Reference dosimetry calculations for neutron capture therapy
with comparison of analytical and voxel models
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As clinical trials of Neutron Capture TherafCT) 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 cotmp4s 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 uncertaiy26f1

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. ®&002 American Association of Physicists in Medicine.

[DOI: 10.1118/1.1428758]

|. INTRODUCTION mor cells relative to normal tissue or blod@since this up-

take ratio determines the therapeutic advantage of NCT to a
Neutron Capture TherapfNCT) is a biologically targeted, |5rge extent. Preferential uptake of th#B compound by
binary radiation therapy for cancer that combines neutron,.or cells enables the high LET particles from the
irradiation with a tumor targeting agent labeled with a stableloB(n «)7Li reaction to be delivered with microscopic selec-
isotope having a high thermal neutron capture cross SeCtiofiqvity ,;0 the targeted cells

and yielding charged particle reaction products after neutron The radiation delivered in NCT is a complex mixed field

capture!~® Boron-10 has traditionally been the isotope of . L .
choice due to its very large thermal neutron capture crosglc high and low LET radiation that depends on the spatial,

section of 3840 barrsa high Q value of 2.79 MeV, and spectral, and angular characteristics of the incident neuFr_on
densely ionizing disintegration products consisting of an al?€a@m as well as on the geometry and elemental composition
pha particle and &Li recoil ion. Furthermore, these particles Of the target itself. For treatment planning and dosimetry
deposit their energies to within10 um of the reaction site, Purposes, the radiation field is generally divided into four
potentially making the radiation highly cell selective. primary dose components: thermal neutron, fast neutron,
Equally important is the biochemical ability of the isotopi- photon, and'%B dose. The thermal neutron dose primarily
cally labeled compound to accumulate preferentially in tu-arises from the**N(n,p)**C thermal neutron capture reac-
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tion, which comprises 96% of the neutron kerma for ICRUwidely different computational approaches in NCT treatment
46 brain tissuebelow the 0.5 eV energy cutoff for thermal planning calculations, dose calculations based on the same
neutrons. The fast neutron dose is primarily due to elastiproblem description should produce the same results. In this
neutron collisions with hydrogertH(n,n’)'H, and repre- paper, we propose a calculated set of reference depth-kerma
sents 90% of the adult brain kerma between energies ofate profiles to be used as part of the verification and com-
~600 eV and~3 MeV. Other neutron reactions, primarily parison of NCT treatment planning software. To provide ref-
with 12C, %0, and®'P generally contribute 4%—8% to the erence computational dosimetry data that would be useful to
brain kerma between-40 eV and~5 MeV, but at certain other investigators, thermal neutron, fast neutron, induced
resonance energies may contribute more. The photon dogoton, incident photon, an&B one-dimensional depth-
component originates from two sources, contaminating phokerma rate distributions were computed with high statistical
tons in the neutron beam incident on the target and promgRrecision along the central axis of a human head phantom.
gammas produced by neutron capture in the target, princifhese kerma rate profiles were calculated for irradiation of
pally by the *H(n,y)?H reaction in tissue. Thé’B dose the head phantom with monoenergetic and monodirectional
arises primarily from thé%B(n,«)’Li capture reaction with neutron and photon beams of energies relevant to neutron
thermal neutrons. With preferentiB uptake by the tumor, capture therapy applications as well as for a “generic” broad
a therapeutic advantage is achieved. In addition, the effectivepectrum epithermal neutron beam using the general purpose
dose due td°B depends on the microdistribution of the bo- Monte Carlo radiation transport codécnp (version 4Bf*
ron compound, the time after compound administratidn, with the most up-to-date neutron and photon cross sections,
and each individual patient's physiolotf/* material compositions, and kerma factors available. There is,
The calculation of these four dose components is signifihowever, no intent to claim that these data provide a “gold
cantly more complicated than the determination of dose irstandard,” rather, this study represents a first step toward the
conventional photon therapy, which generally relies on emobjective standardization of computational dosimetry in
pirical algorithms based on in-phantom dose measureNCT.
ments'? Because of this complexity, it is generally believed  In addition to the reference calculations, in this paper we
that solution of the neutron transport equatibis required examine the effects of several modeling parameters on radia-
for accurate NCT treatment planning, typically using Montetion transport and dosimetry. Since two of the NCT treatment
Carlo methods. Deterministic transport methods such as thglanning codes used in clinical trials employ voxel represen-
discrete ordinates, d8,, method have also been applied to tations(of different spatial resolutionto describe the phan-
NCT treatment planning calculatioh$'®Although efforts to  tom geometry and all three use voxels for tallying, the im-
develop empirical dose algorithms for NCT treatment planfact of voxel mesh size was evaluated by comparing dose-
ning have been made, the methods are not yet adequatefigpth data computed in the analytical representatian,
developed for clinical applicatiotf. using smooth geometric curvyesf a head phantom with data
To date, comparisons of NCT treatment planning softwareeomputed in four voxel model representations of the same
have been limited in scope and only to the three codes usgghantom with different voxel sizes. In addition, owing to the
clinically in the USA and Europe: MacNCTPIdf;'°devel-  historically separate development of existing NCT treatment
oped at Harvard—Massachusetts Institute of Technologplanning codes and the present lack of accepted standards for
(MIT), BNCT _rtpe?®?L and its successogerA?? both de-  NCT dosimetry, different research groups have used different
veloped at the Idaho National Engineering and Environmentissue densities and elemental compositions resulting in cor-
tal Laboratory. The study by Goorlegt al. demonstrated respondingly different kerma values and radiation transport
close agreement between the MacNCTPlan and BN@E  characteristics. The impact of these differences was evalu-
codes in evaluating a single clinical BNCT test c&5An  ated and a unified set of kerma values based on ICRU 46
extensive comparison betweerERA and MCNP,2* which is  tissue Compositioﬁs's recommended. The impact of differ-
the “transport engine” used in MacNCTPIlan, was recentlyent approaches to treating the thermal neutron scattering law
completed for boron neutron capture synovect&f’r@ther for hydrogen is examined. The significance of the thermal
NCT treatment planning systems are being developed imeutron flux depression due to absorption'8§ in tissue is
Australia?® Italy,?” and Japaf® but to date have not been presented in the expanded version of this paper available
described in the scientific literature or applied clinically. ~ with the electronic database that includes the depth-kerma
Evaluation and comparison of treatment planning soft+ate profile data.
ware is a critical step in the wider goal of standardization of
dosimetry for NCT. Efforts to compare and standardize
physical dosimetry in NCT have been formally initiated in IIl. METHODS AND MATERIALS
the USAZ® Europe® and internationally* As clinical trials The magnitudes of the effects of material composition,
of NCT progress, the benefits of standardized physical anlerma factors, model mesh size, and beam energy on in-
computational dosimetry will permit the normalization of the phantom dose profiles were evaluated using the general pur-
dosimetry for subjects treated by NCT at different institu-pose Monte Carlo radiation transport cosleNP, version
tions and may eventually enable the legitimate pooling of4B.2* The reference phantom model for these calculations is
such multisite clinical data. an analytical representation of the modified Synder head
Although different investigators have sometimes usedbhantont? Kerma rates were calculated in rectangular
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prisms with a 1646 mm cross section centered on #eis
and with 4 mm thickness in the direction. To be strictly
valid, comparisons should be made of the same tally volume
as kerma rates calculated for different volumes can yield 17.6 cm
different results. To provide a tally grid that consistently cal-
culates kerma over the same volume for all models, tally
cells in the analytical model were averaged axially as z 1
needed, and kerma rates in 8 and 4 mm cells in the voxe Lx [—*Y
models were averaged laterally to agree with the 16 — PO —
X 16 mm cross SeCtIO.n.S in the analytical model. Due to th%lG. 1. Cross sections through the modified Snyder head phantom at the
symmetry of the modified Synder head phantom and the inpjanesy=0 (left) andx=0 (right). The dimensions of the external shell are
cident radiation fields about the axis, the approach is shown. The light gray central ellipsoid is composed of adult whole brain.
equivalent to using a taIIy mesh with dimensions of 8 The_ dark gray region is cqmposed of adult cranium, and the medium gray
. . . . . region represents adult skin.

X8 mm in the xandy directions with a voxel edge aligned
with the z axis. Using the 1636 mm cross section tally
volume rather than a single one of the foux 8 mm tally
volumes aligned to theaxis provides an advantage of larger with a 1 mm in-plane resolution and a 2 mm slice width that
volume and hence improved tally statistics. The followingrepresents the Snyder head model in the same way that a CT
sections describe the modified Snyder head phantom, cofimage stack represents patient geometry in a treatment plan-
struction of voxel models, material compositions, kerma fac-ing calculation. The three voxel models were composed of
tors, thermal neutron scattering treatment, and the photogubic voxels, with edge lengths of 16, 8, and 4 mm, and were
and neutron source beams. generated from this TIFF image stack using MATLABhe
Mathworks, Natick, MA and FORTRAN programs. Each
voxel contained a mixture of the 4 primary materigdsr,

Recent efforts in physical dosimetry standardization haveskin, bone, or brainjn 10% increments, which resulted in
used a simple rectangular water phantivhile a rectan- 286 possible combinations of materials. Not all possible
gular water phantom could be used to test the Monte Carleombinations were used in the models. A description of the
transport calculations, a more realistic model, such as theoxel model generation and materials selection process is
Snyder head phantof,with its curved surfaces, heteroge- included in the expanded paper in the EPAP&ectronic
neous composition, and appropriate biological materials, is database, as well as some of the model construction files,
more robust test of treatment planning software. An ellipsoiincluding the TIFF image stack. These three voxel models
dal head phantom based on the Snyder model is used by theere verified to be similar in size and shape to the analytical
Harvard—MIT group for physical dosimetry of the two neu- model by superposing the cross sections of the analytical
tron beams at the MIT Research Reacfot! model (plotted with MCNP) over those of the voxel models,

The original Snyder head phantdheonsists of two ellip- as shown in Fig. 2.
soids, which divide the head into regions of cranium and
adult brain. A third 5 mm thick shell representing skin has
also been addetf.Equations(1), (2), and(3), which locate . Tissue compositions
the center of the head at the origin, specify these regions: the
boundary between brain and skull:

x\2 (y\2 [z-1)\2
(6) *lg) *les) ~L @

the boundary between skull and scalp:

A. Modified Synder head phantom geometry

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

x |2 y 2 72 10 cm diameter beam 1(‘)‘C‘1‘n/diameter k:i::??q 10 cm diameter beam
(@) Tlogl T 8_.3) -b @ = ‘

the boundary between scalp and air: i E iiEEAE
x |2 y \2 [ z)2 N B uls fs .
(ﬂ) + m) + ﬁ) =1 (3) = .

These equations describe the phantom illustrated in Fig. 1.ric. 2. A comparison of voxel and analytical models. The analytical model
(curved linesjs superimposed over the 16 mm voxel modeft), the 8 mm
voxel model(center), and the 4 mm voxel modeight). For clarity, the
material mixtures are colored according to the most abundant primary ma-

Three voxel models of the Snyder head phantom Weréerial in the mixture. Brain is colored the lightest gray, bone the darkest gray,
Skin is medium gray, and air white. Additional segmentation for finer tally

prepared with diﬁerem. mesh sizes. All voxel models WETl'€esolution is visible along the beam axis in the 16 mm voxel model. The
derived from a three-dimensional TIFF format image stackoeam axis in this figure corresponds to thaxis in Fig. 1.

B. Voxel models
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TaBLE |. Material densities and compositions in mass percent. continuous enerﬁ cross sections derived from the ENDF/
B-VI nuclear data library® and includes the corresponding

ICRU 46 .
Skeleton— ICRU 46 ICRU46  9amma production data.
Air Cranium  Adult whole adult skin
z Element (Ref.37) (Ref.7) brain(Ref.7) (Ref.7)
D. Kerma factors
p (glen®) 0.001293  1.610 1.040 1.090
Photon and neutron kerma factors are energy-dependent
é 2 8'01 251'?2 1&'; 12%21 factors used to convert neutron or photon fluence spectra to
7 N 75.53 4.0 59 42 kerma, which approximates absorbed ds&he recently
8 o) 23.18 435 712 645  published HC, N, %0, 3P, and*°Ca total isotopic neu-
11 Na 0 0.1 0.2 0.2 tron kermas in ICRU 63! shown in Fig. 3 at their concen-
12 Mg 0 0.2 0 0 trations in an ICRU 46 adult braihare based on the ENDF/
12 g 8 g:; 8:‘2‘ g:; B-VI nuclear data library® They were used to calculate
17 al 0 0 0.3 0.3 kerma factors for the adult whole brain tissue composition
19 K 0 0 0.3 0.1 specified in ICRU 46see Table I). Since kerma factors for
20 Ca 1.28 17.6 0 0 the elements Na, S, Cl, and K included in the brain tissue

composition are not reported in ICRU 63, neutron kerma
factors for these elements were calculated from ENDF/B-VI

2 . .
467 and listed in Table I. Variation between individuals does®" JENDL-3.2” cross section data and reactinvalues,
exist, howeve?® Air, of composition described by Chadwick However, because the contributions from Na and K represent
et al '37 surrounds t,he models a negligible fraction(<0.1%) of the total neutron kerma for
L : ICRU brain material at all neutron energies, the contributions

Nitrogen and hydrogen are the two most important ele-f h | | din th lculati ¢
ments for neutron transport and dosimetry in the energy O™ tn€se two elements were neglected in the calculation o

range of interest. Differences in nitrogen and hydrogen Con'gotal neutron kerma. Kerma factors for the most significant

centrations in tissue can produce substantial differences iAeutron reactions for Cland S, thep) and (n, ) reactions,

calculated doses. In addition, variation in the hydrogen con/€SPectively, were calculated from JENDL-3.2 data because

centration can affect neutron transport due to its large cros§ ©SS S;Ct',on data 'Sf nls)t ava|labl<le in ENDF/B-VI ;Of "’}” of
section and high atomic density. Small changes in the nitrol'€ Stable isotopes of these two elements. Using the elemen-

gen concentration will proportionally change the thermalt‘;II Cross sections ar;d Var:UESgO calculate kehrmil valuefs for
neutron kerma factors, but will not significantly affect neu- these reactions rather than by summing the kerma factors

tron transport because the nitrogen macroscopic cross sectiGi culated for individual isotopes produced erroneous values
is small compared to that of hydrogen. and was therefore avoided; in the case of 8{e,«), the

It is also important that the neutron capture and subseker™Ma factors below 2 MeV computed using the ENDF/B-VI

quent production of prompt gamma rays in various element§aturalS cross section were inflated by a factor of 2.
are modeled correctly. The ENDF60 cross section libfary The neutron kerma factors that were used for clinical

used in these Monte Carlo calculations provides pointwisé\lc-r treatment planning by the Harvard—4l4\l/||T Erogr’éﬁ?
are based on the kerma data of Caswekl.,” derived from

the ENDF/B-V data library. An earlier evaluation of neutron

107 . : : kerma data by Caswelt al.® based on the ENDF/B-IV
—e— Whole Brain —o— Phasphorus M . .
1o || T fogen o Potassium K(n0) i data library, was used to derive the neutron kerma factors for

—<— Nitrogen —r— Suifur - $(n.a)
—a— Oxygen

the various tissues reported in ICRU 46. The ICRU 63 re-
port, in Sec. 6.4.2, states that for cross section evaluations
earlier than ENDF/B-VI, “energy deposition was not a pri-
mary concern...,” and cross sections for several reactions

1012

W

103

Neutron Kerma (Gy cm2/neutron)

10 kg

were grouped together, which could “...give significantly in-
o correct values for kerma coefficients.” This possibility for
10 significant discrepancy motivated a comparison of ICRU 46
107 neutron kermas for several tissue compositions with kerma

factors computed for the same compositions from ICRU 63
o elemental kerma factors. In addition, the differences in the
107 et kerma factors were evaluated for adult brain composition by

10°  107% 107 10° 10’ 102 10° 104 10° 108 107

comparing depth-kerma rate profiles computed with ICRU
46 or ICRU 63 based kerma factors. These calculations were
Fic. 3. Contributions to adult whole brain neutron kerma from different performed for irradiation of the analytical representation of

elements. All elemental kerma data is from ICRU 63, except for data for K.the modified Snyder head phantom with the generic epither—
Cl, and S, which were calculated for the dominant reactiptén,p), mal neutron beam

Cl(n,p), and Sf,a)] using ENDF/B-VI or JENDL-3.2 cross sections and . o .

Q values. The whole brain kerma factors below 0.0253 eV were extrapolated ANOther important issue related to neutron kerma is the

down to 10%eV. treatment of neutrons below 0.0253 eV. In both ICRU 63 and

Neutron Energy (eV)
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elastic scattet°B(n, y)*'B, 1%B(n,p)'%Be, and'%B(n,d)°Be
reactions. Although these additional reactions do represent

0T W E significant fractions of the total boron kerma at energies
Z/:/ny above several hundred keV, their impact on the total dose
TAY

107
N

=
%10-‘5 S PP SO RS U S S n from 19B is negligible due to the very low absolute value of
N&’ \WE the kerma factors in this energy range. To verify this, for
§ 100 L, : : e 198 ] both 1 MeV monoenergetic and epithermal neutron beams,
—— 10, 7\ : H . . .
& | N : depth-kerma rate profiles were calculated in the analytical
g o __—Eli(ti"c’?cfnsr f \%’x . representation of the modified Snyder head phantom using
3 - :EB‘"'T’S“ : ; kerma factors derived from thé€B(n,«) reactions only and
_ 102‘"-"’15‘; = using boron kerma factors that also include the two reactions
e L= n, e | H . . . . .
1 _._1oBEn:.))1oB. ; ; most significant at high energies, elastic scatter, and the
—— 100,y 10+ | 10B8(n, T) 2« reaction. The difference between tHB kerma
10 = = = = rate profiles was smaller than the statistical uncertainty in the
102 107 10° 10’ 10? 108 10* 108 108 107 108

kerma rateg0.1%). For the boron depth-kerma rate profiles
presented in the results, the kerma factors based only on the
Fic. 4. Energy-dependent kerma factors for neutron reactions ¥ih 10B(n,ae) reactions were used.
10, H ¢ H 10, 7y 1 .

E’OaBS(ed O)floéﬁg]/g Bt.h Tr;e “’EV:? r']”e'task“c feaCt"zj”@_ B('?’”I) i‘?* a”dt, The kerma factors for boron and the tissue kerma factors

n,n’ are the two highest kerma-producing inelastic reactions : )
below 10 MeV. Many more inelastic reactions of lesser importance are Iisteéje”_ved fr_om the ICRU 63 data and JENDL-3.2 data are
in the ENDF data, but are not shown in Fig. 4. The inset is an expansion ofvVailable in the EPAPS electronic datab&be.
the 1-10 MeV region and shows only the first four reactions.

Neutron Energy (eV)

E. Thermal neutron scattering treatment

ICRU 46, the lowest reported neutron kerma data points arﬁ At neutron energies below several eV, the motion of a

for 0.0253 eV. Since this energy only corresponds to the pea, Z(r:?g:sr;ECf:zﬂfr:nngcg?t;?ssﬂf;:et;'g?(')r\:\?esr:::ei:sreﬂ:rg':]ernt
of the Maxwell-Boltzmann distribution at 20.5 °C, the con- 9 gies,

I ) S tron energy is comparable to the thermal energy of the target

tribution from neutrons below this energy is significant. . . -
. . . N . atom as well as to its chemical binding energy. Hence, the
Since nitrogen is the most significant contributor to the ther- . .
o thermal motion of the target atom alters the effective scatter-

mal neutron dose, and it is avlAbsorber, the thermal neu- . .

I ing cross section as well as energy transfer to or from the
tron kerma values will increase as the neutron energy de- *. ey . ) -
incident neutron. In collisions with bound nuclei or nuclei in

creases, making the energy region below 0.0253 eV &ondensed matter, the binding or presence of nearby atoms
important contributor to kerma. A reasonable treatment of ' gorp y

neutron kerma below 0.0253 eV is log—log extrapolation of &y affect the recoil of the target nucleus and thus influence

the kerma data points below 1 eV down to an energy wherc%he energy and angle of the outgomg ”.e“”on- The default
- : reatment for thermal neutron scatteringMaNP is the free
there are very few neutrons, such as 46V, as shown in

Fig. 3. With the analytical model and the generic epithermalgas thermal treatment, Wh'.Ch’ as the name |mpl|e_s, neglects
. _ . the complex chemical binding effects and interaction of the
neutron beam, extrapolating the kerma down to €V in-

creased the thermal neutron doses throughout the phan'totr"?11rget atom with other nearby atoms, but does include ther-

by 12% compared to the default treatmentione, where all mal motion of the target nucleus in the scattering

neutrons scored below the lowest energy pei0253 eV) kinematic$* For a few select molecules and solids, the

are assigned the kerma value corresponding to the Iowesst(a"B) thermal neutron scattering treatme.nt, a completg rep-
energy point resentation of the thermal neutron scattering law, is available

Photon kerma factors for ICRU brain tissue compositionIn MCNP. TO accqunt for the m_olecular binding eff_ects of
used in these calculatiolf¢” are based on mass energy ab- hydrogen in the biological materials of these calculations, the
sorption coefficients g0,/p) calculated by Seltzéf which S(a,B) thermal scattering treatment for hydrogen in Iig-ht wa-
update and expand th;ndata from ICRU Report 4é which ar" at 300 K was generally used. The effect of the different

derived from Hubbell’'s elemental datdThis most recent ermal neutron scgttering treatments on dose rates was
NIST evaluation of the photon kerma fact&’ was com- evaluated by comparing dose-depth profiles calculated using

pared with ICRU 46 photon kerma factors by computingthe free gas thermal treatment ora§8) thermal scattering

depth-kerma rate profiles in the analytical representation ogreatment in the analytical model with the “generic” epith-

the modified Snyder head phantom using monoenergetigrmal heutron beam.
photon beams of 0.2, 0.5, 1, 2, 5, and 10 MeV.

Kerma factors for'%B were calculated from the energy-
dependent cross sections a@d/alues from the ENDF/B-VI The reference calculations were performed using indi-
library*® for the 1°B(n,)’,Li and ®B(n,a)’Li* reactions, vidual monoenergetic and monodirectional beams of 0.0253
which dominate at thermal energies. Figure 4 shows'fBe eV, 1, 2, 10, 100, and 1000 keV neutrons and 0.2, 0.5, 1, 2, 5,
kerma factors calculated for these two reactions as well asnd 10 MeV photons. These calculations were run to high
for several others, including th8B(n,T)2a, elastic and in-  statistical convergence, with statistical uncertainty of less

F. Neutron and photon source beams
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0.35 1 12
| —+—0.0253 eV X | ——0.0253 eV
030 F-N -l | —o—1keV | [ | = 1lkeV |
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Fic. 5. Thermal neutron depth-kerma rate profiles calculated in the analytiFic. 7. Induced photon depth-kerma rate profiles calculated in the analytical
cal representation of the modified Snyder head phantom for various neutroig¢presentation of the modified Snyder head phantom for various neutron
beams. beams.

than 1% in the center of the model for each dose componengapture therapy. Most importantly, reference depth-kerma
All calculations were run for at least 50 million particle his- yate profiles, for comparing and verifying NCT treatment
tories. In addition to these monoenergetic beams, a generiﬂanning codes, are presented in Sec. lllA. These profiles,
epithermal neutron beam with 1% fast neutron flux contamitzsed on an analytical model of the modified Snyder head
nation (10 keV to 2 MeV)and 10% thermal flux contamina- phantom, are then compared to voxel models of the same
tion (1 meV to 0.5 eV), similar to those proposed for use inphantom in Sec. 111 B to examine the effect of voxel size. In
clinical BNCT, was also employed. Inside each of the threesec, |11 C, differences in kerma rates arising from variation
energy bins of this epithermal sp'ectr'uml,sthe modeled neutrofy the tissue nitrogen concentration are presented. In Sec.
spectrum approximated a 1#stribution:™ All beams were ||| p, we examine the effects of changing kerma data from
10 cm in diameter and were sampled uniformly in area; i.e.|cRU 46 (based on ENDF/B-IV}o ICRU 63 for neutrons
radius,r, was sampled from the distributioi(r) =(2/R*)r,  (based on ENDF/B-Viand to the most recent NIST evalu-
where R is the maximum radius, 5 cm. The intensities of gtion for photons. In Sec. Il E, the impact of using two dif-

these beams were normalized to a neutron or photon flux Ggrent thermal neutron scattering treatments is analyzed.
10" particles/cris. For the generic epithermal neutron

beam, source biasing was used to sample the higher-ener§y Reference dosimetry calculations
portion of the neutron spectrum more frequently and thereby Figures 5—8 show the reference thermal neutron, fast neu-
reduce the statistical uncertainty of the fast neutron dosgon, induced photon, and boron depth-kerma rate profiles

deep in the phantom. calculated for irradiation of the analytical model of the modi-
fied Snyder head phantom with the monodirectional, mo-
lIl. RESULTS noenergetic neutron beams of 0.0253 eV, 1, 2, 10, 100, and

In this paper we present the results from a number ofL000 keV, and the epithermal neutron beam. Presentation of
different computational dosimetry studies relating to neutrorfhe depth-kerma rate profiles for the 8 mm voxel model is

100 € e
—o— 1 keV 0.16 F
[ —0—2keV 014 F-N-oomm oo ——0.0253eV | __.
0L e —t—10keV Tk ——1keV
"‘—iggﬁ" o2 X | ~o—2keV .
> 1000 kev — | ——10keV
L T T 5 cpithermal | =100 keV
I —%—1000 keV

- #- Epithermal

0.1 1 DG R s

Fast Neutron Kerma Rate (Gy/min)
Boron Kerma Rate (Gy g/min p,gmB)

0.01 F---nnmmooo® i D,

0.001 4y - - 0.00 . : . ; , d

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Depth in Phantom (cm) Depth in Phantom (cm)

Fic. 6. Fast neutron depth-kerma rate profiles calculated in the analyticaFic. 8. Boron depth-kerma rate profiles for tissue concentrations o/t
representation of the modified Snyder head phantom for various neutrof’B calculated in the analytical representation of the modified Snyder head
beams. phantom for various neutron beams.
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Fic. 9. Incident photon depth-kerma rate profiles calculated in the analytical . T
representation of the modified Snyder head phantom for various monoener
getic photon beams. T/Q_-"JJ’,O/
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omitted for brevity since these data are also available elec-

tronically. Figure 9 shows the incident photon depth-kerma

rate distribution for irradiation of the same model with the

monoenergetic photon beams of 0.2, 0.5, 1, 2, 5, and 1C

MeV. The statistical uncertaintyl o) for each point in Figs.

5-9 is smaller than the sizes of the data points. These figure

show a number of interesting effects. As expected, increasing 0

the neutron beam energy increases the fast neutron kerm

rate by several orders of magnitude, and produces differ-

ences in the peak thermal neutron and induced photon kernf . 10. Effect of voxel size on thermal neutron depth-kerma rate profiles.
f h f 3 Atth f fth h égProfiles for the analytical and 4, 8, and 16 mm voxel models of the

rates of as much as a factor of 3. ’ t the surface of the p AlModified Snyder head phantom calculated for an epithermal neutron beam.

tom, the fast neutron kerma rate increases by two orders @k) Percentage differences in thermal neutron kerma rates between voxel

magnitude and even more at depth in the phantom, as theodels and the analytical model.

neutron energy increases from 1 keV to 1 MeV. As the neu-

tron beam energy increases, both the thermal neutron kerma

. . particles weighted by the mass fraction in tissue for each
rate and induced photon kerma rate peaks move deeper inio . . . .
L . ISotope, they will vary with the assumed tissue compositions
the phantom and broaden significantly. Increasing the ener

of the incident photon beam from 0.2 to 10 MeV Iikewiseggse? to derl\(e .the.kerma factors. As stated. n I.CRU.Report
. 46, “Uncertainties in the absorbed-dose estimations in body
increases the peak photon kerma rate by a factor of 20. . . N .
tissues arise both from uncertainties in the composition of
the tissues and from uncertainties in the radiation interaction
coefficients. The former are usually larger.” Of particular

Depth-kerma rate profiles calculated for the generic epiinterest, due to its large effect on the total brain kerma and
thermal beam in voxel model representations of the modifiey@riability among people, is the concentration of nitrogen.
Snyder head phantom with 16, 8, and 4 mm voxels, and id Ne kerma factors for adult brain based on two different

1 1 1 . . (0]

the analytical representation of the head phantom are showrogen concentrations, 2.7%and 1.84%° by mass, a

in Figs. 10—12 along with their respective differences from16.4% difference, are plotted in Fig. 13. Correspondingly,
the analytical model results. The model with the smallesthe thermal neutron kerma factor for adult brain containing
voxel size, 4 mm, shows the best agreement with the analytr-2% Ey mass“N is 15.8% higher. Small changes in the
cal model for all dose components, typically differing by lesstiSSue™N concentration pertu_rb neutron transport very !|Ftle.
than 2%. The 8 mm voxel model kerma rates are withinAbove ~1 keV, the total brain kerma for the composition
3%-5% of the analytical model kerma rates for all depthé’_‘”th 1.84% nitrogen is higher than for a nitrogen concentra-
and are usually lower than the analytical model kerma ratedion of 2.2% because all of the other elements were uni-
However, the 16 mm voxel model produced unacceptablyormly increased in concentration to maintain constant den-

large discrepanciesmaximum deviations of 13%for all ~ SIty: _ _
dose components. Neutron kerma factors computed for brain, cranium, and

skin using ICRU 63 elemental dathased on ENDF/B-VI)
and the S, «) and Cl{n,p) cross section an@ value data
from JENDL-3.2 are shown in Fig. 14(a). Below 30 eV, the
Since kerma factors are the sum of the products of thelifference between the kerma factors for cranium and skin is
isotopic cross sections and the energy imparted to chargesbout 5% because their nitrogen concentrations are 5% dif-

—o— 16 mm Voxel Model
~—o— 8 mm Voxel Model

E\\:/d —o— 4 mm Vgxel Model
lr 1
2

Kerma Rate % Difference
from Analytical Model

o b A D o v s O ©

'
-
o

4 6 8 10 12
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B. Voxel models

C. Tissue compositions
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Fic. 11. Effect of voxel size on fast neutron kerma rate profilagProfiles Fic. 12. Effect of voxel size on the induced photon kerma rate proftile
for the analytical and 4, 8, and 16 mm voxel models of the modified SnyderF’rofiles for the analytical and 4, 8, and 16 mm voxel models of the modified

head phantom calculated for an epithermal neutron bebmPercentage Snyder head phantom calculated for an epithermal neutron b@arRer-

d|ffe|re_nc|es mdfallSt neutron kerma rates between the voxel models and the,iaqe differences in induced photon kerma rates between voxel models
analytical model. and the analytical model.

ferent, as shown in Table I. The skin and brain kerma factors
above 200 eV differ by only 6% or less due to corresponding

differences in their hydrogen concentrations. 107 ) 2
O 0 £
D. Kerma factors ‘033 107 4 -2 ?\J\o
The ICRU 63 elemental kerma data were used to compute < o cg
updated tissue kerma factors and these were compared to ‘g 102 o
ICRU 46 tissue kerma data. The differences between brain, ; 6 o
cranium, and skin neutron kerma factors computed from ) 2
ICRU 63 data(based on ENDF/B-VIand the S{,a) and SN . N -8 %
Cl(n,p) data from JENDL-3.2 and those available in ICRU E 10 3 =
46 (based on ENDF/B-IV), shown in Fig. 14(b), are gener- Q 10 a
ally less than 2%. Large differences between the two sets of & L2 E
kerma factors are evident around 398 eV due to the inclusion = 107 N
of a resonance peak of the chlori®p) reaction, but this % —— 1.84% N [T -14 o
peak is only a few eV in width. In the epithermal energy —=— Kerma % Diff °

-16

region, where the neutron kerma is at its minimum, however, 1018
the ICRU 63 based adult whole brain kerma is 1%—2%
higher than ICRU 46, possibly due to the inclusion of the
S(n,«) reaction. When the $(«) reaction is excluded, that
difference falls to less than 0.5%. With an epithermal neutrorrie. 13. Energy dependent neutron kerma factors computed using ICRU 63
beam, however, using the ICRU 63 kerma factors producegélemental kerma data and data from JENDL-3.2 for adult whole brain com-
thermal neutron depth-kerma rate profiles less than 2% |Owﬁpsitions with nitrogen concentrations of 2.ZRef. 7)and 1.84%Ref. 50)

. y mass. The difference between the two sets of kerma factors decreases
than those calculated with ICRU 46 kerma factors, as Showﬂom 15.8% at thermal energies to negligible differences at energies above 1
in Fig. 15. keV.

102101 10° 10! 102 10% 10* 105 10° 107

Neutron Energy (eV)
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§ 2 | ) Fic. 16. A comparison of induced photon kerma rates computed with the
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° 102 10" 10° 10" 102 10° 10* 105 10° 107 Snyder head phantom with monoenergetic photon beams of

0.2, 0.5, 1, 2, 5, and 10 MeV using both sets of kerma fac-
tors. The two kerma sets produced no significant differences
in these calculations. Differences in photon kerma rate pro-
files were less than the statistical uncertainty in the differ-
ence between the profiles, which was 0.2%.

Neutron Energy (eV)

Fic. 14. (a) Neutron kerma factors for adult cranium, brain, and skin com-
position based on ICRU 63 and JENDL-3.2 data, éndtheir differences
from ICRU 46 neutron kerma factors.

The most recent NIST evaluation of photon kermag tharmal neutron scattering treatment
factor$®*” (used in these calculationfor ICRU brain com-
position were compared with ICRU 46 kerma factors for the  Differences between the free gas treatment and thesb
same composition by computing depth-kerma rate profile§hermal neutron scattering treatment for hydrogen in water

for irradiation of the analytical representation of the modifiedProduced significant differences in neutron transport that, at
most depths, resulted in increased dose rates for those com-

ponents derived from the thermal neutron flux. The maxi-
0.25 £ : mum thermal neutron dose rate calculated using thes
o ICRU 46 Kermas, S(c, ) Treatment thermal neutron scattering treatment was 37% higher than
—o— |CRU 63 Kermas, S{c,) Treatment . T .
—+— ICRU 63 Kermas, Free Gas Treatment that calculated using the free gas treatment, as indicated in
020+ 7 A Fig. 15. In addition, the location of the peak dose rates dif-
fered slightly, by ~0.4 cm. This difference, however, de-
creases with depth so that byl0 cm depth, the thermal
neutron kerma rates are equal. Deeper thatD cm, the
S(a,B) treatment produces thermal neutron kerma rates
slightly lower than the free-gas treatment. Since both'tBe
and neutron kerma factors follow avlfelationship in the
thermal region, similar behavior should be expected'fsr
dose rate profiles. The effect on induced photon kerma rates,
shown in Fig. 16, was similar, with the &) treatment
producing a maximum kerma rate 30% higher than with the
free gas treatment. The locations of the maxima also differed
slightly, by ~0.4 cm. However, the induced photon kerma
rate calculated with the (§,8) treatment was higher than
that calculated using the free gas treatment at all depths.
Since the scattering cross sections differ betew eV, there

o
=
[4)]

o
-
o

0.05 ;

Thermal Neutron Dose Rate (Gy/min)

0.00
0 2 4 6 8 10 12 14

Depth in Phantom (cm) is a slight effect on the fast neutron dose rates, such that
Fic. 15. The effects of different kerma factors and thermal neutron scatter—S(auB) treatment prOduced 0.5% hlgher fast neutron dose
ing treatments on thermal neutron kerma rates. rates.
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IV. DISCUSSION TasLE Il. Computer resources used in epithermal neutron beam simulations.
Simulations were carried out using a 400 MHz Pentium |l computer.

In this paper we present a set of reference dosimetry cal-

. . - Memory Time to complete
culations for neutron capture therapy using the modified required 50 million histories
Snyder head phantom and monodirectional beams of neu- Model (Mbytes) (hours)
trons and photong. Depth-kerma rate profiles were calculaj[ea Analytical 72 01
for monoenergetic neutron and photon beams spanning 15 mm 13.9 28.6
the realistic energy ranges of existing and future epithermal g8 mm 44.1 412
neutron beams as well as for a “generic” broad spectrum 4 mm 272.7 143.0

epithermal neutron beam. The depth-kerma rate profiles re=
ported here for the modified Snyder head phantom will be
useful for evaluating NCT treatment planning software pack-
ages by comparing their results to these reference calculao chemical binding. According to Caswell, kerma values
tions. The broad spectrum epithermal neutron beam may bgelow ~30 eV could be affectetf. Several authors, includ-
expected to yield a more realistic estimate of the impact ofing those of ICRU 637! acknowledge the problem and,
dose resulting from the variations in input parameters. Thelthough they report elemental kerma factors down to 0.0253
monoenergetic beam data, however, may be more useful fesv, they do not report material kerma factors for neutron
elucidating the causes of differences between or errors ignergies below 11 eV. In the case of kerma factors for brain,
treatment planning systems, such as a particular aspect fbwever, the low-energy kerma is dominated by the
transport physics. N(n,p)*C reaction, a reaction that should be affected
In addition to the reference calculations, in this study weminimally by molecular effects, due to the highvalue of
examined the effects of several modeling parameters, includhe reaction. Since the thermal neutron dose is an important
ing voxel model representation and voxel size, compositioncontribution to the total dose in many neutron therapies, its
kerma data, and thermal neutron scattering treatments agmlculation, even if approximate, is important.
transport and dosimetry calculations. For the broad spectrum Throughout this paper, the results from the 16 mm voxel
epithermal neutron beam, differences in material composimodel simulations have been described as unacceptable,
tions, kerma data, and free gas or the,B) thermal neutron even though the agreement with the depth-kerma rate pro-
scattering treatment for hydrogen in water resulted in differfiles of the analytical model indicates maximum differences
ences in the thermal neutron depth-kerma rate profiles off only 9.5%, 5.8%, and 13.3% for thermal neutron, fast
16%, 2%, and 37%, respectively. The impact of some oheutron, and induced photon dose components, respectively
these modeling parameters is significantly larger than the 4%see Figs. 10—12). The improvement of the 4 mm voxel
difference between the analytical model and the 8 mm voxeinodel over the 8 mm voxel model, as measured by deviation
model, indicating that modeling considerations such as conmfrom the analytical model depth-kerma rate profiles, was
position and the thermal neutron scattering law can have amall. Since little additional accuracy is gained from using 4
larger impact than voxel size. mm voxels, it is probably not worth the increased additional
The calculations presented here are kerma rate profilesomputational resource@nemory and time; see Table) Il
For all of the dose components except photons, the dose i®eded to run the much more memory intensive 4 mm voxel
well approximated by kerma. The neutron reactions with ni-model, unless a very accurate calculation of the surface dose
trogen and hydrogen, which comprise most of the thermals required. However, using a modified versiornvafNp with
and fast neutron kerma, produce short-range charged pas more efficientboth in terms of computational speed and
ticles, such that their kinetic energy is absorbed locally, i.e.memory) lattice representation of the geometry, rather than
well within 100 um of the reaction site. The same is true for representing each voxel with a cell, the required computa-
the boron dose component. Photons produce energetic eleienal resources can be reduced for all voxel siZéd.A
trons with ranges comparable to the voxel sizes considerefiirther reduction in the size of voxels, even down to SERA's
here, e.g., for a 1 MeV electron, the range in tissue-#&  “univels” °%is not expected to significantly improve the ac-
mm. Hence, for photons, charged particle equilibrium doeguracy of the Snyder head phantom voxel models, since the 4
not always hold true and kerma does not always approximateaam voxel model produces results already very close to the
the dose well, particularly with the incident photon beamsanalytical versionfUnivels (uniform volume elemenjform
considered here. As anticipated, the kerma rate profilethe basis of the tracking algorithm 8ERAS® In SERA each
shown in Fig. 9 do not exhibit buildup at shallow depths, asunivel corresponds to a single image pixéflowever, the
would be expected for the dose. use of univels may improve the accuracy of a patient models
The thermal neutron kerma factors are also approximaten regions of high heterogeneity, such as the sinus cavities.

since they are the sums of elemental or isotopic kerma fac- These data are presented as a set of reference calculations.

tors, which neglect molecular effects. Since the thermal neuAlthough they are not compared to experimental measure-
tron scattering law had a significant effect on the neutrorments, we have a high degree of confidence in these results
transport, a significant impact on the kerma factors mighsince MCNP has been extensively benchmarked and
also be expected at low energies. These effects arise fronerified> and has been compared to experiments in a wide
differences in neutron cross sections and energy transfer dwariety of circumstances:>® For a similar NCT problem, the
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irradiation of a water-filled head phantom with the MIT fis- °R. F-IBarth,A- H. SO'O\évay, J. H-kGoodman, R.A. Gahbauer, NH Gupta, I

: _ : E. Blue, W. Yang, and W. Tjarks, “Boron neutron capture therapy o
sion Converte.r neutron beaﬁ%%NP depth dose pI’OfI|eS brain tumors: An emerging therapeutic modality,” Neurosurgety433—
agreed well with measurements? 450 (1999).

MCNP has also been compared to other computer pro- *<Chart of the nuclides,” Version 14, Knolls Atomic Power Laboratory,
grams in similar NCT calculationsicNP produced gamma, _San Jose, CA, 1988. _ o
thermal neutron, and fast neutron doses within 2% of those iaﬁiufgfﬁgig;? F?éd'\i/'étMFg;;SS’l Tfflrgg'ggg? biology of boron neutron
calculated with ritmc, the Monte Carlo engine In s’ soloway, W. Tiarks, B. A. Barmum, F-G. Rong, R. F. Barth, I. M.
BNCT_rtpe?! for some simplistic geometrical phantofis. Codogni, and J. G. Wilson, “The chemistry of neutron capture therapy,”
Comparisons using models constructed from patient CT im-_Chem. Rev98, 1515-15621998). _ _
age data have also produced similar agreement. Dose distri-'CRY 46, “Photon, electron, proton, and neutron interaction data for
butions and dose—volume histograms calculated with Mac body tissues,” International Commission on Radiation Units and Mea-
- ~ surements, Bethesda, MD, 1992.
NCTPIlan(which usesvicNP as the dose calculation engjne  8J. A. Coderre, M. S. Makar, P. L. Micca, M. M. Nawrocky, H. B. Liu, D.
and BNCT_rtpe were in very close agreeméﬁﬁs part of a D. Joel, D N. Slatkin, and _H. I Amol_s, _“Derivations of rela_ltive biologi-
demonstration of rapid treatment planning calculations using ¢2 effectiveness for the high-let radiations produced during boron neu-
S tron capture irradiations of the 9L rat gliosarcomavitro andin vivo,

deterglmstlc transport meth_odsMCNP was compared to Int. J. Radiat. Oncol. Biol. Phy®7, 1121-11291993).
ToRT,”® a three-dimensional discrete ordinates code,'dBd 9G. M. Morris, J. A. Coderre, P. L. Micca, C. D. Fisher, J. Capala, and J.

neutron, and photon doses for more than 95% of all cells W. Hopewell, “Central nervous system tolerance to boron neutron cap-
were found to agree to within 598 ture therapy with p-boronophenylalanine,” Br. J. Cangér 1623—-1629

(1997).
0w, s. Kiger Ill, M. R. Palmer, R. G. Zamenhof, and P. M. Busse, “A
V. CONCLUSIONS pharmacokinetic model for the concentration of boron-10 in blood fol-
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