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Purpose: Many types of lung tumors have a very poor prognosis due to their spread in the whole
organ volume. The fact that boron neutron capture therapy (BNCT) would allow for selective targeting
of all the nodules regardless of their position, prompted a preclinical feasibility study of ex situ
BNCT at the thermal neutron facility of RA-3 reactor in the province of Buenos Aires, Argentina.
()-4p-dihydroxy-borylphenylalanine fructose complex (BPA-F) biodistribution studies in an adult
sheep model and computational dosimetry for a human explanted lung were performed to evaluate
the feasibility and the therapeutic potential of ex situ BNCT.
Methods: Two kinds of boron biodistribution studies were carried out in the healthy sheep: a set
of pharmacokinetic studies without lung excision, and a set that consisted of evaluation of boron
concentration in the explanted and perfused lung. In order to assess the feasibility of the clinical
application of ex situ BNCT at RA-3, a case of multiple lung metastases was analyzed. A detailed
computational representation of the geometry of the lung was built based on a real collapsed human
lung. Dosimetric calculations and dose limiting considerations were based on the experimental results
from the adult sheep, and on the most suitable information published in the literature. In addition, a
workable treatment plan was considered to assess the clinical application in a realistic scenario.
Results: Concentration-time profiles for the normal sheep showed that the boron kinetics in blood,
lung, and skin would adequately represent the boron behavior and absolute uptake expected in human
tissues. Results strongly suggest that the distribution of the boron compound is spatially homogeneous
in the lung. A constant lung-to-blood ratio of 1.3±0.1 was observed from 80 min after the end of
BPA-F infusion. The fact that this ratio remains constant during time would allow the blood boron
concentration to be used as a surrogate and indirect quantification of the estimated value in the
explanted healthy lung. The proposed preclinical animal model allowed for the study of the explanted
lung. As expected, the boron concentration values fell as a result of the application of the preservation
protocol required to preserve the lung function. The distribution of the boron concentration retention
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factor was obtained for healthy lung, with a mean value of 0.46±0.14 consistent with that reported
for metastatic colon carcinoma model in rat perfused lung. Considering the human lung model and
suitable tumor control probability for lung cancer, a promising average fraction of controlled lesions
higher than 85% was obtained even for a low tumor-to-normal boron concentration ratio of 2.
Conclusions: This work reports for the first time data supporting the validity of the ovine model
as an adequate human surrogate in terms of boron kinetics and uptake in clinically relevant tissues.
Collectively, the results and analysis presented would strongly suggest that ex situ whole lung BNCT
irradiation is a feasible and highly promising technique that could greatly contribute to the treatment
of metastatic lung disease in those patients without extrapulmonary spread, increasing not only the
expected overall survival but also the resulting quality of life. C 2015 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4922158]
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1. INTRODUCTION

Boron neutron capture therapy (BNCT) is a binary treat-
ment modality that combines irradiation with a thermal or
epithermal neutron beam following the administration of
tumor-seeking, boron-containing drugs to produce selective
irradiation of tumor tissue. The high-linear energy transfer
(LET) α particles and 7Li nuclei emitted during the capture
of a thermal neutron by a 10B nucleus have a range of
approximately 5–9 µm in tissue and are known to have
a high relative biological effectiveness (RBE). In this way,
BNCT would potentially target neoplastic tissue selectively,
mostly sparing normal tissue.1 Clinical studies of BNCT
for glioblastoma multiforme and/or melanoma and, more
recently, head and neck tumors and liver metastases have been
performed or are underway in the US, Japan, Italy, Finland,
Sweden, The Netherlands, Argentina, Czech Republic, and
Taiwan.2–4 Some of the more recent work has also focused on
novel tumor targets.2 In the last few years, the feasibility of
BNCT has been assessed in patients with treatment-resistant
head and neck tumors5,6 and malignant mesothelioma.7,8

Based on a novel ex situ protocol, consisting in the irradiation
of an explanted organ followed by surgical reimplant in the
patient, BNCT has been applied also to treat nonresectable
multifocal bilobular metastases in liver.3,9

On the basis of this clinical experience, a multi-institutional
research project, integrated by the National Atomic Energy
Commission (CNEA), Maimónides University (UM) and with
the collaboration of national medical institutions, is being
carried out with the main purpose of assessing the feasibility
of BNCT for the treatment of disseminated lung tumors using
the ex situ technique.

The lung is the main and sometimes the only metastatic
site for many tumors.10 In advanced disease stage, metastases
can be multiple, and in these cases, the standard treatment
is mainly palliative (based on chemotherapy), resulting in
less than 10% survival rate at 5 yr.11 Several metastatic
diseases are confined to lung volume, without extrapulmonary
invasion (i.e., oligometastatic disease, Wilm’s sarcoma lung
metastases, and Ewing’s sarcoma lung metastasis). In these
scenarios, a BNCT lung ex situ protocol would be potentially
therapeutic, enabling the delivery of a therapeutic dose to the
tumor while preserving healthy lung functionality.12,13

The proposed ex situ lung protocol is based on the one
applied in Italy for the treatment of liver metastases.3,9 The
boron compound is administered to the patient; the lung is then
removed, perfused, and kept in a preservation solution (PS) to
guarantee its functionality. Subsequently, the isolated lung is
irradiated while the patient is kept stable in the operating room.
After irradiation, the treated organ is finally reimplanted.
This procedure presents several aspects of interest. Given
that BNCT is based on biochemical targeting combined with
high LET radiation, the ex situ technique enables irradiation
of the whole volume, maximizing the dose delivered to the
nodules regardless of their position and/or shape. Moreover,
a whole lung irradiation (WLI) increases the probability of
successfully treating the microscopic disease. The rest of the
body, including the very radiosensitive organs present in the
thorax, is spared from the irradiation effects. Furthermore,
the autotransplant technique avoids the issue of organ rejection
related to the allotransplantation procedures.

In order to apply ex situ BNCT for the treatment of lung
tumors in patients, several procedures have to be optimized
and to date nonexistent information collected. Thus, the
research project has been divided into two stages. Stage I is a
preclinical phase employing a large animal model (i.e., adult
sheep) to set up the surgical procedure, to study the boron
compound biodistribution in lung and other tissues of interest,
and to determine the healthy lung toxicity caused by WLI
in a mixed neutron-photon field. Stage II has the clinical
application as the final goal, and focuses on the dosimetric
assessment in the human explanted lung, taking into account
the boron concentrations and the dose constraints determined
in the first stage.

These two stages are meant to prove the feasibility of the
therapeutic strategy and to assess all the necessary conditions
to irradiate an explanted human lung with nonoperable
metastases. The irradiation of the human lung is planned at
the RA-3 reactor in Ezeiza (Province of Buenos Aires), which
has a suitable thermal neutron facility.14

As the results of Stage I are functional and necessary for the
development of Stage II, the paper reports materials, methods,
and results for the two stages sequentially. In particular, this
work presents the boron concentration-time profiles using
the ()-4p-dihydroxy-borylphenylalanine fructose complex
(BPA-F) in the normal adult sheep lung, in addition to the
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BPA-F retention studies after organ explantation and perfusion
with preservation solution. Based on available dose constraints
and findings of Stage I, the computational dosimetry was
analyzed and clinical treatment assessment in humans was
performed. Specifically, the spatial dosimetry and the tumor
control probability (TCP) associated to the ex situ irradiation
in human lung at the RA-3 thermal column central facility
(TCCF) are reported and discussed.

2. STAGE I: PRECLINICAL STUDIES BASED
ON THE NORMAL LUNG SHEEP MODEL
2.A. Materials and methods

2.A.1. General procedure for ex situ BNCT

The ex situ protocol implies a number of steps that must
be synchronously performed to reach an optimal outcome.
The procedure starts in the operating room, where the animal
is prepared for a transplant surgery. The infusion of BPA-
F is administered before organ removal. The surgical team
performs the first incision in the thoracic cavity between ribs
4 and 5 in order to reach the left lung cavity. Lung excision
is conducted sequentially (lung restraints, arteries, veins, and
left bronchial tubes). The left jugular vein is dissected to be
used as an extension of the pulmonary veins as described in
the Results Sec. 2.B.1. The lung is then explanted.

In order to preserve organ viability and functionality, the
temperature of the explanted lung is lowered from 37 ◦C
to less than 4 ◦C, and the lung is completely perfused with
approximately 1.5 l of Ringer solution and 1 l of preservation
HTK-solution (Bretschneider) during 20–30 min. Perfusion is
performed through the pulmonary vein. The organ is massaged
manually to favor perfusion of the entire organ. After this
procedure, the organ is ready to be transported in a double
sealed bag inside a refrigerated box to the irradiation facility
at the RA-3 reactor.

The time needed to go from the surgery room to the
RA-3 reactor is approximately 40 min. In this interval of
time, the medical physics team can make minor adjustments
to the treatment plan to take into account specific organ
characteristics. The irradiation is performed to reach the
prescribed dose in the shortest possible time in order to
preserve lung integrity and to maximize therapeutic advantage
by reducing background dose (fast neutron dose ∼1.5 cGy
h−1–gamma dose rate 5.0±0.5 Gy h−1).

After treatment, the irradiated lung is transported in a
container designed ad hoc back to the operating room where
the surgical team has prepared the patient to receive the treated
organ. Then, the patient is moved to the critical care unit for
recovery and follow-up. The total time from the operating
room to the reactor and back by car, plus irradiation, is
approximately 110 min.

Our working hypothesis is that the ovine lung is a
suitable preclinical model for human lung. The anatomical
and functional similarities between human lung and sheep
lung have been reported, in addition to the similarities in the
patterns of repair and regeneration.15 Studies in sheep have
served to elucidate lung physiology in health and disease. In

particular, sheep models of respiratory diseases have served
for both basic and applied studies of disease and treatment.16

The size of the sheep allows for the use of equipment and
procedures employed in human medicine, contributing to
the translation of results from sheep to bedside.16,17 Within
this context, eight surgical procedures were performed to
tune surgical and autotransplant procedures. The need to
use extensions and/or prostheses for veins, arteries, trachea,
and bronchus was studied. The corresponding procedure was
established and tested as appropriate in each case.

2.A.2. Experimental measurements
in the animal model

Healthy lung is the only organ at risk in the ex situ
treatment. Thus, the quantitative knowledge of the boron
concentration in this organ is mandatory to calculate the
absorbed dose and to determine the treatment time. Since
taking lung biopsies during treatment may jeopardize the
success of the surgical procedure, it is essential to use data
previously obtained in a suitable animal model that can
reproduce both qualitatively and quantitatively the behavior
of the boron compound in human lung.

Two kinds of boron biodistribution studies were performed
in the healthy sheep: the first set involved pharmacokinetic
studies without lung excision and the second set consisted
of evaluation of boron concentration in the explanted and
perfused lung. Several samples were taken in each procedure
and processed by acid digestion for boron measurement
by induced coupled plasma optical emission spectroscopy
(ICP-OES) or induced coupled plasma mass spectroscopy
(ICP-MS).

2.A.2.a. Pharmacokinetic studies of BPA-F. Biodistribu-
tion studies were performed in three adult normal sheep
(weight 37±7 kg) using a 0.14M solution of BPA (Interpharma
Praha, a.s.)-fructose, prepared as reported by Yoshino et al.18

and in the same way as in projected human treatments. A
dose of 350 mg 10B-enriched BPA (>99% 10B) per kilogram
of body weight (bw) was infused intravenously during 45
min in previously sedated animals. The choice of this
BPA-F dose and administration protocol was based on the
BPA-F administration protocols employed in clinical trials
worldwide for melanoma,19 glioblastoma,20 mesotheliomas
and metastasis in the lung,7,8 and in an experimental model of
lung metastases in rat.21 The animals were kept alive under
general anesthesia and connected to a ventilator until the end
of the study. During 300 min after the start of the infusion,
samples of blood, left lung, skin, and muscle were taken
following the sampling time scheme shown in Fig. 1.

F. 1. Sampling time scheme for blood, lung, muscle, and skin used in the
BPA-F pharmacokinetic biodistribution studies in the adult sheep model. SOI
and EOI indicate start and end of infusion, respectively.

Medical Physics, Vol. 42, No. 7, July 2015
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Once the kinetics study was completed, euthanasia was
performed by the surgical team according to the UM bioethical
protocols. At this point, several samples from other relevant
tissues such as heart, diaphragm, kidney, bone, and liver were
also taken.

Blood boron concentration-time profiles were fitted using
an open two-compartment model.22 In this model, the central
compartment represents the blood and very well-perfused
tissues and the peripheral compartment represents poorly
perfused regions of the body. Assuming that lung and skin
do not exchange directly with each other, the kinetics of each
tissue was determined based on the modeled blood boron
concentration profile and the model presented in Chuang.23

Rate constants were estimated from Eq. (13) in Ref. 23 by the
nonlinear least square regression method. Prediction bounds
with a confidence level of 0.95 were also computed using
 R2013a.48

In order to analyze the relation between the boron uptake
in lung and in blood, lung-to-blood and skin-to-blood boron
concentration ratios as a function of time were calculated
based on the fitted profiles.

2.A.2.b. BPA-F retention studies in the explanted lung.
While the aim of the experiment described above was to
study the behavior of boron concentration as a function of
the time after the start of the infusion, another experiment was
necessary to assess the absolute boron concentration in lung
after excision and perfusion. In fact, the perfusion process
was expected to wash out part of the boron accumulated in
the tissues.

BPA-F retention studies were carried out in two of the three
animals of BPA-F kinetics mentioned above. Given that the
left lungs were used for kinetic studies, retention experiments
were performed using the right normal lung.

The right lungs were excised 300 min after the start of the
infusion. In both studies, six tissue samples were taken prior
to perfusion to assess boron concentration before perfusion
(bp) and to compare absolute boron uptake between left and
right lungs. After perfusion (ap), over 120 samples were taken
in total considering the two animals. Boron concentration was
later measured by ICP in order to determine the distribution
of the boron retention factor ( fR), defined as

fR =
Bap

Bbp
, (1)

where Bap is the boron concentration in each sample after
the perfusion procedure and Bbp is the predicted boron
concentration value right after lung excision, used to estimate
the boron concentration value before perfusion.

2.B. Results of Stage I

2.B.1. Optimization of the surgical procedure

Eight autotransplant surgical experiments were necessary
to establish a reliable and reproducible surgical procedure.
The time required to perform the complete excision of the
lung was reduced from 160 min in the first experiment
to an average of 80± 30 min in the last three procedures.

The anesthetic procedure was adjusted to enable unilateral
lung ventilation and subsequent reimplantation. A pivotal
stage of the surgical procedure, required to enable successful
reimplantation of the organ in the same animal, was the use of
bench surgery to extend pulmonary veins through anastomosis
of a portion of the jugular vein, extend the pulmonary arteries
through anastomosis of polyester prosthesis, and extend
bronchi through anastomosis of silicone prosthesis. The
reimplantation procedure involved sequential anastomosis of
the pulmonary artery, pulmonary veins, and bronchi.

2.B.2. Boron measurements in the animal model

2.B.2.a. Results of BPA-F pharmacokinetic studies. Fig-
ures 2(a)–2(c) show the measured boron concentration-time
profiles with the model fits for blood, lung, and skin of each
studied animal. Prediction bounds with a confidence level of
0.95 were also included. As can be observed, the shape of
the curves is very similar for the three animals, the relative

F. 2. Measured boron concentration-time profiles with the model predic-
tions for blood, lung, and skin of each animal. Experimental errors of ±8%
and prediction bounds with a 95% confidence level are also shown.

Medical Physics, Vol. 42, No. 7, July 2015
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behavior between tissues being the same in each case (i.e., the
boron concentration in the skin is slightly higher than that of
the lung, and both are higher than the concentration in blood).

The blood concentration peaks at the end of infusion (EOI)
to about 37.9±9.5, 44.8±1.0, and 46.0±0.7 µg/g, respec-
tively, and drops thereafter, exhibiting the expected biphasic
clearance profile. The maximum blood boron concentration in
lung is achieved around 50 min after the EOI with an absolute
value in the range of 21.8±0.4 µg/g, for all animals. Eighty
minutes after EOI, blood, lung, and skin boron concentrations
begin to decline slowly and progressively. The smoothness of
the three measured boron concentration-time profiles in lung
strongly suggests that the distribution of the boron compound
is spatially homogeneous in the organ. Note that lung tissue
sampling over time is carried out to cover very different
locations of the organ.

In order to condense the information of the sheep phar-
macokinetic studies in a suitable manner to perform compar-
isons with humans and dosimetric calculations, the average
measured pharmacokinetic profiles for the three animals with
the corresponding fits were also computed and are depicted in
Fig. 3(a). Based on these results, lung-to-blood and skin-to-
blood boron concentration ratios as a function of time were
calculated and the resulting profiles are plotted in Fig. 3(b).

Previous biodistribution studies in humans using a BPA-F
dose of 350 mg BPA/kg bw showed that (a) the boron average
values in blood 60 min after the end of infusion are around
20 µg/g,24 (b) the boron uptake in healthy lung is nearly the
same as the concentration in blood,25 and (c) the boron uptake
in skin is one to two times the concentration in blood.20,26,27

Figure 3(a) shows that the average absolute value of the
boron concentration in blood for the animal model 60 min after
the end of infusion is 18.9±0.6 µg/g, very similar to the one
observed in humans. Moreover, the pharmacokinetic model
parameters for measured blood in the sheep of k1 = 0.022
±0.008 min−1, k2 = 0.012±0.002 min−1, k3 = 0.007±0.002

min−1, and V = 0.247±0.048 (kg/kg) agree well quantitatively
with the human data from Kiger et al.22 Lung-to-blood
and skin-to-blood boron concentration ratios of 1.3± 0.1
and 1.9± 0.1 are observed 80 min after EOI [Fig. 3(b)].
These values closely resemble those reported for humans.28

In addition, lung-to-blood boron concentration ratio shows
consistency with the ratios derived from blood and lung boron
concentrations reported by Kulvik et al.29 on large animals
(Beagle dogs). These findings would support the hypothesis
that the large animal serves as a suitable model of the boron
biodistribution in humans. In addition, the fact that the lung-to-
blood ratio remains almost constant 80 min after EOI allows
the blood boron concentration to be used as a surrogate and
indirect quantification of boron in the healthy lung for the ex
situ procedure.

Boron kinetic studies ended at 300 min after the start
of the infusion. At this time, the right lung was excised to
continue with BPA-F retention studies in the explanted organ.
The animals were then sacrificed according to bioethical
regulations and additional samples of different tissues of
interest were taken for posterior analysis. Boron concentration
measurements in these samples are presented and discussed
in the Appendix.

2.B.2.b. Results of BPA-F retention studies in the explanted
healthy lung. This experiment was performed to evaluate
the absolute boron concentration in lung after excision
and perfusion of the organ with the preservation solution,
employing the boron retention factor fR given by expression
(1) as the end-point. As mentioned in Subsection 2.A.2, tissue
samples of the sheep right lung were taken prior to perfusion
to evaluate boron concentration before perfusion.

Figure 4 presents the results obtained for the right lungs
and includes the corresponding boron concentration interval
derived from the left lung measurements, for comparison.
Results show that the boron concentration in right lungs prior
to perfusion matches the values obtained in the left lungs,

F. 3. (a) Average measured boron pharmacokinetic profiles of blood, lung, and skin for the three animals with the corresponding fits. The two-compartment
model (Ref. 22) rate constants for blood are k1= 0.022±0.008 min−1, k2= 0.012±0.002 min−1, k3= 0.007±0.002 min−1, and V = 0.247±0.048 (kg/kg).
Model parameters of Eq. (13) in Ref. 23 are K1L= 0.014 and K2L= 0.013 for lung, and K1S= 0.024 and K2S= 0.0145 for skin. The bars represent the range
between minimum and maximum measured values. Prediction bounds with a 95% confidence level are also included. (b) Lung-to-blood and skin-to-blood boron
concentration ratios as a function of time based on the results predicted by the model.
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F. 4. Comparison of 10B concentration measurements in left and right
lungs at excision time ta for sheep 2 and 3. Left lung bounds correspond
to the average of the measured values at ta with ±8%.

suggesting that the boron uptake in the whole organ is uniform.
The fact that the boron uptake in both lungs can be considered
the same allows the use of the predicted boron concentration
value right after organ excision as an adequate and robust
estimate of Bbp in Eq. (1).

The boron concentration of more than 120 right lung
samples was measured to estimate the distribution of the
BPA-F retention factors after performing organ perfusion
procedures. Figure 5 presents the empirical distribution of
retention factors obtained and its corresponding fit using a
log-normal distribution.

While the boron concentration in the lung was homoge-
neous prior to perfusion, the outcome of the retention factor
analysis shows that, as a consequence of perfusion, the final
spatial distribution of boron in the healthy lung is not uniform.
However, the fact that the expected retention factor with a 68%
confidence interval is 0.46±0.14 would suggest that a great

F. 5. Distribution of the boron retention factors in explanted lung based on
128 samples from two animals.

portion of the lung volume retains about half the preperfusion
boron concentration.

Trivillin et al.21 studied the boron retention factor in
the small animal lung metastases model used to evaluate
BNCT therapeutic potential for lung tumors. The fact that
boron washout would also occur in tumor must be taken
into account when performing dosimetric calculations. The
expected retention factor of 0.46± 0.14 determined in the
sheep normal lung shows consistency with the preliminary
retention factors obtained in the rat model for healthy lung
and tumor, of 0.33±0.31 and 0.49±0.18, respectively. The
washout in healthy lung would seem to be greater (albeit
not significantly) than in tumor in the rat. If confirmed, this
would be an asset in terms of improving the tumor/lung
boron concentration ratios. However, technical restrictions
associated to lung perfusion in a small animal model might
cause the organ to retain excess fluid and artificially enhance
the reduction in boron concentration in healthy lung. As a
more conservative approach, the same retention factor for
tumor and healthy lung was assumed in this work.

3. STAGE II: COMPUTATIONAL DOSIMETRY
AND CLINICAL ASSESSMENT IN HUMANS
3.A. Materials and methods

The second part of the preclinical assessment is dedicated
to the dosimetric calculations in the explanted human lung
based on the data derived from large animal experiments
carried out in Stage I. The description of the neutron source of
RA-3 reactor and the shape of the human lung in the treatment
position are also needed to compute the dose delivered to the
organ. It is worth noting that there are no available data on
the dose constraints for whole lung irradiation in a mixed
neutron-photon field (in fact, evaluation of radiotolerance
levels is presently ongoing in the context of our project).
Therefore, parameters used for dosimetry purposes were thus
derived from similar procedures reported in the literature using
photons alone, as explained below.

3.A.1. Neutron source

BNCT dosimetry was performed by stochastic neutron and
photon transport estimation in space using the Monte Carlo
transport code 5 v1.6 (Los Alamos).30 This approach
required the previous knowledge of the particle source and
the geometry description of the setup.

CNEA has an open-pool research reactor, RA-3, located
in Ezeiza 30 km from the city of Buenos Aires that is
equipped with an irradiation facility optimized for the neutron
irradiation of explanted organs. A TCCF was built in the
RA-3 reactor 8 yr ago, consisting in a rectangular air cavity
(∼2500 cm3) surrounded by graphite, giving place to a
quasihomogeneous high thermal flux of about 1010 cm−2 s−1.
RA-3 TCCF has been first described and validated in 
code by Bortolussi et al.31 and then optimized and updated by
Farías et al.49
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F. 6. (a) Adult human collapsed lung of 380 g. (b) Latex phantom of the real human lung.

3.A.2. Geometrical model of a human explanted lung

The configuration of the explanted organ placed in the
irradiation position was reproduced in  syntax using a
human explanted lung as reference. An adult collapsed lung
with a mass of 380 g obtained after complying with the
bioethical protocol was used as a model for a geometrically
equivalent phantom [Fig. 6(a)]. The organ was covered with
plaster in order to obtain a mold that was then filled with
a low density (0.9 g cm−3) latex solution [Fig. 6(b)]. The
resulting phantom was put inside a double sterile sealed bag
and positioned in the irradiation container designed by Gadan
et al.32 for ex situ protocols at the RA-3 TCCF.

The acrylic device consists in a double wall container that
exactly fits in the irradiation facility and passively isolates
the organ, reducing the temperature exchange between the
experimental setup and the reactor (Fig. 7). The volume of
the collapsed lung together with the preservation solution was
comparable to that of the container.

F. 7. Double wall acrylic container for irradiation of explanted organs. The
air between the walls improves the isolation of the organ, helping to keep the
temperature low during irradiation. The dimensions of the container ensure
a fixed and reproducible irradiation position coupled to easy handling of the
setup during the irradiation.

A high spatial resolution computed axial tomography
(0.42×0.42×1 mm3 resolution) of the lung phantom inside the
container was acquired to accurately measure the collapsed
lung volume (460 cm3), and consequently, estimate the
collapsed lung density (0.86±0.04 g cm−3) by using the mass
(380 g). The density of the tissue is important for accurate
simulation of the neutron transport in the organ and for a
precise dose calculation.

The digitized geometry was segmented into three different
regions of interest (i.e., lung, preservation solution, and air)
and then translated into 5 code by the MultiCell algo-
rithm, an in-house treatment planning tool that reconstructs
the regions in  using adequate syntax and minimizing the
number of  subvolumes (cells).33 Material composition
for adult healthy lung was taken from ICRU 46 (Ref. 34)
while the preservation solution was described as water. The
obtained reconstructed geometry consisting of the lung inside
the irradiation device was then inserted into the model of
the reactor, in the TCCF (Fig. 8). The position of the organ was
changed according to the different treatment plans evaluated
to obtain the best irradiation conditions.

3.A.3. Prescription dose for healthy lung

There are no guidelines available on dose constraints
regarding whole lung irradiation using a mixed neutron-
photon field. Thus, treatment dose prescriptions must be taken
from the literature considering the most similar irradiation

F. 8. 3D representation of the geometry adopted by the collapsed human
lung with the preservation solution (PS) inside the acrylic container (a), and
longitudinal midplane view of the TCCF model including the MultiCell
explanted lung and preservation solution representations inside the acrylic
container (b).
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protocols applied clinically. Dose-effect studies of whole
lung irradiation with photons reported in Van Dyk35 to
treat Ewing Sarcoma metastasis applying antero–posterior
rectangular fields represent the most similar scenario to infer
dose constraint recommendations for a WLI single fraction.
Following Van Dyk’s work, a mean lung dose of 7.5 Gy was
set as the prescription dose in the treatment of the explanted
lung. This dose level was found to be safe in terms of avoiding
radiation pneumonitis complications.

3.A.4. Boron concentration in healthy lung
and tumor tissue

The sheep preclinical results (Stage I) showed that at about
120 min from the start of infusion, blood, lung, and skin boron
concentration profiles show a slow and progressive decline,
resulting in almost constant lung-to-blood and skin-to-blood
ratios from that time on. Once the surgical procedure was
optimized, it was possible to complete the excision of the
lung approximately at the time when the slow clearance phase
starts (i.e., 120 min from start of infusion). Thus, the boron
concentration values for dosimetric calculations in humans
were estimated considering an excision time ta equal to
120 min.

The boron concentration in the healthy lung during the
explanted period (Bex) was estimated by multiplying the
predicted boron concentration in lung just before excision [i.e.,
Bba(ta = 120)= 21.4±0.4 µg/g (see Fig. 3)] by the mean value
of the retention factor reported in Sec. 2.A.2. The obtained
value was Bex= 9.8±3.0 µg/g .

Due to the fact that a model of lung tumor in an
immunocompetent large animal is not available, boron tumor
concentrations cannot be obtained from the preclinical ovine
model. However, other research groups reported tumor-to-
normal boron concentration ratios (T :N) based on a colon
carcinoma diffuse lung metastases model in small animals21,36

that could be used as an initial educated guess for dosimetric
calculations. Moreover, published data of T :N ratios are also
available from studies on BNCT of mesothelioma patients.7,8

Table I summarizes T :N boron concentration ratios pub-
lished in the literature. Since these ratios are most likely
time dependent, the time from end of infusion to T :N
evaluation was indicated. Values range from 1.6 to more than
3. Considering that the inclusion criteria in BNCT usually
establish a T :N ratio greater than 2,5,38,39 and assuming that
the ratio between concentration in tumor and in healthy lung
does not change due to organ perfusion, values between 2 and

3.5 were assumed for tumor dosimetric calculations in this
work.

3.A.5. Calculation of photon-equivalent doses
and dosimetry

The standard procedure to estimate photon-equivalent dose
in BNCT is to multiply each absorbed dose component
by fixed factors that account for the different biological
effects caused by high and low LET radiations (RBE factor)
and the influence of the boron compound microdistribution
(compound biological effectiveness or CBE factor) for the
boron component of the dose.1 To compute the four main
contributions to the total dose, it is usual to assume charged
particle equilibrium everywhere in the medium so that
absorbed doses can be estimated by KERMA.40 For the
calculations, molecular binding effects of hydrogen in the
biological materials were taken into account using the S(α,β)
thermal scattering treatment for hydrogen in light water at
300 K.40

In this work, absorbed doses were calculated using the
5 tally f4 (fluence tally) integrated against energy-
dependent neutron or photon KERMA factor tables. Lung
KERMA factors for neutrons were derived from ICRU 63
KERMA tables41 (for 1H, 12C, 14N, 16O, and 31P) together
with cross section and Q values (for S and Cl) from JENDL-
3.2.42 For photons, x-ray mass attenuation coefficient tables
based on data by Hubbel and Seltzer43 were used. For the
boron component, the KERMA factor table for a 1 µg/g
concentration reported in Goorley et al.40 was employed.

RBE and CBE factors used to estimate photon-equivalent
doses in normal and tumor tissues were those evaluated by
Kiger et al.44 for early breathing rate increases in healthy
racine lung and those from Coderre et al.45 for 1% surviving
fraction in 9 l rat gliosarcoma, using the boron carrier BPA-
F (Table II). In the present work, only the endpoint that
corresponds to early radiation effects was considered because
an acute toxicity would be the most immediate concern in
patients.

Healthy lung dose was assessed by dose–volume histogram
(DVH) analysis. Mean boron concentration Bex was used
to calculate the treatment time necessary to reach the
prescription dose. To analyze tumor doses, a theoretical case
of multiple lung metastases with lesions in unknown positions
was considered. Ten nonoverlapping spherical nodules were
randomly generated inside the volume of the lung with
density the same as the measured collapsed lung. Sizes of

T I. Tumor-to-normal lung 10B concentration ratios (T :N ) for BPA-F reported by different research groups.

Reference T :N ratio
Time from end of infusion to T :N

evaluation (h) Tumor

Trivillin et al. (Ref. 21) 1.9 3.0 Colon ca. mets in rat
Bortolussi et al. (Ref. 36) >3 4.0 Colon ca. mets in rat
Suzuki et al. (Refs. 7 and 8) 2.0–3.1 N/A–1.0 Mesothelioma in human
Suzuki et al. (Ref. 37) 1.6 0.5 Mesothelioma in rats
Suzuki et al. (Ref. 8) 3 1.0 Lung mets in human
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T II. RBE and CBE factors used to compute photon-equivalent doses in
normal and tumor tissues.

10B(n,α)7Li 14N(n,p)14C
Fast

neutrons Photons

Healthy lung 1.4 (Ref. 44) 3.2 (Ref. 45) 3.2 (Ref. 45) 1
Tumor 3.8 (Ref. 45) 3.2 (Ref. 45) 3.2 (Ref. 45) 1

the lesions were sampled between 0.2 and 19 cm3 from a
normal distribution with a mean of 3.3 cm3. This process was
repeated 1000 times to cover the whole lung. For each trial,
the expected fraction of controlled lesions (i.e., the arithmetic
mean of the TCPs for the ten lesions) was computed. The
tumor control probability model for lung cancer extended to
the case of BNCT in Farías et al.33 was used in calculations.
This TCP model relies on the Hug-Kellerer survival model
for a multifraction regime and accounts for nonuniform dose
distributions.46,47

3.B. Results of Stage II

3.B.1. Treatment planning and irradiation time

The goal of the treatment planning was to maximize
the tumor dose without exceeding the prescription dose
to the healthy tissue (i.e., a mean lung dose equal to
7.5 Gyw). Considering that a clinical scenario of multiple lung
metastases with lesions in unknown positions was proposed,
increasing the homogeneity of the delivered dose to the lung
would enhance the probability that all the lesions would
receive a potentially therapeutic dose. To this end, a rotation of
180◦ (about the vertical axis) halfway through the irradiation
time was proposed. This configuration compensates the
neutron flux attenuation in depth inside the organ, keeping
dose heterogeneity as low as possible in the entire lung
volume.

Assuming that the mean boron concentration in the
explanted organ (Bex = 9.8 ± 3.0 µg/g ) remained constant
during the whole ex situ period, and that the total irradiated

volume is healthy lung, the irradiation time required to achieve
the prescription dose was 415±5 s.

3.B.2. Dosimetrical outcome and evaluation

Figure 9(a) shows the cumulative DVH obtained when the
whole explanted organ is considered healthy lung, for the
expected value of the boron concentration after perfusion
(Bex = 9.8 µg / g) and for the upper bound of the 10B con-
centration interval (Bex = 12.8 µg/g ). It also includes the
cumulative dose–volume histogram as a function of the tumor-
to-normal tissue boron concentration ratio if the entire lung is
hypothetically considered tumor.

The cumulative dose–volume histogram obtained in
healthy lung for Bex= 9.8 µg/g derives, as expected, a mean
lung dose of 7.5 Gyw (i.e., the value to avoid radiation
pneumonitis complications). However, if a Bex + ∆Bex is
considered for dose calculations, the mean dose is 8.4 Gyw,
a value that would still be acceptable with a low probability
(∼5%) of inducing radiation pneumonitis. Mean lung dose
is composed of 3.1, 2.1, 0.5, and 1.8 Gyw due to boron,
thermal neutron, fast neutron, and photon dose components,
respectively.

As depicted in Fig. 9(a), the maximum dose delivered to
lung is considerably lower than the minimum dose delivered
to tumor even for the minimum T :N ratio allowed by the
inclusion criteria. This dosimetric advantage results from
tumor selective boron uptake and microdistribution of the
boronated compound in tumor.

In order to evaluate the therapeutic potential of BNCT for
the treatment of metastatic dissemination in the lung, a more
realistic clinical scenario of ten lesions spread in the organ
was considered. The probability of controlling each nodule
was computed based on the TCP model for single fraction
and inhomogeneous doses in Farías et al.33 The expected
number of controlled nodules for T :N boron concentration
ratios ranging from 2 to 3.5 is shown in Fig. 9(b). The average
fraction of controlled nodules (expressed as a percentage) is
higher than 85% for the lowest T :N ratio considered in the
analysis. This expected fraction increases with the T :N ratio,

F. 9. (a) Cumulative dose–volume histograms obtained in human lung, considering the entire volume as healthy tissue or as tumor. Solid and dotted black
lines show DVH in normal lung for Bex= 9.8 µg/g (the mean value) and for Bex= 12.8 µg/g (Bex+∆Bex). The set of solid lines to the right side of the figure
shows DVH in tumor for T :N from 2 to 3.5. (b) Average fraction of nodules controlled as a function of the tumor-to-normal boron concentration ratio, for a
fixed healthy lung dose constraint.
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reaching a value as high as 97% for a 3.5 T :N ratio. These
results strongly suggest that even for low values of tumor-
to-normal boron concentration ratios, there are good chances
that most of the nodules are controlled.

4. DISCUSSION AND CONCLUSIONS

This work addresses the preclinical requirements and the
feasibility of BNCT for the treatment of diffuse lung tumors
considering a novel ex situ irradiation procedure. A large
animal model based on normal adult sheep to assess boron
biodistribution and surgical feasibility was implemented and
validated for preclinical BNCT for the first time.

The preclinical model contributes to the knowledge of
the potential complications and limitations of the lung
autotransplantation surgery that could conceivably occur in
human patients. This knowledge is pivotal to the development
and optimization of this novel technique, prioritizing safety
and therapeutic efficacy.

BPA-F biodistribution studies performed with normal adult
sheep showed that the boron kinetics in blood, lung, and skin
would adequately represent the boron behavior and absolute
uptake expected in human tissues and afforded values that
can be used in dosimetric calculations. The study of boron
kinetics in a single large animal by successive sampling
affords a “true to life” kinetic profile. Conversely, in the
case of the widespread biodistribution studies performed in
small animals, the kinetic profile is reconstructed from the
data corresponding to different sets of animals euthanized at
different times. Results of the measured boron concentration-
time profiles strongly suggest that the distribution of the boron
compound is spatially homogeneous in the lung. The fact
that the lung-to-blood 10B ratio remains almost constant at
the time the slow clearance phase starts, would allow the
blood boron concentration to be used as a surrogate and
indirect quantification of the estimated boron concentration
in the explanted healthy lung. A constant lung-to-blood ratio
of 1.3± 0.1 was observed from 80 min after the end of
BPA-F infusion. This ratio obtained in the present study
would be very valuable in a clinical scenario due to the
complexity and sometimes the impossibility to measure lung
boron concentration during the treatment. It is noteworthy
that biodistribution studies were performed using both lungs,
making the results equally valid for the left and right
lungs.

The proposed preclinical animal model also allowed for
the study of the explanted lung. The boron concentration was
expected to fall as a result of the application of the preservation
protocol required to preserve the function of the treated lung
to be reimplanted. The distribution of the boron concentration
retention factor after organ perfusion was obtained for healthy
lung. The mean retention factor obtained in this work of
0.46±0.14 is within the same range as the values reported
by Trivillin et al.21 for metastatic colon carcinoma model
in rat perfused lung. Considering that in the small animal
model the tumor retention factor was about the same as
that observed in the normal sheep lung, assuming a unique

value for both tissues in humans seemed a reasonable and
conservative starting point.

The novel insights derived from this work were nonexistent
to date and are absolutely necessary to start the radiotolerance
study of the lung using mixed neutron-photon field irradiation
with BNCT. In addition, supplementary boron concentration
data reported in the Appendix for other organs and tissues
beyond those considered relevant for the ex situ procedure
would contribute to the feasibility assessment and dosimetric
analysis of BNCT for tumors localized in the thorax.
Moreover, all the presented results are essential to perform
an accurate and safe dosimetry in patients.

A detailed computational representation of the geometry
of the lung was built based on a real collapsed human
lung. Dosimetric calculations and dose limiting considerations
were based on the experimental measurements specifically
tailored for the ex situ irradiation procedure, and on the most
suitable information published in the literature. In addition,
a workable treatment plan and expected operative constraints
were considered to assess the clinical application of ex situ
BNCT for lung tumors at the RA-3 reactor in Argentina in the
most realistic scenario possible.

A theoretical case of multiple lung metastases with lesions
in unknown positions was proposed and analyzed for ex
situ BNCT in this work. This selected case is not well
suited for locoregional therapies such as photon therapy
or surgery. Calculations revealed that if the ex situ whole
lung BNCT irradiation strategy was employed, the expected
fraction of controlled lesions would be promising, i.e., over
85%, even for the lowest tumor-to-normal boron concentration
ratio considered (T :N = 2). The endpoint for calculations
corresponds to early radiation effects because acute toxicity
would be the most immediate concern in patients. However,
if late radiation effects are taken into account (i.e., if a
CBE factor for late functional effects of 2.3 is assumed for
calculations), the average fraction of controlled nodules is still
promising, reaching a value higher than 80% for a T :N ratio
of 2.5.

The most frequent clinical scenario for lung metastases
in humans is dissemination in both lungs. In this case, the
procedure of ex situ irradiation may be performed sequentially,
with an appropriate time between irradiations for the first
treated lung to recover. The results obtained in the theoretical
case are expected to hold true for both lungs. Based on
the results and lessons learned from this work, the general
procedure proposed for humans is almost the same to the
one described for animals but including some additional
steps that allow for a tailored treatment plan to be designed
for each patient. As in the case of melanoma treatments
carried out in Argentina, patients will be intravenously infused
with BPA-F (350 mg kg−1 bw) over 90 min. During this
time and half the period needed for lung explantation,
blood samples will be extracted in spans of 10–15 min.
While the surgical team continues to work on the organ
explantation, the 10B concentration in blood will be analyzed
by ICP-OES. The estimated blood boron concentration value
immediately before the organ excision will be used as a
surrogate of the boron concentration in the healthy tissue of
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the explanted lung. A constant lung-to-blood ratio of 1.3±0.1
and a mean retention factor 0.46±0.14 will be assumed for
dosimetry calculation purposes. Just before the explanted lung
is transported to the irradiation facility, a CT study of the
organ inside the acrylic container can be carried out in the
same building. The time elapsed between when the organ
leaves the operating theatre and is ready for irradiation is
about 55 min. In this interval of time, a tailored treatment plan
that takes into account specific organ characteristics obtained
from the CT study can be performed. Note that the Multicell
reconstruction in combination with the  estimations can
be carried out in less than 40 min using an optimized source
representation of the FCCT and parallel computing (with 40
Intel® i7 processors). Finally, adjustments to the final value
of the irradiation time may be performed, if needed.

Whole lung irradiation for tumor spreads in the case
of Wilms or Ewing metastases has been performed with
promising results, as stated in recent publications by Whelan
et al.13 and Bölling et al.12 Considering these cases, the clinical
application of ex situ BNCT as a concomitant treatment
may be expected to result in similar lung toxicity with at
least the same good overall survival. Note that for the same
lung toxicity that is acceptable in the mentioned standard
applications, the proposed BNCT treatment would deliver a
higher dose selectively to the tumors in a single fraction.

Collectively, the results and analysis presented in this work
would strongly suggest that ex situ BNCT is a feasible and
highly promising technique that could greatly contribute to the
treatment of metastatic lung disease in those patients without
extrapulmonary spread, increasing not only the expected
overall survival but also the resulting quality of life.

APPENDIX: BPA-F PHARMACOKINETIC STUDIES:
OTHER RELEVANT TISSUES

Boron concentration measurements in additional tissues
of clinical relevance for in situ lung irradiation or, more

F. 10. Average measured boron pharmacokinetic profile of muscle for two
animals with the model prediction for blood. The bars represent the range
between minimum and maximum measured values.

T III. Boron concentration values of different tissues involved in thorax
irradiations with BNCT, at 300 min from the start of BPA-F infusion. Blood,
lung, and skin average values are those derived from the fit with confidence
interval of 95%. Concentration values for the remaining tissues are reported
as average measured value with the minimum and maximum concentration
range.

Organ/tissue 10B concentration (µg/g)

Blood (fit) 11.0 [10.5–11.5]a

Lung (fit) 14.5 [14.2–14.9]a

Skin (fit) 21.6 [21.0–22.1]a

Heart (n = 6) 16 [10–26]
Esophagus (n = 3) 10 [9–11]
Diaphragm (n = 3) 21 [19–22]
Liver (n = 5) 11 [9–12]
Kidney (n = 9) 112 [57–152]

aConfidence interval of 95%.

generally, for BNCT of tumors localized in the thorax are
presented in this appendix.

Figure 10 shows the average measured pharmacokinetic
profile for two animals corresponding to muscle (soft tissue),
with the model prediction for blood. As expected, the muscle
boron concentration profile closely follows the blood profile,
deriving a muscle-to-blood ratio of about 1 after 150 min from
the start of the infusion.

Table III presents the boron concentration obtained at
300 min from the start of infusion, for most of the tissues
and organs that would be involved in thorax irradiations with
BNCT. Values for blood, lung, and skin are also presented as
reference. The fact that boron concentration values in kidney
are much higher than those obtained in the other tissues is
explained by noting that BPA-F is primarily eliminated by
renal clearance.22
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