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Introduction 

As of October 3 1,1996,23 glioblastoma multiforme patients underwent BNCT under several 
treatment protocols at the Brookhaven Medical Research Reactor [ 13. For treatment planning and 
dosimetry purposes, these protocols may be divided into four groups (Table I). The first group 
comprises protocols that used an 8-cm collimator 221 and allowed a peak normal brain dose of 10.5 
Gy-Eq to avolume of 1 cm3 were the thermal neutron flux was maximal (even if it happened to be 
in the tumor volume). The second group differs from the first in that it allowed a peak normal brain 
dose of 12.6 Gy-Eq. The protocols of the third and fourth groups allowed the prescribed peak 
normal brain dose of 12.6 Gy-Eq to be outside of the tumor volume, used a 12-cm collimator [2] 
and, respectively, uni- or bilateral irradiations. We describe the treatment planning procedures and 
report the doses delivered to various structures of the brain. 

Materials and Methods 

The treatment planning process involves: 1. Obtaining a contrast-enhanced CT or MRI scan 
of the patient's head. Conventional positioning lasers and/or a mechanical isocentric device are 

e r  cst&fishiiig ti%iigukitioii pOiI ibmi - i i  palieni's scaip:Scans aie carried out Gth fiduciai 
markers located at the triangulation points, which are then used for patient positioning 133. 2. 
Reconstruction of a 3D model of the patient's head with defined anatomical structures (scalp, skull, 
brain, sinuses) and regions of interest (tumor = contrast enhanced volume, target = tumor + 2 cm 
margin) using a graphical environment provided by the BNCT-Rtpe treatment planning program 
[4]. 3. Calculation of the neutron.flux and secondary radiation distribution using a 3D Monte Carlo 
radiation transport program, rtt-MC [53.4. Estimation of the absorbed dose distribution assuming 
a brain/blood boron concentrations ratio of 1 : 1 and a tumorhlood boron concentration ratio of 3.5: 1 
[6].  The dose is expressed in Grey-equivalent [7]. The following biological effectiveness factors 
were employed: 1.O.for gamma, 3.2 for high-LET beam components, and 1.3 and 3.8 for boron 
neutron capture products in the normal brain and tumor tissue, respectively [7,8] . 5 .  Identification 
of an optimal treatment position, and calculation of the time of neutron irradiation required to 
deliver the prescribed peak normal brain doses of 10.5 Gy-Eq (group I) or 12.6 Gy-Eq (groups 11, 
I11 and IV); 6.  Post-treatment evaluation of the dose distribution using the actual irradiation time 
and the 93 concentrations measured in the blood at the beginning, in the middle and at the end of 
the treatment. 
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Results 

Table 1 summarizes the doses delivered to the normal brain of glioblastoma patients treated 
at BNL under different protocols. The volume-averaged BNCT dose delivered under protocols fiom 
Group I, 11, I11 and IV ranged fiom 1.9 to 2.6 Gy-Eq ,2.2 to 2.6 Gy-Eq, 3.3 to 4.1 Gy-Eq and 4.4 to 
5.0 Gy-Eq, respectively. Doses to sensitive sites of the brain (e.g. basal ganglia, thalamus, optic 
chiazm) outside of the target volume were kept below 7.5 Gy-Eq. 

Isodose contours shown in the left pannel of Figure 1 illustrate the totoal dose distribution 
in a patient treated under a protocol h m  Group I in a lateral position, which resulted in a very high 
difference between ipsilateral and contralateral distribution ofthe dose to the normal structures of 
the brain. This patient received the following average doses: ipsilateral hemisphere 4.0 Gy-Eq (2.5 
Gy-Eq high-LET, and 1.5 Gy-Eq low-LET); contralateral hemisphere 1 .O Gy-Eq (0.4 Gy-Eq high- 
LET, and 0.6 Gy-Eq low-LET dose). Left panel of Figure 2 shows Dose-volume histograms of total 
dose and its components in the brain of this patient. It is noteworthy that only small fraction of the 
brain received doses close to the prescribed peak dose of 10.5 Gy-Eq. 

The dclse distribtition ckiagzs c~iz,idczib!y for brains efpatients iAmdiated-5i12terS!y. The 
right panel of Figure 1 illustrates the total dose distribution in a patient treated under Protocol #4b 
(Group IV). For this patient the irradiation time of ipsi-/contralateral hemispheres was divided 70/30- 
The corresponding dose-volume histograms are shown in the night panel of Figure 2. Although the 
average total brain dose increased significantly, only a relatively small ffaction of the brain received 
doses greater than 6 Gy-Eq. The following volume-averaged doses were delivered to the 
hemispheres during this bilateral irradiation: ipsilateral hemisphere 7.0 Gy-Eq (4.8 Gy-Eq high- 
LET, and 2.2 Gy-Eq low-LET); contralateral hemisphere 3.9 Gy-Eq (2.2 Gy-Eq high-LET, and 1.7 
Gy-Eq low-LET dose). 

Discussion 

During BNCT, the patient's brain is exposed to a complex mixture of radiations. Interactions 
between biological effects of different components of this radiation on normal tissues are not known. 
Therefore, it is extremely difficult to extrapolate the results of animal experiments to predict safe 
doses to the human brain. As discussed by Coderre et. al. [9] in this volume, because of the great 
differences in human versus dog brain volumes and in the gradients in the dose distribution, dose 
volume hisotgrams rather than peak doses should be compared. Also, because the contributions of 
different types of dose components change with depth in the tissue, use of physical dose alone may 
be misleading. Expression of the total dose in weighted units such as Gy-Eq presents a better 
alternative in spite of intristic problems with the accuracy of the M E  and CBE factors. 

Comparison of the BNCT doses to which our patients have been exposed to considerably 
higher doses that were proved to be save in, both dog BNCT studies [9] and conventional 
radiotherapy [lo], as well as the absence of any accute adverse effect of BNCT in our patients so far, 
suggest that further dose escalation to improve the outcome of BNCT may be possible. 
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Table 1. Summary of doses delivered to the normal brain undler different protocols. 

Group1 1 Group11 Group I11 Group IV 

Protocols 
~ 

Single Use #3 
and #2 - 

- 11 4 

single single 

- 
8 8 

#4a #4b 

~ 

4 4 Number of patients treated 

Mode of irradiation 
(single/double field) 

single double 

Collimator’s diameter (cm) 12 12 

Peak dose (Gy-Eq) 13.7 f 0.7 
(12.7 - 14.4) 

13.0 f 0.8 
(12.0 - 14.0) 

10.6 f 0.2 12.9 f 0.8 
(10.3 - 10.9) (12.0 - 13.8) 

3.7 f 0.3 
(3.3 - 4.1) 

4.7 f 0.3 
(4.4 - 5.0) I -  - - I  

Maximun doses (Gy-Eq) to: 

-basal ganglia 7.8 f 0.9 
(6.6 - 8.4) 

7.7 f 0.9 
(7.2 - 8.4) 

5.4 f 0.5 
(4.8 - 5.2) 

4.6 f 1.9 
(1.8 - 6.4) 

- thalamus 6.1 1.3 
(4.3 - 7.0) 

2.1 f 0.7 
(1.3 - 2.9) 

- optic chiazm 



Figure Legends 

Figure 1. Normal brain dose distribution in a typical glioblastoma patient treated under protocol 
lkom Group I (left panel; 100% = 10.4 Gy-Eq; isodose contours at 10% intervals) or Group 
IV (right panel; 100% = 12.0 Gy-Eq; isodose contours at 5% intervals). 

Figure 2. Dose-volume histograms of total dose and its components in the brains of a typical 
glioblastoma patient treated under protocols from Group I (left panel) or Group I1 (right 
panel). 
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