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Implementation of BNCT treatment planning procedures
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Abstract. Estimation of radiation doses delivered during boron neutron capture therapy (BNCT) requires
combining data on spatial distribution of both the thermal neutron fluence and the 10B concentration, as well as
the relative biological effectiveness of various radiation dose components in the tumor and normal tissues. Using
the treatment planning system created at Idaho National Engenering and Environmental Laboratory and the
procedures we had developed for clinical trials, we were able to optimize the treatment position, safely deliver
the prescribed BNCT doses, and carry out retrospective analyses and reviews. In this paper we describe the
BNCT treatment planning process and its implementation in the ongoing dose escalation trials at Brookhaven
National Laboratory.

1. INTRODUCTION

The mixed radiation field produced during BNCT comprises radiations with various
LETs and different relative biological effectiveness (RBE). Due to the short ranges of the two
high LET products of the 10B(n,a)7Li reaction, the microdistribution of the 10B relative to the
cell nuclei is of particular importance for their biological effectiveness [1, 2]. The biological
effect of the radiation produced by boron neutron capture may be different for different tissues
and boron carriers, and must be adjusted accordingly [3]. The experimentally determined
measures of the biological effectiveness of the 10B(n,a)7Li reaction have been termed
compound adjusted RBE or CBE factor [4, 5]. For estimation of photon-equivalent doses
delivered during BNCT, data on spatial distribution of different physical dose components
must be related to the patient's anatomy and multiplied by appropriate RBE or CBE factors.
Furthermore, as most of these radiation dose components originate from neutron interactions
after the incident neutrons have undergone multiple scattering, three dimensional calculations,
accounting for particle scattering, are required in order to obtain detailed spatial dose
distribution [6]. Monte Carlo stochastic simulation method predominates in current BNCT
treatment planning systems [6—8] although deterministic methods may also be applicable [9-
11].

A BNCT treatment planning system (TPS) developed at the Idaho National Engineering
and Environmental Laboratory [6, 7, 12-15] has been used for the clinical trials at
Brookhaven National Laboratory. Using this TPS, we have developed procedures to obtain the
optimal irradiation geometry and to evaluate the time of irradiation required to deliver the
prescribed BNCT radiation doses. The present work describes the implementation of the
treatment planning software in ongoing clinical trials [16], and the BNCT treatment planning
procedures.

2. TREATMENT PLANNING SOFTWARE

The TPS provides tools to create a three dimensional model describing patient anatomy
and regions of interest [12,13], calculate the complex radiation fields produced during the
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treatment [6,7,15], create dose-volume histograms, and co-register the isodose contours with
MR or CT images [12,14]. Module 1, BNCT Radiation Treatment Planning Environment
(BNCT-Rtpe), provides the graphical interface for semi-automated geometric

FIG. 1. The stereotactic frame used to identify reference points on the patients' head.

modeling of treatment objects derived from MRI or CT medical imaging modalities [12].
Module 2, Radiation Transport in Tissue by Monte Carlo (rtt_MC) [15], uses the solid model
descriptions of the regions of interest, defined by the means of BNCT-Rtpe, to calculate the
complex radiation fields present in tissue during the BNCT treatment. The Monte Carlo
stochastic process is applied for solving the three dimensional Maxwell-Boltzman transport
equations for neutron and gamma particles in simulations of BNCT. After completion of the
calculations, rttJVIC saves results including the data needed for isocontour displays and
dose/volume histograms in the output files. Module 3, Xcontours [6,14], allows isodose
contours to be superimposed on the MRI or CT images of normal tissue or on the target
volume. The radiation dose fields are displayed in the original MRI or CT images as dose
contours providing an accurate way to view the radiation fields so that the beam location and
treatment time can be determined with consideration given to both tumor dose and normal
tissue sparing.

3. TEATMENT PLANNING MRI OR CT SCANS

The described TPS accepts both MRI and CT scans as a base for building the head
model to be used for Monte Carlo calculations. Nevertheless, excellent soft-tissue contrast
resolution makes MRI the preferred modality for BNCT treatment planning. Good
visualization of the tumor (contrast enhancing volume) and other anatomical structures allows
accurate identification and delineation of the regions of interest and enables more precise
estimation of the radiation doses delivered to selected structures. According to recent reports,
the total spatial image distortion observed using a 1.5 T MRI machine, within the volume
relevant for BNCT treatment planning, are less than 2 mm [17]. This degree of spatial
uncertainty is offset by the improved definition of the selected regions of interest provided by
MRI based treatment planning.
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FIG. 2. MRI scan showing transaxial section of a patient's head with control points (+)
defining scalp, skull, brain, tumor and target (tumor plus a 2 cm shell) volumes.

Treatment planning MRI brain scans were carried out within seven days prior to the
scheduled treatment. Using a specially devised frame (Figure 1) the following reference points
were marked with a semi-permanent surgical marker pen on the patient's scalp: vertex,
anterior, posterior, left lateral, and right lateral. Radiographic markers were used to visualize
the reference points on the MRI images. CT scans were used for those patients who were
unable to undergo MRI brain scans. Patients were placed supine on the flat tabletop of the
scanning machine and, with help of the marked reference points and the cross-hair lights, the
heads were positioned horizontally, parallel to the axis of the scanner. The image files from
the simulation MRI or CT scans were transferred via the Internet or on a digital tape to the
treatment planning work station (HP 735/125, Hewlett Packard, Palo Alto, CA). The size of
the transferred file was checked before and after the transfer to assure that the file had not
been altered.

4. GENERATION OF THE THREE DIMENTIONAL MODEL OF THE HEAD

Using InterFormat, an image format conversion program (RadioLogic, Clinton, CT), the
image files were translated to an AAPM standard image format [18,19] required by the
BNCT-Rtpe. Images of the transaxial sections of the head were displayed by BNCTJRtpe and
the contours of the tumor, as well as the normal structures of interest including scalp, skull,
and brain, sinuses were outlined (Figure 2). A 3D model of the patient's head was created
using BNCT_Rtpe by a B-Spline reconstruction based on the control points. The rtt_MC
module of the treatment planning software used this model, containing all anatomical
structures relevant for the subsequent Monte Carlo calculations and regions of interest for
which detailed dose characteristics were required. Dose-volume histograms could be
generated for any volume defined by control points and reconstructed in the 3D model. After
the geometry of the model had been defined, the elemental composition was assigned to each
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FIG. 3. Examples ofisodose contoursfornormalbrain (leftpanel, 100% =12 Gy-Eq) and
tumor (right panel, 100% = 66 Gy-Eq) resulting from treatment plans employing semi-

unilateral double-field irradiation. The isodose contours are superimposed on MRI scans
showing a transaxial section of a patient's head. The contrast enhancing tumor volume is in

the left occipital lobe.

TABLE I. Elemental compositions used in Monte Carlo calculations.
Weight Fraction (%) in

Element

Scalp, ref. [20] Skull, ref [21 ] Brain, ref. [22]

H
C
N
0

Na
P
Cl
K
Ca
Mg
S

10.39
23.74
2.69
62.98

—
—

0.21
—

—
—

4.99
21.14
3.99

43.38
0.10
8.08
0.28

—
17.55
0.20
0.30

10.56
13.95
1.84

72.59
0.14
0.39
0.14
0.39

—

5. OPTIMIZATION OF THE DOSE DISTRIBUTION

Optimization of the treatment required calculation of the dose distribution at various
irradiation geometries to maximize the radiation dose to the target volume, while keeping the
dose to normal tissues within the limits prescribed in the protocol. Variables such as:
anatomical feasibility of the patient positioning; dose-volume histograms for the brain and
target volume; normal tissue isodose contours; maximum doses and dose-rates to the sensitive
structures of the brain; tumor tissue isodose contours; homogeneity of the dose in the target
volume; and minimum doses to the target volume, were examined to determine the optimum
treatment plan. Also, since the probability of the presence of tumor cells in the ipsilateral
hemisphere of patients with unifocal unilateral GBM treated under the current protocol is
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higher than anywhere else in the brain, we attempted maximize the neutron flux in the
ipsilateral hemisphere and, thereby, to deliver as high a dose as possible to any infiltrating
tumor cells there, while sparing the contralateral hemisphere. The results of the Monte Carlo
calculations were presented as: 1) isodoses of total BNCT dose over corresponding MRI scans
of the brain (Figure 3); 2) isodoses over cross sections of the head model showing the outlined
tumor and target volumes; 3) dose-volume histograms for normal brain, tumor and target
volumes (Figure 4).

6. FINAL PRE-TREATMENT REPORTS

For the selected irradiation geometry, a table listing the estimated minimum doses for
the tumor and target volume and estimated maximum doses for certain normal tissues
including retina, basal ganglia, thalamus, optic chiasm, and scalp was prepared. The
estimations were based on the results of the Monte Carlo calculations using the following
parameters: BMRR epithermal neutron beam high-LET components (fast neutrons, producs of
thermal neutron capture in nitrogen) RBE = 3.2; CBE factor for BPA in the brain =1.3; CBE
factor for BPA in the tumor cells = 3.8 [3-5]; CBE factor for BPA in scalp and mucosae = 2.5
[23]. The radiobiological studies leading to these factors have been recently discussed by
Coderre and Morris [24]. The average blood 10B concentration expected following infusion of
250 or 290 mg BPA/kg body weight were 11 and 13 ppm, respectively. The 10B concentration
used for the tumor cells, brain, scalp, and mucosae were, respectively, 3.5, 1, 1.5, and 2 times
the expected blood 10B concentration (23,25,26). The results of pre-treatment radiation dose
estimations were used to select the most appropriate treatment plan and to identify the
potential side effects expected from the selected plan.
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FIG. 4. An example of dose volume histograms for the brain, tumor, and target volumes
resulting from treatment plans employing semi-unilateral double-field irradiation.

The following information resulting from the treatment optimization was recorded in
order to facilitate the patient positioning and determination of the irradiation time: 1) The
posterior-anterior, left-right and up-down distances of the "beam entry point" (point where
the center of the neutron beam would be expected to enter the scalp as determined by TPS) in
relation to the reference triangulation points. These data allowed the entry point to be located
and marked on the scalp. This point was then positioned in the center of the beam collimator
face. 2) The coordinates of the triangulation points on the patient's head expressed in the
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system of coordinates in which the origin (0,0,0) was defined as the center of the beam
collimator face. These coordinates provided a means to verify the treatment position by
measuring the distances of the triangulation points to the collimator face or positioning lasers.
3) The irradiation time required to deliver the prescribed peak brain dose as a function of the
boron concentration in the blood. 4) The corresponding minimum doses to the target volume.
5) The doses to certain sensitive intracranial and extracranial sites as estimated for the
expected 10B blood concentrations.

7. PATIENT POSITIONING

Generally on the day before the scheduled BNCT irradiation, the simulation of the
treatment position was carried out in a replica of the BMRR epithermal neutron treatment
room featuring a transparent mockup of the beam collimator, which allowed verification of
the treatment position from the "beam view", and laser positioning crosshair lights [27]. The
relative locations of the positioning lasers to the collimator are identical in the irradiation
room at the BMRR and in the simulation room replica. The beam entry point was identified
and marked on the scalp using the previously obtained data. The patient was placed in the
treatment position in such a way that the beam entry point coincided with the center of the
beam collimator. The head position was adjusted using the coordinates of the reference
triangulation points in relation to the center of the beam collimator. The head position was
stabilized by a vacuum pillow (Med-Tec, Orange City, IA) and Velcro straps. The positions of

FIG. 5. A patient shown in a BNCT treatment position at the 12 cm collimator in the
simulation room. A deflatable beam pillow and a Velcro strap are used to immobilize the

head. Transparency of the simulation room mock-up of the collimator allows verification of
the treatment position from the direction of the neutron beam.

the laser cross hairs on the head were marked. The cushioning and support materials used, the
table height and position, and the angle between the table and the beam port wall were
recorded. Polaroid photographs of the patient in the simulated treatment position were taken.
These data were then used to reproduce the patient's position in the BMRR epithermal
neutron beam treatment room. Figure 5 shows a GBM patient in the final treatment position in
the simulation room. It is necessary that no voluntary effort be required of the patient in
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maintaining the desired treatment position during irradiation. Bean pillows proved to be very
useful in supporting the patient at the collimator. This kind of support does not depend upon
voluntary effort and limits the involuntary movements, so that all the fiducial markers are kept
within a margin of 5 mm from the prescribed position. As the BNCT irradiation field is not
sharply circumscribed, geometrical uncertainties of this magnitude are acceptable.

8. IRRADIATION

The irradiation time was determined using the irradiation-timetable. Blood 10B
concentrations were measured during and after the BPA-F infusion by both direct-current
plasma atomic emission spectroscopy (DCP-AES) [28,29] and prompt-gamma ray
spectroscopy [30]. The approximate total irradiation time was determined based on the blood
10B concentration measured just before the start of irradiation and the available
pharmacokinetic data. During the break in irradiation, at the approximate midpoint of the
irradiation (single-field BNCT) or at the completion of each field irradiation (multi-field
BNCT), additional blood samples were drawn and the blood 10B concentration was measured.
The average 10B concentration during the entire treatment was predicted on the basis of the
slope of the curve formed by the blood boron concentrations at the end of infusion, just prior
to the start of therapy, and at the break points, using the combined data from BPA-F
biodistribution studies and data obtained during this trial. Based on the predicted average 10B
concentration, the duration of the remaining part of the irradiation was adjusted to bring the
target volume and brain up to the prescribed doses.

During irradiations, patients were observed via closed-circuit television (TV) with
images obtained from three video cameras showing the patient in the treatment positions from
different angles. Communication with the patient was made possible via an intercom system.
One of the TV monitors was used for the continuous verification of patient position. The
reference lines coinciding with the laser crosshair and prominent contours of the patient were
marked directly on the screen, which allowed easy identification of any deviations from the
desirable treatment position. Any significant deviations could be corrected without treatment
interruption by directing the patient via intercom to readjust the position as required. If
necessary, timed video records were used to estimate possible effects of any patient
movements on the total dose distribution.

9. POST-TREATMENT DOSIMATRIC EVALUATION

Upon completion of BNCT, the blood 10B concentration was measured and the actual
average blood boron concentration was calculated. The difference between the predicted
average and the actual average values seldom exceeded 1 ppm, resulting in less than 1 Gy-Eq
difference between the estimated and retrospectively calculated peak normal brain dose. The
measured blood 10B concentration and the total time of irradiation were used for the final
evaluation of the doses delivered to regions of interest, and to prepare a post-treatment
dosimetry report containing the following sections: 1) post-treatment patient dose evaluation
sheet listing reactor power, peak thermal neutron fluence, measured boron concentrations in
the blood, estimated boron concentrations in the tumor and normal tissues, volumes of the
brain, tumor and target, peak dose rate in the brain, peak and average brain doses, average and
minimum tumor and target volume doses, maximum doses to selected anatomical structutes;
2) isodose contours overlaid onto images of the brain scans (Figure 3); 3) tumor tissue isodose
contours overlaid onto images of the target volume; dose-volume histograms for the brain,
tumor and target volume (Figure 4).

212



There are inherent uncertainties in the estimation of BNCT doses. A large fraction of the
radiation dose delivered to both tumor and normal tissues during BNCT originates from the
10B- neutron capture reaction. Therefore, 10B concentrations in various tissues have a great
influence on the total radiation dose. Furthermore, in order to relate the radiation doses
delivered during BNCT to conventional radiotherapy, all BNCT doses are expressed in Gy-Eq
units, which requires appropriate RBE and CBE factors. These factors were mostly derived
from animal studies using different endpoints. For instance, the CBE factors for BPA in the
brain and in the tumor were obtained from spinal cord irradiation in the rat [5] and from in
vivo/in vitro survival experiments using rats with implanted gliosarcoma [3], respectively. It
is not known how relevant these models are for spontaneous GBM in cerebral hemispheres of
humans treated with BNCT. Each of these values has an inherent uncertainty, which adds to
the overall uncertainty in the BNCT dose estimates. Furthermore, only boron concentration in
the blood was measured during BNCT. The boron concentration in tumor and normal tissues
was assumed based on the previous biodistribution studies and, presently, very little is know
about the boron concentration in individuals tumor cells invaiding normal brain away from the
main tumor. If different values of RBE, CBE, or boron concentrations are deemed to be more
appropriate at some point in the future, then the TPS will enable retrospective recalculations
of the BNCT doses using these modified values.

10. CONCLUSION

In BNCT, like in conventional radiotherapy, it is crucial to accurately determine the
doses delivered to the tumor and normal tissues in order to optimize the treatment and to
analyze its outcome. The procedures described in this paper, combined with the BNCT
treatment planning software, provide a means to optimize the irradiation geometry and to
calculate the nominal BNCT doses delivered to regions of interest as a function of irradiation
time and 10B concentration in the blood. Post-treatment reports, including dose volume
histograms for the normal brain, tumor and target volumes, estimations of radiation doses
delivered to selected sites in the brain and other tissues, as well as isodose contours
superimposed on MRI scans facilitated the evaluation of the treatment outcome.
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