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Abstract. Treatment planning is a crucial component of the Harvard-MIT boron neutron capture therapy
(BNCT) clinical trials. Treatment planning can be divided into five stages: (1) pre-planning, based on CT and
MRI scans obtained when the subject arrives at the hospital and on assumed boron-10 distribution parameters;
(2) subject set-up, or simulation, in the MITR-II medical therapy room to determine the boundary conditions for
possible set-up configurations; (3) re-planning, following the subject simulation; (4) final localization of the
subject in the medical theray room for BNCT; and (5) final post facto recalculation of the doses delivered based
on firm knowledge of the blood boron-10 concentration profiles and the neutron flux histories from precise on-
line monitoring. The computer-assisted treatment planning is done using a specially written BNCT treatment
planning code called MacNCTPLAN. The code uses the Los Alamos National Laboratory's Monte Carlo n-
particle radiation transport code MCNPv.4b as the dose calculation engine and advanced anatomical model
simulation based on an automatic evaluation of CT scan data. Results are displayed as isodose contours and dose-
volume histograms, the latter correlated precisely with corresponding anatomical CT or MRI image planes.
Examples of typical treatment planning scenarios will be presented.

1. INTRODUCTION

To date, twenty eight subjects have received epithermal neutron irradiations in 1-4
fractions following oral or intravenous administrations of 250-400 mg/kg of p-
boronophenylalanine (BPA) in the Harvard-MIT phase-I boron neutron capture therapy
(BNCT) protocol [1]. Treatment planning for BNCT involves multiple stages. The treatment
planning sequence for a subject starts with the examination of medical records and recent CT
and MRI scans by the clinical and medical physics team. If the subject complies with the
inclusion criteria the procedure and associated risks are explained and informed consent is
obtained. Subsequent steps involve the CT and MRI scanning of the subject to generate source
images for the computational synthesis of a customized anatomical model for Monte Carlo
treatment planning calculations, selection of beam locations and weights, computation of
doses by Monte Carlo simulation, clinical assessment of isodose contours, simulation set-up
of the subject in the irradiation facility, fabrication of immobilization devices, final refinement
of the treatment plan if necessary, conversion of isodose contours and epithermal neutron
beam calibration data into the required beam monitor counts to be delivered with each beam,
sometimes a itest dosei administration of BPA to obtain stereotactically targeted samples of
tumor and normal tissues for boron-10 analysis, and, finally, the set-up of the subject in the
irradiation facility and the actual delivery of the BNCT irradiation according to protocol.

2. METHODS & MATERIALS

With an approximate knowledge of the tumor target region based on prior CT and MRI
films that the subject brings with him/her an estimate is made regarding the approximate
orientation of the neutron beams relative to the subject's head. The subject is then taken to the
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medical irradiation facility at the MIT Research Reactor and a simulated set-up is done.
Aquaplast masks (WFR/Aquaplast, Inc., Wyckoff, New Jersey) — thin plastic anatomy-
conforming net-like masks first softened by immersion in hot water — are fabricated with the
subject positioned on the irradiation couch to keep the head immobilized during irradiation.
The position of the irradiation couch is adjusted to conform to the initially planned irradiation
position. CT and MRI scans of the subject's head are acquired with and without contrast (1+ &
I-, Gd+ & Gd-). All image sets are fused into spatial registration with each other, facilitated by
the subject wearing a fiducial frame (Anatomark, hiterneuron, Inc., Lexington, MA).
Immobilization through the use of Velcro tape and foam rubber cradles ensures that the
subjectis head remains essentially motionless during the acquisition of the CT and MRI scans.
For the identification of the tumor and target regions the Gd+ image set is preferred, while to
convert the Hounsfield Unit values in the CT images into elementally based materials for the
Monte Carlo transport calculations the I- image set is used. The physical and mathematical
principles, architecture, operation, and application of the Monte Carlo based BNCT treatment
planning code MacNCTPLAN have been described in previous reports [1-5]. The code is
written for the Power Macintosh platform using Pascal modules nested within the public
domain image processing code NIH Image (v.1.57). The Monte Carlo simulation code
MCNP4b [6] is employed to compute the three dimensional dose distributions utilizing the
mathematically synthesized model of the subject's head. Initial boron concentrations in
normal and tumor tissues are estimated either from previous clinical cases, or from the results
of a test dose administration of BPA, from which the blood boron-10 concentration curve is
derived as well as boron-10 concentrations in stereotactically obtained tumor and normal
tissue samples. These boron concentrations are entered into the Monte Carlo calculation in
order to account for thermal neutron flux depression. After isodose contours have been
generated, correlation of these with tumor volumes and with sensitive anatomical structures
(e.g., retina, optic chiasm, parotid gland, brain stem, etc.) is accomplished by superimposing
the isodose contours on corresponding CT or MRI image planes. As a further aid to the
clinical interpretation of tumor and normal tissue doses, MacNCTPLAN permits the display
of dose-volume histograms (DVHs) defined by manually drawn ROIs. As well as computing
isodose contours for the subject, isodose contours are also computed by Monte Carlo
simulation for the standard head phantom that is used for the physical in-phantom calibration
of the M-67 epithermal neutron beam at the MIT Research Reactor [7,8]. Each of the
individually computed dose components contributing to the point of maximum total RBE-
dose-rate in the phantom (d-max) is compared to the corresponding measured value, and a
Monte Carlo Dose Scaling Factor (MCDSF) is calculated to force the corresponding Monte
Carlo dose values to conform to the measured ones. The ratio of maximum normal tissue d-
max for a beam oriented in the calibration position in the standard head phantom to the
maximum normal tissue d-max of a specifically oriented beam in the subject, for equal boron-
10 concentrations, is called the Monte Carlo Dose-Rate Ratio (MCDRR). After a multibeam
treatment plan is computed for the subject, application of the MCDSFs and the MCDRR for
each beam will normalize the computed d-max in the subject for each individual beam to the
physical d-max measured in the standard head phantom. The perceived advantage of this
approach is that the Monte Carlo computation is not utilized for predicting absolute doses in
the subject, but only for determining a dose transfer factor between a Monte Carlo calculation
in a standard head phantom and a Monte Carlo calculation in the subject; while the final
conversion of the dose isocontours in the subject to absolute RBE-dose-rates is tied to the
physical dose calibration performed in the standard head phantom. During the BNCT
irradiation, blood samples are drawn from the subject remotely at frequent intervals and
immediately analyzed for boron-10 concentration by prompt-gamma spectroscopy or ICP-
AES analysis [9]. As the resulting blood boron-10 pharmacokinetic curve evolves during the
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irradiation, the data are entered into a dose monitoring program [10] which utilizes the on-line
beam monitor count-rates, previously calibrated against reactor power level and dose in the
standard head phantom, the instantaneous boron-10 blood levels, and the previously
calculated MCDRRs to compute real time cumulated absolute RBE-dose to the subjectis
normal tissue. Following the irradiation, the neutron flux history of the irradiation and the
blood boron-10 curve are reanalyzed and a itruei average boron-10 concentration is computed
independently for each beam delivered. The treatment plans are finally recalculated using
MacNCTPLAN utilizing the true boron-10 concentrations and power histories.

3. RESULTS & DISCUSSION

Fig. 1 shows a photograph of a subject lying on the irradiation couch on top of VacLoc
pillows in the irradiation position. The VacLoc pillows (Med-Tec, Inc., Orange City, Iowa)
are thick plastic bags filled with very small styrofoam balls which are initially soft and
conform to the subjectis anatomy. When a vacuum is drawn on these pillows they maintain
the same contours but become rigid. The VacLoc pillows, together with three restraint belts,
provide comfortable support and immobilization to the subject's trunk and legs, especially
when lateral & longitudinal couch angulations of up to 15 deg. are required. A custom-
fabricated Aquaplast mask immobilizes the subject's head. Usually, holes are cut out of the
mask over the eyes, nose, and mouth to increase the comfort of the subject. Relative
immobilization of the subject's body by the VacLoc pillows is also important from the safety
perspective since the subjectis head is independently immobilized by the Aquaplast mask. The
neutron beam entrance points and incidence angles are marked on the surface of the masks
with the aid of hard copy styrofoam cutouts of orthogonal CT planes centered on the beam
axis. Fig. 2 shows such a pair of orthogonal CT images from which the beam entrance point
and the required angulations of the supporting baseplate of the irradiation couch were
determined. The two beams labelled 1 and 2 are in this instance truly parallel-opposed,
although this is unusual. Fig. 3 shows a tumor isocontour RBE-dose plot for an anatomical
section passing through the mid-plane of the tumor (a GBM). The assumption was made that
the average boron-10 concentration in blood was 15 ppm for the first beam and 10 ppm for the
second and that tumor contained 3.5x higher boron-10 concentration than blood or normal
brain. Actual intracellular concentrations of boron-10 in tumor and normal brain are
sometimes physically measured when stereotactic biopsies of tumor and normal tissues
following BPA administration are available using high-resolution alpha-autoradiography
[11,12] and more accurate tissue dose distributions can then be recalculated post facto. The
isodose contours are in units of RBE-cGy and are referenced to the maximum RBE-dose (d-
max) in normal tissue. For example, if the prescription dose to normal tissue were 1,000 RBE-
cGy, then the 200%i isocontour would correspond to a tumor dose of 2,000 RBE-cGy. Fig. 4
shows the corresponding anatomical plane in which the isocontours represent doses to normal
tissue. For a 1,000 RBE c-Gy prescription dose, the 50% isocontour would correspond to a
normal tissue dose of 500 RBE-cGy. DVH calculations are often done for the orbits, the
whole brain, and for the tumor and target volumes.
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FIG. 1. BNCT GBM protocol subject lying on couch in irradiation position. Aquaplast mask
is shown immobilizing the head and styrofoam localization cutouts are seen defining the

beamis central axis and entrance point.

FIG. 2. Coronal & transverse CT images ofsubjectis head from which styrofoam cutouts are
made to determine the beam entrance points on the Aquaplast mask and the required

irradiation couch angulations. Beam entrance positions and the necessary angulations of the
head relative to the vertically oriented beam axis are shown. The enhancing tumor volume is

shown in gray. The M-67 beam has a circular cross section of 15 cm diameter.
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FIG. 3. Isocontour dose plot for an anatomical section passing through the mid-plane of the
tumor (GBM). The isocontours, in units of percent RBE-cGy, represent doses to normal tissue

with the 100% value corresponding to the id-maxipoint referred to in the text. The
assumption is made that blood & normal brain contain 15 ppm of boron-10 for the first beam

delivered & 10 ppm for the second beam. The RBE values assumed are 1.35 for boron-10
dose in normal brain (this the compound-RBE); 3.2 for thermal, epithermal, and fast neutron

dose, and 0.5 for gamma dose. The latter was chosen because the irradiations typically extend
over a total period of approximately six-eight hours stretched over two consecutive days. The

RBE values are fully referenced in [5].

FIG. 4. Isocontour plot for the same anatomical section as in Fig. 3. Here, however, the
isocontours, also in units of RBE-cGy, represent doses to tumor tissue. It is assumed that

tumor contains 3.5 times higher boron-10 concentration than blood. The boron-10 compound-
RBE value assumed for tumor is 3.8, fully referenced in [5]
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