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As clinical trials of Neutron Capture Therapy~NCT! are initiated in the U.S. and other countries,
new treatment planning codes are being developed to calculate detailed dose distributions in
patient-specific models. The thorough evaluation and comparison of treatment planning codes is a
critical step toward the eventual standardization of dosimetry, which, in turn, is an essential element
for the rational comparison of clinical results from different institutions. In this paper we report
development of a reference suite of computational test problems for NCT dosimetry and discuss
common issues encountered in these calculations to facilitate quantitative evaluations and compari-
sons of NCT treatment planning codes. Specifically, detailed depth-kerma rate curves were calcu-
lated using the Monte Carlo radiation transport codeMCNP4B for four different representations of
the modified Snyder head phantom, an analytic, multishell, ellipsoidal model, and voxel represen-
tations of this model with cubic voxel sizes of 16, 8, and 4 mm. Monoenergetic and monodirec-
tional beams of 0.0253 eV, 1, 2, 10, 100, and 1000 keV neutrons, and 0.2, 0.5, 1, 2, 5, and 10 MeV
photons were individually simulated to calculate kerma rates to a statistical uncertainty of,1% ~1
std. dev.!in the center of the head model. In addition, a ‘‘generic’’ epithermal neutron beam with a
broad neutron spectrum, similar to epithermal beams currently used or proposed for NCT clinical
trials, was computed for all models. The thermal neutron, fast neutron, and photon kerma rates
calculated with the 4 and 8 mm voxel models were within 2% and 4%, respectively, of those
calculated for the analytical model. The 16 mm voxel model produced unacceptably large discrep-
ancies for all dose components. The effects from different kerma data sets and tissue compositions
were evaluated. Updating the kerma data from ICRU 46 to ICRU 63 data produced less than 2%
difference in kerma rate profiles. The depth-dose profile data, Monte Carlo code input, kerma
factors, and model construction files are available electronically to aid in verifying new and existing
NCT treatment planning codes. ©2002 American Association of Physicists in Medicine.
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I. INTRODUCTION

Neutron Capture Therapy~NCT! is a biologically targeted,
binary radiation therapy for cancer that combines neut
irradiation with a tumor targeting agent labeled with a sta
isotope having a high thermal neutron capture cross sec
and yielding charged particle reaction products after neu
capture.1–3 Boron-10 has traditionally been the isotope
choice due to its very large thermal neutron capture cr
section of 3840 barns,4 a high Q value of 2.79 MeV, and
densely ionizing disintegration products consisting of an
pha particle and a7Li recoil ion. Furthermore, these particle
deposit their energies to within;10 mm of the reaction site,
potentially making the radiation highly cell selectiv
Equally important is the biochemical ability of the isotop
cally labeled compound to accumulate preferentially in
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mor cells relative to normal tissue or blood,5,6 since this up-
take ratio determines the therapeutic advantage of NCT
large extent. Preferential uptake of the10B compound by
tumor cells enables the high LET particles from t
10B(n,a)7Li reaction to be delivered with microscopic sele
tivity to the targeted cells.

The radiation delivered in NCT is a complex mixed fie
of high and low LET radiation that depends on the spat
spectral, and angular characteristics of the incident neu
beam as well as on the geometry and elemental compos
of the target itself. For treatment planning and dosime
purposes, the radiation field is generally divided into fo
primary dose components: thermal neutron, fast neut
photon, and10B dose. The thermal neutron dose primar
arises from the14N(n,p)14C thermal neutron capture reac
145„2…Õ145Õ12Õ$19.00 © 2002 Am. Assoc. Phys. Med.
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tion, which comprises 96% of the neutron kerma for ICR
46 brain tissue7 below the 0.5 eV energy cutoff for therma
neutrons. The fast neutron dose is primarily due to ela
neutron collisions with hydrogen,1H(n,n8)1H, and repre-
sents 90% of the adult brain kerma between energies
;600 eV and;3 MeV. Other neutron reactions, primaril
with 12C, 16O, and31P generally contribute 4%–8% to th
brain kerma between;40 eV and;5 MeV, but at certain
resonance energies may contribute more. The photon
component originates from two sources, contaminating p
tons in the neutron beam incident on the target and pro
gammas produced by neutron capture in the target, pri
pally by the 1H(n,g)2H reaction in tissue. The10B dose
arises primarily from the10B(n,a)7Li capture reaction with
thermal neutrons. With preferential10B uptake by the tumor,
a therapeutic advantage is achieved. In addition, the effec
dose due to10B depends on the microdistribution of the b
ron compound,8 the time after compound administration9

and each individual patient’s physiology.10,11

The calculation of these four dose components is sign
cantly more complicated than the determination of dose
conventional photon therapy, which generally relies on e
pirical algorithms based on in-phantom dose measu
ments.12 Because of this complexity, it is generally believe
that solution of the neutron transport equation13 is required
for accurate NCT treatment planning, typically using Mon
Carlo methods. Deterministic transport methods such as
discrete ordinates, orSn , method have also been applied
NCT treatment planning calculations.14,15Although efforts to
develop empirical dose algorithms for NCT treatment pla
ning have been made, the methods are not yet adequ
developed for clinical application.16

To date, comparisons of NCT treatment planning softw
have been limited in scope and only to the three codes u
clinically in the USA and Europe: MacNCTPlan,17–19devel-
oped at Harvard–Massachusetts Institute of Technol
~MIT!, BNCT–rtpe,20,21 and its successor,SERA,22 both de-
veloped at the Idaho National Engineering and Environm
tal Laboratory. The study by Goorleyet al. demonstrated
close agreement between the MacNCTPlan and BNCT–rtpe
codes in evaluating a single clinical BNCT test case.23 An
extensive comparison betweenSERA and MCNP,24 which is
the ‘‘transport engine’’ used in MacNCTPlan, was recen
completed for boron neutron capture synovectomy.25 Other
NCT treatment planning systems are being developed
Australia,26 Italy,27 and Japan,28 but to date have not bee
described in the scientific literature or applied clinically.

Evaluation and comparison of treatment planning so
ware is a critical step in the wider goal of standardization
dosimetry for NCT. Efforts to compare and standard
physical dosimetry in NCT have been formally initiated
the USA,29 Europe,30 and internationally.31 As clinical trials
of NCT progress, the benefits of standardized physical
computational dosimetry will permit the normalization of th
dosimetry for subjects treated by NCT at different insti
tions and may eventually enable the legitimate pooling
such multisite clinical data.

Although different investigators have sometimes us
Medical Physics, Vol. 29, No. 2, February 2002
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widely different computational approaches in NCT treatm
planning calculations, dose calculations based on the s
problem description should produce the same results. In
paper, we propose a calculated set of reference depth-ke
rate profiles to be used as part of the verification and co
parison of NCT treatment planning software. To provide r
erence computational dosimetry data that would be usefu
other investigators, thermal neutron, fast neutron, indu
photon, incident photon, and10B one-dimensional depth
kerma rate distributions were computed with high statisti
precision along the central axis of a human head phant
These kerma rate profiles were calculated for irradiation
the head phantom with monoenergetic and monodirectio
neutron and photon beams of energies relevant to neu
capture therapy applications as well as for a ‘‘generic’’ bro
spectrum epithermal neutron beam using the general pur
Monte Carlo radiation transport codeMCNP ~version 4B!24

with the most up-to-date neutron and photon cross secti
material compositions, and kerma factors available. There
however, no intent to claim that these data provide a ‘‘go
standard,’’ rather, this study represents a first step toward
objective standardization of computational dosimetry
NCT.

In addition to the reference calculations, in this paper
examine the effects of several modeling parameters on ra
tion transport and dosimetry. Since two of the NCT treatm
planning codes used in clinical trials employ voxel repres
tations~of different spatial resolution! to describe the phan
tom geometry and all three use voxels for tallying, the i
pact of voxel mesh size was evaluated by comparing do
depth data computed in the analytical representation~i.e.,
using smooth geometric curves! of a head phantom with dat
computed in four voxel model representations of the sa
phantom with different voxel sizes. In addition, owing to th
historically separate development of existing NCT treatm
planning codes and the present lack of accepted standard
NCT dosimetry, different research groups have used differ
tissue densities and elemental compositions resulting in
respondingly different kerma values and radiation transp
characteristics. The impact of these differences was ev
ated and a unified set of kerma values based on ICRU
tissue compositions7 is recommended. The impact of diffe
ent approaches to treating the thermal neutron scattering
for hydrogen is examined. The significance of the therm
neutron flux depression due to absorption by10B in tissue is
presented in the expanded version of this paper availa
with the electronic database that includes the depth-ke
rate profile data.

II. METHODS AND MATERIALS

The magnitudes of the effects of material compositio
kerma factors, model mesh size, and beam energy on
phantom dose profiles were evaluated using the general
pose Monte Carlo radiation transport codeMCNP, version
4B.24 The reference phantom model for these calculation
an analytical representation of the modified Synder h
phantom.32 Kerma rates were calculated in rectangu
m
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prisms with a 16316 mm cross section centered on thez axis
and with 4 mm thickness in thez direction. To be strictly
valid, comparisons should be made of the same tally volu
as kerma rates calculated for different volumes can y
different results. To provide a tally grid that consistently c
culates kerma over the same volume for all models, ta
cells in the analytical model were averaged axially
needed, and kerma rates in 8 and 4 mm cells in the vo
models were averaged laterally to agree with the
316 mm cross sections in the analytical model. Due to
symmetry of the modified Synder head phantom and the
cident radiation fields about thez axis, the approach is
equivalent to using a tally mesh with dimensions of
38 mm in the xandy directions with a voxel edge aligne
with the z axis. Using the 16316 mm cross section tally
volume rather than a single one of the four 838 mm tally
volumes aligned to thez axis provides an advantage of larg
volume and hence improved tally statistics. The followi
sections describe the modified Snyder head phantom,
struction of voxel models, material compositions, kerma f
tors, thermal neutron scattering treatment, and the pho
and neutron source beams.

A. Modified Synder head phantom geometry

Recent efforts in physical dosimetry standardization h
used a simple rectangular water phantom.32 While a rectan-
gular water phantom could be used to test the Monte C
transport calculations, a more realistic model, such as
Snyder head phantom,32 with its curved surfaces, heteroge
neous composition, and appropriate biological materials,
more robust test of treatment planning software. An ellips
dal head phantom based on the Snyder model is used b
Harvard–MIT group for physical dosimetry of the two ne
tron beams at the MIT Research Reactor.33,34

The original Snyder head phantom31 consists of two ellip-
soids, which divide the head into regions of cranium a
adult brain. A third 5 mm thick shell representing skin h
also been added.35 Equations~1!, ~2!, and~3!, which locate
the center of the head at the origin, specify these regions
boundary between brain and skull:

S x

6D 2

1S y

9D 2

1S z21

6.5 D 2

51; ~1!

the boundary between skull and scalp:

S x

6.8D
2

1S y

9.8D
2

1S z

8.3D
2

51; ~2!

the boundary between scalp and air:

S x

7.3D
2

1S y

10.3D
2

1S z

8.8D
2

51. ~3!

These equations describe the phantom illustrated in Fig.

B. Voxel models

Three voxel models of the Snyder head phantom w
prepared with different mesh sizes. All voxel models we
derived from a three-dimensional TIFF format image sta
Medical Physics, Vol. 29, No. 2, February 2002
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with a 1 mm in-plane resolution and a 2 mm slice width th
represents the Snyder head model in the same way that
image stack represents patient geometry in a treatment p
ning calculation. The three voxel models were composed
cubic voxels, with edge lengths of 16, 8, and 4 mm, and w
generated from this TIFF image stack using MATLAB~The
Mathworks, Natick, MA! and FORTRAN programs. Each
voxel contained a mixture of the 4 primary materials~air,
skin, bone, or brain!in 10% increments, which resulted i
286 possible combinations of materials. Not all possi
combinations were used in the models. A description of
voxel model generation and materials selection proces
included in the expanded paper in the EPAPS60 electronic
database, as well as some of the model construction fi
including the TIFF image stack. These three voxel mod
were verified to be similar in size and shape to the analyt
model by superposing the cross sections of the analyt
model ~plotted with MCNP! over those of the voxel models
as shown in Fig. 2.

C. Tissue compositions

The three different regions of the analytical modified Sn
der head phantom were composed of adult whole brain, a
whole cranium, and adult skin materials, as defined by IC

FIG. 1. Cross sections through the modified Snyder head phantom a
planesy50 ~left! andx50 ~right!. The dimensions of the external shell a
shown. The light gray central ellipsoid is composed of adult whole bra
The dark gray region is composed of adult cranium, and the medium
region represents adult skin.

FIG. 2. A comparison of voxel and analytical models. The analytical mo
~curved lines!is superimposed over the 16 mm voxel model~left!, the 8 mm
voxel model~center!, and the 4 mm voxel model~right!. For clarity, the
material mixtures are colored according to the most abundant primary
terial in the mixture. Brain is colored the lightest gray, bone the darkest g
skin is medium gray, and air white. Additional segmentation for finer ta
resolution is visible along the beam axis in the 16 mm voxel model. T
beam axis in this figure corresponds to thez axis in Fig. 1.
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467 and listed in Table I. Variation between individuals do
exist, however.36 Air, of composition described by Chadwic
et al.,37 surrounds the models.

Nitrogen and hydrogen are the two most important e
ments for neutron transport and dosimetry in the ene
range of interest. Differences in nitrogen and hydrogen c
centrations in tissue can produce substantial difference
calculated doses. In addition, variation in the hydrogen c
centration can affect neutron transport due to its large c
section and high atomic density. Small changes in the ni
gen concentration will proportionally change the therm
neutron kerma factors, but will not significantly affect ne
tron transport because the nitrogen macroscopic cross se
is small compared to that of hydrogen.

It is also important that the neutron capture and sub
quent production of prompt gamma rays in various eleme
are modeled correctly. The ENDF60 cross section librar38

used in these Monte Carlo calculations provides pointw

FIG. 3. Contributions to adult whole brain neutron kerma from differe
elements. All elemental kerma data is from ICRU 63, except for data fo
Cl, and S, which were calculated for the dominant reactions@K(n,p),
Cl(n,p), and S(n,a)# using ENDF/B-VI or JENDL-3.2 cross sections an
Q values. The whole brain kerma factors below 0.0253 eV were extrapol
down to 1024 eV.

TABLE I. Material densities and compositions in mass percent.

Z Element
Air

~Ref. 37!

ICRU 46
Skeleton–
Cranium
~Ref. 7!

ICRU 46
Adult whole
brain ~Ref. 7!

ICRU 46
adult skin
~Ref. 7!

r ~g/cm3! 0.001 293 1.610 1.040 1.090

1 H 0 5.0 10.7 10.0
6 C 0.01 21.2 14.5 20.4
7 N 75.53 4.0 2.2 4.2
8 O 23.18 43.5 71.2 64.5

11 Na 0 0.1 0.2 0.2
12 Mg 0 0.2 0 0
15 P 0 8.1 0.4 0.1
16 S 0 0.3 0.2 0.2
17 Cl 0 0 0.3 0.3
19 K 0 0 0.3 0.1
20 Ca 1.28 17.6 0 0
Medical Physics, Vol. 29, No. 2, February 2002
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continuous energy24 cross sections derived from the ENDF
B-VI nuclear data library,39 and includes the correspondin
gamma production data.

D. Kerma factors

Photon and neutron kerma factors are energy-depen
factors used to convert neutron or photon fluence spectr
kerma, which approximates absorbed dose.40 The recently
published H,12C, 14N, 16O, 31P, and40Ca total isotopic neu-
tron kermas in ICRU 63,41 shown in Fig. 3 at their concen
trations in an ICRU 46 adult brain,7 are based on the ENDF
B-VI nuclear data library.39 They were used to calculat
kerma factors for the adult whole brain tissue composit
specified in ICRU 46~see Table I!. Since kerma factors fo
the elements Na, S, Cl, and K included in the brain tiss
composition are not reported in ICRU 63, neutron kerm
factors for these elements were calculated from ENDF/B
or JENDL-3.242 cross section data and reactionQ values.
However, because the contributions from Na and K repres
a negligible fraction~,0.1%!of the total neutron kerma fo
ICRU brain material at all neutron energies, the contributio
from these two elements were neglected in the calculatio
total neutron kerma. Kerma factors for the most significa
neutron reactions for Cl and S, the~n,p!and (n,a) reactions,
respectively, were calculated from JENDL-3.2 data beca
cross section data is not available in ENDF/B-VI for all
the stable isotopes of these two elements. Using the elem
tal cross sections andQ values to calculate kerma values fo
these reactions rather than by summing the kerma fac
calculated for individual isotopes produced erroneous val
and was therefore avoided; in the case of theS(n,a), the
kerma factors below 2 MeV computed using the ENDF/B-
naturalS cross section were inflated by a factor of 2.

The neutron kerma factors that were used for clini
NCT treatment planning by the Harvard–MIT Program35,43

are based on the kerma data of Caswellet al.,44 derived from
the ENDF/B-V data library. An earlier evaluation of neutro
kerma data by Caswellet al.,45 based on the ENDF/B-IV
data library, was used to derive the neutron kerma factors
the various tissues reported in ICRU 46. The ICRU 63
port, in Sec. 6.4.2, states that for cross section evaluat
earlier than ENDF/B-VI, ‘‘energy deposition was not a pr
mary concern...,’’ and cross sections for several reacti
were grouped together, which could ‘‘...give significantly i
correct values for kerma coefficients.’’ This possibility fo
significant discrepancy motivated a comparison of ICRU
neutron kermas for several tissue compositions with ker
factors computed for the same compositions from ICRU
elemental kerma factors. In addition, the differences in
kerma factors were evaluated for adult brain composition
comparing depth-kerma rate profiles computed with ICR
46 or ICRU 63 based kerma factors. These calculations w
performed for irradiation of the analytical representation
the modified Snyder head phantom with the generic epith
mal neutron beam.

Another important issue related to neutron kerma is
treatment of neutrons below 0.0253 eV. In both ICRU 63 a
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ICRU 46, the lowest reported neutron kerma data points
for 0.0253 eV. Since this energy only corresponds to the p
of the Maxwell–Boltzmann distribution at 20.5 °C, the co
tribution from neutrons below this energy is significan
Since nitrogen is the most significant contributor to the th
mal neutron dose, and it is a 1/v absorber, the thermal neu
tron kerma values will increase as the neutron energy
creases, making the energy region below 0.0253 eV
important contributor to kerma. A reasonable treatment
neutron kerma below 0.0253 eV is log–log extrapolation
the kerma data points below 1 eV down to an energy wh
there are very few neutrons, such as 1024 eV, as shown in
Fig. 3. With the analytical model and the generic epitherm
neutron beam, extrapolating the kerma down to 1024 eV in-
creased the thermal neutron doses throughout the pha
by 12% compared to the default treatment inMCNP, where all
neutrons scored below the lowest energy point~0.0253 eV!
are assigned the kerma value corresponding to the low
energy point.

Photon kerma factors for ICRU brain tissue composit
used in these calculations46,47 are based on mass energy a
sorption coefficients (men/r) calculated by Seltzer,48 which
update and expand the data from ICRU Report 46, which
derived from Hubbell’s elemental data.49 This most recent
NIST evaluation of the photon kerma factors46,47 was com-
pared with ICRU 46 photon kerma factors by computi
depth-kerma rate profiles in the analytical representation
the modified Snyder head phantom using monoenerg
photon beams of 0.2, 0.5, 1, 2, 5, and 10 MeV.

Kerma factors for10B were calculated from the energy
dependent cross sections andQ values from the ENDF/B-VI
library39 for the 10B(n,a)7,Li and 10B(n,a)7Li* reactions,
which dominate at thermal energies. Figure 4 shows the10B
kerma factors calculated for these two reactions as wel
for several others, including the10B(n,T)2a, elastic and in-

FIG. 4. Energy-dependent kerma factors for neutron reactions with10B,
based on 1mg/g 10B. The two inelastic reactions@10B(n,n8)10B* and
10B(n,n8)10B** # are the two highest kerma-producing inelastic reactio
below 10 MeV. Many more inelastic reactions of lesser importance are li
in the ENDF data, but are not shown in Fig. 4. The inset is an expansio
the 1–10 MeV region and shows only the first four reactions.
Medical Physics, Vol. 29, No. 2, February 2002
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elastic scatter,10B(n,g)11B, 10B(n,p)10Be, and10B(n,d)9Be
reactions. Although these additional reactions do repres
significant fractions of the total boron kerma at energ
above several hundred keV, their impact on the total d
from 10B is negligible due to the very low absolute value
the kerma factors in this energy range. To verify this,
both 1 MeV monoenergetic and epithermal neutron bea
depth-kerma rate profiles were calculated in the analyt
representation of the modified Snyder head phantom u
kerma factors derived from the10B(n,a) reactions only and
using boron kerma factors that also include the two reacti
most significant at high energies, elastic scatter, and
10B(n,T)2a reaction. The difference between the10B kerma
rate profiles was smaller than the statistical uncertainty in
kerma rates~0.1%!. For the boron depth-kerma rate profil
presented in the results, the kerma factors based only on
10B(n,a) reactions were used.

The kerma factors for boron and the tissue kerma fac
derived from the ICRU 63 data and JENDL-3.2 data a
available in the EPAPS electronic database.60

E. Thermal neutron scattering treatment

At neutron energies below several eV, the motion o
target nucleus and its chemical binding state are impor
factors in neutron scattering.

13
At these low energies, the neu

tron energy is comparable to the thermal energy of the ta
atom as well as to its chemical binding energy. Hence,
thermal motion of the target atom alters the effective scat
ing cross section as well as energy transfer to or from
incident neutron. In collisions with bound nuclei or nuclei
condensed matter, the binding or presence of nearby at
may affect the recoil of the target nucleus and thus influe
the energy and angle of the outgoing neutron. The def
treatment for thermal neutron scattering inMCNP is the free
gas thermal treatment, which, as the name implies, negl
the complex chemical binding effects and interaction of
target atom with other nearby atoms, but does include th
mal motion of the target nucleus in the scatteri
kinematics.24 For a few select molecules and solids, t
S~a,b! thermal neutron scattering treatment, a complete r
resentation of the thermal neutron scattering law, is availa
in MCNP. To account for the molecular binding effects
hydrogen in the biological materials of these calculations,
S~a,b! thermal scattering treatment for hydrogen in light w
ter at 300 K was generally used. The effect of the differe
thermal neutron scattering treatments on dose rates
evaluated by comparing dose-depth profiles calculated u
the free gas thermal treatment or S~a,b! thermal scattering
treatment in the analytical model with the ‘‘generic’’ epith
ermal neutron beam.

F. Neutron and photon source beams

The reference calculations were performed using in
vidual monoenergetic and monodirectional beams of 0.0
eV, 1, 2, 10, 100, and 1000 keV neutrons and 0.2, 0.5, 1, 2
and 10 MeV photons. These calculations were run to h
statistical convergence, with statistical uncertainty of le
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than 1% in the center of the model for each dose compon
All calculations were run for at least 50 million particle hi
tories. In addition to these monoenergetic beams, a gen
epithermal neutron beam with 1% fast neutron flux conta
nation~10 keV to 2 MeV!and 10% thermal flux contamina
tion ~1 meV to 0.5 eV!, similar to those proposed for use
clinical BNCT, was also employed. Inside each of the th
energy bins of this epithermal spectrum, the modeled neu
spectrum approximated a 1/Edistribution.13 All beams were
10 cm in diameter and were sampled uniformly in area; i
radius,r, was sampled from the distributionf (r )5(2/R2)r ,
where R is the maximum radius, 5 cm. The intensities
these beams were normalized to a neutron or photon flu
1010 particles/cm2 s. For the generic epithermal neutro
beam, source biasing was used to sample the higher-en
portion of the neutron spectrum more frequently and ther
reduce the statistical uncertainty of the fast neutron d
deep in the phantom.

III. RESULTS

In this paper we present the results from a number
different computational dosimetry studies relating to neut

FIG. 5. Thermal neutron depth-kerma rate profiles calculated in the ana
cal representation of the modified Snyder head phantom for various ne
beams.

FIG. 6. Fast neutron depth-kerma rate profiles calculated in the analy
representation of the modified Snyder head phantom for various neu
beams.
Medical Physics, Vol. 29, No. 2, February 2002
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of
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capture therapy. Most importantly, reference depth-ker
rate profiles, for comparing and verifying NCT treatme
planning codes, are presented in Sec. III A. These profi
based on an analytical model of the modified Snyder h
phantom, are then compared to voxel models of the sa
phantom in Sec. III B to examine the effect of voxel size.
Sec. III C, differences in kerma rates arising from variati
in the tissue nitrogen concentration are presented. In S
III D, we examine the effects of changing kerma data fro
ICRU 46 ~based on ENDF/B-IV!to ICRU 63 for neutrons
~based on ENDF/B-VI!and to the most recent NIST evalu
ation for photons. In Sec. III E, the impact of using two d
ferent thermal neutron scattering treatments is analyzed.

A. Reference dosimetry calculations

Figures 5–8 show the reference thermal neutron, fast n
tron, induced photon, and boron depth-kerma rate profi
calculated for irradiation of the analytical model of the mod
fied Snyder head phantom with the monodirectional, m
noenergetic neutron beams of 0.0253 eV, 1, 2, 10, 100,
1000 keV, and the epithermal neutron beam. Presentatio
the depth-kerma rate profiles for the 8 mm voxel model

ti-
on

al
on

FIG. 7. Induced photon depth-kerma rate profiles calculated in the analy
representation of the modified Snyder head phantom for various neu
beams.

FIG. 8. Boron depth-kerma rate profiles for tissue concentrations of 1mg/g
10B calculated in the analytical representation of the modified Snyder h
phantom for various neutron beams.
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omitted for brevity since these data are also available e
tronically. Figure 9 shows the incident photon depth-ker
rate distribution for irradiation of the same model with t
monoenergetic photon beams of 0.2, 0.5, 1, 2, 5, and
MeV. The statistical uncertainty~1 s! for each point in Figs.
5–9 is smaller than the sizes of the data points. These fig
show a number of interesting effects. As expected, increa
the neutron beam energy increases the fast neutron ke
rate by several orders of magnitude, and produces dif
ences in the peak thermal neutron and induced photon ke
rates of as much as a factor of 3. At the surface of the ph
tom, the fast neutron kerma rate increases by two order
magnitude and even more at depth in the phantom, as
neutron energy increases from 1 keV to 1 MeV. As the n
tron beam energy increases, both the thermal neutron ke
rate and induced photon kerma rate peaks move deeper
the phantom and broaden significantly. Increasing the en
of the incident photon beam from 0.2 to 10 MeV likewis
increases the peak photon kerma rate by a factor of 20.

B. Voxel models

Depth-kerma rate profiles calculated for the generic e
thermal beam in voxel model representations of the modi
Snyder head phantom with 16, 8, and 4 mm voxels, and
the analytical representation of the head phantom are sh
in Figs. 10–12 along with their respective differences fro
the analytical model results. The model with the small
voxel size, 4 mm, shows the best agreement with the ana
cal model for all dose components, typically differing by le
than 2%. The 8 mm voxel model kerma rates are wit
3%–5% of the analytical model kerma rates for all dep
and are usually lower than the analytical model kerma ra
However, the 16 mm voxel model produced unaccepta
large discrepancies~maximum deviations of 13%! for all
dose components.

C. Tissue compositions

Since kerma factors are the sum of the products of
isotopic cross sections and the energy imparted to cha

FIG. 9. Incident photon depth-kerma rate profiles calculated in the analy
representation of the modified Snyder head phantom for various mono
getic photon beams.
Medical Physics, Vol. 29, No. 2, February 2002
c-
a

0

es
ng
ma
r-
a

n-
of
he
-
a

nto
gy

i-
d
in
wn

t
ti-

n
s
s.
ly

e
ed

particles weighted by the mass fraction in tissue for ea
isotope, they will vary with the assumed tissue compositio
used to derive the kerma factors. As stated in ICRU Rep
46, ‘‘Uncertainties in the absorbed-dose estimations in bo
tissues arise both from uncertainties in the composition
the tissues and from uncertainties in the radiation interac
coefficients. The former are usually larger.’’ Of particul
interest, due to its large effect on the total brain kerma a
variability among people, is the concentration of nitroge
The kerma factors for adult brain based on two differe
nitrogen concentrations, 2.2%7 and 1.84%50 by mass, a
16.4% difference, are plotted in Fig. 13. Corresponding
the thermal neutron kerma factor for adult brain contain
2.2% by mass14N is 15.8% higher. Small changes in th
tissue14N concentration perturb neutron transport very litt
Above ;1 keV, the total brain kerma for the compositio
with 1.84% nitrogen is higher than for a nitrogen concent
tion of 2.2% because all of the other elements were u
formly increased in concentration to maintain constant d
sity.

Neutron kerma factors computed for brain, cranium, a
skin using ICRU 63 elemental data~based on ENDF/B-VI!
and the S(n,a) and Cl(n,p) cross section andQ value data
from JENDL-3.2 are shown in Fig. 14~a!. Below 30 eV, th
difference between the kerma factors for cranium and ski
about 5% because their nitrogen concentrations are 5%

al
er-

FIG. 10. Effect of voxel size on thermal neutron depth-kerma rate profi
~a! Profiles for the analytical and 4, 8, and 16 mm voxel models of
modified Snyder head phantom calculated for an epithermal neutron b
~b! Percentage differences in thermal neutron kerma rates between v
models and the analytical model.
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ferent, as shown in Table I. The skin and brain kerma fac
above 200 eV differ by only 6% or less due to correspond
differences in their hydrogen concentrations.

D. Kerma factors

The ICRU 63 elemental kerma data were used to comp
updated tissue kerma factors and these were compare
ICRU 46 tissue kerma data. The differences between br
cranium, and skin neutron kerma factors computed fr
ICRU 63 data~based on ENDF/B-VI!and the S(n,a) and
Cl(n,p) data from JENDL-3.2 and those available in ICR
46 ~based on ENDF/B-IV!, shown in Fig. 14~b!, are gen
ally less than 2%. Large differences between the two set
kerma factors are evident around 398 eV due to the inclus
of a resonance peak of the chlorine~n,p! reaction, but this
peak is only a few eV in width. In the epithermal ener
region, where the neutron kerma is at its minimum, howev
the ICRU 63 based adult whole brain kerma is 1%–2
higher than ICRU 46, possibly due to the inclusion of t
S(n,a) reaction. When the S(n,a) reaction is excluded, tha
difference falls to less than 0.5%. With an epithermal neut
beam, however, using the ICRU 63 kerma factors produ
thermal neutron depth-kerma rate profiles less than 2% lo
than those calculated with ICRU 46 kerma factors, as sho
in Fig. 15.

FIG. 11. Effect of voxel size on fast neutron kerma rate profiles.~a! Profiles
for the analytical and 4, 8, and 16 mm voxel models of the modified Sny
head phantom calculated for an epithermal neutron beam.~b! Percentage
differences in fast neutron kerma rates between the voxel models an
analytical model.
Medical Physics, Vol. 29, No. 2, February 2002
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FIG. 12. Effect of voxel size on the induced photon kerma rate profile.~a!
Profiles for the analytical and 4, 8, and 16 mm voxel models of the modi
Snyder head phantom calculated for an epithermal neutron beam.~b! Per-
centage differences in induced photon kerma rates between voxel m
and the analytical model.

FIG. 13. Energy dependent neutron kerma factors computed using ICRU
elemental kerma data and data from JENDL-3.2 for adult whole brain c
positions with nitrogen concentrations of 2.2%~Ref. 7!and 1.84%~Ref. 50!
by mass. The difference between the two sets of kerma factors decre
from 15.8% at thermal energies to negligible differences at energies abo
keV.
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The most recent NIST evaluation of photon kerm
factors46,47 ~used in these calculations! for ICRU brain com-
position were compared with ICRU 46 kerma factors for t
same composition by computing depth-kerma rate profi
for irradiation of the analytical representation of the modifi

FIG. 14. ~a! Neutron kerma factors for adult cranium, brain, and skin co
position based on ICRU 63 and JENDL-3.2 data, and~b! their differences
from ICRU 46 neutron kerma factors.

FIG. 15. The effects of different kerma factors and thermal neutron sca
ing treatments on thermal neutron kerma rates.
Medical Physics, Vol. 29, No. 2, February 2002
s

Snyder head phantom with monoenergetic photon beam
0.2, 0.5, 1, 2, 5, and 10 MeV using both sets of kerma f
tors. The two kerma sets produced no significant differen
in these calculations. Differences in photon kerma rate p
files were less than the statistical uncertainty in the diff
ence between the profiles, which was 0.2%.

E. Thermal neutron scattering treatment

Differences between the free gas treatment and the S~a,b!
thermal neutron scattering treatment for hydrogen in wa
produced significant differences in neutron transport that
most depths, resulted in increased dose rates for those c
ponents derived from the thermal neutron flux. The ma
mum thermal neutron dose rate calculated using the S~a,b!
thermal neutron scattering treatment was 37% higher t
that calculated using the free gas treatment, as indicate
Fig. 15. In addition, the location of the peak dose rates d
fered slightly, by;0.4 cm. This difference, however, de
creases with depth so that by;10 cm depth, the therma
neutron kerma rates are equal. Deeper than;10 cm, the
S~a,b! treatment produces thermal neutron kerma ra
slightly lower than the free-gas treatment. Since both the10B
and neutron kerma factors follow a 1/v relationship in the
thermal region, similar behavior should be expected for10B
dose rate profiles. The effect on induced photon kerma ra
shown in Fig. 16, was similar, with the S~a,b! treatment
producing a maximum kerma rate 30% higher than with
free gas treatment. The locations of the maxima also diffe
slightly, by ;0.4 cm. However, the induced photon kerm
rate calculated with the S~a,b! treatment was higher tha
that calculated using the free gas treatment at all dep
Since the scattering cross sections differ below;4 eV, there
is a slight effect on the fast neutron dose rates, such
S~a,b! treatment produced 0.5% higher fast neutron do
rates.

-

r-

FIG. 16. A comparison of induced photon kerma rates computed with
S~a, b! and free gas thermal neutron scattering treatments.
m
ons L

icense



ca
e
e

at
nin
m
um

r
b
ck
u

y
o
h

l f
s
ct

w
lu
ion

ru
os

er

o
4
x

om
e

le
e
n

p
.e
or
el
r

e
a

m
file
a

at
fa
e
ro
gh
fro
d

es
-
,

253
on
ain,
he
ed

tant
its

xel
ble,

pro-
es
st

ively
xel
tion
as
4
al

xel
ose

d
an
ta-

A’s
c-
he 4
the

els
es.
tions.
re-

sults
nd
ide

ons.

154 Goorley, Kiger, and Zamenhof: Reference dosimetry calculations for NCT 154

 24734209, 2002, 2, D
ow

nloaded from
 https://aapm

.onlinelibrary.w
iley.com

/doi/10.1118/1.1428758 by U
niversity O

f Illinois A
t U

rba, W
iley O

nline L
ibrary on [27/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
IV. DISCUSSION

In this paper we present a set of reference dosimetry
culations for neutron capture therapy using the modifi
Snyder head phantom and monodirectional beams of n
trons and photons. Depth-kerma rate profiles were calcul
for monoenergetic neutron and photon beams span
the realistic energy ranges of existing and future epither
neutron beams as well as for a ‘‘generic’’ broad spectr
epithermal neutron beam. The depth-kerma rate profiles
ported here for the modified Snyder head phantom will
useful for evaluating NCT treatment planning software pa
ages by comparing their results to these reference calc
tions. The broad spectrum epithermal neutron beam ma
expected to yield a more realistic estimate of the impact
dose resulting from the variations in input parameters. T
monoenergetic beam data, however, may be more usefu
elucidating the causes of differences between or error
treatment planning systems, such as a particular aspe
transport physics.

In addition to the reference calculations, in this study
examined the effects of several modeling parameters, inc
ing voxel model representation and voxel size, composit
kerma data, and thermal neutron scattering treatments
transport and dosimetry calculations. For the broad spect
epithermal neutron beam, differences in material comp
tions, kerma data, and free gas or the S~a,b! thermal neutron
scattering treatment for hydrogen in water resulted in diff
ences in the thermal neutron depth-kerma rate profiles
16%, 2%, and 37%, respectively. The impact of some
these modeling parameters is significantly larger than the
difference between the analytical model and the 8 mm vo
model, indicating that modeling considerations such as c
position and the thermal neutron scattering law can hav
larger impact than voxel size.

The calculations presented here are kerma rate profi
For all of the dose components except photons, the dos
well approximated by kerma. The neutron reactions with
trogen and hydrogen, which comprise most of the therm
and fast neutron kerma, produce short-range charged
ticles, such that their kinetic energy is absorbed locally, i
well within 100mm of the reaction site. The same is true f
the boron dose component. Photons produce energetic
trons with ranges comparable to the voxel sizes conside
here, e.g., for a 1 MeV electron, the range in tissue is;4
mm. Hence, for photons, charged particle equilibrium do
not always hold true and kerma does not always approxim
the dose well, particularly with the incident photon bea
considered here. As anticipated, the kerma rate pro
shown in Fig. 9 do not exhibit buildup at shallow depths,
would be expected for the dose.

The thermal neutron kerma factors are also approxim
since they are the sums of elemental or isotopic kerma
tors, which neglect molecular effects. Since the thermal n
tron scattering law had a significant effect on the neut
transport, a significant impact on the kerma factors mi
also be expected at low energies. These effects arise
differences in neutron cross sections and energy transfer
Medical Physics, Vol. 29, No. 2, February 2002
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to chemical binding. According to Caswell, kerma valu
below ;30 eV could be affected.44 Several authors, includ
ing those of ICRU 63,37,41 acknowledge the problem and
although they report elemental kerma factors down to 0.0
eV, they do not report material kerma factors for neutr
energies below 11 eV. In the case of kerma factors for br
however, the low-energy kerma is dominated by t
14N(n,p)14C reaction, a reaction that should be affect
minimally by molecular effects, due to the highQ value of
the reaction. Since the thermal neutron dose is an impor
contribution to the total dose in many neutron therapies,
calculation, even if approximate, is important.

Throughout this paper, the results from the 16 mm vo
model simulations have been described as unaccepta
even though the agreement with the depth-kerma rate
files of the analytical model indicates maximum differenc
of only 9.5%, 5.8%, and 13.3% for thermal neutron, fa
neutron, and induced photon dose components, respect
~see Figs. 10–12!. The improvement of the 4 mm vo
model over the 8 mm voxel model, as measured by devia
from the analytical model depth-kerma rate profiles, w
small. Since little additional accuracy is gained from using
mm voxels, it is probably not worth the increased addition
computational resources~memory and time; see Table II!
needed to run the much more memory intensive 4 mm vo
model, unless a very accurate calculation of the surface d
is required. However, using a modified version ofMCNP with
a more efficient~both in terms of computational speed an
memory! lattice representation of the geometry, rather th
representing each voxel with a cell, the required compu
tional resources can be reduced for all voxel sizes.51,52 A
further reduction in the size of voxels, even down to SER
‘‘univels’’ 53 is not expected to significantly improve the a
curacy of the Snyder head phantom voxel models, since t
mm voxel model produces results already very close to
analytical version.@Univels ~uniform volume elements! form
the basis of the tracking algorithm inSERA.53 In SERA, each
univel corresponds to a single image pixel.# However, the
use of univels may improve the accuracy of a patient mod
in regions of high heterogeneity, such as the sinus caviti

These data are presented as a set of reference calcula
Although they are not compared to experimental measu
ments, we have a high degree of confidence in these re
since MCNP has been extensively benchmarked a
verified,54 and has been compared to experiments in a w
variety of circumstances.55,56For a similar NCT problem, the

TABLE II. Computer resources used in epithermal neutron beam simulati
Simulations were carried out using a 400 MHz Pentium II computer.

Model

Memory
required
~Mbytes!

Time to complete
50 million histories

~hours!

Analytical 7.2 30.1
16 mm 13.9 28.6
8 mm 44.1 41.2
4 mm 272.7 143.0
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irradiation of a water-filled head phantom with the MIT fi
sion converter neutron beam,MCNP depth-dose profiles
agreed well with measurements.57,58

MCNP has also been compared to other computer p
grams in similar NCT calculations.MCNP produced gamma
thermal neutron, and fast neutron doses within 2% of th
calculated with rtt–MC, the Monte Carlo engine in
BNCT–rtpe,21 for some simplistic geometrical phantoms23

Comparisons using models constructed from patient CT
age data have also produced similar agreement. Dose d
butions and dose–volume histograms calculated with M
NCTPlan~which usesMCNP as the dose calculation engin!
and BNCT–rtpe were in very close agreement.23 As part of a
demonstration of rapid treatment planning calculations us
deterministic transport methods,MCNP was compared to
TORT,59 a three-dimensional discrete ordinates code, and10B,
neutron, and photon doses for more than 95% of all c
were found to agree to within 5%.15

V. CONCLUSIONS

Depth-kerma rate curves were calculated for irradiation
the modified Snyder head phantom with monoenergetic
broad-spectrum epithermal neutron and monoenergetic
ton beams using the radiation transport codeMCNP4B. The
test problems reported here may be used as reference da
the verification and intercomparison of NCT treatment pla
ning software. Additional analyses investigated the impac
several modeling issues relevant to NCT treatment plann
and dosimetry calculations. Using a voxel model was fou
to be accurate in representing the phantom geometry w
small ~,1 cm! voxels were used. However, for large~16
mm! voxels, deviations in kerma rates were unaccepta
large. The thermal neutron scattering law, nitrogen conc
tration of the tissue used in deriving the kerma factors, a
the presence of explicitly modeled10B in the phantom were
found to produce significant~.10%! differences in therma
neutron kerma rate profiles. Updating kerma factors to
the most recent data produced only small~,2%! differences
in kerma rates. These calculations will be available electro
cally in the EPAPS database as an aid in the verification
existing and new NCT treatment planning software.60
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