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Abstract 

 

Boron neutron capture therapy (BNCT) is based on the capture of thermal neutrons by boron 10 

(10B) nuclei that have been selectively delivered to tumor cells. The amount of 10-30 µg of boron 

for g of tumor mass is needed to attain an acceptable therapeutic advantage. Despite the 

potentialities of BNCT have been demonstrated in several preclinical studies, this technique has 

not yet been fully accepted in the armoury of tools for tumor treatment. This is partly due to the 

differences in the uptake and distribution of 10B among patients and also to the uncertainty found 

in the determination of tumor-to-blood 10B concentration ratio. Attention is now being payed to use 

the main imaging techniques to determine the in vivo biodistribution of BNCT agents. Most of the 

work has been devoted to the most promising BNCT agents, namely BPA, BSH and carborane 

derivatives. This review surveys studies carried out over the last decade, and outlines the role that 

NMR, PET and SPECT imaging may have to improve the efficacy of BNCT. 

Keywords: biodistribution, BNCT, 10B NMR, imaging, 11B NMR, BPA, BSH, carboranes, 19F NMR, 
1H-MRI, 1H-MRS, PET, SPECT, therapy, tumors. 
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Introduction 

Boron neutron capture therapy (BNCT) is a type of binary radiation therapy currently under 

intense scrutiny for the treatment of cancer, especially of malignant brain tumors. It is based 

on the capture of thermal neutrons by boron 10 (10B) nuclei that have been selectively 

delivered to tumor cells. The neutron capture event results in the formation of excited 11B 

nuclei that undergo fission to yield highly energetic 4He2+ and 7Li3+ ions. Cell death is triggered 
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by the release of these charged particles which create ionisation tracks along their trajectories, 

resulting in cellular damage. Both the alpha particle and the lithium ion produce closely spaced 

ionizations in the immediate vicinity of the reaction, with a range of approximately 5-9 

micrometres, or roughly the thickness of one cell diameter. It has been estimated that 

approximately 10-30 µg of 10B for g of tumor mass is needed to attain an acceptable 

therapeutic advantage.1, 2  

Many preclinical studies have shown the potential of BNCT in the treatment of many tumors 

such as malignant glioma,3, 4 melanoma,5, 6 metastatic disease in the liver,7, 8 head and neck 

tumors,9, 10 and thyroid carcinoma,11, 12 which are tumors characterized by high mortality and 

very poor life expectancy.  

Currently, two BNCT drugs are available for clinical investigation (Figure 1): 

L-para-Boronophenylalanine (BPA, C9H12
10BNO4) which is structurally correlated to the neutral 

amino acid phenylalanine and has been used in clinical trials to treat glioblastoma and 

melanoma.13  

Sodium mercaptoundecahydro-closo-dodecaborate (BSH, Na2
10B12H11SH) which is a derivative 

designed for brain tumor treatment. It has been investigated in the treatment of malignant 

glioma and in a phase-I trails for glioblastoma multiforme (EORTC) 119610.14  

 

 

Figure 1 BPA and BSH structures 

The first clinical use of BSH was reported by H. Hatanaka in the 1960s for the BNCT of patients 

with high grade gliomas,15 and BPA was first used clinically by Mishima in 1988-9 to treat 

patients with cutaneous malignant melanomas.16  

Currently, the BPA-fructose complex, which displays an improved water solubility in 

comparison to BPA, is the most frequently used clinical boron agent for both intra- and extra-

cranial tumors.17 Recently, BSH has been administrated intravenously either alone, or in 

combination with BPA.18, 19 

Despite their clinical use, both BPA and BSH show low selectivity and great efforts have been 

made by several research groups to develop new and more selective boron delivery agents. 

Polynuclear boron derivatives have been considered potential candidates for BNCT applications 

and several readily functionalized carboranes have been used to design boron delivery vehicles 

for BNCT because of their high boron content and their in vivo stability.20-22 

The use of NCT to destroy diseased cells was proposed a long time ago.23 In spite of huge 

potential, it has not attained an established position in the armory of anti tumor therapies. 

However, the methodology has never been discarded and it remains in a sort of “limbo” with some 

enthusiastic supporters and many critical spectators (usually partisans of other therapeutic 
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modalities). In fact, one of the most attractive characteristics of this technique is that if the 10B can 

be selectively delivered to tumor cells, the short range of the high LET charged particles offers the 

potential to selectively irradiate individual tumor cells causing little or no effect on normal cells and 

tissues adjacent to the tumor.24A crucial issue is the assessment of the amount of boron-10 that 

has reached the target sites. This is important in order to proceed with the neutron irradiation step 

because successful results can only be expected if the boron concentration threshold has been 

reached. Moreover to fully understand the impact and the feasibility of BNCT therapy, it is 

important to evaluate the transport and the exchange dynamics of boron in a variety of biological 

samples.  

This could not be accomplished without an imaging agent coupled with the BNCT compound.This 

review is devoted to survey studies where the main imaging techniques have been applied to 

BNCT over the last decade. In particular, the applications of NMR, (MRS and MRI) and PET 

techniques in the evaluation of the biodistribution and kinetics of boron derivatives in preclinical 

and clinical studies will be reported. NMR detection of BNCT molecules has been pursued either by 

the spectroscopic (MRS) and the imaging (MRI) modalities. The nuclei that have been considered 

are 1H, 19F and 10B/11B.  

 

19F NMR detection 

Some of the current applications of 19F NMR imaging and spectroscopy in living systems were 

suggested in the 1970s, at the time of the first human 1H MRI applications. The 19F nucleus has a 

100% abundance, resonates at a resonance frequency that is 94% that of 1H and its NMR 

sensitivity is 83% that of a 1H (with constant noise), so that the signal to noise ratio (SNR) 

expected in 19F MR images is about 89% that of 1H per nucleus, assuming sample-dominant noise.  

There is a negligible endogeneous 19F MRI signal from the body, as the physiological concentration 

of detectable mobile fluorine is below the detection limit (usually less than 10-3 µmol/g wet tissue 

weight). Fluorine exists at higher concentrations in the bone matrix and teeth, but, being 

immobilized, exhibits a very short spin-spin relaxation (T2) which is not visible by conventional MRI 

methods. This lack of background signal provides 19F MRI with a potentially very high contrast-to-

noise ratio and specificity, if a fluorinated compound can be introduced as a contrast agent.25 

Some examples of the synthesis of molecules which contain both 10B and 19F atoms have been 

reported by Hattori and researchers. In a recent paper they described the synthesis26 of β-[4-

(10B)borono-2,6-difluorophenyl]alanine (R = COOH) and of β-[4-(10B)borono-2,6-

difluorophenyl]alaninol (R = CH2OH) (Scheme 1). 
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Scheme 1 Synthesis of β-[4-(10B)borono-2,6-difluorophenyl]alanine (R = COOH) or β-[4-(10B)borono-2,6-

difluorophenyl]alaninol (R = CH2OH). 

Cellular uptake and cytoxicity of the two BPA derivatives have been investigated using C6 (rat 

glioma), HeLa (human epithelioma) and KB (human squamous cell carcinoma) cells. In C6 cells, 

the amount of both β-[4-(10B)borono-2,6-difluorophenyl]alanine and β-[4-(10B)borono-2,6-

difluorophenyl]alaninol was half that of BPA, whereas in KB and HeLa cells the amounts of 

internalized compound was the same as BPA. Moreover no citotoxicity of these compounds toward 

C6 cells was observed in the 1 – 20 mM concentration range. The same group designed and 

synthetized 10B BPA derivatives containing the trifluoromethyl group.27 In order to use these 

compounds in 19F MRI, the detection-sensitivity in their 19F NMR measurement in deuterium saline 

was determined. As expected, the results showed that the signals of trifluoromethylated 

derivatives are much more easily detected that those ones afforded by the difluorinated 

derivatives. The fluorinated compounds were then incorporated into Ihara cells. The results clearly 

demonstrated that all the synthetized fluorinated derivatives were usable as 19F probes, the 

carboxylic derivatives being more sensitive than the corresponding alcohol derivatives. The tumor 

killing ability of these compounds was then evaluated in BNCT applications.28
 

Recently, studies dealing with the potential use of L-DOPA as an enhancer of BPA accumulation in 

malignant gliomas have been reported.29-31 The investigation was first carried out in vitro, and then 

extended to in vivo C6 glioma animal model. With the aim of evaluating in vivo the boron 

distribution and pharmacokinetics, the study was extended to 4-borono-2-fluorophenylalanine (19F-

BPA) where 19F MR imaging and spectroscopy were utilized.32, 33 The fluorinated derivative was 

administered as 19F-BPA – fructose complex. The results are reported in Figure 2 . The 19F MRI 

images indicate an improved 19F-BPA – fructose complex uptake in C6 tumor bearing rats after L-

DOPA pretreatment. It should be underlined that both 19F MRS and MRI offer the possibility of 

following the pharmacokinetics and the visualization of the concentration gradient between the 

tumor and the normal tissue for these 10B-carrying drugs. A density functional investigation of the 

complexes of 10B enriched BPA with ß-D-fructofuranose has been recently reported. The BPA-

fructose may exists in three forms where the boron atom is differently bonded to oxygen, the 
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calculations indicate that the abundant oxygen atoms may play an important role in the interaction 

of BPA-fructose complexes and their envinronment.34 

 

 

Figure 2 1H axial image of rat brain by overlapping all proton slices (a, left), superimposition of 19F MRI axial image of 

rat brain (b, left); 1H T2-weighted axial reference (a, right), 19F axial image of rat brain preloaded with L- DOPA and 

infused with 19F-BPA – fr complex (b, right), 1H T2-weighted axial reference (c, right),19F axial image of rat brain not 

preloaded with L- DOPA but infused with 19F-BPA – fr complex (d, right) (images reprinted with the permission of the 

editor, license number 2762400037562). 

. 

 

10B and 11B NMR detection 

Boron containing molecules are known not to play a significant natural role in mammalian cells or 

organs, therefore biomedical applications of 10B and 11B NMR have been mostly limited to the 

xenobiotics compounds administrated to the investigated biological systems. The majority of 

publications deals with molecules that are used as BNCT agents in experimental cancer models. 

Both natural boron isotopes 11B (80% natural abundance) and 10B (20% natural abundance) are 

detectable by NMR. 11B has spin 3/2, a quadrupole moment of 4.06 fm2, and a relative 

gyromagnetic ratio of 0.32, whereas 10B has spin 3, a quadrupole moment of 8.46 fm2, and a 

relative gyromagnetic ratio of 0.107. In consideration of the natural abundance and the nuclear 

properties, 11B displays a higher sensitivity and better spectral resolution than 10B. However, the 

peculiar relaxation properties of spin 3 nuclei cause the 10B T2 to be longer than 11B T2 for the 

same molecular site that can constitute a significant detection advantage for 10B. However, both 

the boron isotopes have been investigated in MRI-BNCT applications.  

In 2001 Bendel and coworkers published the first in vivo MRI images of 10B enriched BSH.35 BSH 

was injected into the tail vein of mice with implanted M2R melanoma xenografs and was imaged 
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using 3D gradient echo 10B MRI. The 10B images were compared with 1H images, as showed in 

Figure 3 . It was also demonstrated how the shorter T1 value of 10B, compared to 1H, could be an 

advantage for the direct BSH 10B MRI detection. Moreover it was demonstrated that in vivo MRI 

detection of 10B enriched BSH at realistic tissue concentration levels, with an acceptable spatial 

resolution and in reasonable imaging times was possible.  

  
Figure 3 1H (left, top) and 10B (left, bottom) images at a corresponding slice locations through a mouse with implanted 
tumor; 1H (right, top) and 10B (right, bottom) images acquired using a “high resolution protocol” at a corresponding slice 
locations through another mouse with implanted tumor (images reprinted with the permission of the editor, license 
number 2762950831156) 

11B NMR was used by the same research group to evaluate the differences in the retention of 

boromercaptate monomer (BSH) and the corresponding dimer (BSSB) in malignant cells.36 11B NMR 

at sufficiently high magnetic fields is able to distinguish between boron in different molecules, e. g. 

between BSH and BSSB. This study confirmed that the uptake of BSSB in M2R melanoma and C6 

rat glioma cells was not significantly different from that of BSH. Furthermore, since differences 

became apparent only a long time after infusion, the authors surmised that they were caused by 

differences in the retention, rather than in the uptake stage. They also proposed the use of BSSB 

as a BNCT agent. Time-dependent metabolic changes in BSH and BPA-fructose complexes were 

also studied using the 10B NMR analysis of human urine samples periodically collected from head 

and neck squamous cell carcinoma patients.37 It was observed that, on one hand, the BPA – 

fructose complex dissociated producing the corresponding constituents BPA and fructose, and that 

the borate group was partly cleaved from BPA. On the other hand, BSH was partly aggregated to a 

dimer form, as it has previously been reported for cultured cells and animal models and confirmed 

in human cancer patients in this study.  

1H-MRI 
1H- Magnetic Resonance Imaging (MRI) has been proposed to assess the biodistribution of BNCT 

compounds. Although its sensitivity its lower in comparison to nuclear and optical modalities, the 

high spatial resolution (<100um) of 1H-MRI can provide detailed morphological and functional 

information, and the absence of radiation makes it more safe than techniques based on the use of 
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radioisotopes.38 MRI signal is dependent on the longitudinal (T1) and transverse (T2) proton 

relaxation times of water and therefore the contrast in a MR image arises mainly from differences 

in the relaxation times of tissue water protons as a consequence of the interaction with biological 

macromolecules and membranes. In both clinical and experimental settings the endogenous 

contrast can be altered by the use of contrast agents (CA) that decrease the longitudinal and 

transverse relaxation time of water protons in the tissues were they distribute.39, 40 Most of the 

contrast agents used in clinical settings are polyaminocarboxylate complexes of Gd3+ ion that 

contains seven unpaired electrons. The ligands are multidentate (seven or eight donor atoms) in 

order to form complexes with very high thermodynamic and kinetic stability thus limiting the 

release of the free metal ion that are highly toxic because they interfere with Ca2+ pathways. The 

coordination cage of the Gd3+ ion is completed with 1 or 2 water molecules that are responsible for 

transferring, through a fast chemical exchange, the paramagnetic properties to the overall bulk 

water molecules. The ability of a Gd3+ chelate to affect the water proton relaxation times is 

represented by the relaxivity value (i.e. the relaxation enhancement of solvent water protons in 

the presence of 1 mM concentration of the paramagnetic agent). In a proton MR image there is a 

direct proportionality between the observed relaxation enhancement and the concentration of the 

paramagnetic MRI reporter. Thus these agents can be used to carry out an indirect Boron 

quantification upon their linking to the neutron capture compound. Interestingly, a given cell can 

be visualized by MRI when the number of Gd3+ complexes is of the order of 108-109 per cell, i.e. a 

threshold close to that found for the number of 10B atoms necessary to provide an effective NCT 

treatment.41  

Different types of dual probes, containing both a paramagnetic ion for MRI detection and 10B 

atoms for BNCT, have been reported in the last ten years (Figure 4). Yamamoto and coworkers 

synthesized two Gd-DTPA complexes functionalized with a carborane and a BPA unit,42-44 

respectively. The latter compound (Figure 4) showed higher accumulation in tumor cells with 

respect to the former. However, the conjugation of a Gd-DTPA unit (MW= 590 Da, two negative 

charges) to BPA (MW=209 Da, neutral at pH=7) causes a dramatic change in the biodistribution 

and the intratumor boron concentration of BPA-Gd-DTPA was significantly reduced with respect to 

BPA alone as a consequence of the decreased affinity of BPA-Gd-DTPA for BPA receptors or as a 

consequence of a change in the internalization pathway. 
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Figure 4 DTPA-Carborane and DTPA-BPA Gd complexes 

Using nanosized carriers (i.e. liposomes, micelles, polymers, proteins etc.), it is possible to deliver, 

at the same time both NC and MRI contrast agents without any alteration of their biodistribution. 

Recently, we reported the use of a dual MRI/BNCT probe,45, 46 containing a carborane unit (with 10 

boron atoms) linked to a Gd-DOTA monoamide complex for MRI and to an aliphatic chain (C15) 

(AT101, Figure 5) for the binding to a biological nanocarrier represented by Low Density 

Lipoproteins (LDL). 
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Figure 5 Structure of AT101 

LDLs have been identified as good candidates in carrying boron to tumor cells since the expression 

of their receptors is upregulated in many types of tumor cells. LDLs provide cholesterol for the 

synthesis of the membranes in fast proliferating cells. The amount of Gd and B atoms taken up by 

the cells was determined by ICP-MS analysis (Figure 6A). The B/Gd molar ratio found in tumor 

cells (hepatoma, melanoma, glioma cells) was consistently about 10:1, thus indicating the absence 

of Gd/B/L degradation or release of Gd upon incubation. The lowest boron concentration that can 

be detected in vivo using proton MRI is 1 ppm that corresponds to the minimal detectable 

variation of the signal intensity measured in the region of interest (Figure 6B,C). BNCT was 

performed inside the thermal column of the TRIGA Mark II reactor at the University of Pavia on 

B16 melanoma tumor bearing mice 6 h after the administration of the B/Gd agent. At that time an 

intratumor boron concentration of more than 30 ppm was measured by MRI. BNCT treatment 

resulted in a dramatic reduction in tumor growth over that observed in untreated animals.  
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Figure 6 (A) Correlation between intracellular Boron concentrations measured by ICP-MS and MRI. Boron 
concentrations were measured in B16 murine melanoma cells () and HepG2 Human hepacoarcinoma cells () after 
16h of incubation at different Gd-B-L/LDL particle concentrations. (B,C) Representative T1-weighted MR images of 
C57BL/6 mice grafted subcutaneously with B16 melanoma cells acquired before (B) and 4 (C) hours after the 
administration of Gd-B-L/LDL particles. The arrows indicate tumor regions. 

It must be underlined that Gadolinium has been recently proposed, as neutron capture agent in 

NCT, due to the nuclide high neutron capture cross section (254000 b for 157Gd vs 3835 b for 10B). 

Gadolinium neutron capture reactions release a wide range of particles: prompt gamma rays, 

internal conversion electrons, X-rays and Auger electrons. The presence of strong gamma rays 

spreads out the dose delivery to a broad region, thus limiting the selectivity of the therapy. The 

photons emitted in the (n,) reactions interact with the tissues but deposit energy over a longer 

path length than the boron reaction products. This is the main drawback of GdNCT.42 

Another example of a dual MRI/BNCT probe can be seen in Boron nitride nanotubes (BNNTs) that 

are nanostructured compounds with a graphite-like sheet structure made of alternating B and N 

atoms.47 They have recently been proposed as BNCT agents which are able to introduce high 

boron concentration in neoplastic cells.48 The presence of paramagnetic iron impurities also 

renders these materials suitable as MRI negative (T2) contrast agents.49 Indeed, the performance 

of Fe-containing BNNTs as contrast agents has already been assessed by determining the 

longitudinal (r1) and transverse (r2) water proton relaxivities of BNNT aqueous dispersions at 1.5, 

3 and 7.05 T. The T2-weighted images of BNNT dispersions at different concentrations recorded at 

3 T showed significant signal attenuation as the concentration increased from 0 to 300 mg 

[BNNT]/ml, confirming the potential of these materials as negative contrast agents.50 

1H-MRS 

Proton magnetic resonance spectroscopy (1H-MRS) allows the non-invasive in vivo detection and 

quantification of metabolites.51 It has been proposed as a non-invasive method to evaluate boron 

concentration in vivo upon BPA administration. The BPA detecting and quantifying capabilities of  
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various MRS and spectroscopic imaging (1H MRSI) methods have been investigated over the last 

ten years.35, 52-54 In vivo 1H MRS detection of BPA is based on its aromatic protons. In fact, the 

aromatic proton chemical shift region (6.5–9.0 ppm) of the human brain usually contains only 

weak brain metabolite and macromolecule signals, therefore, the aromatic proton signals of BPA 

(four signals centered at ∼7.4 ppm) appear to be easily detectable and privy of interfering peaks 

(Figure 7 ).55  

 

Figure 7 The 1.5 T white matter 1H spectrum of a healthy volunteer (lower) and a phantom spectrum obtained from a 
BPA-F solution (upper) using TE of 30 mS (images reprinted with the permission of the editor, license number 
2762500767890). 

The possibility of detecting the aromatic BPA protons has previously been recognized and 

demonstrated on a patient using standard STEAM (Stimulated Echo Acquisition Mode, TE=30ms).56 

Afterwards modified methods were introduced in order to increase the efficiency for such 

detection.57 Bendel and coworkers performed MRSI of BPA biodistribution in a mouse kidney 

(Figure 8 ) by introducing, along with the spatially selective pulses, a chemical shift selective pulse 

focused on the spectral region of the aromatic BPA protons.58  
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Figure 8 BPA concentration map derived from dividing the BPA from the water intensity map superimposed on the FSE 
kidney image (images reprinted with the permission of the editor, license number 2762501109022). 

The detection limits of BPA at 1.5 and 3.0 T have been determined in vitro to be 1.4 mM (1.5 T) 

and 0.7 mM (3.0 T), respectively, using a typical clinical voxel size of 8 ml and a clinically 

compatible 1H MRS measurement time of ∼10 min. Based on these results, it was estimated that 

the in vivo detection limit at 1.5 T was approximately 2 mM BPA (∼20 mg/kg of 10B in the brain). 

BNCT is frequently applied after the surgical removal of malignant glioma. The remaining residual 

tumor forms a narrow lining in the wall of the resection cavity which contains haemostatic agents 

and coagulated blood with fluid-tissue and fluid-air interfaces. This could be a problem because 

the voxel contains resected areas that generate interference in the 1H-MRS detection of BPA.59 For 

this reason un-operated tumors are more suitable for MRS based BPA detection. One may 

conclude that the main advantage of 1H-MRS is that it allows BPA concentrations in the tumor 

tissue to be assessed during the intravenous infusion of the boron carrier and that, whereas direct 
10B NMR detection needs additional nonstandard hardware, the technique is available in the 

majority of high field clinical MRI scanners. The disadvantage is the low sensitivity that needs to 

be improved. 

PET detection 

 

Radiolabeled derivatives are of particular interest for in vivo imaging of boron compounds, since 

their biodistribution can be easily monitored by using SPECT (single-photon emission computed 

tomography) and PET (positron emission tomography), depending on the radionuclide employed. 

In PET imaging, positrons are emitted by the radionuclide and they interact with a negatron 

(electron) in an annihilation process. This process produces two coincident 511 KeV photons, 

which are detected simultaneously in a detector ring.60 The introduction of PET has represented a 

significant advance in cancer imaging and has improved the management of patients. During the 

last decade several PET radiopharmaceuticals entered the clinic and PET became an important tool 

for the staging of cancer patients and assessing response to therapy. The physical integration of 

PET and computed tomography (CT) in hybrid PET/CT scanners allows a combined anatomical and 

functional imaging. PET can be used for tumor staging, for prediction of tumor response to the 

therapy, for the detection of early recurrence, and for monitoring the therapeutic treatment. When 

a PET tracer is coupled to a BNCT agent it yields another route for the localization and 

quantification of the BNCT agent before and after the therapeutic treatment.  

The first in vivo study of pharmacokinetics and quantification of a BNCT agent was performed by 

Kabalka et al in USA,10, 61 and Imahori et. al. in Japan,62, 63 using 18F-10B-fluoroboronophenylalanine 

(18FBPA) as 18F is one of the most common PET isotope. 

 

PET was used to determine the prognostic significance of the metabolic values and ratios of 18FBPA 

in a study dedicated to evaluating the long term outcomes of gliomas treatment using 18FBPA on 

22 patients.64 In this paper it was shown that the kinetic constants of 18FBPA metabolism are an 

important factor in the prediction of the prognosis and could be a good biomarker for the 

feasibility of BNCT with gliomas.  



12 

 

The 4-borono-2-[18F]-fluoro-L-phenylalanine-fructose complex (18FBPA-fr) injected in brain rats 

with F98 glioma was investigated by in vivo small PET imaging (high resolution microPET).65, 66 

  

 
 

Figure 9 The 27th tomographic slice of microPET images of a F98 glioma-bearing Fischer 344 rat at the 15th time frame 
after intravenous injection of 20 M Bq (18FBFA-fr), (images reprinted with the permission of the editor, license number 
2762420665218). 

 
 

 
 

Figure 10 PET images of F98 glioma-bearing Fischer 344 rat at 0.5, 1, 2 and 4 h after intraveneous injection of 20.35 
MBq (18FBFA-fr) (images reprinted with the permission of the editor, reference number RQ01334). 

The study was applied to 344 rats. The images (see Figure 9 and Figure 10) showed a tumor-to-

normal uptake ratio of ~3:1.The microPET imaging used with 18FBPA-fr complex demonstrated to 

be a suitable probe for 18F10BPA -fr detection in BNCT. Also in this case it was demonstrated that 

the tracer uptake capacity, associated with tumor malignancy, depended on the uptake kinetics 

(K1) which is an indicator of the transporters regulation. In fact K1 value in glioma group differed 

from that found in the control group. 

Kabalka and coworkers reported a clinical application of BNCT devoted to the treatment of 

metastatic malignant melanoma by means of 18FBPA.67 Their work dealt with a patient with widely 

metastatic malignant melanoma involving the torax and brain. The PET images clearly identified a 

brain lesion that was difficulty visualized by CT and MRI. The first case of a clinical application of 

BNCT to head and neck malignancy was reported on 2006.68 The patient was a 48-year-old woman 

with recurrent submandibular gland cancer. The study confirmed the accumulating capacity of BPA 

in the tumor by the application of 18F labeled BPA PET. The BNCT treatment caused a complete 
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regression of the tumor and no acute and chronic complications for 1.5 years. The results are 

showed in Figure 11 and Figure 12. 

 
Figure 11 (A) Local findings before BNCT. (B) Neck CT 
before BNCT. (C) 18F BPA PET examination where BPA 
uptake was measured (images reprinted with the 
permission of the editor, license number 2762421391809). 

 
 

Figure 12 (A) Local appearance 12 months after BNCT. 
(B) The tumor region was cicatrized on CT performed 12 
months after irradiation. (C) 18F BPA PET performed 12 
months after irradiation. No accumulation of BPA in lesion 
was noticed (images reprinted with the permission of the 
editor, license number 2762421391809). 

 

Another PET/CT study dealt with a patient with a melanoma at the right ankle.69 This study 

demonstrated that PET technique associated to computed tomography (CT) could give precise and 

regional indication on viable proliferating tissue. In the author opinion, it means that a more 

precise and well shaped 10B mapping could be achieved and applied to a BNCT treatment. As 

shown in Figure 13 the tracer biodistribution was best appreciated in maximum intensity projection 

(MIP) images with bladder as a critical organ. The images were realized at the Turku PET centre, 

University of Turku, Finland. 
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Figure 13 Coronal 18FBFA of a patient with melanoma in right ankle (not shown) metastatic to right inguinal lymph node 
(visible in all images) (images reprinted with the permission of the editor, license number 2762430074710). 

 

SPECT Detection 

Radionuclides that are useful for SPECT imaging emit photons in high abundance and have high 

enough energy (>100 Kev) to readily escape the body and be detected. The most common 

isotopes used in SPECT are 99mTc (t ½ =6h), 125I (t ½ =59 days) and 131I (t ½ =8 days). 

Carborane clusters have been investigated intensively over the past decade as “prosthetic group” 

for radiohalogenation tumorseeking biomolecules for targeted radionuclide therapy, in order to 

overcome the undesired release of radiohalogen. One of the general problem associated with the 

use of radioiodinated compounds containing conventional C-I bonds is their susceptibility to 

dehalogenation, leading to an accumulation of radioactive material mostly in thyroid and 

stomach.70 The B-I bond is substantially stronger than the C-I bond and consequently is more 

stable towards in vivo enzymatic and hydrolytic cleavage.71 

Carborane cage iodination strategies were predominantly explored using the negatively-charged 

nido-carborane cluster because of its high reactivity towards electrophilic species.72 One of the 

successful strategies was the attachment of nido-carborane to a vector molecule, which would 

carry it to the cellular target, followed by radioiodination of the resulting conjugate. IodoGen® 

(1,3,4,6-tetrachloro-3a,6a-diphenylglucuril) or Chloramine–T (sodium N –para-toluene 

solfonammide) were used to generate electrophilic iodine running the reaction in a slightly acid 

conditions.73 Biomolecule vectors that have been employed include e.g. biotin,74, 75 monoclonal 

antibodies (mAbs) and F(ab')2 fragments of mABs (Figure 14 a, b).76 

The same reaction conditions can be employed to radiolabel other carborane cluster such as closo-

monocarbon carborane, nido-monocarbon carborane and closo-decaborate. Scott Wilbur and 

coworkers have been investigating the in vivo stability and distribution properties of astatinated 

derivatives as reagents for carrying 211At in cancer pretargenting protocols for a certain number of 

years. As a mean of increasing the in vivo stability of 211At-labeled proteins they have been 

investigating antiboby conjugates of boron cage moieties in substitution of aryl conjugated. Nido-

carboranes, bis-nido-carboranes and closo-decaborate have been prepared, the Venus Fly-Trap 

derivative (a bis-nido-carboranes compound) is depicted in Figure 14c.73-75, 77, 78 In particular, their 

study have shown that the use of closo-decaborate moiety for 211At-labeling of biomolecules 

provided high in vivo stability towards deastatination.79 Wilbur and coworkers accomplished 
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radioiodination of several anionic nido- and closo-monocarbon carboranes.80 by using the 

methodology reported for the inclusion of 211At. Nido-monocarbon carboranes demonstrated to be 

more reactive than closo-monocarborn carboranes (Figure 14e). Moreover unsubstituted 

carboranes underwent iodination reaction more rapidly than substituted ones, thus they could be 

radioiodinated at a higher specific activity. These results supported their use in the development of 

compounds for BNCT. Biodistribution of 131I and 125I nido- and closo- carboranes were similar in 

mice, but blood clearance of the nido-derivatives was slower. 

The nido-carborane cage has been also proposed as a pendant group for labelling proteins with 
99mTc (Figure 14d). This metallocarborane cluster showed an extraordinary stability and could be 

readily prepared and conjugated.81 

The radiohalogenation of closo-carboranes has also been studied, although not in the context of 

biomolecules.82Closo-carboranes require harsher electrophilic reaction conditions for halogenation 

in comparison to the nido-carboranes, using e.g. Lewis acids such AlCl3 in combination with I2 or 

NaI and long reaction times. Such conditions are not compatible with the use of radioctive isotopes 

that have shorter half-lives. Sjoeberg and Tolmachev proposed a new strategy for the 

radiohalogenation of closo -o-, m-, and p-carboranes, which employs coventional “cold” cluster 

iodination followed by Pd-catalyzed isotopic exchange.83  
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Figure 14 a) Radiobrominated nido-carborane conjugated to antibodies, b) radioiodinated boron-containing derivates of 
biotin, c) astatinated Venus Fly-Trap, d) 99mTc-labelled metallocarborane, e) closo-monocarbon carborane derivative.  

 

Discussion. 
 
Quantitative information regarding local 10B concentration is crucial to determining the optimal 

timing of the neutron irradiation and to calculating the radiation dose. One of the problems 

confronting the successful clinical implementation of BNCT is the difficulty of quantitatively 

mapping the distribution of the boron containing molecules in patients during the treatment.57-59 

Furthermore, the clinical efficacy of the therapy is only guaranteed if the boron is located inside a 

tumor cell at a concentration of at least 20-30 ppm. 
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Currently, the concentrations of 10B in tumor-cells are estimated using empirical data models that 

depend on tumor-to-blood, tumor-to-brain and brain-to- blood 10B concentration ratios. One of the 

problems is that the uptake and distribution of 10B varies among patients and that large 

uncertainties exist in the tumor-to-blood 10B concentration ratio.57, 58, 84 

At the same time the selective delivery of the NCT agent becomes one of the crucial points for the 

success of the treatment and only two compounds (BPA and BSH) have been extensively tested in 

both pre-clinical and clinical trials. Only proper NCT agent design, based on an improved 

knowledge of how molecules enter healthy and diseased cells, could allow the minimal intracellular 

concentration, needed to make NCT an effective therapy to cure cancer, to be reached. 

Furthermore, the recent development of non invasive and highly sensitive imaging techniques 

permits the detection of tumor boron concentration in real time before neutron treatment. Some of 

these methodologies require the functionalization of the NC agent with a proper imaging reporter, 

such as 18F atoms for PET, a Gd/Fe containing agent for MRI or 19F atoms for 19F-NMR. Other 

spectroscopic methods do not require any NC agent modification (10B NMR, MRS, MRSI), however 

their sensitivity is significantly lower and currently does not allow the quantification of the boron 

amount accumulated at the tumor site during standard BNCT protocols to be carried out. 

Furthermore, direct 10B detection needs additional nonstandard hardware, usually not provided on 

clinical scanners. However, the continuous improvement and development of new specific 

sequences together with the use in clinic of more and more high magnetic fields (>3Tesla) will 

allow these techniques to reach the minimum boron threshold used during BNCT treatment. Both 

PET and MRI detection limits are under the boron threshold that has to be reached to perform this 

therapy but PET has the disadvantage of the administration of further radioactivity and needs to 

prepare a radioactively labeled NCT agent. MRI is safe but needs contrast agents with a molecular 

weight of around 600 Da. which contain residual charges that can dramatically change the 

biodistribution of the boron containing agent once conjugated. Furthermore, syntheses, 

purification and characterization of MRI contrast agents containing carborane is quite difficult since 

it needs a lot of steps and long reaction times. On the basis of these considerations it is possible to 

conclude that it is necessary to improve imaging protocols in order to measure boron 

concentration and provide images of the spatial distribution in target tumor cells. For PET and MRI 

this means to prepare and test more sensitive and specific probes, whereas for other spectroscopic 

methods to find more effective sequences and hardware components. The development of the 

imaging techniques described in this review is fundamental for the design and testing of new 

boron compounds with improved selectivity and the capability to carry higher boron payloads than 

those of the currently clinically approved BPA and BSH. 
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