is the absorbed dose to the detector gas originating from photons in 
the mixed beam ( Q ) and in the calibration ( Q  

0
 ) beam. The assumption made in 

Eq.  14.8  is in fact the same as used in conventional photon and electron beam dosim-
etry, i.e. the average energy required for producing an ion pair in the detector gas is 
constant for the two beam qualities  Q  and  Q  

0
  (c.f. IAEA TRS 277, Eqs. (5a) and 

(5b),  [  3  ] ). All the factors in Eq.  14.8  can be calculated using a Monte Carlo com-
puter program with a model of the detector and the two radiation beams and thus 
giving the     Qk

γ   factor  [  49  ] . In lack of calculated data for the beam of interest, it might 
be necessary to assume that the     Qk

γ   factor is equal to unity and assign an appropriate 
uncertainty.  

    14.3.1.5   Thermal Neutrons 
 The absorbed dose to water at point of interest can be derived as (assuming charge 
particle equilibrium)

     , , ,·tn tn tn
w Q w Q w QD f φ=

   (14.9)  

where     ,
tn
w Qf   is the  fl uence-to-kerma conversion factor (i.e. “kerma factor”) for 

water at the reference point in water in beam quality  Q  applicable for the thermal 
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neutron group  fl uence     ,
tn
w Qφ   . High-purity gold foils are recommendable for the 

determination of    ,
tn
w Qφ   , which is given by the following relation:

     

,
, sat ,

sat , MC

·
tn
w Qtn

w Q Q
Q

A
A
φ

φ
æ ö

= ç ÷ç ÷
è ø    (14.10)   

 Here,     ,
tn
w Qφ   is equal to the neutron  fl uence rate of the thermal group at the 

reference point without the presence of the foil,     ( ), MC

tn
w Qφ   is the corresponding 

thermal group  fl uence rate per source particle calculated by means of the Monte 
Carlo method for beam quality     sat ,, QQ A   is the measured saturated activity of the 
gold foil in Bq per gram of the sample and     ( )sat , MCQA   is the corresponding calcu-

lated saturated activity of the gold foil in Bq per gram of the sample and per 

source particle using the Monte Carlo method. The factors     ( ), MC

tn
w Qφ   are calcu-

lated in the position of the foil without the presence of the foil, and     ( )sat , MCQA   is 

calculated with the gold foil included in the computer model, preferably using 
Monte Carlo method. Thus, the ratio intrinsically includes the appropriate cor-
rection for the perturbation caused by the foil itself on the neutron  fi eld in the 
phantom at the reference position, within the limits of the accuracy of the Monte 
Carlo model. 

 The user could perform a comparative measurement using for instance a high-
purity germanium crystal detector set-up with  fi xed settings of the analysis program 
(see for instance, Knoll  [  29  ]  for information on such systems). Thus, allowing for 
a conversion between a signal measured (    tn

QM   ) and the saturated activity reported 
by the standards laboratory for a  fi xed set of experimental conditions.  

    14.3.1.6   Fast Neutrons 
 The beam quality correction factor for fast neutrons is given by (cf Eq.  14.8 )

     
0 0

,

,

/
/

fn fn
w Q Qfn

Q
w Q Q

D M
k

D M
=

   (14.11)  

where the factors were de fi ned previously. Assuming that the detector reading 
can be written as the product of the absorbed dose delivered to the detector gas, 
    gas,QD   , the inverse of the average energy required to produce an ion pair in the 
detector gas for the actual charged particle spectra for beam quality  Q ,     ( )eff/ Qe W   , 
and the mass of the detector gas,     gasm   , gives

     
( )effgas, gas· / ·Q Q QM D e W m=

   (14.12)   
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 Inserting Eq.  14.11  in Eq.  14.12  gives

     
0 0 0

,eff
, gas,

eff
, gas,

·
·

/
/

fn fn fn
w Q Q Qfn

Q
w Q Q Q

D W D
k

D W D
=

   (14.13)   

 Multiplication of dividend and divisor by     ( )/ fn
m t Qf f   , i.e. the kerma factor ratio 

for the detector wall material, which is A-150 plastic (index = m), and muscle tissue 
(index = t) weighted by the actual neutron spectra at the point of interest gives

     
( )

0 0

, gas,

, gas,

/1 /
/

· ·
fn fn

fw Q Qfn
Q m t Q

t w Q Q

D D
k f f

k D D
=

   (14.14)   

 In Eq.  14.14 ,     
( )

0

eff

,eff

/ ·fnm t QQ
t fn

Q

f f W
k

W
=   , which is a simpli fi ed form of the neutron sen-

sitivity factor for a tissue-equivalent detector for muscle tissue,     tk   , that was calcu-
lated by Jansen et al.  [  24  ]  as a function of neutron energy; it was given in its complete 
form in the ICRU Report No. 45. Calculation of the factors in Eq.  14.14  is possible 
by means of the Monte Carlo method.   

    14.3.2  Dosimetry Under Non-Reference Conditions 

 For clinical use, central-axis percentage depth dose (PDD) curves beam pro fi les (typi-
cally at several depths), and beam components as a function of distance from the aper-
ture need to be measured. It might be practical and bene fi cial to use other dosimeters for 
the determination of the relative distributions as compared to the preceding chapter. For 
instance, using dosimeters with less need for MC derived corrections with high signal 
to noise appear attractive for use as long as the relative sensitivity to the beam dose 
components of the dosimeters can be established accurately. 

 The usefulness of varying the  fi eld size is probably less for NCT than for conven-
tional photon therapy, so the number of useful  fi eld size combinations are likely to 
be less. The magnitude of the beam dose components and the relative distribution of 
the components does vary for as a function of aperture size for epithermal neutron 
beams (Raaijmakers et al.  [  57  ] ). Therefore, if different  fi eld sizes or beam apertures 
are available, the dosimetry procedures need to be repeated for each beam.   

    14.4   Clinical Dosimetry 

 Once the dosimetric properties of the beam have been determined with suf fi cient 
accuracy and reproducibility, the following step involves the implementation of the 
accumulated data into the treatment planning system (TPS). If the implementation is 
done accurately, the TPS is then able to simulate a treatment set-up and derive the 
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resulting dose distribution, allowing for a certain amount of optimisation. 
Commissioning and use of a TPS are presented in Chap.   16       . We here limited the dis-
cussion to a few comments regarding the actual implementation of beam data. 

 In the commissioning of the TPS, one needs to compare the calculated data in 
phantom vs. the measured data. At that point, it might be necessary to adjust the 
relative magnitude of the dose components in the computer source description in 
order to improve the agreement towards the measurements. In this comparison, it is 
of great importance to make sure that the same dosimetric data is used in all steps 
of the process, i.e. the same kerma factors and/or stopping power data are used in the 
TPS as are used in the derivation of absorbed dose in the preceding step. In the 
author’s opinion, it is reasonable to normalise the TPS calculations towards the ther-
mal neutron group  fl uence per beam monitor unit at the reference point in a water 
phantom. This might be advisable considering that the kerma factor for the thermal 
neutron absorbed dose in water is low (and the transition from  fl uence to absorbed 
dose does not improve the accuracy of the procedure). Then, adjust the photon inten-
sity coming from the beam to match the measured photon absorbed dose per beam 
monitor unit at the reference point. The measurement of the fast neutron absorbed 
dose is generally very uncertain using the paired ionisation chamber  technique (see 
 [  56  ] , and others); therefore, in a similar fashion, adjusting the relative intensity of 
the fast neutron component of the beam based solely on ionisation chamber mea-
surements for a well-optimised epithermal neutron beam is questionable. 

 The geometry and the material content of the irradiated volume in an epithermal 
neutron beam have great impact on the dose distribution ( [  19  ] ; Wojnecki et al.  [  73  ] ; 
 [  51  ] ). The TPS ability to account for such effects correctly should be independently 
veri fi ed using calculations or phantom experiments (or both). The absorbed dose of 
a single treatment  fi eld to a patient ( D  

pat
 ) of the dose component  i  to be delivered is 

given by the simple relation:

     
pat , ref ,

pat ,
ref , MeasuredTPS

· ·i i
i

i

D D
D M

D M
æ ö æ ö

= ç ÷ ç ÷ç ÷ è øè ø    (14.15)   

 Here,  M  is the total number of beam monitor unit counts,  D  
ref ,i 

 / M  is the measured 
absorbed dose of component  i  per beam monitor count under reference conditions 
and the  D  

pat, i 
 / D  

ref, i 
  ratio is calculated using the TPS. Note that for  i = boron  and 

 i = nitrogen, D  
ref, i 

  is replaced by   f   
ref, i 

  (i.e. the thermal neutron  fl uence determined 
under reference conditions).  

    14.5   Quality Assurance 

 In order to ensure safe radiotherapy, continuous quality assurance (QA) of equip-
ment and procedures is of paramount importance. The subject of QA in radiotherapy 
has been discussed extensively in the literature (see, e.g.  [  35,   36  ] ) and speci fi cally 
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for a BNCT facility  [  9  ] . Rassow et al.  [  60  ]  has compared the QA of medical accel-
erators and an epithermal neutron beam, which constitutes a good starting point for 
a QA programme. QA of beam output, photon contamination and neutron quality, 
as well as the stability of dosimeters, is of importance for a safe clinical practice. 
Raaijmakers et al.  [  56  ]  investigated the long-term stability of these parameters for 
the epithermal neutron beam in Petten facility. 

 The same procedures as for conventional radiotherapy apply to the QA of epith-
ermal neutron beams; therefore, the recent report by the American Association of 
Physicists in Medicine (AAPM) task group report 142  [  28  ]  provides a guideline and 
provides tolerances that could arguably be used also for epithermal neutron beams. 

 In addition to the standard tests of the neutron beam and the dosimeters, qual-
ity assurance procedures need to be established for the boron concentration mea-
surement of tissue samples (Kobayashi et al.  [  26  ] ;  [  30,   37,   38,   47,   55,   64,   68  ] ), 
the measurement system for activation measurements  [  9  ]  and in vivo dosimetry 
 [  51,   66,   72  ] .      
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    15.1   Aim    of Prescribing, Recording and Reporting 

 When a malignant disease of a patient is presented for radiotherapy, three documen-
tation steps are required: before the start, prescribing; during the course of therapy, 
recording; and after  fi nishing, writing the  fi nal report (reporting).

   Prescribing is the  fi rst step for the radiation oncologist, where he identi fi es the • 
patient, describes the disease including the anamnestic data and  fi xes the aim of 
the radiotherapy, the method and concept of the treatment and the facility to be 
used. For BNCT, this includes any details on pretreatment operations, the  10 B 
carrier and the required  10 B concentration in blood at the time of radiotherapy. 
The therapist has to detail the planning target volume and the regions at risk and 
at least the minimum and maximum absorbed dose in the clinical target volume 
and the maximum tolerable absorbed dose in the organs at risk. The radiation 
oncologist prescribes the mode of treatment planning, mostly with dose-volume 
histograms, based on computer tomography and decides which of the treatment 
plans is the best and to be chosen. He also decides whether  fi eld veri fi cation and 
in vivo dosimetry should be applied and which additional actions, e.g. simulator, 
or support, e.g. for positioning, is necessary. Information on the (medical) staff 
present, date of prescription and signature are obligatory.  
  Recording is the second step, performed mainly during the radiotherapy itself. • 
As well as the name of the hospital, the therapy facility, identi fi cation of the 
patient, the realised treatment plan and treated clinical target volumes, all details 
of the treatment are to be recorded, such as dates of each fraction, geometrical 
and dosimetrical settings of the facility, actual  10 B concentrations at the begin-
ning and the end of the treatment, etc. If any deviations from the prescribed plan 
occur, the reason and the speci fi c action taken are to be described. Information 
on persons present, dates and signatures are obligatory.  
  Reporting is the third step and needs uniformity in de fi nitions and terminology • 
in all therapy centres worldwide in order that information on therapy results can 
be exchanged. For publications, where patient identi fi cation is omitted and where 
information on persons involved and where signatures are not necessary or only 
in reduced form, all data must be reported which may be necessary to be able to 
repeat and recalculate the therapy details. Also, for different facilities, with dif-
ferent neutron energy spectra and  fi ltering, actual knowledge on weighting and 
correction factors must be supplied. The required data includes

   A short description of the disease, including histology, grading, tumour exten- –
sion, stage and earlier or simultaneous therapy actions and diagnostics.  
  The aim and treatment technique, e.g. reactor type and radiation quality,  –
including  fi ltering, neutron energy spectrum, number and chronology of 
fractions, 10 B carrier and  10 B concentration in blood during treatment of each 
fraction.  
  A description of clinical target volumes and organs at risk, including any hot  –
spots.  
  The entire total absorbed dose, as well as the total weighted dose together  –
with the absorbed dose of all dose components and the corresponding 
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weighting factors used in all tissues, as well as the maximum and minimum 
doses in the clinical target volume and the maximum dose in the organs at 
risk and any hot spots. Further information on spatial dose distributions 
and dose-volume histograms are helpful, if available. Reporting of total 
weighted dose values only is absolutely insuf fi cient. These values can only 
be of help internally as a guiding principle for the radiotherapist, but can-
not be transferred to different treatment facilities with different energy 
spectra of neutrons in other centres, as the weighted dose values can be 
calculated only on the basis of values of the dose components with knowl-
edge of the corresponding weighting factors in the different tissues.  
  The treatment planning programme used and the calculation data, especially  –
for the dose components, which can only be calculated from mean  fl uence 
values of epithermal neutrons.  
  The side effects and clinical history of the patient (if available).         –

    15.2   Problem of Dose Speci fi cation for BNCT in Comparison 
to Conventional Photon and Electron Therapy 

 Absorbed dose is a fundamental quantity used in all therapeutic applications of ionis-
ing radiation. Measurement and reporting of the absorbed dose is crucial to the under-
standing of any radiation effects  [  1  ] . Absorbed doses can never be measured in body 
tissues directly as it is unknown, how much energy is used for warming and how much 
for chemical reactions in cells. The dose measurement for photon and electron ther-
apy, which both act by energy transfer via electrons, is therefore, based on conversion 
of the measured value of an ionisation chamber, calibrated in terms of water absorbed 
dose, in the absorbed dose in body tissues. The necessary correction factors are well 
known. 

 The dose evaluation for BNCT is completely different because in contrast to the 
photon and electron absorbed dose with the same RBE there are in BNCT four dose 
components acting with different RBE:

    D  
B
 :  boron dose from the  10 B(n, a ) 7 Li reaction with  a - and Li particles with mean 

ranges of 8.9 and 4.8  m m, respectively  
   D  

p
 : high-LET (proton) dose from the  14 N(n,p) 14 C reaction  

   D  
n
 : neutron dose of mainly fast and epithermal neutrons  

   D  
 g 
 : gamma-ray dose mainly from the capture reaction  1 H(n, g ) 2 D    

 The  fi rst two dose components cannot be measured in principle, but only calcu-
lated indirectly based on the  fl uence of epithermal neutrons and the  10 B and  14 N 
concentrations in tissue, respectively. 

 The total absorbed dose  D  
T
  is the sum of these four dose components;

     T B p n .D D D D Dγ= + + +
   (15.1)   
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 In photon and electron therapy, it is possible to relate the biological effect of 
radiation to only one dose parameter. This is impossible for BNCT even when using 
speci fi c biological weighting factors for each of the dose components. The four 
dose components have not only a different effect quantitatively but cause also dif-
ferent biological reactions. Therefore, the assumption of only one acting biologi-
cally weighted dose parameter is unreal. Otherwise, a conventional photon or 
electron therapy with corresponding higher absorbed dose could be applied. 

 Thus, only as a qualitative  fi rst approximation and guiding principle, but not in a 
quantitative reliable manner, it is possible to take into account the different biologi-
cal effectiveness of each dose component with a vaguely determined weighting fac-
tor to get a total weighted dose  D  

w
 .

     w c B p p n n .D w D w D w D w Dγ γ= + + +
   (15.2)   

 For the boron dose  D  
B
  and the proton dose  D  

p
 , the weighting factor includes the 

probability that a reaction particle of the nuclear reaction of the thermal neutron 
with  10 B and  14 N, respectively, occurs. For the former, there is the additional proba-
bility that the reaction particle really hits the cell nucleus. Therefore, the weighting 
factor  w  

c
  for  D  

B
  is called a compound factor. This factor depends on the  10 B carrier 

used and the tissue, where the nuclear reaction takes place. The uncertainty of the 
compound factor  w  

c
  has been reported to be 16–36 % for the  10 B carriers BSH  [  2  ]  

and for BPA, respectively.  

    15.3   Uncertainties for Evaluation and Biological 
Weighting of Dose Components 

    D 
B
 :  The spatial  10 B distribution on a cellular level in tissue is unknown, especially 

the probability of the positioning of  10 B in the extracellular, the intracellular 
space or the cell membrane. Even for a nuclear reaction of a thermal neutron 
with a  10 B atom in the intracellular space, only a probability can be calculated 
that one of the two reaction particles ( a - particle or  7 Li particle) hits the cell 
nucleus and has a lethal effect on the cell. The calculation of the boron dose 
cannot be based on the real  10 B distribution at the cellular level, which is 
unknown, especially in tumour tissues, but only on the assumption of a homo-
geneous  10 B concentration in the different tissues with a  fi xed relation to the  10 B 
concentration in blood, which is measurable. For a curative tumour therapy, it is 
necessary to kill tumour cells down to about 10  –8 . Conversely, it is unknown if 
each cell in a group of 10  –8  tumour cells contains enough  10 B atoms to make 
sure that in a statistical Poisson distribution, at least one lethally acting reaction 
in each cell nucleus occurs. The uncertainty for the calculation of the boron 
dose component  D  

B
  is, therefore, caused by the uncertainty of knowledge of the 

spatial distribution of  10 B atoms, and of the cross-section of the nuclear reaction 
of thermal neutrons with  10 B and the locally changing, and not well known, 
energy distribution of the neutrons.  
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   D  
p
 :  The distribution of N atoms on the cellular level in a given tissue can be assumed 

to be homogeneous. The same assumption is valid for the distribution of neu-
trons. Thus, the uncertainty of the proton dose component  D  

p
  is caused by the 

locally changing and not well known energy distribution of the neutrons and 
their cross-section for the proton generating reaction  14 N(n,p) 14 C.  

   D  
n
 :  The uncertainty of the determination of the neutron absorbed dose  D  

n
  is due to 

an imprecise knowledge of the locally changing energy spectrum of the fast and 
epithermal neutrons. One has further to take into account that the diameter of 
the most commonly used tissue-equivalent (TE) ionisation chambers is large 
compared to the very steep dose gradient of the neutron dose, so that the mea-
surement of the dose at a speci fi c point is dif fi cult. The weighting factor  w  

n
  is 

normally taken over the whole target volume, although the RBE value is depen-
dent on the locally changing energy spectrum of the neutrons. This causes fur-
ther uncertainties.  

   D  
 g 
 :  The uncertainty of the determination of the gamma-ray absorbed dose compo-

nent is much larger than in photon and electron therapy, because the measure-
ment must be performed in a high background of neutron radiation, by ionisation 
chambers which must be as neutron insensitive as possible.    

 Several parameters have a large in fl uence on the weighting factors used  [  3  ] :
   As the dose-effect curves of the four dose components have different shapes, the • 
RBE strongly depends on the absorbed dose. In order to predict the effects along 
isodose surfaces, real RBE factors, which vary with the absorbed dose of each 
component, would have to be considered. This is, of course, never done.  
  The biological end points of the four dose components are not directly compa-• 
rable. As the interaction mechanisms of nuclear reaction particles and of photons 
may differ, a unique factor cannot be used to calculate the biological end points. 
Different weighting factors are associated with different biological end points. 
For example, in a healthy tissue tolerance study using dogs and BSH, the com-
pound factor  w  

c
  was found to be 0.37 ± 0.06 and 0.65 ± 0.04 for neurological 

symptoms and MRI-visible changes, respectively  [  2  ] . The fundamental question 
as to the choice of the most suitable end point for a BNCT treatment still begs to 
be answered.  
  The neutron energy spectrum strongly in fl uences the nuclear reactions induced • 
by fast, epithermal and thermal neutrons. As the worldwide BNCT centres 
have different neutron sources and  fi lter devices, the primary neutron spectra 
differ essentially from one facility to another. In addition, for a given facility, 
the neutron energy spectrum varies at depth in the patient due to the modera-
tion of the fast and epithermal neutrons. This effect has never been exactly 
estimated, but it is obvious that it increases the uncertainty of the weighting 
factors.  
  Two different boron compounds, BPA-f  [  • 4–  6  ]  and BSH  [  7  ]  are used in BNCT 
clinical trials. Their mechanisms for crossing the blood–brain barrier is different, 
the intracellular uptake differs considerably and consequently the boron biodis-
tributions and the interaction mechanisms vary. This fact can be taken into 



282 J. Rassow and W.A.G. Sauerwein

account using compound factors derived from radiological investigations. For 
the BPA-f compound, a boron concentration in the tumour 3.5 times higher than 
that in blood is commonly assumed  [  5  ] . In this case, the compound factor  w  

c
  is 

3.8 and 1.3 for glioblastoma multiforme tissues and healthy brain tissues, respec-
tively  [  2  ] . For the BSH compound, the boron concentration in the tumour and in 
the brain is supposed to be equal to that in blood  [  2  ] . In this case, the compound 
factor  w  

c
  is equal to 0.37 for the brain and to 0.81 for all other organs with or 

without an organ-blood barrier. It became evident from the human pharmacoki-
netic and BPA/BSH uptake studies  [  8,   9  ]  that the interpatient and intrapatient 
variability is quite high. The assumption of a homogeneous boron concentration 
at the intra- and extracellular level is straightforward but not really ful fi lled. In 
fact, the real deviation of the  10 B concentration to the assumed average one gen-
erates further unknown deviations. These local deviations have quantitatively the 
greatest impact on the used weighting factors and on the calculated boron dose 
component.  
  The type of organs or tissues has an in fl uence on the weighting factors also. For • 
a given radiation quality, the RBE values determined for a given tissue are also 
applied to other tissues. This assumption results in further uncertainties whose 
reduction needs further investigations.  
  The weighting factors determined by in vitro and animal studies are directly • 
applied to humans and the corresponding uncertainty cannot be quanti fi ed. More 
clinical trials are still mandatory in order to get more information about the limit-
ing doses at the organs at risk.     

    15.4   Resulting Recommendations on Prescribing, 
Recording and Reporting 

 In general, all data should be prescribed, recorded and reported, which are neces-
sary for the identi fi cation of the patient and the circumstances of the disease, the 
methods and details of the therapy and the facilities and parameters used and details 
of the treatment planning and calculation assumptions. For publications, where 
patient identi fi cation is omitted, all data must be reported, which are necessary to 
repeat and recalculate the therapy even with different facilities (neutron energy 
spectra and  fi ltering), as well as more actual knowledge of weighting and correction 
factors. The dose and volume speci fi cations should be reported in publications in 
accordance with ICRU-IAEA recommendations  [  10,   11  ] . 

 Volumes:
   Gross tumour volume (GTV)  • 
  Clinical target volume (CTV)  • 
  Planning target volume PTV)  • 
  Treated volume  • 
  Irradiated volume  • 
  Organs at risk  • 
  Information on tissues and their volumes    • 
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 Absorbed dose distribution (at least):
   Dose variation in the planning target volume and representation of spatial dose • 
distribution by  

  Maximum absorbed dose   – D  
max

   
  Minimum absorbed dose   – D  

min
   

  Hot spots   –
  Representative absorbed dose values in organs at risk   –

  Dose-volume histograms   • 
and additionally, dose information, such as absorbed dose values for additional 

critical points or tissues. 
 For reports on BNCT, it is very important that all dose speci fi cations must be 

given separately for all four absorbed dose components. Additionally, the values for 
total absorbed dose  D  

T
  and total weighted dose  D  

w
  (the latter together with the used 

weighting factors for each tissue) may be given. 
 The information on boron absorbed dose must include information on the  10 B 

carrier, the boron concentrations for all treatment fractions, the assumptions for the 
speci fi cation of  10 B concentration in the target and the treated volume based on 
measurements of concentration in blood. 

 All dose values must have the unit gray (Gy) (never gray-equivalent or RBE-
gray, which is in contrast to the rules of SI units and recommendations of ICRU). 

 It might be worthwhile to remind at this place that a similar discussion is ongoing 
with respect on reporting of proton-beam therapy. The basic issue is much simpler as 
compared to the complex situation in BNCT, only the RBE of protons being slightly 
different from unit. However, due to the fact that for decennia only some few places 
in the world have offered proton irradiation to patients, it was possible to develop a 
common practice reporting an ‘equivalent’ or ‘cobalt-equivalent’ dose, de fi ned as the 
product of the absorbed dose and the RBE of the proton beam (that is close to 1.1). In 
2007, ICRU Report 78  [  12  ]  clearly states, ‘the use of the term “equivalent dose” as 
de fi ned above cannot be recommended for therapeutic applications’, the term being 
reserved for radiation protection purposes. Similar to BNCT papers, it has been com-
mon practice in publications on proton therapy to report ‘equivalent dose’ in units of 
‘gray-equivalent’ or cobalt gray equivalent’ using symbols such as CGE or GyE. 
Referring to the SI (system International d’Unités/International System of Units), 
ICRU 78 states, ‘the use of CGE,GyE or Gy(E) is not recommended’. Similar to the 
proposals made by IAEA-TECDOC-1223  [  10  ]  for BNCT, ICRU 78 suggests to 
replace in proton therapy ‘equivalent dose’ by the quantity RBE-weighted absorbed 
dose  D  

RBE
 ; the special name of the unit of both absorbed dose and RBE-weighted dose 

is gray (Gy). This brief excursion into another branch of modern radiotherapy was 
made to underline the importance of a common language for all radiotherapy applica-
tions as well as to demonstrate that the problems of reporting innovative beams are 
not limited to BNCT. The solutions for BNCT as described above are coherent with 
international standards for other beam quality. Their use therefore is recommended. 

 Following ICRU 78, we can summarise for BNCT: The concepts of absorbed 
dose  D  

T
  with the four dose components  D  

B
 ,  D  

p
 ,  D  

n
 , and  D  

 g 
  and the weighted dose  D  

w
  

serve different purposes.  D  
T
  is a physical quantity deriving from measurement and/
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or calculation, whereas  D  
w
  is a biologically weighted quantity. As such,  D  

T
  will 

have a primary role in dosimetry protocols and a crucial role in any clinical protocol 
and  fi nal report. The weighted dose  D  

w
  might be better suited to a comparison of 

effects in BNCT obtained under different situations, for the selection of appropriate 
irradiation time if switching from one neutron beam to another or if changing the 
delivery mode of the boron compound. Whether the quantities absorbed dose and or 
weighted dose should be used in clinical practice in the different steps of treatment 
preparations and planning procedures is a matter of experience and local policy. 
Quoting again ICRU 78: ‘It is, however, important and obligatory that the quantities 
involved be clearly speci fi ed to avoid any risk of confusion’.      
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          16.1   Introduction       

 Treatment planning for neutron capture therapy (NCT) involves computation and 
analysis of the radiation dose distribution in a patient for determination of the neu-
tron beam orientations and radiation  fl uence (monitor units) to enable delivery of an 
optimized radiation dose distribution that will comply with the dose prescription 
and optimize the dose to the target volume while respecting dose limits for normal 
tissues and organs at risk. Aspects of NCT treatment planning are discussed in 
reviews by Nigg et al.  [  1,   2  ]  and Nievaart et al.  [  3  ] . 

 Treatment planning for NCT differs markedly from treatment planning for pho-
tons or electrons in conventional radiotherapy and, in some ways, is signi fi cantly 
more complex. Therapeutic advantage in NCT is obtained principally through the 
tumor selectivity of a neutron capture agent (e.g.,  10 B) rather than through precise 
geometric targeting of multiple well-collimated radiation  fi elds onto the target vol-
ume. The low-energy neutron beams used in NCT are usually not highly collimated 
and, if they are, any directionality is rapidly lost with depth in tissue due to neutron 
scattering and thermalization. In conventional radiotherapy, only a single low-LET 
dose component must be computed, the dose from primary photons or electrons, 
both of which are ultimately delivered by electrons. In contrast, with NCT the radia-
tion  fi eld is a complex mixture of high- and low-LET dose components with vary-
ing biological effectiveness that depends on both the tissue and the chemical form 
of the neutron capture agent. Five different dose components arising from neutron 
and photon interactions in tissue must be accounted for in NCT treatment planning 
calculations. The spatial distribution of each dose component is different and 
depends on the tissue composition as well as the neutron and photon  fl uence 
spectra. 

 The algorithms generally used for dose calculations in clinical photon radio-
therapy are computationally ef fi cient and range from simple empirical algorithms 
based on dose measurements in a water phantom to complex model-based algo-
rithms (e.g., convolution-superposition). Although generally regarded to be the 
most accurate algorithms, direct solutions of the    Boltzmann transport equation like 
Monte Carlo simulation or the discrete ordinates method are rarely used in clinical 
photon radiotherapy because they are computationally expensive. NCT treatment 
planning systems (TPSs), on the other hand, exclusively rely on Monte Carlo simu-
lation for dose calculations because of the complex, scatter-dominated nature of the 
radiation transport processes involved. 

 This chapter will describe both technical and clinical aspects of NCT treatment 
planning. The technical topics addressed include computational aspects such as 
approaches for modeling the patient geometry and simulating the neutron beam as 
well as aspects of dose calculation and calibration of planning systems. The clinical 
section of the chapter describes the treatment planning process, including patient 
data acquisition, target volume de fi nition, model construction, beam selection, and 
 fi nally dose prescription and plan evaluation. Issues related to treatment planning 
during and after treatment delivery are also discussed. These include patient posi-
tioning, boron compound pharmacokinetics, retrospective dosimetry, and dose 
reporting.  
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    16.2   Computational Aspects of Treatment Planning 

 NCT treatment planning systems must perform several essential functions:
   Construction of a customized patient model from tomographic images including • 
de fi nition of structures such as target volumes and organs at risk  
  Selection of neutron beam orientations relative to the patient model  • 
  Simulation of radiation transport through the patient model and computation of • 
dose using a model of the neutron beam  
  Analysis and visualization of dose, for example, using isodose curves and dose-• 
volume histograms, to enable selection of an optimal treatment plan and determi-
nation of appropriate beam monitor units ( fl uence) to be delivered    
 Technical aspects of these functions such as approaches to patient geometry 

modeling, neutron beam source de fi nition, dose calculation, planning system cali-
bration, and validation will be considered in this section. 

    16.2.1   Patient Geometric Modeling Approaches 

 NCT treatment planning systems employ individualized patient models for radia-
tion transport calculations. Generally, the 3D models are constructed from informa-
tion in tomographic medical images of a patient, usually CT (computed tomography) 
or MR (magnetic resonance) images. Several different types of geometric represen-
tation are used in planning systems. Unlike in photon and electron radiotherapy 
planning, the dose grid is often independent from the geometric representation of 
the patient. 

    16.2.1.1   Voxel Models 
 A voxel model is a 3D array of contiguous rectangular prisms, each of which is 
assumed to be internally uniform in composition. Each element of the array is 
known as a volumetric element or voxel. Typically, voxels are generally somewhat 
larger than the pixels of the medical images, usually ~2–10 mm on a side. 
Construction of a voxel model involves overlaying a 3D rectilinear mesh on the 3D 
array of a patient’s medical images, usually CT images, and determining the fre-
quency distribution of tissue types in each voxel. Usually, only a small number of 
tissue types are used and the tissues or materials are de fi ned using a combination of 
Houns fi eld unit (CT image intensity value) thresholds applied to the image data and 
user-contoured structures, as illustrated in Fig.  16.1 . In the NCTPlan TPS, for 
example, the materials are air, soft tissue (e.g., brain), bone, and tumor  [  4–  6  ] . The 
composition of each voxel is a mixture of the four principal materials based on the 
volume fraction of each material identi fi ed in the voxel. For computational reasons, 
however, it is necessary to limit the number of combinations of materials to avoid 
de fi ning an excessively large number of material mixtures in the transport code. 
This is often done by rounding the volume fractions of the principal materials to 
discrete fractions, for example, the nearest 10 % or 20 % increments using rules 
designed to minimize the effect of rounding on neutron transport  [  7  ] . The model 
construction process is illustrated in Fig.  16.1 .  
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 Voxel models are used ubiquitously in Monte Carlo-based photon and electron 
beam planning and are the earliest and most frequently used geometric modeling 
technique in NCT treatment planning because of their simplicity. Most often the 
voxel matrix and scoring mesh (for dose calculation) are identical because this is 
most ef fi cient. A particular advantage of voxel models is that they are very easy and 
quick to produce. In contrast to some of the other modeling techniques, producing 
a voxel model usually requires relatively little effort from the planner as a result of 
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  Fig. 16.1    Construction of a voxel model from CT image data in the MiMMC treatment planning 
system. ( a ) Sagittal CT image slice with contoured target volumes shown in blue. ( b ) Image inten-
sity histogram showing the range of Houns fi eld numbers for air, soft tissue, and bone and ( c ) the 
resulting thresholded sagittal image. ( d ) The corresponding slice through a 4-mm voxel model       
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automated material assignment algorithms based on CT image data. Fig.  16.2a  
shows an axial slice through voxel model of a brain tumor patient, and Fig.  16.2b  
shows a cutaway 3D view of the same model.  

 A shortcoming of the voxel modeling technique is that, for large voxel sizes, the 
contour of the external surface and internal interfaces may not be well preserved. 
This geometric in fi delity may degrade the accuracy of calculated doses, particularly 
near air-tissue interfaces, although, to a large extent, the use of materials mixing to 
account for partial volume effects mitigates the impact of large voxel size. The 
effect of voxel size on dose accuracy has not been well studied quantitatively except 
on the central axis of some simple phantoms  [  7,   8  ] . Reducing voxel size improves 
the accuracy of calculated doses, but several computational issues arise with small 
voxels. First, because of the smaller sampling volumes, fewer particle tracks will 
score in each voxel, increasing the statistical uncertainty of calculated doses. This 
can of course be offset by simulating more particle histories, but because there are 
many more surface crossings and scores to compute during the particle tracking 
process, transport calculations can be slowed dramatically with smaller voxels. 
Averaging dose over several voxels can improve statistics, but averaging reduces 
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  Fig. 16.2    Comparison of geometric modeling techniques used in NCT treatment planning calcu-
lations. The  left column  shows a 2D slice through each model around the level of the eyes and the 
 right column  shows corresponding 3D renderings of each type of model. ( a ) Color encodes mix-
ture density and tumor volume fraction in this 3-mm voxel model, with air shown as white, soft 
tissue pink, bone gray, and tumor blue. ( b ) A cutaway view of the voxel model showing the target 
volumes. ( c ) Air, skin, skull, brain, brain stem, eyes, optic chiasm, and sinuses are de fi ned in this 
univel model of one of the authors. Each univel corresponds to a pixel in the MR images used to 
derive the model, which have a pixel size of 1 × 1 × 2 mm 3 . ( d ) Surface rendering of the univel 
model. ( e ) Control points indicated by plus signs guide the placement of the spline in the NURBS 
model, which is overlaid on an MR image. ( f ) Wire-frame rendering of the NURBS model showing 
the outer boundaries of skin ( cyan ), skull ( white ), brain ( green ), CTV ( yellow ), edema ( blue ), and 
GTV ( red ). The nose points to the left       
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spatial resolution, which counteracts decreased voxel size. Very small voxels can 
pose signi fi cant computational issues for some transport codes  [  9  ] , depending on 
details of how the calculations are done, but these issues are being addressed with 
improvements in software  [  10  ] . 

 Most planning systems using voxel models employ voxels of a single size for 
simplicity. However, it can be advantageous to have  fi ner resolution (small voxels) 
near the beam entrance where the dose gradient is usually steep and lower resolu-
tion (larger voxels) distant from the beam entrance where the dose gradient is shal-
low  [  11  ] . This approach, known as the “multi-voxel model” is used in the JCDS 

Fig. 16.2 (continued)
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planning system  [  12,   13  ] . The multi-voxel model approach works well for single-
 fi eld treatment plans, where the voxel grid can be aligned with the beam, but has 
limited applicability to multi- fi eld plans.  

    16.2.1.2   Univel Models 
 Uniform volume element, or “univel,” models are similar to voxel models in their 
use of a uniform rectangular grid to describe the patient geometry, but they differ in 
that each univel represents a single pixel of the medical image stack rather than the 
average composition for a region encompassing many pixels. Unlike voxel models, 
univel models do not use material mixing because the univel size is very small. 
Geometrically, a univel model can be considered as a voxel model in the limit of 
small voxels. However, the key difference between voxel and univel models is actu-
ally not in the geometric representation but rather in the algorithms used to track 
particles through the geometry. Univel models employ fast tracking algorithms 
based on integer arithmetic similar to those used for line drawing in bitmap com-
puter graphic images rather than traditional  fl oating point tracking algorithms  [  14, 
  15  ] . The fast integer tracking algorithms involve a small degree of approximation in 
tracking, but this is reported to be negligible for the generally small univel sizes 
used  [  14  ] . The SERA treatment planning system developed at Idaho National 
Laboratory (INL) and Montana State University (MSU) implements the univel 
model in its seraMC transport module  [  16  ] . 

 Univel models offer very high geometric  fi delity, with the same spatial resolution 
as the medical images. The effort associated with producing such a high-resolution 
model can be signi fi cant, however, because the composition of each univel/pixel in 
the stack of medical images must be identi fi ed and de fi ned. Generally, this is accom-
plished by having the planner “paint” each pixel with a color that maps to a particu-
lar material composition, using a combination of manual and image processing 
techniques such as thresholding. This process may be tedious and time-consuming. 
Thus, geometric accuracy is in principle very good but in some regions may be 
limited by the effort of the treatment planner in interpreting and drawing the anat-
omy. Also, it is important to realize that with univel models, although the geometry 
is speci fi ed with a  fi ne mesh (~1 mm elements), generally the independent scoring 
mesh used for dose calculations is signi fi cantly larger, usually 10 mm, which could 
lead to interpolation error that is larger than one might expect for a high-resolution 
geometry. A univel model based on MR images of one of the authors is depicted in 
Fig.  16.2c and d . Further advantages of univel models include the ability to de fi ne 
as many regions as desired (each with a unique material) and the fact that, unlike in 
NURBS models, the regions do not have to be de fi ned as a hierarchy, with each 
region completely enclosed by next region in the hierarchy.  

    16.2.1.3   Nonuniform Rational B-Spline (NURBS) Models 
 Nonuniform Rational B-Spline (NURBS) models are a very  fl exible and powerful 
3D modeling technique frequently used in computer graphics rendering. NURBS 
models allow de fi nition of free-form curves and surfaces with varying degrees of 
continuity (i.e., in position, direction, and curvature). The NURBS modeling 
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technique is used in the BNCT_Rtpe planning system developed at INL to de fi ne 
the patient geometry  [  1,   17,   18  ] . Anatomic structures are contoured by placing 
control points in the medical images that guide the location of the curve as illus-
trated in Fig.  16.2e   [  19  ] . Control point placement is done either manually or, in 
some cases, with edge-detection algorithms. Figure  16.2f  shows a wireframe ren-
dering of a NURBS model of a brain tumor patient. 

 This innovative application of NURBS models allows a very compact and ef fi cient 
representation of complicated objects with good geometric  fi delity and with low 
memory requirements, but particle tracking is somewhat slower than for other geo-
metric representations as a result of the more complicated surface- fi nding algorithms. 
A disadvantage of the technique is that the model de fi nition process can be labor-
intensive, and it can sometimes be dif fi cult to manage the control points to produce 
the desired results. Unintentional overlap of the NURBS surfaces de fi ning adjacent 
bodies results in an ill-de fi ned region of the geometry and will cause particles enter-
ing the region of overlap to be “lost.” Also, although the external contour of the 
patient is represented with high  fi delity, some internal structures (e.g., sinuses or 
skull) may lack de fi nition because they are either impractical or too labor-intensive 
to delineate  [  20  ] . While the NURBS approach is well suited to modeling the geom-
etry of a brain tumor patient, it can be dif fi cult to apply this modeling technique to 
other geometries, for example, complicated phantoms. A scoring mesh with 10-mm 
cubic elements superimposed on and independent from the NURBS model de fi ning 
the patient is used for dose calculations in the BNCT_Rtpe planning system.   

    16.2.2   Neutron Beam Source De fi nition 

 De fi nition of the radiation source for computations is perhaps the most dif fi cult 
aspect of treatment planning, because it requires producing an adequately accurate 
computational representation of the 5-dimensional probability distribution describ-
ing the spatial, energy, and angular characteristics of a neutron beam. Methods of 
de fi ning a neutron beam source for NCT treatment planning involve using either 
binary phase space  fi les (known as surface source  fi les in the MCNP code) or a set 
of probability distributions to de fi ne the radiation source characteristics at or near 
the neutron beam aperture to avoid repeating the computationally expensive trans-
port of neutrons through the beam line. The various methods of source de fi nition 
have different advantages and disadvantages  [  21,   22  ] . 

    16.2.2.1   Phase Space File 
 Phase space (surface source)  fi les record the characteristics (position, direction, 
energy, time, particle type, statistical weight, and history number) of particles simu-
lated at a particular location in a Monte Carlo simulation, usually at the beam aper-
ture plane in treatment planning simulations. When using phase space  fi les, the 
particle tracks stored in a phase space  fi le from a previous simulation of the beam-
line are sampled in subsequent simulations of particle transport through the patient 
geometry. The primary bene fi t of using a phase space  fi le is that it introduces no 
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approximations into the source description; the simulated particles originate from a 
detailed simulation of the neutron beamline, which should lead to improved dose 
accuracy, unlike source de fi nitions using probability distributions, which may 
involve signi fi cant approximations. Disadvantages of this method include the 
extremely large size (up to several gigabytes) of the unportable binary  fi les, lower 
computational ef fi ciency, increased start-up times for parallel computations, and 
limitations on the number of particles that can be simulated. Because the number of 
histories (sample size) in a phase space  fi le is not in fi nite, the precision of doses 
calculated with the phase space  fi le is limited due to its latent variance  [  23  ]  which 
results from statistical  fl uctuations in the phase space. Phase space  fi les can be recy-
cled (oversampled several times) to improve dose statistics, but this only improves 
statistics on dose components derived from thermal neutron interactions and may 
also have undesirable statistical effects.  

    16.2.2.2   Planar Probability Density Function 
 In sources de fi ned with a planar probability density functions (PDFs), probability 
distributions for the source particle variables (energy and components of position 
and direction) are usually constructed from prior Monte Carlo  [  24  ]  or discrete ordi-
nates transport calculations  [  25,   26  ]  of the neutron beam. In the patient calculations, 
the probability distributions are sampled to determine starting characteristics for 
each source particle. Source PDFs may be de fi ned in two ways in the patient trans-
port simulation: “in-air” at the plane of the beam aperture or at a plane inside the 
collimator a short distance upstream of the beam aperture. In the latter method, a 
portion of the collimator must be explicitly modeled in the patient simulation, which 
can complicate patient model construction. Sources modeled inside the collimator 
generally have a lower level of detail compared to sources modeled in-air, because 
it is thought that transport of the beam through the collimator helps to de fi ne spatial 
distribution of the beam. De fi ning the source in-air at the beam exit is more ef fi cient 
because the computational expense of transport through the collimator is avoided in 
every patient simulation, but a greater level of detail may be required in the source 
distributions to achieve the desired level of accuracy in calculated doses. An exam-
ple of in-air source PDFs may be found in Palmer et al.  [  24  ] . 

 Advantages of source PDFs include a compact, portable (usually text) represen-
tation, and the ability to sample an effectively unlimited number of particle histo-
ries, leading to arbitrarily small statistical uncertainty in calculated doses. The main 
disadvantage of source PDFs is that they may involve signi fi cant approximations 
and loss of information that reduce the accuracy of computed doses. The fact that 
the probability distributions for the source variables (energy spectrum, spatial dis-
tribution, angular distribution) may be inseparable is also problematic to construct-
ing source PDFs. The level of detail in source PDFs needed to achieve accurate dose 
calculations has not been studied thoroughly, especially for the source-in-collimator 
method. Recent studies have suggested that, as implemented in several planning 
systems, source PDFs may not represent neutron beam source characteristics with 
adequate accuracy, particularly with regard to treatment of the angular distribution 
 [  21,   22  ] .  
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    16.2.2.3   Beam Directions 
 Most planning systems achieve multiple beam orientations by holding the patient 
geometric model  fi xed and rotating the beam model around the patient model, 
because this allows the convenience of a single dose grid, eliminating the need for 
interpolation between dose grids for multi- fi eld plans. The JAEA planning system 
JCDS, however, in addition to the standard method, can employ a novel approach 
wherein the patient model is rotated into the desired alignment with a  fi xed beam 
model. This approach is feasible because, most often, single- fi eld treatments are 
planned with JCDS.   

    16.2.3   Dose Calculations 

 This section discusses aspects of dose calculations for NCT treatment planning. 

    16.2.3.1   Computational Methods 
 All clinical NCT treatment planning systems employ Monte Carlo simulations for 
calculation of doses in individualized models of the patient or phantom. Generally, 
dose (actually kerma to be precise) is calculated by integrating the neutron or pho-
ton  fl ux spectrum computed using a track length density estimator of  fl ux against 
energy-dependent kerma factors. For ef fi ciency, the integration is done on-the- fl y so 
that it is unnecessary to store the  fl ux spectra at each point in the dose grid. In some 
planning systems, doses are computed on an element-wise basis, while in others 
doses are calculated using kerma factors precomputed for a particular tissue compo-
sition, for example, ICRU brain composition. The latter method is more computa-
tionally ef fi cient but less  fl exible than the former. In either case, boron dose is 
computed using an independent set of kerma factors (usually for 1  m g/g  10 B) so that 
it can be scaled to match the concentrations in tissues of interest. Collision-based 
estimators of dose have also been studied and may have some advantages over track 
length density estimators  [  27  ] , but they are not used by any clinical planning 
systems. 

 For all dose components except the photon dose, the charged particles that ulti-
mately deliver the dose have ranges that are very small compared to the mesh ele-
ment size of the dose grid so that kerma approximates dose extremely well. Energetic 
electrons produced by photon interactions in tissue can have a range over 1 cm, 
similar to or larger than the dose grid element size. Nevertheless, electron transport 
is not performed because of its high computational expense; coupled neutron-pho-
ton-electron transport calculations converge very slowly. In most NCT applications, 
the kerma approximation is believed to have a very low impact on photon dose 
accuracy because the induced photon dose component, which dominates the inci-
dent photon dose in most beams, is mainly isotropic. 

 The general-purpose Monte Carlo radiation transport code MCNP  [  28  ] , devel-
oped at Los Alamos National Laboratory, is widely used as a dose calculation 
engine in BNCT treatment planning systems, because, among other reasons, it is 
well validated, relatively easy to use, offers  fl exibility in source de fi nition and 
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robust variance reduction techniques, and has a large user base. Different compu-
tational approaches to the geometric representations of voxel models and the dose 
scoring (tally) techniques in the MCNP code can have a dramatic in fl uence on 
computation speed for treatment planning simulations  [  9  ] . A modi fi cation to 
MCNP known as the “lattice speed tally patch,” initially implemented in version 
4B of the code, allowed a dramatic speedup for treatment planning calculations in 
lattice models  [  29  ] . This patch has since been incorporated into the code base  [  30  ]  
and recently (in MCNP5 version 1.50) improved to facilitate calculations with 
models with very many small voxels. Another recent improvement to MCNP, the 
mesh tally, offers a dose calculation grid that is independent of the geometric grid 
with relatively little additional computational cost. 

 Other methods of dose calculation besides Monte Carlo simulation that have 
been studied include deterministic transport methods such as the S 

n
  (discrete ordi-

nates) method  [  18,   31,   32  ]  as well as faster, more approximate algorithms such as 
the simpli fi ed P 

3
  approximation  [  33  ] , removal-diffusion theory  [  34  ] , and empirical 

methods  [  35  ] . However, these methods have not been applied in clinical planning 
systems for various reasons.  

    16.2.3.2   Tissue Compositions and Boron Concentrations 
 Unlike in radiotherapy with photons and electrons, where heterogeneous dose calcu-
lations are based only on electron density derived from CT image data, dose calcula-
tions for NCT require that the actual tissue composition be modeled. Modeling 
different tissue types is necessary because elemental composition varies signi fi cantly 
between tissues and because neutron cross sections also vary greatly between 
nuclides. A computational study evaluating the required complexity of patient mod-
els demonstrated signi fi cant shifts in position and changes in the value of the dose 
maximum of up to 9 % when the skull (which has a lower hydrogen density) is 
replaced by skin in simulation of cranial irradiations  [  36  ] . The atomic densities of 
hydrogen and nitrogen have the greatest in fl uence on neutron transport and dosime-
try because of their cross sections and abundance. ICRU reports 44 and 46 provide 
reference composition data and densities for a wide range of tissues  [  37,   38  ] . For 
some earlier clinical trials of BNCT for intracranial disease and most related radio-
biological studies, Brooks brain composition  [  39  ]  was used, but now ICRU composi-
tions  [  38  ]  are recommended for consistency across trials. The major difference 
between the Brooks brain and ICRU brain compositions is a 20 % difference in nitro-
gen concentration, which leads to a similar difference in thermal neutron dose  [  8  ] . 

 Because its large neutron capture cross section results in signi fi cant thermal neu-
tron  fl ux depression, it is necessary to explicitly model  10 B in the tissue composition 
used in transport calculations  [  5,   40  ] . For prospective planning, boron concentra-
tions should be speci fi ed for both normal tissues and tumor using reasonable 
assumptions for the expected concentrations based on pharmacokinetic studies. As 
an example of the signi fi cance of this effect, a  10 B concentration of 30  m g/g  10 B in 
brain tissue reduces the maximum thermal neutron  fl ux in a head phantom by about 
10 % and produces a similar reduction in dose components derived from thermal 
neutrons  [  8  ] . For gadolinium NCT, the effect of thermal neutron  fl ux depression is 
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substantially larger and more important  [  41  ]  than for boron because of the enor-
mous (255,000 b) neutron capture cross section of  157 Gd. For applications like boron 
neutron capture synovectomy (BNCS), where extremely high  10 B concentrations 
(e.g., >10,000  m g/g) can be achieved  [  42  ] , thermal neutron  fl ux depression is also 
quite substantial and must be accounted for.  

    16.2.3.3   Nuclear Cross Section Data 
 Two types of representations of nuclear cross section data are used in radiation 
transport calculations for treatment planning: point-wise continuous energy cross 
sections and multigroup cross sections. Point-wise continuous energy cross section 
data achieve a high- fi delity representation of the evaluated nuclear data though lin-
ear interpolation between a large number of speci fi ed points. Multigroup cross sec-
tion data have a less accurate but more compact and computationally ef fi cient 
representation, using a single discrete value for the cross section over a range of 
particle energies. Some special-purpose radiation transport codes used in treatment 
planning (e.g., rtt_MC and seraMC) employ multigroup cross section data because 
of advantages in computational speed. Continuous energy cross section data are 
more accurate than multigroup data, but for broad spectrum beams, multigroup 
cross section data generally produce results that are accurate. However, in some 
cases, where the incident neutron spectrum is peaked around energies where a reso-
nance in the neutron cross section is present, the  fl attening of the resonance in the 
multigroup data can produce large deviations. This problem has only been demon-
strated for monoenergetic beams used in computational studies  [  43,   44  ] . Nevertheless, 
when using multigroup cross sections, it may be advisable to perform comparative 
simulations with continuous energy cross sections. 

 A related factor that has a signi fi cant in fl uence on neutron transport calculations 
is the thermal neutron scattering treatment  [  8  ] . At low neutron energies, the thermal 
motion of nuclei and their chemical binding to other atoms affects the kinematics of 
neutron scattering, in fl uencing the energy and angle of outgoing neutrons. For neu-
tron scattering with hydrogen, the impact of chemical binding is particularly large 
and it is important that this effect is properly modeled in transport calculations. For 
example, using a thermal neutron scattering treatment where the effect of chemical 
binding is omitted, that is, the free gas scattering law, underestimates calculated 
boron, thermal neutron, and induced photon doses by 30–37 %  [  8  ] . Some transport 
codes used in NCT treatment planning (i.e., MCNP) allow for a thermal neutron 
scattering treatment that accounts for binding of hydrogen with only a single ele-
ment (e.g., oxygen) in each material, while others (rtt_MC and seraMC) permit 
mixing scattering of hydrogen bound to either oxygen or carbon. The latter method 
seems more appropriate for human tissue, but calculations indicate that the differ-
ence between these two approaches is negligible  [  22  ] .  

    16.2.3.4   Kerma Factors and Dose 
 A few different schemes of accounting for the different dose components have been 
used in NCT clinical dosimetry. Some of the differences between accounting 
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schemes amount to differences in nomenclature, while others result in small differ-
ences in dosimetry. In the physical dosimetry of NCT, four dose components are 
measured: boron dose, thermal neutron dose, fast neutron dose, and photon dose 
 [  45,   46  ] . In computational dosimetry of NCT used in treatment planning, the calcu-
lated photon dose is usually subdivided into incident and induced photons so that 
the number of calculated dose components totals  fi ve  [  8  ] . Across all planning sys-
tems in clinical use, the boron dose and photon dose have identical de fi nitions. The 
thermal neutron and fast neutron dose components, however, are de fi ned and 
accounted for differently by the various planning systems in use. The dose compo-
nents are de fi ned as follows:

   Incident photon dose arises from photons produced by neutron interactions in the • 
beamline. Incident photons are started (i.e., born) in the simulation of radiation 
transport through the patient model. They are not produced by neutron interac-
tions in this simulation; they are sampled from a source distribution or phase 
space  fi le produced in an earlier simulation of the neutron beam. This component 
is also known as the source or structural photon dose component.  
  Induced photon dose arises from photons produced by neutron interactions in • 
the patient and possibly other surrounding material (e.g., a collimator that is 
explicitly modeled in the simulation). The principal contributor to the induced 
photon dose is neutron capture by hydrogen ( 1 H(n, g ) 2 H), which produces a 2.2 
MeV  g -ray. The distinction between incident and induced photon doses is 
made to facilitate their independent adjustment to match measurements dur-
ing the calibration process. The photon dose is sometimes termed total photon 
dose to emphasize that it is the sum of incident and induced photon dose 
components.  
  Boron dose results from neutron interactions with  • 10 B, primarily through the 
 10 B(n, a ) 7 Li neutron capture reaction. Fig.  16.3  shows the energy-dependent 
kerma factor for  10 B at a concentration of 15  m g/g.   
  Thermal neutron dose is the dose produced by thermal neutron ( • E  

n
  < 0.5 eV) inter-

actions in tissue excluding that dose from thermal neutron-induced photons 
(which is tracked separately and included in the induced photon dose) and dose 
from boron. Most of the thermal neutron dose arises from neutron capture by 
 14 N(n,p) 14 C, which releases 626 keV, most of which is carried away from the 
recoiling  14 C nucleus by a proton. For ICRU brain composition  [  38  ] , which con-
tains 2.2 % nitrogen by mass, about 96 % of the thermal neutron dose comes from 
the  14 N(n,p) 14 C reaction. The remainder (~4 %) of the dose is primarily due to the 
recoiling deuteron from radiative neutron capture by hydrogen ( 1 H(n, g ) 2 H). The 
energy-dependent neutron kerma factors for ICRU brain composition are shown 
in Fig.  16.3 . Thermal neutron dose depends on the tissue composition, particu-
larly the nitrogen concentration. For example, when irradiated with the same ther-
mal neutron  fl uence, the dose to skin will be about 1.9 times higher than in brain, 
mainly because of the higher nitrogen concentration in skin (4.2 % by mass).  
  Fast neutron ( • E  

n
  > 0.5 eV) dose is primarily (>90 %) due to elastic neutron colli-

sions with hydrogen, which produce recoil protons. Fast neutron collisions with 
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other abundant nuclei such as oxygen, carbon, and nitrogen contribute signi fi cantly 
to the fast neutron dose. Around capture resonances at 398 eV and 4.3 keV, the 
chlorine (n,p) reaction also contributes to the fast neutron dose. The rationale for 
separating fast neutron dose and thermal neutron dose on the basis of an energy 
cutoff around 0.5 eV is to mirror the dose measurement process using the activa-
tion foils with the cadmium difference technique, where the upper limit on the 
thermal neutron  fl ux is de fi ned by the cadmium cutoff around 0.5 eV (where the 
cadmium neutron capture cross section drops from ~10,000 barns to low values). 
Separating the calculated neutron doses in a manner similar to measurements 
facilitates comparison of measured and calculated doses for validation and 
calibration.    
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  Fig. 16.3    Contributions to energy dependent neutron kerma factors for ICRU brain from differ-
ent elements. For comparison, the kerma factor for  10 B is included, shown for a concentration of 
15  m g/g. The  dashed vertical line  at 0.5 eV indicates the boundary between fast and thermal neu-
trons (Adapted from data in Ref.  [  8  ] )       
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 A second method of accounting for the fast and thermal neutron doses separates 
these neutron-derived dose components according to target element:

   Hydrogen dose is the locally deposited dose from neutron interactions with • 
hydrogen. It includes dose from recoil protons liberated by fast neutron colli-
sions with hydrogen but usually omits dose from the recoil deuteron in the 
 1 H(n, g ) 2 H reaction. The 2.2 MeV gamma ray produced by hydrogen neutron cap-
ture is separately tracked, because it does not deposit its energy locally and is 
accounted for in the induced photon dose.  
  Nitrogen dose is the locally deposited dose resulting from neutron interactions • 
with nitrogen, including the  14 N(n,p) 14 C reaction and fast neutron collisions.  
  Other dose components: In conjunction with the hydrogen and nitrogen dose, • 
doses for oxygen and carbon are also sometimes calculated since they contribute 
signi fi cantly to dose through fast neutron recoils, especially at higher energies.    
 In principle, the sum of the thermal and fast neutron dose components should 

equal the sum of the hydrogen plus nitrogen and other minor elements that contrib-
ute mainly at high energies. However, there can be some small differences between 
the totals for these two approaches. 

 In addition to the individual dose components, two different sums of the dose 
components are used:

   Total dose is the sum of all dose components without any weighting, that is, • 
physical absorbed dose. Total dose is used more often in radiobiology experi-
ments than in clinical practice.  
  Biologically weighted dose is the weighted sum of all dose components, each • 
multiplied by a weighting factor which is usually an experimentally measured 
RBE (relative biological effectiveness) or CBE (compound biological effective-
ness) factor  [  47  ] . Weighted dose expresses the radiation dose in approximately 
photon-equivalent units to account for the varying biological effectiveness of the 
different high- and low-LET dose components. Most often, dose prescriptions 
are expressed in weighted dose. Strictly speaking, the units of weighted dose are 
gray (Gy) since biological weighting factors are unit-less, but weighted dose is 
often expressed in units denoted as Gy 

w
  to distinguish it from unweighted physi-

cal absorbed dose.    
 Each planning system has its own set of kerma factors used for dose calculations. 

The differences between the kerma factors used by the various planning systems for 
a given dose component are mostly small, but a few differ signi fi cantly  [  22,   48  ] . 
Also, those transport codes that use multigroup cross section data also use multi-
group kerma factors.  

    16.2.3.5   Statistical Uncertainty 
 Due to the stochastic nature of the Monte Carlo simulation process, the calculated 
dose at each point in the computational grid has an associated statistical uncer-
tainty (standard deviation); that is, the calculated dose is known imprecisely. 
Shortly after a simulation starts, few particles have been scored and statistical 
uncertainties are high. As more and more particles are simulated, more particles 
score at each point in the computational grid, and the relative contribution of each 
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particle to the mean dose scored (which is the calculated dose) is reduced. Thus, 
with increasing numbers of simulated histories, the  fl uctuations in the calculated 
dose are reduced, and the calculated dose converges on its “true” value. AAPM 
task group 105 provides an instructive review of statistical issues associated with 
Monte Carlo-based treatment planning  [  49  ] . 

 The standard deviation of calculated doses is affected by several factors. Standard 
deviation decreases with more histories and is roughly inversely proportional to the 
square root of the number of histories. The size of individual elements of the scoring 
mesh also affects statistical uncertainty. With a  fi ner mesh, fewer particles will score 
in each element; standard deviation is roughly inversely proportional to the square 
root of the volume of each mesh element. For phase space  fi les, variability of par-
ticle weight can also contribute to statistical uncertainties. High weight particles 
recorded in a phase space  fi le that sometimes result from unfavorable variance 
reduction techniques in the prior upstream simulation of the beam can introduce 
high variance to an otherwise acceptable calculation. Typically, with a 1-cm 3  scor-
ing mesh, standard deviations well under 1 % at the dose maximum are easily 
achievable for most dose components with a few tens of millions of histories, but 
this depends on the speci fi c details of the beam and source model. 

 Unfortunately, most planning systems do a poor job of reporting the statistical 
uncertainty of calculated doses. It is nevertheless important for the treatment plan-
ner to keep statistical uncertainty in mind, because until enough histories have been 
simulated that the calculation is well converged, the calculated doses may deviate 
signi fi cantly from their  fi nal, well-converged values. In other words, if not enough 
histories are simulated to obtain convergence for a treatment plan, the actual deliv-
ered doses may differ from planned doses signi fi cantly. For example, during a dosi-
metric renormalization study, it was observed that the maximum weighted dose for 
a particular patient decreased by 5 % when the number of particle histories was 
increased from 0.5 to 15 million  [  22,   50  ] . Quick simulations with low numbers 
(<10 6 ) of histories can be useful for scoping calculations, where the planner wants 
to rapidly assess different beam orientations, but only well-converged calculations 
with large numbers of histories should be used in the  fi nal plan for calculation of the 
monitor units to be delivered.   

    16.2.4   Planning System Quality Assurance and Veri fi cation 

 Quality assurance of planning systems is an ongoing process that begins with 
software developers and continues with the end users of a TPS. A detailed treat-
ment of this expansive topic is beyond the scope of this chapter; AAPM task 
group 53 provides extensive guidance on quality assurance of clinical radiother-
apy treatment planning systems, much of which is directly applicable to NCT 
treatment planning systems  [  51  ] . Complex software like treatment planning sys-
tems is dif fi cult to test thoroughly. To assist with dosimetric aspects of the quality 
assurance process for new TPSs and to aide in evaluating the accuracy of existing 
NCT TPSs, two suites of reference problems have been developed. The  fi rst set of 
reference problems provides depth-dose data for a range of monoenergetic and 
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broad spectrum neutron and photon beams calculated on the beam central axis in 
a head phantom using the well-benchmarked Monte Carlo transport code MCNP 
 [  8  ] . The second set of reference problems extends the  fi rst by adding two phan-
toms, a large rectangular water phantom irradiated with an epithermal neutron 
beam and a leg phantom that simulates treatment of peripheral melanoma lesions 
with a thermal neutron beam  [  22,   52  ] . More importantly, for the two anatomic 
phantoms, the second test suite includes the multidimensional dose data com-
monly used for analysis in clinical treatment planning, that is, isodose curves and 
dose-volume histograms. In all of the reference calculations, the phantom geom-
etries were modeled using geometric primitives (i.e., combinatorial geometry) 
thereby avoiding approximations in geometry usually employed by planning sys-
tems. For both sets of reference problems, image data of each phantom are pro-
vided that can be imported into planning systems to allow development of 
treatment plans for comparison with the reference data.  

    16.2.5   Planning System Calibration and Validation 

 It is sometimes assumed that when Monte Carlo simulation is used for dose calcula-
tions, high levels of accuracy are guaranteed. This misconception should be avoided. 
Prerequisites for accurate dose calculations include, in addition to a good physics 
model, a simulated radiation source that faithfully represents the actual radiation 
source. Errors or inaccuracies in software or the radiation source de fi nition can lead 
to signi fi cant errors in calculated dose. Validation, the process of con fi rming calcu-
lations with measurements, is perhaps even more important for NCT planning sys-
tems than for external beam photon planning systems because of the uniqueness of 
each neutron beam and because NCT planning systems have small user bases. 
Validation is an important opportunity for carefully assessing the accuracy of the 
TPS and source model and ensuring that they work as expected. 

 The fundamental quantity of interest in radiotherapy is dose, that is, energy 
deposited by ionizing radiation per unit mass of medium, and this is the quantity 
that must be used for calibration and validation of the planning system in appropri-
ate phantoms. Calibrating to other measured quantities such as  fl uence is not appro-
priate and in some circumstances may lead to errors  [  22  ] . Dose measurements for 
TPS calibration should be made using instruments with calibrations traceable to 
national or international standards as described in Chap. 13 and 14.    Other types of 
measurements such as in-air spectral measurements may be helpful if problems in 
the beam source de fi nition are identi fi ed, but recent results  [  21,   22  ]  suggest that, at 
least for some beams, the source phase space may be too complex to be well 
described by spectral measurements at a single point or by integral angular 
distributions. 

 Calculations for TPS calibration and validation should attempt to closely match 
the measurement conditions. For instance, if an A-150 tissue equivalent plastic (TEP) 
ion chamber is used for dose measurements, kerma factors for A-150 TEP should be 
used for calculations. Likewise, neutron  fl ux calculations should mimic measure-
ments. For example, at Harvard-MIT, where gold foil activation measurements of 
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thermal neutron  fl ux are made using the cadmium difference technique, a cadmium-dif-
ferenced 1  gold cross section is used to weight calculations of the 2,200 m/s (0.0253 eV) 
thermal neutron  fl ux. Note that, as indicated above, this neutron  fl ux comparison 
aides in evaluation of the TPS but is not, strictly speaking, used for calibration. An 
additional consideration is that the planning system itself must be used for calibra-
tion rather than a distinct computational model (e.g., an MCNP model), and the same 
type of geometric representation used for simulating patient irradiations must be 
used to represent the phantom in calibration simulations. Otherwise, subtle errors 
may go undetected  [  22,   50  ] . 

 A number of different kinds of phantoms have been used in TPS validation and 
calibration. Water is a frequent choice for phantom material since it mimics the 
transport characteristics of brain  [  53  ]  and many other tissues rather well and is read-
ily available in high purity. Large rectangular water phantoms, like those commer-
cially available for conventional radiotherapy, often have motorized drive systems 
that allow remote repositioning of ion chambers or other detectors to facilitate mea-
surement at multiple positions. The  fl exibility that these phantoms afford in posi-
tioning detectors is particularly advantageous for measuring along multiple axes. 
The disadvantage of large water phantoms is that, most often, they do not mimic the 
actual clinical situation well. The very large mass of the phantom in comparison to 
a much less massive patient or anthropomorphic phantom raises the thermal neutron 
 fl ux and induced photon dose by 20–30 % or more  [  54,   55  ] . The augmented photon 
and thermal neutron dose further increase the dif fi culty of fast neutron measure-
ments. Also, patients have irregular, curved external surfaces, and rectangular water 
phantoms do not test the ability of planning systems or source models to handle 
such geometries. Furthermore, features of the angular distribution that may be 
important in anthropomorphic phantoms can be less signi fi cant in large rectangular 
water phantoms  [  22  ] . It may be prudent to calibrate in a phantom that has geometric 
characteristics more similar to the clinical target of interest than a large rectangular 
water phantom. 

 Comparing measurements and calculations in two different phantoms, like a 
large rectangular water phantom and a smaller anthropomorphic phantom, provides 
a good test for the TPS and source model. Rectangular water phantoms afford free-
dom of position for dosimeters, while anthropomorphic (or simpler appropriately 
sized and shaped dosimetry) phantoms offer more clinically relevant and realistic 
conditions to assess accuracy and calibrate the TPS. A number of different anthro-
pomorphic phantoms have been used in BNCT clinical dosimetry  [  56  ] . One well-
known example is the MIT ellipsoidal head phantom  [  57  ] . 

 Generally, TPS calibration involves adjusting the dose rates calculated with the 
TPS to match measurements and determining a relationship between beam monitor 
count rates and dose rate in a reference phantom. Two different approaches can be 
used to adjust calculations to match measurements for calibration. 

   1   The cadmium-differenced gold cross section is the difference between an unattenuated “bare” 
gold absorption cross section and the gold cross section attenuated by 0.439 g/cm 2  cadmium.  
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 The  fi rst approach for adjustment involves applying    post facto multiplicative scale 
factors to each of the  fi ve calculated dose components to improve agreement with 
measurements. Generally, least squares analysis is used to determine the scale factors 
and residuals should be plotted to assess whether a systematic difference exists between 
measurements and adjusted calculations. Clearly, this approach to correction is simple, 
adjusting only the gross magnitude, and these scalar adjustments will not alter the 
shapes of the dose curves to improve agreement. When using this method, generally 
one should  fi nd that the scale factors for the thermal neutron dose, boron dose, and 
induced photon dose are very nearly identical because all three are derived from ther-
mal neutrons, either directly or indirectly. Of course, these scale factors should also 
very closely follow the scale factor determined for the thermal neutron  fl ux. Because 
of the large uncertainty associated with fast neutron measurements in-phantom, it can 
be very helpful to also compare measurements and calculations in-air, where the mea-
surement uncertainty is lower due to the elimination of the induced photon dose com-
ponent. Similarly, for the incident photons, which may be a small fraction of the total 
photon dose, in-air comparisons of measurements and calculations are valuable. 

 Independent adjustments of the induced and incident photons are appropriate 
and usually necessary because the two components arise from different sources. 
Induced photons are produced in the phantom, mainly by the  1 H(n, g ) reaction, while 
the incident photons arise in the beam from various reactions, both prompt and 
delayed. The incident photon component can be dif fi cult to correctly model because 
delayed gammas can contribute signi fi cantly to this component and most codes 
used for simulating neutron beams are not able to handle delayed gammas well 
because of their time-dependent nature. This dif fi culty often leads to scale factors 
for incident photons that are larger than others, for example, for the MIT  fi ssion 
converter beam, the scale factor for incident photons is ~2.0, while those for other 
dose components are close to unity  [  55,   58  ] . 

 The second, more complicated method of adjusting calculated doses to match mea-
surements involves tuning the source de fi nition in the Monte Carlo model. This is 
usually limited to altering the (total) source strength for either the neutrons or the 
incident photons or modifying a portion of the neutron or photon spectra. This method 
offers greater  fl exibility but is not preferred because identifying the region of the mul-
tidimensional phase space requiring adjustment is seldom straightforward. This 
method cannot be applied to sources using phase space  fi les without heroic efforts; it 
is otherwise limited to sources de fi ned using probability distributions. As with the  fi rst 
method, least squares and residual analysis are helpful in assessing agreement. 

 Validation in a large water phantom should include comparison of measurements 
and calculations on several axes so that the agreement in three dimensions can be 
assessed. These comparisons should include depth-dose pro fi les on the central axis 
and at off-axis positions, for example, in the penumbra, to assess the penetration of 
the beam as well as horizontal and vertical pro fi les (orthogonal to the central axis, 
e.g., at the depth of the thermal neutron  fl ux maximum) to assess the width of the 
beam and its symmetry, as illustrated in Fig.  16.4 . Furthermore, if the beam source 
de fi nition and TPS assume rotational symmetry of the beam around its axis, then the 
validity of this assumption should also be assessed with measurements. Signi fi cant 
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differences between calculations and measurements that cannot be corrected by 
simple scaling may indicate a need to reassess the source model. The report of 
AAPM task group 53  [  51  ]  and IAEA report TRS430  [  59  ]  provide guidance on 
acceptable tolerances for deviation between dose measurements and TPS calcula-
tions for photon and electron radiotherapy. Although the measurement uncertainties 
in NCT dosimetry are considerably higher than for photons and electrons, this guid-
ance is nevertheless instructive for NCT practitioners.  

 A recent interinstitutional comparison of clinical NCT dosimetry identi fi ed large 
differences between computed clinical dosimetry and dose measurements made 
using a common method  [  60  ] . External quality assurance checks on machine cali-
bration are quite common in external beam radiotherapy and are frequently required 
for participation in interinstitutional clinical trials  [  61,   62  ] . With the high level of 
complexity and lack of standardization of NCT physical and computational dosim-
etry, external checks on clinical dosimetry can provide a valuable con fi rmation of 
the TPS calibration. Such dosimetric comparisons are considered by many to be an 
important prerequisite to initiating human clinical trials. 

 Finally, during the calibration process, it may be convenient to de fi ne a “beam 
monitor unit” that packages a large number of beam monitor counts into a more 
meaningful and intuitive quantity. For example, useful de fi nitions of a monitor unit 
include beam monitor counts corresponding to 1 min of irradiation at full power or 
corresponding to delivery of a certain dose in the calibration phantom, for example, 
1 cGy 
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  Fig. 16.4    Part of planning system validation, using a comparison of measured and calculated 
thermal neutron dose rates in a large rectangular water phantom. These data for the MIT  fi ssion 
converter beam are assessed on the central axis of the beam, at off-axis positions at a distance of 
8 cm from the central axis, and in a horizontal pro fi le at 2.5-cm depth, near the thermal neutron 
 fl ux maximum  [  55  ]        
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    16.2.6   Treatment Planning Systems 

 All current NCT treatment planning systems are noncommercial and have been 
developed by small teams usually with expertise in nuclear engineering. Table  16.1  
lists characteristics of the 5 TPSs that have been used in clinical trials of NCT. NCT 
planning systems in development (not yet used clinically) are listed in Table  16.2 .     

    16.3   Clinical Aspects: The Treatment Planning Process 

 In this section, process of treatment planning for BNCT is described. The work fl ow 
of the treatment planning process for BNCT is similar to other types of radiotherapy 
such as external beams of photons, electrons, or protons. The major differences with 
treatment planning of conventional external beam radiation are that (1) dose target-
ing is obtained through the biochemical selectivity of the boron compound rather 
than through geometric targeting of highly collimated beams of radiation, (2) distri-
butions of several dose components are generally computed using the Monte Carlo 
radiation transport methods, and (3) consequently, the time required for planning 
may be longer than for conventional radiotherapy, depending on what computa-
tional resources are available for dose calculations. 

   Table 16.2    Characteristics of NCT treatment planning systems in development   
 TPS  THORPlan  MCDB  BDTPS  MiMMC  MINERVA 
 Developers  Tsing Hua 

University 
 IAPCM, 
Beijing 

 Pisa/JRC 
Petten 

 Harvard-MIT  INL/MSU 

 Platform  Windows  Windows  Windows  MATLAB  Java 
 Geometry model  Voxel  Voxel  Voxel  Voxel  Univel 
 Transport  MCNP4C  MCNP4C a   MCNPX  MCNP4B a /5  JART 

  All of these TPSs employ continuous energy cross section data 
  a A modi fi ed version of the code is used for transport calculations  

   Table 16.1    Characteristics of NCT treatment planning systems used in clinical trials   
 TPS  BNCT_Rtpe  MacNCTPlan  JCDS  SERA  NCTPlan 
 Developers  INEEL  Harvard-MIT  JAEA  INEEL/MSU  Harvard-

MIT + CNEA 
 Operating 
system 

 HP UX  Macintosh  Windows  Linux & 
Solaris 

 Windows 

 Geometry 
model 

 NURBS  Voxel  Voxel/
multi-voxel 

 Univel  Voxel 

 Transport  rtt_MC  MCNP4B a   MCNP5  seraMC  MCNP4B a /5 
 Cross section 
data 

 Multigroup  Continuous 
energy 

 Continuous 
energy 

 Multigroup  Continuous 
energy 

 Source 
de fi nition 

 In-collimator 
PDF 

 In-air PDF  Phase space 
 fi le 

 In-collimator 
PDF 

 In-air PDF/
phase space 
 fi le 

   a A modi fi ed version of MCNP4B is used for transport calculations  
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    16.3.1   Patient Data Acquisition 

 In the treatment planning process, a 3D computational model of each patient is 
constructed for dose calculations. Tomographic medical images of the patient are 
acquired as the fundamental data of the model. A series of axial CT and/or MR 
images are usually employed. The matrix size of each CT image is usually 
512 × 512 pixels, and the size for MR is usually 256 × 256. Slice thickness is usu-
ally around 2–5 mm, but a few planning systems have particular requirements for 
slice thickness and image size. When high resolution imaging is needed, a nar-
row slice thickness, such as 2 mm, is used. However, for most types of compu-
tational models, the image resolution is not directly related to calculation 
accuracy. 

 Immediately prior to imaging, reference points on the skin of the patient may be 
selected, marked with ink, and their spatial coordinates measured using a 3D digi-
tizer  [  63  ] . Prior to scanning, an adhesive-backed radiographic marker (a Te fl on or 
metallic BB) is applied to each reference point, enabling identi fi cation of the points 
on imaging. The reference points may later be used in the positioning process to aid 
in localizing the beam entry point or other points of interest. 

 In recent years, acquisition of PET image data with  18 F-BPA, the radiolabeled 
analog of boronophenylalanine, has been recommended. The  18 F-BPA PET data 
provides information on the BPA concentration ratio between the tumor and normal 
tissue regions  [  64,   65  ] . Prior acquisition of  18 F-BPA PET data helps to determine 
whether BNCT is indicated for a patient as well as to provide information on the  10 B 
distribution for treatment planning  [  66  ] .  

    16.3.2   Image Processing 

 For the format of the images, newer planning systems generally use the DICOM 
format, which is the standard in the medical imaging  fi eld. More familiar image 
formats such as bitmap and JPEG can also be used in some planning systems. Older 
planning systems use other formats. For example, SERA and BNCT_Rtpe use the 
QSH image format, while NCTPlan and MacNCTPlan use the multipage TIFF for-
mat. For those planning systems, image data from the CT or MR scanner must be 
converted into the appropriate format. Prior to loading images, some planning sys-
tems that directly rely on the image data to construct voxel models may require that 
the images be cleaned. That is, the image data may need to be manipulated to elimi-
nate defects such as dental artifacts and to erase patient-supporting devices like 
head cups and the scanner table to the same grayscale value as air. Using the DICOM 
image format facilitates the modeling process because important geometric infor-
mation such as slice thickness, pixel size, and axial position are stored in the header 
part of DICOM image  fi les. If conventional image formats like bitmap or TIFF are 
used, this geometric information must be supplied by the user since the conven-
tional image formats lack this important information.  
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    16.3.3   Target Volume De fi nition 

 Contouring target volumes and organs at risk on the tomographic images is an early 
step in the treatment planning process. These volumes are chosen according to the 
de fi nitions given in ICRU reports 50 and 62  [  67,   68  ] . First, gross tumor volume 
(GTV) is speci fi ed as the gross extent of disease that is palpable, visible, or demon-
strable on imaging. For postoperative irradiation of malignant brain tumors, it is 
dif fi cult to de fi ne the GTV precisely because most of the tumor volume is removed 
in the debulking operation. In this case, the enhancing rim of the excised tissue is 
de fi ned as the GTV. For an effective therapy, not only must the gross disease be 
treated, but also the nearby tissue containing subclinical microscopic disease must 
be treated. For this reason, the clinical target volume (CTV) is de fi ned as tissue that 
contains GTV and/or subclinical, microscopic disease. In BNCT for malignant 
brain tumors in Japan, the CTV is usually de fi ned as a 2-cm expansion of the GTV. 
Some treatment planning systems, like JCDS, can de fi ne the CTV region automati-
cally based on the GTV. Other regions such as the planning target volume (PTV), 
treated volume, and irradiated volume are de fi ned as appropriate. If  18 F-BPA PET 
data can be acquired, the  18 F-BPA data may be utilized to help de fi ne the target vol-
umes as mentioned above. Edematous regions, which often contain subclinical dis-
ease, are de fi ned as the situation demands. Furthermore, several organs at risk 
should be de fi ned in addition to the target volumes. The organs at risk are normal 
tissues near the CTV whose radiation sensitivity may signi fi cantly in fl uence the 
treatment plan. Contouring the target volumes and organs at risk allows quantitative 
evaluation of competing treatment plans by using dose-volume histograms (DVHs) 
and relevant dose statistics such as maximum dose, mean dose, and minimum dose 
for the de fi ned volumes.  

    16.3.4   Model Construction 

 To perform neutron and photon transport calculations and determine the dose distri-
bution, a 3D computational model of the patient, with appropriate material compo-
sitions and densities, must be constructed from the tomographic images. In 
conventional radiotherapy, treatment planning calculations usually assume the 
patient’s body to have the composition of water, either with a density scaled to 
match that observed in the patient’s CT data (heterogeneous calculations) or with a 
uniform density of water inside the body, that is, 1.0 g/cm 3  (homogeneous calcula-
tions). As discussed in Sect   . 16.2.3.2, such a simple approach is not feasible for 
BNCT treatment planning because neutron cross sections vary dramatically between 
nuclides and because elemental composition also differs between tissues and may 
signi fi cantly affect neutron transport. Thus, in BNCT treatment planning, detailed 
elemental compositions and densities must be de fi ned for Monte Carlo radiation 
transport calculations. The tissue composition data generally employed are those 
recommended by ICRU report 46  [  38  ]  with the addition of the neutron capture agent 
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( 10 B or  157 Gd) mixed into the tissue at appropriate concentrations so that thermal 
neutron  fl ux depression is correctly modeled in neutron transport calculations. 

 To create a computational model, regions of the same composition in the body 
(and surrounding air) must be identi fi ed in each image slice. Neutron behavior in 
tissue depends largely on hydrogen density. Thus in models for BNCT treatment 
planning, human tissue and air are separated, and furthermore, the body tissue is 
differentiated into soft tissue and bone, because the hydrogen density differs greatly 
between these tissues. As shown in Fig.  16.1 , when using CT images, the three 
regions can be easily distinguished by applying thresholds to the CT image values 
(Houns fi eld numbers) of every pixel since there is a piecewise linear relationship 
between density and Houns fi eld number. When using MRI data, the regions must be 
separated manually on every slice since such a convenient relationship does not exist 
as for CT. Depending on the capabilities of the treatment planning system and the 
requirements of the treatment protocol, structures such as skin, brain, or other organs 
may be separated in distinction to the soft tissue. The 3D computational model of the 
patient is constructed using one of the three methods of geometric representation, 
that is, a voxel, univel, or NURBS model, as described in Sect   . 16.2.1. 

 Alteration of the model beyond what is visible in the image data may also be 
appropriate, depending on the conditions during treatment. For example, regions of 
shielding materials made of lithium  fl uoride (LiF) loaded polyethylene and/or build-
up materials such as bolus used during treatment are de fi ned as needed. Also, in 
intraoperative BNCT with thermal neutron beams, which had been conducted in 
Japan until the early 2000s, irradiations were performed with the scalp and skull 
above the tumor re fl ected. Hence, for treatment planning of intraoperative BNCT, 
the regions of re fl ected skin and skull were replaced by air to accurately simulate 
irradiation during craniotomy.  

    16.3.5   Beam Selection 

 Using a 3D computational model constructed as described above, irradiation condi-
tions such as beam orientation, size, and shape are set. Because most facilities are 
reactor-based and have  fi xed beams, treatments are not isocentric. In typical treat-
ment plans, the beam orientation is often determined by aligning the central axis of 
the beam to the center of the CTV or GTV. However, when organs at risk are located 
inside the irradiation  fi eld, near the target volumes, the beam may be offset in order 
to reduce dose delivered to healthy organs. For single- fi eld irradiations, usually an 
optimum treatment plan results from setting the beam orientation to minimize the 
distance between the surface of body and the deepest point of the CTV, where its 
minimum dose occurs; this approach will maximize the minimum dose to the CTV. 
In the case of two- fi eld or multi- fi eld irradiations, bilateral or obtuse angle treatment 
plans are usually applied to suppress the maximum skin and/or normal tissue doses, 
especially if the radiation  fi elds overlap. 

 In Japan, both reactor-based BNCT facilities have spectrum shifting systems 
which can change the neutron spectrum from epithermal to thermal; a few other 
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facilities also have both epithermal and thermal neutron beams available. 
Nevertheless, epithermal neutron beams are applied in most treatments. However, in 
BNCT for super fi cial tumors such as melanoma and meningioma, a less-penetrating 
thermal or mixed thermal-epithermal neutron beam is employed. Hence, an appro-
priate neutron spectrum should be chosen depending on the depth of the target and 
availability of neutron beams. 

 Neutron beam size and shape in BNCT differ from other external beam radia-
tion modalities, which generally use adjustable collimator jaws and blocking 
devices such as the multi-leaf collimator to conform a highly collimated radiation 
 fi eld to the target volume. Neutron beam ports for BNCT are typically circular in 
shape. Usually, a circular beam size at least as large as the target volume is applied 
to ensure coverage of the target. Generally, open  fi elds are employed in BNCT 
treatments, but occasionally blocking is used to shield sensitive areas or achieve 
other dosimetric goals. For example, in Japanese BNCT treatments for head and 
neck cancer, LiF-loaded thermoplastic shielding is placed over the eyes to block 
these radiosensitive organs, as shown in Fig.  16.5 . During the treatment planning 
process, the appropriate size and location of the shielding materials must be 
determined. A  different blocking technique often used in Japanese BNCT for 
malignant brain tumors, the central beam shielding method, is applied to improve 
dose distribution around target volumes  [  69  ] . In this technique, a small disc made 
of LiF-loaded thermoplastic resin is  fi xed in the center of the beam aperture, and 
the resulting annular beam irradiates the patient. This innovative form of inten-
sity modulation serves to  fl atten the peak of the thermal neutron  fl ux distribution 
and improve the dose uniformity. The disc must be sized appropriately for the 
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Neutron
beam

Neutron
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ϕ10 cm beam port
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  Fig. 16.5    Computational dosimetry for head and neck cancer BNCT using the JCDS planning 
system showing ( a ) 3D rendering of the patient model and ( b ) the calculated thermal neutron  fl ux 
distribution. Custom blocking using LiF-loaded plastic is used to shield the eyes and other organs 
at risk       
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situation since the beam intensity and dose distribution in the body change with 
both disc size and beam port size. A related technique, which uses lithium metal 
 fi ltration applied uniformly over the whole beam, achieves modest improvements 
in beam penetration by hardening the epithermal neutron spectrum  [  70  ] .   

    16.3.6   Plan Evaluation and Optimization 

 Standard tools for dose visualization and analysis such as isodose contours and 
DVHs are generally used to evaluate treatment plans in BNCT. The presentation of 
dose in BNCT treatment planning is, however, somewhat unconventional. Typically, 
total weighted doses for tumor tissue and for normal tissue(s) are calculated sepa-
rately, each for the entire dose grid using different boron concentrations and weight-
ing factors (RBEs) assumed for each tissue. This means that when isodose contours 
are shown, as in Fig.  16.6 , the calculated tumor dose is not limited to the extent of the 
target volume. Conversely, the normal tissue dose is also shown inside the target 
volume as in Fig.  16.6 . The rationale for this approach is that the exact boundary of 
the tumor is unknown, and microscopic, subclinical disease extends well beyond the 
enhancing tumor volume detectable on imaging. For the purpose of developing and 
optimizing the treatment plan, it is not important, and probably not helpful, to see a 
composite set of tumor and normal tissue isodose contours. Because dose targeting 
is obtained through the selectivity of the boron, the task of the treatment planner is to 
deliver adequate thermal neutron  fl uence to the target volume, and this is more easily 
optimized using distinct sets of isodose contours for tumor and normal tissue.  

 Optimizing a treatment plan involves selecting the orientation, size, and, in some 
cases, spectrum for a beam or set of beams to deliver the radiation dose. Generally, 
a plan that produces the highest dose in target volumes while complying with the 
dose prescription and respecting dose limits on normal tissues and organs at risk is 
optimal. However, other important factors such as irradiation time and patient posi-
tion during irradiation must also be considered since these affect the implementa-
tion of the plan, that is, treatment delivery. For single- fi eld treatment plans, 
optimization of the plan is usually relatively straightforward; it only involves choos-
ing among several candidate beams and determining the desired dose and the cor-
responding number of beam monitor units to deliver. For multi- fi eld treatment plans, 
optimization is substantially more complicated because one must choose a few 
(usually nonoverlapping)  fi elds from a pool of candidate  fi elds and determine how 
the  fi elds should be weighted 2  in order to best achieve the dosimetric objectives of 
the treatment. In most planning systems, it is very time-consuming and tedious to 
manually search the treatment plan parameter space to determine the optimal set of 
 fi elds and their weights for any more than a very small number of candidate  fi elds. 
To solve this problem, a simplex search algorithm to optimize the boron dose to a 

   2   Beam weight is most often taken to be proportional to beam monitor units, but other de fi nitions, 
such as fraction of dose delivered to a point or structure, may also be used.  
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  Fig. 16.6    Three- fi eld treatment plan for a brain tumor (GBM) patient calculated using the 
MiMMC planning system. The prescription is a mean brain dose of 7.7 Gy 

w
 . Isodose contours 

calculated for tumor and normal brain are shown on axial and sagittal slices through the target 
volumes. The integral dose-volume histograms (DVHs) summarize dosimetry for structures of 
interest including target volumes and organs at risk       
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large number of target volumes, subject to constraints on the organs at risk, has been 
implemented in software external to the treatment planning system  [  3,   71  ] . A simi-
lar approach, based on optimizing parameters of the weighted dose DVHs for target 
volumes and organs at risk, has been used to plan treatments for a small number of 
patients at Harvard-MIT  [  58  ] .  

    16.3.7   Dose Prescription 

 In external beam radiotherapy, radiation dose is usually prescribed to the tumor or 
target volume or a convenient point nearby. In BNCT, the situation is more compli-
cated as a result of the numerous dose components and other factors not normally 
encountered in conventional radiotherapy modalities such as the different calcula-
tions of dose for normal tissue and tumor tissue. Because many clinical trials have 
a phase I orientation, where safety and determination of the tolerance dose are prin-
cipal endpoints, prescriptions are frequently de fi ned by a limit on normal tissue 
dose rather than by delivery of a desired tumor dose. Another factor supporting the 
use of normal tissue dose is that the estimates for boron concentrations in tumor 
tissue are not considered to be particularly reliable. 

 Several different methods of dose prescription have been used in clinical trials of 
BNCT. Most use the (total) weighted dose for prescription since it expresses the 
composite dose in approximately photon-equivalent dose units. Early methods pre-
scribed maximum weighted dose in the patient (wherever it occurred)  [  24  ]  or in 
particular organs, for example, brain. Additional limits on the maximum weighted 
dose to other organs at risk, for example, skin, oral mucosa, and spinal cord, are also 
frequently applied. Some later protocols employed the mean weighted dose to an 
organ at risk (i.e., brain) as the prescription point  [  58  ]  or employed limits on both 
maximum and mean weighted dose to the volume  [  72,   73  ] . In those protocols, the 
use of the mean brain dose re fl ects an intent to incorporate dose-volume aspects of 
the dose response into the prescription. Subsequently, mean brain dose was shown 
to be more strongly correlated with the incidence of somnolence (which was 
expected to precede more signi fi cant neurological toxicity) than maximum brain 
dose  [  50  ] . Prescriptions based on the minimum weighted dose in the target volume 
have also been used. This approach is attractive in the phase II setting where the 
principal endpoint is ef fi cacy, but a disadvantage of this approach is that the dose 
delivered to the prescription point is particularly sensitive to errors in predicted 
blood boron concentration. An exception to the use of weighted dose is the clinical 
trial for glioblastoma at Petten using BSH (EORTC trial 11961), which employed 
the dose group identi fi cation Point (DGIP) concept for dose prescription. In this 
method, the boron dose component is prescribed at the location of the thermal neu-
tron  fl uence maximum in the patient, the DGIP  [  59  ] . An advantage of this approach 
is that it avoids the use of weighting factors, which are associated with signi fi cant 
uncertainty and an imprecise dose-response model, but it also makes transfer of 
clinical experience to other facilities more dif fi cult since the prescription does not 
account for all dose components.  
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    16.3.8   Treatment Plan Quality Assurance 

 Before delivery of a treatment plan, the plan must be reviewed by a quali fi ed medi-
cal physicist and the responsible physician for quality assurance purposes. The 
review should include assessing whether the dose prescription is met and whether 
doses delivered to each structure (organs at risk and target volumes) are reasonable 
and within acceptable limits. The medical physicist should also check that the beam 
monitor units or irradiation time are reasonable and correct. 

 In external beam radiotherapy with photons, the check of monitor units is usually 
realized as a simple hand calculation of dose, independent from the planning sys-
tem, using tabulated data based on measurements in a large water phantom. Provided 
that the calculation point is judiciously chosen, the simple manual dose calculation 
algorithms available for photons generally work very well, yielding agreement 
within a few percent of sophisticated model-based algorithms. Unfortunately, simi-
lar manual techniques for NCT dose calculations do not exist. For this reason, moni-
tor unit checks for NCT treatment plans are frequently based on comparisons with 
in-phantom dose measurements. For example, at JAEA an extensive set of measure-
ments using a simple water phantom was prepared to con fi rm treatment plans. This 
data set includes measurements of neutron  fl ux and dose components along the 
central axis of the beam in the phantom, beam pro fi les at various depths, output 
measurements, and the effect of phantom size and beam port size on the dose com-
ponents. The data set includes measurements for each beam port. Treatment plans 
are checked by comparing the available benchmark data and dosimetry results in the 
plan. Moreover, comparison with other, similar treatment plans previously delivered 
may aid review of the plan.   

    16.4   Treatment Delivery 

 This section describes aspects of treatment planning relevant to treatment delivery, 
including patient positioning and immobilization, pharmacokinetic modeling for 
 10 B prediction, and retrospective analysis and dose reporting. 

    16.4.1   Patient Positioning and Immobilization 

 Patient positioning and immobilization in fl uence implementation of a treatment 
plan and consequently also affect therapeutic ef fi cacy. Therefore, precise patient 
positioning and immobilization are required. In addition, quick positioning work in 
the irradiation room is often needed because dose to the patient as well as the medi-
cal team should be kept as low as is reasonably achievable. Positioning patients for 
BNCT treatment is more dif fi cult than for other external beam radiation modalities, 
because neutron beam ports at nuclear reactors are stationary and cannot be rotated 
around the patient as medical linacs can. Thus, to achieve the desired  fi eld orienta-
tion, the patient is moved rather than the beam. Positioning and immobilization 
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must be done in consideration of the patient’s posture and comfort, because the 
patient must maintain a  fi xed position relative to the beam port during irradiation. 
Simulating treatment, either in a simulator room or in the actual treatment room, 
well before radiation delivery is important to ensure that the treatment plan is in fact 
deliverable and to establish the details of the immobilization technique to be applied. 
A number of unique approaches for patient positioning have been proposed, and 
various techniques and devices have been developed at each BNCT facility  [  56,   63, 
  74–  76  ] . In this section, typical methods are introduced. 

 Most BNCT facilities have a simulator that replicates the geometry of the treat-
ment room for the purpose of positioning, immobilizing, and marking the patient 
in a convenient environment outside the treatment room where the dose rate is low. 
Simulators have a dummy beam port mounted on the walls and multiple lasers that 
project along the central beam axis or to other reference points. A patient is posi-
tioned with the dummy beam port by using the lasers and supporting devices like 
cushions, head cups, or, in some cases, a stereotactic frame. Reference marks (ink) 
which are required for patient positioning in the treatment room are applied to the 
patient. The simulator enables the medical team to go to behind the dummy beam 
port and observe irradiation  fi eld on the patient from the beam’s eye view. The 
irradiation room has a set of lasers identical to those in the simulator; lasers lines 
projected from the left and right lateral walls and from the ceiling intersect on the 
beam central axis. When positioning the patient in the treatment room, by match-
ing the laser lines and marks on the patient or several features such as the nose, 
ears, and eyes, the patient can quickly and precisely be placed in the irradiation 
position. 

 Another technique for positioning patients for treatment employs reference 
points marked on the patient in combination with a 3D digitizer to determine the 
beam entry point and a template  fi tted to the patient’s head to determine the proper 
beam orientation  [  63  ] . A coordinate transformation between the CT image data 
and reference points on the patient determined by a least squares algorithm based 
on singular value decomposition is used to map the beam entry point from the 
planning system onto the patient with the 3D digitizer. The beam entry point 
marked on the patient is aligned with a removable beam’s eye view laser to set 
position and the source to surface distance is checked with a precisely machined 
wooden block. 

 For malignant brain tumor treatments, patients are often positioned on a treat-
ment couch supine. In head and neck cancer cases treated in Japan, most patients 
are immobilized on a chair-style treatment couch in a sitting posture. BNCT in 
Japan is now usually conducted without general anesthesia. Hence, to maintain 
position relative to the beam port face and to prevent movement of the patient dur-
ing irradiation, the head or body, including the target volume, should be immobi-
lized with a face mask and/or bands  fi xed to the treatment couch. For the sitting 
posture, the immobilization requires particular attention since the head may easily 
move. However, strong tightening produces discomfort and consequently induces 
further patient movement. Hence, immobilization with consideration of comfort is 
required. 
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 To verify positioning and immobilization of a patient, the distance between sev-
eral  fi ducial marks or features on the body and the beam port face are measured just 
before irradiation. In the measurement, a 3D digitizer may be used to determine 
coordinates of the marks on the patient relative to the beam port. In BNCT treat-
ments at JAEA, the digitizer measurements are fed back to treatment planning sys-
tem after irradiation to reconstruct the actual irradiation conditions and conduct a 
retrospective evaluation. Any patient movements during irradiation are monitored 
remotely using video cameras installed in the irradiation room. If signi fi cant move-
ment of the patient is observed, the patient may be instructed through the audio 
intercom system to take proper corrective action.  

    16.4.2   Pharmacokinetic Modeling for  10 B Prediction 

 The concentration of boron in both tissues and blood varies with time after admin-
istration of boron drugs. Since the boron dose component is directly proportional to 
the boron concentration in tissue, this time dependence must be accounted for in 
clinical dosimetry. Generally, tissue boron concentrations are modeled by using the 
product of the estimated blood boron concentration and a static tissue to blood boron 
concentration ratio as a surrogate for the actual tissue boron concentration because 
measuring in vivo tissue boron concentrations in real time is extremely dif fi cult. 3  
For example, in BPA-F-mediated BNCT of glioblastoma multiforme, the tumor to 
blood concentration ratio is commonly assumed at 3.5:1, while the brain to blood 
boron concentration ratio is assumed to be 1:1  [  78  ] . Clearly, the boron concentration 
during irradiation is important for treatment planning because it affects the calcula-
tion of the beam monitor units ( fl uence) to be delivered to the patient in each  fi eld. 
Generally, a preliminary estimate of beam monitor units to be delivered for each 
 fi eld is computed as part of the treatment plan based on an assumed boron concen-
tration. Since the actual boron concentration during treatment generally differs from 
that assumed in the preliminary calculation, the estimated beam monitor units must 
be revised accordingly during the course of treatment. 

 Estimating the correct number of beam monitor counts to deliver for a  fi eld 
requires predicting the mean blood boron concentration during the  fi eld. Because 
interindividual variation in blood boron concentration pro fi les is signi fi cant, up to 
~50 % with BPA-F  [  79  ] , the blood boron concentration pro fi le is usually measured 
for each patient, starting with the boron compound infusion and continuing until 
~24 h after irradiation. Figure  16.7  shows the initial portion of a blood boron con-
centration pro fi le for an infusion of BPA-F. Various schemes are available for blood 
boron concentration prediction that range in complexity and accuracy. One of the 

   3   It is important to appreciate that the common assumption of static ratios between tissue and blood 
boron concentrations is only made for convenience of dosimetry and does not re fl ect the actual 
pharmacokinetics at all times, generally characterized by the dynamic tissue loading and washout 
observed in animal models  [  77  ]  and in PET studies of humans using [ 18 F]BPA-F  [  64,   65  ] .  
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simplest approaches involves measuring a blood sample drawn immediately before 
irradiation and another drawn at the (estimated) midpoint and extrapolating linearly 
to predict the mean concentration during irradiation  [  80  ] . More sophisticated 
approaches for boron concentration prediction using multi-compartment pharma-
cokinetic models and exponential washout models are available  [  81,   82  ] . These 
methods make full use of the available data and offer better accuracy. Different 
strategies for using these models may be appropriate, depending on how many blood 
boron data points are available at the time of prediction  [  79,   83  ] . For short irradia-
tions, where the beam monitor units must be determined in advance, it is essential 
to be able to predict blood boron concentrations in advance based only on the partial 
data that are available at the start of irradiation. On the other hand, for long irradia-
tions, accurate prediction of the blood  10 B concentration in advance of irradiation is 
less important because, if frequent blood sampling is done during irradiation, then 
almost all of the concentration data used to determine the mean concentration dur-
ing irradiation is available before the end of irradiation and can be used to forecast 
the mean boron concentration  [  24  ] .  
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  Fig. 16.7    Measured blood  10 B concentration pro fi le and  fi tted pharmacokinetic model for a patient 
who received a 1.5-h infusion of 350 mg BPA/kg. Using only blood  10 B measurements available 
before the start of each irradiation (indicated by the  three shaded areas ), the pharmacokinetic 
model must accurately predict the mean  10 B concentration during each  fi eld so that the correct 
number of beam monitor units can be delivered. Mean  10 B concentrations are shown above each 
 fi eld (Adapted from data in Ref.  [  79  ] )       
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 Multi-fraction courses of treatment afford the opportunity to correct the devia-
tions between planned and delivered doses that result from incomplete knowledge 
of the boron concentration at the initiation of irradiation. Typically, signi fi cant errors 
in delivered dose result from inaccuracies in the predicted blood boron concentra-
tion rather than from errors in the delivered neutron  fl uence; the prescribed beam 
monitor counts can be delivered with an accuracy of ~1 %. The boron concentration 
can be predicted much more accurately during the second or later fractions of a 
multi-fraction treatment since a complete blood boron pro fi le has already been 
acquired and the pharmacokinetic model parameters are already well determined. 
The improved accuracy of prediction allows adjustment of the prescribed  fl uence to 
compensate for dose deviations that occurred in earlier fractions. Using this strat-
egy, differences between prescribed and delivered doses can be limited to 1.5 % or 
less  [  58  ] . A  fi nal point regarding pharmacokinetics and multi-fraction treatments 
with multiple  fi elds is that, by reversing the  fi eld order between fractions, the mean 
blood boron concentration of different  fi elds can be equalized. This may be radio-
biologically advantageous.   

    16.5   Retrospective Analysis and Dose Reporting 

 Because the beam monitor units actually delivered and the actual boron 
concentration(s) during treatment generally differ from the planned monitor units 
and boron concentration(s) used in the treatment plan, it is necessary to recompute 
the treatment plan using these updated quantities to retrospectively calculate deliv-
ered doses for reporting in the patient’s chart and elsewhere. Generally, the Monte 
Carlo radiation transport calculations are not rerun because the change in thermal 
neutron  fl ux depression resulting from a slightly different boron concentration in 
tissue is usually small. This retrospective analysis generally takes place after blood 
boron measurements are complete, but for multi-fraction treatments an intermediate 
analysis may be necessary to adjust planned doses in subsequent fractions to correct 
for deviations in doses delivered during initial fractions. 

 The objective of dose reporting is to enable the transfer of clinical experience 
between institutions. ICRU reports 50 and 62 provide detailed guidance for report-
ing doses from external beam radiotherapy with photons  [  67,   68  ] . Much but not all 
of these recommendations are directly applicable to BNCT. Because of the com-
plexity of BNCT dosimetry and radiobiology, more information must be reported 
than for conventional radiotherapy  [  59  ] . The doses reported should be the doses 
delivered, that is, as computed in the retrospective treatment plan. Generally, the 
following information should be reported:

   A clear de fi nition of the method of dose prescription elaborating how and where • 
the dose is prescribed, leading to the determination of beam monitor units  
  Any additional constraints on planned doses  • 
  Prescribed dose and the dose actually delivered to the prescription “point”  • 
  Dose statistics (minimum, maximum, mean, etc.) for target volumes and relevant • 
organs at risk  
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  Weighting factors used to compute weighted dose  • 
  Blood boron concentrations during treatment and assumptions for tissue to blood • 
boron concentration ratios or tissue measurements if available    
 A few additional considerations are important. When possible, that is, for doses 

at a point (e.g., a minimum or maximum for a structure) and for mean doses in a 
structure, individual absorbed dose components should be reported in addition to 
the weighted dose. For other kinds of weighted dose DVH statistics, decomposition 
of the weighted dose into individual dose components may not be possible. Reporting 
of individual absorbed dose components is important because the weighting factors 
used are known only imprecisely and, perhaps more importantly, because the use of 
RBEs and weighted dose represents an incomplete dose-effect model  [  84  ] . Individual 
dose component data are needed if weighted doses are to be reassessed in the future 
with improved weighting factors or for new weighting factors or other radiobiologi-
cal models to be derived from analysis of clinical data. To facilitate future reanalysis 
with more sophisticated dose-effect models, it may be helpful to also report the 
duration and timing of irradiations so that fractionation and dose rate effects may be 
taken into account  [  85  ] . In reporting doses, distinctions between absorbed dose and 
weighted dose should be made clear. Moreover, when weighted dose is reported, 
only the total weighted dose should be reported rather than the sum of a subset of 
dose components. Reporting so much data, four dose components plus a weighted 
sum, for each point of interest may seem onerous, but this data is a key result of a 
clinical trial. Further discussion on dose reporting may be found in Chapter15.  

    16.6   Future Directions 

 NCT treatment planning is a complex, multidisciplinary effort requiring close coop-
eration between medical physicists, physicians, nuclear engineers, and other mem-
bers of the medical team to achieve the desired goal, a safe and successful treatment. 
This chapter has attempted to provide a comprehensive overview of the technical 
and clinical aspects of NCT treatment planning. Now some directions for future 
work on this topic will be considered. 

 As is the case for conventional treatment planning systems for photons and elec-
trons, planning systems for NCT require careful calibration and validation to achieve 
the desired level of accuracy. The signi fi cant differences sometimes observed 
between planned and measured doses  [  60  ]  should dispel the notion that the Monte 
Carlo dose calculations are inherently accurate. A greater emphasis on dosimetric 
validation of the beam models used in treatment planning is needed. The assump-
tions and approximations employed in the beam models used clinically for planning 
calculations need to be recognized and studied so that their impact on clinical 
dosimetry can be more fully understood. 

 Like NCT physical dosimetry, techniques for treatment planning are not stan-
dardized. Although it is not necessary that all planning systems use the same method 
of calculating dose, all planning systems should calculate the same dose for the 
same set of conditions, and some basic level of standardization is desirable. Utilizing 
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a consistent set of kerma factors would be a good starting point. Evaluation of the 
older planning systems using a set of reference problems has proved to be enlight-
ening  [  22,   52  ] . Further intercomparisons of treatment planning systems, particularly 
the newer ones, are needed. 

 Nearly all of the planning systems developed before ~2001 have a  fi xed voxel 
size or scoring mesh with 1-cm 3  elements. This limitation is a holdover from the 
early 1990s when the available computing power was barely adequate and Monte 
Carlo treatment planning simulations took a few days to complete a few million 
histories. With the dramatic improvements in computing hardware in the interven-
ing years and the capability to parallelize calculations, distributing computational 
effort over a number of computers, calculation times have been reduced to a few 
minutes or hours, allowing reductions in voxel size, which are associated with a 
signi fi cant additional computational expense. Although the coarse 1-cm grids do 
not pose signi fi cant dosimetric accuracy issues for the treatment of deep-seated 
tumors, they can be problematic for calculation of super fi cial doses, which are 
important for some disease sites currently of clinical interest such as head and neck 
cancer and subcutaneous melanoma. For this reason, it is desirable to move away 
from the 1-cm grids historically used and employ  fi ner grids with the caveat that 
extremely  fi ne grids will introduce problems with statistical  fl uctuations and very 
long computation times. Most of the newer planning systems are able to use  fi ner 
computational grids. 

 The number of NCT treatment planning systems available or in development has 
proliferated from 2 to 3 in the early 1990s to about 10 at present. Planning system 
development is an intellectually stimulating task for physicists and engineers, but 
developing new planning systems when others are already available at little or no 
cost may not necessarily be a wise use of the limited resources available for NCT 
research. Although the availability of multiple planning systems allows for a healthy 
“competition” and comparison of the different planning systems, introducing new 
planning systems is not necessarily bene fi cial. Associated with each planning sys-
tem is a dosimetric uncertainty owing to the software bugs and quirks that are pres-
ent in all planning systems as well as the differences in computational methods. 
Although the associated dosimetric errors appear to be decreasing as the technology 
(and developers) matures  [  22,   52  ] , each new planning system introduces dosimetric 
uncertainty into the limited pool of clinical data. Fully understanding and quantify-
ing the differences between planning systems require signi fi cant time and effort that 
may not be fully justi fi ed. Sharing treatment planning software with other research 
groups at little or no cost, as the Harvard-MIT and INL BNCT research programs 
have done, has bene fi ted the NCT community, among other ways, by avoiding the 
duplication of development efforts. A better model of software development, how-
ever, may be the open source model, where the software source code can be exam-
ined, critiqued, and improved by users as well as the principal developers.      
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    17.1   Introduction    

 The  fi rst treatments of patients with glioblastoma, in the early 1950s on the Medical 
Research Reactor at Brookhaven National Laboratory, were carried out using a 
thermal neutron beam and borax as the boron carrier  [  22  ] . Those treatments were 
undertaken after extremely limited preclinical animal studies. Published are scant 
details of experiments outlining the uptake of borax in transplanted, methylcholan-
threne induced brain tumors in mice, relative to plasma and normal brain  [  22  ] . 
Comparable data were also published for individual patients  [  42  ]  along with 
attempts to compute radiation energies and to estimate effects in normal and neo-
plastic brain tissue. However, the understanding of the increased biological effec-
tiveness of particle irradiation relative to x- or  g -rays was in its infancy at this time. 
Although never published, a small study was carried out on dogs (Calvo, personal 
communication 1996)    to assess the safety of the proposed clinical irradiation pro-
tocol. Four animals were exposed to thermal neutrons after the administration of 
borax; they remained  fi t and well after 48 h, and thus, the treatment was judged to 
be safe. 

 While such an approach might appear strange in the present era, it should be 
recognized that none of the present concepts underlining the radiobiological basis 
of radiotherapy were established at that time and then even conventional radiother-
apy had developed largely on the basis of anecdotal evidence from observations on 
patients exposed to x-rays. Thus, the early attempts at boron neutron capture ther-
apy (BNCT) were understandably inadequate in terms of the ability to estimate and 
predict responses from such a complex, mixed  fi eld, of irradiation. The use of an 
inadequate boron compound and a poorly penetrating thermal neutron beam were 
additional drawbacks of those earlier studies. 

 A greater understanding of the increased biological effectiveness of particle radi-
ation, relative to x- or  g -rays, has come from studies related to the application of fast 
neutron radiotherapy  [  23  ] . However, yet again, the initial clinical attempts at fast 
neutron therapy were compromised by a lack of radiobiological knowledge. The 
early investigators were well aware that fast neutrons were biologically more effec-
tive than x-rays and animal experiments were done to determine the relative biologi-
cal effectiveness (RBE), the ratio of absorbed doses from the novel experimental 
radiation and x-rays required to produce the same biological effect. However, 
patients were still seriously overdosed in the initial patient studies  [  78  ] . Later, it 
became evident that this was because the initial neutron experiments were carried 
out using large single doses and that the RBE values obtained were applied to 
patients treated with fractionated irradiation doses. It was not recognized at that 
time that the increase in RBE with decreasing dose per fraction is a relatively large 
effect  [  25  ] . 

 While relevant and extensive preclinical studies are now often the norm and 
should indeed be mandatory, the problems of the past should serve as a pointer to 
the future use of BNCT, particularly for new applications. Failure to take full account 
of the current understanding of radiobiological principles or the application of 
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 inappropriate radiobiological weighting factors to new applications could result in 
clinical under- or overdosage of patients and signi fi cantly delay the full clinical 
application of this potentially useful radiotherapy modality.  

    17.2   Basic Radiobiological Considerations 

    BNCT considered as a mixed  fi eld irradiation exposure, the principle components 
of which include, in addition to the alpha particles and lithium ions resulting from 
the boron neutron capture reaction:

     
10 1 7 4B n Li He ( ) 2. 7 e 9 M V,α+ = + +    

 g -rays both incident within the neutron beam and those induced by the neutron 
hydrogen capture reaction:

     
1 1 2H n H 2.2 MeV γ+ = + +    

plus protons, either as recoil protons from fast neutron interactions, largely with 
hydrogen, or from neutron capture with tissue nitrogen:

     
14 1 14 1N n C p 580 keV+ = + +    

These various absorbed dose components contributing to the total radiation dose 
are usually assumed to act independently from each other in treatment planning 
such that the total photon-equivalent dose ( D  

w
 ) is given by the equation:

D
w
 = (absorbed γ-ray dose • DRF) + (absorbed recoil proton dose • RBE

n
) + 

(absorbed nitrogen capture dose • RBE
N
) + (absorbed 10B capture dose • CBE) 

where DRF is the dose-reduction factor for  g -rays, which varies with dose-rate; 
RBE 

n
  is the relative RBE of fast neutrons; RBE 

N
  the equivalent value for protons 

from the nitrogen capture reaction; and CBE the compound biological effectiveness 
factor which is a compilation of the RBE of alpha particles and  7 Li ions and the 
microdistribution of  10 B in a particular tissue. Due to the short range of these parti-
cles in tissue, 9 and 5  m m, respectively, the biological effect of energy deposition 
depends critically on both the gross and microscopic localization of boron in tissues 
and cells. For example, the energy from the boron neutron capture reactions occur-
ring within the lumen of a blood vessel may be completely dissipated within the 
blood volume and in a sense “wasted.” 

 For this reason, the radiobiological properties of each dose component need to be 
examined separately, although consideration should also be given to the possibility 
that there may be an interaction between high linear energy transfer (LET) compo-
nents of the total dose and the low-LET,  g -rays. 
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    17.2.1   Radiobiological Properties of  g -Rays 

 The radiobiological effects of low-LET x- or  g -rays have been extensively inves-
tigated since they are the predominant radiation used in radiation therapy. The 
radiobiological property of most signi fi cance for BNCT, where currently single 
exposures are widely used, is the variation in the biological effectiveness of  g -rays 
with dose-rate. This dose-rate effect is due to the repair of sublethal radiation 
damage to DNA with time. For prolonged exposures to low dose-rate  g -rays, the 
effectiveness is decreased compared to  g -rays delivered at a dose-rate of 1 Gy/min 
or more. This can be clearly illustrated by examining the effects of different dose-
rates on the clonogenic survival of cells in vitro  [  4  ] . For a given absorbed radia-
tion dose, the level of cell survival increases as the dose-rate is reduced (Fig.  17.1 ). 
In this example, for a clonogenic cell survival of 1%, the DRF for an equivalent 
effect would be <0.7 for dose-rates of <0.16 Gy/min (DRF: the ratio of doses at 
high dose-rate to low dose-rate required to produce the same biological effect). 
The  g -ray dose-rates for the present generation of clinical epithermal neutron 
beams are in the range 0.16–0.086 Gy/min, clearly indicating that these  g -rays 
would be less biologically effective than those delivered at approximately 1 Gy/
min, that is, a DRF of <1.0. The relative positions of the dose-rates for  g -rays of 
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  Fig. 17.1    In vitro cell survival curves for Chinese hamster cells after irradiation with  60 Co  g -rays 
at various dose-rates. The dose-reduction factor is the ratio of doses to produce the same effect 
from different dose-rates, for example,  A / B  for a dose rate of 0.009 Gy/min. The dose-rates of 
 g -rays in typical clinical epithermal beams (e.g., FiR1, HFR, BMRR) are in the range 0.16–
0.009 Gy/min (Reproduced from Hopewell et al.  [  39  ] ; with permission)       
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three epithermal neutron beams that have been used in clinical trials, Helsinki 
(FiR1), Petten (HFR), and Brookhaven National Laboratory (BMRR), are indi-
cated in this example, and the detailed  g -ray characteristics are given in 
Table  17.1 .   

 When BNCT is used for the treatment of glioblastoma, then the dose-limiting 
normal tissue is the central nervous system (CNS). The radiation response of this 
tissue, along with many other tissues has been shown to depend on dose-rate and as 
a consequence the time of exposure. In the case of the spinal cord, a useful model to 
study for CNS responses, the dose-rate effect is demonstrated by an increase in the 
dose associated with a 50% incidence of radiation-induced myelopathy (ED 

50
 ), as 

the dose-rate is decreased in two species, the rat and the pig (Fig.  17.2 ). When these 
ED 

50
  values are normalized, relative to the value for irradiation at the highest dose-

rate in this instance of 1.8 Gy/min, there is a linear relationship between dose-rate 
(log scale) and the DRF. For dose-rates <0.1 Gy/min, comparable to existing epith-
ermal neutron beams, the DRF is <0.7 as is illustrated in the examples in Table  17.1 . 
The dose-rate effect for  g -rays was not taken into account in the initial studies in 
many centers, including Petten and BMRR. The likely implications of this are dis-
cussed below.  

 The effects of dose-rate, based on extensive historical data  [  21  ] , were considered 
in recent experimental animal studies to determine weighting factors for normal 
lung tissue  [  45  ] , just as they were for studies of CNS toxicity in experiments on dog 
brain at the FiR1 reactor  [  6  ] . When overall exposure times are short (<10 min) as in 
some biological studies with thermal neutron beams  [  20,   59,   60  ] , then, and only 
then, can the effects of repair of sublethal damage be considered suf fi ciently small 
to be ignored. 

 Recently, models have been developed to enable the calculation of equivalent 
doses based on the kinetics of repair of sublethal irradiation damage for photon 
irradiation  [  54  ] . This allows the calculation of equivalent photon doses for differ-
ent overall irradiation times, for single exposures, and for fractionated irradiation 
with incomplete repair intervals. The kinetics of repair of sublethal damage have 
also been established for CNS tissue following exposure to a wide range of expo-
sure times using irradiation sources of differing dose-rates  [  75  ] . This is character-
ized by a short and a long repair parameter with half-times of 0.19 and 2.16 h, 
respectively.  

   Table 17.1    Variation in the  g -ray characteristics of three different epithermal neutron beams that 
have been used clinically for BNCT   

 Beam (location)  FiR1 (Helsinki)  HFR (Petten) 
 BMRR 
(Brookhaven) 

  g -ray contribution (%)  80.0  66.8  73.0 

 Dose-rate (Gy/min)  0.076  0.035  0.017 
 Dose-rate reduction factor  0.6  0.5  0.45 

 –  (1.0) a   (1.0) a  

   a DRF values assumed by the centers involved  
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    17.2.2   Radiobiological Properties of Fast Neutrons 

 Studies into the relative biological effectiveness of fast neutrons have been carried 
out in relation to neutron therapy. Neutron facilities for therapy vary in the energy 
spectrum of the neutrons produced. The implications of this have been compared 
using a range of in vitro and in vivo assays. The most extensive set of comparative 
studies has used the mouse intestinal crypt assay  [  31  ] . These studies showed up to a 
50% difference in biological effectiveness when other neutron beams were com-
pared to a relatively high average energy reference beam. The higher the mean 
energy of the neutron beam, the lower the RBE. 

 In vitro studies, using V79 cells, with relatively monoenergetic neutron sources, 
have shown a de fi ned relationship between neutron energy and RBE  [  34  ] . For this 
cell line and for damage assessed at the doses required to reduce the surviving frac-
tion to 37% (D 

37
 ), neutrons with an energy of 0.3–0.4 MeV appeared to be the most 

biologically effective with an RBE of ~6.0. As the energy of the neutrons was 
increased, the RBE value decreased, appearing to reach a minimum value of 1.7 for 
neutron energies in the range 5–15 MeV (Fig.  17.3 ). For neutron energies lower 
than 0.3 MeV, the RBE also declined, being less than 4.0 for 0.1 MeV (100 keV) 
neutrons. In an unrelated study with 24 keV neutrons from a  fi ltered reactor beam, 
the trend continued for the same endpoint  [  58  ] . The recoil protons from these lower 
energy neutrons would be expected to have the highest LET.  
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  Fig. 17.2    Variation in the ED 
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  for radiation-induced myelopathy in the pig ( D ) and rat (□) as a func-
tion of dose-rate. The ED 

50
  values for dose rates of <1.0 Gy/min are expressed as a ratio of the high-

est dose-rate of 1.8 Gy/min (Dose reduction factor – DRF). The DRF (○) was linearly related to the 
dose-rate, correlation coef fi cient 0.996 (Reproduced from Hopewell et al.  [  39  ] ; with permission)       
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 These in vitro studies also showed that the RBE depends on the level of effect at 
which doses are compared. Based on the linear quadratic (LQ) model of cell survival, 
there will be an upper limit to the RBE for the different energy neutrons and this will 
be the ratio of the values of   a  , the initial slope of the cell survival curves  [  8  ]  such that:

     max H LRBE /α α=    

where   a   
H
  and   a   

L
  are the values of alpha for fast neutrons and photons, 

respectively. 
 This dependence of the RBE on the level of effect is re fl ected in the increase in 

RBE with decreasing dose/fraction in dose fractionation studies  [  23  ] . This repre-
sents the decreasing level of effect produced by a reduction in the dose/fraction as 
fraction numbers are increased. RBE values can also be highly dependent on the 
particular tissue studied by a factor of ~2  [  23  ] . Thus, the use of a single value for the 
RBE of a particular radiation quality is most unlikely to be applicable to all tissues.  

    17.2.3   Radiobiological Properties of Protons from the Nitrogen 
Capture Reaction 

 The protons produced as a consequence of the thermal neutron/nitrogen capture 
reaction have a low energy of 580 keV and thus have very high-LET characteristics. 
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  Fig. 17.3    Variation in the RBE, based on a surviving fraction of 37% (D 
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There are no ways of directly determining the RBE of this energy of protons from a 
mixed  fi eld irradiation involving either thermal or epithermal neutron irradiations, 
and hence, for practical reasons, the nitrogen capture dose is frequently included 
with the fast neutron dose, as a combined beam high-LET dose. 

 Only a limited number of studies have been undertaken using monoenergetic 
protons at similar energies  [  5,   72  ] . Those studies, like those with fast neutrons, were 
carried out using V79 cells. For protons of decreasing energy (increasing LET) from 
7.4 to 1.16 MeV, the RBE 

max
  increased from a little over 1.0 up to a maximum value 

of ~7.0. For lower proton energies of 0.84 and 0.73 MeV, the RBE 
max

  declined 
progressively from the maximum value (Fig.  17.4 ). In order to be able to compare 
the RBE values from these studies with those involving different energies of fast 
neutrons, the D 

37
  was calculated from the LQ cell survival curve parameters reported 

by the authors. This information is plotted on the same  fi gure for comparison. The 
D 

37
  RBE values for V79 cells show the same general pattern of change with increase 

in LET but are lower than the corresponding RBE 
max

  values. These RBE values, 
based on the D 

37
 , appeared to be lower than might have been anticipated from 

the fast neutron studies (Fig.  17.3 ). This observation brings into question any 
assumption that the biological weighting factor used for recoil protons should be the 
same as that for fast neutrons and for protons from the nitrogen capture reaction, a 
common assumption in BNCT treatment planning.   
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    17.2.4   Implications for the Weighting of Dose for Epithermal 
Neutron Beams 

 For reactor-based epithermal neutron beams, where there is likely to be major dif-
ferences in the dose-rate of the  g -ray dose component, and also in the fast neutron 
spectra of the incident beam, there would appear to be a need to compare their 
biological effectiveness, as was the case for fast neutron therapy facilities  [  31  ] . The 
short-term crypt colony assay, which proved to be so useful in comparing the bio-
logical effectiveness of different fast neutron beams, has been used to examine the 
RBE of a number of thermal/epithermal neutrons beams. In an initial publication, 
the RBE of the epithermal neutron beam at the Massachusetts Institute of Technology 
(MIT) was determined at two depths in a phantom, 2.5 and 9.7 cm  [  32  ] , and was 
found to decrease with depth, re fl ecting the reduced contribution of the high-LET 
component to the total dose at the greater depth. An attempt was made to estimate 
the RBE of the high-LET component of the total dose at these two depths. However, 
for that analysis, the authors used a DRF of 1.0 for the  g -ray dose component, despite 
the fact that the photon dose-rate at the greater depth in particular was low (~0.15 Gy/
min) compared to that of the photon irradiation used in the control experiments 
(0.83 Gy/min). In their paper, the authors did express concern that all radiobiologi-
cal mechanisms had not been taken into account in the analysis. Although not as 
extensive as for the dose-rate information for the spinal cord and lung, information 
does exist for the effects of dose-rate on jejunum crypt survival  [  26  ] . Those studies 
suggest that a DRF of ~0.7 would have been more appropriate to use in the calcula-
tions of the high-LET dose component RBE at a depth of 9.7 cm. At a depth 2.5 cm 
a larger DRF (<1.0) would be applicable. Use of more appropriate weighting factors 
for the  g -ray dose component would have resulted in a higher estimate of the weight-
ing factor for the high-LET dose component. These details may not be that impor-
tant because within a given facility, the overall RBE of the beam at a given depth for 
a speci fi ed tissue does not change. The problem arises when these separate weight-
ing factors of an individual beam’s dose components are used to estimate the pho-
ton-equivalent dose in a different facility where not only the  g -ray dose-rate may be 
different but also the fast neutron spectra. This view is supported by a more recent 
publication  [  33  ]  where the results from the crypt colony assay are compared for 7 
BNCT facilities worldwide. 

 It has already been mentioned that, although a low DRF of 0.45 (relative to a high 
dose-rate of 1.8 Gy/min ) has been estimated to be appropriate for the CNS for use 
with the epithermal neutron beam at the BMRR and elsewhere, a value of 1.0 was 
actually used (Table  17.1 ). In a separate analysis  [  6  ] , the dose-related incidence of a 
number of different endpoints, after epithermal neutron irradiation of dog brain on the 
FiR1 beam, were converted into photon-equivalent doses based on the weighting fac-
tors derived from studies on dogs and used clinically for the epithermal neutron beam 
at BMRR, namely 1.0 for low-LET  g -ray component and 3.2 for the high-LET com-
ponent of the beam  [  30  ] . The use of the above weighting factors, adopted for use with 
the BMRR beam, for the FiR1 beam consistently produced an overestimate of the 
equivalent photon dose received when compared with the actual data for dogs irradi-
ated with 6 MV x-rays. This is illustrated for the endpoint of single and multiple 
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permanent contrast-enhancing lesions on MRI in Fig.  17.5 . The average overestimate 
of the photon-equivalent dose using the BMRR weighting factors for the FiR1 beam 
was 12%. These data illustrate the inherent dangers of applying weighting factors 
derived in one epithermal neutron beam to another neutron beam, no matter how simi-
lar the two beams may appear from the point of view of the absorbed dose 
components.  

 This view is strongly supported by recent re-evaluation (Millar, personal com-
munication, 2010), where the kinetics of repair of sublethal damage for CNS tissue 
have been considered in the calculation of equivalent x-ray doses for the different 
experiments that were carried out to establish weighting factors for the FiR1 and 
BMRR epithermal neutron beams. For example, for the endpoint of multiple contrast-
 enhancing lesions in the brain of dogs, the x-ray ED 

50
  for that effect of 15.01 Gy was 

given in 18.75 min (0.8 Gy/min). The experimentally derived iso-effective dose for 
the FiR1 beam (~80% photons) would have been delivered in 158 min. The calcu-
lated dose, equivalent to 15.01 Gy of x-rays in 18.75 min, delivered in 158 min, is 
19.31 Gy based on repair kinetic parameters. This indicates a DRF of 0.78, higher 
than the value of 0.6 used in an earlier publication  [  6  ] . In the original calculation of 
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  Fig. 17.5    Dose-related incidence of either ( a ) single or ( b ) multiple contrast-enhanced lesions on 
T1-weighted magnetic resonance images in the brain of dogs after irradiation with either epither-
mal neutrons (■) from the FiR1 beam or from 6 MeV x-rays (●). The photon-equivalent doses for 
the different physical epithermal beam doses used in this study were also calculated using the 
weighting factors developed for the BMRR (□). These weighted doses produced ED 

50
  (± SE) values 

that were signi fi cantly higher than the experimentally observed ED 
50

  values for photon irradiation 
(Reproduced from Hopewell et al.  [  39  ] ; with permission)       
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the DRF, the actual reference dose-rate of 0.8 Gy/min was not used and, based on the 
information provided in Fig.  17.2 , the dose-rate of the epithermal neutron beam was 
compared with a reference dose rate of 1.8 Gy/min to give the DRF. Using the revised 
DRF of 0.78, calculated using the parameters for the kinetics of repair in CNS tissue, 
where the times for repair of sublethal damage were matched for the beam and 
x-rays alone, a lower estimate of the RBE of the high-LET component of the FiR1 
beam was obtained, 3.3 as compared with the original 3.9  [  6  ] . 

 For the experimental studies on the BMMR, historical data based on the results 
from CT and not MRI to recognize changes in the brain of Beagle dogs were used 
 [  24  ] . The x-ray doses in this study were given at a higher dose-rate of 3 Gy/min. To 
calculate weighting factors for the BMRR epithermal beam using the endpoint of 
lethal necrosis, the ED 

50
  for this effect was 14.8 Gy (4.9 min exposure) of x-rays 

compared with 9.23 Gy (158 min exposure) for the BMMR epithermal beam. There 
is also a need for caution in accepting these data since only two dogs were irradiated 
at this epithermal beam dose and also because Labradors and not Beagle dogs were 
used.    Despite the limitations of the BMMR study, calculations, based on the same 
repair parameter, the x-ray equivalent dose for 14.8 Gy given in 4.9 min was 
20.24 Gy in 158 min, DRF 0.73. The associated RBE of the high-LET component 
of the BMMR epithermal neutron beam (~73% photons) is thus 4.1, higher than that 
for the FiR1 beam. These weighting factors are closer to the alternative weighting 
factors of 0.6 and 4.4 for the low- and high-LET components of the BMMR beam, 
originally proposed by Gavin et al.  [  30  ] , but never adopted. 

 The difference in the DRF for the photon components of the dose in the FiR1 and 
BMMR epithermal neutron beams of 0.78 and 0.73, respectively, is due to the dif-
ference in the original exposure times required to give the reference x-ray only 
doses in the two experiments. Had the reference x-ray dose, in the above example 
for multiple contrast-enhancing changes on MRI, of 15.01 Gy given in 18.75 min 
(0.8 Gy/min) been delivered at 3 Gy/min as in the BMMR related study, then the 
equivalent x-ray dose would have been reduced to 14.15 Gy (given in 4.7 min), and 
as a result, the DRF would be the same: 0.73. This  fi nding points to the importance 
of taking into account the signi fi cance of the fast component of repair for reference 
x-ray exposure times of 10–30 min. 

 An alternative approach for the comparison of the biological effectiveness of the 
high-LET components of the dose, both within the same beam and between beams, 
involved the use of a simple in vitro cell survival model. This was initially described 
in 2001  [  48  ] . Brie fl y, V79 cells were irradiated in suspension at different depths 
(20–65 mm) in a water- fi lled cylindrical phantom. 

 Over the period of irradiation, the temperature of the water was kept at 4 °C. This 
prevented the repair of sublethal irradiation damage over the variable exposure times 
both within the same beam and for different beams. Thus, the need to correct for the 
variable dose-rates of the  g -ray components to the dose was avoided, DRF 1.0. 

 The usefulness of this model can best be illustrated by reference to a recent 
comparison of the biological effectiveness of the moderated accelerator-based 
epithermal neutron beam at the University of Birmingham, UK, and the reactor-based 
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epithermal neutron beam at Studsvik Medical, Sweden  [  49  ] . At all depths in the 
phantom, the biological effectiveness of the Studsvik beam, for a given total 
absorbed dose, were always greater than that for the Birmingham beam. For both 
beams, the survival data obtained for irradiation at 50 and 65 mm depths in the 
phantom were comparable and have been combined in this analysis. Cell survival 
curves were not always complete down to a surviving fraction level of 0.1%, 
especially for the Birmingham beam. This was due to the very low dose-rates 
(0.58–1.04 Gy/h, depending on depth in the phantom) resulting in very long 
exposure times, compared with the comparatively higher dose-rates at Studsvik 
(8.2–16.2 Gy/h). Extrapolation of the cell survival curves was based on the linear 
and quadratic parameter  fi ts to data points available (Fig.  17.6 ). The ratio of 
doses for the same level of cell survival was independent of the depth in the phan-
tom, 1.3, 1.3, and 1.33 for a depth of 20, 35, and 50 plus 65 mm, respectively. 
However, the dose ratio did depend on the survival level used for the comparison, 
for example, ranging from 1.41 at 10% survival to 1.25 at 0.1% survival. These 
differences seem to be related to the differences in the neutron spectra, particu-
larly the fast neutron contribution to the total dose, in the Studsvik beam 
(Fig.  17.7 ). The difference in the fast neutron contribution to the total absorbed 
dose was 51% at 20 mm and 83% at 65 mm depth, while the difference in the 
total high-LET contribution was 24–26%. Comparable neutron spectra at 50 and 
65 mm depth are consistent with the similar cell survival data at these two depths 
for both beams. Similar differences in the high-LET content of the beam as a 
function of depth might be a simple explanation as to why the dose ratios for a 
given level of cell survival were independent of the depth in the phantom. However, 
more intercomparisons are required before any de fi nitive general  conclusions can 
be drawn.     
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  Fig. 17.6    Variation in survival of V79 cells irradiated with epithermal neutrons from either the 
Studsvik reactor-based beam (■, □   ) or the Birmingham accelerator-based beam (●,○). The curves 
are shown for irradiation at ( a ) 20 mm, ( b ) 35 mm, ( c ) 50 mm (■, ●) plus 65 mm (□, ○) depths in 
the phantom.  Error bars  represent ± SE (Reproduced from Hopewell et al.  [  39  ] ; with permission)       
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    17.3   Radiobiological Properties of Boron Capture Agents 

 The poor selectivity for tumor of the boron compounds used in the early BNCT 
clinical trials was recognized as one of the factors contributing to their unsuccessful 
outcome. A search for better boron delivery agents was initiated in the 1960s. The 
amino acid,  p -boronophenylalanine (BPA) and the sulfhydryl borane (Na 

2
 B 

12
 H 

11
 SH, 

or BSH) were two of the compounds evaluated in those studies. Compound devel-
opment continues to be an active area of BNCT research. 

 However, given the degree of characterization required, in particular, toxicity 
evaluation and radiobiological studies, it would take several years for any new com-
pound to enter a clinical trial. At this time, BPA and BSH are the only two boron 
compounds in use for clinical BNCT, hence, much of this section of the chapter will 
necessarily focus on the radiobiological studies that have been reported for these 
two agents. The approaches used to characterize these compounds for both normal 
tissues and tumors should also be applied to newer agents. 

 The absorbed dose to tissues resulting from  10 B capture is a function of the 
neutron  fl uence and the  10 B concentration in blood and in the parenchymal tissue 
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  Fig. 17.7    MCNP model calculations for the neutron spectra of the Studsvik reactor- (●--● ) and 
Birmingham accelerator-based (□--□ ) epithermal neutron beams at depths of 20, 35, 50, and 
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surrounding the blood vessels. For the compounds BPA and BSH, the dose 
contribution from the  10 B(n, a ) 7 Li reaction for normal tissues is routinely calcu-
lated based on the blood  10 B concentration over the course of irradiation. No direct 
account is taken of the  10 B content of the parenchyma or of the vascular endothelial 
cells in any dose calculations. This is because it is not yet possible to measure 
normal tissue concentrations of  10 B during the course of irradiation. Noninvasive 
imaging techniques are under development to achieve this objective  [  41,   56  ] . 
   However, there would be a requirement to measure tissue boron levels if, for 
example, compounds such as one from a family of porphyrins, copper tetra-phe-
nyl-carboranyl porphyrin (CuTCPH), were developed. These compounds are 
retained in tumor and normal tissues to variable degrees but are cleared from the 
blood  [  57  ] . The use of blood boron levels, which may be approaching the lower 
limit of accurate measurement, may then be misleading. However, for BPA and 
BSH, the physical absorbed dose delivered to normal tissues has historically been 
described in terms of the absorbed dose delivered to the blood and the CBE factors 
calculated are de fi ned so as to be the multiplicative factor that transforms the blood 
dose into the biologically effective normal tissue dose. Thus, if in the future, mea-
surements of boron levels in normal tissues become available, these CBE factors 
should not be used. If the normal tissue blood ratio is <1.0, then the photon-equiv-
alent dose to the normal tissue, from the  10 B(n, a ) 7 Li reaction, would be underesti-
mated, while if the ratio was >1.0, then the photon-equivalent dose would be 
overestimated. The photon-equivalent dose, from the  10 B(n, a ) 7 Li reaction, has 
been overestimated in some publications. For example, in a therapeutic study 
involving the treatment of spontaneous nasal planum squamous cell carcinoma in 
cats  [  82  ] , the photon-equivalent doses to the skin and oral mucosa were calculated 
using the available CBE factors based on blood boron levels. The tissue boron 
levels and not the blood boron levels were used in this example, and thus, the dose 
contribution from the  10 B(n, a ) 7 Li reaction was overestimated because normal tis-
sue blood ratios were >1.0. 

 Experimentally derived CBE factors must always be used with caution in clinical 
treatment protocols. The biodistribution pro fi le of a given boron delivery agent 
needs to be as thoroughly characterized as possible in the relevant animal models 
and in patients. In particular, the vascular/nonvascular  10 B partition ratio in the ani-
mal model used to derive the CBE factor must be similar to the ratio in patients at 
the time of irradiation. It must be emphasized that comparability of  10 B biodistribu-
tions is a prerequisite to translating an animal model-derived CBE factor to the 
clinical situation. At the low doses of BPA (250–290 mg BPA/kg body weight) that 
were used in the BNL clinical trial, the  10 B distribution in human brain was similar 
to that measured during radiobiological studies in the rat and dog from which the 
clinical CBE factors were estimated  [  11,   17  ] . 

 Given the historical focus on the use of BNCT for treatment of brain tumors 
(primarily glioblastoma multiforme), the evaluation of effects on the important 
dose-limiting normal tissues, namely skin, central nervous system (CNS), and oral 
mucosa have assumed central importance. 



34317 Boron Neutron Capture Therapy: Application of Radiobiological Principles

    17.3.1   Normal Tissue Effects 

    17.3.1.1   Skin 
 The response of rat skin to BNC irradiation using BPA or BSH has been studied 
using the thermal beam of the BMRR  [  59  ] . The CBE factors for BPA using the early 
endpoint of moist desquamation and the late endpoint of dermal necrosis were 
3.7 ± 0.7 and 0.73 ± 0.42, respectively. The CBE factors for BSH with moist desqua-
mation and dermal necrosis endpoints were 0.55 ± 0.06 and 0.86 ± 0.08, respectively. 
It is evident from these  fi ndings that the microdistribution of these two compounds 
had a marked effect on the CBE factor obtained. BPA would appear to accumulate 
in metabolically active basal stem cells within the epidermis, which would account 
for the very high CBE factor. For the endpoint of dermal necrosis, where the vascu-
lar endothelium represents the likely target cell population, the CBE factor values 
for BPA and BSH were comparable. Observations using neutron activation autora-
diography suggest that BPA and BSH have a similar microdistribution in the dermis 
(Morris, unpublished data, 1999). The clinical implications of these  fi ndings are 
that, per unit boron concentration, BSH mediated BNCT causes less damage to the 
epidermis than BPA mediated BNCT. 

 The biological effect of BPA based BNCT on human malignant melanoma using 
thermal neutrons has produced important information on the effect of this treatment 
on human skin  [  27  ] . Based on boron measurements in blood and skin, these inves-
tigators estimated the boron concentration in the skin at the time of BNCT to be 
between 1.3 and 1.5 times the concurrent level in the blood. 

 The CBE factor has been derived for the skin in other species. A value of 2.4 has 
been reported for BPA using acute reactions in hamster skin as the endpoint  [  37  ] . 
The results of dog irradiations with epithermal neutrons at the BMRR indicated a 
CBE factor for BSH of 0.5  [  29  ] . 

 For the porphyrin CuTCPH, a promising experimental boron delivery agent, the 
CBE factor was 1.8, for the early endpoint of moist desquamation, calculated in the 
standard way, using the boron concentration in the blood  [  66  ] . In the CuTCPH 
study, irradiation was carried out when the blood boron level was low (~1.5  m g/g), 
72 h after the initiation of a 48 h infusion of the compound. The CBE factor was 
much lower, 0.1, if the boron concentration in the skin was used in the calculations. 
This suggests that although there was a signi fi cant accumulation of boron in the skin 
at the time of irradiation, there were relatively low levels of boron in epidermal 
cells, and that the bulk of the boron was in the dermis.  

    17.3.1.2   CNS 
 The development of late changes in the CNS after radiation exposure has tradition-
ally been described in terms of damage to speci fi c target cell populations, the loss 
of which is responsible for speci fi c functional and histologically identi fi able injury. 
Con fl icting theories have considered either the vascular endothelial cell or elements 
of the CNS parenchyma, or both, to be the critical target cells. More recently, radia-
tion damage to the vasculature during BNCT has been shown to be the probable 
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cause of necrosis in the rat spinal cord, suggesting that the vascular endothelium is 
the primary radiation target in the CNS  [  20,   61  ] . 

 The spinal cord of rats has been used to study the response of normal CNS to 
BNCT  [  60,   63  ] . The late effects seen in the spinal cord following single BNCT 
exposures are similar to those seen in the brain  [  30,   61  ] . The radiosensitivity of 
the rat brain and spinal cord to fractionated irradiation are also comparable  [  83  ] . 
The late end point of limb paralysis (myeloparesis) for the evaluation of radiation-
induced spinal cord damage is clearly de fi ned while histological and morpho-
metric endpoints that have been used to assess damage to the brain are time 
consuming. 

 The CBE factors for BPA and BSH, measured experimentally, do indeed re fl ect 
the different biodistributions of these two boron compounds in the sense that BPA 
crosses the blood brain barrier while BHS does not. In the case of BSH, the CBE 
factor was calculated to be 0.53 ± 0.10  [  60  ] . This value is approximately three times 
lower than that for BPA (1.34 ± 0.13) at a comparable blood  10 B concentration 
of ~20  m g  10 B/g. The threefold difference in the CBE factors was of the same order as 
that predicted by Rydin et al.  [  76  ]  who calculated that the fraction of the dose received 
by the vessel wall would be one-third to one- fi fth that delivered to an in fi nite pool of 
blood, depending on the diameter of a vessel, based solely on geometry. 

 In the derivation of CBE factors for potential use in clinical protocols, it is advis-
able to use a wide range of blood  10 B concentrations. Studies carried out using BSH 
indicated that the CBE factor estimate remains constant at about 0.5 for blood  10 B 
levels ranging from 20 to 120  m g/g  [  62  ] . However, progressive escalation of the 
blood dose of BPA to deliver blood  10 B concentrations in the range 20–90  m g/g 
resulted in CBE factors that varied from 0.66 to 1.34  [  63  ] . Irradiations of the spinal 
cord in these studies took place 1 h after the administration of the BPA. At this time 
point, major differences were found in the relative distribution of  10 B in the blood 
and the CNS parenchyma, such that for the highest blood  10 B concentration (90  m g/g), 
the ratio of the level of  10 B in the blood to that in the CNS parenchyma was a factor 
of 3.5 higher than at the lowest blood  10 B concentration (20  m g  10 B/g). This major 
change in the partition ratio of  10 B between the blood and parenchyma at the time of 
irradiation was the reason for the observed variations in the calculated CBE factors 
for different concentrations of  10 B in the blood  [  63  ] . In the clinical situation, BPA is 
administered more slowly (e.g., 2 h i.v. infusion), and as a result, it is unlikely that 
there would be a pronounced change in the  10 B concentration ratio between the 
blood and the CNS parenchyma at higher BPA doses than those currently used. 
These experimental data emphasize the importance of thorough preclinical and 
clinical biodistribution studies in protocols involving escalation of the dosage of a 
boron compound or an alteration in the infusion schedule. In addition, the depen-
dence of CBE factors on experimental conditions makes it critical that studies 
intended to provide CBE factors for clinical use must be designed to approximate 
the clinical situation as closely as possible. 

 Studies of the response of the brain of dogs to single-dose BNCT were carried 
out using the epithermal neutron beams at the BMRR and at the high  fl ux reactor 
at Petten using BPA or BSH, respectively  [  28,   30,   40  ] . The attenuation of the 
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epithermal neutrons, as a function of depth, produced a nonuniform dose across 
the brain. The BNCT doses used for comparison to the published x-ray data  [  24  ]  
were de fi ned as the average absorbed dose (Gy) in the volume of the dog brain 
that received between 90 and 100% of the maximum brain dose. This corre-
sponded to a volume of about 30 cm 3 , or about 20% of the brain volume. There 
were differences in the volumes and dose distributions between the 4 MeV x-rays 
used in the historical studies and the BNCT irradiations; however, the volume that 
received the prescribed doses were relatively large and potential volume effects 
on the iso-effect dose (ED 

50
  for abnormalities noted on MRI scans and severe 

neurological de fi cit requiring euthanasia) could be excluded. The CBE factors, 
determined by comparing effects on the normal brain to the published data for 
hemi-brain irradiation with 4 MeV x-rays  [  24  ] , were 1.1 for BPA and 0.3–0.5 for 
BSH  [  28,   30,   40  ] . These CBE factors are in agreement with the values derived 
independently for the rat spinal cord  [  60  ] . It should be noted that the historical 
photon results were based on the results of CT scans and not MRI, and although 
considerable thought was given to the comparability of effects using these two 
methods, this is the type of comparison that should be avoided if at all possible. 
As already indicated, historical photon controls were not used for the determina-
tion of the RBE of the FiR1 epithermal neutron beam  [  6  ] . This enabled the same 
MRI and histological methods to be used to evaluate dose-related changes in dog 
brain from both the epithermal neutron beam and the photon irradiation controls. 

 For CuTCPH, the CBE factors calculated using the same rat spinal cord as in the 
studies described previously were 4.4 and 3.8, calculated on the basis of the boron 
concentration in the blood or the parenchyma, respectively  [  66  ] . This  fi nding is in 
accord with measurements of the boron concentration in the parenchyma of the cord, 
which were higher than in the blood, tissue: blood concentration ratio 1.9:1. These 
relatively high CBE factors could also indicate a selective accumulation of this 
boronated porphyrin in the walls of blood vessels in the CNS, damage to which is 
believed to be responsible for late CNS morbidity  [  20  ] . There is general evidence to 
indicate that porphyrins have a signi fi cant af fi nity for blood vessels (e.g.,  [  7,   68  ] ).  

    17.3.1.3   Oral Mucosa 
 Only a limited number of reports have documented the CBE factors (based solely 
on the  10 B concentration in the blood) for the oral mucosa, using ulceration of the 
ventral surface of the tongue of rats as the end point. For the boron delivery agent 
BPA, a CBE factor of 4.9 was estimated  [  19  ] . This CBE factor is considerably 
higher than that reported for BSH (CBE factor ~0.3) in the same model  [  64  ] . These 
major differences in the CBE factor indicate variations in the microdistribution of 
these two boron delivery agents in the mucosal epithelium. Average boron mea-
surements (DCP-AES) of whole tissue samples from the ventral surface of the 
tongue showed appreciable uptake of  10 B (~21  m g/g) at 3 h after administration of 
BSH at a dose of 55 mg/kg  [  64  ] . A similar  fi nding was reported for BPA adminis-
tered at a  10 B concentration similar to that used for BSH, where the level of  10 B in 
the ventral surface of the tongue at 3 h after administration was  estimated to be 
~23  m g/g  [  64 ,  65  ] . 
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 These data, while indicating that the overall concentrations of  10 B in the tongue 
were similar for both boron delivery agents, provide no information with regard to the 
biodistribution pro fi le in different anatomical regions of the tissue. Ion microscopy 
studies of  10 B in tissues  [  64,   65  ]  have enabled the microdistribution of this element to 
be analyzed with considerably greater precision than previously possible. Ion micros-
copy analysis revealed that the level of  10 B in the mucosal epithelium was very low 
after BSH administration  [  64  ] . In contrast, the  10 B content of the mucosal epithelium 
was ~3.5 times higher in rats receiving BPA. In the case of BSH, the majority of  10 B 
was located in the lamina propria and not in the mucosal epithelium. This differs from 
the  fi ndings for BPA where the  10 B content of the mucosal epithelium was fairly 
similar to that in the lamina propria; the boron concentration ratios for mucosal epithe-
lium: lamina propria were 1:6 for BSH and 1:1.5 for BPA. Also,  10 B accumulation in 
the mucosal epithelium was  fi ve times higher with BPA than BSH. These data indi-
cated that a major factor contributing to the difference in the CBE factors for BSH and 
BPA, despite similar gross boron tissue concentrations, was the relatively low uptake 
of BSH in the mucosal epithelium. 

 When using CuTCPH as the boron capture agent, gross levels of boron in the oral 
mucosa of the rat were found to be high, with a mucosa: blood ratio of 49:1  [  67  ] . 
Irradiation with thermal neutrons in the presence of CuTCPH gave a CBE factor of 
~0.04, using ulceration as the endpoint. This value was calculated using measure-
ments of the estimated content of boron in the oral mucosa at the time of irradiation 
 [  67  ] . If the absorbed dose from the  10 B(n, a ) 7 Li reaction was calculated on the basis 
of the boron concentration in the blood at the time of irradiation, the CBE factor was 
appreciably increased to ~1.7  [  67  ] . However, as mentioned previously, the boron 
levels in blood were very low at the time of irradiation.    Indeed, the boron concentra-
tions in the blood were close to the level of detection in this irradiated series of 
animals. As a consequence, the CBE factor calculated on the basis of blood levels 
can only be viewed as a rough approximation.   

    17.3.2   Tumor Response 

 Experimental therapeutic studies related to BNCT have been carried out in a variety 
of animal tumor models. BPA mediated BNCT has been shown to inhibit the growth 
of melanoma, producing high local tumor control rates, in mice, hamsters, and pigs 
 [  13,   55  ] . BPA has also proved to be effective in BNCT studies on hamster derived 
melanoma, grown as xenografts, in the rabbit eye  [  71  ] . The  fi rst successful treat-
ment of a brain tumor (rat 9L gliosarcoma) was carried out by Joel et al. in the late 
1980s using the dimeric form of BSH as the boron capture agent and the BMRR 
thermal neutron beam  [  44  ] . This was followed, in 1992, by another study involving 
the  fi rst irradiation of the 9L gliosarcoma in the rat with BPA-mediated BNCT  [  14  ] . 
These experiments were repeated in 1994 using an improved BPA delivery system 
of BPA complexed with fructose (BPA-F) to increase the solubility. This produced 
long-term tumor-free animal survival rates approaching 100%  [  16  ] . Additional 
studies by Saris et al.  [  77  ] , with the murine GL 261 glioma, and Matalka et al.  [  51  ] , 
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with a human melanoma cell line (MRA 27) implanted in the brain of nude rats, also 
demonstrated the ef fi cacy of BPA mediated BNCT. More recently, the preferential 
uptake of BPA and BSH by the rat F98 glioma has been considerably enhanced by 
the disruption of the blood brain barrier following the intracarotid injection of man-
nitol  [  84,   85  ] . Dramatic further improvements in F98 tumor growth inhibition were 
subsequently observed in BNCT studies, using a combination of both BPA and BSH 
 [  1  ]  using the blood brain barrier disruption approach. Since this earlier work, mul-
tiple translational studies have been performed in different tumor models, using 
different boron compounds, routes of compound administration, and a range of 
administration strategies  [  3  ] . 

 While the CBE factors for the skin, CNS, and oral mucosa are fairly well de fi ned 
for both BPA and BSH, those for use in estimating the photon-equivalent dose to 
tumor are much less certain. For BPA, CBE factors of 4.0, 3.8, and 3.6 were obtained 
for a surviving fraction of 10, 1, and 0.1 %, respectively, for the rat 9L gliosarcoma 
model, based on the in vivo irradiation of intracranially implanted tumors in situ, 
with removal immediately after irradiation and the assay of clonogenic cell survival 
in vitro  [  15  ] . CBE factors of 1.3, 1.2, and 1.2 were also derived in the same way for 
BSH for the 9L gliosarcoma. Again, as would be expected, slightly higher values 
were obtained for the highest level of cell survival. This later study was based pri-
marily on values for the oxidized dimeric form of BSH (BSSB). The CBE factors 
for both BSH and BSSB evaluated for cultured cells in vitro were much higher both 
for BSSB (range 3.6–3.1) and BSH (range 3.2–2.8)  [  15  ] . This difference re fl ects the 
likely heterogeneous boron distribution in solid tumors relative to cells in culture 
and warns against the application of any CBE values derived totally from cells 
in vitro to an in vivo situation. Ideally, CBE factors for boron capture agents such as 
BPA and BSH should be derived directly using an in vivo assay. This is dif fi cult for 
the intracranially implanted 9L gliosarcoma because of the high risk of normal 
tissue complications that would result from the large single dose of x-rays that 
would be needed to control this tumor. An assessment of local tumor control after 
x-irradiation is an essential requirement for the calculation of a CBE factor. 

 An assumed requirement for an effective boron capture agent is that the com-
pound should accumulate in tumor relative to blood and normal tissues. However, the 
preferential uptake of the boron compounds by tumor tissue does not explain differ-
ences in CBE values between tumor tissue and normal tissue. Potentially, differences 
in the microdistribution determined by features such as tumor cell metabolism and 
tumor cell geometry (large nuclei, changes in nucleus/cytoplasm ratio, etc.) vs. nor-
mal cell metabolism and geometry account for differences in CBE values. Historically, 
calculations of the physical radiation dose from the  10 B(n, a ) 7 Li neutron capture reac-
tion have been made based on an estimate of the gross boron concentration in tumor 
tissue. Since this cannot be routinely measured directly, biodistribution studies need 
to be carried out in advance of experimental animal or patient studies to determine 
the tumor: blood or tumor: normal tissue concentration ratios for boron. The tumor: 
blood boron ratio is then used to estimate tumor boron levels from measurements of 
blood samples at the time of irradiation, which in the case of the boron compound 
currently used clinically, occurs within a few hours of compound administration. 
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This is different from studies in normal tissues where the boron concentration in the 
blood at the time of irradiation is used directly to calculate an absorbed dose. This is 
then converted into a weighted dose using the appropriate CBE factor. Examples of 
published tumor:blood boron concentration ratios include those for the rat 9L gliosar-
coma, which are 3.3 ± 0.5 for BPA (oral administration) and 3.2 ± 0.4 for BPA-F. For 
BSH and its dimeric form, BSSB, the corresponding values were much lower, 
0.71 ± 0.2 and 0.76 ± 0.2, respectively  [  38  ] . This low ratio, suggesting no selective 
uptake relative to blood, was not considered to be a drawback because this com-
pound, which does not cross the intact blood brain barrier, had been developed 
speci fi cally for the treatment of primary gliomas. The tumor:brain boron concentra-
tion ratios for these two compounds, BHS and BSSB, were very high, that is, ~8 and 
~17, respectively; these boron carriers cross easily through the disrupted blood brain 
barrier into tumor tissue  [  38  ] . These numbers have to be viewed with caution because 
boron measured in brain, or indeed in other normal tissues, may re fl ect the amount of 
boron present in the residual blood in any tissue sample. The concentration ratios 
reported above in the rat 9L gliosarcoma model are comparable with those obtained 
for gliomas, based on pharmacokinetic studies in man  [  18,   79  ] . 

 More recently, biodistribution studies have been carried out on chemically 
induced primary squamous cell carcinomas in the hamster cheek pouch. For com-
pounds such as GB-10 (Na  

2
  10  B 

10
 H 

10
 ), which is related to BSH, the distribution of 

boron in tumor, relative to adjacent normal tissues, is not in fl uenced by a selective 
blood vessel barrier of the type found in the CNS. The tumor:blood boron concen-
tration ratios ranged from 2.8 to 4.8 for BPA and from 0.8 to 1.0 for GB-10, depend-
ing on the dose and administration protocol but not in a clearly de fi ned way  [  35  ] . 
Thus, based on these two tumor models, uptake of the current group of clinically 
used boron carriers and related compounds by tumor relative to blood does not 
change signi fi cantly with tumor model. However, it must be emphasized that this in 
itself does not indicate the same biological effectiveness. There is an urgent need to 
establish CBE factors for different tumor types and to avoid the use of CBE factors 
derived for the 9L gliosarcoma for other tumor types. 

 Another boron carrier for which comparative data exist for these two tumor types 
is CuTCPH. Tumor:blood boron concentration ratios ranged from 80:1 in subcuta-
neously implanted 9L gliosarcoma to 16:1 in the same tumor implanted intracere-
brally  [  57  ] . In squamous cell carcinomas of the hamster cheek pouch, even higher 
values of 99:1 were obtained  [  47  ] . These high tumor: blood boron concentration 
ratios were all measured 3 days after the  fi rst administration of a series of i.p. injec-
tions of the compound, delivered over periods up to 48 h. They were associated with 
very low blood boron concentrations, which cannot be reliably used to estimate 
tumor boron levels in a clinical scenario. These high tumor:blood boron concentra-
tion ratios measured in the hamster cheek pouch model do not necessarily correlate 
with high levels of local tumor control. A combination of high absolute boron con-
centration values and a favorable compound localization, that is, a high CBE factor 
are pivotal to obtaining the greatest biological effect. This fact stresses the need for 
radiobiological studies to evaluate the potential therapeutic ef fi cacy of a particular 
boron carrier. The therapeutic effect of boron carriers must not be predicted on the 
basis of tumor:blood boron concentration ratios alone. 
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 The importance of the use of in vivo models to assess the likely effectiveness of 
BNCT mediated by a boron compound has recently been illustrated by studies with 
GB-10 on induced squamous cell carcinomas in the hamster cheek pouch  [  81  ] . As 
indicated above, GB-10 does not target these tumors selectively and yet GB-10 
mediated BNCT still produced a 70% overall initial tumor response rate with no 
damage to the normal tissues of the cheek pouch.    Analysis using light microscopy 
has indicated that GB-10 mediated BNCT damages the abnormal tumor blood ves-
sels, but spares blood vessels in precancerous and normal tissue. The stroma of the 
tumor was characterized by marked hemorrhaging, caused by the rupture of blood 
vessel walls, congestion, and edema. No damaged or ruptured blood vessels were 
detected in any of the  fi elds of precancerous or normal tissue examined throughout 
the follow-up period of 30 days. Blood vessels of tumors are believed to be structur-
ally and functionally abnormal. Tumor blood vessels have been reported to be 
dilated and altered in the sense that their walls exhibited fenestrations, vesicles, and 
transcellular holes. There were widened interendothelial cell junctions and a dis-
continuity or absence of the basement membrane  [  9  ] . Regardless of the effective-
ness of GB-10 mediated BNCT, the working hypothesis is that GB-10 leaks from 
the abnormal tumor blood vessels into the extracellular space and accumulates in 
the vicinity of endothelial cells. In addition, in terms of purely physical geometric 
considerations, the dose distribution in dilated tumor vessels would be closer to the 
charged particle equilibrium distribution than in normal (narrower) blood vessels 
where a boron concentration gradient will exist between blood adjacent to the lumi-
nal wall of the blood vessel, the endothelial cell, and the surrounding tissue. With 
GB-10 located in the blood and in the extracellular space around blood vessels, a 
selective tumor effect would result from selective blood vessel damage rather than 
from the selective uptake of the boron compound by the tumor  [  81  ] . This proposed 
mechanism is in contrast to the traditional BNCT paradigm which ascribes selective 
tumor damage to selective boron uptake by tumors. Furthermore, it illustrates the 
limitations of gross bio-distribution studies and the need to perform in vivo BNCT 
studies to evaluate the potential therapeutic ef fi cacy of a boron compound. 

 As indicated previously, achieving high tumor:normal tissue and tumor:blood 
mean boron concentration ratios is clearly an asset. However, using this approach 
alone, BNCT will not be optimized unless at least the majority of all the tumor clo-
nogenic cells are targeted, regardless of their position in the tumor and metabolism 
and degree of differentiation or proliferation. Given that tumors are very often het-
erogeneous, targeting of all the appropriate tumor cell populations is an acknowl-
edged challenge in oncology. In the case of BNCT, the tumor cell populations that 
are poorly loaded with boron will be signi fi cantly underdosed. The combined 
administration of boron compounds with different uptake properties should contrib-
ute to a more homogeneous targeting within a heterogeneous tumor and in this way 
to the therapeutic ef fi cacy of BNCT  [  2,   35,   36,   70,   80  ] . Studies with induced 
squamous cell carcinoma in the hamster cheek pouch model have highlighted the 
dif fi culty of achieving complete remissions, within 30 days, in larger tumors 
(>100 mm 3 ) treated with BPA-mediated BNCT alone  [  46  ] . Conversely, BNCT 
mediated by GB-10 and BNCT mediated by a combination of GB-10 and BPA 
induced complete remission in some of these large tumors  [  81  ] . Improved tumor 
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response could be partially ascribed to improved tumor cell targeting by a combined 
compound administration protocol  [  36  ] . The combined administration of GB-10 
and BPA achieved a statistically signi fi cant 1.8-fold increase in the targeting homo-
geneity of boron, over GB-10 alone, and a statistically signi fi cant 3.3-fold increase 
in targeting homogeneity of boron over BPA alone  [  36  ] . This conclusion was based 
on a reduced coef fi cient of variation in the gross measurements in multiple samples 
in individual animals. Thus, in this case at least, combined administration of two 
boron compounds with different properties and uptake mechanisms (BPA and 
GB-10) improved targeting homogeneity. Moreover, GB-10 mediated BNCT, in 
particular, may contribute, via a selective effect on tumor blood vessels, to the treat-
ment of larger tumors that are more dif fi cult to treat on a “cell by cell” basis. GB-10 
and BPA could combine vascular targeting and cellular targeting, respectively, to 
achieve an improved tumor response in a similar manner to what was recently been 
reported for dual-mode photodynamic therapy  [  10  ] . 

 An additional potential advantage of combined boron compound administration 
protocols lies in the  fi nding that they can deliver increased absolute amounts of 
boron to tumor tissue  [  35  ] . For similar tumor:normal tissue ratios, high, non-toxic, 
absolute  10 B concentrations are an advantage because they allow for shorter irradia-
tion times and a concomitant reduction in the background dose from the neutron 
beam  [  12  ] . In addition to the multiple variables described above that in fl uence the 
value of CBE factors for tumors, for a single boron carrier, little is known about the 
interaction between boron carriers administered concomitantly in different propor-
tions. The improvement in targeting homogeneity described above, for example, 
would conceivably result in a synergistic therapeutic effect when boron carriers are 
administered jointly. Within this context, the CBE value of a combination of boron 
compounds must be determined in vivo and cannot be calculated based on the indi-
vidual CBE values for each boron compound. The fact that tumor control by BNCT 
mediated by certain boron compounds might be due to vascular damage rather than 
direct killing of tumor cells and available evidence that targeting of heterogeneous 
tumor cell populations plays a pivotal role in the biological effect of BNCT  [  81  ]  
also questions the validity of some CBE values determined using in vivo irradiation/ 
in vitro assays  [  19  ]  since this excludes the evaluation of any effect on tumor response 
speci fi cally involving the tumor vasculature. 

 All of the above considerations stress the need to establish CBE factors under 
conditions that resemble, as closely as possible, the clinical scenario that the 
experiments are attempting to characterize.   

    17.4   Future Research Requirements 

    17.4.1   Interaction Between High and Low-LET Radiations 

 In the routine practice of BNCT, it is, as indicated previously, assumed that the 
different components of the mixed  fi eld irradiation act independently of each other. 
However, only a relatively small increase in the biological effectiveness of  g -rays, 
when given in combination with a high-LET radiation relative to  g -rays alone, would 
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signi fi cantly reduce the apparent RBE/CBE of the high-LET components of this 
mixed beam irradiation. While of considerable importance for the understanding of 
BNCT, the potential interaction between high- and low-LET radiations has not been 
extensively studied nor directly investigated in relation to BNCT. The only studies 
that have been undertaken, with relevance to this question, have been the sequential 
irradiation of V79 cells with  fi xed doses of either fast neutrons or  238 Pu  a -particles 
(140 keV/ m m), prior to exposure to high dose-rate x-rays  [  52,   53  ] . 

 For high dose-rate x-rays and  a -particles given totally separately, the RBE of 
the  a -particles, relative to x-rays, was approximately 6.0, 3.0, and 2.4 for clono-
genic cell survival levels of 50, 10, and 1%, respectively (Fig.  17.8a ). When a  fi xed 
dose of 0.5 Gy of  a -particles, which reduced clonogenic cell survival by 50%, was 
given immediately prior to x-rays, the resulting x-ray cell survival curve was still 
curvilinear. Normalization of the data back to an initial 100% survival showed the 
x-ray (with 0.5 Gy of  a -particles) cell survival curve to be unchanged relative to 
x-rays alone (Fig.  17.8b ). This was not the case when the initial  a -particle dose 
was increased to a  fi xed dose of either 2.0 or 2.5 Gy. The RBE of x-rays combined 
with the higher dose of  a -particles was  ³ 1.15 when compared with x-rays given 
alone (Fig.  17.8c, d ). McNally et al.  [  53  ]  concluded that “alpha particles cause 
damage capable of interacting with x-ray damage.” However, the relationship is 
not a simple one; it depends on the relative mix of high- and low-LET radiation. 
These results raise important questions although results from studies with  fi xed 
doses of  a -particles or neutrons do not necessarily predict the response of cells 
and tissues when a  fi xed percentage of high-LET radiations (recoil protons from 
fast neutrons, protons from nitrogen capture and  a -particles, and lithium ions from 
the  10 B capture) is given concomitantly with  g -rays, sometimes at relatively low 
dose rates. Carefully designed investigations are needed to address this issue, 
using a proportion of high-LET radiation to the total absorbed dose, of the same 
order of magnitude as that present in tissue during BNCT exposures. In a recent 
study  [  73  ]  in which V79 cells were concomitantly irradiated with x-rays and alpha 
particles, no evidence for any interaction was found. However, in this study, the 
percentage contribution of alpha particles to the total absorbed dose was <19%, 
and thus, the results obtained are still consistent with the earlier studies of McNally 
et al.  [  53  ] . This as been reaf fi rmed by a very recent study  [  50  ]  where evidence for 
the interaction between gamma-rays and fast neutrons, in a mixed  fi eld irradiation 
with epithermal neutrons , was not only shown to be dependent on the proportion 
dose of contribution from the high-LET dose component but also suggested that it 
might also be in fl uenced by the energy spectrum of the fast neutron dose 
component.   

    17.4.2   Use of Existing Boron Compounds for New 
Medical Applications 

 The determination of CBE factors, which represent the biological effectiveness of 
the  10 B(n, a ) 7 Li reaction products in speci fi c normal tissues at risk as a result of any 
new application, should be a mandatory part of any development program. Reports 
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of adverse normal tissue reactions with any new radiotherapy modality are a cause 
for concern and a justi fi able reason for the closure of studies, as has proven to be the 
case for BNCT in the past. CBE factors for a speci fi c normal tissue, using existing 
boron carriers, cannot safely be applied to other normal tissues. 
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  Fig. 17.8    Clonogenic cell survival curves for V79 cells after irradiation with either ( a ) x-rays 
[3 Gy/min] or  a -particles [0.35 Gy/min; 140 keV/ m m] alone or with a  fi xed dose of  a -particles, ( b ) 
0.5 Gy, ( c ) 2.0 Gy, or ( d ) 2.5 Gy followed by a variable dose of x-rays. For these combined irradia-
tions, the curve for each irradiation type is given as a reference. For these combined irradiations, 
the actual data (O-O) has been normalized to 100 % cell survival (-). The RBE values result from 
the comparison of this normalized data with x-irradiation alone (Reproduced from Hopewell et al. 
 [  39  ] ; with permission)       
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 An example that perhaps demonstrates these concerns was the extrapolation of 
weighted doses, obtained from the clinical studies at Brookhaven National Laboratory 
with an epithermal neutron beam, for the safe treatment of patients with glioblas-
toma with BPA-mediated BNCT, to the extracorporeal treatment of livers in patients 
with colorectal metastases using the same neutron capture agent  [  74  ] . An additional 
complication in these investigations was that a thermal, and not an epithermal neu-
tron beam, was used. This was judged to be acceptable, and it was suggested to be a 
conservative choice because the RBE of 14.3 MeV D-T generated fast neutrons for 
liver tissue was more than 30% greater in comparison with that of thermal neutrons 
for brain tissue. The end point selected for the liver was the clonogenic survival of 
hepatocytes in vitro  [  43  ] , which has no proven link with the development of late 
radiation damage to liver and where the RBE will depend on the level of cell survival 
at which damage was assessed. The brain endpoint was based on the ED 

50
  for radia-

tion myelopathy in rats  [  59,   60  ] . This endpoint is associated with an approximately 
 fi xed level of cell survival in endothelial cells, and not parenchyma cells  [  20  ] , mak-
ing this a very poor comparison. Although it was recognized that a limiting tolerance 
dose was needed to be established for the liver using appropriate animal experiments 
 [  69  ] , the same assumptions were still used in subsequent dose modeling studies. In 
the absence of appropriate data, there is always the tendency for early proposals to 
be perpetuated. In such situations where there is considerable uncertainty in the 
radiobiological parameters, it is much more appropriate to quote total absorbed 
doses, including the breakdown of that total absorbed dose into its different compo-
nents. Otherwise, important information for potential future use will be lost.  

    17.4.3   Use of Novel Boron Compounds and Alternative 
Neutron Sources 

 Experience from fast neutron therapy has shown that even small changes in the 
neutron spectra can result in a change in the relative RBE of a particular beam  [  31  ] . 
With the currently available beams for BNCT, there is at present insuf fi cient infor-
mation to be able to predict the likely biological effectiveness of any new neutron 
source. More studies of the type that used V79 cells to compare the biological effec-
tiveness of the fast neutron component of epithermal beams at Studsvik and 
Birmingham are required. This would avoid the dif fi culties in interpretation brought 
about by other confounding variables, such as the variations in effects resulting 
from the dose-rate of the  g -ray dose component. Simple short-term studies, such as 
those proposed by Gueulette et al  [  32  ] , would also provide a guide to the relative 
effectiveness of different beams. 

 For new compounds, the key issue is the determination of the CBE factor for the 
speci fi c normal tissues at risk of developing adverse effects and depends on the 
tumor site treated for which a particular boron compound is proposed. These studies 
do not need to be undertaken on an epithermal beam, which for most tissues may 
require the use of a large animal model. The use of a well characterized thermal 
beam would be suitable, preferably one where exposure times are short so the con-
founding effects of a low dose-rate from the  g -ray dose component can be avoided. 
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 BNCT may be one of the most complicated therapeutic modalities ever to reach 
the stage of human clinical trials. As the application of BNCT continues to expand 
into new tumor sites, the radiobiological principles discussed in this chapter assume 
central importance. It is essential that all available radiobiological information from 
prior BNCT experience, as well as from other modalities such as fast neutrons, be 
evaluated and integrated into the plans for future BNCT development.

   Those who cannot remember the past are condemned to repeat it.  
  George Santayana          
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  18      Tolerance of Healthy Tissues and 
Ideal Radiation Dose on BNCT       

      Yoshinobu   Nakagawa          and    Teruyoshi   Kageji                

    18.1   Introduction 

 Glioblastoma   , a poorly differentiated glioma, is considered to be the most malig-
nant and intractable type of brain tumor. It usually grows in the white matter of the 
cerebrum, and then, it rapidly invades normal brain tissue. Most patients with such 
an invasive glioma (including anaplastic astrocytoma and low-grade astrocytoma in 
addition to glioblastoma) are beyond the point of a curative surgical removal of the 
tumor because of the risk of damage to the surrounding normal brain tissue. Despite 
aggressive treatment with combined surgery and chemotherapy or high-dose radia-
tion therapy, the median survival of glioblastoma patients is typically 9–10 months, 
and fewer than 5 % survive for 5 years. It is dif fi cult to control the in fi ltrating tumor 
cells, even with ultrahigh-energy radiotherapy, such as proton-beam therapy or 
heavy-ion radiotherapy because of its characteristic brag peak. Trials of dose escala-
tion using stereotaxic linac radiation, Gamma Knife radiation, or proton-beam 
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therapy have been conducted in efforts to escalate the tumor volume radiation dose. 
However, no effective trials have yet been reported. Proton-beam therapy, Gamma 
Knife therapy, and conventional radiotherapy all employ gamma- or X-ray irradia-
tion. Such radiation beams with low LET are not tumor speci fi c; therefore, high-
dose irradiation with low-LET radiation beams produces extensive  damage to 
surrounding normal brain tissue. It is well known that radiation therapy using X-ray 
or gamma-ray irradiation improves clinical outcome in patients with malignant 
tumors but also increases the risk of a poor quality of life with chronic neurocogni-
tive effects and functional de fi cits (Fig.  18.1 )  [  1  ] . To control invasive and radioresis-
tant tumors such as glioblastomas and anaplastic astrocytomas without severe 
damage to the normal brain tissue, therapy targeted at the cell level is necessary.   

    18.2   Clinical Experience – Antitumor Effect 

 Clinical trials of BNCT were initiated in 1951 at Brookhaven National Laboratory 
by Sweet and Javid, Javid et al., and Farr et al.  [  2  ] . However, the trials were discon-
tinued after 1961 due to discouraging clinical results. The researchers reported that 

  Fig. 18.1    MRI (Gd+) before BNCT ( left ) and 2 years after BNCT ( right ). A 41-year-old female 
suffered from headache, epileptic seizures, and right hemiparesis. A magnetic resonance image 
(MRI) showed an enhanced mass in the left parietal lobe. She underwent craniotomy and partial 
resection of the tumor. The histological diagnosis was glioblastoma. BNCT was performed at 
KUR in August 1992. The enhanced area ( circle ) demonstrated that the tumor that was present 
prior to BNCT had completely disappeared after BNCT. There was little damage in the brain 
parenchyma around the lesion after BNCT       
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important factors in their initial failure may have been the contamination 
of the neutron source,  fi rst neutron, and gamma ray as well as the inadequate 
selectivity of the boron compounds. H. Hatanaka, a member of the original 
Boston team, identi fi ed a new boron compound, sodium-mercaptoundecahydro-
dodecaborate (Na 

2
 B 

12
 H 

11
 SH:BSH). The toxicity, distribution, and the metabo-

lism of BSH were studied by Soloway et al. In 1968, Hatanaka modi fi ed the 
BNCT studied in the United States and resumed BNCT in Japan using BSH  [  3  ] . 
Kageji et al. demonstrated its selective accumulation in tumor tissue using clini-
cal data (Fig.  18.2 )  [  4  ] .  

 Since 1968, various clinical trials of BNCT were conducted not only in Japan but 
also in the United States and Europe. Most of the trials (with the exception of our 
study) focused on how to escalate the radiation dose, including gamma rays. Our 
concept of BNCT provides for selective destruction of tumor cells using heavy-
charged particles yielded up by  10 B(n, a )7Li reactions. To improve the clinical 
results, our efforts have therefore concentrated on escalating the dose of alpha par-
ticles and recoiling lithium-7( 7 Li) in the clinical target volume. The physical dose of 
the two heavy particles is determined by the neutron  fl uence at the target point and 
the boron concentration in the tumor tissue. According to our analysis, the ratio of 
boron concentration (BSH) in tumor tissue and blood is nearly stable at around 
1.2–1.69. The escalation of the radiation dose can be achieved by improving the 
penetration of the thermal neutron beam. We designed several trials that involved 
the use of heavy water, whole brain irradiation, and multidirectional radiation with 
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  Fig. 18.2    Comparison of the boron uptake in low-grade astrocytoma ( AS I-II ), anaplastic astrocy-
toma ( AS III ), and glioblastoma ( GB ). There were signi fi cant differences between AS III, GB, and 
AS I-II. Pathologically, the density of the tumor cells of ASIII and GB was much higher than in 
ASI-II. The  fi ndings demonstrated the selective accumulation of BSH in the tumor cells       
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thermal neutrons. We found that creating an air- fi lled cavity in the cortex by the 
surgical debulking of the tumor tissue to be the most effective method, and it 
signi fi cantly improved neutron penetration (Fig.  18.3 )  [  5–  7  ] . After a gross total 
resection of the tumor, we recommend that the clinical target volume is isolated at 
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  Fig. 18.3    Penetration of neutron beams and the ef fi cacy of debulking surgery. If a brain tumor is 
grossly debulked and the cavity is  fi lled with air, then epithermal neutrons can reach the base of the 
cavity without any marked attenuation. The peak of the thermal neutron is located at a depth of 
from 1–2 cm from the surface of the cavity, which is the target point. The clinical target volume, 
which includes the zone of cell-level in fi ltration, can be ef fi ciently radiated       
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2 cm outside the debulking cavity. If the plan is to  fi ll the whole cavity with air and 
to irradiate it with epithermal neutron beams, the peak of the  fl ux is at a 1–2 cm 
depth from the surface of the cavity. This layer represents the clinical target volume 
per se and signi fi es that the maximum radiation dose will be selectively delivered to 
the in fi ltrated tumor cells, thereby providing the most effective and ef fi cient radia-
tion. An alternative strategy is the introduction of epithermal neutrons  [  8  ] . As reac-
tors at the Research Reactor Institute of Kyoto University (KUR) and the Japan 
Atomic Energy Research Institute (JRR-4) came on line, epithermal neutrons 
became available for medical use. The combination of surgery and irradiation using 
epithermal neutrons was included in the design of trials aimed at developing new 
treatment strategies for patients with malignant brain cancer.   

    18.3   Clinical Experience – Effects on Normal Tissue 

 The other theme of the clinical trials was the protection of normal brain tissue  [  9  ] . We 
studied all patients in whom radiation necrosis was demonstrated after BNCT. 
Radiation necrosis was primarily diagnosed by CT and/or MRI. Necrotic  fi ndings 
were determined by low-intensity areas on MRI T1-weighted images with contrast 
enhancement and high-intensity areas on T2-weighted images. Low-density areas 
with contrast enhancement on CE-CT also indicated necrosis. The abnormal  fi ndings 
should be newly evident beside the primary tumor. Radiation necrosis was found in 
19 patients (19/183 10.4 %). Fourteen of those 19 patients displayed radiographic 
changes as well as clinical symptoms such as motor weakness and speech distur-
bance. Five out of those 14 patients had an epileptic seizure within 1 week after 
BNCT. The remaining  fi ve patients displayed only radiographic change without neu-
rological deterioration. Radiation necrosis demonstrated by CT or MRI was observed 
at 2 months to 2 years after BNCT. Only one glioblastoma patient who underwent 
two-dimensional radiation showed acute brain swelling 2 weeks after BNCT. There 
were no signi fi cant differences between the two groups (between the patients with 
necrosis and those without necrosis) in age, radiation time, boron concentration, and 
maximum neutron  fl uence. However, the vascular radiation dose, as calculated 
according to the report of Kitao and Rydin, showed marked differences. The vascular 
radiation dose of the patients with radiation necrosis was 21 ± 8.1 Gy, while the vas-
cular dose of the patients without radiation necrosis was 9.4 ± 5.1 Gy. After this study, 
in order to reduce the incidence of radiation necrosis, we decided the maximum vas-
cular dose should be less than 15 Gy in our protocols (Table  18.1 ).  

   Table 18.1    Radiation necrosis and related factors   
 Necrosis (+) ( n  = 19)  Necrosis (−) ( n  = 164) 

 Age  38.5 ± 19.0  41.8 ± 18.6 
 Radiation time  254 ± 99  218 ± 108 (min) 
 B-10 in blood  28.9 ± 9  22 ± 10 (ppm) 
 Neutron  fl uences  2.1 E  ± 0.6  1.7 E  ± 0.8 (13 n/cm 2 ) 
 Maximum vascular dose  21.8 ±8.1  9.4 ± 5.1 (Gy) 
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 Since 1968 in our series in Japan, signi fi cant differences between patients with 
good and poor outcomes were observed with respect to the physical radiation dose 
and maximum neutron  fl uence. Six patients out of 105 lived more than 10 years 
after BNCT. The estimated tumor volume radiation dose in this group was 18.2 ± 3.3 
Gy. It was 12.4 ± 3.5 Gy in 11 patients who lived more than 5 years. There were no 
signi fi cant differences between the 12 patients who lived more than 3 years and the 
76 patients who lived less than 3 years. There was also no remarkable difference in 
the radiation time between the groups. We consequently recommended that the 
ideal radiation dose (physical dose of boron n-alpha reaction) to control glioblas-
toma should thus be more than 15 Gy (Table  18.2 ).  

 We previously reported that gamma rays do not play an important role in BNCT. 
While gamma and X-rays represent sparsely ionizing radiation with low LET values 
(gamma rays, LET = 0.3 keV/ m m; 250 kV X-rays, LET = 0.3 keV/ m m), the two 
heavy-charged particles have high LET values ( a  particle, 1.47 MeV, range = 7.5  m m, 
average LET = 196 keV/ m m; Li +  ion, 0.84 MeV, range = 5.2  m m, average 
LET = 162 keV/ m m), thus suggesting that the biological effectiveness of the heavy-
charged particles is signi fi cantly different from that of low-LET radiation. For suc-
cessful BNCT, a suf fi cient amount of  10 B must accumulate in the tumor cells, and a 
suf fi cient dose of thermal neutrons must be radiated on the tumor cells and absorbed 
by  10 B. The RBE was highest when LET was around 100 keV/ m m. It is still undeter-
mined whether the ef fi cacy of the heavy-charged particles is attributable to double-
strand breakage of DNA after ionizing radiation. For the correct evaluation of the 
delivered dose in BNCT, it is therefore necessary to differentiate between the physi-
cal dose of the heavy particles and gamma rays.  

    18.4   Future Strategy 

 To correctly evaluate the delivered dose in BNCT, it is necessary to differentiate 
between the physical dose of the heavy particles and gamma rays. To assess the 
ef fi cacy of BNCT and to facilitate effective radiation planning, it is also necessary 
to estimate and compare the physical dose of charged particles in the gross tumor, 
clinical target volume, and planned target volume. We expect that, in the future, 
additional advances in treatment strategies that take advantage of the combination 
of irradiation with epithermal neutron beams and neurosurgery will allow the radi-
ation dose to be  fi ne-tuned, thereby optimizing the outcomes of patients with 

   Table 18.2    Comparison of clinical outcome and tumor volume radiation dose ( n  = 105, between 
1977 and 1997)   
 Patient survival  Radiation dose (Gy)  Radiation time (min) 
 More than 10 years ( n  = 6)  18.2 ± 3.3  240 ± 66 
 More than 5 years ( n  = 11)  12.4 ± 3.5  210 ± 76 
 More than 3 years ( n  = 12)  9.8 ± 5.0  252 ± 61 
 Less than 3 years( n  = 76)  9.9 ± 6.0  231 ± 84 

  The radiation dose is demonstrated by the physical dose of boron n-alpha reaction  
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malignant brain tumors. The recent BNCT trend was therefore a return to the older 
strategy, which escalates gross tumor radiation volume (including gamma rays). 
This strategy may be a traditional method.      
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          19.1   Introduction    

 In oncology, scientists are constantly searching to develop innovative, more effec-
tive, and less toxic treatments to improve local tumor control, survival of patients, 
and quality of life. Among many others, Boron Neutron Capture Therapy (BNCT) 
is one innovative approach to reach this goal. 
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 Following positive preclinical investigations, clinical trials are essential in the 
developmental process of innovative approaches, to prove a new treatment safe 
and ef fi cient. To ensure protection of research subjects, the conduction of clini-
cal trials is strictly regulated by national laws based on international guidelines. 
These complex rules were primarily developed for investigating new drugs but 
have been extended to medicinal products and therapeutic procedures for humans 
in a general way including “advanced therapies.” The trial strategy to develop a 
new treatment has been well established for drugs. However, a clear design for 
clinical trials to test and implement binary treatment modalities such as BNCT is 
missing  [  1  ] . 

 The main distinctions between conventional therapies and BNCT are the following:
    1.    The treatment concept of BNCT varies fundamentally from conventional thera-

pies. Current radiooncological techniques optimize the dose distribution by 
applying the radiation of the beam as conformal as possible to the tumor (selec-
tive damage to the tumor by ballistic precision). On the contrary, BNCT can 
irradiate an extended area where microscopic disease is expected. The selective 
damage to the tumor cells is not achieved by the direct action of the primary 
beam but is obtained by the neutron capture reactions releasing high-LET par-
ticles where  10 B atoms are present. The therapeutic effect occurs only when the 
 10 B atoms, delivered to the tumor by a dedicated compound, are irradiated with 
thermal neutrons  [  1,   2  ] .  

    2.    The binary nature of the BNCT treatment principle requires investigation of a 
compound susceptible of targeting tumor cells however without an own thera-
peutic effect. Such boron carrier must go through standard clinical testing like 
all other investigational drugs; however, conventional methods to test such 
compound are not strictly applicable  [  1  ] .  

    3.    Standards for prescribing and reporting the irradiation dose are missing as are 
standards reporting on the concentration and distribution of boron and/or boron 
compounds. Very different methods with certainly different end points exist to 
measure the boron concentration and boron distribution. All such methods 
deliver valuable but often fundamentally differing information and cannot be 
easily compared. Also, not all of these methods are valuable for clinical deci-
sions, e.g., as they are too demanding, and it takes days to weeks until results 
are available.  

    4.    BNCT uses an irradiation beam that is not established for clinical practice and 
that produces a complex dose distribution with high- and low-LET components.  

    5.    To date, an epithermal neutron beam with a  fl uence, which is necessary for 
BNCT, can only be produced by a nuclear reactor. This involves the use of 
technical equipment that is not aimed for clinical applications and which may 
thus need special licensing.  

    6.    Most irradiation facilities are not hospital-based and not located in a medical 
environment but located at research sites, e.g., at a research reactor.  

    7.    Radiation facilities and beams used for BNCT to date differ considerably not 
only from facilities and beams used for conventional radiotherapy, but beams 
used for BNCT also differ among themselves. These differences complicate the 
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conduction of multicenter trials, which will be necessary at a certain point in 
the developmental process of BNCT.  

    8.    In spite of a large number of preclinical investigations, data often lack consis-
tency and comparability. Early preclinical and clinical investigations were not 
conducted according to today’s standards (e.g., GMP); therefore, results of 
such investigations must be interpreted with care, especially when used as basis 
for developing trial concepts.  

    9.    To date, commercial companies show modest interest in drug development and 
technological developments related to BNCT as the method is still quite far 
from being judged for superiority against current standard treatments. Drug 
development, however, usually conducted by the pharmaceutical industry needs 
specialized facilities and  fi nancial resources.  

    10.    Beneath the special characteristics of the therapeutic principle, the design of 
clinical trials in BNCT is challenged by the highly complex and interdisciplinary 
nature of BNCT, which requires expertise in many  fi elds such as neutron physics, 
(boron) chemistry, radiobiology, radiooncology, specialized analytical methods, 
and pharmacology. Such knowledge is usually available at selected academic 
institutions only. BNCT also needs expertise of specialists (e.g., nuclear physi-
cists) who are not used to work in the medical  fi eld or even in clinical trials.  

    11.    As BNCT can be offered at selected institutions only, patients often travel long 
distances to be treated, which complicates the issue of timely, quali fi ed, and 
well-documented recruitment but also follow-up of patients. Cooperation 
across state borders could be established in some clinical projects, which how-
ever require respecting national laws of all countries involved and also some-
times lead to linguistic barriers especially for patients.     

 These aspects make clinical trials in BNCT a challenging task for the scientists 
as well as for the regulatory authorities. Innovative clinical trial designs are neces-
sary in conjunction with innovative organizational and administrative concepts and 
a strict quality assurance to meet these challenges. Additionally, in-depth training of 
all staff involved is required. Multidisciplinary and international cooperation is 
highly desirable and economic. 

 In the last years, efforts were already made to develop clinical trial strategies 
aiming to mature BNCT to a treatment modality. The following chapters describe 
ideas and possible solutions to cope with the described challenges.  

    19.2   Design of Clinical Trials 

 Cancer clinical trials include research in different phases. After successful pre-
clinical studies, a new treatment is evaluated through a series of clinical trials, 
methodologically built, to test safety and ef fi cacy. Clinical trials involving new 
drugs are commonly classi fi ed into four constitutive phases  [  3  ] . The development 
process usually proceeds through all four phases, and if it passes successfully 
through phases 0–III, a drug will be approved by the National Regulatory 
Authority for use in the general population. Due to the binary nature of BNCT, 
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we propose to adapt these testing phases as speci fi ed in Table  19.1  to closely fol-
low established standards but to additionally consider the speci fi c needs for 
BNCT.  

    19.2.1   Preclinical Studies 

 The design and conduction of clinical trials must rely on preclinical data. Therefore, 
the preclinical phase is decisive for the success of a new treatment option. 

 Before any new treatment is made available for investigations in patients, it must 
be tested on cell cultures and on animals. Drug development encompasses the entire 
process of compound discovery and all steps necessary to take a selected chemical 
through all required preclinical tests (phase 0: compound synthesis, characterization, 
analysis; phase 1: short-term toxicity studies,  fi rst pharmaceutical studies in animals, 
complete chemical evaluation, preformulation studies, in vitro and in vivo tests to 
determine toxic and pharmacological effects, genotoxicity, drug absorption, metabo-
lism and toxicity of metabolites, speed of excretion of the drug and metabolites; 
phase 2: start of human testing) before it is allowed to be investigated in humans. 
The set of preclinical tests necessary is highly standardized and regulated by law and 
is usually conducted by the pharmaceutical industry. Only when these studies sug-
gest that the treatment is safe, it is then tested in clinical trials with patients. 

 The compounds sodium mercaptoundecahydro- closo -dodecaborate (BSH, 
Na  

2
  10  B 

12
 H 

11
 SH)  [  4  ]  and L- para -boronophenylalanine (BPA, C 

9
 H  

12
  10  BNO 

4
 )  [  5  ]  have 

been developed and tested long before these strict regulations came into place. 
Therefore, results of early preclinical and clinical investigations concerning both 
compounds must be interpreted with care, and some essential information is still 
missing, e.g., concerning the metabolism of both compounds. Despite these facts, 

   Table 19.1    Phases of clinical research in BNCT with a newly developed  10 B compound   

 Phase  Main end points 
 Phase 0 

DRUG
  (“translational research”)  Selective accumulation of  10 B as delivered by the 

compound in the tumor (surrogate end point) as a  fi rst 
in human proof of principle in subtherapeutic dosing, 
pharmacokinetics, pharmacodynamics 

 Phase I 
DRUG

   Tolerability and safety of the drug in (near-)therapeutic 
doses, selective accumulation of  10 B as delivered by the 
compound in the tumor and in normal tissues, 
pharmacokinetics, pharmacodynamics 

 Phase I 
BNCT

   Tolerability and safety of a combination of the 
compound with neutron irradiation (BNCT), dose 
 fi nding  fi rst with subtherapeutic but ascending doses 
(dose escalation of the compound dose and/or the 
irradiation dose) 

 Phase II 
BNCT

   Ef fi cacy of BNCT at therapeutic doses of the drug and 
of the irradiation dose, determination of the optimal 
dosing (drug and irradiation), antitumor effect 

 Phase III 
BNCT

   Therapeutic effect of BNCT as compared the standard 
treatment 
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today, both compounds are usually allowed to be used as experimental drugs in 
clinical trials as quite some information in humans already exists (see Chap.   8    ). 

 If however new compounds are designed and tested for BNCT in an academic 
environment, it is highly recommended that tests at a very early stage of development 
are conducted according to the established rules for preclinical testing, as further 
investigation of a promising compound would otherwise be severely delayed.   

    19.3   Clinical Studies 

    19.3.1   Phase 0 

 A phase 0 clinical trial usually investigates pharmacodynamics and pharmacokinet-
ics of a new drug in very small, subtherapeutic doses. 

 For BNCT, the compound should additionally be tested for selective uptake in the 
selected tumor entity in the sense of a proof of principle. The surrogate end point 
( 10 B concentration) facilitates the testing process enormously. However, it does not 
eliminate the need for a standard phase I trial evaluating the toxicity of the combina-
tion of drug and irradiation in BNCT. This is especially true as the combined biologi-
cal effects of a heterogeneous  10 B distribution and an irradiation containing low- and 
high-LET components can solely be investigated in trials involving irradiation  [  1  ] . 

 The trial design streamlines testing such characteristics early in the development, 
thus preventing therapeutic failures during costly BNCT trials, which involve irra-
diation of patients  [  2  ] . One example for such trial design is the EORTC trial 11001, 
which is a prospective translational research/phase 1 clinical trial. The trial aims to 
identify tumor entities that may be treated with BNCT by demonstrating a selective 
uptake of the compounds sodium mercaptoundecahydro-closo-dodecaborate (BSH) 
or para-boronophenylalanine (BPA) or both compounds  [  2,   6  ] . The amount of the 
drugs infused in such trial must be below the dose at which toxic events are expected. 
The evaluation of toxicity is however a decisive part of such trial. In an early clinical 
trial without therapeutic intent, the number of patients must be kept to a minimum. 
The low number of patients allows descriptive statistics only, which is also common 
to phase I clinical trials. 

 Trials including translational research are sometimes termed as phase V.  

    19.3.2   Phase I 

 Phase I trials are designed to investigate pharmacovigilance and dose ranging in 
often subtherapeutic doses in a higher number of patients (20–100). 

 In BNCT,  fi rst, a phase I 
DRUG

  trial should be conducted to test the tolerability and 
safety of the drug alone in (near-)therapeutic doses and should deepen knowledge 
on selective accumulation of  10 B as delivered by the compound in the tumor but also 
in normal tissues as this is decisive for side effects. Further end points would be 
pharmacokinetics (necessary especially for timing of drug application and irradia-
tion) and pharmacodynamics of the new drug. 

http://dx.doi.org/10.1007/978-3-642-31334-9_8
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 In a subsequent phase I 
BNCT

  trial, tolerability and safety of a combination of the 
new compound with neutron irradiation (BNCT) are  fi rst evaluated. Such trial aims 
also at a dose  fi nding  fi rst with subtherapeutic but ascending doses, while dose esca-
lation of the drug and/or of the irradiation dose are possible and should be decided 
on considering the characteristics of the drug.  

    19.3.3   Phase II 

 A phase II trial investigates whether a new drug has any ef fi cacy at the therapeutic 
dose. Ef fi cacy is usually tested in 50–300 patients. 

 A phase II trial of BNCT would therefore determine the ef fi cacy a BNCT treatment 
at therapeutic doses of the drug and at a therapeutic irradiation dose concerning the 
antitumor effect. Optimal dosing (concerning drug and irradiation) and timing are still 
to be established in speci fi cally designed parts of the study in this phase. In BNCT 
clinical research, trials in this phase would often be designed as case series to test 
safety and activity of BNCT with the respective drug in a selected group of patients.  

    19.3.4   Phase III 

 Phase III is often randomized controlled multicenter trials to de fi nitely determine 
the therapeutic effect of the new treatment in comparison to the current treatment 
standard in a large group of patients (200–3,000 or more). 

 A phase III trial would therefore investigate the therapeutic effect of BNCT com-
paring such treatment with the current “golden standard” anticancer treatment. 
Currently, investigations related to BNCT worldwide have not yet reached this phase. 
Due to patient numbers, long duration, and dif fi culties concerning the treatment facili-
ties, such trial would be most expensive and time-consuming to run. Questions con-
cerning an international standard for describing the  10 B concentration and  10 B 
distribution as well as prescribing and reporting the irradiation dose would need to be 
solved before a multicenter trial is possible. Differences in radiation beams would still 
exist and should be considered when results of different centers are compared. In the 
current situation with only very few facilities, running conduction of a phase III trial is 
hardly possible; therefore, the development of new hospital- and accelerator-based 
facilities are a decisive step toward a clinical development of the method. For reference 
of trial methodology the following websites may be consulted:   www.wikipedia.org/
wiki/clinical_trial     and   www.who.int/ictrp/en     and   www.eortc.be       

    19.4   Laws and Regulations 

 All clinical trials must comply with international guidelines such as the guidelines 
of International Conference on Harmonisation of Technical Requirements for 
Registration of Pharmaceuticals for Human Use (ICH)  [  7  ] , e.g., the rules for good 
clinical practice (guideline E6(R1)), and all applicable directives and national laws, 

www.wikipedia.org/wiki/clinical_trial
www.wikipedia.org/wiki/clinical_trial
www.who.int/ictrp/en
www.eortc.be
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e.g., The Rules Governing Medicinal Products in the European Union  [  8  ]  (equally 
regulatory guidance of the US Food and Drug Administration)  [  9  ] . Clinical trials 
are closely supervised by appropriate regulatory authorities. 

 According to our experience, it is very useful to include regulatory authorities 
already in the discussion of the trial concept and continuously during the process of 
writing the trial protocol and conducting the trial, especially if transnational scienti fi c 
cooperation is aimed to be established. The time period needed until regulatory and 
administrative rules are set must not be underestimated and can be shortened through 
continuous cooperation with regulatory authorities. 

 It is highly recommended to register trials at ClinicalTrials.gov, which is the 
largest clinical trials registry and searchable database of clinical trials run by the 
United States National Library of Medicine at the National Institutes of Health.  

    19.5   Ethical Conduct 

 Each clinical trial must follow ethical rules (e.g., Declaration of Helsinki) and must 
be approved by an ethics committee before permission is granted to run the trial. To 
be ethic, detailed informed consent is necessary from each patient before he/she is 
included in the trial. 

 Often, subjects included in BNCT clinical trials are in exceptional circumstances 
(life-threatening disease, sometimes terminal phase of life, patients participating for 
altruistic reasons), which can lead to ethical questions that have been answered quite 
differently by research groups/ethics committees in the past. Such questions can 
arise especially as BNCT is still an experimental treatment option, as BNCT in some 
concepts contains procedure that can cause severe side effects, e.g., special surgical 
procedures, liver transplantation, re-irradiation, and heavily pretreated patients. 

 There are also ethical concerns associated with conducting very early-phase 
clinical trials, including the risk-bene fi t ratio and the lack of treatment intent. The 
risk for patients can be reduced by very limited drug exposure, which is below the 
no observable adverse effect level (NOAEL = Highest Dose Administered Without 
any Toxicity), whereas the critical proof of principle and data on pharmacokinetics 
and distribution can still be gained. Such data help the design of more elaborated 
trials, which are based on early clinical data rather than on animal models  [  2  ] . 

 It is the responsibility of each clinical research group and each individual inves-
tigator in cooperation with the local ethics committee to plan and conduct such trials 
following international standards and in the best possible and most responsible way 
to ensure that the rights and safety of trial subjects are protected. This also includes 
careful documentation of all procedures, careful follow-up of patients even if they 
live at distance, and timely publication of results.  

    19.6   Safety and Quality Assurance 

 Some of the above mentioned challenges can be faced by implementing a strict 
quality assurance system, which is however essential in all clinical trials. 
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 The clinical trial protocol plays a central role in the process of planning, con-
ducting, evaluating, and publishing clinical trials. The protocol is used to gain 
con fi rmation of the trial design and adherence by all study investigators, even if 
conducted in various centers or countries. The protocol covers the trial design and 
the informed consent and de fi nes the statistical power. The format and content of 
clinical trial protocols in the United States, European Union, Japan, Canada, and 
Australia have been standardized to follow Good Clinical Practice guidance (guide-
line E6(R1)) issued by the International Conference on Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals for Human Use (ICH)  [  7  ] . 

 As most irradiation facilities are not hospital-based and not located in a medical 
environment, but on research sites, such facilities must be equipped with all medical 
equipment needed for patient treatments to handle medical emergencies. Further, med-
ical and nonmedical staff must be trained accordingly to manage regular and emer-
gency treatments. Excellent cooperation with an academic hospital located close to the 
research site as well as agreements concerning patient transportation is mandatory. 

 Training of staff is also of utmost importance to understand the speci fi c termi-
nology and needs of all disciplines involved, e.g., medical staff, medical physicist, 
nuclear physicists, reactor operators, and in some cases security guards. 

 The installation of research-oriented coordinating and support structures might 
facilitate the conduction of trials across national borders. As the scienti fi c commu-
nity experienced in BNCT is rather small and as the regulatory requirements are 
increasing, cooperation between scientists becomes tremendously important if 
BNCT is to be further developed. Of utmost importance is also systematic training 
and continuing education of all scientists involved – not only of the clinical investi-
gators but also of scientists of other disciplines. Such training ensures scienti fi cally 
sound and safe patient treatments as well as reliable follow-up investigations.      
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    20.1   Introduction 

 The clinical data show that the external beam BNCT appeared to be effective for the 
adjuvant    treatment of newly diagnosed GBM after tumor resection. The optimiza-
tion of dosage and of boron delivery agents, the combined use of different boron 
agents, and the combination of BNCT with other therapeutic modalities have been 
studied for the purpose of improving BNCT. The need for better evidence-based 
data, either through randomized trials or by using the prospective case control 
methodology, is clear from reviewing these clinical reports.  
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    20.2   Multimodal Treatment for Newly Diagnosed GBM 

 GBM, a common type of incurable malignant brain tumor in adults, shows rapid 
tumor growth and wide-spreading invasion to the surrounding normal brain tissue. 
Despite the recent improvements in multimodal therapies that include surgery, 
radiotherapy, and chemotherapy, GBM easily recurs and continues to have a median 
overall survival time (OS) of less than 1.5 years. 

 Several emerging therapeutic modalities for selected patients have achieved 
rather small survival bene fi ts for patients with GBM, for which the overall survival 
(OS) is still less than 2 years. Image-guided surgery utilizing  fl uorescence with 
5-aminolevulinic acid, neuronavigation, and intraoperative magnetic resonance 
imaging (MRI) have enabled more complete resections of the contrast-enhancing 
part of the tumor, resulting in prolongation of the postoperative survival time  [  1,   2  ] . 
Concomitant and adjuvant use of temozolomide with standard photon radiotherapy 
has demonstrated a signi fi cant survival advantage compared to radiotherapy alone 
with minimal additional toxicity. The median OS was 14.6 months with temozolo-
mide plus radiotherapy and 12.1 months with radiotherapy alone  [  3  ] . Approximately 
25 % of the patients who received temozolomide plus radiotherapy survived 
24 months. Bevacizumab, humanized immunoglobulin G1 monoclonal antibody to 
vascular endothelial growth factor, has been shown to have activity in malignant 
gliomas when combined with irinotecan. Some recent studies have shown that the 
combination of bevacizumab and irinotecan is an effective treatment for recurrent 
GBM and has moderate toxicity  [  4–  6  ] .  

    20.3   Rationale for BNCT 

 Randomized trials of postoperative fractionated photon radiation at a total dose of 
45–60 Gy have demonstrated a signi fi cant improvement in survival time  [  7–  12  ] . 
However, failure pattern analyses have revealed an 80–90 % incidence of local 
recurrence due to the presence of microscopic invading cells at distances of 2–3 cm 
 [  13,   14  ] . Favorable results were seen in some dose-escalation studies, which 
involved dose escalation for the main tumor mass rather than the in fi ltration area 
using additional stereotactic radiosurgery, fractionated proton beam radiation, or 
other conformal radiotherapy techniques  [  15–  19  ] . Fitzek et al. reported that a dose 
of 90 Gy in accelerated fractionation with photon and proton irradiation could pro-
vide a very high rate of tumor control in the central lesion, extending the median 
survival time (MST) of GBM patients treated by this modality to 20 months. 
However, recurrence often occurred in the 70–80 Gy volume, and radiation necrosis 
also frequently occurred  [  19  ] . 

 There is no doubt that the external beam photon radiation fails to address the micro-
scopic invading GBM cells  [  20  ] . Extensive therapy suf fi cient to cover microscopic 
invasion into the healthy brain tissue such as surgical resection or high-dose radiations 
inevitably leads to some degree of posttherapeutic neurological  deterioration  [  21  ] . 
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There is an urgent need for a method that can deliver tumor-cell-selective high-dose 
radiotherapy to an extended target area encompassing the microscopic invasion while 
avoiding radiation damage to the surrounding normal brain tissue in this incurable 
disease.  

    20.4   Technical Aspects 

     1.    Boron Compound 
 Two boron delivery agents are available and have been used in recent clinical 
BNCT trials of newly diagnosed GBM, BPA, and BSH. BPA has been used in all 
recent external beam clinical BNCT trials for GBM except in EORTC phase I 
trial 11961, in which BSH was administered prior to 4 fractions of BNCT on 4 
consecutive days  [  22,   23  ] . An average blood boron dose of 30  m g/g during neu-
tron irradiation was used in BSH-mediated BNCT, while 10–30  m g/g was used in 
BPA-mediated BNCT (Table  20.1 ).  

 BPA is actively transported through the tumor cell membrane due to the ele-
vated rate of amino acid transport in proliferating cells  [  34,   35  ] . Although the 
uptake of BPA highly depends on individual tumors, high tumor-to-normal-
BPA-uptake ratios (2.1–7.1) were demonstrated in the  18 F-BPA-PET study of 
newly diagnosed GBMs  [  32  ] . Crystallization in the urine, oliguria, renal failure, 
and fever are possible adverse effect of BPA injection. 

 BSH biodistribution studies have suggested that the primary mode of BSH 
distribution is passive diffusion from blood to tumor tissue via the disrupted 
blood–brain barrier. Tumor-to-blood boron concentration ratios of 0.5–1.0 
have been reported in human patients treated with BSH-mediated BNCT 
 [  22,   36  ] . Vascular irritation, fever, skin reaction (erythema), and peripheral 
vasoconstriction have been reported as probable adverse effects of BSH injec-
tion  [  22,   33  ] .  

    2.    Epithermal Neutrons 
 An epithermal (high-energy) neutron beam is essential for external beam, closed-
cranium BNCT and was  fi rst applied at the BNL. The epithermal neutrons are 
moderated in scalp and cranial tissue to become thermal (low-energy) neutrons 
that can be captured more ef fi ciently by  10 B nuclei. The epithermal neutron beam 
has been used for clinical trials for GBM at the FiR1 clinical reactor of the 
Finnish BNCT center, MITR-II of MIT in the USA, the High Flux Reactor (HFR) 
Petten in the Netherlands, the Studsvik facility in Sweden, the LVR-15 reactor at 
the Nuclear Research Institute in Rez, Czech Republic, and JRR-4 of the JAEA 
and the Kyoto University Reactor (KUR) in Japan  [  37  ] .  

    3.    Longer Perfusion of BPA 
 Preclinical data suggest that a longer infusion time may improve the homogene-
ity of boron accumulation in tumors in BPA-mediated BNCT  [  35,   38,   39  ] . The 
long-term infusion method was applied in a Swedish clinical trial (900 mg/kg 
for 6 h), where the average boron concentration in blood was 24.7  m g/g  [  30  ] . 
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The longer perfusion method was also employed in a trial at Osaka Medical 
College (700 mg/kg for 6 h)  [  32  ] .  

    4.    Fractionation 
 Experimental studies using a rat spinal cord model and a dog brain model 
revealed that fractionation of BNCT leads to a minor sparing effect of the central 
nervous system (CNS)  [  40,   41  ] . BNCT was performed in a single fraction at 
BMRR, FiR1, and the Studsvik facility using BPA, a single fraction at LVR-15 
using BSH, and in JRR-4 and KUR using BSH and BPA. The fractionation can 
be used to improve the homogeneous distribution of boron and to split the 
 relatively long irradiation time. In the EORTC 11961 trial in Petten, neutron 
irradiation was performed using 4 fractions with BSH administration prior each 
fraction on 4 consecutive days. Two fractions with BPA administration in each 
fraction on consecutive days were used in the Harvard-MIT trial  [  37  ] .  

    5.    Combination 
 The combination of BPA and BSH was  fi rst applied to clinical BNCT for GBM 
by Miyatake with the intention that these different compounds would accumulate 
in different subpopulations of tumor cells  [  42  ] . The combined use of boron 
 compounds was based on experimental data, which showed different uptake 
characteristics of the cell-cycle dependency of tumor cells  [  34,   35  ] . In an early 
attempt to use the combination of BPA and BSH, the majority of the estimated 
boron dose component was derived from BPA. Intravenous injection of BSH 
(100 mg/kg) followed by injection of BPA (250–700 mg/kg) has caused no severe 
drug-related toxicity. Further optimization of this method and comparative stud-
ies between the combination and single use of boron drugs are needed.  

    6.    Additional Photon Irradiation 
 Experimental data suggest that the combination of BNCT and photon radiation 
leads to signi fi cant gains in survival  [  43  ] . The additional fractionated photon 
irradiation at a dose of 20–30 Gy was performed after BSH/BPA-mediated 
BNCT with a prescribed normal brain peak dose of 13–15 Gy in the clinical situ-
ation  [  32,   33  ] . Two different protocols for small numbers of patients were well 
tolerated without any severe acute or subacute adverse events. Although it is not 
certain whether the additional photon irradiation could play a role in the clinical 
response to BNCT, the survival of two small cohorts in two different protocols 
seemed to be favorable (median OS: 23.5 and 27.1 months). Further optimized 
studies are warranted.  

    7.    Air-Filled Space Method 
 An air- fi lled balloon was used in the early trials to facilitate the transport of ther-
mal neutrons to the deep margins of the tumor bed at MIT  [  44,   45  ] . This idea was 
widely adopted in Japanese intraoperative BNCT. Using this idea, the air- fi lled 
space method was attempted in external beam BNCT in which cerebrospinal 
 fl uid was replaced by air via an Ommaya reservoir  [  32  ] .  

    8.    BPA-PET 
 In the dose planning of BNCT, the determination of the  10 B concentration in the 
tumor is needed.  18 F-labeled positron emission tomography (PET) can be used to 
calculate the lesion-to-normal (L/N) ratio of BPA for estimating the tumor dose 
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and to determine whether a patient might be a suitable candidate for BNCT  [  46  ] . 
An apparent linear correlation in tumor uptake has been found between  18 F-BPA-
PET and  11 C-MET-PET, which has been more extensively studied for cancer 
diagnosis, including GBM  [  47  ] . Using the PET data, more precise dosimetry to 
correlate the clinical responses and radiation dose to the tumor and normal brain 
may be possible in the near future.      

    20.5   Clinical Applications 

 External beam BNCT was initiated in 1994, using BPA-F and  epithermal neutrons 
at the BMRR. In this clinical phase I/II trial, 53 GBMs were irradiated using 1, 2, or 
3 irradiation  fi elds to evaluate the safety and effectiveness of external beam BNCT 
 [  24,   25  ] . No severe adverse event was found in relation to a 2-h intravenous injec-
tion of BPA-F at a dose of 250–330 mg/kg BPA. BPA precipi tates in the urine, 
which show a potential risk of renal dysfunction, were found in patients receiving 
330 mg/kg BPA, suggesting the limitation of the amount of BPA-F that can be 
given. One of the 17 subjects treated using 2  fi elds and 4 of the 10  subjects treated 
using 3  fi elds had grade 3 radiation toxicity (somnolence with or without motor 
weakness, expressive aphasia, ototoxicity) based on the Cooperative Group Common 
Toxicity Criteria and Radiation Therapy Oncology Group (RTOG)/EORTC early 
and late radiation-related morbidity criteria  [  25  ] . An average brain dose of 8 Gy or 
a larger volume of the brain receiving a dose in excess of 10 Gy seems to be a deter-
mining factor of acute and subacute central nervous system  toxicity  [  24,   48  ] . The 
best median survival time of 14.8 months was found in the one- fi eld BNCT cohort. 
Although the survival time of 13 months for all 53 subjects was similar to that 
obtained by conventional treatment using fractionated photon radiation and temozo-
lomide  [  3  ] , the  fi rst applications of the single-fraction BPA-mediated BNCT were 
well tolerated by patients with GBM. 

 A BPA-mediated BNCT clinical trial for GBM was carried out at Harvard/MIT 
in the period between 1996 and 1999 using 1 fraction or 2 fractions on consecutive 
days and 1–3  fi elds depending on the size and location of the tumor  [  26  ] . The frac-
tionation was intended to improve the  10 B distribution to be more homogeneous, to 
help sparing normal brain tissue to some extent by fractionating the photon compo-
nent, and to split the relatively long irradiation time at MITR-II. No adverse event 
was found in relation to the intravenous injection of 250 mg/kg BPA over 1 h, 
300 mg/kg over 1.5 h, and 350 mg/kg over 1.5 h. The tumors with volumes >60 cm 3  
were associated with a 67 % incidence of developing National Cancer Institute 
(NCI) CommonToxicity Criteria (version 2) grade 3 or higher symptoms, suggest-
ing a relation to increased intracranial pressure, while volumes <60 cm 3  had a 19 % 
incidence. The median survival in this primary phase I trial was 12 months. 

 A BSH-mediated BNCT phase I trial was started in 1997 (EORTC trial 11961) 
at the Petten Irradiation Facility, Netherlands. Irradiation was performed using 4 
fractions on 4 consecutive days. The BSH was applied four times with a dose to 
reach 30 ppm  10 B in blood over the total irradiation time. At the  fi rst day, all patients 
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received 100 mg BSH/kg bodyweight. Four patient cohorts were irradiated with 
increasing irradiation doses. In this phase I trial, the dose was prescribed to the 
thermal neutron  fl ux maximum and increased by 10 % for the next cohort after an 
observation period from at least 6 months. The starting dose was set at  D  

B
  = 8.6 Gy, 

 D  
p
   £  0.6 Gy,  D  

n
   £  0.9 Gy, and  D  

 g 
   £  5.8 Gy. The last cohort received  D  

B
  = 11.4 Gy, 

 D  
p
   £  0.9 Gy,  D  

n
   £  1.2 Gy, and  D  

 g 
   £  7.7 Gy. No dose-related side effects could be 

observed, and the limiting radiation dose was not reached. The mean survival was 
10.4 months for the  fi rst dose group, 11.3 months for the second dose group, 
13.2 months for the third dose group, and 11.3 months for the fourth dose group 
 [  23,   49  ] . The study showed the feasibility and safety of a fractionated BNCT appli-
cation using BSH at a dose of 100 mg/kg infused with a dose rate of 1 mg/kg/min. 

 Researchers at the NRI in Rez started a BSH -mediated BNCT phase I trial in 2001 
(infusion of 100 mg BSH/kg). BNCT was well tolerated with only modest toxicity. 
Although a  fi nal report has not been made, the median time to progression and overall 
survival were shorter than expected with conventional treatment  [  31,   50  ] . 

 In the phase II study at the Studsvik BNCT facility, 29 patients suffering from 
GBM received 900 mg/kg BPA-F in a 6-h infusion  [  30,   51  ] . Neutron irradiation was 
performed using two  fi elds. Peak and average weighted absorbed doses  D  

w
  to the 

brain were in the ranges of 7.0–15.5 Gy and 3.3–6.1 Gy, respectively. The minimum 
dose to the tumor volume and the target volume (de fi ned as tumor plus edema plus 
a 2-cm margin) ranged from 15.4 to 54.3 Gy and 8.8–30.5 Gy, respectively. Four 
patients developed WHO grade 3–4 toxic events including epileptic seizures, hema-
turia, thrombosis, and erythema. The median time from BNCT treatment to tumor 
progression was 5.8 months, and the median survival time after BNCT was 
14.2 months. 

 In the trial conducted by Osaka Medical College  [  32  ] , the  fi rst ten patients suf-
fering from GBM were administered 100 mg/kg of BSH and 250 mg/kg of BPA in 
a 1-h infusion (protocol 1), and the latter 11 patients were administered 100 mg/kg 
of BSH and 700 mg/kg of BPA in a 6-h injection (protocol 2). A daily fraction 2 Gy 
XRT was applied in protocol 2 for a total dose of 20–30 Gy. For treatment planning, 
the neutron irradiation time was determined to limit the peak brain dose to 13 and 
15 Gy in protocols 1 and 2, respectively. No serious acute toxicity has been reported 
other than alopecia, which was found in all of the patients. The MST for protocols 
1 and 2 together was 15.6 months, and for protocol 2, the MST was 23.5 months. 

 In the Finnish phase I/II trial conducted by Helsinki University Central Hospital 
and the VTT (Technical Research Centre of Finland), 290 mg/kg of BPA were 
infused over 2 h in the  fi rst 12 patients suffering from GBM using two  fi elds 
 [  28,   29  ] . The BPA dose to subsequent patients was escalated from 330 mg/kg ( n  = 1) 
to 360 mg/kg ( n  = 3), 400 mg/kg ( n  = 3) and 450 mg/kg ( n  = 3), and 500 mg/kg ( n  = 8). 
The maximum tolerated dose was reached at the BPA-F dose level of 500 mg/kg, 
where grade 3 ( n  = 2) and grade 4 ( n  = 1) CNS toxicity was found. The median OS 
values for the dose groups of 290, 330/360, 400, 450, and 500 mg BPA/kg were 
13.4, 11.0, 16.9, 21.9 and 14.7 months, respectively. Consequently, the dose level of 
450 mg/kg was found to be the optimal BPA dose for further BNCT studies of 
newly diagnosed GBM. 
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 In the trial at the University of Tsukuba and Tokushima University at JRR-4 of 
JAEA, 250 mg/kg of BPA were infused over 1 h, and 5 g BSH/kg were infused 
over 1 h in eight patients with a single irradiation  fi eld  [  33  ] . All patients received 
additional photon radiation de fi ning the signal abnormality in the T2-weighted 
MRI after completion of BNCT. The combination of BPA-F infusion and BSH 
infusion was well tolerated, and no serious (grade 3 or 4) BNCT-related acute 
toxicity was observed. The median OS and the time to progression were 27.1 and 
11.9 months, respectively. The 1- and 2-year survival rates were 87.5 and 62.5 %, 
respectively. The clinical experience is summarized in Table 20.1.  

    20.6   Comparison with Other Treatments 

 The clinical trials of external beam BNCT have revealed that the median time to 
progression varies from 6 to 12 months and the median survival time varies from 12 
to 27 months. All the clinical data over a decade were obtained using nonrandom-
ized series. The clinical data show that the external beam BNCT appeared to be 
effective for the treatment of newly diagnosed GBM after surgical tumor resection. 
The optimization of dosage and delivery boron agents, the combined use of different 
boron agents, and the combination of BNCT with other therapeutic modalities have 
been studied for the purpose of improving BNCT. Although the difference in sur-
vival time between early external beam BNCT and “standard” conventional radio-
therapy with temozolomide  [  3  ]  is only modest, the best survival data of the recent 
external beam BNCT appear to be comparable to the best results of recent studies 
of high-dose radiotherapies, which show median survival times of 19–26 months 
  [  15 –  17,   19,   52,   53  ] . 

 Though over 15 years have passed since the initiation of external beam BNCT 
trials at BNL, the survival bene fi ts in GBM remain controversial. No prospective 
randomized trial nor any study categorized as a level A study according to the UK 
National Health Service system has been reported. Eight prospective level B studies 
have been performed. Four of eight studies, even in subgroups of the patient popula-
tion, suggest that external beam BNCT may improve survival in newly diagnosed 
GBM. Of these eight studies, four primarily phase I trials failed to demonstrate 
survival prolongation but did demonstrate only modest toxicity. The need for better 
data, either through randomized trials or using the prospective case control method-
ology, is evident from reviewing these clinical reports.      
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          21.1   Introduction    

 The  fi rst clinical trials of BNCT were conducted at the Brookhaven Graphic Reactor 
and the Brookhaven Medical Research Reactor during 1951 and 1952 and at the 
Massachusetts Institute of Technology Reactor from 1959 to 1962  [  3  ] . The boron com-
pounds used were boric acid and borate as the boron carrier. The clinical results were 
discouraging: none of the patients survived for 1 year. Serious complications such as 
acute brain swelling and delayed cerebral necrosis resulted from the high boron content 
in the blood and normal brain tissue  [  3  ] . In 1968, Hatanaka introduced BSH as a boron 
carrier in Japan, and between 1968 and 1998 more than 170 patients with malignant 
intracranial tumors, especially GBM, were treated with BNCT in combination with 
BSH and pure thermal neutron beam  [  4,   5,   12,   13  ] . For BNCT to become a useful 
 treatment modality, it is crucial that boron compounds be evaluated biologically and 
clinically. The clinical outcomes were favorable in patients whose GBM were located 
within a 4-cm depth from the brain surface  [  4,   5  ] . However, they were unsatisfactory in 
patients whose tumors were situated in deeper regions because neutron  fl uence delivery 
into deep regions was inadequate. Therefore, the epithermal neutron beam was developed 
at several international institutions to improve neutron delivery. At the Japan Atomic 
Energy Research Institute (JAERI) and the Kyoto University Research Reactor Institute 
(KUR) in Japan, mixed epithermal and thermal neutron beams were introduced for BNCT 
in 1998, before the independent introduction of epithermal neutron beam. Use of the 
mixed neutron beam can improve thermal neutron distribution in deeper sites, which 
in turn increases the therapeutic ef fi cacy of BNCT. We have performed BSH-based 
intraoperative BNCT using mixed epithermal and thermal neutron beams since 1998. 
During neutron irradiation, inserted gold wires are used to measure neutron  fl ux 
around and into the tumor tissue. Using neutron  fl ux data obtained from individual 
points such as the brain surface, the center of the tumor bulk, and the area of invasion, 
we can analyze the actual radiation dose at each point. With these accurate radiation-
dose data, we can then study the clinical course of each BNCT-treated patient. 

 While gold-wire measurements can evaluate the actual radiation dose, they yield 
no information on the dose delivered at other sites; therefore, this method fails to 
provide information concerning the real maximal and minimal radiation dose at 
other sites of interest. Therefore, a new dose-evaluation system for BNCT, the Japan 
Atomic Energy Research Institute (JAERI) Computational Dosimetry System 
(JCDS) was developed; it allows evaluation of the BNCT radiation dose on com-
puted tomography (CT)- and magnetic resonance imaging (MRI) scans  [  8,   9  ] . In 
addition, it facilitates achieving the appropriate head position and angle with respect 
to the neutron beam port during irradiation. The JCDS for BNCT dose evaluation 
has been introduced clinically since 2001.  

    21.2   Actual State-of-the-Art Treatment 

 Glioblastoma multiforme (GBM) tumor cells in fi ltrate deeply into surrounding 
brain tissue and may even reach the contralateral hemisphere. After a decade of 
intensive research, these cells remain extremely resistant to all current forms of 
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therapy including surgery, chemo-, radio-, immuno-, and gene therapy. Despite 
aggressive treatments using combinations of therapeutic modalities, the median 
survival and 5-year survival rate were 9–10 months and less than 5 %, respectively 
 [  2,   11  ] ; the new anticancer drug temozolomide (TMZ) improved clinical out-
comes. Randomized clinical trials of TMZ and radiotherapy (RT) vs. RT alone 
showed that the median survival was 14.6 months with combined therapy and 
12.1 months in GBM patients receiving radiotherapy alone  [  1,   15  ] . The 2-year 
survival rate was 26.5 % with radiotherapy plus TMZ and 20.4 % with radiother-
apy alone  [  15  ] .  

    21.3   Rationale for BNCT 

 Boron neutron capture therapy (BNCT) uses heavy charged particles yielded up by 
boron-10 ( 10 B) (n,  a ) reactions  [  10  ] . It is a promising modality for the selective irra-
diation of tumor tissue. BNCT involves the nuclear reaction of the  10 B nucleus with 
thermal neutrons (n 

th
 ). In this reaction, the boron nucleus disintegrates into  a -helium 

( 4 He) and lithium ( 7 Li) particles according to the equation:  10 B + n 
th
  → [ 11 B] →  4 He + 

 7 Li + 2.31 MeV. The densely ionizing particles have enough biologic effectiveness 
and a short length that, at 4–9  m m, is almost equal to the size of the tumor cells. If the 
boron compound selectively accumulates in tumor cells, selective targeting of the 
reaction on tumor cells may constitute highly effective treatment. As BNCT offers 
the possibility of selective tumor-cell killing without damage to adjacent normal 
brain tissue, it may be an optimal treatment for glioblastoma, which is highly inva-
sive to healthy normal tissue  [  3,   4,   13  ] .  

    21.4   Technical Aspect 

    21.4.1   Dose Planning 

 Based on the radiation dose of BNCT, we applied a new concept of BNCT to the 
physical radiation dose of the boron n-alpha reaction. To compare the radiation 
effect of the 2 heavy charged particles and to evaluate the ef fi cacy of BNCT, we 
determined the physical dose of the boron n-alpha reaction. To identify the correct 
target point, it is necessary that all patients be diagnosed and followed by MRI. 
Gross tumor volume (GTV) dose is de fi ned as the physical dose at the center of the 
tumor bulk, which coincides with the enhanced area on gadolinium (Gd)-enhanced 
MRI. Clinical target volume (CTV) dose is de fi ned as the physical dose at a site 
about 2–3 cm from the bottom of the tumor cavity, which coincides with the deepest 
margin of the high-intensity area on T2-weighted MRI. Vascular volume (VV) dose 
is de fi ned as the physical dose absorbed by endothelial cells of the vasculature in the 
normal cortex near the brain surface. 

 The BNCT radiation dose was analyzed with physical boron dose (gold wire, 
Gy), physical boron dose (JCDS, Gy), weighted boron dose (JCDS, Gy(w)), and 
weighted total dose (JCDS, Gy(w)).  
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    21.4.2   Patients and Protocols 

 To be enrolled in this study, the patients had to satisfy all of the following criteria: 
their age was below 70 years, their gliomas were of grades III–IV, they had no seri-
ous systemic diseases, and their general condition was good according to the 
Karnofsky Performance Scale (KPS > 70). 

 The radiation dose (i.e., the physical dose of the boron n-alpha reaction) in the 
protocol used between 1968 and 1998 (P1998) prescribed a maximum GTV dose of 
15 Gy. In 2001, a new dose-escalated protocol was introduced (P2001,  n  = 11); it 
prescribed a minimum GTV and CTV dose of 15 and 18 Gy, respectively. In both 
protocols, the maximum VV dose was restricted to below 15 Gy. We have also 
introduced a new dose-planning method, the JAERI Computational Dosimetry 
System (JCDS) in P2001.  

    21.4.3   Procedure of BSH-Based Intraoperative BNCT (IO-BNCT) 

 To improve neutron penetration into the brain tissue and to deliver a large enough dose 
of thermal neutron beam to the target point, we remove as much as possible of the 
tumor bulk and prepare a cavity 2–3 weeks prior to BNCT. BSH is diluted in 500 ml 
saline, the osmolarity is adjusted to 370, and the solution (80–100 mg BSH/kg body 
weight) is administered in the course of 1 h by rapid intravenous infusion at 12–15 h 
before neutron irradiation. The patient is taken to the reactor on the day of BNCT. 
With the patient under general anesthesia, the skin  fl ap is reopened and the bone  fl ap 
is removed. A thin silastic rubber balloon  fi lled with air is placed into the previously 
prepared tumor cavity, thus maintaining the size of the cavity during neutron irradia-
tion and improving neutron distribution. We insert several gold wires into and/or 
around the tumor tissue to measure neutron  fl ux. After the entire head is covered with 
sterile plastic drapes to prevent infection, the patient is moved into the irradiation 
chamber. Simultaneous neutron beam monitoring devices are attached to the brain 
surface. With the patient under remote-controlled general anesthesia, the head is  fi xed 
toward the neutron port. Just before the start of neutron irradiation, tumor tissue and 
blood samples are obtained to measure the boron concentration; we use prompt 
gamma-ray spectrometry for analysis during irradiation. To monitor the exact neutron 
 fl ux at each point of interest, the previously inserted gold wires are pulled out at 
15–30 min intervals after switching the reactor to full power  [  7,   13,   14  ] .   

    21.5   Results 

    21.5.1   Thermal Neutron and BSH-Based IO-BNCT 
(1977–1997) 

 Our retrospective analysis of the appropriate radiation dose of n-alpha reaction 
included 105 patients with glial tumors treated in Japan between 1978 and 1997 
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with thermal neutron and BSH-based IO-BNCT. Among them, 6 (5.7 %) survived 
for more than 10 years and 11 (10.5 %) for more than 5 years. The estimated GTV 
dose was signi fi cantly higher in the 10-year survivors. On the other hand, the dose 
was not signi fi cantly different between patients who lived more than 3 years and 
those who survived less than 3 years  [  13,   14  ]  (Table  21.1 ).  

 When 105 patients were divided according to whether they survived for more 
(group 1;  n  = 29) or less than 3 years (group 2;  n  = 76), we noted that those with 
longer survival had received a signi fi cantly higher GTV radiation dose. In patients 
with grade II glioma, it was 11.4 ± 4.6 Gy (group 1) versus 7.1 ± 3.0 Gy (group 2), 
in those with grade III, it was 15.3 ± 7.4 Gy (group 1) versus 10.5 ± 8.5 Gy (group 
2), and in patients with glioblastoma (grade IV), it was 15.6 ± 3.1 Gy (group 1) 
 versus 9.5 ± 5.9 Gy (group 2). In grade III and IV, there were signi fi cant statistical 
differences in GTV radiation dose between group 1 and group 2. Similarly, irrespec-
tive of the glioma grade, patients exposed to the higher tumor volume radiation dose 
experienced longer survival  [  13,   14  ]  (Table  21.2 ).   

    21.5.2   Epithermal Neutron and BSH-Based IO-BNCT 
(1998–2004) 

 Nineteen glial tumor patients were treated with epithermal neutron beam and BSH-
based IO-BNCT between 1998 and 2004. Radiation doses were analyzed with JCDS 
measurement. Eight and eleven patients were treated under protocol 1998 and 2001, 
respectively. We retrospectively estimated the maximal vascular volume (VV) dose 
at the brain surface, minimum radiation dose delivered to the tumors (GTV), and 

   Table 21.2    Relationship between GTV dose, glioma grade, and survival in 105 patients treated 
with thermal neutron and BSH-based IO-BNCT between 1978 and 1997   
 Glioma grade  Survival > 3 years ( n  = 29)  Survival < 3 years( n  = 76) 
 Grade II  11.4 ± 4.6 Gy ( n  = 10)  7.1 ± 3.0 Gy ( n  = 5) 
 Grade III  15.3 ± 7.4 Gy* ( n  = 13)  10.5 ± 8.5 Gy ( n  = 11) 
 Grade IV  15.6 ± 3.1 Gy** ( n  = 6)  9.5 ± 5.9 Gy ( n  = 60) 

  Radiation dose: physical dose of boron n-alpha reaction calculated as the minimum GTV dose at 
the deepest point of the tumor as demonstrated on CT and MRI 
 * p  < 0.01; ** p  < 0.01  

   Table 21.1    Relationship between GTV dose and survival in 105 glial tumor patients treated with 
thermal neutron and BSH-based IO-BNCT between 1978 and 1997   
 Survival period  GTV dose (Gy)  Radiation time (min) 
 >10 years ( n  = 6)  18.2 ± 3.3*  240 ± 66 
 >5 years ( n  = 11)  12.4 ± 3.5**  210 ± 76 
 >3 years ( n  = 12)  9.8 ± 5.0  252 ± 61 
 <3 years ( n  = 76)  9.9 ± 6.0  231 ± 84 

  GTV dose: physical dose of boron n-alpha reaction measured with gold wires 
 * p  < 0.01; ** p  < 0.05  
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target points (CTV) under P1998 and P2001. Although the minimum GTV and 
CTV values for P2001 were approximately 1.1–1.4 times higher than for P1998, the 
differences were not statistically signi fi cant (Table  21.3 ).  

   Table 21.3    BNCT radiation dose of gold wire and JCDS measurement in 19 patients with 
 epithermal neutron and BSH-based IO-BNCT   
 (a) Maximal VV (vascular volume) dose at the brain surface 

 P1998  P2001 
 Physical boron dose (gold wire, Gy)  11.38 ± 4.20  14.40 ± 3.45 
 Physical boron dose (JCDS, Gy)  11.60 ± 4.29  14.71 ± 3.67 
 Weighted boron dose (JCDS, Gy(w))  29.01 ± 10.72  36.78 ± 9.16 
 Weighted total dose (JCDS, Gy(w))  34.76 ± 13.49  43.61 ± 10.27 
 (b) Minimum gross tumor volume (GTV) dose 

 P1998  P2001 
 Physical boron dose (gold wire, Gy)  18.00 ± 2.45  20.52 ± 5.31 
 Physical boron dose (JCDS, Gy)  16.92 ± 2.30  19.31 ± 6.62 
 Weighted boron dose (JCDS, Gy(w))  42.29 ± 5.75  48.27 ± 16.54 
 Weighted total dose (JCDS, Gy(w))  48.05 ± 6.06  55.10 ± 17.67 
 (c) Minimum clinical target volume (CTV) dose 

 P1998  P2001 
 Physical boron dose (gold wire, Gy)  13.26 ± 2.93  11.62 ± 2.93 
 Physical boron dose (JCDS, Gy)  13.00 ± 6.99  10.84 ± 6.99 
 Weighted boron dose (JCDS, Gy(w))  32.49 ± 7.05  27.11 ± 17.47 
 Weighted total dose (JCDS, Gy(w))  38.25 ± 7.07  33.94 ± 18.49 

   Table 21.4    Radiation injury and vascular volume at brain surface in 19 patients with epithermal 
neutron and BSH-based IO-BNCT   
 (a) Frequency of radiation injury with each protocol 
 Protocol  P1998  P2001 
 Acute injury  0 (0 %)  3 (27 %) 
 Delayed injury  1 (13 %)  6 (55 %) 
 (b) Vascular volume (VV) dose at the brain surface and radiation injury 

 Radiation injury (+)  Radiation injury (−)   p  value 
 Acute injury  15.8 ± 1.4 Gy  12.6 ± 4.3 Gy  0.1925 
 Delayed injury  13.8 ± 3.8 Gy  13.2 ± 4.8 Gy  0.9079 

   Table 21.5    Radiation dose in long survivors and non-long survivors in patients with GBM   
 Long survivors ( n  = 4)  Non-long survivors ( n  = 12)   p  value 

 Gross tumor volume (GTV) dose (physical dose of gold wire; Gy) 
 Maximum  30.0 ± 10.9  22.4 ± 4.6  0.1146 
 Minimum  23.1 ± 7.3  18.1 ± 3.2  0.1456 
 Mean  26.4 ± 8.8  20.4 ± 3.9  0.0152 
 Clinical target volume (CTV) dose (physical dose of gold wire; Gy) 
 Maximum  20.2 ± 5.2  14.7 ± 3.8  0.0966 
 Minimum  12.7 ± 2.1  12.2 ± 3.2  0.8846 
 Mean  16.5 ± 2.8  13.6 ± 3.0  0.1293 
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 Acute radiation injury resulting in generalized convulsions within one week of 
BNCT occurred in three patients in early period of P2001. This was attributable to 
the delivery of an excessive dose to the brain surface. At 15.8 ± 1.4 Gy, the maximum 
VV dose was about 1.3 times higher in patients with than those without acute radia-
tion injury (12.6 ± 4.3 Gy); however, the difference was not statistically signi fi cant 
( p  = 0.1925, Table  21.4 ). In later period of P2001, we reduced the VV dose, and none 
of the six patients in this period manifested acute radiation injury. Delayed radiation 
injury, recognized by neurological deterioration, appeared 3–6 months after BNCT; 
it occurred in 1 of 8 (13 %) P1998 patients and 6 of 11 (55 %) P2001 patients. The 
maximum VV dose was 13.2 ± 4.8 Gy in patients with, and 13.2 ± 4.8 Gy in those 
without delayed radiation injury ( p  = 0.9079, Table  21.4 )  [  7  ] .  

 The mean postdiagnosis follow-up period for all 19 patients was 26 months 
(range 5–90 months). At the time of the latest analysis (October 1, 2008), 16 of the 
19 patients had died. The cause of death was CSF dissemination in 4, tumor inva-
sion to the brain stem (central nervous system (CNS) dissemination) in 1, both CSF 
and CNS dissemination in 1, and local recurrence and CSF dissemination in 
1 patient; 4 patients died of suspected local recurrence or radiation necrosis (no 
histopathological veri fi cation), 2 of wound infection, 2 of distinct metastasis, and 1 
died of unknown causes. CSF and/or CNS dissemination without local recurrence at 
the primary site was the cause of death in 6 (38 %) of 16 patients. 

 Of the  fi ve autopsied patients, none demonstrated local tumor regrowth in the 
primary site, and two manifested only radiation necrosis but no tumor cells. The 
other three harbored residual tumor cells. In two there was CSF dissemination, and 
tumor cells were recognized throughout the subarachnoid space, and in the other 
patient, tumor cells had massively invaded the ipsilateral and contralateral hemi-
sphere and brain stem from the bottom of the tumor cavity via the corpus callosum 
and cerebral peduncle  [  6  ] . 

 As shown in Table  21.5 , the maximum, minimum, and mean GTV value in 
patients who survived more than 2 years was signi fi cantly higher than in those who 
did not. The mean GTV dose for long survivors and non-long survivors were 
26.4 ± 8.8 and 20.4 ± 3.9 Gy, respectively. The difference was statistically signi fi cant 
( p  = 0.0152). There were, however, no signi fi cant statistical differences in maximum 
GTV dose ( p  = 0.1146) and minimum GTV dose ( p  = 0.1456). To determine the 
radiation dose to the area of invasion in these patients, we compared their CTV 
values. We found that the maximum, minimum, and mean CTV doses were higher 
in patients who survived for more than 2 years than in those who did not; however, 
the differences were not statistically signi fi cant (maximum CTV dose;  p  = 0.0096, 
minimum CTV dose;  p  = 0.8846, mean CTV dose;  p  = 0.1293)  [  7  ] .  

 The estimated median survival time (MST) after diagnosis was 17.4 months in 
our 17 GBM patients. In 6 GBM patients treated under P1998, estimated MST after 
diagnosis was 15.5 months; their 1-year survival rate was 66.7 %, and none survived 
for 2 years. In contrast, all 11 GBM patients treated under P2001 had an estimated 
postdiagnosis MST of 19.5 months; their 1-, 2-, and 3-year survival rate was 63.6, 
32.7 and 32.7 %, respectively. Three GBM patients survived more than 3 years after 
diagnosis (Fig.  21.1 ).    
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    21.6   Level of Evidence 

 Our clinical study of BNCT is equivalent to “level B” of the UK National Health 
Service.  

    21.7   Further Development 

 We have shifted to the nonoperative BNCT in combination the two different boron 
compound as BSH and BPA. We believe these clinical data such as radiation dose 
of BSH-based IO-BNCT can contribute to the nonoperative BNCT.      

   References    

    1.    Athanassiou H, Synodinou M, Maragoudakis M et al (2005) Randomized phase II study of 
temozolomide and radiotherapy compared with radiotherapy alone in newly diagnosed glio-
blastoma multiforme. J Clin Oncol 23:2372–2377  

    2.    Davis FG, Freels S, Grutsch J et al (1998) Survival rates in patients with primary malignant 
brain tumors strati fi ed by patient age and tumor histological type: an analysis based on surveil-
lance, epidemiology, and end results (SEER) data. J Neurosurg 88:1973–1991  

    3.    Hatanaka H (1986) Introduction. In: Hatanaka H (ed) Boron neutron capture therapy for tumors. 
Nishimura, Niigata, pp 1–28  

Protocol 

P2001

0

.2

.4

.6

.8

1

0 250 500 750 1000 1250 1500 1750 2000 2250

P1998 

P2001 

Pts. MST (month) 1-ys (%) 2-ys (%) 3-ys (%)

P1998 6 15.5 66.7 0 0 

11 19.5 63.6 32.7 32.7 

  Fig. 21.1    Median survival time (MST) after diagnosis in patients with glioblatoma treated with 
epithermal neutron and BSH-based IO-BNCT       

 



39721 Clinical Results of Sodium Borocaptate (BSH)

    4.    Hatanaka H, Kamano S, Amano K et al (1986) Clinical experience of boron-neutron capture 
therapy for gliomas. A comparison with conventional chemo-immuno-radiotherapy. In: 
Hatanaka H (ed) Boron neutron capture therapy for tumors. Nishimura, Niigata, pp 349–379  

    5.    Hatanaka H, Nakagawa Y (1994) Clinical results of long-surviving brain tumor patients who 
underwent boron neutron capture therapy. Int J Radiat Oncol Biol Phys 28:1061–1066  

    6.    Kageji T, Nagahiro S, Uyama S et al (2004) Histopathological  fi ndings in autopsied glioblas-
toma patients treated by mixed neutron beam BNCT. J Neurooncol 68:25–32  

    7.    Kageji T, Nagahiro S, Matsuzaki K et al (2006) Boron neutron capture therapy using mixed 
epithermal and thermal neutron beams in patients with malignant glioma – correlation between 
radiation dose and radiation injury and clinical outcome. Int J Radiat Oncol Biol Phys 65:
1446–1455  

    8.    Kumada H, Yamamoto K, Matsumura A et al (2004) Veri fi cation of the computational dosimetry 
system in JAERI (JCDS) for boron neutron capture therapy. Phys Med Biol 49:3353–3365  

    9.    Kumada H, Yamamoto K, Nakai K et al (2004) Improvement of dose calculation accuracy for 
BNCT dosimetry by the multi-voxel method in JCDS. Appl Radiat Isot 61:1045–1050  

    10.    Locher GL (1936) Biological effects and therapeutic possibilities of neutron. Am J Roentgenol 
36:1–13  

    11.    Mehta MP, Masciopinto J, Rozental J et al (1994) Stereotactic radiosurgery for glioblastoma 
multiforme: report of a postoperative study evaluating prognostic factors and analyzing long-
term survival advantage. Int J Radiat Oncol Biol Phys 30:541–549  

    12.    Nakagawa Y (1994) Boron neutron capture therapy: the past to the present. Int J Radiat Oncol 
Biol Phys 28:1217  

    13.    Nakagawa Y, Hatanaka H (1997) Boron neutron capture therapy – clinical brain tumor study. 
J Neurooncol 33:105–115  

    14.    Nakagawa Y, Pooh K, Kobayshi T et al (2003) Clinical review of Japanese experience with 
boron neutron capture therapy and a proposed strategy using epithermal neutron beams. 
J Neurooncol 62:87–99  

    15.    Stupp R, Mason WP, van den Bent MJ et al (2005) Radiotherapy plus concomitant and adju-
vant temozolomide for glioblastoma. N Eng J Med 352:987–996        



399W.A.G. Sauerwein et al. (eds.), Neutron Capture Therapy, 
DOI 10.1007/978-3-642-31334-9_22, © Springer-Verlag Berlin Heidelberg 2012

          22.1   Introduction    

 The management of malignant meningioma (MM) is very dif fi cult. In a large series of 
patients with this tumor, the MM recurrence rate was reported to be 78–84 % within 
5 years  [  4,   12  ] , and the median survival of patients 6.89 years. Late mortality due to 
recurrence was to be 69 % after the initial surgery  [  12  ] . Although some treatments for 
recurrent MM have been reported, a standard treatment has not yet been developed. 

 We propose here a novel radiation modality, boron neutron capture therapy 
(BNCT), for the treatment of MMs. The rationale for BNCT for MMs was that a rela-
tively high accumulation of boronophenylalanine (BPA) was observed in MM in the 
preliminary study by positron emission tomography (PET)  [  16  ] . The  fi rst case of MM 
treated by BNCT showed a drastic shrinkage of the mass immediately after BNCT 
with prolonged survival  [  16  ] . Therefore, we applied this novel treatment for a series 
of MM patients, and their radiographic improvements were reported elsewhere  [  9  ] . 
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In this chapter, we describe our clinical experiences with treating MM by BNCT and 
the patients’ typical responses, clinical courses, and problems after the treatment.  

    22.2   Patients and Methods 

 Fourteen cases of MM were treated by 22 rounds of BNCT from 2005 to 2008. 
Repetitive BNCTs were applied in several cases intentionally. These 14 cases were 
histologically diagnosed with anaplastic meningioma in 9 cases, papillary menin-
gioma in 2, rhabdoid meningioma in 1, sarcoma in 1, and atypical meningioma in 1. 
All cases except one were recurrent cases that had been treated with repetitive sur-
gery and conventional X-ray radiotherapy (XRT) with and without stereotactic 
radiosurgery (SRS). 

 The patients received  18 F-BPA-PET to assess the distribution of BPA and to esti-
mate the boron concentration in tumors before neutron irradiation. Here, BPA is one 
of the boron compounds for the treatment, as described above. The tumor/normal 
brain ( T : N ) ratio of BPA uptake can be estimated from this study, and dose planning 
was made according to this  T : N  ratio, as described previously  [  8  ] . Fourteen, seven 
and one rounds of BNCT were applied for these patients in the Kyoto University 
Research Reactor (KUR), Japan Atomic Energy Agency Research Reactor-4 
(JRR-4), and Finnish Research Reactor (FiR1), respectively. In all three atomic 
reactors, an epithermal beam was used for the neutron source. Eleven rounds of 
BNCT were performed with 5 g of BSH and 500 mg/kg body weight of BPA. Seven 
rounds of BNCT were performed with 5 g of BSH and 700 mg/kg body weight of 
BPA. Four rounds of BNCT were performed with 500 or 700 mg/kg body weight of 
BPA alone. BSH was administrated intravenously 12 h prior to neutron irradiation, 
and BPA was administrated for 2–3 h just prior to and during neutron irradiation. 

 The neutron irradiation time was determined so as not to exceed 15 Gy-Eq to the 
normal brain or 12 Gy-Eq to the scalp. Here, Gy-Eq (Gy:Gray) means a biologically 
equivalent X-ray dose that can give equivalent effects to total BNCT radiations. 
Neutron irradiation was performed without craniotomy and without anesthesia. 
After the treatment, the doses given were precisely re-estimated. The follow-up 
MRI or CT scans with contrast enhancements were applied for assessments every 
2–3 months after the treatments.  

    22.3   Results 

    22.3.1   Parameters of BNCT in Each Patient 

 Thirteen of 14 patients received a BPA-PET study prior to neutron irradiation. The 
 T : N  ratios of  18 F-BPA in this series determined by the PET study were 2.0–5.0. The 
mean value of the  T : N  ratio in this series was 3.9, and the standard deviation (SD) was 
0.9. The maximum tumor dose for gross tumor volume (GTV) was 76.6 ± 24.9 as 
mean ± SD Gy-Eq. The minimum tumor dose for GTV was 24.0 ± 12.2 Gy-Eq. The 
maximum (peak) brain dose was 11.0 ± 2.0 Gy-Eq. All cases showed shrinkage of the 
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enhanced volume immediately after the treatments. The median survival time of these 
14 cases after the  fi rst BNCT was 13.8 ± 6.4 months, and  fi ve patients are still alive.  

    22.3.2   Representative Cases 

 Case presentation (case numbers were assigned to MM patients sequentially as 
BNCT was applied): 

  Case 2 

 A 48-year-old female had been operated on  fi ve times in the past 2 years with the 
 histological diagnosis of anaplastic meningioma, and received with 60 Gy XRT and 
one SRS. In each operation, no residual tumor was recognized on neuro-images just 
after the surgery. She was introduced to our clinic because of uncontrollable lesions in 
the right parietal and occipital area, as shown in Fig.  22.1 . We applied the  fi rst BNCT 
to the apparent right parietal and occipital lesions. After the  fi rst BNCT, the original 
parietal and occipital lesions kept shrinking during the observation period. She was 
treated with additional BNCT (second and third), 4 months after the  fi rst BNCT for 
new lesions that appeared in the cerebellum and just beneath the skin  fl ap. These 
BNCTs showed a marked decrease in GTV, as shown in Fig.  22.1 . Unfortunately, 

  Fig. 22.1    Sequential change of Gd-enhanced T1-weighted image in case 2.  Left ,  middle , and  right  
column show the MRI taken prior to, 3 weeks after, and 6 months after the  fi rst BNCT, respectively       
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we lost this patient to the systemic metastasis of the original meningioma. These metas-
tases were shown in the follow-up systemic F-BPA-PET, as shown in Fig.  22.2 . These 
PET images showed the metastasis in the cervical lymph nodes and thoracic paravertebral, 
right para-kidney, and the huge mass in the pelvis.    

  Case 10 

 A 62-year-old male had been operated on three times with 50 Gy XRT in the past 
2 years with the histological diagnosis of anaplastic meningioma. In this case, 
BNCT did not show a prominent reduction of mass size just after treatment, but 
showed decreased enhancement of the tumor mass 6 weeks after BNCT (Fig.  22.3 ). 
However, the mass became voluminous 2.5 months after BNCT, and spontane-
ously decreased again in size and in enhancement of the core of the mass with 
decreased peri-lesional edema 6 months after the treatment (Fig.  22.3 ). In this case, 
BNCT could control the mass well locally; however we lost this patient to uncon-
trollable, shunt-ineffective hydrocephalus due to CSF dissemination, as shown in 
Fig.  22.4 .      

  Fig. 22.2    Systemic F-BPA-PET taken 10 months after the  fi rst BNCT. This PET image shows 
tracer accumulation in lymph nodes at the cervical area, close to the kidney, vertebral bone, and 
muscle in the pelvis showing systemic metastases of the original tumor. However, the original 
intracranial lesions show only faint accumulation       
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    22.4   Discussion 

 The clinical features of malignant meningioma are invasive behavior and a high 
tendency toward recurrence, as described above. Only radical resection constitutes 
an effective landmark for good prognosis for malignant meningiomas  [  12  ] . In gen-
eral, meningiomas themselves are known to be radio-insensitive  [  14  ] , and the effects 
of radiotherapy on malignant meningiomas are controversial  [  6  ] . Even with SRS, 
the 5-year survival and progression-free survival of malignant meningiomas are 
only 40 and 26 %, respectively  [  11  ] . In addition, once the tumor has recurred, local 
tumor control is dif fi cult  [  13  ] . In fact, most patients in our series received repetitive 
surgical resections during the short clinical course, even though there might be the 
bias that uncontrollable cases were introduced to our institute. 

 There has been only one report concerning BPA-PET study for malignant men-
ingiomas  [  5  ] . The above report showed that the  T : N  ratio of BPA in the malignant 
meningiomas is 2.5–3.5. As we reported previously  [  8  ] , in our series of patients 
undergoing BNCT for malignant gliomas in recurrent cases, the  T : N  ratio deter-
mined by BPA-PET study was almost the same as the current one for recurrent 
malignant meningioma. Even in the recurrent gliomas, all cases showed radio-
graphic improvement after BNCT  [  8,   10  ] , so malignant meningioma might be a 
good candidate also from this point of view. 

  Fig. 22.3    Sequential change of Gd-enhanced T1-weighted image in case 10. From  left  to  right , 
four columns show the MRI taken prior to, 6 weeks after, 2.5 months after, and 6 months after 
BNCT, respectively       
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 There has been only one report published in the literature  [  15  ]  aside from our 
publications  [  9,   16  ] . Stenstam et al. reported two cases of MM treated by BNCT 
with good response of the lesions  [  15  ] . Not only their case report, but also our cur-
rent case series showed a good response of MMs to BNCT, although our current 
series should be judged as level C according to the “Oxford Centre for Evidence-
based Medicine Levels of Evidence and Grades of Recommendation.” 

  Fig. 22.4    Hydrocephalus due to CSF dissemination of MM in case 10. ( a ,  b ) Gd-enhanced MRI 
taken prior to and 6 months after BNCT. In ( b ), tumor shrinkage and ventricular dilatation were 
observed. ( c ,  d ) Contrast-enhanced CT images taken 9 months after BNCT.  White arrows  show the 
enhancement of leptomeninges and ventricular wall demonstrating CSF dissemination of the 
 original tumor       
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 We introduced two representative cases in Sect.  22.3  (cases 2 and 10). In both 
cases, BNCT could control the local tumor very well; however, we lost the patient 
in case 2 to systemic metastasis and the case 10 patient to CSF dissemination. Of 
our current 14 cases, 5 patients are still alive. We lost three patients to systemic 
metastases and three to CSF dissemination. We lost one patient to another cause of 
death (concomitant gastric cancer), one to local tumor progression, and another to 
radiation injury. Almost all cases of MM introduced to BNCT were recurrent. 
Therefore, radiation injury should be kept in our mind. Bevacizumab might be 
effective for this inevitable pathology, as reported by Gonzalez et al.  [  3  ] . Finally, let 
us stress that even in MMs, “pseudoprogression” commonly occurs just after BNCT, 
as we reported for case 10  [  7  ] . Pseudoprogression has been recognized and widely 
accepted in the treatment for malignant gliomas as a transient increase in the vol-
ume of the enhanced area just after chemo-radiotherapy, especially when using 
temozolomide  [  2  ] . Also in the literature, pseudoprogression often occurs after inten-
sive treatments  [  1  ] . Therefore, pseudoprogression observed in BNCT proves the 
intensity of this unique particle radiation. We also need to keep this pathophysiology 
in mind and should not misdiagnose this as local tumor progression. These issues 
are important for the further development of BNCT for MMs.      
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          23.1   Introduction    

 Spinal cord tumors are lesions that occur within or adjacent to the spinal cord. They 
are considered to be intra-axial in location and can be either primary or metastatic. 
Spinal cord tumors are relatively rare and account for 2 % of all central nervous sys-
tem tumors. Tumors arising within the spinal cord itself are called intramedullary 
tumors, one-third of which are located in the intramedullary compartment  [  1,   2  ] . 
The spinal cord has the characteristic of integrated neuronal axons existing within 
a small diameter. Since spinal cord pathways are interrupted, neurologic  dysfunction 
may be produced distally. Major complaints of the patients are unremitting pain, 
sensory dysesthesia, and muscular weakness. 
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 The majority of intramedullary tumors are gliomas, either ependymomas or 
astrocytomas. Spinal ependymomas are associated with a signi fi cantly better prog-
nosis than both supratentorial and infratentorial tumors, particularly when complete 
resection is possible. According to McGuire et al., the 5-year survival was reported 
as 86.6 % of the 55 spinal ependymoma cases  [  3  ] . Postoperative radiotherapy may 
be useful when complete resection cannot be achieved, but both early and delayed 
relapses can occur. Spinal astrocytomas are similar to intracranial astrocytomas; the 
clinical course of these astrocytic lesions can be predicted by their pathologic fea-
tures: long-term survival is related to tumor grade. A recent report showed that the 
median overall survival of the patients with spinal anaplastic astrocytomas was 
72 months, the 5-year survival was 59 %, and the median overall survival of glio-
blastoma patients was 9 months  [  4  ] . There is a lack of randomized data supporting 
the use of fractionated radiotherapy for patients with low-grade tumors that are 
incompletely resected, but all high-grade tumor patients should receive postopera-
tive radiation. 

 BNCT has been evaluated for various malignant diseases, but no report has 
described its application to spinal tumors. The objective of this simulation was to 
clarify the feasibility of single-fraction or fractioned BNCT for patients with spinal 
malignant tumors.  

    23.2   Actual State-of-the-Art Treatment 

 MRI scan and neurological examination are necessary for preoperative diagnosis 
and treatment planning. The initial management of a spinal tumor is surgical 
removal. 

 In the case of ependymomas, value of postoperative radiotherapy is controversial 
and not supported by randomized trials. Several case series were reported; one paper 
showed that the postoperative radiotherapy did not appear to confer any protection 
against local recurrence or disease progression in spinal ependymoma  [  5  ] . The other 
reported that the addition of postoperative radiotherapy may achieve long-term 
tumor control in over one-half of the patients with residual spinal ependymomas  [  6  ] . 
A common way of radiation therapy for the patients with ependymomas of the spi-
nal cord after subtotal resection or biopsy alone, including the cases of anaplastic 
ependymoma, is 50 Gy in 25 fractions  [  7  ] . 

 With regard to astrocytomas, low-grade astrocytomas show nonaggressive clini-
cal behavior, while anaplastic astrocytomas or glioblastomas show poor survival 
rates. Regardless of management, survival with glioblastoma is generally less than 
one year  [  4  ] . Malignant astrocytic tumors do poorly, despite aggressive resection, 
and thus biopsy is recommended prior to de fi nitive surgery. In spite of the lack of 
randomized data supporting the use of fractionated radiotherapy for malignant spi-
nal cord astrocytomas, low-grade tumors that are incompletely resected and all 
high-grade tumors should receive postoperative radiation. 

 Radiation toxicity of the nervous system has three phases: acute (during the 
course of radiation), early delay (weeks to 3 months after radiation), and delayed 
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reaction (more than 3 months). Most prominent radiation injury of spinal cord 
 irradiation is a self-limited transient myelopathy and the more serious chronic 
 progressive myelopathy. Acute spinal cord toxicity is rare. However, a transient 
myelopathy may develop within delayed phase. Evidence derived from large groups 
of patients suggests that the incidence of myelopathy is less than 0.5 % after 50 Gy 
of conventional fractionated irradiation  [  8,   9  ] . The best estimate of the dose expected 
to cause a 5 % risk of myelopathy within 5 years is approximately 60 Gy in 2.0 Gy 
daily fractions  [  10,   11  ] . The 1991 National Cancer Institute task force report con-
cluded a cord length dependent 5 % risk of exceeding the tolerance dose at 5 years 
(TD 5/5) of 50 Gy (5 and 10 cm) and 47 Gy (20 cm)  [  12  ] . The use of stereotactic 
radiotherapy technique for the treatment of spinal lesions has been limited because 
the targeting of the tumor required that the spine be  fi xed with a large frame and 
clamps applied to the spinous processes. Recently, image-guided frameless stereot-
actic radiosurgery system (CyberKnife) allowed the treatment of spinal lesions, but 
there is no large experience to date with spinal radiosurgery that has previously 
developed  optimal doses  [  13,   14  ] .  

    23.3   Rationale for BNCT 

 Conventional external beam radiotherapy lacks the precision to allow delivery of 
large doses of radiation near the spinal cord. Achieving tumor targeting high dose 
irradiation by BNCT promises the possibility to treat serial organs such as the spinal 
cord more effectively and safely.  

    23.4   Technical Aspects and Results 

    23.4.1   Anteroposterior and Posteroanterior Irradiation 

 First, we generated treatment plans for three different situations of spinal cord tumors 
using the JAEA Computational Dosimetry System (JCDS). JCDS is a BNCT simula-
tion system which was developed and has been improved by Japan Atomic Energy 
Agency  [  15,   16  ] . A three-dimensional model was created using medical CT and MRI 
images. We de fi ned the postulated spinal tumor as impinging on the cervical cord. 
The JCDS requires user-de fi ned parameters, namely, boron concentrations, relative 
biologic effectiveness (RBE) values, and compound biologic effectiveness (CBE) 
factors of the chosen boron compound. This study made use of boronophenylalanine 
(BPA). An epithermal mode beam, 3.5 MW of JRR-4, a 12-cm collimator, and a 
shielding module made of lithium  fl uoride were used together for the calculation. 
First, we de fi ned the beam directions as (1) anteroposterior ( AP ) and (2) posteroan-
terior ( PA ). The values used in the simulation are summarized in Table  23.1 , and the 
three-dimensional model is shown in Fig.  23.1 . The normal tissue dose limit was set 
to below 9.0 Gy for each session (fraction). After the MCNP calculation of the beam 
and target model, the JCDS output was visualized and analyzed.   
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 Table  23.2  summarizes the tumor dose and normal tissue dose of opposing portal 
irradiations. The  fi rst irradiation was anteroposterior ( AP ), and the second irradia-
tion was posteroanterior ( PA ).  AP  +  PA  implied that  AP  and  PA  irradiations were 
performed as a 2-fraction irradiation. Simple opposed two- fi eld irradiation achieved 
28.0 Gy as a minimum tumor dose, 7.3 Gy as a maximum normal spinal dose, 
and 7.4 Gy as a maximum skin dose. The thermal neutron  fl ux was 1.98 × 10 9  and 
1.73 × 10 9  at the  AP  and  PA  irradiation, respectively. Irradiation time was 30 and 
38 min at the  AP  and  PA  irradiation, respectively; these were tolerable periods with-
out general anesthesia. The dose distribution and dose pro fi le of  AP  +  PA  irradiation 
on the beam’s central axis are shown in Fig.  23.2 .   

 The results showed the feasibility of BNCT for malignant spinal cord tumors. 
Coderre et al. reported dose-related changes in the incidence of developing myel-
opathy in rats; the authors determined the ED 

50
  as 13.8 Gy using intraperitoneal 
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  Fig. 23.1    The schema of the spinal cord tumor model.  Left : serial CT image and postulated tumor, 
 middle : three-dimensional reconstruction of the model,  right : voxel model for MCNP calculation       

   Table 23.1    RBE and CBE, boron 
concentration used for this simulation   

 Boron compound  BPA 
 Tumor/normal tissue ratio  3.5 

 Boron concentration  RBE,CBE 
 Tumor  42  3.8 
 Normal tissue  12  1.35 
 Spinal cord  12  1.35 
 Mucosa  12  4.9 
 bone  0 
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   Table 23.2    Summary of the simulated dose   
 AP + PA  AP  PA  RL  LR  L45  R45  L45 + R45 + PA 

 Irradiation time (min)  30 + 38  30  38  40.3  35.7  37.1  36.9  27 + 28.4 + 28.6 

 Tumor dose (Gy)  Max.  34.7  22.4  20.5  16.9  15.5  20.1  22.2  38.7 

 Ave.  32.0  16.1  15.9  10.7  8.8  13.7  14.3  36.0 

 Mini.  28.0  11.3  11.3  6.5  4.3  9.4  9.8  31.0 

 Normal 
tissue (Gy) 

 Max.  10.0  9.0  9.0  10.0  10.0  10.0  10.0  10.0 

 Spinal cord (Gy)  Max.  7.3  4.6  4.2  3.5  3.2  4.0  4.4  8.1 

 Skin (Gy)  Max.  7.4  7.0  7.4  8.5  8.0  7.9  8.0  6.4 

 Thermal neutron 
 fl ux, ×10 9  
 (n/cm 2 /s) 

 Max.  1.98  1.73  1.98  2.26  1.97  1.99 

 Thermal neutron 
 fl uence, ×10 12   
(n/cm 2 ) 

 Max.  4.24  4.01  4.09  4.80  4.84  4.40  4.40  3.97 

   AP  anteroposterior irradiation,  PA  posteroanterior irradiation,  RL  right to left,  LR  left to right,  L45  
left anterior oblique 45°,  R45  right anterior oblique 45°  

  Fig. 23.2    Simulated results of AP + PA irradiation. Schematic view of thermal neutron  fl uence 
distribution ( left upper ) and dose distribution ( right upper ), dose pro fi le on beam central axis ( left 
lower ) and dose volume histogram ( right lower )         
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BPA administration and found no spinal damage below 11 Gy  [  17  ] . Morris et al. 
reported the dose response of the rat spinal cord and radiation damage  [  18  ] . The 
authors used i.v. BPA. According to this data, the ED 

50
  for myeloparesis was 12.9 Gy 

in rats irradiated after i.v. administration of BPA. With a 10–20 % safety margin, we 
set 9 Gy as the upper limit for normal tissue exposure in a single session and 10 Gy 
for the total normal tissue dose. Under this limitation, the simulation achieved 
a minimum tumor dose of 28.0 Gy. 
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 Fractionated irradiation is suitable for BNCT of spinal cord tumors because it 
reduces the normal tissue damage and concentrates the tumor dose. Compared with 
single-fraction irradiation, 2-fraction opposing portal irradiation increased the nor-
mal tissue dose only by 10 % while the minimum tumor dose more than doubled.  

    23.4.2   Lateral and Oblique Irradiation 

 To reduce mucosal dose of nasal, oral, pharyngeal cavity, we designed two oppo-
site lateral irradiation directions ( RL  and  LR , right to left and left to right) and 
 three-beam irradiation, oblique and  PA  projection (Fig.  23.3 ). Table  23.2  shows the 
simulated results of the  RL ,  LR ,  R45 , and  L45  (right anterior oblique 45° and left 
anterior oblique 45°) beam directions. Three-beam irradiation was simulated using 
 PA ,  R45 , and  L45  directions. Lateral irradiation was limited because of the inter-
ference between the beam port and the patient’s shoulder, requiring the use of the 
extensive collimator at JRR4 and resulting in the lower neutron  fl uence and longer 
irradiation time. The three-beam irradiation achieved 36.0 Gy as a minimum tumor 
dose, 8.1 Gy as a maximum normal spinal dose, and 6.4 Gy as a maximum skin 
dose. The beam direction avoided the naso-oral and pharyngeal cavity. But the 
carotid artery and veins were included in the irradiation  fi elds (Fig.  23.3 ). Irradiation 
time was 27, 28, and 28 min at the  PA ,  L45 , and  R45  irradiation directions, 

  Fig. 23.3    Simulated results of lateral and oblique irradiation. Schematic view of lateral irradia-
tion and oblique irradiation ( upper ), axial view of the beam port ( left lower ) and dose distribution 
of the three-beam irradiation       
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 respectively. The dose distribution of the three-beam irradiation at the axial slice is 
shown in Fig.  23.3 . Treatment with multiple beam direction requires to repeat BPA 
administration and neutron irradiation. As a result, the BNCT maneuver becomes 
more complicated, but the dose pro fi le shows the feasibility of BNCT for patients 
with spinal tumors.  

 One limitation of this study concerns the boron distribution. We postulated that the 
tumor boron concentration is 42 ppm and the normal tissue concentration is 12 ppm. 
However, the spinal cord vasculature or tissue perfusion circumstances are not the 
same as those of brain tissue, and the pharmacokinetics of the boron compounds may 
differ. It is important to determine the BPA pharmacokinetics by an F 18  BPA-PET 
study and experimentally determine the values that we use here presumptively.   

    23.5   Level of Evidence 

 Preclinical evaluation. Categories labeled D: expert opinion without explicit critical 
appraisal, or based on physiology, bench research or  fi rst principles. De fi ned by the 
UK National Health Service.  

    23.6   Further Development 

 We need to de fi ne the distribution of boron in spinal tumors and plan to study BPA-
PET scan of spinal tumor patients. As the spine is a common metastatic site for 
many tumor types, the simulation for extamedullary spinal tumors should be done. 
To avoid mucosal reaction in the radiated  fi eld, the experience of head and neck 
tumors should be used in the further preclinical simulation design.      
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          24.1   Introduction    

 Head and neck cancers (HNCs) account for approximately 10 % of all cancers, and 
about 90 % of them are squamous cell carcinoma (SCC). Surgery represents the main-
stay of treatment for resectable primary site. However, the main drawback of surgery, 
especially for advanced T-stage cancer, is deterioration of patients’ QOL because the 
head and neck have many important physiological and cosmetic functions. On the 
other hand, the patients with unresectable cancer are candidates for radiation therapy 
or chemoradiotherapy. Although these therapies are effective for SCC, it is dif fi cult to 
perform reradiation therapy for SCCs that recur after these therapies, because of intol-
erable of surrounding normal tissue against reradiation therapy. In addition, these 
SCCs might show radioresistance. T3-4 advanced non-SCCs, such as adenocarci-
noma, mucoepidermoid carcinoma, and adenoid cystic carcinoma, also show radio- 
and chemoresistance. BNCT is high linear energy transfer (LET) radiation and 
tumor-selective radiation without serious damage of surrounding normal tissue. 
BNCT might be effective and safe in the patients with inoperable, locally advanced 
head and neck cancers even if that recur at previously irradiated sites.  

    24.2   Actual State-of-the-Art Treatment 

    24.2.1   Locally Advanced and Recurrent SCC 

 The reported tumor effective rate and the median survival of 69 patients with 
advanced/recurrent HNSCC who received palliative chemotherapy and/or radiation 
therapy were approximately 30 % and 6–10 months, respectively  [  1  ] . The 2-year 
locoregional progression-free survival and overall survival rates in 105 patients with 
recurrent HNC who underwent re-RT were 42 and 37 %, respectively  [  2  ] .  

    24.2.2   Non-SCC in the Head and Neck Without Malignant 
Melanoma 

 The postoperative radiation therapy improved local control from 75 to 83 % among 
100 patients with non-SCC, such as mucoepidermoid, adenoid cystic, acinic cell, 
and adenocarcinoma, of the major salivary glands  [  3  ] . Operation with postoperative 
radiotherapy improved the 10-year estimates of locoregional control to 63 % in 70 
patients with resectable T3-4 non-SCC of the major salivary glands  [  4  ] .   

    24.3   Rationale for BNCT 

 There are several advantages in applying BNCT to head and neck cancers. First, 
the head and neck have many important physiological and cosmetic functions. 
Surgery can be a great in fl uence on his/her QOL in the patients with advanced or 
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recurrent HNCs. Therefore, organ preservation is one of the most important 
things. Second, there are many patients with SCC that recur after intensive treat-
ment, including surgery and chemoradiotherapy, and locally advanced non-SCC 
that cannot be controlled by conventional cancer therapy. Third, as head and 
neck cancers exist super fi cially and are not very far from the skin surface, it is 
possible to administer curative doses to the target by using an epithermal neutron 
beam. 

    24.3.1    18 F-BPA-PET Study 

 The accumulations of BPA ( para -boronophenylalanine) in the tumor and sur-
rounding normal tissue were imaged and quanti fi ed by an  18 F-BPA-PET 
( fl uorine-18-labeled BPA positron emission tomography) study before BNCT in 
all patients  [  5  ] . 

 The tumor/blood, normal tissue/blood, and tumor/normal tissue ( T / N ) ratios of 
 18 F-BPA intensity were estimated 40 min after  18 F-BPA i.v. administration.  T / N  
ratios of SCC and non-SCC patients are shown in Fig.  24.1 .    
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  Fig. 24.1    Kawasaki Medical School (KMS) group data of  18 F-BPA-PET. Eleven patients with 
recurrent SCC and eight patients with non-SCC were registered in  18 F-BPA-PET study from 
October 2003 to September 2007. There was no difference in the  T / N  ratio between SCC and non-
SCC group. Ten of 11 patients with SCC and 10 of 13 patients with non-SCC showed  T / N  ratio of 
2.5 and over and underwent BNCT       
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    24.4   Technical Aspects and Clinical Applications 

    24.4.1   Indications for BNCT 

     1.    A newly diagnosed T3/T4 advanced and recurrent HNC.  
    2.    The maximum depth of tumor is within 5 cm in depth from the skin surface to 

achieve a curative dose of the target by using an epithermal neutron beam.  
    3.     T / N  ratio is more than 2.5.  T / N  ratio is calculated by the results of  18 F-BPA-

PET.  
    4.    Consent to perform BNCT is obtained from the patient and their family.  
    5.    Approval for BNCT is given by our Medical Ethics Committee.      

    24.4.2   Treatment Procedures 

 The patient undergoes CT scan for treatment planning just prior to BNCT using a 
computer work stations equipped with the Japan Atomic Energy Research Institute 
Computational Dosimetry System (JCDS)  [  6  ]  dose planning software. 

 The total dose of BPA ( l -enantiomer, >95 %  10 B enriched) is 500 mg/kg body 
weight (BW). Two hours before neutron irradiation, intravenous administration of 
200 mg/kg BW/h of BPA is started. To monitor the boron concentration in the blood, 
venous blood samples were obtained every 1 h from starting BPA administration to 
 fi nishing neutron irradiation. The boron concentrations in the blood are measured 
by prompt  g -ray analysis and/or inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). The blood boron concentration curves are plotted against time. 
The tumor and normal tissue boron concentrations are estimated by the results of 
 18 F-BPA-PET. 

 Patients are positioned on the treatment table in the irradiation room of the reac-
tor and attached the collimator to shield normal tissue, and then tumor site is irradi-
ated with epithermal neutron with the BPA  fl ow rate of 100 mg/kg BW/h  [  7  ] . All 
patients are placed in a sitting or supine position during irradiation. After  fi nal set-
ting of the patients, thermoluminescence dosimeters (TLDs) are attached to the skin 
surface involved in the irradiation  fi eld, and gold wires are placed in the collimator 
for dosimetry. We placed a gelatin sheet, 5 mm thickness, on the skin of the radia-
tion  fi eld to enhance the irradiation dose at the tumor surface. Neutron  fl ux (n/cm 2 /s) 
is measured using gold wires 15 min after the start of irradiation. The neutron irra-
diation time is decided using the JCDS based on the neutron  fl ux measured at 15 
min after the start of irradiation and the estimated blood boron concentration 
curves.  

    24.4.3   Radiation Doses by BNCT 

 BNCT for the HNC is performed using epithermal neutron beam of the reactor with 
single fraction in our group (two fractions in Finland group  [  8  ] ). The control dose 
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to the tumor is planned to be more than 20 Gy (weighted dose), and the maximum 
dose to tumor surrounding normal tissue is set not to exceed 15 Gy. These values 
were calculated by JCDS on the basis of the mean blood boron level during neutron 
irradiation and directly measuring the neutron  fl ux at the tumor site using gold 
wires. These treatment doses are achieved by the indications of BNCT (2) and (3).   

    24.5   Results 

    24.5.1   Observations from Kawasaki Medical School 

 Ten patients with recurrent SCC, 7 patients with recurrent non-SCC (adenoid cystic 
carcinoma, 2 cases; adenocarcinoma, 1; papillary adenocarcinoma, 2; mucoepider-
moid carcinoma, 1; and undifferentiated cancer, 1), and 3 with newly diagnosed T4 
advanced non-SCC (adenoid cystic carcinoma, 2 cases and acinic cell carcinoma, 1) 
underwent BNCT between October 2003 and September 2007. The median fol-
low-up time was 15.9 months (range, 3-56 months). Local response of these 20 
patients after BNCT was as follows: 11 showed complete remission (CR) clinically. 
Figure  24.2  represents the images of CT and  18 F-BPA-PET before, and that of CT 5 
months after treatment in recurrent SCC case which showed CR with BNCT. Seven 
patients showed partial remission (PR), and 2 did no change. The effective rate 
[(CR + PR)/total cases] was 90 %  [  9  ] . No severe acute or chronic normal tissue reac-
tions (more than grade II of the RTOG/EORTC score) were experienced in any 
patients. Ten patients died 3–20 months (median 11.6 months) after BNCT, and the 
main cause of death was distant metastasis.  

18F-BPA • PET T/N=4.0

Before BNCT 5 month after BNCT

  Fig. 24.2    Recurrent primary unknown SCC. The tumor recurred after full-dose conventional 
radiotherapy combined with chemotherapy. ( a ) CT shows the recurrent tumor at left parapharyn-
geal space as indicated by the circle. ( b )  18 F-BPA-PET study reveals that  T / N  ratio is 4.0. ( c ) The 
tumor completely disappeared  fi ve months after BNCT. Unfortunately, this patient died of distant 
metastasis 2 years after BNCT. However, local recurrence was not observed       
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 In all patients, 1- and 2-year overall survival rates were 53.8 and 32.3 %, respec-
tively, and the 1- and 2-year disease free survival rates were 34.2 and 0 %. However, 
the 1- and 2-year locoregional progression-free survival rates were 58.8 and 47.7 %, 
respectively (Fig.  24.3 ). All three patients with newly diagnosed T4 advanced non-
SCC showed complete response of the primary site within 3 months after BNCT. 
The 1-year locoregional progression-free survival rate was 100 %, and overall sur-
vival rate was 100 % at 18 months in these three patients.   

    24.5.2   Results obtained at Osaka University 

 Six patients with recurrent HNCs were registered (squamous cell carcinoma, 
3 cases; sarcoma, 1; and mucoepidermoid carcinoma of the parotid gland, 1). Local 
response of the 6 patients after BNCT was as follows: 1 showed clinically CR, 4 PR, 
and 1 progressive disease. The effective rate was 80 %. Four patients died 2–10 
months after BNCT (median 6.7 months)  [  10  ] .  

    24.5.3   Results from Helsinki 

 Twelve patients received BNCT between December 2003 and December 2005. 
Local response of the 12 patients after BNCT was as follows: 7 showed clinically 
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  Fig. 24.3    Kaplan-Meier survival curve. Two-year locoregional progression-free survival and 
overall survival rates are 47.7 and 32.3 %, respectively       

 



42324 BNCT for Advanced or Recurrent Head and Neck Cancer

CR, 3 PR, and 2 stable disease. The effective rate was 83 %. The median duration 
of disease progression was 9.8 months, and the median overall survival time was 
13.5 months. Five (41 %) patients were alive without recurrence with a median 
follow-up of 14.0 months (range, 12.8–19.2 months)  [  8  ] .   

      Conclusion 
 BNCT for recurrent SCC and locally advanced non-SCC in the head and neck is 
a promising modality that might be indicated in the following situations:
   1.    The maximum depth of tumor is within 5 cm in depth from the skin surface.  
   2.     T / N  ratio is more than 2.5 which is calculated by the results of  18 F-BPA-PET.     

 BNCT increases the chance for local control in these patients. However, main 
cause of death in the patients is distant metastasis, and overall survival rate is not 
signi fi cantly improved by BNCT compared to conventional cancer treatments. 
A combination of BNCT with chemotherapies should be considered in high-risk 
patients to improve overall survival.  

    24.6   Level of Evidence 

 Levels of evidence (LOE): Level III 
 The UK National Health Service: Level D  

    24.7   Further Development 

 In Japan, BNCT for head and neck cancer will be performed using a neutron 
accelerator from end of 2012.      
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    25.1   Introduction 

 Thyroid cancer may occur as a differentiated or an undifferentiated or anaplastic 
form. The differentiated forms, such as papillary or follicular carcinomas, are in 
general of a relatively benign prognosis. Most if not all still have a normal uptake of 
iodine, and therefore surgical thyroidectomy is completed with a therapeutic dose of 
 131 I. In many cases, these forms are well controlled and complete remission of the 
tumor is obtained. In other instances, the prognosis is not so good. The undifferenti-
ated (UTC) form or the recurrence of some differentiated forms of this pathology 
has lost their capability to concentrate radioiodine, and therefore the therapeutic 
dose of this halogen is useless. These last forms are very aggressive and have a fatal 
outcome in rather a short time after their diagnosis. As a consequence, new  treatments 
are being explored in order to offer these patients a better future. Thanks to the 
advances in the knowledge of their molecular biology, new chemotherapeutic com-
pounds have been developed and are currently being studied in several clinical  trials. 
Besides, we have started some years ago the study of the possibility of the applica-
tion of BNCT to the treatment of these pathologies  [  1,   2  ] .  

    25.2   Experimental “In Vitro” Studies 

 We started by analyzing the uptake of a boronated compound, p-borophenylalanine 
(BPA), by cultured thyroid cells. The results demonstrated that a cell line of undif-
ferentiated cancer had a higher uptake than cells obtained from human thyroid fol-
licular adenoma or from normal glands. When we compared proliferating with 
quiescent cells of anaplastic cancer, the BPA uptake was the same. This data is quite 
interesting since it makes a difference with the usual response of tumors to radio-
therapy in which only proliferating cells are responsive  [  3  ] .  

    25.3   Experimental “In Vivo” Studies 

 The next step was to develop an animal model. Nude NIH mice were transplanted 
with the same cell line. This tumor had a very active growth, and in some animals 
lung metastasis was demonstrated resembling the human UTC behavior. When the 
biodistribution of BPA was examined by the ICP-AES method, we could again 
observe a signi fi cant greater uptake by the tumor than the normal tissues such as the 
original thyroid, skin distal to the implant, and other organs. However, the skin 
around the transplant, which is invaded by cancer cells, had a higher concentration 
of BPA than the other normal tissues. Only the kidney, where BPA is excreted, had 
values of boron greater than other tissues. Time-course studies showed that the peak 
of BPA concentration in the tumor cells was dependent on the amount of compound 
injected. When a dose of 350 mg/kg body weight was administered, the peak 
occurred after 60 min, while it took place after 90 min of the i.p. injection with a 
dose of 600 mg/kg body weight. The tumor/normal tissues boron ratios were calcu-
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lated for both doses, and the results again demonstrated a selective uptake by the 
tumor with a ratio larger than 3. Total boron was between 18 and 24 ppm  [  3,   4  ] . The 
large uptake by the tumor could be re fl ecting a more active metabolism. Mishima 
et al.  [  5  ]  showed, with the use of  18 F labeled BPA, a net incorporation rate in the 
tumor four times higher than that in normal tissues. The mechanism of transport of 
BPA was analyzed in the glioblastoma cell line GS-9L and in the  fi broblast cell line 
V79. The results supported the hypothesis that BPA is transported by the  l  amino 
acid transport system  [  6  ] . 

 The complete BNCT treatment was performed in our mice. They were trans-
planted as before. After 14 days, they were transported to the Bariloche Atomic 
Center, 1,500 km south from Buenos Aires. After a 24-h recovery, they were injected 
with BPA, anesthetized, and submitted to an appropriate neutron beam. Only the 
tumor area was exposed, while the rest of the body was shielded. The growth of the 
tumor was measured in order to determine the response to the complete treatment. 
The following groups of mice served as controls: (a) nontreated, BPA injected; 
(b) irradiated, no BPA; (c) no treatment or injections at all; and (d) BPA + irradia-
tion. All animals survived without toxic effects. The results showed that the nonir-
radiated mice had a progressive growth of the tumor. Those irradiated without BPA 
showed an initial slowdown of growth, which reassumed to the slope curve of the 
other controls after a few days. Those treated by BNCT had two types of response. 
Animals with a rather larger initial tumor size had a signi fi cant stop in tumor growth, 
but without a complete disappearance, while those with a smaller initial size were 
histopathologically cured and the transplanted area was replaced by  fi brotic tissue 
in 50 % of the mice. These studies were con fi rmed by additional experiments. The 
tumor response was proportional, with a positive signi fi cant correlation, to the 
degree of DNA damage determined by the comet assay and to the total physical 
absorbed dose  [  7  ] . It is known that the DNA damage induced by radiation and the 
capacity of repair by the cells depend on the quality of radiation. High LET radia-
tions (alpha particle and heavy ions) are biologically more effective than those of 
low LET (gamma or X-rays) because it causes DNA lesions more complex and 
dif fi cult to repair  [  8  ] . 

 In order to further optimize our encouraging results, we started studies by com-
bining BPA with another boron compound, boronated porphyrin (BOPP). Studies 
performed in animals bearing a glioma cell line demonstrated that the injection of 
BOPP caused a signi fi cant boron uptake. BOPP,4-bis-( a , b -didihidroxyethyl)-
deutero-porphyrin IX is a boronated porphyrin that was synthesized by Kahl in 
1989, and it has 40 atoms of boron-10 by molecule against one atom alone in the 
BPA molecule  [  9  ] . Mice transplanted with the UTC cells were injected with BOPP 
(kindly provided by Prof. SB Kahl, University of California at San Francisco, USA), 
administered via i.p. or i.v. However, in our model, we failed to observe a selective 
boron uptake compared to normal tissues after 1 day of administration. Therefore, 
another protocol was assayed. BOPP was injected via i.p. from 1 to 7 days before 
BPA, and the boron uptake was measured 60 min after BPA administration. We 
observed that with the combination of 5 days after BOPP and 60 min after BPA, the 
boron uptake was 45 ppm, doubling the results obtained with BPA alone  [  10  ] . Next, 
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these animals were irradiated as in the previous studies with the neutron beam of 
Bariloche Nuclear Reactor (RA6). The animals were followed during 3 months, and 
a complete stop in tumor progression and a complete disappearance of the tumor 
cells were observed histologically in 100 % of the mice. The subcellular studies 
demonstrated that 10B is concentrated in the mitochondria  [  11  ] . 

 In our laboratory, in other group of studies, we demonstrated that nicotinamide 
(NA) injection caused a signi fi cant increase in the radiosensitivity to  131 I treatment 
in normal and goitrous rats. This effect was related to the increase in thyroid blood 
 fl ow. NA causes at the same time an increase in the expression of eNOS synthase 
and in the generation of peroxides, which are responsible for tissue damage  [  12  ] . 
The possible action of NA on boron uptake was studied demonstrating that it does 
not affect the uptake by the tumor, NA has been utilized in patients with head and 
neck tumors submitted to conventional external radiotherapy, with encouraging 
results  [  13  ] . When NA was administered during 3 days prior to BPA + irradiation, a 
tendency to slightly improve the outcome of the treatment was observed. The deter-
mination of apoptosis in tumor samples by measurements of the caspase-3 activity 
showed an increase signi fi cance in the BNCT (BPA + NA) group at 24 h and after 
the  fi rst week post irradiation in the three BNCT groups (BPA alone and combine 
with NA or BOPP). TUNEL analysis con fi rmed these results. We could conclude 
that although nicotinamide combined with BPA produces an increase of apoptosis 
at early times, only the group irradiated after the combined administration of BPA 
and BOPP signi fi cantly improves the therapeutic response  [  11  ] . 

 These encouraging results led us to study larger animals. Dogs can present spon-
taneous UTC, which behaves similarly to the human tumor, causing dyspnea due to 
compression of the trachea, and to produce metastasis in the rest of the body. We 
studied the uptake of BPA in 8 dogs that had an indication of surgery at the School 
of Veterinary Sciences, University of Buenos Aires, with previous signed informed 
consent from the owners. The animals were anesthetized and infused during 60 min 
with a solution of BPA-fructose and then transported to the operating room. Blood 
samples were obtained every 15 min, and during surgery, samples of normal thyroid 
and of areas of the tumor were taken to measure boron concentration and for histo-
pathology. The boron concentration in the tumor was greater than that in blood or in 
normal thyroid but with scattered values. When the histopathology was taken into 
consideration, the different areas from each tumors were classi fi ed as homogeneous 
or heterogeneous, the latter with areas of dead tumor cells and with  fi brosis and 
adipose tissue. A clear correlation was demonstrated between the quality of cellu-
larity, amount of live cells, and the boron uptake. We may then conclude that BNCT 
may be effective for the treatment of UTC in dogs  [  14  ] .  

    25.4   Radiobiological Studies 

 In order to apply BNCT to a tumor, it is necessary to consider a number of factors. 
They include not only the size and shape of the tumor, the boron compound to be 
used and its uptake and time of persistence in the tumor area, as well as the radiobio-
logical characteristics of the tumor. The relative biological effectiveness factor 
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(RBE) of the neutron beam and the compound biological effectiveness factor (CBE), 
which combines the beam and the boron compound, are used in order to obtain the 
total physical absorbed dose. These radiobiological factors permit the comparison 
with the conventional treatment or with other neutron beams. In collaboration with 
the group of the Massachusetts Institute of Technology (Cambridge, MA, USA) a 
series of studies were performed with the ARO cells. The cells were incubated with 
BPA alone or with the mixture of BPA + BOPP and irradiated with increasing doses 
of either neutrons or X-rays. The biological endpoint (generation of new cells) was 
evaluated by the colony formation assay and values of 3.9 and 2.6 for the CBE 
of BPA and BPA + BOPP, respectively, were obtained. The value obtained for the 
combination was consistent with being additive. For the neutron beam, the RBE 
gave a value of 1.2  [  15  ] . 

 We also evaluated in vitro the mechanisms of damage induced by BNCT by 
cytokines block micronuclei assay (CBMN) and by the cell fraction survival using 
a colorimetric assay of viability (MTT). We also calculated the relative biological 
effectiveness factor (RBE) of the neutron beam and the compound biological effec-
tiveness (CBE) values for BPA and BOPP. The frequency of micronucleated binu-
cleated UTC cells and the number of MN per micronucleated binucleated cells 
showed a dependent dose relationship until around 2 Gy. The response to gamma 
rays was signi fi cantly less than the other treatments. The irradiation with neutrons 
alone and neutrons + BOPP showed curves that did not differ signi fi cantly and 
showed less DNA damage than neutrons + BPA. A decrease in the survival fraction 
as a function of the physical dose was observed for all the treatments. We also 
observed that neutrons and neutrons + BOPP did not differ signi fi cantly and that 
BPA is the more effective compound. The RBE and CBE factors calculated from 
CBMN and MTT assays, respectively, gave the following values: beam RBE, 
4.4 ± 1.1 and 2.4 ± 0.6; CBE for BOPP, 8.0 ± 2.2 and 2.0  ±  1 ;  and CBE for BPA, 
19.6 ± 3.7 and 3.6 + 1.3. These values represent the  fi rst experimental values obtained 
for the RA-3 (nuclear reactor of Ezeiza) in a biological model and will be useful for 
future dosimetric experimental studies of the application of BNCT to UTC  [  16  ] .  

    25.5   Clinical Studies 

 A protocol for biodistribution studies in humans was established and approved by 
the research and ethics committees of seven hospitals in Buenos Aires, followed by 
the approval of the Ministry of Public Health of Argentina. In each case, the signed 
informed consent of the patients was also obtained. These studies are underway and 
so far three patients have been analyzed, but further studies are required in order to 
arrive at a conclusion. 

 A similar study was carried on in Germany. Wittig et al.  [  17  ]  have analyzed the 
boron uptake in patients suffering from recurrence of differentiated thyroid cancer 
and one with UTC. In those infused with 50 mg/kg bw BSH within 60 min prior to 
surgery, the tumor/blood ratio was around 0.9 while the tumor/muscle ratio was 1.9. 
When BPA was infused (100 mg/kg bw), the tumor/blood ratio was around 1.7 
while the tumor/normal tissues ratio was around 0.9. These authors concluded that 
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BNCT might not be useful for recurrent differentiated thyroid cancer  [  17  ] . 
Meanwhile, one patient with a relapsed papillary thyroid cancer was treated by 
BNCT in Japan in September 2003. No adverse effects were observed and the 
patient survived up to 18 months  [  18  ] .  

    25.6   Recent Advances  

 Besides the UTC sometimes the relapse of human differentiated thyroid cancer 
occurs with a more aggressive form which lacks iodine uptake. 

 The aim of these studies was to evaluate the possibility of treating differentiated 
thyroid cancer by BNCT. These carcinomas are well controlled with surgery fol-
lowed by therapy with 131I; however, some patients do not respond to this treatment. 
BPA uptake was analyzed both in vitro and in nude mice implanted with cell lines of 
differentiated thyroid carcinoma. The boron intracellular concentration in the differ-
ent cell lines and the bio-distribution studies showed the selectivity of the BPA 
uptake by this kind of tumor  [  19  ] . 

 In other studies we have evaluated the mechanisms of cellular response to DNA 
damage induced by BNCT. Thyroid carcinoma cells were incubated with 10BPA or 
10BOPP and irradiated with thermal neutrons. The surviving fraction, the cell 
cycle distribution and the expression of p53 and Ku70 were analyzed. Different 
cellular responses were observed for each irradiated group. The decrease of Ku70 
in the neutrons +BOPP group could play a role in the increase of sensitization to 
radiation  [  20  ] .      
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          26.1   Introduction 

 In 1972, an experimental study on boron neutron capture therapy (BNCT) for malig-
nant melanoma was initiated by Mishima and his colleagues (Kobe University 
group). They  fi rst proposed employing BNCT for malignant melanomas utilizing 
the speci fi c melanin synthesis activity of melanoma cells. For that purpose,  10 B-para-
boronophenylalanine (BPA) was reevaluated by his group. After 15 years of basic 
research, this team started the  fi rst clinical trial of cutaneous melanoma BNCT using 
BPA in 1987  [  1–  12  ] . Thanks to improvement in boron delivery agents and low-
energy neutron beam technology, several BNCT clinical trials for melanoma were 
started in the world: at the Massachusetts Institute of Technology in 1994 for cuta-
neous melanoma and in 1996 for intracerebral melanoma (Harvard/MIT group) 
 [  13–  15  ] , at the high  fl ux reactor in Petten in 2002 for brain metastases of melanoma 
(Petten/Essen group)  [  16,   17  ] , at RA-6 reactor in Argentina in 2003 for cutaneous 
melanoma (Argentina group)  [  18,   19  ] , and at KUR and JRR-4 in Japan in 2003 for 
mucosal melanomas of the head and neck (Kawasaki group)  [  20  ] . The number of 
melanoma patients treated with BNCT is much smaller than that of glioglastoma 
because surgical excision has been considered to be the most effective and curative 
therapy in the treatment of melanoma. There are few reports about the local response 
and survival of patients with cutaneous and mucosal malignant melanomas treated 
by BNCT. Each group has its protocol and primary end point. The following chapter 
summarizes the current clinical results.  

    26.2   Actual State-of-the-Art Treatment 

 According to treatment guidelines of the National Cancer Institute (NCI), clinical 
and histological factors as well as the anatomic location of the lesion have impact 
on the prognosis of malignant melanoma. Surgical excision continues to be the 
mainstay in the treatment of primary cutaneous melanoma, aiming to completely 
remove the lesion at the primary site using adequate resection margins in order to 
provide durable local disease control. The risk of lymph node and/or systemic 
metastasis increases with increasing thickness of the primary lesion. Therefore, in 
patients suffering from melanoma with Breslow thickness of 2 mm, complete lymph 
node dissection should be considered if the sentinel lymph node(s) is microscopi-
cally or macroscopically positive. Patients with melanomas that have a Breslow 
thickness more than 4 mm should be considered for adjuvant therapy with high-
dose interferon, which has shown to increase relapse-free survival and overall sur-
vival (OS) when compared to observation  [  21  ] . However, melanoma that has spread 
to distant sites is rarely curable with standard therapy. Treatment of mucosal mela-
noma of the head and neck has not been standardized. Surgery is usually chosen as 
the  fi rst therapy if the primary lesion is resectable. Radiotherapy is a valuable option 
for selected groups of patients especially as a palliative treatment option in patients 
suffering from metastatic melanomas, medically inoperable patients, patients with 
large facial lesions which may involve wide surgical resections with extensive facial 
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reconstruction causing serious functional and cosmetic problems, or patients who 
have refused surgery  [  22  ] . Because of the very limited indication of radiotherapy for 
melanomas, there have been few reports on the ef fi cacy for primary mucosal mela-
nomas  [  23  ] . Adjuvant radiotherapy may be indicated to control local disease, espe-
cially for patients with questionable surgical margins. 

 Several institutes have reported clinical results using Cf-252 neutron brachyther-
apy  [  24  ]  or proton radiotherapy  [  25  ] , by which high radiation doses can be delivered 
to the target volume. Because of the high rate of treatment failure in stage II mela-
noma or higher, clinical trials exploring adjuvant chemotherapy and/or biologic 
therapy, or immunotherapy, are appropriate choices when possible for newly diag-
nosed patients. Options evaluated are, for example, dacarbazine (DTIC), temozolo-
mide, and cancer vaccines.  

    26.3   Rationale for BNCT 

 The  fi rst BNCT applications on melanomas of the skin have to be considered as 
“proof of principle” of the modality. There is a different situation in advanced or 
recurrent mucosal melanomas of the head and neck after the standard therapies, 
where no ef fi cient treatment exists. BNCT has several advantages as salvage ther-
apy to the head and neck mucosal melanomas. First, the head and neck have many 
important physiological and cosmetic functions. Therefore, the quality of life after 
treatment has a great in fl uence on the quality of life of patients with a head and neck 
tumor. When  10 B is selectively accumulated in tumor cells, these cells can be 
destroyed by thermal neutron irradiation without serious damage to the surrounding 
normal tissue. Theoretically, BNCT can be considered to be an ideal local treatment 
because the structure and function of the irradiated normal tissues are preserved, 
whereas surgical procedures have a negative impact on postsurgical life due to func-
tional and aesthetic problems. Second, as tumors located in the head and neck region 
are located close to the skin surface, it might be possible to administer curative 
radiation doses to the target by utilizing an epithermal neutron beam. The advantage 
of an epithermal neutron beam over thermal beams is that it penetrates a few centi-
meters into human tissue before forming a thermal peak. Consequently, with an 
epithermal neutron beam it may be possible to treat deeper seated tumors. Third, 
there are many patients with melanoma located in the head and neck region which 
cannot be controlled by conventional cancer therapy. Fourth,  18 F-BPA-PET studies 
allow to identify patients who may be treated with BNCT due to selective uptake of 
 18 F-BPA  [  20  ] .  

    26.4   Melanoma and BPA 

 Originally, BPA was developed with the reasoning that since the biosynthesis of 
melanin requires tyrosine as a precursor, the boronated form of this amino acid 
might be selectively taken up by melanoma cells  [  6  ] . It has been proven that p-BPA 
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accumulates selectively in melanoma cells, and several in vivo and in vitro studies 
support the hypothesis that this compound is taken up by melanoma cells in a simi-
lar manner to tyrosine. Mishima et al. used this compound as a capture agent for 
BNCT of melanoma in experimental animals and clinically in patients  [  7–  9  ] . Using 
 11 B-NMR studies, their group found that melanin monomers, intermediates for mel-
anin polymer formation, and BPA can form a chemical complex in the solution 
system  [  2  ] . The authors concluded that the complex formation between BPA and 
melanin monomers plays an important role in the selective accumulation of BPA 
within melanoma cells. 

 However, Coderre et al.  [  26  ]  reported that this compound was also selectively 
taken up in vivo by nonpigmented tumors including murine mammary tumors and 
rat gliosarcomas. They suggested that there are other mechanisms of p-BPA uptake 
which are independent of melanin synthesis and that accumulation of p-BPA in 
rapidly growing animal tumors could be due to the metabolic demand for the amino 
acids needed for protein synthesis. It has been proven that p-BPA is transported not 
only as a tyrosine analogue for melanin synthesis but also as an amino acid analogue 
 [  27,   28  ] . 

 Recently, this compound has also been utilized for BNCT of brain tumors  [  29  ]  
and head and neck malignancies  [  30,   31  ] .  

    26.5   Technical Aspects 

     1.    BPA is very hard to be dissolved in saline, and it can be solubilized at neutral pH 
by complexation with fructose  [  3  ] . Intravenous administration of BPA-fructose 
complex for 2–3 h and blood sampling.  

    2.    Construction of a neutron collimator to shield normal tissues using  6 Li contain-
ing thermoplastic with 10 mm in thickness (Fig.  26.1 ).   

    3.    Final setting and  fi xation of the patient to the irradiation beam port (Fig.  26.2 ).   
    4.    Attachment of thermoluminescence detectors (TLD) and gold wires to the skin 

of the irradiation  fi eld for dosimetry. Neutron  fl ux measurement using gold wire 
15 min after the start of irradiation. LiF sheets (10 mm thick) were chosen as the 
collimator material to shield normal tissues from neutron exposure. The radia-
tion  fi eld was de fi ned with a 1–2 cm safety margin from the clinical target 
volume.  

    5.    Prescribing of dose. All doses are expressed in weighted (Gy (w)) units using 
RBE and CBE factors  [  32  ] . To express the total BNCT dose in a common, pho-
ton-equivalent unit, enabling comparison with conventional photon irradiation, 
for tumor and for each of the normal tissues at risk, each of the high-LET dose 
components (physical dose in Gy) is multiplied by an experimentally determined 
biological effectiveness factors (RBE and CBE). The total photon-equivalent 
BNCT dose can then be expressed as the sum of the biological-effectiveness-
corrected physical-absorbed dose components. The biological effectiveness fac-
tors used in the trial of intracranial melanoma BNCT at Harvard/MIT group were 
3.2 for both fast and thermal neutrons, 1.3 for  10 B (n,  a ) 7 Li reaction, and 1.0 for 



43726 Malignant Melanoma

  Fig. 26.1    A neutron collimation to shield normal tissues using  6 Li containing thermoplastic 
(10 mm thickness) in BNCT for melanoma of the nasal cavity (case no. 3)       

a b

  Fig. 26.2    Simulation ( a ) and  fi nal setting ( b ) of the patient to the irradiation beam port (case no. 3)       
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gamma rays. In the case of cutaneous melanoma of the extremities, these values 
were 4.0 for the fast neutron, the thermal neutron and the  10 B (n,  a ) 7 Li reaction, 
and 0.5 for gamma rays. Table  26.1  lists the biological effectiveness factors [RBE 
of the fast neutron and thermal neutron, CBE for the  10 B(n,  a ) 7 Li reaction] that 
have been chosen for use in the clinical BNCT trial in Japan. The time for neu-
tron irradiation ranged from 20 to 60 min, depending on the blood boron levels, 
the tumor depth, and the limiting dose to the nearest critical organ. All groups 
always irradiate the tumor at the maximum tolerable dose for surrounding nor-
mal tissues regardless of the  10 B concentration in the tumor.   

    6.    Fractionation. BNCT has generally been delivered in a single fraction. Some 
groups described the bene fi t of a fractionated course of BNCT. Both of Harvard/
MIT group and Petten/Essen group applied the schedule of two fractions on con-
secutive days. This required a second BPA infusion for the second dose. Their 
rationale for the two-fraction approach was that the second BPA administration 
could lead to a redistribution of boron into tumor cells missed on the  fi rst frac-
tion, that is, an attempt to improve the uniformity of tumor cell kill  [  33  ] . Each 
 fi eld was given on each treatment day. An under- or overdose to a given  fi eld 
which might be caused by differing  10 B concentrations on the  fi rst day could be 
corrected on the second day of irradiation  [  17  ] .      

    26.6   Clinical Applications 

 In general, the following criteria were used to determine patient eligibility for 
BNCT:

   Patients with malignant melanoma pathologically con fi rmed  • 
  Patients with melanomas that have relapsed after conventional cancer therapies  • 
  Patients with normal renal and hepatic functions  • 
  Patients without severe concomitant disease  • 
  Hematological data within normal range  • 
  Patients with an anticipated general life expectancy of  • ³ 1 year and PS  ³  2  
  Patients who have given a written informed consent to perform BNCT    • 

   Table 26.1    Biological 
effectiveness factors used in 
calculating photon 
equivalent doses during 
BNCT at the KUR and 
JRR-4   

 Dose component 
 Biological effectiveness factor 
(CBE* or RBE**) 

 10B(n,  a )7Li reaction [BPA]  CBE for tumor (melanoma) = 3.8 

 CBE for normal skin = 2.5 
 CBE for normal mucosa = 4.9 
 CBE for central nerve 
system = 1.35 

 Thermal neutron  RBE = 3.0 
 Fast neutron  RBE = 3.0 

  g -ray  RBE = 1.0 

   CBE*  compound biological effectiveness,  RBE**  relative biologi-
cal effectiveness  
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 EORTC protocol 11011 for metastatic melanoma BNCT includes some criteria 
other than those above mentioned  [  17  ] :
    1.    The lesion proposed for irradiation must be brain metastases or soft tissue metas-

tases of head and neck or the extremities.  
    2.    The lesion must be measurable with MRI scan.  
    3.    No prior radiation therapy to the site intended to be irradiated with BNCT.  
    4.    Patient must have recovered from toxic effects of previous anticancer therapy.     

 Japanese protocol eligibility criteria includes a  T / N  uptake ratio of  18 F-BPA  ³  2.5.  

    26.7   Results 

    26.7.1   Cutaneous Melanoma 

    26.7.1.1   Kobe University Group 
 Twenty-four patients were treated with BNCT between July 1987 and April 2005. 
In Kobe series, the patients were administered 170–210 mg/kg·BW of BPA for 3–5 
h and irradiated with thermal beam. Details of their BNCT procedures have been 
reported elsewhere  [  12  ] . Brie fl y, this group always irradiated 18 Gy (w), which is a 
maximum tolerable dose to the normal skin, to the tumor surrounding skin regard-
less of  10 B-concentration in the tumor. A neutron  fl uence yielding 18 Gy (w) to the 
skin is optimized by using a measured  10 B-concentration in the blood (ppm) and 
mean skin-to-blood  10 B-concentraion ratio (factor of 1.3). 

 The 24 patients, 10 males and 14 females, ranged in age from 48 to 85 years , 
with an average age of 67 years . The patient characteristics are shown in Table  26.2 . 
The target areas were 20 primary lesions and 4 metastatic lesions. The melanoma 
types were acral lentiginous melanoma (ALM) in 13 patients, nodular melanoma 
(NM) in 6 patients, and lentigo maligna melanoma (LMM) in 5 patients. As for the 
tumor site, 14 were on the sole of foot, 6 on the face, 2 on the leg, and 2 on the 
 fi nger. Local responses are shown in Table  26.2 . The absorbed doses to the tumor 

   Table 26.2    Tumor 
characteristics and tumor 
response rate   

 Patient number  CR (%)  Non-CR 
 Primary/meta 
  Primary  20  15 (75)  5 
  Meta  4  2(50)  2 
 Type 
  NM  6  2 (33)  4 
  ALM and LMM  18  15 (83)  3 
 Tumor site 
  Sole  14  10 (71)  4 
  Face  6  5 (83)  1 
  Leg  2  1 (50)  1 
  Finger  2  1 (50)  1 

   NM  nodular melanoma,  ALM  acral lentigious melanoma,  LMM  
lentigo maligna melanoma,  CR  complete regression  
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ranged from 18.6 to 68.5 Gy (w). The complete regression (CR) rates were 75 % 
(15/20) and 50 % (2/4) for the primary and metastatic lesions, respectively. Among 
the primary lesions, the CR rates according to melanoma type were 33 % (2/6) for 
NM and 83 % (15/18) for non-NM (ALM + LMM). None of the 17 lesions with CR 
showed local recurrences in the radiation  fi eld during follow-up ranging (follow-up 
period: 4–15 years). The percentage of CR in non-NM was excellent, whereas that 
in NM was poor. There are a number of possible reasons for the poor response cases 
in NM. The most likely explanation is a lower boron concentration in the melanoma 
than the assumption. Because it is not possible to directly measure  10 B concentration 
in the tumor during neutron irradiation, the predetermined tumor-to-blood  10 B con-
centration ratio of 3.0 was used  [  12  ] . That value was based on the measured data in 
operated patients, but the variation in the ratio was very large (3.40 ± 0.83), and the 
lowest measured ratio was 1.3. The second reason for poor responses may be the 
difference in radiosensitivity between NM and non-NM. Johanson et al.  [  34  ]  noted 
that NM was completely different from LMM both in biological terms and in terms 
of response to radiotherapy. Another explanation is lower radiation doses than esti-
mated at the deepest point of the nodular melanoma. Gold wires and gold foil were 
placed on the surface of the melanoma to determine precisely the neutron  fl ux irra-
diated to the tumor in each patient. However, it was dif fi cult to obtain an accurate 
and approximate neutron  fl ux at the deepest point of thick melanomas, especially in 
nodular types. At the time when the Kobe University group treated patients with 
NM, computational dosimetry systems such as JCDS and SERA,  18 F-BPA-PET 
studies, and the epithermal beam were not available in Japan. At present, since these 
modalities can be applied to BNCT against NM, the responses may improve drasti-
cally. The 5-year cause-speci fi c survival rates were 60 % for all cases and 75 % for 
primary melanoma cases. All of the four metastatic cases died from systemic metas-
tasis within 3 years after BNCT. Absorbed doses to the skin ranged from 12.0 to 
37.1 Gy (w). According to CTCAE v.3.0, 2, 16, 3, and 3 patients had side effects of 
grades 1, 2, 3, and 4, respectively. Eighteen of the 24 cases had tolerable skin dam-
age (less than Grade 2). In particular,  fi ve cases of facial melanomas were cured 
without any cosmetic or functional problems of the facial skin. Although six cases 
exceeded the tolerable skin damage level, three (skin absorbed doses: 15.7 Gy (w), 
24.0 Gy (w), 37.1 Gy (w)) of them were cured with medication against radiation 
dermatitis. The remaining three cases (skin absorbed doses: 22.3 Gy (w), 23.4 Gy 
(w), 29.2 Gy (w)) developed severe skin damage resulting in skin grafts.   

    26.7.1.2   Harvard/MIT Group 
 At the Massachusetts Institute of Technology (MIT), melanoma BNCT clinical tri-
als have been started in 1994 for cutaneous melanoma and in 1996 for intracerebral 
melanoma. Between September 1994 and May 1996, they performed cutaneous 
melanoma BNCT clinical trials with an epithermal beam of MITR. Four patients 
suffering from cutaneous melanoma of the extremities were treated using BPA as 
part of a phase I trial designed to study the normal tissue reaction following BNCT. 
BPA was administered as a 400-mg/kg oral preparation. At the reactor, a blood 
sample was drawn just prior the neutron irradiation. Biopsies of tumor and normal 
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tissue were carried out for determination of intracellular boron-10 concentration. 
Based on the results of  10 B assay of the blood, tumor, and normal tissues samples, 
the required epithermal neutron  fl uence was calculated to deliver 2.5 Gy (w) per 
fraction to normal tissue. Each patient received four daily fractions of a prescribed 
dose of 2.5 Gy (w) per fraction for a nominal total of 10 Gy (w) maximum dose to 
normal tissue. This trial was designed to escalate the total dose from 10 Gy (w) to 
12.5 Gy (w). The biological effectiveness factors (RBE and CBE) used in the trial 
were 4.0 for the fast neutron, the thermal neutron, and the  10 B (n,  a ) 7 Li reaction and 
0.5 for gamma rays. There was no observed boron compound toxicity and, thus far, 
no radiation-induced normal tissue reactions or any other untoward events related to 
the high oral doses of the boron compound or to the neutron irradiations. 

 Although technically not part of a phase I trial, the local response of the tumors to 
BNCT was investigated, and it was gratifying that all evaluable patients experienced 
at least a partial response even at the lowest dose level. Three patients experienced 
regrowth of the disease within the irradiation  fi eld. The single patient who achieved a 
complete pathological response remains free of disease at this site  [  13,   14  ] .  

    26.7.1.3   Petten/Essen Group 
 Petten and Essen group started the EORTC phase I trial 11011 on melanoma in 
2002 at the high  fl ux reactor (HFR) in Petten. The  fi rst aim of the trial was to assess 
the therapeutic activity, the ef fi cacy, and the safety of BNCT using BPA in patients 
with metastases of malignant melanoma. BNCT is applied in 2 fractions with the 
epithermal beam. Each patient received prior to each fraction of irradiation a dose 
of 350-mg BPA/kg BW in form of a BPA-fructose complex. The infusion was 
applied intravenously via central venous catheter over 90 min. The irradiation was 
started after the end of infusion. 

 The second aim was to measure the boron concentration as delivered with BPA 
in tissues and inside individual cells. Sample of tumor and surrounding healthy tis-
sues was collected during a planned surgical intervention, which took place prior to 
the BNCT irradiation. The trial contains an optional biodistribution sub-study, 
which is done if operable metastases are removed prior BNCT. If the patient partici-
pated in the sub-study, 350-mg BPA/kg BW was administered within 90 min prior 
to surgery. The infusion was given via central venous catheter and started 120 min 
prior to tissue sampling. Surgery was done to remove an operable metastasis. 
Inoperable metastases were treated with BNCT. The microscopic distribution of  10 B 
was evaluated with Laser-SNMS, TOF-SIMS, and EELS. The concept of the study 
had been developed in close collaboration with the Harvard/MIT group. In case of 
diffuse brain metastases, the whole brain was irradiated homogeneously using 5 
irradiation beams from different directions. The dose was prescribed as the weighted 
dose  D  

w
  applied as an average dose to the whole brain of 7 Gy but not exceeding a 

dose to the skin  D  
w(skin)

  of 22 Gy and a dose to the optic chiasm of 8 Gy. For the 
purpose of calculating the neural tissue dose, the tumor was assumed to be part of 
the normal brain tissue, and no speci fi c factor for tumor tissue was used for this 
speci fi c purpose. The prescribed dose was given in two fractions preferably on 2 
consecutive days, but the application of the two fractions within 3 days is also 
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acceptable. Each  fi eld was given on each treatment day. An under- or overdose to a 
given  fi eld which might be caused by differing  10 B concentrations on the  fi rst day 
could be corrected on the second day of irradiation. 

 Four patients suffering from multiple brain metastases have been included. All 
patients completed protocol treatments. Two patients underwent the biodistribution 
study. The boron concentrations were 55.2–72.3 ppm (tumor-blood ratio: 3.4–4.3). 
This group reported that the pharmacokinetics of the BPA could be predicted very 
precisely using a two-compartment model. 

 In all patients, the whole brain was irradiated homogenously using  fi ve irradiation 
beams from different directions in two consecutive fractions. As the preliminary 
results, one patient suffered from arrhythmia absoluta after the BPA infusion for the 
 fi rst fraction. Some patients experienced seizures several days after the BNCT. 

 In all cases, they observed a partial response or no change of the metastases in 
the irradiated volume; however, none of the patients survived more than 3 months 
 [  16,   17  ] .  

    26.7.1.4   Argentina Group 
 A phase I/II protocol of a planned cohort of thirty patients for treating cutaneous 
melanomas with BNCT was initiated in Argentina in 2003. The protocol was 
designed to evaluate the ef fi cacy and toxicity of BNCT for cutaneous skin melano-
mas located at the extremities. BPA-fructose was infused intravenously over 90 min. 
at a dose of 14 g/m 2 . The skin was considered the organ at risk for acute and late 
toxicity. The maximum tolerable dose for skin was adopted as the prescription dose, 
regardless of the boron concentration in the tumor. For a pre-planning dosimetry, a 
biodisribution of boron was performed. Blood samples were taken every 10 or 
15 min for about 300 min. Punch biopsies of normal skin and tumor were performed 
1 h after the end of BPA administration. 

 Three patients (six irradiations) with multiple subcutaneous skin metastases, 
which progressed to chemotherapy, were treated. There were no metastases in other 
organs. Patients were infused with BPA-fructose and irradiated in the hyperthermal 
(a mixed thermal and epithermal) neutron beam of the RA-6 facility. The skin doses 
were scaled 16.5–24 Gy (w) in the six irradiations. The dose is prescribed as 
weighted dose. The tumor dose was calculated considering the tumor-to-blood 
boron concentration ratio = 3.5. With a minimum follow-up of 10 months, objective 
tumor response was observed in most of the melanomas treated. CR was noticed in 
all nodules of one out of three patients who received higher tumor doses 
(43–57 Gy(w)). There was a Grade 1 RTOG/EORTC skin acute reaction in two 
patients and a Grade 3 skin acute reaction in one patient with complete response. No 
late toxicity was observed  [  18,   19  ] .   

    26.7.2   Mucosal Melanoma (Kawasaki Group) 

 Based on several treatment regimens of cutaneous melanomas, since 2003, the 
Kawasaki Medical School group (Kawasaki group) has started a clinical trial on 
patients with mucosal melanomas of the head and neck using an epithermal beam. 
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This group has added  18 F-BPA-PET  fi ndings to their protocol. The eligibility of 
patients for BNCT and the dose calculation were based on  18 F-BPA-PET  fi ndings 
 [  20  ] . Since 2006, BPA is injected at a dose of 500 mg/kg and at a speed of 200 mg/
kg/h for the initial 2 h, and the speed decreased to 100 mg/kg/h for the remaining 
1 h, and neutron irradiation is done during the  fi nal 1 h. The  10 B concentration in 
blood at the completion of neutron irradiation remains on average at 96 % of the 
 10 B-concentration at the start of irradiation  [  35  ] . Optimization of the absorbed dose 
was based on the measured blood boron concentration and neutron  fl ux. Normal tis-
sue and melanoma absorbed doses were calculated by the mean blood boron level 
and the neutron  fl ux at the tumor site using gold wires, based on the ratios obtained 
by  18 F-BPA-PET study. If the tumor/normal tissue ( T / N ) ratio could not be obtained 
by  18 F-BPA-PET study because of thinness of the tumor or small tumor size, the 
value reported by Fukuda et al.  [  12  ]  was used instead, for which the  T / N  ratio was 
approximately 3.0. This value was based on data of patients suffering from cutaneous 
melanoma. The  T / N  ratio in mucosal melanoma is assumed to be almost the same 
as the  T / N  ratio in cutaneous melanoma. The total eye absorbed dose of 11 Gy (w) 
was used as the dose-limiting factor for  fi ve patients whose eyes were included in the 
irradiation  fi eld. The key point of their treatment policy is that we always irradiate 
the tumor at the maximum tolerable dose for surrounding normal skin (18 Gy (w)) 
regardless of the  10 B concentration in the tumor. The maximum doses for the normal 
skin, mucosa, and eyes were planned not to exceed 18, 18, and 11 Gy (w), respec-
tively. Dose calculations and treatment plan evaluations were made with the JCDS 
(JAERI Computational Dosimetry System) at the JRR-4 of Japan Atomic Energy 
Research Institute (JAERI) and with SERA at the KUR of the Kyoto University 
Research Reactor Institute (KURRI). 

 Eleven patients with mucosal melanomas were treated by BNCT between August 
2005 and November 2007. Tables  26.3  and  26.4  summarize patient description, 
tumor characteristics, and clinical outcome.   

 The 11 patients, 7 males and 4 females, ranged in age from 55 to 74 years old, 
with an average age of 69 years old. The target areas were nine primary lesions and 

   Table 26.3    Patient characteristics   

 Patient  Age/gender  Tumor site  Stage  Previous treatment 
 Boron  T / N  
ratio 

 1  55/male  Nasal cavity  rT1  Surgery + chemotherapy  3 
 2  74/female  Nasal cavity  rT1  Surgery + chemotherapy  3 
 3  73/male  N cavity  T1  Chemotherapy  3 
 4  66/male  Cervical LN  N2b  Surgery (primary)  3 
 5  71/female  Nasal cavity  rT4  Surgery + chemotherapy  3.1 
 6  64/male  Maxillary sinus  rT2  Surgery + chemotherapy  2.7 
 7  69/male  Maxillary sinus  T4  Chemotherapy  3.7 
 8  74/female  Nasal cavity  rT1  Surgery + chemotherapy  3 
 9  69/male  Nasal cavity  rT1  Surgery + chemotherapy + RT  2.5 
 10  72/male  Cervical LN  N2a  Surgery + chemotherapy  2.5 
 11  73/female  Labia minora  T2  Chemotherapy  3 

   T / N ratio  tumor/normal tissue ratio,  RT  radiotherapy  
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two metastatic lesions. As for the tumor site of the nine primary melanomas, six 
were in the nasal cavity, two were in the maxillary sinus, and one was in the labia 
minora. Two patients with cervical lymph node metastases had already undergone 
resection of the primary melanoma, and the cervical lymph node was the only 
lesion, so they were enrolled into this trial. All patients received BNCT as a salvage 
therapy for recurrent mucosal melanoma. 

    26.7.2.1   Local Control 
 Almost all patients responded to BNCT. Five patients achieved complete response 
(CR),  fi ve partial response (PR), and one no response. 

 No local recurrence has been observed in three out of the  fi ve CR patients. No 
regrowth has been observed in two out of the  fi ve PR patients. 

 In six patients with local relapse, these local relapses occurred within 2 years 
after BNCT, even though some of these patients had good initial responses.  

    26.7.2.2   Complications 
 The most frequent acute side effects were radiation mucositis and radiation derma-
titis. No patients suffered from severe acute reaction (more than Grade 3), and all 
the patients became symptom-free within a few months after BNCT. 

 At the time of analysis, none of the  fi ve survivors suffered from a late reaction 
(follow-up period: 22–40 months). Acute and late toxicity with this method was 
acceptable.  

   Table 26.4    Treatment administered and outcome   

 Patient 
(case no.) 

 Tumor dose 
(Gy) average/
minimum 

 Normal 
tissue dose 
(Gy) 

 Tumor 
response 

 Complications 
(CTCAE v.3.0) 

 Locoregional 
control 
(months)  Outcome 

 1  18.9/16.1  9.6 (eye)  CR  Grade 2  40+  40/alive 
 2  35.9/29.6  10.3 (eye)  PR  Grade 1  23  32/alive 
 3  40.2/24.0  10.0 (eye)  CR  Grade 1  18  32/alive 
 4  33.8/23.0  8.2 (skin)  PR  Grade 2  18+  18/DOC 

(liver meta) 
 5  41.2/19.0  10.1 (eye)  CR  Grade 1  10+  10/DOC 

(brain meta) 
 6  24.0/21.1  15.1 (oral 

mucosa) 
 PR  Grade 1  9+  9/DOC 

(spinal meta) 
 7  54.6/23.3  16.6 (oral 

mucosa) 
 NC  Grade 1  12  22/alive 

 8  35.9/29.6  10.3 (eye)  PR  Grade 1  10  22/alive 
 9  38.3/27.2  16.4 (oral 

mucosa) 
 CR  Grade 1  3  7/DOC 

(lung meta) 
 10  74.0/23.4  19.0 (skin)  PR  Grade 1  2  6/DOC 

(brain meta) 
 11  32.0/25.6  14.0 

(mucosa) 
 CR  Grade 2  13+  13/DOC 

(lung meta) 

   CR  complete regression,  PR  partial regression,  NC  no response,  DOC  death of cancer  
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    26.7.2.3   Survival 
 Six of the 11 patients died with distant metastasis 6–18 months after BNCT, and 
four are alive with local relapse. Only one of the  fi ve patients who showed CR is 
presently alive with no evidence of local or distant failure. 

 As far as the local control is concerned, this result indicates that viable cancer 
cells are left in the target area, even though the tumor response shows radiological or 
endoscopic CR, and that it is hard to cure mucosal melanomas completely by a single 
BNCT alone. It may be necessary to add another treatment to achieve pathologically 
complete cure. Theoretically, there are three strategies for overcoming this problem. 

 First is to perform a second BNCT 3–6 months after  fi rst BNCT, even though 
tumor regrowth  fi ndings are not found. This treatment schedule is similar to that of 
the Finland BNCT group for locally recurred head and neck cancer  [  36  ] . They have 
carried out two BNCT treatments 3–5 weeks apart. Second is to add BSH to BPA. 
This combination was proposed by Ono  [  37  ]  and may be able to compensate each 
others’ weakness. This protocol has been carried out by a glioma BNCT group  [  29  ] . 
Third is to add 3D conformal radiotherapy, proton beam irradiation, or concurrent 
chemotherapy. Further long-term follow-up is required to assess the most effective 
way to achieve pathologically complete local cure. 

 Figure  26.3  shows the clinical results of case 5 treated at JRR-4 in their protocol. 
This case was a patient with a recurrent melanoma of the right nasal cavity follow-
ing surgery and chemotherapy. In spite of CR of the target lesion, the patient died 
from brain metastasis 10 months after BNCT. Local failure at the site treated with 
BNCT was not observed.     

    26.8   Level of Evidence 

 The level of evidence for treating melanoma with BNCT chapter is Level C accord-
ing to the UK National Health Service. The clinical results in this chapter were not 
the outcome from randomized controlled clinical trials, a retrospective cohort study 
or a case–control study.  

a cb

  Fig. 26.3    Mucosal malignant melanoma case. 71 years old. Relapse occurred in the right nasal 
cavity 6 months after resection and chemotherapy. She rejected re-operation. ( a ) Shows CT  fi ndings 
just before BNCT. The tumor occupied the right nasal cavity. ( b ) The  T / N  ratio was 3.1. BNCT was 
carried out in August 2006. ( c ) Shows CT  fi ndings 4 months after BNCT. In spite of CR of the target 
lesion, she died from brain metastasis 10 months after BNCT without the local failure       
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    26.9   Further Development 

 Although BNCT, as a local cancer therapy, makes it possible to cure recurrent or 
residual melanomas after conventional therapy in some patients, the actual effect of 
BNCT cannot be evaluated on newly diagnosed lesions as a  fi rst line therapy. On the 
basis of experience with BNCT of melanoma, a new protocol is under 
consideration. 

 This protocol is for BNCT of melanoma as neoadjuvant therapy followed by 
surgery. If the lesion shows CR after BNCT, the patient will be followed carefully 
without surgery. If CR is not observed, surgery will be carried out as scheduled. 

 The pathological response of BNCT can be estimated by surgery, and the patho-
logical  fi ndings will bring very important information about where and how viable 
cancer cells exist.      
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          27.1   Introduction    

 The incidence of breast cancer is increasing, so it is also increasingly important to 
plan treatment protocols for recurring cases  [  1,   2  ] . Breast cancer may recur after 
primary resection both locally (thoracic wall: 23 %, local lymph nodes: 19 %) and 
at distant sites (bone: 23 %, lung: 18 %, and liver: 4 %). The treatment of local 
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recurrences can be curative or palliative to avoid the occurrence of bleeding, ulcer 
formation, and unpleasant odors. 

 The cytotoxic effect of boron neutron capture therapy (BNCT) is due to a nuclear 
reaction between  10 B and thermal neutrons ( 10 B +  1 n →  7 Li + 4 He ( a ) + 2.31 MeV 
(93.7 %)/2.79 MeV (6.3 %)). The resulting lithium ions and  a  particles are high 
linear energy transfer (LET) particles, which produce large biological effects. Their 
short range in tissue (5–9  m m) restricts radiation damage to those cells in which the 
boron atoms are located at the time of neutron irradiation.  

    27.2   Actual State-of-the-Art Treatment 

 Combined chemo- and radiotherapies are established in breast cancer treatment. 
Sequencing chemotherapy and radiotherapy in locoregional advanced breast cancer 
patients after mastectomy are recommended. Massimo et al. reported that the  fi rst 
trial evaluated 5- fl uorouracil, doxorubicin (Adriamycin), and cyclophosphamide 
(FAC) therapy administered as induction chemotherapy, followed by radiotherapy 
and further adjuvant chemotherapy with either FAC or cyclophosphamide, metho-
trexate, and 5- fl uorouracil (CMF), and the second trial used the same regimen of 
induction chemotherapy, followed by mastectomy, adjuvant FAC, and radiotherapy. 
Cameron et al. reported that targeting the human epidermal growth factor receptor 
type 2 (HER2) in breast cancer patients whose tumors overexpress HER2 was 
clearly demonstrated to be effective in clinical trials with the monoclonal antibody 
trastuzumab  [  3  ] . Geyer et al. reported that the addition of lapatinib to capecitabine 
may extend the time to disease progression and progression-free survival in patients 
with metastatic disease refractory to trastuzumab-, anthracycline-, and taxane-con-
taining regimens  [  4  ] . 

 Radiation therapy is commonly used to local control of locoregional breast can-
cer  [  5–  8  ] . Skin ulcers and bone necrosis may appear after irradiation because of the 
lower tolerance of the thoracic wall after mastectomy. Therefore, a dose of about 
40–50 Gy is recommended for recurrences. The treatment of locoregional recur-
rence after breast cancer is based on the achievement of locoregional control by radi-
cal surgery and adjuvant postoperative radiotherapy. The ef fi cacy of post-mastectomy 
radiation therapy (PMRT) in improving local control and long-term survival has 
been demonstrated   . The purpose of PMRT is to prevent the recurrent tumors of the 
thoracic wall and also to prevent distant metastasis, and then PMRT will be useful 
to elongate the survival disease free periods. Chung reported that the intra-mam-
mary recurrence rate is 2–10 % with reserved operation + PMRT, and 15–40 % with 
reserved operation only. The survival advantage of PMRT has been established in 
patients with a 10 % risk of locoregional recurrence. When PMRT is used, careful 
treatment planning, particularly with regard to the cardiac dose, is critical to mini-
mize serious late effects of treatment  [  9  ] . Recent prospective trials of PMRT in 
combination with systemic chemotherapy clearly demonstrated the bene fi t of this 
combined adjuvant therapy for both locoregional recurrence and survival outcomes. 
PMRT is recognized as a standard adjuvant treatment for patients with more than 
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four positive axillary nodes according to the guidelines and recommendations. 
Hiraoka et al. reported that escalation of the postmastectomy radiation dose to 
66 Gy appeared to bene fi t patients with disease that responds poorly to chemother-
apy; those with positive, close, or unknown margin status; and those <45 years of 
age  [  10  ] . In cooperation with the FRM I, the Department of Radiation Therapy of 
the Technische Universität München has been managing a fast-neutron irradiation 
facility used for tumor therapy for several years. Very promising results have been 
achieved for various types of near-surfaces tumors, especially in the region of the 
head and neck and for certain breast tumors, in case of tumors with high resistance 
to X-ray-treatment, such as malignant melanomas; neutrons often show spectacular 
success. Until now, more than 700 patients have been treated with fast neutrons 
at the FRM I. The new beam of the Munich Fission Neutron Therapy Facility at 
FRM II is in use for the treatment of slow-growing and/or well-differentiated tumors, 
such as adenoid cystic carcinoma and hypoxic tumors. Generally, all shallow tumor 
lesions, such as ear, nose and throat tumors, lymph node metastases, or skin metas-
tases from various cancer diseases, and chest wall metastases of breast cancer, are 
considered suitable for neutron irradiation  [  11  ] .  

    27.3   Rationale for BNCT and Clinical Applications 

 In the recurrent breast cancer, several patients after the reserved mammary gland 
operation showed a simila progression as in in fl ammatory cancer. Walshe et al. 
reported that in fl ammatory breast cancer (IBC) is the most aggressive manifestation 
of primary breast cancer, and IBC presents with unique clinical characteristics (ery-
thema, warming, peau d’orange, breast enlargement, and diffuse induration of the 
breast on palpation), rapid progression, and poor survival compared to non-IBC 
breast cancers  [  12  ] . 

 The higher risk of disease recurrence immediately after diagnosis and the dis-
tinctive pattern of soft-tissue relapse strongly support Massimo’s hypothesis that 
these patients have already developed micrometastatic disease at the time of clinical 
diagnosis  [  13  ] . The purpose of treatments for locally recurrent breast cancer are (1) 
to cure the disease with suppression of recurrence tumor, which is very dif fi cult 
(rare case) and (2) to locally control ulcer formations of the thoracic wall, bleeding, 
and unpleasant odors, etc. It is important to recover the quality of life and prolong 
the survival period with systemic chemotherapy and hormonal therapy. BNCT may 
have major importance for large local recurrences after radiotherapy (with or with-
out mastectomy). The bene fi ts of the application of BNCT to recurrent and advanced 
breast cancer (including in fl ammatory breast cancer-like type) are that BNCT is a 
selective therapy on the cell level, and if the boron atoms accumulate in the cancer 
cells, then the in fl ammatory breast cancer is easily invaded, and they spread to the 
neighboring tissue in a cell unit. BNCT is considered the ideal therapy for locally 
recurrent breast cancer that is tolerant to the conventional multiple therapies (includ-
ing radiation therapy). Kato et al. began BNCT using BSH and BPA for recurrent 
parotid gland carcinoma for the  fi rst time, and Aihara and Hiratsuka et al. performed 
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BNCT using BPA for recurrent head and neck cancer  [  14,   15  ] . They reported excel-
lent preliminary results with improvement of quality of life after treatment.  

    27.4   Technical Aspects 

     1.    The patient with recurrent breast cancer has a  18  F-BPA-PET study performed for 
dose estimation before neutron irradiation, and the tumor/normal-tissue boron 
concentration ratio ( T / N  ratio) is obtained for dose evaluation on BNCT. A  T / N  
ratio of more than 2.5 is recommended according to the results of BNCT for 
adenocarcinoma of head and neck cancer.  

    2.    The patient with recurrent breast cancer arrives at the JRR4 or KUR 1 day before 
BNCT. The patient has the simulation performeed using JCDS or SERA dosim-
etry systems, respectively. Also the irradiation position and the beam directions 
are determined.  

    3.    Para-boronophenylalanine ( 10 BPA) is administered to the patient in a fructose 
solution by drop intravenous injection before BNCT(500 mg/kg body 
weight/6 h).  

    4.    BNCT is performed using an epithermal beam at JRR4 (3.5 MW) or KUR 
(5.0 MW). The tumor dose at the deepest part and the dose of both normal skin 
and fat tissue are planned as more than 20 Gy and less than 10 Gy at the simula-
tion, respectively.  

    5.    The patient is transferred to the nearest cooperative hospital after BNCT for rest-
ing for 1 or 2 days.  

    6.    The patient returns to the home hospital for continuous follow-up.      

    27.5   Results 

 We performed the BNCT simulation with MRI images using JCDS for a recurrent 
breast cancer patient for whom partial resection reserving the mammary gland was 
performed, and we evaluated neutron  fl ux dosimetry in the horizontal irradiation 
position using a phantom model of a mammary gland at Kyoto University Research 
Reactor, and also evaluated neutron  fl ux dosimetry at Japan Atomic Energy Research 
Institute. 

    27.5.1   Phantom Model Estimation for BNCT for Breast Cancer 

  Preparation of Phantom Model : We used a phantom-shaped mammary gland 
(height: 4 cm, width : 12 cm) because irradiation therapy after mastectomy is com-
monly performed from the horizontal direction to avoid toxicity to the lung and 
heart as pulmonitis and cardiac dysfunction are possible in case of direct neutron 
irradiation from the thoracic wall. Gold wires and TLDs were attached in a 2-cm 
range from the front side of the phantom (Fig.  27.1 ).  
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  Neutron Irradiation : We used the thermal neutron mode (OO-0011) for dosimetry 
of the phantom model  [  16,   17  ] . Irradiation was performed at the Neutron Irradiation 
Facility of the Kyoto Research Reactor (KKR). Irradiation was performed with LiF 
collimation (5 cm  f ). The thermal neutron  fl ux was measured by gold wire, and the 
gamma dose rate was measured by TLD. The measured values of neutron gradation 
depend on the distance from the surface of the phantom. 

  Estimation for BNCT Using a Phantom of the Mammary Gland : The preclinical 
BNCT trial is performed at Kyoto University Research Reactor (KUR) in Kumatori, 
Osaka. The thermal neutron irradiation mode (OO-0011) was used. 

 It is estimated as follows: the position of the tumor is estimated as the upper 
lateral position of the mammary gland; thermal neutron  fl ux is 5.16 E + 08 n/cm 2 /s 
at the surface of the phantom (Fig.  27.2 ). In this evaluation, the concentration of 
 10 B is estimated 30 ppm, the tumor/blood ratio of the boron concentration is 3, the 
skin/blood ratio of the boron concentration is 1.2, the tumor RBE is 3.8, and the 
skin RBE is 2.5. The tumor RBE dose and skin RBE dose became 47 Gy and 
12.4 Gy at 1 h thermal neutron irradiation with the 30 ppm  10 B blood concentration 
at KUR, respectively. Thermal neutron irradiation with Void and LiF collimation 
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  Fig. 27.1    Estimation with phantom model of mammary gland for BNCT. ( a ) Phantom shaped 
mammary gland, ( b ) phantom model was irradiated at thermal neutron beam port of KURR, ( c ) 
experiment setting of phantom model of mammary gland at KURR, ( d ) position of gold wire and 
TLD on phantom model       
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can be focused to the target  fi eld selectively, minimizing the irradiation dose to 
adjacent organs.   

    27.5.2   JCDS Model Estimation for BNCT of Breast Cancer 

  Neutron dosimetry with JAERI Computational Dosimetry System (JCDS) for a 
breast cancer patient : BNCT was simulated in a patient with an invasive recurrent 
tumor on the residual left mammary gland. LiF collimation was used to selectively 
irradiate the tumor while sparing the adjacent normal organs (lung, heart). The 
Neutron Beam Facility at JRR4 enables carrying out boron neutron capture therapy 
with epithermal neutron beams. The JAERI Computational Dosimetry System 
(JCDS), which can estimate distributions of radiation doses in a patient’s head by 
simulation in order to support the treatment planning for epithermal neutron beam 
BNCT, was developed. We applied this JCDS for evaluation of the neutron dosim-
etry for this case. Kumada et al. reported that JCDS is a software that creates a 
three-dimensional head model of a patient by using a CT scan and MRI images, and 
that it generates an input data  fi le by automatically calculating the neutron  fl ux and 
gamma-ray dose distributions in the brain with the Monte Carlo code MCNP. It 
displays these dose distributions on the head model for dosimetry by using the 
MCNP calculation results  [  18  ] . The JCDS has the following advantages: (1) a 
detailed 3D model of the patient’s head can be easily obtained from the CT and MRI 
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data, (2) the 3D head image is editable to simulate the state of a head after surgery, 
and (3) the JCDS can provide information for the Patient Setting System, which can 
facilitate positioning the patient for irradiation swiftly and accurately. 

 We performed the dosimetry with the JCDS in the condition of BNCT using 
epithermal neutron beams (Fig.  27.3 ). To decrease the skin side effects, the skin 
RBE dose was limited to 10 Gy. The tumor RBE dose was estimated to be 3.5, and 
the blood BPA concentration to be 24 ppm. The minimum tumor RBE dose is 
16.6 Gy, the mean tumor RBE dose is 46.5 Gy, and the maximum tumor RBE dose 
is 64.3 Gy. The two-dimensional distributions of neutron beams revealed that the 
peak of the beam was  fi tted to the tumor site (Figs.  27.4  and  27.5 ). In the case of a 
round-type mammary gland, the distribution of neutron beams has the tendency to 
shift a little to neighboring tissues from the tumor site. For calibration of the beam 

Beam

a b

c

  Fig. 27.3    JCDS simulation for a patient with left recurrent breast cancer. ( a ) CT scan of recurrent 
tumor on residual left mammary gland, ( b ) 3D model of patient, frontal view, condition: collima-
tion was performed 12 cm from the beam port of JRR4, ( c ) irradiation setting on sagittal view       
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peaks to the tumor, it is necessary to perform a few changes of the size of beam port 
and the beam direction, and to add some voiding of the neighbor sites of tumors.    

 We applied the JCDS to the dosimetry of epithermal neutrons, direction of neu-
tron beams, and patient positioning for BNCT  [  19,   20  ] . We also evaluated the epi-
thermal neutron dose to decrease the skin side effects. High-resolution whole-body 
dosimetry systems, such as JCDS and SERA, will be very useful for evaluating 
thermal/epithermal neutron dosimetry and the application of BNCT to recurrent or 
advanced breast cancer.   

    27.6   Level of Evidence 

 BNCT is not performed on patients with recurrent breast cancer, so the rank of evi-
dence is Level D according to the UK National Health Service categories.  

    27.7   Future Development 

 We hope to start BNCT applications for recurrent and advanced breast cancer 
patients. 

 We performed the estimation of dosimetry of neutron  fl uence on recurrent tumors 
using the patient databases. The irradiation directions are determined using JCDS or 
SERA simulations with restriction of the normal tissue RBE dose. If the recurrent 
tumor is localized to the thoracic wall, BNCT is usually performed from the frontal 
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direction with restriction of the normal tissue RBE dose (for example, lung, heart, 
skin, and fat tissue). We also hope to measure the accumulation of BPA in breast 
cancer with  18  F- 10 BPA-PET according to Imahori’s method  [  21  ] . 

 Multidisciplinary management is necessary for recurrent breast cancer (including 
the in fl ammatory breast cancer type), but drug-resistant situations have developed in 
some patients. Recently, Rich et al. reported that cancer stem cells, or tumor-initiat-
ing cells, displayed resistance to radiation because of increased activation of the 
DNA damage checkpoint. Hypoxia and stem cell maintenance pathways may pro-
vide therapeutic targets to improve cancer patient treatments  [  22  ] . The bene fi ts of the 
application of BNCT to recurrent and advanced breast cancer (including in fl ammatory 
breast cancer) are that it is a selective therapy on the cell level, and if the boron atoms 
accumulate in the cancer cells, then the in fl ammatory breast cancer easily invades 
and spreads to the neighboring tissue in a cell unit.BNCT is considered the ideal 

a
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b

  Fig. 27.5    Two-dimensional distributions of epithermal neutron beams at JRR4 using JCDS evalu-
ation. ( a ) Tumor RBE dose dosimetry on CT scan, ( b ) frontal view, ( c ) lateral view       
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therapy for locally recurrent breast cancer that is tolerant to the conventional multi-
ple therapies (including radiation therapy). A goal is the development of a boron 
delivery system for selective accumulation in the breast cancer cells  [  23–  27  ] .      
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       28.1   Introduction    

    28.1.1  General Remarks About BNCT 

 BNCT is a new therapeutic option for treating cancer that was conceived several 
decades ago, around the halfway into the twentieth century, but has not found its 
“ideal” indication yet. It has some positive features: actually it is not a highly com-
plex procedure nor is it particularly expensive, when compared to the bene fi t of a 
success gained over a tumor. On the negative side, BNCT requires a multidisci-
plinary approach to the delicate problems that are involved in clinical cases. It is 
based on the use of thermal or epithermal neutrons, which are currently only pro-
duced by nuclear reactors, and thus are not available everywhere. Strict cooperation 
between surgeons and radiotherapists is mandatory, especially in treating some neo-
plastic localizations. 

 However, the balance between these positive and negative features of BNCT 
does not completely justify the dif fi culties BNCT encounters in the exact de fi nition 
of its therapeutic role. In our opinion, it is more about the clinical situations in 
which it has been usually employed. For BNCT, as for any other entirely new thera-
peutic proposal, the most attractive  fi eld of application is the treatment of diseases 
that have no curative alternatives and in cases where the favourable peculiarities of 
the procedures can be best exploited. 

 A new therapeutic tool against cancer should be evaluated according to three 
main criteria: ef fi cacy, selectivity, and speci fi city. A therapy is considered effective 
when it is able to kill all clusters of neoplastic cells; it is selective when it is possible 
to limit its action to the diseased part of the organism;  fi nally, a therapy is speci fi c if 
in the delimited  fi eld of action it is able to kill only the tumor cells. For example, 
surgery is distinguished by high ef fi ciency, good selectivity, and poor speci fi city; 
chemotherapy of solid tumors has no selectivity, fair speci fi city, and reasonable 
ef fi cacy; traditional radiotherapy is affected by no speci fi city, moderate selectivity, 
and variable ef fi cacy. From this point of view, BNCT ideally has full speci fi city – if 
the boron uptake is limited to tumor cells – and is also, theoretically again, highly 
selective and effective when applied according to proper indications that exploit its 
tumor-searching capacity. 

 The clinical condition that offers the best indication for BNCT is then given by a 
tumor composed of cells with an elevated uptake capacity for a non-toxic boron 
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compound and is limited to an organ with the following characteristics: its normal 
cells are not able to concentrate the same compound, and the diseased organ can be 
entirely exposed to a homogeneous neutron  fl ux. This way, not only a portion but 
also the whole volume of the diseased organ can be treated with the same absorbed 
dose in both known and unknown tumor nodules, merely depending on the boron 
concentration reached in their cells.   

    28.2   Liver Metastases as a Therapeutic Target 

    28.2.1   The Reasons for a Choice 

 Hepatic metastases, when diffused to all lobes of the liver, are a major problem in 
oncology for at least two reasons: their frequency and their resistance to the usual 
anti-neoplastic approaches.  

    28.2.2   Incidence 

 In Europe and USA, metastatic cancer comprises the largest group of malignant 
tumors in the liver. 

 This organ can be considered as a  fi lter through which all splanchnic blood passes 
and is puri fi ed of its abnormal content, both biochemical and corpuscular in nature. 
Cells detached from primary tumors of the abdominal area are forced to penetrate 
the narrow liver sinusoid channels, where stopping them is easier and longer lasting. 
For these reasons, hepatic metastases are more common in patients suffering from 
gallbladder, pancreas, colon and stomach tumors. In these areas, the percentage of 
cases with liver involvement can vary from 50 to almost 80 %. However, other local-
izations of primary tumors reach a similar incidence. Among them, the most 
signi fi cant kinds of tumors are bronchopulmonary, breast and ovary carcinomas and 
melanoma. In effect, tumor cell shedding is a precocious and continuous phenom-
enon in most malignant tumors. It is also noteworthy that in a signi fi cant number of 
cases, even in  post-mortem  examinations, metastases of unknown primary tumors 
are found in the liver. This group of cases accounts for an incidence not less than 
that of colorectal tumors  [  1  ] . 

 For other tumors, the incidence of hepatic metastases is lower, indicating that 
liver colonization is not merely caused by a mechanical hindrance between cell 
sizes and vascular spaces. A chemical af fi nity between sinusoid endothelium recep-
tors and components of neoplastic cell membranes is well known, and its impor-
tance has been adequately demonstrated and stressed  [  2  ] . It can account for the large 
variability of frequency in liver metastases observed in some non-splanchnic tumors. 
A particularly low incidence is observed in thyroid tumors. 

 Liver involvement in the natural history of a tumor is a relatively late phenomenon 
that coincides with severe worsening in the clinical evolution of the disease. It is 
customary to distinguish between synchronous metastases, when liver colonization 
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is evident at the diagnosis of the primary tumor, and metachronous metastases, when 
they appear later. These two populations of patients have a different prognosis 
because in the synchronous lesions, even if treated, the neoplastic disease is more 
aggressive and survival is shorter.  

    28.2.3   Intra-Hepatic Localizations 

 A larger incidence of liver metastases is usually observed in the right lobe. This is 
explained by its higher, more direct blood in fl ow because the right portal branch has 
almost the same direction as the portal trunk, whereas the detachment of the left 
branch is at an angle. 

 With regard to the number of metastases, it is useful to distinguish between soli-
tary, multiple unilateral, and multiple bilateral (or diffuse) nodules. 

 In each hepatic lobe, the situation of nodules can be central (and even para-hilar), 
peripheral, or sub-capsular (and even protrusive): the surgical problems that are 
posed by their resection are of course different, but, no doubt, especially in the case 
of diffuse nodules, other microscopic foci exist, beyond the recognizable lesions.  

    28.2.4   Liver versus Lymph Node Metastases 

 For some yet unknown reasons, in most splanchnic tumors the formation of hematog-
enous metastases in the liver and by lymphatic drainage into lymph nodes does not 
proceed in parallel. Patients with a large neoplastic involvement of the liver may 
show an only minor local diffusion to lymphatic stations close to the primary tumor; 
on the contrary, other patients with an important metastatic disease to  fi rst-order and 
regional lymph nodes never experience liver metastases, at least clinically. These 
discrepancies are more often observed during the early phases of the clinical evolu-
tion, because in the advanced stages, the corresponding pathological patterns tend 
to overlap. Therefore, in some patients with splanchnic tumors, and in particular in 
colorectal cancer, we can expect an early “liver-only” metastatic disease that may 
occur especially when the local lymph node involvement is minor. In these cases, an 
aggressive therapeutic approach to diseased liver is highly justi fi ed, of course when 
the primary tumor has been radically excised with an accurate local and regional 
lymph node care.  

    28.2.5   Actual State of Liver Metastases Treatment 

 Treatment of metastatic cancer of the liver is far from being uniform, and the best 
choice of therapy for attending this disease is a source of controversy. In trying to 
distinguish what is accepted by universal consent from what is debatable, a clear 
distinction should be made between patients in whom a surgical approach is feasible 
and all the others. Resection is the only therapeutic option with curative effect on 
malignant liver tumors, but in over 70 % of cases, it is not applicable. 
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  Liver resection  for metastatic colon and rectum carcinoma is associated with 
20–51 % 5 year patient survival  [  3  ] . Many factors are responsible for this large vari-
ability of data. Undoubtedly patients with more advanced disease, as revealed by 
multiplicity of lesions, wide liver involvement, and signs of liver dysfunction, have 
a poorer prognosis  [  4  ] . In order to quantify the likely clinical outcome, an index 
based on liver volume after resection (“future liver remnant” = FLR) has been elabo-
rated and proved effective. In patients with normal liver, the minimum FLR required 
is 25 %; in patients who have received intensive chemotherapy or are affected by 
diabetes, fatty liver or liver  fi brosis, it is 40 %; in patients with cirrhosis, 50–60 %. 
Therefore, the quality of the patient population has a direct in fl uence on the type of 
allowed resections and on the results of the surgical approach. However, the latter 
must be judged considering that the natural history of untreated liver metastases is 
always discouraging, with the median survival for such patients being less than 
2 years, with 5-year survival being exceptional. Another widely recognized factor is 
experience of the surgeon and of the structure employed for treatment  [  5  ] . An 
aggressive attitude towards the neoplastic disease no doubt appears rewarding  [  6  ] . 
Extrahepatic disease does not contraindicate liver resection as long as radical sur-
gery is feasible. Moreover, repeated liver resections are possible with results com-
parable to the ones gained by initial liver resection. However, many institutions will 
not surgically treat patients with  fi ve or more bilateral liver metastases  [  7  ] . 

 For small metastases, the type of resection, whether anatomic lobectomy or 
wedge resection, apparently does not in fl uence survival. However, for large solitary 
metastases or for multiple unilateral nodules, lobectomy is more effective. 

 Given the priority of resection in the treatment of liver metastases, the interest in 
the other therapeutic options is mainly focused on the ones that are useful for 
patients with unresectable metastases or that are able to assure additional bene fi ts 
after surgery. The main other approaches in the treatment of liver metastases are the 
following, in decreasing order with respect to ef fi cacy, width of indications and 
frequency of use: chemotherapy, made by systemic administration or by hepatic 
arterial infusion (HAI), and the various local ablation techniques. 

  Systemic chemotherapy.  In spite of its extensive use in the treatment of patients 
with hepatic metastases from abdominal cancers, systemic regimens of chemother-
apy have produced low response rates and only minor bene fi ts on survival. The drug 
involved in most trials is 5- fl uorouracil (5-FU) or its active metabolite, 
5- fl uorodeoxyuridine (5-FUDR). The median survival offered by this product, pos-
sibly associated with other more recent drugs, is in the order of 10–17 months  [  8,   9  ] . 
The objective response rate reported in the literature is in the 20 % range. An incre-
ment of this rate is attainable with Lederfolin (Europe) and/or Levamisol (USA). 
Further increments can derive from the addition of a monoclonal antibody to vascu-
lar endothelial growth factor, when receptors are present  [  10  ] . However, during 
treatment apparently resistant clones of cells are selected, so in later phases of che-
motherapy an uncontrolled spreading of neoplastic nodules frequently occurs even 
outside the liver, in the peritoneal cavity, adrenal glands and lungs. 

 Systemic chemotherapy has also been used in neoadjuvant regimens, i.e., before 
surgical treatment of liver metastases, in patients with severe liver dysfunction in 
order to improve their clinical condition for later surgical aggression. 
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  HAI chemotherapy.  In this variant of the traditional pharmacological approach to 
liver metastasis treatment, a regional infusion of drugs is provided through the hepatic 
artery. This can be done surgically, by inserting a small catheter into the gastroduo-
denal artery at laparotomy and advancing it up to the common hepatic artery. The 
gastroduodenal artery is tied distally, as are all branches afferent to pylorus and duo-
denal bulb. Cholecystectomy is also recommended to avoid chemical cholecystitis. 
More recently, a port-catheter system has been placed radiologically by percutaneous 
femoral artery puncture at the groin, making use of the Seldinger technique, and 
pushing the distal end of catheter in the hepatic artery or in a sub-branch. The proxi-
mal end is connected to a port located subcutaneously and easily accessible by skin 
puncture. The infusion  fl ow rate is controlled by an external hepatic artery infusion 
pump. The rational for this chemotherapy modality is that liver metastases have been 
shown to receive most of their blood supply from hepatic arterial circulation. In 
effect, intra-arterial chemotherapy is associated with an increased response rate 
(62 %) in comparison with systemic infusion. The role of HAI in prolonging patient 
survival is controversial, with af fi rmative  [  11,   12  ]  and negative answers  [  13,   14  ]  
found in the literature. A particular use of this chemotherapeutic approach as an 
adjuvant to a complete surgical resection has been adopted, with demonstration of a 
statistically signi fi cant survival bene fi t  [  15  ] . Another important advantage of hepatic 
infusion performed by high total body clearance drugs (such as 5-FUDR and also 
5-FU) is that patients feel better because of the lack of systemic chemotherapy side 
effects. On the contrary, local and regional toxicity in HAI is not negligible: gastritis/
duodenitis up to ulcers (21 %), biliary sclerosis (21 %), and above all chemical hepa-
titis (71 %) are due to a combined effect of ischemic and in fl ammatory responses to 
drugs by bile ducts and interstitial tissue. These  fi gures can be improved by modulat-
ing doses and  fl ow rate regimens  [  16  ] . 

  Local ablation.  This term is used to indicate a series of methods intended to real-
ize a tumor destruction in situ by physical means (heat, cold) or chemical substance 
(ethanol, formalin). High levels of energy are delivered inside the liver into tumor 
target by electrodes or thin trocar-type probes, percutaneously inserted and exter-
nally guided by means of ultrasound (US) or computed tomography (CT) scans. 
The degree of ablation is normally monitored by US. The most widely used proce-
dures are radiofrequency-, cryo-, laser- or microwave ablation, ethanol injection, 
and high-intensity focused ultrasound application. For all these techniques, the limit 
is the dif fi culty treating large numbers and special sites or sizes of nodules. Tumors 
close to major hepatic vessels may not reach temperatures low or high enough 
because of the thermal sink effect of blood. Also a location near the external surface 
of the liver or close to important biliary ducts may cause concern. In these cases, the 
intraoperative use of the procedure proved to be more effective and safer. Nodules 
of large size may not be treated with uniform effectiveness; therefore, a high likeli-
hood of recurrence exists. Placement of probes into the tumor may result in spillage 
of cells into the peritoneal cavity upon withdrawal of the probe at the end of the 
procedure. 

 Despite good local control of single treated metastases, a survival bene fi t is 
dif fi cult to demonstrate. Local tumor progression, intra-hepatic and extra-hepatic 
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tumor recurrences are common. The 3-year survival rates are in the range of 
37–58 %, and 5-year survival, when reported, varies from 7 to 30 %  [  17  ] . An objec-
tive comparative evaluation of the results obtained with local tumor ablation proce-
dures is dif fi cult, if not impossible, because they are largely dependent on the 
previous morbid history of each patient, selection criteria, ability and experience of 
the performer, techniques applied, overlapping of different therapies, and so on. 
Among all these factors, the selections bias appears the most important. However, 
several studies have described prolonged survival for such patients  [  18  ] , so local 
ablation remains an alternative for patients with unresectable liver metastases.  

    28.2.6   The Real Outcome of a Patient with Liver Metastases: 
A Factual Appraisal of Current Therapies Based 
on Personal Experience 

 When considering all therapeutic possibilities for liver metastases, we have at our 
disposal a great number of excellent clinical reviews. Many of them, however, are 
focused on how to obtain the best results from the application of single treatment 
options. This obviously excludes patients who are less likely to have a positive out-
come (such as the elderly, those with more advanced disease stages, etc.). Therefore, 
the target of maximum outcome brings the risk of denying some minor bene fi ts, 
such as a limited survival time, to patients who have no other hope. If we have in 
mind to do everything possible for each single patient, then we are forced to take 
into account the realistic impact of all therapeutic approaches in large series of 
homogeneously treated patients, “leaving no stones unturned.” To reach this target, 
we reexamined all cases of liver metastases observed at our institution during a 
period of almost 15 years (from January 1989 to March 2003). The survey we now 
propose complies with the following criteria:

   The series of patients is continuous (no preliminary selection is accepted).  • 
  All patients submitted to surgery are operated on by the same surgeon (AZ).  • 
  The surgical approach is always highly aggressive.  • 
  Radical surgery is performed whenever possible.  • 
  Hepatic resections are performed also with palliative purposes (debulking).  • 
  Surgery is always the  fi rst choice (a preoperative chemotherapy protocol is never • 
followed).  
  Intra-arterial and/or systemic chemotherapy is always used in the postoperative • 
course or as an alternative to surgery as long as the maximum planned dose is 
reached.  
  Poor general conditions are less important than local prohibitive situations in • 
planning the pharmacological vs. surgical approaches.  
  A minor peritoneal carcinosis is not considered an absolute contraindication to • 
surgery.    
 The comprehensive results of this retrospective survey can be summarized as 

follows. 
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 The total number of patients with liver metastases was 526; of them, 303 were 
from colorectal cancer. The distribution of clinical cases according to primary 
tumors is shown in Table  28.1 . On average, 20 % of patients were lost to the survey 
for several reasons.  

 The metastases were predominantly synchronous in the most represented kinds 
of tumors (Table  28.2 ).  

 As far as the classi fi cation of liver metastases is concerned, we used the tumor 
grading and the inherent staging of disease proposed by Gennari and colleagues  [  19, 
  20  ] . This system is based on the results of imaging studies, such as US, CT, or mag-
netic resonance (RM) imaging, which are able to identify the neoplastic nodules, to 
document their size and site, and to estimate the percent of liver volume involved in 
the disease. It is usually easy to obtain reliable knowledge of these data, possibly 
con fi rmed by surgical exploration. From a simple combination of them, a staging 

   Table 28.2    Synchronous vs. metachronous metastases   
 Tumor  Synchronous metastases  Metachronous metastases  Total 

  n   %   n   %   n  
 Colon-rectum  198  65.3  105  34.7  303 
 Stomach  68  89.5  8  10.5  76 
 Pancreas  66  94.3  4  5.7  70 
 Biliary system  24  92.3  2  7.7  26 
 Unknown primary  8  47.1  9  52.9  17 
 Kidney and urinary bladder  1  10  9  90  10 
 Breast  –  –  9  100  9 
 Ovary  3  42.9  4  57.1  7 
 Neuroendocrine  4  100  0  0  4 
 Bronchogenic  1  25  3  75  4 
  Total   373  153  526 
  %   71  29 

   Table 28.1    Malignant 
tumors metastatic to the liver 
treated at our hospital 
division   

 Tumor  Primary tumors  Patients enrolled 
  n   %   N   % 

 Colon-rectum  303  58  257  61.5 
 Stomach  76  14  55  13.1 
 Pancreas  70  13  48  11.5 
 Biliary system  26  5  22  5.3 
 Unknown primary  17  3  10  2.4 
 Kidney and urinary 
bladder 

 10  2  7  1.7 

 Breast  9  2  9  2.1 
 Ovary  7  1.4  6  1.4 
 Neuroendocrine  4  0,8  2  0.5 
 Bronchogenic  4  0,8  2  0.5 
  Total   526  100  418  100 
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system is derived that has proved useful for assessing prognosis and planning ther-
apy (Table  28.3 ).  

 The therapeutic procedures we performed on the patients are provided in 
Table  28.4 .  

 Considering now separately the large chapter of colorectal metastatic disease 
into the liver and in particular the intrahepatic distribution of nodules, we observed 
a minor frequency of patients with a solitary large nodule and a much higher inci-
dence of multiple bilateral metastases (Table  28.5 ).  

 By employing the Gennari classi fi cation to the liver metastases of colorectal 
carcinoma, we noted a maximum incidence of Stage III and IV, i.e., patients in the 
most advanced phases of disease with a higher than 25 % involvement of the liver, 
multiple localizations and/or extra-hepatic in fi ltrating diffusion of metastases 
(Table  28.6 ).  

   Table 28.3    Gennari classi fi cation 
of tumor grade and stage of disease 
in liver metastases (slightly 
modi fi ed)   

 H1  Hepatic involvement  £  25 % 
 H2  25 %  £  hepatic involvement  £  50 % 
 H3  Hepatic involvement  ³ 50 % 
 s  Solitary metastasis 
 m  Multiple metastases localized at only one lobe 
 b  Bilateral metastases 
  Stage  
 I  H1 s 
 II  H1 m, b  H2 s 
 III  H2 m, b  H3 s, m, b 
 IV  (a)  Minimal intra-abdominal extrahepatic 

disease (laparotomic inspection) 
 (b) Extrahepatic disease 

   Table 28.4    Treatment of liver metastases (526 patients)   

 Group A: intended 
curative operations 

 Major hepatic resections 
(hemihepatectomies, lobectomies, 
tri-segmentectomies) 

 10 %  Total surgical 
resective 
approach = 60 % 

 Minor hepatic anatomic resections 
(bi-segmentectomies, 
segmentectomies) 

 19 % 

 Wedge resections – nodulectomies  18 % 
 Group B: palliative 
operations (debulking) 

 Non-anatomic resections  13 % 

 Group C: non-resective 
approach 

 Surgical port-a-cath implantation 
(for intra-arterial chemotherapy, 
sometimes in addition to surgical 
liver resections) 

 24.7 % 

 Intraoperative RF-ablation  2 %  Total non-surgical 
approach = 40 %  Group D  Resections of primary tumor 

without invasive treatment of liver 
metastases 

 38 % 



470 A. Zonta et al.

 In order to have series of patients as comparable and homogeneous as possible, 
we grouped them according to the type of treatment (four groups from A to D). 
Aiming at always giving them the highest curative option allowed by their local or 
general conditions, the choice of treatment automatically selected the starting status 
of the patients. Therefore, the obtained results are dependent on both the different 
therapeutic ef fi cacies of the adopted procedure and on the various severities of the 
disease, but inside each group, the variability of this last condition is minimized. 
The numerical distribution among the four groups of treatments is reported in 
Table  28.7 . Median survival of all patients and of the ones affected by synchronous 
or metachronous metastases, and the corresponding data for the patients of group A 
of treatment are provided in Table  28.8 .   

   Table 28.6    Tumor grade grouping 
and staging of patients with 
colorectal metastases to the liver 
according to Gennari classi fi cation 
(257 patients)   

 Hepatic metastasis (H)  %  Stage  % 
 H1 s  16.2  I  12.1 
 H1 m  9.4  II  15.2 
 H1 b  8.2 
 H2 s  1.6 
 H2 m  3.2  III  44.5 
 H2 b  38.1 
 H3 b     23.3 

 IV a  15.2 
 IV b  13 
 Total IV  28.2 

   Table 28.7    Treatment of 
liver metastases from 
colorectal cancer 
(257 patients)   

 Group of treatment   n   % 
 Group A: intended curative liver resections  98  38 
 Group B: palliative liver resections  36  14 
 Group C: intra-arterial port-a-cath  49  19 
 Group D: no invasive treatment of metastases  74  29 

   Table 28.8    Median survival (months) of patients with liver metastases from colorectal cancer   

 All patients  11.7  Patients of group A of treatment  16.0 
 Patients with synchronous metastases  10.33  Patients with synchronous metastases  12.0 
 Patients with metachronous metastases  14.26  Patients with metachronous metastases  17.0 

   Table 28.5    Liver metastases from colorectal 
cancer. Number/patient and intra-hepatic 
distribution (303 patients)   

 Nodules number  Unilateral %  Bilateral % 
 1  17  1 
 2  5  4 
 3  2  4 
 Multiple  5  62 
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 The survival graphs for patients in each of the treatment groups are in Fig.  28.1a , 
but the differences in this grouping of data are not statistically signi fi cant when 
adopting the log-rank test. On the contrary, there are highly signi fi cant differences 
in time of survival when we compare synchronous vs. metachronous (Fig.  28.1b ) or 
bilateral vs. unilateral metastases (Fig.  28.1c ), or the number of liver metastases (>3 
vs.   £   =3) (Fig.  28.1d ).  

 Also the differences in survival between patients with or without peritoneal car-
cinosis (Fig.  28.2a ) or in patients subjected to an intended radical liver resection, in 
which the edges of the surgical specimen proved to be free-of-tumor or in fi ltrated at 
the pathological examination (Fig.  28.2b ), resulted in high signi fi cance.  

 By making use of the Gennari classi fi cation system, we again obtained highly 
signi fi cant differences in the survival of patients with H1 vs. H2 + H3 liver tumor 
patterns (Fig.  28.2c ) and in I + II vs. III + IV stages of disease (Fig.  28.2d ). 

 Brie fl y considering the liver metastases from stomach carcinoma, the character-
istics of this patient cohort are summarized in Table  28.9 . Liver metastases were 
treated in less than half of the patients, and only a third of them could undergo a 
resection (Table  28.10 ). Because of the highly aggressive nature of this disease, the 
median survival of patients was de fi nitely inferior to metastases from colorectal 
tumors (Table  28.11 ). Only in clinical cases in group A did we observe one patient 
who survived 5 years after the operation.    
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  Fig. 28.1    Liver metastases from colorectal cancer. Survival graphs of patients: ( a ) by treatment 
group (see text); ( b ) depending on the type of metastases (synchronous vs. metachronous); ( c ) in 
relation to intrahepatic diffusion of metastases (unilateral vs. bilateral) and ( d ) according to the 
number of metastases (three or less vs. more than three)       
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 The discouraging results we observed in the subgroup of patients with pancreatic 
tumors are summarized in Table  28.12 .  

 Nine women were suffering from liver metastases from breast carcinoma, and 
they were all recruited for the survey. Table  28.13  refers to the features of this sub-
group, to the therapeutic procedures we adopted, and to results obtained in terms of 
patients’ median survival.   

0 1 2 3 4 5
Years

S
u

rv
iv

al
 (

%
)

Peritoneal Carcinosis n = 27

No Peritoneal Carcinosis n = 230

-

10

20

30

40

50

60

70

80

90

100

P< 0.00001 

0 1 2 3 4 5
Years

-

10

20

30

40

50

60

70

80

90

100

S
u

rv
iv

al
 (

%
)

Radical Treatment with free edges n = 90

Radical Treatment with infiltrated edges n = 8

P< 0.00001 

a

b

  Fig. 28.2    Liver metastases from colorectal cancer. Survival of patients: ( a ) with or without peri-
toneal carcinosis; ( b ) in relation to the presence or absence of neoplasia in the edges of resection 
specimen; ( c ) when grouping patients according to liver tumor grade or ( d ) to stage of disease 
(Gennari classi fi cation system)         
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Fig. 28.2 (continued)

   Table 28.9    Liver metastases from stomach cancer   

 Number of patients  76  Number of enrolled patients  55 
 Type of metastases  Synchronous 87 %  Unilateral  25 % 

 Metachronous 13 %  Bilateral  75 % 
 Prevailing patterns according to Gennari 
classi fi cation 

 Tumor grade: H2 b  50 % 
 Stage of disease:  III 46 % 

 IV a 34 % 
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    28.2.7   Conclusive Remarks 

 This survey was aimed to give a factual outline of the real therapeutic possibilities 
we can offer to patients with liver metastases from various primary tumors. It refers 
to a situation existing until some years ago, but we don’t think recent changes have 
been signi fi cant. The dif fi culties we meet when approaching a controversial matter 
like this arise essentially because both the clinical population and therapeutic pro-
posals are very heterogeneous. In order to overcome these obstacles at least par-
tially, we tried to collect a great number of patients without any preventive selection 
and to apply a rigorous operative protocol. Given that the best chance of cure is 
generally assured by surgery, operations were performed whenever possible, with 
radical or palliative purposes. Debulking was considered a real therapeutic option 
when supplemented with intra-arterial and/or systemic chemotherapy. 

 The results we obtained depended essentially on the type of primary tumor, on 
presentation modalities and the diffusion pattern inside the liver with metastatic 
disease, and on general conditions. Primary tumors of the pancreas and biliary tract, 
and synchronous, bilateral, multiple metastases with involvement of more than 

   Table 28.10    Treatment 
of liver metastases from 
stomach cancer 
(55 patients)   

 Group of treatment   n   % 
 Group A: intended curative liver resections  6  11 
 Group B: palliative liver resections  12  22 
 Group C: intra-arterial port-a-cath  7  13 

 Group D: no invasive treatment of metastases  30  54 

   Table 28.11    Median survival (months) 
of patients with liver metastases from 
stomach cancer   

 All patients  7.16 
 Patients with synchronous metastases  6.56 
 Patients with metachronous metastases  11.28 

   Table 28.12    Liver metastases from pancreas cancer   

 Number of 
patients 

 70  Enrolled patients  48 (69 %)  Group A  6 (12 %) 

 Type of 
metastases 

 Synchronous: 44 (92 %)  Median survival 
(months) 

 All patients: 3.46 
 Metachronous: 4 (8 %)  Group A: 5.67 

   Table 28.13    Liver metastases from breast cancer   

 Number of patients  9  Mean age  57.6 years 
 Type of metastases  Metachronous a : 9 (100 %)  Type of treatment:  Group A: 67 % 

 Group B b : 33 % 
 Number of 
metastases 

 3 or less: 4 (44 %)   Median survival (months)  All patients: 31 
 More than 3: 5 (56 %)  Group A: 36 

 Group B: 7.9 

   a Average free-of-disease time after primary tumor operation: 35.75 months 
  b In all these cases, liver hilus lymph nodes were found positive  
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25 % of the liver volume, when at most a palliative resection can be performed, have 
the poorest prognosis and shortest survival time. In regard to the clinical picture, the 
appearance of ascites and/or icterus is the most ominous sign. On the contrary, col-
orectal tumors with limited local growth and only a few metachronous liver metas-
tases con fi ned to one lobe, in patients in a good state of health, when resection is 
possible and is really radical with free-of-disease edges of the specimen, have a 
much more favorable course, even if it is not exceptional. 

 However, we must not forget that besides these two opposing situations, a sub-
group of patients does exist: it is numerically signi fi cant and comprises some people 
of young age, in excellent states of health, already radically operated on for a pri-
mary tumor, perhaps a colorectal cancer, but with multiple scattered liver metasta-
ses, which proved to be chemotherapy-resistant. These patients are condemned to 
die without any reliable therapy because surgery is excluded owing to the type of 
intrahepatic diffusion of the disease; RF ablation accomplishes only temporary pal-
liation, and chemotherapy has already been proven ineffective. They represent a 
dramatic challenge to any oncology therapist and urgently require a new solution to 
their problems.   

    28.3   Technical Aspects of a BNCT Application 
to Liver Tumors: Scienti fi c and Clinical Issues 

 Always keeping in mind that BNCT ef fi cacy can be obtained only if its excellent 
characteristics of speci fi city and selectivity are preserved, we worked out a theoreti-
cal project addressed to the treatment of hepatic diffuse neoplastic disease based on 
the boron enrichment of the liver metastases followed by irradiation of the explanted 
organ in the thermal neutron  fi eld obtained in a proper facility of a nuclear reactor. 
After the treatment, the organ is re-implanted in the patient, thus preserving the 
whole body from any radiation side effects and ensuring the treatment of all the 
nodules and the isolated tumoral cells present inside the liver. 

 The four stages of the procedure are:
   Pre-loading of cancer cells with a  • 10 B compound so as to reach a minimal  10 B 
content in tumor cells of 40 ppm and a concentration ratio between tumor and 
normal cells of at least 3.  
  Surgical isolation of the liver and its washing after  • 10 B loading with a chilled 
B-free perfusion solution in order to protect the organ from normothermic isch-
emia and to clear it of blood content, thus avoiding the risk of an unspeci fi c 
radiation damage to vascular structures.  
  Extracorporeal liver irradiation with thermal neutrons by immersion of the iso-• 
lated organ in a proper neutron  fi eld rather than in a beam.  
  Reconnection of the irradiated liver to the donor organism.    • 
 In order to turn this project into a therapeutic proposal, it was necessary to solve 

several problems and to clarify some questionable aspects. The methods we used in 
this preliminary work will be exposed hereafter in separate areas according to the 
prevailing nature of the required competence. 
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    28.3.1   Area of Physical Interest 

 The main topics related to physics that were faced in order to irradiate the explanted 
liver inside a neutron  fi eld are the following:
    1.    Design, realization, and characterization of the neutron  fi eld.  
    2.    Calculation of the treatment plan.  
    3.    Set-up of a system for the measurement of the boron concentration in biological 

samples and for the imaging of its spatial distribution.      

    28.3.2   Irradiation Facility and Treatment Plan 

 An ideal treatment plan, able to exploit BNCT capability in the treatment of diffuse 
malignancies, must deliver a lethal dose to the tumor, regardless of its spatial distri-
bution inside the organ. At the same time, the treatment plan must keep the dose 
absorbed by the normal cells as low as possible, and, in any case, below their toler-
ance level. This goal can be reached by creating a thermal neutron  fi eld as uniform 
as possible inside the organ. According to the dimensions and the characteristics of 
the organ to be irradiated, neutron sources with different energies and geometries 
can be used  [  21,   22  ] . In Pavia, the disseminated hepatic metastases were treated 
using a neutron  fi eld obtained inside the thermal column of the research nuclear 
reactor Triga Mark II, operating at 250 kW. The design of the facility was obtained 
by Monte Carlo studies, in particular, by calculations performed with the transport 
code MCNP  [  23  ] . A scheme of the liver irradiation facility built inside the reactor is 
shown in Fig.  28.3   [  24,   25  ] . In this position, the liver is sunk in a  fi eld of thermal 
neutrons irradiating the organ from all directions.  

 The  g  background coming from the reactor core was lowered with two bismuth 
screens whose overall thickness is 20 cm. In the irradiation channel, the neutron 
 fl ux was measured with the activation method (Au, Cu, Al, Ni … foils and wires); 
the  g  dose was measured by BeO Thermo-Luminescent Dosimeters (TLD). The 
results of in-air measurements in the liver irradiation position are listed in 
Table  28.14 .  

 In order to study the dose distribution inside the organ, a Te fl on phantom model-
ing the explanted liver was constructed. It consists of a spherical segment 6 cm high, 
with a circular base of radius of 15 cm,  fi lled with a hepato-equivalent solution  [  24  ] . 
The phantom base, corresponding to the inferior surface of the in situ organ is placed 
downward and in a horizontal setting, so as to mimic the loading plane of an isolated 
liver. The phantom was equipped with thin copper wires along the  X ,  Y  and  Z  axes, 
as shown in Fig.  28.4 , and was irradiated in the liver position. After irradiation, the 
copper wires were cut into pieces 0.5 cm long, and a Ge detector was employed to 
measure the  64  Cu  activity by  g  spectrometry. The measured activity was then used to 
evaluate the thermal neutron  fl ux using the Westcott formalism  [  25,   26  ] . The same 
model was reproduced in an MCNP input. The organ volume was divided into cubic 
voxels of 1 × 1 × 1 cm 3 , creating  fi ve meshes of voxels at  Z  = 1, 2, 3, 4, 5 cm starting 
from the base of the liver along the vertical axis ( Z -axis) (Fig.  28.4 ).  
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 The experimental  fl ux values obtained in the Te fl on phantom were then com-
pared with the results of the  fl ux calculation in the voxels corresponding to the cop-
per wires analyzed. The thermal neutron  fl ux distributions along  X -axis, both 
experimental and calculated, are reported in Fig.  28.5a .  

 The agreement between the Monte Carlo calculations and the experimental mea-
surements is good, but the neutron  fl ux distribution is far from uniform because the 
“hepatic solution” drastically changes its behavior, mainly along the longitudinal 
 X -axis. The ratio between maximum and minimum thermal neutron  fl ux values is 
 F  

max
  /  F  

min
  =  r   »  4. To make the  fl ux distribution more uniform, the organ is rotated 

by 180 °  halfway throughout the irradiation time. The effect of this rotation is shown 
in Fig.  28.5b  where the thermal neutron  fl ux distribution is reported along the  X -axis, 

   Table 28.14    Neutron  fl ux and  g  dose in air at 
the liver irradiation position   

  F  
th
 (cm −2  s −1 )  <0.2 eV  1.4 × 10 10  

  F  
epi

   0.2 eV ÷ 0.5 MeV  3.3 × 10 07  

  F  
fast

   >3.5 MeV  2.0 × 10 06  

  F  
fast

   >8.2 MeV  9.4 × 10 04  

  D  
 g 
  (Gy·cm 2 )  1.6 × 10 −13  

reactor
core

Bismuth
shield liver

thermal
column

  Fig. 28.3    Vertical section of a part of the Triga Mark II reactor: the core, the liver model in the 
irradiation position obtained in the thermal column, and the bismuth screens inserted to lower the 
 g  radiation from the core are visible       
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for each mesh, from 1 to 5 cm from the base. The ratio between maximum and mini-
mum  fl ux values was thus lowered to  r  = 2.31. 

 To give an idea of how the thermal neutron  fl ux uniformity would affect the dose 
distribution inside the liver, the dose volume histograms (DVH) were calculated in 
the liver model described above. 

 Using the thermal neutron  fl ux in each voxel of the phantom, the contributions to 
the absorbed dose from reactions on nitrogen ( 14  N ( n ,  p ) 14  C ) and on boron ( 10  B ( n , 
  a  ) 7  Li ) were calculated. The epithermal neutron  fl ux component ( E  

n
  > 0 . 2 eV) was 

two orders of magnitude lower than the thermal one, so the epithermal and fast 
neutron contributions coming from the elastic scattering on hydrogen were neglected. 
For the calculations, the following conditions were assumed:
    1.    a  10 B concentration  CH  =8 ppm in the healthy liver;  
    2.    a  10 B concentration  CT =  50 ppm in the tumor;  
    3.    an irradiation time  T  

irrad
  suitable to deliver a minimum thermal neutron  fl uence 

 Y  = 4 × 10 12  cm −2  independently at its position inside the organ.     
 To evaluate the irradiation time, the tumor was assumed to be located in a voxel 

where the thermal  fl ux was minimum ( F  
min

 ); thus,  T  
irrad

  = 4·10 12  /  F  
min

 . The dose  D  
vox  − i 

  
was then calculated for each voxel using the equation  D  

vox  − i 
  = ( D  

N
  +  D  

B
  ·  CH ) ·  F  

i
  · 

 T  
irrad

  where  D  
N
  and  D  

B
  are doses from nitrogen (3 % in weight) and from boron 

(1 ppm), respectively. Finally, the dose histograms were built weighting the dose 
contributions in each voxel with the factor:  w  

 i 
  = Vol 

vox  − i 
  / Vol 

liver
 . The cumulative 

function of this histogram represents the DVH. The results of these calculations are 
reported in Fig.  28.6a (a1). The dose delivered to the tumor varies from 15 to 35 Gy, 
while the normal tissues absorb a dose in the range of 3–7 Gy. The fraction of 
healthy organ that absorbs the different dose values can be inferred from the DVH 

rotation axis

copper wires

z

y

x

  Fig. 28.4    MCNP geometry of the liver phantom inside the Te fl on holder, vertical ( left ) and hori-
zontal sections ( right ). The 1-cm 3  voxels and the copper wires for thermal neutron measurement 
are visible       
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  Fig. 28.5    Thermal neutron  fl ux distribution along the longitudinal  X -axis in the phantom,  fi lled 
with the hepatic solution. ( a ) Comparisons between MCNP calculations and experimental mea-
surements at  Z  = 3 cm; ( b ) calculated  fl ux distribution after rotation of 180 °  halfway through the 
irradiation time       
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in Fig.  28.6b (b1). The black curves (a2 and b2) refer to a different thermal column 
con fi guration, which would allow a more uniform thermal neutron  fl ux distribution 
inside the liver model, as described in  [  27  ] .  
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  Fig. 28.6    Histograms of the absorbed dose ( a ) and DVH ( b ). The  red curves  (a1 and b1) refer to 
the facility used for the patient treatment, reported in Fig.  28.1 . The  black curves  (a2 and b2) refer 
to a different thermal column con fi guration that would allow a more uniform thermal neutron  fl ux 
distribution in the organ model  [  27  ]        
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 In the treatment of the two patients, the liver was positioned into two sterile Te fl on 
bags with a chilled UW solution, and then in a rigid Te fl on transport case. The thick-
ness of the rigid holder was chosen in order to protect the organ from mechanical 
shocks and to ensure proper thermal isolation. The holder was previously cooled at 
4 °C and then kept at the same temperature, placing a layer of dry ice on its cover. 
The quantity of dry ice was experimentally determined to keep the liver at a constant 
temperature of around 4 °C for at least 1 h. For both treated patients, the time elapsed 
between the surgical operation for the explantation and the return of the liver to the 
hospital for the reimplantation was about 45 min. During this time, the organ tem-
perature was monitored with two thermocouples placed in contact with the Te fl on 
bag (one on the top and one on the bottom) containing the liver. 

 For each patient, a proper treatment plan was assessed. Starting from the CT 
scan data, a geometrical model was designed taking into account the organ dimen-
sions, and the neutron  fl ux distribution was computed inside it. The irradiation time 
was  fi xed to deliver a neutron  fl uence of  Y  = 4 × 10 12  cm −2  in a reference point in the 
organ model. For both patients, the irradiation time was about 10 min. The absorbed 
dose in the reference point was calculated by the relation  D  

H,T
  (Gy) = 3.6 + 0.32  C  

H,T
  

(ppm), where  C  
H,T

  represents the boron concentration in the healthy and in the 
tumoral tissues, respectively. The boron concentration was measured by the  a  spec-
troscopy method  [  28  ]  in two couples of tumoral and healthy samples taken from the 
liver after 1 and 2 h from the beginning of the boronophenylalanine (BPA)-fructose 
solution infusion. In the previous relation used    for the dose calculation, the term 
equal to 3.6 represents the dose absorbed by the healthy tissue and/or by the tumor 
when the liver without boron is exposed to the neutron irradiation  fi eld at a  fl uence 
of  Y  = 4 × 10 12  cm −2 ; for more than 70 %, this is due to the  g  radiation (three compo-
nents: 0.64 Gy of  g  background in the irradiation position without liver, 1.948 Gy 
and 0.144 Gy produced, respectively, by the reactions     1 2( , )H n Hγ   and 
    35 36( , )Cl n Clγ   on hydrogen and on chlorine present in the liver). The remaining 
30 % is due to the reaction  14  N ( n ,  p ) 14  C  on nitrogen. The value of the  g  dose was 
overestimated because it was evaluated assuming electronic equilibrium conditions 
in each point of the liver. 

 Table  28.15  reports the boron concentration values in the samples taken before 
the treatment, the doses absorbed by the tumor and the healthy tissues in the refer-
ence point, and for a  fl uence of  Y  = 4 × 10 12  cm −2 ; the dose delivered to the healthy 
tissue in the rest of the organ should have a distribution analogous to the one shown 
in Fig.  28.6 (a1, b1).   

   Table 28.15    Values of the boron concentration and of the absorbed dose at the reference point 
produced by a neutron  fl uence  Y  

n
  = 4 × 10 12  cm −2  in the normal liver and in the tumor of the two 

treated patients   
 Boron concentration(ppm)  Absorbed dose (Gy) 

 First patient  Second patient  First patient  Second patient 
 Tumor  47 ± 2  45 ± 5  18 ± 1  18 ± 1 
 Liver  8 ± 1  8 ± 1  6 ± 0.3  6 ± 0.3 
 Tumor/liver  5.9  5.6  3  3 
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    28.3.3   Measurement of the Boron Concentration 

 The measurement of the boron concentration in biological samples is based on the 
spectrometry of the charged particles emitted in the capture reaction on boron. The 
tissue samples taken from the organ are frozen in liquid nitrogen, cut into 70- m m-
thick slices using a cryostat, and deposited on Mylar disks. For the measurement, 
each disk is placed in front of a solid state silicon detector and exposed to a thermal 
neutron  fl ux. The concentration is calculated selecting an area of the spectrum 
formed only by the  a  particles coming from the reaction  10 B(n,  a ) 7 Li. 

 Since the tumor is disseminated, a sample of healthy tissue could contain tumoral 
nodules, and a tumoral sample could contain a part of healthy or necrotic tissue 
(Fig.  28.7 ).  

 In order to correctly evaluate the ratio  T  =  C  
T
 / C  

H
  between the concentrations in 

tumor and in normal cells, it is mandatory to know the histological composition of 
the analyzed sample. For this purpose, for each measurement, three thin slices from 
both healthy and tumor samples are obtained. The  fi rst one is used to measure boron 
concentration as described, the second one for histopathological analysis, and the 
last one for boron imaging by neutron autoradiography  [  27  ] . In this way, it is pos-
sible to collect information about the morphology of the tissues, the spatial distribu-
tion of boron, and the quantitative concentration. Using this method, the boron 
concentrations in human samples (Table  28.15 ) and in animal samples obtained 
from a rat model were measured.  

    28.3.4   Area of Biological Interest 

 Several issues and methods of study will be mentioned here: all of them are of inter-
est when planning experiments addressed to de fi ning the theoretical bases of a new 

  Fig. 28.7    Image ( left ) of a thin slice of a sample of a human liver metastatic nodule (standard 
hematoxylin & eosin staining) and ( right ) corresponding neutron autoradiography image. Within 
a distance of a few millimeters, normal hepatocytes, necrotic areas and tumor cells are simultane-
ously present. Neutron autoradiography image shows boron concentration in the tumor is higher 
than in the normal hepatocytes       
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BNCT application, optimizing the liver’s extra-corporeal irradiation, and extending 
its indications. 

  Choice of the clinical target.  For the above-discussed reasons, we dealt with the 
BNCT treatment of liver metastases from colorectal cancers. This choice was 
favored by the circumstance that both a strand of syngeneic rats (BD-IX) and a cell 
line named DHD/K12/TRb (DHD), which was established from a colon adenocar-
cinoma chemically induced in BD-IX rats by 1,2-dimethylhydrazine oral adminis-
tration  [  29  ] , are available on the market. We think however that also some types of 
primary liver tumors could bene fi t from BNCT treatment. 

  Cancer cell cultures for  in vitro   10   B selective uptake studies.  All our data were 
obtained using the DHD cell line that grows as a monolayer in a medium composed 
by a mixture of HAM’S F10 and DMEM (1:1 v/v) supplemented with 10 % fetal 
bovine serum and gentamicin (40  m g/ml). The medium is enriched with the  10 B car-
rier at various concentrations when cells are in the exponentially growing phase 
 [  30  ] . The time of contact is a noteworthy variable. 

 At the end of the incubation period, as we want to mimic the condition of an 
isolated organ that will be washed to clean all its blood and boron contents away. 
The  10 B-enriched medium is removed, and cells are recovered and washed in  10 B-free 
medium. A fraction of cells is then deep-frozen in liquid nitrogen for intracellular 
 10 B evaluation. In all our experiments, we used  10 BPA as the boron carrier at concen-
trations ranging from 10 to 160 ppm (or  m g/ml). The effects of two different incuba-
tion times (4 and 18 h) were studied. The cellular  10 B content was determined by the 
mass spectroscopy method ICP-MS or by  a -spectrometry  [  31  ] . 

 In vitro  evaluation of two opposite phenomena in cells:    10   B content storage and 
loss.  The accumulation of  10 B into cells appears mediated by an active transport 
mechanism because the intracellular  10 B content is higher than that of the culture 
medium at any tested concentrations. There is also a mild increase of the intracel-
lular  10 B concentration with increasing time of contact (Fig.  28.8a,b ).  

 The study of  10 B uptake by tumors is complicated by the fact that  10 B in cells is 
present in two forms, i.e., tightly and loosely bound: this last one can actually be lost 
by exposing cells to a  10 B-deprived medium. The release of the  10 B loosely bound 
fraction is important because, if it occurs after and as consequence of liver washing, 
it could lower the ef fi cacy of neutron irradiation on the tumor and make the calcula-
tion of the doses incorrect. 

 Therefore, the total  10 B concentration in cells is the sum of two fractions: the 
released and the retained one. The  fi rst is determined by the total of the  10 B content 
in the three subsequent cell washings performed after incubation to remove the  10 B 
of treatment from the culture medium; the second is evaluated by analyses of  10 B 
content of the cell pellet obtained after the washings. 

 The release of the loosely bound fraction (or washout) was studied after incuba-
tion  [  32  ] , maintaining  10 B-enriched cell cultures at two temperatures (37 and 4 °C) 
and in two modalities of cell cultures, i.e., adherent to the substrate or resuspended 
in the culture medium. The washout phenomenon is more pronounced in cell sus-
pensions and is greatly reduced at 4 °C (Fig.  28.9a,b ).  

 In vitro  appreciation of radiation damage to cells.  In order to investigate this 
topic, by means of DNA  fl ow cytometric analyses we evaluated the cell cycle 
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modi fi cations and the DNA damages following the BNCT treatment  [  33  ] . Flow 
cytometry is a technique of  fl owing cell analysis able to measure physical or 
chemical characteristics that can be detected by a  fl uorescence probe. One of its 
main applications is cell DNA content analysis, whose result is a histogram that 
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  Fig. 28.8    Intracellular  10 B concentrations as a function of  10 BPA concentration in the culture 
medium. Total  10 B, retained and released  10 B contents are indicated: ( a ) after 4 h and ( b ) after 18 h 
of cell contact with boronated medium       
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gives information on both the cell cycle and ploidy status of the studied popula-
tion (Fig.  28.10 ).  

 Moreover, cell proliferative capacity was evaluated by testing cell plating 
ef fi ciency. 

  Liver metastases induction in rats.    10   B loading and distribution in metastases 
and normal tissue.  Multiple and sometimes con fl uent hepatic metastases can be 
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  Fig. 28.9    Washout of intracellular  10 B contents by exposing  10 B-loaded cells to  10 B-deprived 
medium at 4 and 37 °C: ( a ) DHD cells when  fl oating in suspension; ( b ) same type of cells when 
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  Fig. 28.10    Flow cytometric DNA histograms of in vitro cultures of a DHD cell line at different times 
after a BNCT treatment (1, 2, 7, and 12 days-box a, b, c and d respectively). G 

0/1
  indicates the cell frac-

tion, corresponding to resting or presynthetic cells, in relation to the all of the cells in the culture; G 
2
 M 

is the dividing diploid cell fraction. At 1 day the analysis gives an almost normal result. The histograms 
on the following days show increasingly severe damage of cell DNA with aneuploidy, excess of cell 
debris, and a fall in  n  values (number of recollected cells from each  fl ask) (From Zonta et al.  [  33  ] )         
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induced in BD-IX male rats by intrasplenic injection under general anesthesia of 
2 × 10 7  cells obtained from the syngenic DHD line. During the injection, the left 
branch of the portal vein is clamped: in this way each animal gives samples of both 
tumoral (from the right lobe) and healthy liver tissue (from the left lobe). At the end 
of the operation, the rat is splenectomized. 
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 Fifteen days later, the same animals are re-anesthetized, and a dose of 300 mg 
 10 BPA/kg body weight is slowly (5 min) injected through the dorsal penis vein, 
using the fructose complex of  10 BPA-HCl, supplied by BBI, Raleigh, NC, USA, 
with  10 B enrichment of more than 95 % (100 mg BPA is combined with 2 ml 0.3 M 
fructose solution; pH is adjusted to 7.4–7.5 with 2 N NaOH solution) (BPA-F). 

 At given times (usually 1, 2, 4, 6, 8, and 12 h after  10 B solution injection), the rats 
are killed under general anesthesia; the liver is extracted with a small portion of the 
portal vein and correspondent aorta, washed with 5 % glucose solution through 
these last vessels, and frozen. Thin slices of tumoral and normal liver tissue are cut 
and processed for histological analysis in order to evaluate the tumor percentage in 
each sample  [  34  ] . Results of the  10 B concentration measured by the  a -spectrometry 
method in tumor and healthy liver are reported in Fig.  28.11a ; the ratio of boron 
concentration in tumour and healthy liver are shown in Fig.  28.11b ; in the time 
interval between 1 and 5 h, this ratio is higher than 4; it reaches a value of about 6 
between 2 and 4 h.  

  BNCT of experimentally induced liver metastases in rats.  Liver metastases are 
induced in BD-IX strain rats, and a BPA-F solution is injected as the above described. 
After 2–4 h, the animal is killed, and the liver, after being washed and refrigerated 
at 4 °C, is irradiated in the reactor thermal column until a neutron  fl uence of 
7 × 10 12  cm −2  is reached (12 min). In the meantime, a hepatectomy is performed on 
a syngenic or allogenic (Lewis or Wistar Furth) recipient rat under general anesthe-
sia (these last strains of rats are more resistant to surgical stress). The isolated irradi-
ated liver is then transplanted orthotopically in the recipient rat under general 
anesthesia. The liver transplantation was always performed according to a 
modi fi cation of the Kamada method  [  35  ] . We are indebted to Miss Ferguson of the 
Mayo Clinic, Rochester, MN, USA, for her valuable advice and personal perfor-
mance of some liver transplantations in rats. 
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rats was analyzed. ( a ) Boron concentration as a function of time interval between the BPA infusion 
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 In this part of the program, we had to overcome several technical dif fi culties. Just 
to give an example, 60 experiments were planned in such a way that each important 
stage of the procedure could have its own control. All donor animals were BD-IX 
strain rats. Two experimental groups of animals were predetermined: group A con-
sisted of 16 healthy rats; group B was composed of 44 rats with liver metastases. In 
each group the animals were strati fi ed according to the type of treatment: liver trans-
plant only; or  10 BPA i.v. infusion + liver transplant; or  10 BPA infusion + neutron irra-
diation + liver transplant (Table  28.16 ). Of the treated rats, some were discarded 
because of intraoperative death or too short survival times (<3 h after the end of the 
surgical procedure). The remaining rats were evaluated in one of two ways: they 
were either killed at preset times for morphological studies (not later than 6 days in 
case of an allogenic recipient to avoid the interfering effects of a rejection reaction) 
or followed until death (only syngenic recipients), taking note of their survival times 
(Table  28.17 ). Samples of normal and tumor tissues were analyzed by light and 
electronic microscopy, and con fi rmed the highly speci fi city and ef fi cacy of BNCT 
 [  34,   36–  38  ] .    

    28.3.5   Area of Surgical Interest 

 As already mentioned, the procedure of extra-corporeal liver BNCT consists basi-
cally, from the surgical point of view, of a liver auto-transplantation with a pro-
longed liver-less phase because of the need for moving the isolated organ to the 
nuclear reactor after being washed and chilled. The targets to reach in the prepara-
tory phase of the project were essentially the following ones. 

  Experimental approach to liver auto-transplantation.  The whole procedure of 
liver auto-transplantation was performed on 58 Landrance and Large-White pigs, of 
both sexes, weighting 35 ± 4 kg, under general anesthesia and asepsis. Several varia-
tions in surgical technique were tested in order to optimize the outcome of the oper-
ation, which basically encompasses three sequential phases:

   Isolation of the liver by dissecting all connections with the surrounding struc-• 
tures but preserving the vascular (portal vein, hepatic artery, infra-hepatic vena 
cava, supra-hepatic vena cava) and biliary (choledocus) connections;  

   Table 28.16    BNCT of isolated liver in rats. Distribution of animals in the experimental groups   

 Treatment 

 0  1  2 

 Total  Liver transplant 
  10 BPA infusion + liver 
transplant 

  10 BPA inf. + neutron irr. 
+ liver transplant 

  A   11  3  2  16 
 Healthy rats 
  B   2  7  35  44 
 Rats with liver 
metastases 
  Total   13  10  37  60 
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  Removal of the liver by dividing the mentioned connections. The liver was per-• 
fused with chilled University of Wisconsin (UW) solution and then preserved in 
a refrigerated (4 °C) box for 2–3 h. In the meantime, the animal was maintained 
on active extracorporeal circulation by a centrifugal pump (Biomedicus Inc.), 
shunting the blood at a high  fl ow rate from the inferior vena cava, just caudal to 
the liver, and from the trunk of vena porta to the superior vena cava cannulated at 
the level of the thoracic aditus through a cervicotomy;  
  Liver transplant into the same “donor” animal with anastomoses of the four pre-• 
viously mentioned vessels and choledocus.    
 Training on pigs was of invaluable importance for re fi ning our surgical tech-

nique. Moreover, it proved that in these conditions, a vena-vena extracorporeal cir-
culation can last 8 h and even longer, without needing i.v. heparin. 

  Survival of liver-less pigs.  Special interest was paid to determiming the maxi-
mum time a pig can survive without its own liver. To this end, we carried out hepa-
tectomies on 20 Large White pigs. Throughout the operation time and until the 
death of the animal, the arterial pressure and acid-base balance were monitored, 
while a slow infusion of electrolyte balanced solution was maintained. Acidic unbal-
ance was corrected when necessary by supplementing various volumes of NaHCO 

3
  

isosmotic solution. At the end of the hepatectomy, a short internal cava-caval and 

   Table 28.17    BNCT    of isolated liver in rats. Survival results after different treatments and BNCT 
(see Table  28.16 )   
 Treatment  0  1  2 (BNCT) 
  A  
 Total   11    3    2  
  Discarded 
   Intraop. death  2  1  1 
   Survival < 3 h  –  –  – 
  Evaluated 
 
  Killed 

 4  1  1 
 ( 2d-3d-6d-53d )  ( 3d )  ( 1d ) 

   (at days)
  Surviving 
  (for days) 

 5  1  – 
 ( 1d-2d-2d-64d-68d )  ( 2d ) 

  B  
  2    7    35   Total 

  Discarded   1    1    17  
   Intraop. death  0  0  9 
   Survival <3 h  1  1  8 
  Evaluated   1    6    18  
 
  Killed 

 0  0  6 
 ( 3d-3d-4d-4d-5d-6d ) 

   (at days)
  Surviving (for days 
or hours) 

 1  6  12 
 ( 6d )  ( 8h-1d     - 2d     - 2d     -

 14d     - 59d  a ) 
 ( 4h-4h-4h-4h-4h-8h-
8h-1d-1d-1d-2d-4d ) 

   a The cause of death is spreading of tumor  
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porta-caval bypass was set up by anastomosing the stumps of the infra-hepatic infe-
rior vena cava, portal vein, and supra-hepatic inferior vena cava to the ends of an 
upturned Dacron en-Y vascular prosthesis. Since the start of the liver-less phase, the 
narcosis was easily maintained with small amounts of inhalation agents 
(Fluothane). 

 These experiments allowed us to learn how to manage anesthesia and to de fi ne 
the “mean survival time” in liver-less conditions. This was 8 ± 3 h, but in two ani-
mals a “maximum survival time” of 24 h was obtained  [  36  ] . 

  Liver autotransplantation on patients without BNCT.  Before starting the clini-
cal application of the extracorporeal BNCT project, the liver auto-transplant 
method was also applied to eight patients affected by severe malignant or benign 
neoplastic diseases of the liver. In all these cases, the conventional technique of 
hepatic resection could not be carried out because of the volume, number, or local-
ization of the tumor masses. Radical surgery, with possible reconstruction of vital 
intra-hepatic structures, could instead be easily accomplished on a hypothermic 
and bloodless liver (bench surgery) by adopting a liver autotransplantation 
procedure. 

 This technique can be performed in accordance with two modalities. One of 
these is called the “ex situ autotransplant,” in which the liver is completely isolated 
and removed from the patient. In the other variant of the surgical technique, the “in 
situ autotransplant,” the liver is isolated, but only the supra-hepatic vena cava is 
interrupted, whereas the portal vein, hepatic artery, choledocus, and infra-hepatic 
vena cava are all clamped, but not dissected, except for a small hole in the portal 
vein to introduce a washing catheter. 

 The clinical experience with the eight patients was highly promising. We had no 
operative mortality and only one perioperative death due to hepatic insuf fi ciency 
(the healthy portion of liver we could save at the end of resection was too small to 
support all hepatic functions). The  fi rst patient is still alive and free-of-disease after 
more than 18 years. Nevertheless, three out of  fi ve patients with liver malignancies 
had recurrences. Some details of the clinical cases are listed in Table  28.18 .    

   Table 28.18    Liver autotransplantation pre-BNCT   

 Diagnosis 
 Type of 
autotransplantation 

 Survival (since the 
autotransplantation) 

 Cause 
of death 

 HCC ( fi brolamellar hepatocellular 
carcinoma) a  

  Ex situ   18 years  Still alive 

 Metastases from colon carcinoma  In situ  3 years 1 month  Recurrence 
 HCC (trabecular variant)  In situ  1 year 8 months  Recurrence 
 Metastases from colon carcinoma  In situ  12 days  Liver failure 
 Metastases from colon carcinoma  In situ  2 years 5 months  Recurrence 
 Focal nodular hyperplasia  In situ  9 years  Still alive 
 Cavernous hemangioma  In situ  8 years 8 months  Still alive 
 Metastases from colon carcinoma  In situ  1 years 6 months  Recurrence 

   a A pancreatic duodenectomy (Whipple operation) was performed simultaneously for acute hemor-
ragic pancreatitis  
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    28.4   Clinical Applications 

    28.4.1   The Preliminaries 

 Having completed the experimental phase of our project, we decided to test the 
clinical impact of the proposed procedure. According to Italian rules and regula-
tions for innovative therapeutic protocols, three organizations had to approve the 
application of the project on patients. They are in order: the Ethics Committee of 
our hospital, its medical and scienti fi c management, and the Italian Ministry of 
Health. 

 First of all, we drew up a very detailed protocol of our previous experimental 
work in reference to neutron irradiation of  10 B-loaded neoplastic tissues and in vitro 
cultures of neoplastic cells, and to its effects on normal and tumor cells. The proto-
col also contained an accurate description of the aseptic method that would be fol-
lowed by the Pharmacology Department of San Matteo Hospital of Pavia in the 
preparation of a germ-free pyrogen-free p- 10 BPA-F solution for intravenous infu-
sion. There was also a list of all needed surgical instruments and apparatus, a timed 
description of the operative phases and  fi elds, and a minute enumeration of the steps 
and persons in charge of them during the transfer of the isolated organ from the 
hospital to the nuclear reactor and the return. The streets the ambulance would drive 
through would be closed to traf fi c by the police. 

 According to our previous experimental work, the indications for the treatment 
were restricted to patients suffering from diffuse unresectable liver metastases from 
a colorectal carcinoma already radically excised, and in case chemotherapy had 
proven to be ineffective. The candidate should be young (<55 year), with liver-only 
metastases and without impairment of vital organs and functions. In particular, 
patients with any previous hepatitis, ascites, or icterus in progress would not be 
accepted. The galactose elimination capacity (GEC), elected as liver function test, 
should be reasonably good (>40 %; normal value >70 %). Two other exclusion cri-
teria were phenylketonuria because of the chemical nature of the  10 B carrier BPA 
and previous radiotherapy of the abdomen. 

 The approval of the Ethics Committee was very dif fi cult to obtain. It took some 
2 years with many heated disputes, while in the meantime the candidates died. At 
last consent was granted for a single patient as a compassionate therapeutic act. The 
approvals of the other organizations soon followed. 

 For the second patient, the same procedure was applied, but this time it was a 
little quicker.  

    28.4.2   The Operations 

 In December 2001, we started the program of extracorporeal application of BNCT 
on isolated human livers. The procedure basically consists of three phases. 

 In the  early surgical phase , a wide subcostal laparotomy is performed with cranial 
extension in the midline. We soon thoroughly explore the site of the previous colectomy, 
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the local and remote lymph node stations, all peritoneal organs, and accessible portions 
of the extraperitoneal viscera. Any suspected lesion is excised, and the pathological out-
come is awaited before resuming the operation. An intraoperative UV scan with micro-
gaseous contrast medium allows constructing an accurate map of neoplastic localizations 
in the liver. After cholecystectomy, the dorsal liver ligaments are severed. The inferior 
vena cava is dissected at a level both caudal and cranial to liver and encircled with two 
tapes   . A straight portion of a colic vein is isolated in the mesocolon; the peripheral end is 
tied, and a thin cannula is inserted in the vein towards the liver. At this point, the infusion 
of the  10 B carrier BPA can start at a dose of 300 mg/kg body weight. For example, for a 
man weighting 70 kg, 720 ml of a 0.14 M solution of  10 BPA-F would be injected during 
a 2-h period through a delivery pump. The pump speed would therefore be set at a rate of 
360 ml/h. 

 One hour after the start of perfusion and at the end of it, we collect samples of 
tumor and normal liver tissue for  10 B measurements and to evaluate the prevalence 
of neoplastic cells on normal hepatocytes in the same histological specimen. When 
a satisfactory ratio of concentrations has been reached, we proceed to the next surgi-
cal steps by isolating the left femoral vein at the groin and the inferior mesenteric 
vein just caudal to the pancreas tail, and connecting them to an extracorporeal cir-
cuit equipped with a Biopump. Thus, the blood collected from the sub-diaphrag-
matic sections of the body can be re-infused into the cranial ones through the 
previously isolated and cannulated left axillary vein. Now all connections of the 
liver with surrounding structures are dissected except for the vascular and biliary 
ones. The porta-cava-caval extracorporeal circulation is started, and the last connec-
tions are clamped and transected. Hepatectomy can be completed in this way. 

  Radiotherapeutic phase : On the bench, the isolated liver is washed with several 
liters of chilled UW solution, and put into two sterile Te fl on bags and in a rigid 
Te fl on transport case  fi tted with temperature probes. The liver is then carried from 
the hospital to the adjacent Triga Mark II nuclear reactor. During the neutron irra-
diation, liver temperature and neutron  fl uence are continuously monitored. The 
duration of irradiation is foreseen to be about 10 min. During the irradiation, the 
liver is arranged in a Te fl on box where dry ice blocks provide good temperature 
control (it must never exceed 10 °C). At the end of neutron treatment, the liver, still 
wrapped in its bags, is taken back to the operating theatre, and carefully and asepti-
cally extracted and washed again with chilled UW solution. 

  Late surgical phase : The liver is reconnected to the vascular and biliary stumps 
of the patient. The  fi rst anastomosis is performed at the level of the inferior supra-
hepatic vena cava; the second one is between the ends of the infrahepatic vena cava. 
If the latter are separated by too great a distance, interposing a segment of Dacron 
tube prosthesis is recommended. Afterwards, the portal ends are reconnected, the 
extracorporeal circulation is stopped, and normal circulation is restored. 

 The arterial anastomosis is performed with microsurgical technique with nylon 
7/0 interrupted stiches; the reconstruction of biliary continuity is achieved with an 
end-to-end common duct anastomosis by previous introduction of a Kehr-type 
drain. The operation is completed with a new intraoperative US scan to verify the 
absence of emboli or thrombosis in all major vessels. 
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 The  fi rst patient was a 48-year-old man, affected by 14 synchronous bilateral 
metastases from a pT3 G2 N1 M1 sigmoid adenocarcinoma (liver), according to the 
UICC-TNM classi fi cation of tumors, resected 7 months before. At the end of a com-
plete course of standard chemotherapy, the hepatic situation and clinical state 
appeared worsened. GEC was 63 %. The operation lasted 21 h on the whole.  10 B 
concentrations in tumor and normal hepatic tissue were 47 ± 2 and 8 ± 1 ppm, respec-
tively. During perfusion with BPA,  10 B concentrations in systemic and in portal 
blood were 7.1 ± 0.1 and 10.3 ± 1, respectively. The duration of neutron irradiation 
was 11 min. The liver-less time was 5 h 30 min; during this period, bleeding from 
the surgical  fi eld was a major problem. The total transfusion support was: 59 units 
of packed red blood cells, with 20 being used during the operation (d.o.) and 39 in 
the following 2 days (p.o.); 35 units of fresh frozen plasma, 8 d.o. and 27 p.o.; 15 
units of plasma from apheresis, 11 d.o. and 4 p.o.; 4,560 ml of blood recovered from 
operative  fi eld with a Cell Saver apparatus (Haemonetics) and reinfused to the 
patient as autologous packed red blood cells. 

 The second patient was also a man, 39 year old, and was subjected to extracor-
poreal liver BNCT in July 2003, with 11 small and large synchronous metastases 
from a pT3 G2 N1 M1 (liver) rectal adenocarcinoma, who had been radically oper-
ated on 10 months before. In his clinical picture, three negative aspects were note-
worthy: the liver function was poor (GEC 58 %), the right hepatic artery arose from 
the superior mesenteric artery as a vascular anomaly, and the cardiac function was 
de fi cient because of a dilated cardiomyopathy with a stroke volume of 40 %. For 
this last reason, the chemotherapeutic regimen had been stopped. In comparison 
with the  fi rst patient, the duration of the procedure was shorter (18 h 40 min), in 
spite of the dif fi culties raised by the surgical correction of the vascular anomaly, 
whereas the liver-less time was longer (6 h 10 min).  10 B concentrations in tumor and 
normal tissue were as good as in the  fi rst case. In both patients we used a segment 
of Dacron prosthesis to obtain an easy reconnection of the vena cava.  

    28.4.3   Perioperative Follow-Up 

 Immediately after the operation, a set of symptoms appeared, which we are tempted 
to consider as an expression of a  post-neutron irradiation syndrome . Their descrip-
tion is of course incomplete because they presented while the patients were under 
general anesthesia with controlled ventilation. They were both clinical and hema-
tochemical in nature, characterized by hepatic and renal insuf fi ciency with jaundice 
up to 25 mg% and transitory anuria (during the  fi rst 2 weeks), mental confusion, 
huge facial edema and diffuse subcutaneous imbibition, rhabdomyolysis and pro-
found asthenia. Some hematochemical data are shown in Fig.  28.12 . The mentioned 
aberrations, which were present in both patients, showed the same concatenation in 
time and evolved towards the complete recovery  [  33  ] .  

 A common denominator in the pathogenesis of this complex derangement seems 
to be a serious alteration of endothelial barrier permeability, as was seen in some 
experiments after administration of cytokines such as tumor necrosis factor to vol-
unteers  [  39  ] . This syndrome could then be due to the abrupt release of large amounts 
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  Fig. 28.12    Behavior of some hematochemical tests and of renal function in the two patients treated 
with liver extracorporeal BNCT during the early postoperative course ( fi rst 3 weeks after the opera-
tion).  Broken lines  indicate reference values. ( a ) Concentration in serum of creatine kinase ( CK ) (refer-
ence values: 55–170 mU/ml) and of myoglobin (only in the second patient; ng/ml normally absent in 
blood); ( b ) volume of spontaneous diuresis (normal value: 1,200 ml/24 h); ( c ) concentration in serum 
of the microsomal enzymes aspartate aminotransferase ( AST ) (reference values: 7–40 mU/ml) and 
( d ) of alanine aminotransferase ( ALT ) (reference values: 7–40 mU/ml) (From Zonta et al.  [  33  ] )         

0

500

1000

1500

2000

2500

3000

3500

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1st patient

2nd patient

CK (mU/ml) - Myoglobin 

Post-operative-

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

1st patient

2nd patient

Spontaneous diuresis  (ml/24h)  

Post-operative-

a

b

 



496 A. Zonta et al.

0

500

1000

1500

2000

2500

3000

3500

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1st patient

2nd patient

AST(mU/ml)

Post-operative-

0

500

1000

1500

2000

2500

3000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1st patient

2nd patient

ALT(mU/ml)

Post-operative-

c

d

Fig. 28.12 (continued)



49728 Liver Metastases

of cytokines especially from tumor cells as a result of surgical manipulation and 
neutron irradiation of metastases. This view is also supported by the results of 
 in-blood evaluation of some cytokines of clinical interest only in the second patient 
(Fig.  28.13 ).    

  Fig. 28.13    Values of some cytokines of clinical interest, which were analyzed only in the second 
patient sequentially during the  fi rst 48 h after BNCT:  n 1 is preoperative value;  n 2 refers to the end 
of  10 BPA perfusion,  n 3 and 4 are in the anhepatic phase;  n 5–9 are the samples corresponding to 0, 
2, 4, 6, and 8 h after the liver reconnection;  n 10 is related to the second postoperative day. ( a ) 
Tumor necrosis factor ( TNF ), ( b ) interleukin 6 ( IL-6 ); ( c ) vascular endothelial growth factor 
( VEGF ); ( d ) hepatocyte growth factor ( HGF )         
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    28.5   Results 

 The early oncological effects of BNCT on an isolated liver can be best appreciated in 
the second patient, and the late results in the  fi rst one. Indeed both patients had a simi-
lar postoperative course in the  fi rst 3 weeks after the treatment, with radiological evi-
dence of large necrosis at the site of previous metastases and also where there was no 
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preoperative evidence of tumor accumulation. We think for this reason that also occult, 
microscopic spreading of tumor cells was treated with ef fi cacy (Figs.  28.14  and  28.15 ). 
Around the end of the  fi rst month and in coincidence with the phase of recovery from 
the  post-irradiation syndrome , the second patient, who had cardiopathy, showed signs 
of thrombosis of the hepatic artery, and later on cardiac congestive failure caused his 
death on the 33rd postoperative day. At autopsy, we had the macro- and microscopic 
proof of massive necrosis of coagulative type of all liver metastases. In the histological 
specimens, three other aspects were noteworthy  [  33  ] . An intense and widespread 
hyperplasia of Kupffer cells with clear signs of phagocytic activation of leucocytes 
and also of hepatocytes was well documented. On the periphery of several metastatic 
nodules, the presence of vital neoplastic cells with slight proliferative activity requires 
an explanation. We think that these cells are the morphological expression of the  self-
extinction process , which is responsible, together with necrosis and apoptosis, for the 
long-lasting cell damage induced by irradiation. A tumor cell population is selected; 
because of sub-lethal damage to the nuclear structure, it loses most of its proliferative 
potential and then gradually disappears. The third aspect of histomorphological inter-
est is the collagen deposition that was evident at both light and electronic microscopy 

a b

c d

  Fig. 28.14    Early effects of extracorporeal BNCT in liver CT images of the  fi rst patient. ( a ,  c ) 
Preoperative CT: liver metastases ( arrows ). ( b ,  d ) Evolution of metastases towards necrosis ( arrows ) 
in almost corresponding    CT scans 7 days after treatment (From Zonta et al.  [  33  ] , modi fi ed)       
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studies, and was an early phenomenon. This could explain the hepatic  fi brosis docu-
mented in both patients without functional impairment or evolution to cirrhosis.   

 The  fi rst patient, on the contrary, had an uneventful postoperative course for a 
whole year and a half, with gradual disappearance of radiological signs of necrosis 
in the liver and its replacement by normal hepatic tissue. GEC was improved (73 %). 
Quality of life (QoL) was excellent, so he got married, too. Twenty months after 
BNCT, a recurrence of his neoplasia appeared adjacently, but external to the liver 
left lobe. It was resected, and the patient recovered completely. Thirty-three months 
after BNCT, other recurrences appeared; they were treated with chemotherapy and 
a further debulking operation 5 months later. The patient died of abdominal carci-
nosis 44 months after BNCT. Except for the last few months, his QoL had been very 
good – a hopeful and reactive patient. 

    28.5.1   Further Developments and Conclusive Remarks 

 The clinical application of extracorporeal BNCT on isolated liver demonstrated 
the feasibility of the procedure, its high ef fi cacy, speci fi city, and selectivity. It is 

a

c

b

  Fig. 28.15    Comparison of images from the liver CT of the second patient. ( a ) Preoperative scan, 
in which no metastasis is recognizable. ( b ) At 10 days and ( c ) at 21 days after BNCT. A focal area 
of necrotic damage ( arrows ) is a likely witness of an effectively treated “occult” neoplastic 
in fi ltration (From Zonta et al.  [  33  ] )       
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therefore a new therapeutic proposal for the treatment of secondary hepatic 
tumors. There is no possibility to compare it with other curative approaches, 
because the clinical situation of diffuse chemotherapy-resistant liver metastases 
does not have any radical alternatives. 

 Obviously, in the current phase of the project, the described procedure is very 
challanging in terms of the patient’s endurance, physicians   ’ organizing capacity, 
and clinicians’ work devotion. 

 The procedure can be improved and must be optimized. In our opinion, the issues 
absolutely needing further study are the following:

   Demonstrating the real nature of  • post-irradiation syndrome  and the best way to 
control it;  
  Understanding the etiology of post-BNCT recurrences in depth and reducing • 
them to a minimum;  
  Making the most demanding surgical stages of the procedure easier and faster.    • 
 We have been working experimentally in this directions for a fair amount of 

time, and some concepts and proposals have already been elaborated  [  30,   32,   40  ] . 
Finding a solution to all these questions could take time and requires effort, but it is 
a prerequisite to turning our experimental project into a reliable and widely used 
therapeutic tool  [  41  ] . Of course, important acceleration in our path towards this 
target could derive from results such as the discovery of new, more speci fi c  10 B car-
riers or the creation of bed-side accelerators for neutron production in view of their 
medical use.       
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    29.1   Introduction 

 The    ideal treatment for children with a malignant brain tumor should be a treatment 
that causes as little damage as possible to the developing central nervous system. 
However, children surviving treatment often have problems associated with tumor 
invasion of the brain parenchyma, increased intracranial pressure, injury from surgical 
resection, neurotoxicity induced by chemotherapy, and late effects of radiation ther-
apy. Radiation therapy especially improves clinical outcomes, but also increases the 
risk of a poor quality of life with chronic neurocognitive effects and functional de fi cits. 
The late effects of radiotherapy have been followed and characterized by CT or MRI 
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(Fig.  29.1 ). However, technical advances in radiotherapy now offer hope for lowering 
the frequency of neurocognitive sequelae and thus allowing more attention to be 
focused on the late effects of cancer treatment. Boron neutron capture therapy (BNCT) 
is a promising modality for the selective irradiation of tumor tissue. The thermal neu-
tron is captured by the 10B-nucleus, which disintegrates into two heavy particles, 
alpha particles ( 4 He) and recoiling lithium-7 ( 7 Li). These densely ionizing particles 
have high biological effectiveness and a short path length that is almost equal to the 
size of tumor cells. If the boron compound selectively accumulates in tumor cells, the 
particles produced by the nuclear reaction can then selectively kill the tumor cells 
without causing severe damage to the normal brain tissue. BNCT is therefore consid-
ered to be an optimal treatment for malignant brain tumors, which are suspected to 
invade healthy normal brain tissue in young patients who are still in childhood.   

    29.2   Treatment with a Thermal Neutron Beam 

 A total of 183 patients with malignant brain tumors underwent BSH-based intra-
operative BNCT from 1968 to 2005. BSH (Na 

2
 B 

12
 H 

11
 SH) is used as a boron car-

rier. BSH is administered for 1 h by rapid intravenous infusion at 12–15 h before 
neutron radiation. On the day of BNCT, the patient is taken to the reactor (KUR 
or JRR4). A craniotomy is then performed with the patient under general anesthe-
sia, and the skin  fl ap and bone  fl ap are reopened. Gold wires previously inserted 
around tumor tissue are then pulled out 15–20 min after full-power operation of 
the reactor to measure the exact neutron  fl ux at each point of interest. The neutron 

  Fig. 29.1    A 2-year-old girl with a brain tumor in the basal ganglia underwent conventional radio-
therapy (54 Gy). Follow-up CT demonstrated marked calci fi cation in the parenchyma 6 years ( left ) 
and 10 years ( right ) after conventional radiotherapy. The patient has marked mental retardation       
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beam then directly irradiates the lesion. A mixed epithermal and thermal neutron 
beam replaced the thermal neutron beam in 1998 to improve the neutron beam 
delivery in deep lesions (BSH-based intraoperative BNCT using a mixed neutron 
beam). The JAERI Computational Dosimetry System (JCDS) was developed and 
applied to analyze the BNCT radiation dose in 2002. The physical radiation dose 
of the boron n-alpha reaction was estimated retrospectively at each point of the 
gold wire using the neutron  fl uence, irradiation time, and boron concentration in 
the tumor. The gross tumor volume (GTV) was de fi ned as the enhanced area on 
Gd-MRI, and the clinical target volume (CTV) was de fi ned as the high intensity 
area on T2-MRI. The BNCT radiation dose was compared in patients with or 
without residual tumor cells. 

 This important clinical trial showed signi fi cant improvements over previously 
reported outcomes and documented the long-term recurrence-free survival of selected 
patients with malignant brain tumors. There were 29 patients under 18 years old, includ-
ing 11 patients under 5 years old (Fig.  29.2 ). There were four glioblastomas (GBM), 
nine anaplastic astrocytomas, which included oligoastrocytomas and ependymoma, 
seven primitive neuroectodermal tumors (PNET), six pontine gliomas, and one anaplas-
tic ependymoma (Fig.  29.3 ). The most important factor related to the clinical outcome 
was the physical radiation dose of the boron n-alpha reactions. The total amount of 
radiation dose and gamma ray was also computed to avoid radiation necrosis  [  4,  5  ] . The 
high LET particles generated in brain tissue consist of heavy-charged particles from  10 B 
(n,  a  g ) 7 Li,  14  N(n, p) 14  C, and  17 O (n,  a ) 14  C, and the recoil deuteron from  1  H(n,  a  2 D   ). 
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  Fig. 29.2    Age and sex distribution of the children treated by BNCT       
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The absorbed dose, however, mainly consists of the two reactions:  10 B(n,  a ) 7 Li and  14  N 
(n, p) 14  C. The physical radiation dose was estimated by the equation:  

     
(6.78 14 N 7.43 14 B) ,D E E= - ´ + - ´ ´ F

   

where 
  D : physical dose (Gy) 
  F : neutron  fl uence (n/cm 2 ) 
 N: nitrogen concentration    %, (N = 2 %), and 
 B: boron concentration (ppm)  

    29.3   Illustrative Cases and Results 

    29.3.1   Case 1: A 14-Month-Old Female with Astrocytoma (Grade 3) 
in the Cerebellum 

 The patient’s mother noticed a gait disturbance with cerebellar ataxia. MRI demon-
strated a large ring   -like tumor in the posterior fossa (Fig.  29.4a ). The patient  underwent 
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  Fig. 29.3    Histology and age distribution       
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surgical removal of the tumor. The pathological diagnosis was a grade 3 astrocytoma. 
Follow-up MRI demonstrated an enhanced residual tumor. Thereafter, BNCT was 
discussed as an additional treatment. BNCT was performed at KUR according to the 
protocol established in 1992 (Fig.  29.5 ). The patient was the youngest patient to 

  Fig. 29.4    MRI before BNCT ( a ) and at 15 years after BNCT ( b ). The  arrow  indicates a ring-like 
tumor       
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undergo BNCT at that time. Since BNCT, she has so far experienced neither any neu-
rocognitive sequelae nor functional de fi cits from the neutron beam radiation 
(Fig.  29.4b ). She is currently in college studying veterinary science (Table  29.1 ).     

    29.3.2   Case 2: A 1-Year-Old Female with Anaplastic Ependymoma 

 The patient presented with a severe headache and vomiting. An enhanced MRI demon-
strated a huge mass in the right frontal lobe (Fig.  29.6 ). BSH-based intra-operative 
BNCT was administered after a partial resection under general anesthesia according to 
the protocol established 1997. The pathological diagnosis was anaplastic ependymoma.  

 A total dose of 136.4 mg/kg BSH was given to the patient intravenously. The 
irradiation time in was 162.0 min. The blood and tumor boron concentrations were 
23.0 ppm and 28.0 ppm, respectively. The maximum vascular dose at the brain sur-
face was 17.60 Gy(w). The gamma dose was 5.30 Gy(w). The minimum boron 
physical and weighted total (boron and gamma) doses in GTV (gross tumor vol-
ume) were 19.83 Gy and 54.88 Gy(w), respectively. The minimum boron physical 
and weighted total (boron and gamma) doses in the CTV (clinical target volume) 
were 14.11 Gy and 40.58 Gy(w), respectively. 

 A transient left hemiparesis was noticed 1 year after BNCT. MRA and angiogra-
phy demonstrated a moyamoya phenomenon on the right middle cerebral artery. 
The transient attack was controlled after indirect bypass surgery. MRI demonstrated 
no tumor recurrence or brain atrophy at 9 years after BNCT.   

    29.4   Clinical Outcome 

 Seven out of 29 patients have lived more than 10 years after BNCT (Table  29.1 ). 
Radiation necrosis was observed in only one patient, who suffered from hemipare-
sis and neurocognitive sequelae. The Moyamoya disease observed on a follow-up 

   Table 29.1    Clinical outcome of seven patients who lived more than 10 years after BNCT   
 Case 
no. 

 Age at 
BNCT  Histology  Education 

 Years after 
BNCT  Outcome 

 1  1  Astrocytoma (G3)  Student in college  17  Good, ND 
 2  1  Anaplastic ependymoma  Student in primary 

school 
 10  Good, 

epilepsy 
 3  5  Astrocytoma (G3)  Student in junior high 

school 
 14  Handicapped, 

motor 
weakness 

 4  7  Astrocytoma (G3)  Graduated from senior 
high school 

 16  Good 

 5  8  Astrocytoma (G3)  Graduated from college  18  Good 
 6  11  Oligo-astrocytoma  Graduated from college  28  Good 
 7  17  Astrocytoma (G3)  Graduated from senior 

high school 
 15  Good 



51129 Boron Neutron Capture Therapy for Children with Malignant Brain Tumors

MRA in another patient may have been caused by BNCT. The other  fi ve patients 
had little damage caused by BNCT. One is currently in college, and two other 
patients graduated from college. BNCT can be applied to malignant brain tumors 
in children, especially those under 3 or 5 years of age, instead of conventional 
radiation therapy. Although BNCT was shown to achieve local control at the pri-
mary site, it is still dif fi cult to prevent CSF dissemination in patients with glioblas-
toma and PNET.      
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          30.1   Introduction    

 Acute myocardial and cerebral infarction as a result of arteriosclerotic occlusion are 
major causes of human death. In the case of ischemic heart disease, the indication 
for surgical revascularization has substantially decreased due to the successful evo-
lution of percutaneous coronary intervention. And while the widely used methods 
of percutaneous transluminal angioplasty (PTA) and stenting are much less invasive 
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than surgery for the treatment of coronary artery stenosis, restenosis occurs in 
30–60 % of cases  [  5  ] . As for treatment of carotid artery stenosis, carotid endarterec-
tomy (CEA) has been the gold standard based on randomized control trials  [  13,   22  ] . 
Recently, carotid artery stenting (CAS) has proven bene fi cial in patients who are at 
high risk for CEA  [  28  ]  and is expected to be widely used in the near future. However, 
restenosis still occurs after CAS in no less than 5 % of cases  [  11,   12,   17  ]  and in 
10–40 % of intracranial artery stenosis cases  [  1,   8,   19  ] . The mechanism of resteno-
sis seems to involve intimal hyperplasia  [  6,   7  ] , which in turn results from the migra-
tion and proliferation of vascular smooth muscle cells (VSMCs) and from the 
migration and myo fi broblastic transformation of adventitia cells. Inhibition of inti-
mal hyperplasia is thus important for the prevention of restenosis. Though several 
modalities, such as drug-eluting stents or brachytherapy, have been introduced and 
proven to have ef fi cacy for the inhibition of intimal hyperplasia, restenosis contin-
ues to represent a major clinical problem of vascular angioplasty.  

    30.2   Modalities for the Prevention of Restenosis 

 Radiation therapy is one method for the prevention of restenosis after coronary 
PTA/stenting, and brachytherapy with beta or gamma beams has been approved for 
this purpose by the US Food and Drug Administration  [  15,   21,   26,   27  ] . Though 
dif fi culties regarding irradiation of normal structures and unstable doses due to lim-
ited path length have been improved by the development of various devices and 
techniques, there is a possibility of late total coronary occlusion without the pro-
longed use of antiplatelet therapy  [  9  ] . In addition, catheterization laboratories that 
utilize gamma sources of radiation must be recon fi gured. Recently, drug-eluting 
stents have shown a great deal of promise for the prevention of restenosis after coro-
nary PTA/stenting, with reported restenosis rates of less than 10 %. The drug-eluting 
stents are coated with antiproliferative agents that are released gradually into the 
vascular tissue for several months. Although favorable outcomes have been reported 
in some clinical trials  [  3,   4  ] , there are still long-term safety issues when using drug-
eluting stents. There have been reports warning of late thrombosis,chronic throm-
bosed occlusion due to a lack of in-stent neointimal formation  [  23  ] . Since intimal 
formation inside the stent is disturbed by coated agents and exposed stent is a source 
of thrombosis, long-term use of antiplatelet drugs is required in patients using these 
devices. Experimentally, it has been reported that photodynamic therapy with light-
sensitive compounds such as porphyrin may prevent restenosis  [  2,   14  ] . Despite 
these modalities for the prevention of restenosis, however, restenosis remains a 
major, unresolved issue of vascular angioplasty. In regard to radiation therapy, 
greater attention should be paid to irradiation of normal structures and unstable 
doses. There is also a potential method for the prevention of restenosis; this method, 
BNCT (boron neutron capture therapy), is the focus of the present study. Given that 
boron compounds are incorporated into arterial tissues and more in the impaired 
intima than the normal one, BNCT might be effective for the prevention of resteno-
sis (Fig.  30.1 ). Because high-LET particles have limited path lengths in tissue 
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(5–9  m m), the destructive effects of boron particles are limited to boron-containing 
cells. BNCT might thus be superior to beta or gamma-beam brachytherapy from the 
standpoint of injury of normal structures.   

    30.3   Application of BNCT for the Prevention of Restenosis 

    30.3.1   Boron Concentration in Vascular Tissue 

 We measured the boron concentration in rat arterial tissue, venous tissue, and other 
normal structures after intravenous administration of boron compounds, i.e., BSH 
100 mg/kg, or BPA-fructose complex 250 mgBPA/kg. The boron concentrations of 
BSH in arterial tissue at 2 (28.6 ppm) and 3 (32.0 ppm) h were higher than in other 
normal tissues except in kidney (Fig.  30.2 ). The BSH artery:blood ratio in arterial 
tissue was higher than the BSH vein:blood ratio. The boron concentrations of BPA 
in venous tissue at 2 (23.7 ppm) and 3 h (12.3 ppm) were much higher than in other 
normal tissues (Fig.  30.3 ). The BPA vein:blood ratio in venous tissue was higher 
than the BPA artery:blood ratio in arterial tissue. These results suggested BSH was 
more suitable for targeting of impaired arterial tissue than BPA. We measured the 
boron concentration in impaired vessels of a rat carotid artery angioplasty model. 
Just after balloon angioplasty of the right carotid artery, intravenous administration 
of BSH 100 mg/kg was performed. The bilateral carotid arteries were collected for 
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  Fig. 30.1    Potential application of BNCT to prevent restenosis. This schema illustrates our 
hypothesis. If we can identify the kind of boron compounds that are incorporated into arterial 
tissue and especially into impaired intima, BNCT might have a preventive effect against intimal 
hyperplasia       

 



516 W. Tsuruta et al.

measuring the boron concentration with the ICP method at either 1, 2, or 3 h. The 
boron concentration after BSH administration was higher in impaired arterial tissue 
than in normal arterial tissue at 1 (Fig.  30.4 ).     
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  Fig. 30.2    Boron concentrations of BSH in vascular and normal tissue. At 1, 2, and 3 h after BSH 
administration, the boron concentrations in normal arterial tissue were 86.8, 28.6, and 32.0 ppm, 
respectively. In normal venous tissue, the concentrations were 31.7, 10.6, and 11.2 ppm. The 
artery:blood ratios were 1.63, 1.86, and 2.12. The vein:blood ratios were 0.61, 0.74, and 0.74. The 
boron concentrations of BSH in arterial tissue at 2 and 3 h were higher than in other normal tissues       
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  Fig. 30.3    Boron concentrations of BPA in vascular and normal tissue. At 1, 2, and 3 h after BPA 
administration, the boron concentrations in normal arterial tissue were 3.7, 4.4, and 2.1 ppm, respec-
tively. In normal venous tissue, the concentrations were 4.0, 23.7, and 12.3 ppm. The artery:blood 
ratios were 1.15, 1.36, and 0.92. The vein:blood ratios were 1.24, 7.96, and 5.12. The boron concen-
trations of BPA in venous tissue at 2 and 3 h were much higher than in other normal tissues       
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    30.3.2   Ef fi cacy for Prevention of Restenosis 

 To evaluate whether BNCT with BSH inhibits stenosis in the rat carotid artery post-
angioplasty model  [  24  ] , rats were assigned to two groups ( n  = 2 animals per group): 
one group was administered BSH and the other was administered saline as a control. 
BSH (100 mg/kg) or saline was administered intravenously 1 h before neutron irra-
diation. The boron concentration of BSH in the impaired artery was 34 ppm at 1 h 
in this study. The dosage of BSH used in the present study, 100 mg/kg, was the same 
as the dosage of BNCT used for glioblastoma. Balloon angioplasty was performed 
48 h before neutron irradiation. This is because the transformation of VSMCs into 
the proliferative phenotype  [  10  ] , the main cause of intimal hyperplasia, usually 
occurs 2–3 days after balloon angioplasty, with the accumulation of in fl ammatory 
cells in the rat PTA model  [  24  ] . Further investigations into the planning of this treat-
ment will be needed to improve its ef fi cacy. 

 Thirty minutes of neutron irradiation was performed using thermal neutron 
beam mode I (mixed epithermal-thermal beam) under 2 MW operation at JRR-4 of 
JAEA. High-LET components physical dose (DB + DN) was 9.01 Gy. Gamma-ray 
dose was 1.98 Gy. At 14 days after treatment, intimal hyperplasia was signi fi cantly 
diminished in the BSH group (Figs.  30.5  and  30.6 ). Previous reports have indicated 
that irradiation with gamma rays using single fraction exposures of more than 
5–15 Gy to the rat carotid artery is needed to inhibit intimal hyperplasia  [  16,   18  ] . 
In our investigation with gamma irradiation, more than 5 Gy irradiation was 
needed. As the gamma-ray dose 1.98 Gy in this experiment was less than 2 Gy as 
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  Fig. 30.4    Boron concentration in carotid arteries of the post-angioplasty model. The boron con-
centration of BSH was 34 ppm in impaired arterial tissue at 1 h, which was higher than the value 
of 22 ppm in normal tissue at the same time point. There was no signi fi cant difference between the 
concentrations at 2 and 3 h       
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  Fig. 30.5    Ef fi cacy of BNCT for prevention of intimal hyperplasia. The intimal hyperplasia area 
inside of the internal elastic lamina in the injured artery was measured at three points (3, 4, and 
5 mm from the bifurcation) using the volumetric soft in Keyence Biozero. An average of three data 
points was used for evaluation. At 14 days after treatment, the intimal hyperplasia was signi fi cantly 
diminished in the BSH group       

  Fig. 30.6    Histological specimen of a rat carotid artery in the post-angioplasty model at 14 days after 
neutron irradiation (elastica van Gieson staining).  Left : control group. Intimal hyperplasia was observed 
in the inner lumen ( arrowheads ).  Right : BSH group. Intimal hyperplasia was signi fi cantly diminished       

 

 



51930 Prevention of Vascular Restenosis After Vascular Angioplasty

measured by TLD on the neck skin of irradiated rats in this study, the ef fi cacy of 
the alpha beams could be evaluated. Intimal hyperplasia was diminished, and 
adverse effects were not apparent at 14 days. Further investigations should be 
focused on the minimum dosage for prevention of intimal hyperplasia and toler-
ance dose of surrounding normal structure because adverse effects caused by irra-
diation must be avoided especially in the treatment of “nonmalignant” lesion such 
as restenosis after vascular angioplasty. Moreover, long-term ef fi cacy and safety 
also should be investigated.     

    30.4   Perspectives 

 Turning now to other compounds, the porphyrin used for photodynamic therapy is 
known to be incorporated into smooth muscle cells, generating intimal hyperplasia 
 [  2,   14  ] . In regard to boronated porphyrin (BOPP), there are no previous reports on 
the distribution of BOPP in arterial tissue, although Stephen et al. reported that the 
boron concentration after BOPP administration in venous tissue was around 30 ppm 
 [  20  ] . The BOPP distribution in arterial tissue should also be investigated. Regarding 
incorporation of boron, targeting with a drug delivery system (DDS) has potential. 
We previously reported on the prevention of restenosis with active targeting chemo-
therapy using doxorubicin liposome. This system is controlled via the af fi nity 
between E-selectin proteins expressed in intima and sugar chains on the surface of 
liposomes  [  25  ] . DDS with boronated liposome might make it possible to deliver 
boron preferentially to intima injured by angioplasty.  

     Conclusion 
 Restenosis remains the main limitation of vascular angioplasty, though the intro-
duction of drug-eluting stents and brachytherapy has improved the restenosis 
rate. Late thrombosis of drug-eluting stents and irradiation of normal structures 
and unstable doses of brachytherapy have been unresolved issues. Our prelimi-
nary study with a rat carotid artery model showed the possible application of 
BNCT for preventing restenosis after angioplasty based on selective irradiation 
of injured intima. Further investigation of the boron distribution in vascular and 
normal structures, development of appropriate boron compounds, and evaluation 
of the tolerability of BNCT for prevention of restenosis will be needed before 
BNCT can be applied clinically to prevent restenosis after stenting.      
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    31.1   Introduction 

 Rheumatoid arthritis (RA) is a chronic, autoimmune disease affecting roughly 
1–2 % of the adult population  [  1  ] . Although it is a systemic disease with the poten-
tial to affect many organs, the prevailing feature is a progressive, deforming arthritis 
characterized by an in fl ammatory reaction in the synovium. The synovial mem-
brane is the inner layer of the joint capsule and lines the joint everywhere except 
over the articular cartilages which cover the ends of the bones. In a patient with RA, 
the synovium becomes grossly edematous and in fl amed resulting in considerable 
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pain and reduced range of motion. If left untreated, the in fl ammation usually results 
in progressive joint destruction and deformity leading ultimately to varying degrees 
of incapacitation  [  1  ] . 

 Treatment for RA involves various drugs administered to reduce synovial 
in fl ammation, and, for the majority of patients, this approach is effective in providing 
relief of symptoms. For a signi fi cant number of patients, however, one or more joints 
remain unresponsive, and other means of addressing the in fl amed synovium are sought. 
Surgical removal of the synovium (“synovectomy”) is performed via open surgery or 
arthroscopically via multiple small entries. Both procedures result in removal of up to 
80 % of the synovial membrane and alleviation of symptoms in 70–80 % of cases  [  2–  4  ] . 
While the synovial membrane will regrow within 6 months of surgery, bene fi ts persist 
for approximately 5 years. In fl ammation, however, eventually returns. 

 Alternatively, beta-emitting radionuclides can be injected into the  fl uid space 
adjacent to the synovium (“radiation synovectomy”). Various radionuclides have 
been utilized in the clinic with good to excellent results in 60–70 % of patients with 
duration of palliation similar to that observed following surgical synovectomy 
  [  5–  7  ] . Radionuclide activities found to be clinically effective in alleviating symp-
toms deliver synovial doses of approximately 60–100 Gy  [  6,   8  ]  in a single adminis-
tration. This dose is substantially larger than target doses in single-fraction 
radiotherapy of tumors but is necessary since the goal of radiation synovectomy is 
 functional  cell death in the synovial membrane, rather than reproductive cell death. 
(Reproductive cell death, involving only the loss of clonogenicity, is the goal of 
radiotherapy of tumors and occurs at substantially lower doses  [  9  ] .) 

 A signi fi cant concern associated with radiation synovectomy is the potential for 
irradiation of healthy tissues resulting from leakage of the radioactive material out 
of the joint. Increased levels of chromosomal aberrations in patients undergoing 
radiation synovectomy with  198 Au or  90 Y have been reported by several investigators 
 [  10,   11  ] . While the introduction of new preparations of  90 Y and use of radionuclides 
with shorter half-lives and large particulate carriers have reduced the extent of leak-
age from the joint, concerns persist about the long-term sequela in this patient popu-
lation caused by radiation synovectomy using beta emitters.  

    31.2   Boron Neutron Capture Synovectomy (BNCS) 

 BNCS has been proposed as a means of performing radiation synovectomy without 
injection of a radioactive material  [  12  ] . This is a two-part procedure (Fig.  31.1 ) 
involving the local injection of a boron-labeled substance directly into the joint 
space followed by joint irradiation using a beam of low-energy neutrons.  

 Local delivery of the  10 B compound provides clear advantages over systemic 
administration for BNCS. First, direct intra-articular injection of a boron-loaded 
pharmaceutical leads to high levels of boron in the synovial tissue, orders of mag-
nitude greater than concentrations encountered in BNCT. Large boron levels result 
in high radiation doses upon neutron irradiation of the joint and indicate that the 
target dose of 100 Gy can be readily achieved. Second, since a greater fraction of 
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the neutrons in the incident beam undergo capture reactions in boron, the require-
ments for neutron beam purity can be relaxed since the total healthy tissue dose 
from fast neutrons or photons in the beam will be low. And third, avoiding systemic 
administration of the boron-labeled compound reduces the potential for neutron 
capture dose in the rest of the patient that might result from neutrons streaming 
through patient shielding or from neutrons scattering within the joint tissues 
themselves.  

    31.3   Development of BNCS 

    31.3.1   Preliminary Compound Investigation 

 A small number of boron-labeled compounds have been evaluated as candidates for 
BNCS. Initial studies evaluated uptake of boron in various formulations in  ex vivo  samples 
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  Fig. 31.1    This schematic illustration of boron neutron capture synovectomy shows a coronal view 
of a rheumatoid human knee joint, the largest articulating joint in the body. In a rheumatoid knee, 
the joint space is enlarged resulting from increased synovial  fl uid and thickened in fl amed synovial 
tissue which, in this example, has begun to erode adjoining articular cartilage. For BNCS, a boron-
labeled compound will be injected directly into the joint space using a standard lateral approach. 
The joint will then be irradiated by a low-energy neutron beam       
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of human arthritic synovium  [  13,   14  ] . Compounds were co-incubated with synovium 
obtained at the time of surgery from knee joints of patients with RA undergoing surgical 
synovectomy or joint replacement. After incubation, samples were rinsed, incubated in 
fresh medium for varying periods of time, and then evaluated for bulk boron content using 
prompt gamma neutron activation analysis (PGNAA). The most promising compound 
evaluated with this approach was potassium dodecahydrododecaborate (K 

2
 B 

12
 H 

12
 ), the 

salt form of a polyhedral closo boronate ion. Incubation of human rheumatoid synovium 
in medium containing this compound led to measured synovial boron levels roughly 
40–60 % of the concentration in the medium. Subsequent incubation in boron-free 
medium for varying periods of time demonstrated that signi fi cant washout of the com-
pound (~75 %) occurs within the  fi rst 30 min. Thereafter, further incubation resulted in no 
further loss of compound from the synovial tissue  [  15  ] . 

 The  in vivo  situation, however, offers other routes of compound egress from the 
tissue not available in the  ex vivo  washout study, such as the abundant blood vessels 
in the in fl amed synovium.  In vivo  uptake studies were therefore performed using an 
animal model of arthritis  [  15  ] . The antigen-induced arthritis (AIA) model in New 
Zealand rabbits bears a close resemblance to rheumatoid arthritis in humans and has 
been used extensively in the evaluation of agents for beta-particle radiation synovec-
tomy. Once synovitis had begun in the rabbits, an injection of K 

2
 B 

12
 H 

12
  in saline 

(containing either 5,000 or 150,000 ppm  10 B) was injected into the sti fl e joint. At vari-
ous times following injection the animals were killed, the synovium and other tissues 
were dissected, rinsed in saline, and evaluated for boron uptake via PGNAA  [  15  ] . 

 Results indicated that, for the expected duration of neutron irradiation, synovial 
boron levels are extremely high, with an average concentration of 19,000 ppm 
(based on 150,000-ppm initial local injection) for the time period between 5- and 
25-min postinjection. It was also observed that K 

2
 B 

12
 H 

12
  does not remain in the joint 

as no boron was measurable after 1–4 h  [  15  ] . However, synovial boron levels were 
very high for suf fi ciently long for this compound to be used in an evaluation of the 
ef fi cacy of the BNCS procedure, as described below.  

    31.3.2   Neutron Beam Design 

 Neutron beam design for BNCS differs from that for BNCT as a result of a number of 
features of the disease and of the optimum route of boron administration. First, the 
synovial membrane of articular joints lies very close to the skin surface, typically within 
a few mm to 1.5 cm, but extends around the entire joint. Second, most joints considered 
for treatment lie at some distance from radiosensitive organs in the body. Dose-limiting 
tissues are therefore likely to be those associated with the irradiated joint, in particular 
the local skin and the bone surface (since compound leakage is not a signi fi cant con-
cern). Third, as discussed above, the ability to inject the boronated compound directly 
into the joint space leads to high boron levels in the target tissue at the time of irradia-
tion. This means that a greater fraction of the incident neutron  fl uence results in boron 
neutron capture events. A more effective use of the neutron  fl ux means that a therapeu-
tic dose can be delivered very quickly. Consequently, the requirements for neutron 
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beam purity can be relaxed since the total healthy tissue dose from fast neutrons and 
photons in the beam (which simply scales with irradiation time) will be low. 

 Extensive beam design, construction, and testing have been performed in conjunc-
tion with various neutron sources around the world  [  12,   16–  22  ] . Design is based on 
models of human joints, typically the  fi nger or knee, and radiation transport calcula-
tions are performed to evaluate the dosimetric effect of different neutron spectra on the 
joint assuming varying synovial boron concentrations. Beams based on accelerator-
generated neutron reactions  [  12,   16–  18  ] , nuclear reactors  [  19,   20  ] , and isotope sources 
(both  252 Cf  [  21  ]  and PuBe  [  22  ] ) have been designed and, in some cases, experimentally 
validated in phantom or animal studies. Moderator and re fl ector materials employed in 
beam design for BNCS do not differ from those proposed for BNCT beam shaping 
although con fi gurations and dimensions are somewhat different. Combinations of 
graphite or lead with light water, heavy water, polyethylene, aluminum, and  fl uental 
have been shown to produce neutron beams with advantageous treatment parameters. 

 There is one signi fi cant aspect of beam design for BNCS that differs considerably 
from that for BNCT and this stems from the location of the target tissue. In BNCS, 
the in fl amed synovial membrane is not found in only one location of the joint but is 
instead located at roughly similar depth, circling the ends of the bony surfaces around 
the entire joint. Therefore, neutron beams must be designed such that a therapeutic 
dose is delivered to a shallow depth but around the entire joint. This can be accom-
plished by placing scattering material behind and to the sides of the joint  [  17,   18,   20  ] . 
Neutrons leaving the joint have the opportunity to scatter back into the tissue, provid-
ing an additional opportunity for capture in the boron in the synovium circling the 
joint. Neutron scattering in low-Z materials is more isotropic, and this will enhance 
the probability of scattering back into the joint. Graphite, beryllium, D 

2
 O, and poly-

ethylene have been evaluated and give roughly similar improvements in therapeutic 
parameters over the case of no side or back re fl ector: a factor of 2–3 reduction in 
treatment time and factors of roughly two reduction in dose to overlying skin and the 
bone surfaces  [  17,   18,   20  ] . Higher-Z materials, such as lead, give inferior results.  

    31.3.3   Whole Body Patient Dose in BNCS 

 Even though no radioactive materials are used in BNCS, patients will experience 
whole body radiation dose as a result of neutron irradiation of the affected joints. A 
number of shielding con fi gurations for BNCS of the knee have been evaluated in 
anthropomorphic phantoms both experimentally and by Monte Carlo simulation 
 [  17  ] . The most effective con fi guration involves embedding the moderator/re fl ector 
assembly in a shielding wall made of boronated polyethylene and adding shielding 
material around the patient’s legs. For synovial boron levels of 19,000 ppm, the 
effective dose for a shielded patient receiving 100 Gy to the synovium (assuming 
radiation weighting factors of 4.0, 3.8, and 1.0 for  10 B reaction products, neutrons, 
and photons, respectively) ranged from 1.3 mSv (for a “soft” beam based on the 
4-MeV  9 Be(p,n) reaction) to 7.2 mSv (for a “hard” beam based on the 2.6-MeV 
 9 Be(d,n) reaction). Simulations indicated that most of the whole body dose resulted 
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from neutrons entering the joint and then scattering through the rest of the body  [  17  ] ; 
it is dif fi cult to reduce this dose component without degrading neutron delivery to the 
targeted area. [For comparison, the average worldwide dose from 1 year of natural 
background radiation is roughly 2.4 mSv.] Experimental con fi rmation for the whole 
body estimates was performed with a combination of thermoluminescent dosimetry 
and bubble detectors and using two water- fi lled tanks representing the torso and one 
leg. In general, the measured effective dose equivalent doses for both shielded and 
unshielded con fi gurations agreed with predictions within a factor of 2  [  17,   23  ] .  

    31.3.4   Potential of Gadolinium Neutron Capture Synovectomy 

 The feasibility of  157 Gd as an alternative to boron as a neutron capture agent for syn-
ovectomy has been examined by Monte Carlo simulation studies  [  24  ] .  157 Gd initially 
appears to be an attractive alternative to boron given its large capture cross section, its 
large  Q  value relative to  10 B (7.9 MeV compared with 2.8 MeV), and the ready avail-
ability of  157 Gd-enriched compounds. Thermal neutron capture reactions in  157 Gd lead 
to  158 Gd* which deexcites by internal transition and internal conversion leading to emis-
sion of gamma rays and conversion electrons with energies as high as several MeV. 

 Using a moderated neutron beam based on the  9 Be(p,n) reaction, Gierga et al. 
compared Gd-NCS and B-NCS in terms of therapy time, therapeutic ratios, and 
shielded whole body dose  [  24  ] . Results of the investigation demonstrated that use of 
 10 B as a neutron capture agent for synovectomy is markedly superior to use of  157 Gd. 
Therapy times are roughly 27 times longer when using  157 Gd with the moderated 
 9 Be(p,n) beam. This is a result of two features of the neutron capture reaction in gado-
linium compared with that in boron. First, while the  157 Gd capture cross section at 
thermal energies is 60 times higher than that of  10 B, this ratio diminishes quickly with 
energy and is, for example, only a factor of 2 at 10 keV. Second, although the  Q  value 
for the  157 Gd capture reaction is more than three times greater than that in  10 B, the 
reaction products, their range in tissue, and their LET substantially differ. Most of the 
photons generated in the  157 Gd reaction leave the target tissue without generating local 
dose but generating signi fi cant healthy tissue dose to the patient. It was found that the 
total increase in capture cross section over the energy range of the incident beam is 
not suf fi cient to overcome the loss of reaction energy from the local area that results 
from the long mean free path of the photons. Thus, therapy time for Gd-NCS is sub-
stantially longer than that required for BNCS using the moderated  9 Be(p,n) beam. 
Longer therapy times lead to substantially higher doses to the rest of the patient, 
a  result primarily of  1 H(n, g ) 2 H reactions from neutrons interacting in the body  [  24  ] .  

    31.3.5   Ef fi cacy of BNCS in an Animal Model 

 The ef fi cacy of the boron neutron capture reaction in ablating the in fl amed syn-
ovium has been examined in an animal model of arthritis  [  25  ] . A 0.25-ml solu-
tion of  10 B-enriched (100 %) potassium dodecahydrododecaborate (K 

2
 B 

12
 H 

12
 ) in 
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saline containing 150,000 ppm  10 B was injected into the sti fl e joint of New 
Zealand white rabbits exhibiting synovitis resulting from the AIA procedure. 
Neutron irradiation was performed with the tandem electrostatic accelerator at 
the MIT Laboratory for Accelerator Beam Applications using the 1.5 MeV 
 9 Be(d,n) neutron-producing reaction  [  25  ] . The accelerator target was located 
within a heavy water moderator which was surrounded by graphite for both neu-
tron re fl ection and further moderation. The sti fl e joint was positioned between 
two graphite side re fl ectors. 

 The investigation was performed as a dose escalation study with target doses 
between 8.0 and 810 Gy. [Radiation weighting factors were applied as described 
above. Note that no radiobiological data relevant to synovial ablation or other end-
points associated with BNCS are available to estimate radiation weighting factors 
values for the different radiation types encountered in BNCS. Therefore, weighting 
factors values used in BNCT were used in the calculations of target dose for the 
dose escalation study. Clearly, use of BNCT weighting factors for BNCS represents 
only a crude approximation.] Given the rapid egress of K 

2
 B 

12
 H 

12
  from the joint (as 

described in Sect.  31.3.1 ), irradiation time for each dose cohort was kept constant 
(25 min) and the accelerator current was varied to achieve the targeted doses. The 
effects of BNCS were evaluated at 72 h or at 14 days. Whole knees were dissected, 
 fi xed, sectioned, and stained with hematoxylin and eosin for histological analysis. 
In a blinded fashion, slides were examined and scored for evidence of synovial tis-
sue in fl ammation and necrosis and for effects on the cartilage and other structures 
in the joint. 

 Evaluation of the histological results in the synovium showed a clear and 
signi fi cant correlation ( p  < 0.001) of synovial tissue necrosis (Fig.  31.2 ) with 
increasing dose delivered  [  25  ] .  Thus, it can be concluded that BNCS is, in fact, an 
effective means of ablating the in fl amed synovium.  No adverse effects in overly-
ing skin or in extracapsular tissues were observed. There was, however, indica-
tion of cartilage damage (acellularity) in animals receiving the highest dose. 
Since the AIA model itself will result in eventual cartilage destruction, a subse-
quent study was performed to speci fi cally evaluate the effects of BNCS on the 
articular cartilage in the sti fl e joints of normal rabbits  [  25  ] . Nonarthritic animals 
were irradiated for 25 min to either 40 or 80 Gy. Histological evaluation at the 72 
h timepoint showed chondrocyte necrosis in all samples suggesting that the boron 
compound diffused through the cartilage matrix. The compound used in these 
proof-of-principle studies is a low molecular weight solute and can diffuse 
through the joint tissues quite rapidly. It therefore quickly enters the synovium 
and leaves the joint after a short residence time, as was observed in both the  ex 
vivo  washout and the  in vivo  uptake studies described above (Sect.  31.3.1 ). This 
attribute has clear advantages; however, it also results in the passage of the mol-
ecule into the cartilage matrix. At 72 h following neutron irradiation, the death of 
the chondroctyes was observed throughout the cartilage  [  25  ] . Thus, while use of 
K 

2
 B 

12
 H 

12
  for BNCS is clearly effective in synovial ablation and was of signi fi cant 

value in the performance of the proof-of-principle studies, this compound is 
unlikely to be a candidate for clinical use.    
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    31.4   Further Development of BNCS 

 BNCS has been shown to be an effective means of addressing the synovitis associ-
ated with the pain and disability of rheumatoid arthritis. A variety of neutron beams 
with characteristics suitable for clinical treatments of human joints have been devel-
oped at various centers around the world. Like BNCT, however, useful deployment 
of this experimental approach to the clinic requires further development and testing 
of suitable boron compounds. Boron-containing liposomes  [  26  ]  and carborane 
derivatives  [  27,   28  ]  are under development as possible candidates. For BNCS, it is 
possible that useful compounds will be those that are excluded from the cartilage 
matrix based on size. Since the effective pore size of the cartilage is 1.5–3 nm, a 
high molecular weight compound or small particles with diameters somewhat larger 
than this size may be a successful strategy.      
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  Fig. 31.2    Synovial necrosis scores from synovium samples dissected from AIA sti fl e joints in 
New Zealand rabbits treated via BNCS to varying total radiation doses. Necrosis was assessed on 
a scale of 0–4: 0 (no necrosis), 1 (up to 25 % of tissue is acellular or contains pyknotic cells and 
debris), 2 (50 % of tissue is necrotic), 3 (75 % of tissue is necrotic), and 4 (complete necrosis of 
sample). The correlation between dose and necrosis of the BNCS-irradiated tissue as shown above 
is statistically signi fi cant ( p  < 0.001) (Figure from reference  [  25  ] )       
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    32.1   Introduction 

 Currently    worldwide, BNCT when applied to patients still has to be seen as clinical 
research and hence has to ful fi l and follow all legal and institutional requirements 
for this purpose, which may be different from one country to another. The princi-
ples, however, are internationally agreed, and when selecting partners for BNCT, 
it  must be assured that everybody complies with the regulatory requirements. 
Furthermore, it has to be underlined that in BNCT the use of a non-conventional 
radiation beam will add a supplementary challenge for the regulatory authorities. 
The time needed to have a trial protocol accepted cannot be underestimated. It is 
strongly recommended to start these procedures already during the early discus-
sions when a BNCT facility might be built. A close collaboration with the regula-
tory authorities is mandatory from the beginning. 

 This chapter describes aspects of the organisational structure, tasks involved to 
perform treatment, licensing procedures and quality management, all of which must 
be considered by groups who are developing a BNCT programme.  

    32.2   Interdisciplinary    Collaboration at a BNCT Facility 

 From a principle point of view and no matter worldwide, the application of BNCT 
in human patients needs a multi-institutional and multidisciplinary collaboration, 
which should be initiated as soon as a group of researchers, which is often associ-
ated directly with a research reactor, decides to investigate the possibility to per-
form patient treatment. By treating patients, a high responsibility and a risk 
associated with the resulting liability will be on each individual participant and 
institution. Such a situation can only be handled through contractual agreements, 
which must de fi ne unambiguously the responsibilities and tasks of all the partners.  

    32.3   The Nuclear Part 

 The owner of the reactor has in addition to his “normal” tasks and duties, speci fi c 
responsibilities and liabilities towards the patient. The owner has to realise that 
when a patient is treated at the reactor, the reactor becomes a medical instrument, 
which adds a different dimension to the owner’s normal nuclear activities. The 
owner of the reactor provides the infrastructure for all coworkers to allow them to 
perform their tasks. It will be mandatory to install communication structures that 
guarantee regular exchange of information on all aspects of the cooperation but 
especially about all changes that may in fl uence the treatment. 

 The reactor owner is responsible for the reactor, the delivery of neutrons, the 
BNCT facility and the working environment around the facility, that is, security, 
radioprotection and safety. The reactor owner ensures that these facilities function 
correctly and that the associated working conditions conform to recognised stan-
dards and ensure that the quality assurance of the facility, measurements and pre-
sentation of data, for example, checkouts, prompt gamma- ray analysis, dosimetry, 
etc., conforms to acceptable standards. 
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 Furthermore, the owner of the reactor is responsible for the maintenance and 
upkeep of the facility and de fi nes the schedule of the reactor and informs all BNCT 
staff on interruptions in reactor operation. With respect to the radiation beam itself, 
the owner of the reactor is responsible for the condition and operation of the  fi ltered 
neutron beam facility, including the safety instrumentation, the interlocking sys-
tems, the  fi lter system and the different shutters (if applicable). 

 If equipment is available to measure the boron concentration in blood during the 
treatment, for example, a prompt gamma-ray facility or ICP-OES, then the mainte-
nance of this facility must be organised and its correct functioning needs to be con-
trolled and documented.  

    32.4   The Medical Part 

 Patient treatment may only be performed together with a hospital and competent 
medical staff. It is recommended that the hospital must have an academic back-
ground with experience and a well-established reputation in oncology. 

    32.4.1   Radiotherapy 

 BNCT is one of the most complex forms of radiotherapy. Therefore, when starting 
a BNCT project, the participation of a radiation-oncology department is mandatory. 
It is a great advantage, if the radiotherapist involved already has some experience in 
treating patients with (fast) neutrons, although not mandatory. It must also be taken 
into consideration that BNCT is not in the mainstream of current research in radio-
therapy. In fact, the high complexity of BNCT requires tremendous effort and lon-
ger lead times regarding preparation and gaining suf fi cient knowledge prior to a 
clinician being able to safely apply BNCT to a patient. The situation is more dif fi cult 
because no real clinical training on BNCT can be offered easily to a radiation oncol-
ogist willing to start in BNCT. 

 The main tasks of the radiation oncologist, who is in charge of BNCT, are to organ-
ise a medical (management) structure, which will allow patient irradiation in a non-
medical environment, probably distant from a hospital, and will include training of 
staff members. It will be necessary for the medical responsible to obtain the legal and 
ethical permits and licences to implement BNCT at a research reactor. Other tasks 
will include de fi ning the structure and organisation of the clinical study and patient 
treatment, specifying and providing the medical equipment, organising the supply of 
the necessary medical consumables and drugs, coordinating the treatment performed 
according to the approved protocol, providing the proper and appropriate information 
about the treatment to the patients and obtaining the signed informed consent form. 

 For patient treatment, the medical responsible will prepare all relevant clinical 
data for treatment planning, as well as approving the  fi nal treatment plan; decide on 
the timing and the amount of boron compound to be administered to the patient; 
take the blood samples from the patients, for example, for boron concentration mea-
surements using prompt gamma analysis or ICP-OES; be responsible for the posi-
tioning of the patient for the irradiation; accept responsibility for the starting time 
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and duration period of the irradiation of the patient; start the irradiation and take the 
overall responsibility for the welfare of the patient whilst at the reactor site (includ-
ing concomitant disease and arising acute symptoms).  

    32.4.2   Medical Physics 

 The role of the medical physicist is to assure quality and safety of the medical use 
of ionizing radiation. The medical physicist supports the physician in his/her task to 
treat patients by providing all necessary physical and technical data to perform a 
safe and precise treatment and to control all technical equipment involved in the 
patient treatment. Some aspects of the work are described in the EU Directive 97/43/
EURATOM (30 June 1997). Collaboration between the medical physicist and reac-
tor physicists is a precondition to treat a patient with BNCT. The reactor physicists 
will normally not ful fi l the legal requirements to take over the responsibility for 
patient treatment. 

 The major tasks of the medical physicist are to de fi ne and describe step by step the 
dosimetry needed to ful fi l the requirements of the treatment protocol; to de fi ne and 
describe the quality assurance for all medical physics aspects of the treatment; to be pres-
ent at all treatments of patients; to be responsible for treatment planning calculations; to 
perform the quality control calculations with the treatment planning system; to calculate 
the actual dose given to the patient on the basis of the boron concentration in blood taken 
before and after the irradiation and to document all actions and data obtained from the 
measurements and calculations, which have to be archived by the participating hospital.  

    32.4.3   Pharmacy 

 The available boronated compounds for BNCT are experimental drugs and cannot be 
used without special permission of the national agency responsible for new drugs in 
medicine. To handle such issues, the participation of an experienced pharmacist and of 
a well-equipped pharmacy at the participating hospital is mandatory. The pharmacy 
organises the drug supply. Supplying companies must produce the compound accord-
ing to good manufacturing practice (GMP), which will include a drug master  fi le and 
written procedures for preparation and quality control of the  fi nal product and its inter-
mediates. All actions have to be documented following the legal requirements.  

    32.4.4   Other Medical Disciplines 

 The performance of BNCT requires not only the above-mentioned specialists but 
also surgeons, who select, operate, prepare and provide the follow-up of the patients; 
anaesthetists, pathologists and diagnostic radiologists familiar with the procedure; 
nurses to take care of the patient and ambulance drivers to take the patient to and 
from the reactor.   
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    32.5   Radiation Protection 

 The treatment of a patient and the potential exposure of personnel to ionising radia-
tion require by the national Nuclear Energy Law that the licence holder (of the reac-
tor) must ensure that radiation protection and monitoring of all personnel, including 
external staff, is provided and that the correct radiation protection measures are 
taken and followed. 

 During BNCT, both the patient and the supporting treatment tools, such as mask 
and therapy table, become radioactive. As such, measurements of the patient and 
surrounds should be taken at regular intervals after treatment, checked and written 
down on an appropriate form. To improve radiological protection of the patient and 
staff, the radiation beam should be regularly and fully characterised (using activa-
tion foils, ionisation chambers, TLDs). 

 Radiation protection includes the issuing of personal dosimeters (type: uni-
versal dosimeter) to all staff,  fi nger or ring dosimeters to the radiotherapists and 
pen dosimeters to participants classi fi ed as visitors, for example, nurse(s) and 
relatives of the patient. Furthermore, it is necessary to measure and record all 
material in and out of the reactor and perform activation measurements on all 
material used in patient treatment. The patient is an exceptional case and, it is 
not required that a personal dosimeter is issued to the patient. However, follow-
ing treatment, the patient should be monitored for radioactivity. It is advisable to 
form a local radiation protection committee for BNCT. The committee has the 
prime task to review and advise regularly on the radiation protection methods 
used for BNCT.  

    32.6   Regulatory Affairs and Licensing for a BNCT Facility 

 To perform BNCT at a nuclear research reactor, approval must be obtained from the 
national Ministry of Health or equivalent. As there are usually no regulations or 
guidelines to perform BNCT, it is necessary to obtain a complete, multifunctional 
portfolio of approvals, documentation and infrastructural needs in order to have a 
sound case to be permitted to have a special licence to perform BNCT. The issues 
which usually have to be resolved are listed brie fl y below:

   Reactor related: licensing of the reactor as a facility for patient treatment; licens-• 
ing of the facility, which is not part of a hospital to irradiate patients and gaining 
local approval on safety aspects, both nuclear and conventional, at the reactor 
site.  
  Protocol related: reconciling the different points of view of different ethics com-• 
mittees in different countries (if applicable); gaining approval of the study proto-
col by different review boards and handling a non-registered drug to be used in 
the study protocol following the relevant ICH guidelines  [  1  ] , as published by the 
European Medicines Agency (EMEA)  [  2  ] .  
  Patient related: obtaining insurance for patients and building up the local infrastruc-• 
ture for patient care, travel and nursing, including all anticipated emergencies.  
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  Personnel and institutional related: licensing of (foreign) physicians to treat • 
patients; describing the tasks of all participants and creating the appropriate 
agreements and contracts to de fi ne such structures and applying the appropriate 
rules for radiation protection of the patients and the staff and concluding con-
tracts (if applicable) with all involved parties.     

    32.7   Insurances 

 Special care has to be paid to establish insurance cover for, at least, the following 
aspects: nuclear incidents; insurance for patients in clinical trials; liability for reac-
tor staff interacting with patients/being involved in patient treatment; liability for 
staff members from the hospital working at the reactor; liability for further special-
ists needed, who are not staff from the hospital or the reactor; accident cover for 
hospital staff during travel to the reactor and work at the reactor and accident cover 
for patients between hospital and reactor.  

    32.8   Quality Assurance for BNCT 

 All BNCT facilities worldwide, performing clinical trials, are presently located 
at a nuclear research reactor. They are nevertheless, to all intents and purposes, 
radiotherapy units. In Europe, they must conform to the EU Council Directive on 
Health Protection 97/43/EURATOM which stipulates that radiotherapy quality 
assurance programmes are required for performance and safety of radiation units, 
including testing of performance characteristics on a regular basis (quality con-
trol). Consequently, as part of the licensing procedure, QA procedures, or at least 
well-documented procedures, are needed wherein the testing of certain performance 
characteristics, including all dosimetric aspects, as well as treatment planning, is 
written down as standard operating procedures or similarly accepted procedures. 
In addition, BNCT needs boronated drugs, which up to now are not commercially 
available as medicine. This introduces additional regulatory and quality require-
ments related to drugs. Furthermore, BNCT is, to all intent and purposes, still an 
experimental treatment, a fact that requires dedicated quality management proce-
dures to be followed in clinical trials. This aspect needs to be stressed.  

    32.9   International Standards for Quality Assurance 
in Radiotherapy 

 The performance of BNCT requires the application of national and international 
rules of safety and quality assurance for nuclear research reactors, for radiation 
protection and for radiotherapy. The nuclear reactor part is well de fi ned and 
understood as well as aspects of radiation protection, although speci fi c require-
ments of reactor safety impose design and safety considerations beyond the con-
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ditions of, for example, accelerator-based facilities. The application of established 
standards and rules for radiotherapy to BNCT, however, is challenging, and few 
publications have been dedicated to this subject  [  3–  5  ] . There are no international 
standards dedicated to BNCT; it is therefore a highly important task to transfer – 
as far as possible – analogous rules from conventional radiotherapy to BNCT. 
This work should be carried out in very close collaboration with the national 
regulatory authorities and supervising bodies  [  6  ] . 

 It is recommended to establish quality assurance of safety provisions and func-
tional performance characteristics that conform to the most recent concepts and 
regulations of the International Electrochemical Commission (IEC) publications or 
applicable national standards  [  7–10  ] . The following IEC standards and technical 
reports will help for guidance:

    For      Safety 
IEC 60601-2-1 Ed.2:1998 Medical electrical equipment – Part 2–1: Particular 
requirements for the safety of electron accelerators in the range 1 MeV to 50 MeV  
 [  11  ] . This international standard establishes requirements to be complied with by 
manufacturers in the design and construction of electron accelerators for use in 
radiotherapy and de fi nes type tests and site tests. 

  For Performance 
    Acceptance tests:  IEC 60976: 2007  Medical electrical equipment – Medical elec-
tron accelerators – Functional performance characteristics . IEC 60976  [  12  ]  applies 
to medical electron accelerators when used, for therapy purposes, in human medical 
practice. It describes measurements and test procedures to be performed by the 
manufacturer at the design and construction stage of a medical electron accelerator 
but does not specify acceptance tests to be performed after installation at the pur-
chaser’s site. An important aspect has been introduced by IEC 60976, which recog-
nised that inaccuracies in the test methods must be allowed for when assessing 
performance. It is assumed in this standard that the irradiation facility has an isoce-
ntric gantry, which is not the case in BNCT. It is, however, explicitly mentioned that 
where the equipment is non-isocentric, the description of performance and test 
methods may need to be suitably adapted.  
   Consistency tests: IEC/TR 60977 Ed. 2.0:2008. Medical electrical equipment – 
Medical electron accelerators – Guidelines for functional performance character-
istics   [  13  ] . IEC/TR 60977 applies to medical electron accelerators when used, for 
therapy purposes, in human medical practice. It includes the addition of perfor-
mance guidelines relating to several relatively new technologies introduced within 
the last few years, including dynamic beam delivery techniques, such as moving 
beam radiotherapy, intensity-modulated radiation therapy, image-guided radiother-
apy and programmable wedge  fi elds, as well as stereotactic radiotherapy/stereotac-
tic radiosurgery and the use of certain electronic imaging devices but of course does 
not mention BNCT.    
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  Data Transfer and Data Handling, Coordinates and Scales 
 IEC 61217 Consol. Ed. 1.2:2008 Radiotherapy equipment – Coordinates, move-
ments and scales . IEC 61217  [  14  ]  applies to equipment and data related to the pro-
cess of tele-radiotherapy, including patient image data used in relation with 
radiotherapy treatment planning systems, radiotherapy simulators, isocentric gamma 
beam therapy equipment, isocentric medical electron accelerators and non-isocentric 
equipment when relevant. The problems raised by this international standard are of 
high importance for BNCT, especially when hospital-based systems (CT, MRI, treat-
ment simulators) are used to prepare a patient for BNCT at the reactor. 

  Radiotherapy Treatment Planning Systems  (RTPS)
( RTPS ):  IEC 62083 Ed. 1.0: 2000. Medical electrical equipment – Requirements 
for the safety of radiotherapy treatment planning systems   [  15  ] . An RTPS is princi-
pally a software application, and the object of this standard is to establish the 
requirements for features, associated documentation and testing of the software. 
This standard applies to the design, manufacture and some installation aspects of an 
RTPS. 

  Treatment Room  
 IEC/TR 61859 Ed. 1.0:1997. Guidelines for radiotherapy treatment rooms design  
 [  16  ] . This technical report applies only to those aspects of the installation ensur-
ing the safety of the patient, the operator and other persons during the radiother-
apy equipment use. The installations considered are those in which are located 
radiotherapy equipment delivering ionizing radiation used for therapeutic pur-
pose; it should be considered when designing the radiation room for BNCT.    

 Quality control programs, especially for medical electron accelerators, are 
adopted internationally, such as the IEC publications quoted above. BNCT must 
follow the same or similar procedures. Furthermore, in following such procedures, 
this will increase the con fi dence and reassurance of radiation measurements at the 
BNCT facility and hence the accuracy of the dose given to the patient. 

 With respect to quality control procedures related to the beam calibration and 
patient dosimetry (functional performance characteristics), it can be stated that 
despite the relatively more complex dosimetry of BNCT, many performance and 
safety characteristics associated with medical electron accelerators show dependen-
cies on irradiation and operational parameters that are not relevant for BNCT facili-
ties. In fact, quality control for BNCT facilities covers less parameters than that for 
accelerators  [  3  ] . It is therefore or should be somewhat more trivial to set up a BNCT 
quality control procedure than for a medical electron accelerator. Rassow  [  3  ]  showed 
in detail the comparison between the performance and safety characteristics of 
medical electron accelerators and a BNCT facility and in particular for dose deliv-
ery, as well as against stray radiation. For a nuclear research reactor, there should 
not be, as in the case of a medical electron accelerator, initial measurements that are 
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performed once and only once during the acceptance test. Due to the beam charac-
teristics being in fl uenced by changes in the con fi guration of the reactor core, for 
example, fuel loading and experimental set-up, a more pragmatic approach is 
needed, that is, regular measurements prior to and after each patient treatment must 
be performed. 

    32.9.1   Standard Operating Procedures 

 It is highly recommended if not mandatory that standard operation procedures 
(SOP), that describe step by step all relevant procedures concerning the perfor-
mance of BNCT and the execution of the clinical trial, must be written. They 
will follow the guidelines of good clinical practice  [  2,   17  ] . All SOPs should be 
collected in one dossier that has to be available at any time for each staff 
member.   

   Conclusion 
 BNCT is thwart with danger and has the potential, if incorrectly applied, to be 
damaging to the patient. BNCT trials take place at a nuclear research reactor, 
which apart from being conducted in a non-hospital environment, is known to 
convey fear to some people. Both aspects cause possible additional safety-
related issues. It is therefore of the utmost importance that, as well as designing 
an optimal physical facility, special attention must be given to a managerial 
structure that provides safety, beyond normal rules. This involves strict quality 
management (QM) procedures that offer guaranteed reliable and safe function-
ing of the treatment  [  7–  10 ,  18  ] . QM is therefore a mandatory task. In order to 
obtain comparable procedures, it is recommended to follow an international 
standard when designing the QM structure for a BNCT facility. The most con-
venient way to reach an international standard and to have the possibility to 
become a licensed quality management system is offered by EN ISO 9001 
(2008). This latter aspect will become an important issue when multicenter 
clinical trials are performed.      
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