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In 2001, at the TRIGA reactor of the University of Pavia
(Italy), a patient suffering from diffuse liver metastases from
an adenocar cinoma of the sigmoid was successfully treated by
boron neutron capture therapy (BNCT). The procedure in-
volved boron infusion prior to hepatectomy, irradiation of the
explanted liver at the thermal column of the reactor, and sub-
sequent reimplantation. A complete response was observed.
This encouraging outcome stimulated the Essen/Petten BNCT
group to investigate whether such an extracorporal irradia-
tion could be performed at the BNCT irradiation facility at
the HFR Petten (The Netherlands), which has very different
irradiation characteristics than the Pavia facility. A compu-
tational study has been carried out. A rotating PMMA con-
tainer with a liver, surrounded by PMMA and graphite, is
simulated using the Monte Carlo code MCNP. Due to thero-
tation and neutron moderation of the PMMA container, the
initial epithermal neutron beam provides a nearly homoge-
neous thermal neutron field in the liver. The main conditions
for treatment as reported from the Pavia experiment, i.e. a
thermal neutron fluence of 4 x 10® = 20% cm~2 can be
closely met at the HFR in an acceptable time, which, depend-
ing on the defined conditions, is between 140 and 180 min.

© 2006 by Radiation Research Society

INTRODUCTION

The liver is the first major organ reached by the blood
draining the gastrointestina tract. Consequently, it is a
common site of hematogenous metastasis from gastrointes-

1 Address for correspondence: Joint Research Centre of the European
Commission, PO. Box 2, 1755ZG Petten, The Netherlands; e-mail: victor.
nievaart@jre.nl.
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tinal malignancies. Colorectal cancer is the second leading
cause of cancer-related death in developed countries. In the
U.S. done, 146,000 new cases occur annually (1), of which
50% develop liver metastases, and in a third of these, the
liver will be the only site of metastases (2). Untreated he-
patic colorectal metastasis has a poor prognosis, with ame-
dian survival of 6-12 months (3). In selected cases, surgery
offers an effective therapeutic option leading to an im-
proved median survival of 40 months or more and a 20%
10-year surviva (3). However, in cases of multiple tumor
lesions restricted to the liver that cannot be removed by
partial hepatectomy, chemotherapy is the only treatment
that can be offered. Even though the newest chemothera-
peutic drugs have a response rate of around 40%, the over-
all survival benefit has been shown to be marginal. Thus
attention has turned to loco-regional techniques that togeth-
er with improved surgical procedures may be potentialy
curative. One such option could be the extracorporal treat-
ment of the liver by boron neutron capture therapy (BNCT).

The investigation presented here is motivated by a suc-
cessful extracorporal treatment using BNCT on one patient
in Pavia (Italy) (4, 5). The 48-year-old patient developed
synchronous diffuse liver metastases from an adenocarci-
noma of the sigmoid colon; these liver metastases pro-
gressed after conventional chemotherapy. After intensive
preclinical experiments (6, 7), the patient received 750 ml
of a 0.14 M boronophenylalanine (BPA)-fructose solution
(300 mg BPA per kg body weight) through the colic vein
over a period of 2 h. After the infusion, tissue and tumor
samples were taken to measure the boron-10 concentration
just prior to hepatectomy. The explanted liver was cooled
to 4°C and transported to the TRIGA reactor of the Uni-
versity of Pavia where it was irradiated at the thermal col-
umn for 11 min, producing a neutron fluence of 4 X 10w
+ 20% cm=2 (4).2 After BNCT, the liver was transported
back to the operating theater and reimplanted. A complete

2 Private communications with A. Zonta, T. Pinelli and S. Altieri.
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FIG. 1. Panel a In a plastic bag, a liver takes the form of a spheroid. Panel b: Insertion of a discarded human

liver into a custom-manufactured spheroid-shaped mold.

tumor response was observed. After an observation period
of 12 months, a CT scan of the liver showed a normal liver
without any residua lesions in the former tumor areas. Af-
ter 20 months, a tumor recurrence was observed in the form
of a nodule outside the liver but in the area of the former
liver surgery. It was interpreted as iatrogenic due to the
sampling of tumor tissue prior to the liver explantation and
was surgicaly removed. An adjuvant chemotherapy was
administered after this intervention. At 33 months after
BNCT, an intrahepatic tumor was detected shortly followed
by intraperitoneal spreading. The patient died in August
2005, 44 months after BNCT. A second patient suffering
from diffuse liver metastases of a colorectal cancer was
treated following the same procedure. He died 6 weeks af-
ter the auto-transplantation due to cardiac problems that
were interpreted as complications from prior chemotherapy.
The post mortem evaluation did not demonstrate any viable
tumor in the liver (communication from A. Zonta).?

These observations stimulated not only the work pre-
sented here but also similar studies in Finland (8), Japan
(9) and the U.S. (10).

BNCT uses the reaction that occurs between the boron-
10 nucleus and thermal neutrons. In this reaction, the ther-
mal neutron is captured by the nucleus, and the resulting
boron-11 nucleus decays with the emission of high-LET
and high-RBE « and "Li particles. The ranges of these par-
ticles are only 9 and 5 wm, respectively; thus, if either
particle traverses the cell nucleus, it will lead to clonogenic
death. With targeted delivery of B to tumor cells, a se-
lective destruction of these cells can be obtained (11). This
principle offers the possibility to treat multiple metastases
in the liver much more efficiently than with existing con-
ventional therapies. Moreover, BNCT has the potential to
eliminate very small metastases or satellite nodules that are
not clinically detectable and are often responsible for re-
current disease. A prerequisite, however, is the selective
accumulation of 1°B inside the tumor cells. Such an uptake
can be expected using the boron compound BPA, which is

3 Europhysics Conference on New Trends in Nuclear Physics and Tech-
nologies. September 5-9, Pavia, Italy, 2005.

actively transported by the L-amino acid transport system
into cells (12) and which is already used in clinical trials
(13-18). Another precondition is the delivery of a sufficient
number of thermal neutrons to the tumor cells. This last
aspect will be the focus of this paper. The proposed irra-
diations will take place at the BNCT facility (19) of the
High Flux Reactor (HFR) in Petten (The Netherlands), us-
ing the available, well-collimated epithermal neutron beam.
The am of the study is therefore to demonstrate that a
homogeneous thermal neutron flux distribution can be de-
livered to the liver using a directed epithermal neutron
beam. The ability to generate a homogeneous thermal neu-
tron flux will open up the possibility to treat liver cancers
at other BNCT facilities.

MATERIALS AND METHODS
The Liver

The liver is the largest internal organ in the human body and can be
characterized as a spongy, wedge-shaped organ. According to the litera-
ture (20), the average weight of a healthy male liver is around 1.5 kg and
that of a healthy female liver is 1.3 kg. The maximum dimensions, when
in the body, are up to 22.5 cm transversally, and vertically, near its lateral
or right surface, up to 17.5 cm, the greatest anterior-posterior diameter is
125 cm. A liver with metastases may have a larger size and volume.
However, the evolving calculations, which are reported later, suggest that
amore homogeneous dose distribution would be possible with a spheroid-
shaped volume. A liver can readily be molded into a spheroidal shape,
as illustrated in Fig. 1a, when it is placed in a plastic bag, as is usually
done for the transport of an explanted liver. Figure 1b may clarify this
approach; a female liver of 1.3 kg fits perfectly into a spheroid-shaped
mold with a volume of 1.6 liters.

The pictures were taken in the operating theatre of the Department of
General and Transplantation Surgery at the University Hospital Essen
(Germany) after de-identification and prior to the discarding of an ex-
planted liver and are therefore, under German law, exempt from review
for protection of the welfare of human subjects.

Medical Requirements

The University Hospital Essen is one of the main European centers for
both diseased and living donor liver transplantation (21).4 It is collabo-

4 http://www.dso.de/grafiken/g48.html.
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rating and participating in the preparation of extracorporal BNCT at the
HFR Petten, followed by auto-transplantation in Essen.

The time that the organ can be maintained outside the body and the
time the anhepatic patient can be maintained are critical issues. In our
initial evaluations, the timethe liver is alowed to be outside the operating
theatre will be defined as 6 h. Using routine means of transport for organs,
the liver can be transported from the operating theatre in Essen to the
irradiation room at the HFR within 1 h. The time remaining for the setup
at the irradiation facility and irradiation procedure, no more than 4 h,
seems to be acceptable. After explantation, during transport and irradia-
tion, the liver must be maintained constantly at a controlled temperature
of 4°C. The liver is a flexible organ; however, it should not suffer from
pressure or other mechanical injury.

Radiation Components in BNCT

In BNCT, the absorbed dose in the irradiated volume results from sev-
eral dose components, some transported in the tissue by the incident
beam, others generated in the irradiated volume by nuclear reactions. The
four dose components that must be evaluated are the boron dose (Dg),
the thermal and fast-neutron doses (D, and D,), and the y-ray dose (D,)
(22). To handle these different dose components and to take into consid-
eration the different biologica effectiveness, the term total biologically
weighted dose, D,,, has been proposed.® Pinelli et al. estimated the lim-
iting dose to the liver to be D,, = 15 Gy (23) when applying the weighting
factors originating from in vitro and in vivo experiments on the central
nervous system and skin (24-26). Apart from the fact that the weighting
factors for an explanted liver irradiated in hypoxia at a temperature of
4°C are not known, this computational study nevertheless follows the
proposal of Pinelli. This approach should be seen as an approximation.
The limiting tolerable dose needs to be established through appropriate
animal experiments.

It has to be stressed that only the boron dose component is *‘ targeted”’
to the tumor. All other dose components are not tumor specific and pro-
duce an absorbed dose in the healthy parts of theliver; i.e., they determine
the limiting dose that can be given to the organ.

Successful BNCT depends on two factors: the minimization of the non-
specific dose components and the differential boron uptake in healthy
liver tissue and metastases. The latter is important since the uptake and
distribution will probably vary between livers and must be evaluated for
each clinical casg; this is currently being studied in an ongoing trial .6

Irradiation Goals and Limits in this Computational Study

The main goa of this study is to evaluate and compare the fluence in
the Petten setup as that reported in Pavia. Nevertheless, the total weighted
dose D,, will be compared to that reported in Pavia using the estimates
described above. For the first patient, Pinelli et al. (4) report a D,, of 8.6
+ 0.5 Gy in the hedlthy liver with a B concentration of 8 ppm and a
D, of 62 = 2 Gy in the tumors with a °B concentration of 47 ppm.
Since the metastases are spread throughout the liver, the thermal neutron
flux distribution should be as homogeneous as possible.

Rotating Liver

When dealing with a thermal column, as in the Pavia setup, the opti-
mum position for the liver is in its natural form when placed on a flat
surface. A thermal column allows for the organ to be placed in effectively
a‘‘cloud” of thermal neutrons. The thermal neutron flux will be a max-
imum at the surface and will decay rather strongly into the liver. Around
3 c¢cm from the surface, the thermal neutron flux will be only half the

S|AEA, Current status of neutron capture therapy. IAEA-TECDOC-
1223, Vienna, 2001.

6 EORTC protocol 11001 (April 29, 2003): °B-uptake in different tu-
mours using the boron compounds BSH and BPA. Study coordinator: W.
Sauerwein.
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FIG. 2. Isometric view of the spheroidal liver model, which contains
torus-shaped tallies to simulate rotation. With several tori, the flux in the
whole liver can be determined.

maximum (surface) value. An initial design considered fitting the liver
into an imaginary cylindrical container with a diameter of 25 cm and a
height of 8 cm. In this way, the thermal neutrons, coming from both
sides, will deliver a homogeneously distributed dose in the liver.

When dealing with an epithermal neutron beam, the setup must be
completely re-evaluated. With respect to the Petten beam, the neutron
energy spectrum consists mainly of epithermal neutrons with energies
mainly between 1 eV and 10 keV, with two small peaks around 30 keV
and 70 keV. The beam is **highly directed”, has a very small divergence
(2°), and is circular due to beam collimators of diameters 8, 12 and 15
cm. The thermal neutron flux caused by moderation of the epithermal
neutrons has a maximum at 3 cm from the surface and is half this max-
imum value at 0.5 cm and 6.5 cm. After some initial studies, including
the cylindrical approach as mentioned above, it became apparent that the
most effective part of the neutron fluence, i.e. between 0.5 cm and 6.5
cm, can be used if the liver is inserted into a spheroid-shaped container
and then rotated around the polar axis. In this way, when the thermal
maximum is moved slightly nearer to the surface by the scattering prop-
erties of the container material, the thermal fluence will be spread over
the liver volume. At the center of the spheroid, the thermal fluence is at
its lowest but, at the same time, is distributed over a smaller volume
when rotating.

When using one of the currently available treatment planning programs
designed for BNCT, such as BNCT_rtpe (27), SERA (28) or NCTPlan
(29), it is not possible to simulate rotating bodies and to calculate the
overal thermal neutron fluence distribution. It was therefore necessary to
carry out the study using the Monte Carlo code MCNP (30). To calculate
the neutron fluences in the spheroidal liver, torus-shaped volumes were
programmed to keep track of the particles (called talliesin MCNP), there-
by simulating the rotation (see Fig. 2).

Asillustrated in Fig. 2, which was drawn in Sabrina (31),” every torus
is positioned symmetrically around the vertical axis through the center
of the spheroidal liver. To calculate the thermal flux field gradient near
the edge of the liver model more accurately, tori with smaller radii are
used. Note that tori at the vertical axis are spheres.

Using tori, only one calculation is needed in which the beam irradiates
the liver from one direction. MCNP adds all the track lengths of the
particles inside the torus volume and gives, when dividing by the volume
of the torus, the flux. This averaging of the calculated flux over the whole

7J. T. West 111, SABRINA: An Interactive Three-Dimensional Geom-
etry-Modeling Program for MCNP Los Alamos National Laboratory Re-
port LA10688M, 1986.
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2.4 liter liver holder

1.6 liter liver holder |

FIG. 3. Left: Lateral view of the final setup: Right (surrounded by dashed line): Enlarged side view of the two
possible liver container setups. 1. Reactor core and filter. 2. Beam shutter with no collimator installed. 3. Wall
containing boron. 4. Wall containing lithium. 5. Aluminum rotation axle attached to liver container. 6. Graphite
reflector. 7. PMMA liver holder. 8. PMMA cube surrounding holder. 9. BNCT irradiation room. 10. Graphite cone.
11. Cylindrical part of PMMA holder for rotation and connecting the two halves (surrounded by Teflon for smooth

rotation.) 12. Like 11 but also centered on Teflon cone.

torus is an excellent simulation of the flux distribution for the rotating
liver. In fact, as a consequence, the flux becomes a time-averaged flux
inside the rotating liver.

Note that the flux is uniform in the whole torus after each revolution,
and the time it takes to make the flux uniform depends on the rotation
speed of the liver.

Liver Irradiation Setup

The design concept for the setup to irradiate the extracorporal liver
does not require any changes to the existing patient treatment environ-
ment. The neutron source spectrum and source strength also do not need
to be adapted. The liver setup itself must be portable and must be easy
to install and remove. Furthermore, the design must be economical with
regard to use of standard materials and components. To keep the liver
cool, small jets of cold air directed toward the position of the organ will
be used, which requires a precise control of the temperature. This feature
must be installed in such a way that it does not disturb the neutron field.

The design has evolved from surrounding the liver container by water
(good scatterer, moderator and coolant) toward a surrounding of solid
material with the same characteristics. It appears that the solid surround-
ing results in a negligible difference in yield. However, it is easier to
manufacture in comparison with something that must be watertight. After
we performed many calculations with different materials and configura-
tions and did further fine-tuning, we arrived at the final setup for irradi-
ating a volume (liver) of 2.4 liters and 1.6 liters, respectively, as shown
in Fig. 3. The derivation and reasoning for these two volumes are given
in the next section.

Figure 3 is a collection of three geometrical plots from MCNP. On the
left, a cross section of the latter part of the beam line showing the shutter
and the wall of the BNCT irradiation room with the facility for the liver
is given. Without installing any collimator, the beam diameter is 16 cm,
thereby giving higher fluxes at the edges of the beam.

The spheroid-shaped container holding the liver is placed in a PMMA
square cube with sides of 26 cm. The PMMA cube acts as a neutron
scatterer, especialy for the top and bottom of the spheroid. For back
scattering, the cube is surrounded by pure graphite blocks (1.6 g/cmd)
with the entrance a graphite cone.

Each spheroid-shaped container for holding a liver is made from
PMMA and consists of two equal parts that are connected after the liver
is inserted. The advantages of PMMA are that it can be shaped easily, is
non-toxic, behaves well at 4°C, will not be activated by the irradiation,
and is transparent, which allows observation of the liver within the mov-
ing device. A disadvantage of PMMA is the production of v rays due to
the (n,y) reaction from hydrogen. However, at the same time, the PMMA

can be used as buildup materia for the thermal neutrons in a rather thin
layer due to the high elastic scattering cross section of the same hydrogen.
It has exactly the same effect as the skin and cranium, which moderate
the epithermal neutrons in the BNCT treatment of brain tumors. In earlier
designs for the 2.4-liter container, the wall of the PMMA container was
the thickest (5 mm) at the equator and decreased to 2 mm toward the top
and bottom of the spheroid. Although the neutron flux distribution could
be tuned even better in this way, for engineering, we chose to have a
constant PMMA thickness.

The liver seded in a plastic bag will be delivered together with a
conservation solution. After the bag is put into the container, the container
will be filled as much as possible with liquid (water or more conservation
solution). This serves to fill empty spacesto avoid any air gaps that would
influence the irradiation field.

In this computational study, the liver composition and density of the
modeled human are taken from ICRU Report 46 (32). The complete
volume inside the container is modeled as liver tissue, which is compa-
rable with water and the conservation solution. During the transport cal-
culations, a conservatively chosen 15 ppm of 1°B is distributed homo-
geneously in the liver. From the brain studies, it is known that the thermal
neutron flux at 7.3 cm depth in the brain will be 4% higher when there
is only 7.5 ppm B distributed homogeneously (33). Therefore, *‘con-
servatively” means that if the boron concentration in healthy liver tissue
is lower than 15 ppm, the results will be somewhat better than presented
in this study.

RESULTS

In this computational study, two optimal setups have
been considered that represent the lower and the upper lim-
its. The lower limit is an irradiation volume capacity of 1.6
liters; it is not expected that there will be livers, together
with the necessary amount of conservation liquid (of the
order of 100 ml), that are smaller than this volume. The
upper limit, an irradiation volume capacity of 2.4 liters, is
constrained by the existing beam characteristics.

Thermal Neutron Flux Distribution

In BNCT, three of the four mgjor dose contributors are
based on thermal neutron reactions. The thermal neutron
flux is therefore the most characterizing parameter.
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FIG. 4. Panel a Therma neutron flux inside the 2.4-liter container when irradiated from one side. Panel b:

Thermal neutron flux with the container rotating.

Figure 4 shows thermal neutron flux distribution for the
case of the 2.4-liter volume: an equatorial radius of 8.5 cm
and a polar radius of 8.0 cm. Thermal neutrons are defined
as neutrons with an energy below 0.414 eV. A proportion-
ally sized image of the PMMA container is given as back-
ground to this contour plot. The statistical uncertainties in
the MCNP results presented in this study are less than 1%.

Figure 4a gives the thermal neutron flux at the vertical
cross section along the beam line if the container is sta-
tionary. The neutron beam is incident from the left; hence
it is not surprising to see the highest flux values at the
thermal peak positioned at the left side of the liver. In Fig.
4b, when the liver container rotates, the effect of this ro-
tation on the flux distribution produces a more homoge-
neous field. Note that the gradient of the thermal neutron
flux field in the left panel gives a disturbed view when
compared with the right panel due to a different step size

l — Thermal neutron flux [10B cm'25'1]

H1cm |
Irotation axis

FIG. 5. Thermal neutron flux contours inside the 1.6-liter container.

in the contour lines. Clearly, from Fig. 4b, the thermal max-
imum is around 4.4 X 10° cm~2 s * at 3 cm from the sur-
face. Similar results can be seen in Fig. 5, where the ther-
mal neutron flux contours are plotted for the 1.6-liter liver
container. In this design, the loss of volume is exchanged
for an more homogeneous thermal neutron field.

For the 2.4-liter container, the lowest therma neutron
fluxes are at the edge and at the center of the liver. Increas-
ing the thermal neutron flux at the edges can be accom-
plished by more PMMA, which will scatter and slow down
more epithermal neutrons. To compensate for the loss of
thermal neutrons at the center, the equatorial diameter is
decreased. The optimal dimensions turn out to be an equa-
torial radius of 7.0 cm and polar radius of 8.0 cm. The
latter is directly related to the size of the beam. In fact, the
orientation of the 1.6-liter spheroid is rotated when com-
pared with the 2.4-liter container. Of course, this makes
absolutely no difference for the inserted liver. Since Figs.
4 and 5 are 2D representations of a 3D model, it is nec-
essary to give information on how the thermal neutron flux
is distributed over the whole volume of the containers. Note
that an area further away from the center describes a bigger
torus volume than the same area closer to the center. Figure
6 shows the thermal neutron flux—volume histograms for
both containers.

In 7% of the volume of the 2.4-liter container, the ther-
mal neutron flux is between 3.3 X 108 cm=2 st and 3.4 X
10% cm=2 s~ In the 1.6-liter container, apart from the low-
est interval, al thermal neutron flux intervals are more or
less equal in filling the volume. The smaller width of the
spectrum for the small container shows the greater homo-
geneity. Note that the lowest thermal neutron flux interval
in the 2.4-liter container looks quite significant when shown
as an iso-contour, as in Fig. 4b (region at the center), but
is virtually negligible in terms of volume (1.1%). For what
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FIG. 6. Therma neutron flux—volume histograms of the two liver con-
tainers.

it may be worth, the lowest thermal neutron fluxes are in
the smallest volume fractions of the liver, which, it could
be argued, increases the probability that there is no tumor
in these volumes.

Irradiation Times

A summary of the results for both containersis given in
Table 1. As well as the maximum and minimum thermal
neutron fluxes, the irradiation time needed to deliver a flu-
ence of 4 X 102 cm~2 and the irradiation time needed to
reach the defined upper limit of D,, of 15 Gy are also given.
To calculate the weighted dose D,,, the weighting factors
and the concentration (8 ppm) of °B in the healthy liver
tissue from the Pavia case have been used.

To give insight into the composition of the various dose
contributions, Table 2 gives an overview of the major phys-
ical dose components. The applied °B concentrations for
healthy and tumor tissue are the ones reported for the first
patient in Pavia.

Influence of the Materials

Small variations in the thermal neutron flux, up to 4% in
certain positions within the liver, can be expected due to
the position of the rotation axle. The influence of the sur-

rounding graphite blocks and cone gives 5% to 15% higher
thermal neutron fluxes, according to the position within the
liver. Although the surrounding PMMA is needed for scat-
tering and buildup of thermal neutrons, its effect is due to
the hydrogen and it therefore results in the production of
photons. Near the center of both containers, around 8% of
the total photon dose is due to photons produced in the
PMMA. At the top and bottom of the containers, this num-
ber is around 30%. In absolute values, the photon dose rate
at the bottom and top of the containers is two-thirds of the
total photon dose rate at the center, being at the same time
the minimum and maximum, respectively.

DISCUSSION

A single MCNP calculation with torus-shaped volumes
to keep track of the particles enables the simulation of a
rotating liver. A setup with inexpensive and easy-to-use ma-
terials has been designed and is presented here for the case
of two extreme liver volumes: 1.6-liter and 2.4-liter con-
tainers.

These experiments and mathematical evaluations have
been strongly stimulated by the pioneering work of Zonta,
Pinelli and co-workers from Pavia (Italy). It was without
doubt a success to achieve 4-year survival in a patient suf-
fering from multiple liver metastases whose disease pro-
gressed after conventional chemotherapy. It is regrettable
that the technical procedures and the physical basis as well
as the clinical background have not yet been published in
detail. Most of the information reported in this article re-
garding the Pavia case has been taken from conference pro-
ceedings (4, 23, 34, 35) and is based on ora public pre-
sentations*® and personal communications.?

Regarding the neutronics, the published work from Pavia
(4, 23, 35) is based on a thermal column. Two other pub-
lications (9, 10) have investigated the possibility of an in-
tracorporal liver irradiation. All of this work is difficult to
compare with the approach reported here, which can be best
compared with a Finnish ““epithermal’” study (8). The Finn-
ish work emphasizes the advantages of using epithermal
neutrons in general when treating a large organ, and it ends

8 Eleventh World Congress on Neutron Capture Therapy, October 11—
15, Boston, 2004.

TABLE 1
Characteristics of the Thermal Neutron Flux and Irradiation Times for the Two Liver Containers

1.6-liter container 2.4-liter container

Thermal neutron flux (cm=2 s7%)
Average:
Minimum:
Maximum:
Time limits (min)
To deliver average thermal fluence of 4 X 102 cm—2
To deliver D,, of 15 Gy in hedlthy tissue (+8 ppm °B)

4.1 X 10° (12% below average)
5.1 X 10® (9% above average)

4.7 X 108 3.8 X 10°
3.1 X 108 (20% below average)

4.5 X 10° (17% above average)

142 175
138 155
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TABLE 2
Calculated Dose Rates for Healthy and Tumor Tissue in the Two Liver Containers

Total biologicaly
weighted dose rate

Physical dose rates

D,, tumor D,, healthy
(Gy/h) (Gy/h) s (Gy/h) _ _ _
(47 ppm °B) (8 ppm ©B) (8 ppm °B) D, (Gy/h) D, (Gy/h) D, (Gy/h)

1.6 liters
Minimum 237 5.2 0.9 0.1 0.3 2.2
Maximum 29.0 6.5 11 0.5 04 33
Average 26.5 6.0 1.0 0.3 0.3 2.8

2.4 liters
Minimum 18.6 4.8 0.7 0.1 0.2 1.8
Maximum 25.4 5.8 0.9 0.5 0.3 29
Average 22.3 54 0.8 0.3 0.3 24

with the question as to what the influence of the irradiation
setup would be, which is one of the objectives of the anal-
ysis presented in this paper.

In both liver holders, the desired thermal neutron fluence
of 4 X 102 cm=2 = 20% can be reached in the required
time frame. With respect to the weighted dose given to the
liver, the predefined value of 15 Gy is exceeded. Thisis a
very critical issue, because the suggestion made by Pinelli
et al. in 2001 (23) was intended to describe a maximum in
a small volume. In 2002, Pinelli reported that the patient
treated in Pavia received a total weighted dose D,, of 8.6
+ 0.5 Gy (4) but did not specify how much volume of liver
received this dose. The approach presented here probably
leads to a more homogeneous distribution of al dose com-
ponents inside the liver, which may not be an advantage
with respect to the tolerance dose of the organ. This is
unknown under the conditions used to irradiate an explant-
ed organ. Animal experiments will be necessary to establish
the tolerance dose to a healthy explanted liver after BPA
infusion. The most suitable model would appear to be the
pig, in which the organs are of similar size to those of
humans.

Possible means to increase the thermal fluence include a
further reduction of the beam v rays and/or decreasing the
highest thermal flux value in the liver. Decreasing the beam
v rays would require a new beam design, athough it is
doubtful that it would be possible to decrease the existing
vy-ray component even further without affecting the epi-
thermal neutron spectrum and flux. Decreasing the maxi-
mum thermal neutron flux at the thermal peak isimpossible
since this thermal peak is inherent to the use of an epith-
ermal beam. Although it is feasible to shift the position of
this peak dlightly, the procedure is limited by its significant
influence on the fluxes at the surface and near the center
of the organ.

This computational study has achieved its objective and
has led to a positive outcome, thus encouraging the next
step in the project, which is to build the facility and start

a program of dosimetry measurements to validate the cal-
culations.

The distribution of boron-10 throughout the irradiated
liver must also be evaluated in detail to better determine
the dose delivered to the healthy tissue. A first step has
been undertaken by the clinical trial EORTC 11001 (13),°
which investigates the uptake of BPA in liver tissue and
liver metastases.

In conclusion, the requirement for irradiating an extra-
corporal liver with BNCT using the epithermal neutron
beam at the HFR Petten can be closely met. With the ther-
apeutic requirement that the tolerance dose and °B con-
centrations allow a safe and effective treatment, extracor-
poral treatment of liver cancer by BNCT at the existing
BNCT facility in Petten is feasible from the technical point
of view.
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