
 

 

 

Application of ecient Monte Carlo photon beam simulations
to dose calculations in voxellized human phantoms
Citation for published version (APA):

Walters, B. R. (2017). Application of ecient Monte Carlo photon beam simulations to dose calculations in
voxellized human phantoms. [Doctoral Thesis, Maastricht University]. Datawyse / Universitaire Pers
Maastricht. https://doi.org/10.26481/dis.20171214bw

Document status and date:
Published: 01/01/2017

DOI:
10.26481/dis.20171214bw

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20171214bw
https://doi.org/10.26481/dis.20171214bw
https://cris.maastrichtuniversity.nl/en/publications/ad8a48b4-89a5-44e8-bc2f-5a2d4986ba3b


Blake Walters

Application of efficient Monte Carlo 
photon beam simulations  

to dose calculations in  
voxellized human phantoms



Copyrights
© 2017 B.R.B.Walters
All rights reserved. No part of the material protected by this copyright notice may be reproduced or utilised in any form
or by any means, electronic or mechanical, including photocopying, recording or by any information storage and retrieval
system, without written permission from the author and the publisher(s) holding the copyrights of the reprinted article(s).

Cover image modified from B.R.B. Walters, G.X. Ding, R. Kramer, I. Kawrakow, “Skeletal dosimetry in cone beam 
computed tomography,” Med Phys 36:2915-2922, 2009.

ISBN 978 94 6159 782 3
Print Datawyse | Universitaire Pers Maastricht UNIVERSITAIRE

PERS MAASTRICHT

U P

M



Application of efficient Monte Carlo photon beam simulations to

dose calculations in voxellized human phantoms

DISSERTATION

to obtain the degree of Doctor at

Maastricht University on the authority of the Rector Magniûcus

Prof. dr. RianneM. Letschert

in accordance with the decision of the Board of Deans,

to be defended in public

on _ursday 14th of December 2017 at 14:00 hours

by

Blake ReginaldWalters
Born on November 3rd 1966

Toronto (Canada)



Supervisors:

Prof. F. Verhaegen

Prof. D.W.O. Rogers (Carleton University, Ottawa, Ontario, Canada)

Assessment Committee:

Prof. R.L. Westra (Chair)

Funded by:
Ionizing Radiation Standards,
Measurement and Science Standards,
National Research Council of Canada
Bldg M-35, 1200 Montreal Road
Ottawa, Ontario, Canada
K1A 0R6

Dr. W.J.C. van Elmpt

Prof. B.W. Raaymakers, University Medical Centre Utrecht,_e Netherlands

Prof. J. Seco,Heidelberg University,Heidelberg, Germany



Contents

Contents v

I General introduction andmethods 1

II History by history statistical estimators in the BEAM code system 13

III A “HOWFARLESS” option to increase eõciency of homogeneous phantom

calculations withDOSXYZnrc 31

IV Large eõciency improvements inBEAMnrcusingdirectionalbremsstrahlung

splitting 59

V Increasing eõciency of BEAMnrc-simulated Co-60 beams using directional

source biasing 93

VI Skeletal dosimetry in cone beam computed tomography 113

VII Dose to medium vs dose towater as an estimator of dose to sensitive skeletal

tissue 131

VIII Discussion and Summary 147

Summary 173

Acknowledgements 177

List of Publications 179

Curriculum Vitae 181

Valorization 183





I

General introduction and methods





General introduction and methods

1.1 Introduction

For over two decades,Monte Carlo (MC) simulations have been perceived as the gold standard for cal-
culating dose for radiotherapy treatment planning (RTP) and radiation protection applications. _is is
primarily due to the ability of MC to handle complex geometries that are either intractable using ana-
lytical methods or else require a suõcient number of simplifying assumptions to make the uncertainty
on the resultant dose calculation clinically signiûcant. For example, MC can accurately model trans-
port across the interface between media (tissues) with diòerent atomic numbers (Z), while the pencil
beam algorithms traditionally used in radiotherapy treatment planning can result in dose inaccuracies
on the order of 10% or greater[1, 2]. In addition,MC simulations can be used to provide snapshots of the
treatment beam over the course of its interactions with accelerator and patient (and other structures),
with implications for treatment design and optimization. Analytical methods simply cannot provide this
information.

Research in the therapeutic application of MC simulations of radiation transport dates back to the
1960’swhen Berger published a description of theMC treatment of charged particle transport thatwould
ultimately become the backbone of the ETRAN MC code[3]. One of the historic challenges in applying
MC calculations to radiation transport is the treatment of charged particles,which interact continuously
via elastic and inelastic collisions over the course of their trajectory. In order to simulate this transport in a
reasonable time, electron transport codesmustmake use ofmultiple scattering theories, such as those by
Molière[4] andGoudsmit and Saunderson[5],which, in turn,may require certain approximations. Each
charged particle step in the simulation then encompasses multiple interactions and is, thus, known as a
condensed history (CH) step. By contrast, photon and neutron transport, both ofwhich feature relatively
long mean free paths between well-deûned interactions were already relatively well-understood, and
MC simulations had been in use for some time to simulate photons and neutron interactions in nuclear
reactors.

Berger[3] identiûed two classes ofMC simulation codes based on their treatment of electron trans-
port: Class I codes include all charged particle interactions in each CH step, while class II codes include
a subset of interactions in each CH step, simulating the remaining interactions explicitly. _is implies
that class II codes are potentially more accurate than Class I codes depending on a judicious choice of
which interactions to model in detail. _e aforementioned ETRAN code is an example of a Class I code,
while thewell-benchmarkedMCcode, EGS4[6], and itsmodern evolution, containing improved physics,
EGSnrc[7], are class II codes. In the case of EGS4/EGSnrc, the selection criteria for explicit simulation
of charged particle interactions are the energy of secondary particles and the type of interaction: particle
energymust be above a cutoò energy, AE, belowwhich cross section data are not tabulated, and then only
annihilation events, Bhabha andMoller scattering and bremsstrahlung events are simulated explicitly.

_ere are a number of other class II codes which have found extensive application in radiother-
apy and radiation protection research, including MCNP[8], PENELOPE[9] and Geant4[10]. Similar
to EGS4/EGSnrc, these codes have achieved acceptance throughout the medical physics research com-
munity owing to extensive benchmarking and their ability to match experimental data where available.
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However, EGS4/EGSnrc remains themost widely usedMC simulation platform among researchers and
it is with applications based on the physics in EGS4/EGSnrc that the research described in this thesis is
concerned.

User applicationsbasedonEGS4/EGSnrc developedover thehistoryof the code includeDOSXYZnrc[11],
for calculating dose in a phantom comprising rectilinear voxels, BEAMnrc[12, 13], optimized for the sim-
ulation of radiotherapy treatment heads (see Figure 1.1), alongwith a number of codes[14] for calculating
dose, �uence and stopping power ratios in cylindrical phantoms. More recently, a �exible object-oriented
geometry package, egspp[15] has been developed.

Figure 1.1: Schematic of a BEAMnrc simulation of 6MV photon beam (10×10 cm2 ûeld) from a Siemens
KD2 accelerator. Photon tracks are shown in yellow, while contaminant electron tracks are blue. Direc-
tional bremsstrahlung splitting (DBS) with electron splitting is used to preferentially generate photons
directed into the ûeld and simultaneously increase thenumber of contaminant electrons. _emain struc-
tural components of the accelerator are, from le�: ûeld deûning jaws, �attening ûlter, primary collimator,
target. Accelerators are simulated by concatenating geometrymodules (component modules) optimized
for simulating components typically used in linear accelerators.

One of the main obstacles to the regular use of MC simulations in clinical radiotherapy treatment
planning (RTP) has historically been the lack of aòordable computing power, speciûcally CPU speed.
Until recently,MC dose calculations to the desired precision could take days toweeks of CPU time. _is
situation has been partially ameliorated by running calculations in parallel (e.g., EGSnrc has a built-in
parallel processing functionality requiring minimal eòort to adapt to the user’s system). However, the
applicability of such large-scale,multi-core simulations remains in the realm of research.

In obeisance of Moore’s Law, however, CPU performance continues to increase exponentially, and
the lastdecadehas seen computing speeds available evenon relatively cheapdesktopPCs thatwould seem
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to put regular, clinical MC RTP within grasp. Indeed, several manufacturers of commercially-available
treatment planning systems (TPSs) now incorporate MC simulations into some portion of their dose
calculations. _ese include Varian Eclipse® , Raystation® , and Elekta XiO® .

Moreover, the decreasing cost of data storage means that it is now practical to store large phase
space ûles from simulated treatment heads, such as those generated by BEAMnrc, for the purpose of
downstream dose calculations.

In addition to increased CPU speed, an essential component of the eòort to make routineMC simu-
lation a reality in clinical radiotherapy has been the development of techniques to increase the eõciency
ofMC codes. _is has been particularly true of the ongoing development of the EGSnrc system and its
associated applications and is another reason for the continued popularity of this system.

Techniques to increase the eõciency of EGSnrc codes fall into two general categories: 1) CPU time-
saving techniques and 2) variance reduction techniques. CPU time-saving techniques involve algorithms
for decreasing the time required to transport particles, usually at the cost of some acceptable decrease
in accuracy, while variance reduction techniques reduce the uncertainty in calculated quantities while
preserving the underlying transport physics.

An example of a CPU time-saving technique implemented early on in EGS4/EGSnrc is charged par-
ticle range rejection. Here, the transport of charged particles is ceased, and their energy deposited on
the spot, if they are unable to make it to the nearest geometric region boundary with an energy greater
than some user-deûned cutoò (ECUT). While this scheme can increase the eõciency of simulations by
a factor of 2, judicious selection of the energy below which the particle range is evaluated (ESAVE) is
required to prevent a signiûcant impact on the low-energy bremsstrahlung radiation simulated[12].

Variance reduction techniques in EGSnrc codes have typically fallen under two broad categories:
interaction splitting and interaction forcing. Both of these techniques decrease the uncertainty inherent
in sampling probability functions by sampling them many times per event. _e result is the production
of correlated particles. However, if these particles (and their products) are scored downstream in diòer-
ent zones/voxels, then correlations are lost and the uncertainty in each statistically-independent event
(primary history) can decrease signiûcantly.

Variance reduction techniques have been employed in BEAMnrc almost since its introduction, with
early examples including photon interaction forcing and uniform bremsstrahlung splitting (UBS). Selec-
tive splitting of bremsstrahlung events into a user-deûned ûeld (SBS) was introduced by Sheikh-Bagheri
in 1999[16] and increased the eõciency of photon beam dose calculations by factors of up to 10.

_e technique of splitting radiative events can also be applied to isotropically radiating sources (e.g.,
Cs-137 and Co-60 capsules). Eõcient simulation of these sources is of current interest as image-guided
radiotherapy (IGRT) devices using Co-60 treatment heads in tandem with magnetic resonance imag-
ing (MRI) emerge on the market. In addition, eõcient simulation of Co-60 beams makes routine MC
calculation of beam correction factors a feasible prospect.

While fast and accurate simulation of treatment beams is essential to any MC dose calculation, the
ultimate goal is an accurate estimate of the dose delivered. As mentioned above, several commercially
availableTPSs useMC calculations to calculate dose for electron or photon beams. _e details of how the
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phase space data for incident treatment beams is constructed arenot known for all systems and likely vary
from system to system. Apart from this, however, calculation of dose in CT-based phantoms presents its
own challenges. Some of thesewill be addressed in more detail in the Discussion at the end of this thesis.

In addition to the patient-speciûc dose calculations mentioned above, by using voxellized phantoms
representing an “average” human,MC simulations are uniquely able to determine the dose to radiosen-
sitive components of bone, such as bonemarrow and bone surface cells. _e ûeld ofMC treatment plan-
ning is currently in themidst of a decade-and-a-half long debate[17–20] over whether dose to medium,
Dm , or dose towater-in-medium, Dw , is amore useful speciûer of dose. _is debate is fraughtwith issues
that are historic, philosophical, and rooted in a lack of available data. However, it is acknowledged that
the diòerence is only important in bone. _erefore, a realistic estimate of dose to sensitive tissue within
bone is capable of providing information which will help guide the choice of quantity to specify.

1.2 Methods

_is section is intended to give a brief, general overview of themethods covered in much more detail in
each chapter.

1.2.1 EGSnrc

As indicated above, all MC simulations presented in thiswork use the EGSnrc code and associated appli-
cations. EGSnrc simulates photon, electron and positron transport, benchmarked over an energy range
of 1 keV to several hundredGeV.With respect to charged particle transport, EGSnrc introduced anumber
of enhancements over EGS4 that have a signiûcant impact on accuracy. Among these:

• Condensed history (CH) transport uses an exact solution to themuliple scattering angular distri-
bution based on the theories ofGoudsmit and Saunderson[5] andKawrakow and Bielajew[21, 22].

• Spin eòects can be incorporated in the elastic scattering cross section.

• Electron impact ionization can be simulated using one of ûve possible cross section data sets.

• _e user has the option to cross geometric boundaries in single scattering mode, eliminating any
inaccuracies inherent in crossing in multiple scattering mode (i.e., using the PRESTA boundary
crossing algorithm).

Since its introduction in 2000, there have been further improvements in EGSnrc, including:

• _e option to simulate atomic relaxation processes in shells K through <N>. _is includes the
production of �uorescent photons, Auger electrons and Coster-Kronig electrons.

• _e option to simulate triplet production.

• _e option to include radiative Compton scattering corrections.

• _e option to include photonuclear interactions.

6



General introduction and methods

Even with the above-mentioned enhancements there is much room for ongoing development and
reûnement of the existing physics in EGSnrc. For example, the eòects of electron impact ionization
are not well understood, nor has the algorithm been completely benchmarked, and atomic relaxations
processes are currently conûned to shellswith binding energies > 1 keV.Another important limitation of
EGSnrc is its inability to simulate protons and heavy ions which, given current trends in radiotherapy,
may have serious implications for the code’s general utility in the future. _is will be discussed in more
detail in chapter VIII.

1.2.2 Eõciency

Eõciency with respect to theMC calculations described here is given as:

є = 1
s2T

(1.1)

where s is an estimate of the uncertainty on the quantity of interest (e.g., dose or �uence) and T is the
CPU time.

Calculating meaningful values of eõciency depends on having a good estimate of the uncertainty,
s. Earlier versions of EGS4/EGSnrc codes estimated s by dividing up calculations into statistical batches.
In the early 2000’s, however, this method was replaced by a history by history estimate in which each
primary history is treated as a statistically independent event and correlations between particles are ac-
counted for. _e latter consideration is especially important given that eõcient photon beam simulations
sometimes require splitting interactions, resulting in thousands of correlated particles per primary his-
tory. In addition, the history by history method results in a signiûcant decrease in �uctuations in the
estimate of uncertainty (i.e., the “variance on the variance”).

1.2.3 Interaction splitting

Interaction splitting is essential to several variance reduction schemes implemented in EGSnrc codes.
Very brie�y, it involves splitting an interaction (usually bremsstrahlung) a user speciûednumber of times,
Nspl i t ,with the resultant particles each having their statisticalweight reduced by a factor of 1/Nspl i t . Ener-
gies and directions for the resultant split particles are then sampled from known distributions. Provided
that these split particles and their descendents are not all scored in the same region of interest, this mul-
tiple sampling results in a signiûcant decrease in the variance of an MC calculation.

Figure 1.2 shows a simpliûed schematic of the directional bremsstrahlung splitting (DBS) routine
covered in more detail in chapter IV.

In the case of split bremsstrahlung interactions, secondary charged particles are generally subject to
russian roulette with a survival probability 1/Nspl i t (with survivors having their weight increased by a
factor Nspl i t). _is prevents excessive CPU time from being consumed following charged particle sec-
ondaries set in motion by the split photons. Should the user be interested in contaminant electron dose,
DBS includes amethod to recover these charged particles.
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Figure 1.2: Schematic of the directional bremsstrahlung splitting (DBS) routine. Bremsstrahlung events
are split Nspl i t times. Photons directed into a user-deûned, circular splitting ûeld are kept and have
their weight reduced by a factor of 1/Nspl i t (i.e., they are “thin”), while photons directed outside this
ûeld are subject to Russian roulette with survival probability 1/Nspl i t . Surviving photons retain weight
1 (i.e., they are “fat”) and represent the physics for these particles. Secondary electrons created by thin
photons are also subject toRussian roulettewith survival probability 1/Nspl i t , as are any scattered photons
directed outside the splitting ûeld. Eõciency is further improved by subjecting thin photons about to
undergo a scattering event (Compton, photoelectric or pair production) toRussian roulettewith survival
probability 1/Nspl i t . If the photon survives, it becomes fat and the scattering event is split Nspl i t times,
with the resultant split photons treated in the same manner as those resulting from a bremsstrahlung
event. _e end result of DBS is that many photons, all with low weight, will be directed into the ûeld
of interest, few photons, all with high weight, will be directed outside it, and there will be few charged
particles, all with high weight, everywhere.

1.2.4 Voxellized human phantoms (FAX/MAX)

_e ûnal two papers in this thesis present dose calculations in a set of voxellized human phantoms.
_ese phantoms, representing an adult female (FAX) and male (MAX), were constructed by Kramer
et al[23] based on patient CT images. _eir most recent versions (FAX06/MAX06) were speciûcally
coded to perform dose calculations using the radiation transport physics in EGSnrc for radiation safety
applications and feature organs with compositions agreeing with those recommended by ICRP[24] and
ICRU[25]

Microstructure within bone spongiosa (red bonemarrow and trabecular bone) in FAX06/
MAX06 is simulated during particle transport by overlaying spongiosa voxels with a repeating pattern
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ofmicrovoxels (with dimensions on the order of 10 µm3) containing either trabecular bone or red bone
marrow to create amicromatrix. _e structure of themicromatrix, itself, is based on actual µCT image
data.

1.3 Contents of this thesis

_e research described herein can be grouped into two broad themes: variance reduction in EGSnrcMC
simulations of photon beams and the application of photon beam simulations to dose calculations in
voxellized human phantoms.

_e ûrst paper[26], presented in chapter II, describes in detail the history by history method for
estimatinguncertainties implemented in allEGSnrc applications starting in 2000. Comparisons aremade
between the history by history method and the prior method of statistical batches with respect to the
variance on the uncertainty estimate and the ability to account for correlations between particles. Speciûc
attention is given to phase space sources, which o�en contain a limited amount of data and in which
particles, thus,must be reused in order to obtain acceptable statistics in downstream calculations.

Chapter III presents a paper[27] published on a CPU time-saving technique, calledHOWFARLESS,
for increasing the eõciency of dose computation in homogeneous phantoms simulated using the EGSnrc
application, DOSXYZnrc. _e HOWFARLESS technique saves signiûcant CPU time by disregarding
internal voxel boundaries when determing themaximum distance covered by a charged particle during
a condensed history step. _e details of theHOWFARLESS algorithm are presented, and the accuracy of
themethod relative to standard transport stopping at internal voxel boundaries (i.e., using HOWFAR)
is analyzed.

Chapter IV is apaper[28] describing the directionalbremsstrahlung splitting (DBS) algorithm,which,
since its implementation in 2004, has become a standard technique for eõcient BEAMnrc simulations
of photon beams. A description of the algorithm is given, including the electron splitting option to im-
prove statistics on dose from contaminant electrons. _e paper gives a detailed analysis of eõciency for
�uence and dose calculations, comparing the performance of DBS to selective bremsstrahlung splitting
(previously the most eõcient bremsstrahlung splitting routine) and uniform bremsstrahlung splitting,
andmakes recommendations for the optimum settings of splitting number, splitting ûeld size and elec-
tron splitting parameters.

A paper[29] describing a directional splitting technique for eõciently simulating treatment heads
that use isotropically radiating sources, called directional source biasing (DSB), comprises chapter V.
DSB was recently implemented in BEAMnrc and has been shown to increase the eõciency of Co-60
dose calculations by a factor of up to 400,makingMC commissioning of Co-60 beams feasible. _e DSB
algorithm is described, any potential systematic biases introduced are analyzed, and a detailed study of
eõciency, including recommended splitting numbers, is presented.

_e paper[30] in chapter VI presents dose calculations for a simulated cone beam CT (CBCT) scan
of the voxellized human phantoms, FAX06 andMAX06, for the purpose of determining additional dose
to organs and to the radiosensitive tissue in trabecular bone–red bone marrow and bone surface cells–
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when this imaging modality is used for IGRT. Dose is calculated for scans at three diòerent sites–head
and neck, chest, pelvis–each characterized by bone having a diòerent trabecular bone volume fraction
(TBVF).

Chapter VII is a paper[31] describing research that makes further use of FAX06 and MAX06 to
calculate the dose from megavoltage photon beams in red bone marrow and bone surface cells. _ese
values are then compared to the dose calculated in bulk trabecular bone, or, dose to medium, Dm , and
the dose to water in medium, Dw at sites with diòerent TBVFs. _e results are used to deduce whether
Dm or Dw provides a better estimate of dose to radiosensitive tissue in bone in an eòort to introduce
some computational rigour into the Dm vs Dw debate.

_e Discussion in chapter VIII deals in detail with some of the important current and future impli-
cations of the research in the preceding chapters. _e chapter includes new work addressing the issue of
Dm toDw conversion for kilovoltage beams using Burlin cavity theory and presents some thoughts about
the current status ofMC in commercially available treatment planning systems.

Summary remarks and future work are also presented in chapter VIII.
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Abstract

A history by historymethod for estimating uncertainties has been implemented in the
BEAMnrc andDOSXYZnrc codes replacing themethod of statistical batches. _ismethod
groups scored quantities (e.g. dose) by primary history. When phase-space sources are
used, this method groups incident particles according to the primary histories that gen-
erated them. _is necessitated adding markers negative energy! to phase-space ûles to
indicate the ûrst particle generated by a new primary history. _e new method greatly re-
duces the uncertainty in the uncertainty estimate. _e newmethod eliminates one dimen-
sion which kept the results for each batch! from all scoring arrays, resulting in memory
requirement being decreased by a factor of 2. Correlations between particles in phase-
space sources are taken into account. _e only correlations with any signiûcant impact on
uncertainty are those introduced by particle recycling. Failure to account for these corre-
lations can result in a signiûcant underestimate of the uncertainty. _e previous method
of accounting for correlations due to recycling by placing all recycled particles in the same
batch did work. Neither the newmethod nor the batch method take into account correla-
tions between incident particles when a phase-space source is restarted so onemust avoid
restarts.
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2.1 Introduction &_eory

2.1.1 _e batch approach to uncertainties

_e BEAM code system[1] is a widely used Monte Carlo code for simulating radiotherapy beams and
calculating dose distributions in patients (see ref 2 for a listing of over 150 publications). We have up-
graded the BEAM code system to create BEAMnrc[3, 4],which uses the recently released EGSnrcMonte
Carlo code for radiation transport[5, 6]. At the same time we have improved the method for estimat-
ing uncertainty in dose and �uence calculated in BEAMnrc and DOSXYZnrc. Previously, calculation of
uncertainty in all quantities depended on splitting calculations into statistical batches (usually 10) and
then, once the simulation was ûnished, taking the estimate of the uncertainty in the average of a scored
quantity, X, to be:

sX =

¿
Á
ÁÀ∑

N
i=1(X i − X)2

N(N − 1)
(2.1)

where N is the number of batches, X i is the value of X in batch i and X is themean value of X evaluated
over all batches.

_ere are three problemswith the batch approach. First, unless a large number of statistical batches is
used, there are signiûcant �uctuations in the uncertainty itself since the sample size,N, in equation (1) is
quite small. Second, arbitrarily grouping histories into batches ignores any correlations between incident
particles. Incident particles will be correlated when phase space data from a BEAMnrc simulation of an
accelerator is used as a source, especially if variance reduction techniques, such as bremsstrahlung split-
ting and photon forcing, are used in the accelerator simulation. Finally, the implementation of the batch
approach used in most NRC user-codes added an extra dimension (storing the results from each batch)
to all arrays scoring quantities of interest. _is last limitation was especially evident in DOSXYZnrc,
where the scoring arrays are already large because of the large number of geometrical regions (e.g., 2
million voxels for 128×128×128 resolution). It should be noted however that this is a re�ection of how
this was coded in DOSXYZnrc and could have been avoided using other coding techniques.

2.1.2 _e history by historymethod

In order to eliminate the problems with estimating uncertainty using batches, we have adopted a clever
trick (attributed[7] to F. Salvat of the University of Barcelona) for eõciently implementing the history
by history method for estimating uncertainty. It has been described by Sempau et al. [8]. _e history
by history method is well known and has been used for years in other codes (e.g., since at least 1986 in
MCNP[9]). Andreo [10] has also pointed out its advantages. However, the brute force application of this
method is ineõcient and the inherent improvements did not justify the increase in computation time
required to update all scored quantities a�er each history, especially in calculations with many scoring
bins. Use of Salvat’s approach removes this increase in computation time. We also found it necessary to
makemodiûcations to account for correlations between incident particles when a phase space source is
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used. Similar modiûcations were suggested independently by Sempau et al. [8].
Returning to Equation (1), let X i be the quantity scored in statistically independent event i (i.e.,

history i instead of batch i). _e equation can be rewritten as:

sX =

¿
Á
ÁÀ 1

N − 1
(
∑

N
i=1 X2

i
N

− (
∑

N
i=1 X i

N
)

2

) (2.2)

where N is now the number of independent events, i.e., histories. In BEAMnrc and DOSXYZnrc, when
using phase space sources, one event or history is deûned to be all particle tracks associated with one
initial particle (either exiting the accelerator vacuumor from a decaying radioactive source such as 60Co).
It should be noted that the X i may be weighted quantities (if variance reduction techniques, such as
bremsstrahlung splitting, are used), whileN is an unweighted quantity, always equal to the total number
of independent, or primary, histories.

If we keep track of ∑N
i=1 X2

i and ∑N
i=1 X i on the �y, then we can calculate the uncertainty at the end

of the simulation without the need to store the scored quantity in batches. _e problem is that when
there are a large number of quantities being scored, it can be very computationally ineõcient to evaluate

∑
N
i=1 X2

i at the end of each history. To overcome this problem, Sempau et al. [8] outlined the following
algorithm for quantity X:

IF(nhist=X_last) THEN

X_tmp = X_tmp + delta

ELSE

X = X + X_tmp

X2 = X2 + (X_tmp)**2

X_tmp = delta

X_last = nhist

ENDIF

where X stores∑N
i=1 X i during the run, but, a�er analysis, will store the quantity X, nhist is the current

history number, X last is the number of the last history that contributed to X, X tmp stores the sum of
the contributions to X during the current history, delta is a contribution to X during the current step,
and X2 stores∑N

i=1 X2
i .

Using the algorithm outlined above together with Equation (2), the threemain problems with using
the batch method are eliminated. _e problem of small sample size is eliminated, since N is now the
number of histories and is usually large for a calculation with reasonable statistics. Also, if phase space
data fromBEAMnrc areused as a source then, by ensuring thatN andnhist only countprimaryhistories
(i.e., histories from the original non-phase space source), we properly take into account correlations
between incident particles. Finally, the additional 10 or more dimensions required to store the value of
X in each batch have been eliminated and three new scoring arrays, X tmp, X2 and X last, have been
introduced (X is retained from the batch method, but with the batch dimension eliminated). However, X
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and X2 have beenmade double precision to avoid any potential round-oò errors and taking into account
the other large arrays, thememory requirement for large arrays is only reduced by a factor of 2 compared
to when 10 batches were used.

Some quantities output by BEAM are actually ratios of correlated quantities. An example of this is
the average energy of photons in a scoring zone, which is given by the total photon energy crossing the
zone divided by the total number of photons crossing the zone. _ese quantities are correlatedwith each
other, and, if output separately, would each have their own uncertainty. In order to estimate uncertainty
on these ratios using the history by history method, we use the equation for the fractional uncertainty
on a ratio of correlated quantities, C=X/Y:

sC
C

=

¿
Á
ÁÀ(

sX
X

)
2
+ (

sY
Y

)
2
−

2cov(X ,Y)

(N − 1) (X Y)
(2.3)

where sX and sY are the uncertainties on X and Y estimated using the history by historymethod outlined
above, and cov(X,Y) is the covariance of X and Y, given by:

cov(X ,Y) =
∑

N
i=1 X iYi

N
−
∑

N
i=1 X i ∑

N
i=1 Yi

N 2 (2.4)

In order to calculate cov(X,Y), we need to keep track of ∑N
i=1 X iYi on a history by history basis. _is

is done on the �y using an algorithm similar to the one given above used to keep track of ∑N
i=1 X2

i and

∑
N
i=1 X i . Keeping track of∑N

i=1 X iYi requires an additional REAL*8 variable for each ratio scored.

Note that keeping track of primary histories in a phase space source has made it necessary tomodify
the format of BEAMnrc phase space ûles slightly. We now mark the ûrst particle scored in the phase
space ûle from each primary history by setting the particle energy negative. _en, when the phase space
ûle is used as a source, we increment N and nhist only when a negative energy is read.

Ma et al. [11] have used a similar method to analyse uncertainty in their Monte Carlo dose calcula-
tion code, MCDOSE. However, in their approach, the quantity of interest (in this case, energy deposited)
is not grouped according to primary history, but according to each energy deposition event. _us, if a
primary history gives rise to two or more charged particles (through interactions and/or variance re-
duction techniques, such as bremsstrahlung splitting), their method would put the energy deposited by
each charged particle in a diòerent group, whereas our technique would put the energy deposited by all
resultant charged particles in the same group. It will be seen below that the event-by-event method can
give rise to errors in the uncertainty estimate, especially if particles in a phase space source are recycled.

2.1.3 Latent variance of a phase space ûle

Sempau et al.[8] have introduced the term “latent variance of a phase space ûle” to distinguish between
the uncertainty in a dose calculation due to the random nature of the transport in the phantom vs that
due to the statistical �uctuations in the phase space ûle. _us, a Monte Carlo calculation of the dose
distribution generated by a 20MeV pencil beam of electrons has a statistical uncertainty despite the fact
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that there are no �uctuations in the incident phase space of the source. _is is the inherent uncertainty
of the dose calculation. _is uncertainty will approach zero if the number of histories is increased suf-
ûciently. However, when a ûnite phase space ûle is used as a source, the statistical uncertainty on the
calculated doses approaches a ûnite value, independent of how o�en the phase space ûle is reused. _is
value represents the latent variance of the phase space ûle.

2.2 Results &Discussion

2.2.1 New vs oldmethods without recycling

To see the eòect of the improved uncertainty analysis, we simulated an 18 MeV electron beam (ûeld
size=20×20 cm at SSD=100 cm) from a Clinac 2100C accelerator and examined uncertainty in dose in
a water phantom. _is was a 2-stage process. _e accelerator was simulated using BEAMnrc, and a
phase space ûle was scored at the SSD. _is phase space ûle was then used as a source in DOSXYZnrc
simulations of a water phantom.

In the BEAMnrc accelerator simulation, 56 million primary histories were used to generate a phase
space source containing 51 million particles (including 34million photons). Range rejection for particles
below 3 MeV was used in the accelerator simulation, however, no variance reduction techniques were
used which could have led to multiple particles in the same phase space ûle from the same primary
history (e.g., bremsstrahlung splitting). Nonetheless, there can be multiple particles in the phase space
ûle for a given primary history, e.g., the primary electron and bremsstrahlung photons and/or knock-on
electrons.

In the DOSXYZnrc simulation of thewater phantom 50million incident particles (of all types) from
the phase space source were used. _e simulated water phantom itself had dimensions of 20×20×15
cm, and dose was scored in 1×1×0.5 cm voxels down the central axis. Region-by-region range rejection
for particles below 5 MeV was used in the DOSXYZnrc simulation. _is means that a charged particle
history was terminated and its energy deposited locally if the particle energy was ≤ 5MeV and the par-
ticle could not make it to the nearest voxel boundary with energy > ECUT, the low-energy threshold for
particle transport (700 keV in this case). _is range rejection scheme saves CPU time by cutting short
unnecessary transport in the large, oò-axis voxels.

Figure 2.1 shows fractional uncertainty in dose vs depth estimated using the newmethod (grouping
energy deposited according to primary history) and using the old method with 10 and 40 batches. A
scaled depth-dose curve is also shown for reference. Incident particles from the phase space ûlewere not
recycled in these simulations.

It is clear from the ûgure that the new method estimates a much smoother uncertainty vs depth
curve than the batch method, indicating amuch lower uncertainty on the uncertainty estimate. It is also
clear that increasing the number of arbitrary batches from 10 to 40 results in reduced �uctuations in the
uncertainty, albeit at a cost of increasing the memory requirement for the scoring array by a factor of
4. Despite �uctuations, themean uncertainty in all doses > 0.5Dmax estimated using the batch method
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Figure 2.1: Fractional uncertainty in dose calculated on the central axis vs depth for a simulated 18MeV
beam from a Clinac 2100C (20×20 cm ûeld at SSD=100cm) in a simulatedwater phantom. Fractional un-
certainties are estimated using the newmethod (grouping by primary history) and using the oldmethod
with 10 and 40 batches. A scaled depth-dose curve is also shown for reference (with uncertainties esti-
mated using the history by history method). Dose was scored in 1×1×0.5 cm voxels on the central axis.

(0.55% using 10 batches and 0.53% using 40 batches) is in good agreement with that estimated using the
new method (0.54%). _e overall agreement between the 3 methods (aside from �uctuations) implies
that any correlation betweenmultiple particles scored in the same primary history,whichwere placed in
separate batches in the old technique, is negligible.

2.2.2 Eòects of recycling

In many cases, the phase space data available at the bottom of a simulated accelerator may be relatively
sparse. In such cases, reducing the inherent uncertainty in the dose calculation to an acceptable level can
only be achieved by recycling each particle in the phase space source beforemoving on to the next one.
In order to investigate the eòects of particle recycling on the uncertainty, the water phantom simulation
was repeated with the same number of incident particles (50 million), but this number was achieved
by using only 12.5 million particles from the phase space ûle with each particle recycled 3 times (each
particle used a total of 4 times – the recommendedmaximum for electron beams) and then by using only
1.8 million particles from the phase space ûle with each particle recycled 27 times (each particle used a
total of 28 times). A DOSXYZnrc technique called smoothing, in which incident particles are re�ected
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about the X axis and the Y axis before being re-used in the simulation, was also used, but this has little
impact on the central axis (see section 2.2.5 below). Note thatwhen a particle is recycled, the number of
primary histories (nhist in the new algorithm described in the Introduction) is not incremented. _us,
energy deposited by all occurrences of a particle are grouped into the same primary history.

Figure 2.2 shows the eòect of particle recycling on the estimated uncertainty on the central axis.
_e “no recycling” curves are the same curves as shown for the new method and using 10 batches in
Figure 2.1. _e uncertainty estimated using the new method clearly indicates that uncertainty increases
with the number of times each particle is recycled. _e increase is greatest at the phantom surfacewhere
the �uctuations re�ect the statistical �uctuations of the initial particles hitting just that voxel whereas
at depth, the particles from a wider initial area are involved and the in-phantom statistical variations in
repeated histories play a role, thereby decreasing the uncertainty.
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Figure 2.2: Fractional uncertainty in central-axis dose vs depth for a simulated 18 MeV beam from a
Clinac 2100C (20×20 cm ûeld at SSD=100cm) in a simulated water phantom. Fractional uncertainties
estimated using the newmethod are shown for cases in which incident particles were recycled 27 times,
3 times (the recommendedmaximum) and not at all. Fractional uncertainties estimated using 10 batches
(oldmethod) are shown for the cases in which particles were recycled 27 times and not at all. _e total
number of particle tracks simulatedwas 50million in all cases. Dosewas scored in 1×1×0.5 cm voxels on
the central axis.

Recycling incident particles 3 times is equivalent to decreasing the number of primary histories by
a factor of 4 (recall the number of primary histories is not incremented when a particle is recycled),
and, thus, in an electron beam the uncertainty at the surface of the phantom is expected to increase
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by a factor of sqrt(4) = 2 because the uncertainty is dominated by the latent variance of the phase
space ûle. _is matches the increase at the surface shown in Figure 2.2. Similarly, when particles are
recycled 27 times, the uncertainty at the surface is expected to increase by a factor of sqrt(28) ∼ 5,which
matches the increase shown in the ûgure. _e uncertainty estimated using 10 batches in the case of 27×
recycling shows expected �uctuations, however, similar to the “no recycling” case, themean uncertainty
is in fairly good agreement with that estimated using the new method (mean uncertainty on all doses
> 0.5Dmax is 1.30% using 10 batches and 1.38% using the new method). _is agreement validates our
previous scheme to account for correlations between recycled particles by putting them in the same
statistical batch (accomplished by having the recycling loop inside the statistical batch loop in the code).

When recycling photon sources, the eòects on the uncertainty aremuch less dramatic since, except
when highly recycled, photons are not likely to interact in the same voxel and therefore the recycling
has little eòect. For example, recycling a 13 MV beam 3 times had no eòect on the central-axis dose
uncertainties and recycling 27 times only increased the uncertainty by about 40% rather than the factor
of 5 seen at the surface in the electron beam (ûg 2.2).

_e above results indicate that both the new and old methods of statistical analysis took the latent
variance of the phase space ûle (as discussed in the introduction) into account properly. _us no matter
how o�en a given particle was recycled, the uncertainty would only decrease to a ûxed value which
re�ected the latent variance of the phase space ûle. _is is not the case if the phase space ûlewas restarted
rather than each particle being recycled.

2.2.3 Eòects of restarting

Problems arise in the new and oldmethods of estimating uncertainty when a phase space ûle is restarted.
_is happens automatically upon reaching the end of the source ûle. A particle that is re-used because
of a restart will not be grouped into the same primary history as it was on the previous pass through
the phase space ûle, correlations between re-used particles will be ignored, and the uncertainty will be
underestimated, as shown above. _us, for the purpose of estimating uncertainty, it is recommended
that particles be recycled enough times so that the phase space ûle is only used once. To make this
feasible BEAMnrc and DOSXYZnrc oòer an option in which the number of times to recycle a particle
is automatically calculated based on the number of particles in the phase space source and the number
of requested histories. _is option may underestimate the number of times to recycle a particle because
it cannot take into account particles that do not get used because they are outside the geometry, do not
have the correct LATCH value, etc., in which case the phase space source will be restarted. If the source is
restarted only once and only a small fraction of it is re-used on the second pass, this is unlikely to have a
signiûcant eòect on the uncertainty. However, ifmost of the source is re-used on the second pass, or if it
is restartedmore than once, then amanually-calculated value for the number of times to recycle particles
(based on data from the previous run inwhich the valuewas automatically calculated) is recommended.
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2.2.4 Eòects of correlations

To investigate the eòects of correlations, the uncertainty has also been estimated by grouping deposited
energy according to incident particle instead of primary history. In this case, nhist in the algorithm
described in the Introduction is always incremented, even if the particle is being recycled. _ismethod is
similar to the newmethod but ignores correlations between incident particleswhen a phase space source
is used. When this method was applied to the simulation of the electron beam in water then, regardless
of howmany times incident particleswere recycled, uncertaintieswere found to agree exactly with those
estimated using the new method with no recycling (shown in Figure 2.2). _e exact agreement in the
case of no recycling indicates that correlations between particles in the phase space ûle did not aòect
uncertainty in this electron beam simulation. More importantly, the distinct diòerences in the cases of
recycling indicate that unless correlations introduced by recycling are taken into account, the uncertainty
is signiûcantly underestimated because the latent uncertainty of the phase space data is not accounted
for.

In electron beams one doesn’t expect signiûcant correlations between particles. To investigate the
eòects on estimated uncertainties of correlations between incident particles (other than those introduced
by particle recycling)we used BEAMnrc to simulate a 13.5MV photon beam (10×10 cm ûeld at SSD=100
cm) from a Siemens KD2 accelerator and used selective bremsstrahlung splitting (maximum splitting
number of 400, minimum splitting number of 40) to enhance photon output. When bremsstrahlung
splitting is used, each primary history can potentially generate a large number of photons, all of which
are correlated, at the bottom of the accelerator. For this simulation, 25.5million primary histories were
run to generate a phase space ûle containing 63.5million particles (63 million of which were photons).

_e phase space ûle generated at the bottom of the photon accelerator was then used as a source in
a DOSXYZnrc simulation of a water phantom (dimensions 20×20×60 cm). Range rejection (ESAVE=5
MeV) was used in all DOSXYZnrc simulations. Initially, we ran 50 million incident particles from the
phase space source (no particle recycling) and examined uncertainty on the dose in 2×2×0.5 cm voxels
down the central axis of the phantom. It was found that this did not include enough of the incident
beam ûeld to show any eòects of correlations between incident particles. By increasing the size of the
central-axis voxels to 10×10×0.5 cm, with a corresponding decrease in the number of incident particles
to 1.5million (no recycling), we were able to see the eòects of correlations.

Figure 2.3 shows the estimated uncertainty in dose vs depth for the photon beam simulation. Uncer-
taintieswere estimated by grouping deposited energy according to primary history (the newmethod), by
splitting the run into 40 statistical batches (the oldmethod), and by grouping energy deposited according
to incident particle (similar to newmethod but ignoring correlations). A scaled depth dose curve is also
shown in the ûgure for reference. It is interesting to note that the 1.5 million incident particles used in
this simulation was found to represent only 209,196 primary histories, indicating a fairly high degree of
correlation between photons in the phase space source.

From Figure 2.3 it is clear that, similar to the electron beam example, the newmethod of estimating
uncertainty yields amuch smoother uncertainty vsdepth curve thanwhen40 batches areused, indicating
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Figure 2.3: Fractional uncertainty in central-axis dose vs depth for a simulated 13.5 MV photon
beam from a Siemens KD2 accelerator (10×10 cm ûeld at SSD=100cm) in a simulated water phantom
(20×20×60 cm). Uncertainties were estimated three ways: using the new method (grouping by primary
history); using 40 statistical batches; and using a method similar to the new method but which ignores
correlations between incident particles (grouping by incident particle). A scaled depth-dose curve is also
shown for reference (with uncertainties estimated using the history by historymethod). Dosewas scored
in 10×10×0.5 cm voxels on the central axis.

a much lower uncertainty on the uncertainty estimate. _e ûgure also shows that ignoring correlations
between incident photons by grouping according to incident particle results in a consistent underesti-
mate of the uncertainty (although the curve is still smooth). _e batch method also ignores correlations
between particles and in the ûgure it can be seen that it also tends to underestimate uncertainty. _e
mean uncertainty on all doses > 0.5Dmax estimated using 40 batches is 0.64%, which is in better agree-
ment with the mean of 0.63% estimated by grouping according to incident particle than it is with the
mean of 0.70% estimated using the new method.

One surprising result from Figure 2.3 is the similarity between the shape of the uncertainty vs depth
curve estimated using the new method and that estimated by grouping according to incident particle,
even the small �uctuations. In fact, they appear to be the same curve, just translated in the Y-direction.
_is similarity was also found to exist in the absolute uncertainties estimated using these two methods
(i.e., once �uctuations in dose had been factored out). _is indicates that there are very few cases inwhich
multiple photons originating from the same primary history lead to energy deposited in the same voxel.
_us, diòerences between uncertainty estimated using the new method and by grouping according to
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incident particle aremainly due to diòerences in the number N in Equation (2). Using the new method,
N is the number of primary histories, while grouping according to incident particle, N is the number of
incident particles.

2.2.5 Eòects of Smoothing on Uncertainties

When recycling or restarting a phase space source inDOSXYZnrc, one has the option of using a routine
whichmakes use of the symmetry in many beams to re-distribute the phase-space particles to 3 symmet-
rical positions ( (x,y) with direction cosines (u,v) goes to (-x,y) with (-u,v) etc). _is means that, away
from the axes, one can eòectively gain a factor of 4 increase in the number of diòerent initial particles
incident on a particular region since one gets them from all four quadrants. Unfortunately, close to the
central axis thishas little value since all four locations are very close to each other. _is is clear inûgure 2.2
where the uncertainty on the central-axis dose increased by a factor of two near the surface, even with
smoothing turned on. At greater depths, the recycling causes only a small increase in the uncertainty,
but the accelerator simulation required four times fewer histories. We ûnd that for a voxel element away
from the axes,with smoothing on the uncertainty estimate for the 3 times recycling case is the same as in
the no recycle case. Hence, for electron beams the use of the smoothing optionwith the recycling option
clearly has a positive beneût in much of the volume, but has no beneût on the central axis at the surface,
and also a reduced beneût along the x- and y-axes. In any case, the uncertainty estimates are accurate.

For photon beams the eòects of smoothing are not so dramatic since the eòects of recycling are not
as dramatic as discussed above. Nonetheless, the trends are similar to the eòects with electron beams,
namely smoothing is most eòective away from the axes.

2.2.6 Ratios of correlated quantities

In order to determine howwell the history by historymethod is able to estimate uncertainties in ratios of
correlated quantities (using Equations 2.3 and 2.4 above),we examined the χ2 per degree of freedom for
average photon energies at the bottom of a simulated accelerator. As mentioned in Section 2.1.2 average
photon energy is a ratio of the correlated quantities total photon energy and number of photons.

We performed 20 separate simulations (500,000 histories each) of a generic 16 MV photon accelera-
tor (ûeld size=10×10 cm at SSD=100 cm) and calculated the average photon energies (with uncertainties)
for photons crossing 10 scoring zones at the SSD. _e scoring zones were square “rings” centred on the
beam axiswithmid-points at a distance 0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5 and 9.5 cm from the beam axis.
We then estimated the χ2 per degree of freedom in each scoring zone using the equation:

χ2

d f
=

1
N − 1

N
∑
i=1

(E i − E)
2

s2E i

(2.5)

where N is the number of simulations (20 in this case), E i is the average photon energy crossing the
scoring zone in simulation i, sE i is the uncertainty on E i , and E is the photon energy crossing the scoring
zone averaged over all N simulations.
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_e results are shown in Figure 2.4. If the uncertainty is estimated accurately then we expect χ2/d f
to be ≈ 1. A χ2/d f << 1 indicates that the uncertainty has been overestimated, and a χ2/d f >> 1 indicates
an underestimate of the uncertainty. Figure 2.4 shows that χ2/d f is ≈ 1 for most scoring zones.
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Figure 2.4: χ2 per degree of freedom for average photon energy at the SSD (100 cm) of a generic 16 MV
photon accelerator evaluated over 20 separate simulations (500,000 histories each). Scoring zones in
which average photon energies (and their uncertainties) were calculated were square “rings” centred on
the beam axis. Mid-points of the square rings were at 0, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, 7.5, 8.5 and 9.5 cm from
the beam axis. Field size was 10×10 cm at the SSD.

We have found that for a simulation with extreme weight variations, the χ2/d f was about 1 except
for one or two scoring zones where it was about 2, caused by one or two outliers in the 20 calculations.
We take this as an indicator of using too much biasing, causing inconsistent results due to “fat” particles
with very largeweights relative tomost particles. _is could possibly even be developed into a diagnostic
tool for the variance reduction techniques.

2.2.7 A note on parallel runs

If one hasmultiplemachines running on anetwork, then it is possible to splitBEAMnrc andDOSXYZnrc
simulation up into a number of parallel jobs[4]. When a simulation that uses a phase space source is split
up into nmultiple jobs, then the phase space source is automatically divided into n equal partitions. Each
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job uses a separate partition. _us, job i uses particle numbers that fall in the range:

(i − 1) ×
nshist

n
< nnphsp <= i ×

nshist

n
(2.6)

where nshist is the total number of particles in the phase space source and nnphsp is the number of
the particle used. _is partitioning scheme was adopted to ensure that the entire phase space source is
adequately sampled over all of the parallel jobs.
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Figure 2.5: Fractional uncertainty in central-axis dose vs depth for a simulated 13.5 MV photon
beam from a Siemens KD2 accelerator (10×10 cm ûeld at SSD=100cm) in a simulated water phantom
(20×20×60 cm). Uncertainties are shown estimated using the new method when the simulation was
performed in a single run (1.5 million incident particles) and when the simulation was divided into 50
parallel jobs (30,000 incident particles each). Dose was scored in 10×10×0.5 cm voxels on the central
axis.

Partitioning of phase space sources potentially interferes with the newmethod of estimating uncer-
tainties because itmay split up particles generated by the same primary history (correlated) and use them
in diòerent jobs. When the jobs are recombined for ûnal analysis, any quantity scored by these particles
will be grouped as if it originated in two or more diòerent primary histories, instead of just one. _is
introduces the possibility of some correlations being ignored and an underestimate of the uncertainty as
discussed above.

In order to observe the eòects of partitioning a phase space source on uncertainty, we split the sim-
ulation of the 13.5MV photon beam in water (described above) into 50 parallel jobs. Each job simulated
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30,000 histories (1.5×106/50). Division into 50 jobs represents an extreme case, and increases the chances
that correlated groups of photons in the phase space source will be broken up by partitioning the ûle.

Figure 2.5 shows the fractional uncertainty in dose vs depth estimated a�er recombining the 50
parallel jobs, along with the uncertainty estimated when the simulation was performed in a single run
(same as solid line Figure 2.3 above). _e ûgure shows no signiûcant diòerence between the uncertainties
in the two cases. _emean uncertainty of all doses > 0.5Dmax estimated a�er recombining the 50 runs
is 0.697%, which is in good agreement with themean uncertainty of 0.700% estimated in the single run.
_us, we conclude that, in general, partitioning of a phase space source has no eòect on the estimated
uncertainty.

2.3 Conclusions

A new method for better estimates of uncertainty in the BEAMnrc and DOSXYZnrc codes has been
introduced. Scored quantities are now grouped according to primary history and not statistical batches
as before. _is newmethod eliminates the problems of �uctuations in estimated uncertainty due to small
sample size (i.e., small number of batches). It also eliminates one dimension from the arrays that score
quantities of interest, resulting in a decrease in the memory required by the scoring arrays by a factor
of about 2. _is new method can easily be adapted to estimate the uncertainty on ratios of correlated
quantities as well.

_e new method also accounts for correlations between incident particles in a phase space source
by grouping incident particles according to the primary histories that generated them. _is has been
accomplished by changing the format of phase space ûles slightly, so that the ûrst particle scored from a
new primary history is marked by setting its energy negative.

Recycling incident particles (i.e., using the same particle as an incident particle many times imme-
diately a�er reading it), which is o�en necessary when phase space data are sparse, introduce the corre-
lationswith themost signiûcant eòect on uncertainty. Failure to take into account these correlations can
lead to a signiûcant underestimate of the uncertainty, basically because it ignores the statistical �uctua-
tions inherent in the phase space ûle. On the other hand, when correlations are taken into account then,
even if particles are recycledmany times, the uncertainty will always re�ect the uncertainty in the phase
space data itself. It was found that the batch method also successfully accounted for correlations intro-
duced by recycling by placing all recurrences of a particle in the same statistical batch. Problems occur
with both the new method and the batch method of estimating uncertainties if a phase space source is
restarted. In the case of the new method, a particle that gets re-read a�er the phase space ûle has been
restarted will not be grouped in the same primary history as it was on the previous pass. In the case of
the batch method, there is no guarantee that the particle re-read a�er a restart will be put in the same
batch as itwas on the previous pass. _us, restarting can cause uncertainty to be underestimated, andwe
recommend recycling particles enough times to avoid restarting a phase space source (aswell a reducing
needless ûle re-reading).
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Other correlations between particles in a phase space source include those that occur “naturally”
(e.g., a primary history that undergoes interactions leading to more than one particle in the phase space
source) and those that occur due to variance reduction techniques, such as bremsstrahlung splitting.
_ese correlations are taken into account by the newmethod, but not by the batch method of estimating
uncertainty. We examined the case of a photon beam generated by splitting bremsstrahlung photons up
to 400 times (using selective bremsstrahlung splitting) in water and found that the batch method did, in
fact, underestimate uncertainty. However, the large bremsstrahlung splitting number and the fact that
signiûcant diòerences were not noticeable until the voxels in the water phantom had been enlarged (to
10×10×0.5 cm) to encompass most of the incident beam leads to the conclusion that, in most cases, these
correlations do not play a role in the uncertainty estimate.

It should be noted that the event-by-event technique used by Ma et el. [11] and mentioned in the
Introduction will not take into account correlations between incident particles in a phase space source.
_is is because this technique does not trace energy deposited back to primary histories. It is even more
extreme than the case discussed in section 2.2.4 in which energy deposition was grouped according to
particle incident on the phantom rather than by initial history. As shown there, this latter case is not
likely to be a problem when correlations are due to interactions and/or variance reduction techniques.
However, if correlations are introduced by recycling particles, then grouping by particles incident on the
phantom is expected to signiûcantly underestimate uncertainty since it ignores the latent variance of the
phase space ûle. _e techniques used by Ma et al. will suòer this same problem.

One closing observation is that issues about the latent variance of a phase space ûle are overcome,
or at least highly mitigated, by using beam characterization models[12]. _ese models do not need to
recycle particles and hence avoid the associated problems. Of course there is still some uncertainty to
be associated with themodels themselves, but as shown elsewhere, the use of themodel greatly reduces
these eòects[12].

_ehistory byhistorymethodhas also recently been added to the standardEGSnrcuser-codeswhich
are distributed by NRC[13].
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Abstract

_is paper describes a “HOWFARLESS” transport option, which has been added to
DOSXYZnrc to increase the eõciency of beam commissioning calculations in homoge-
neous phantoms. _e algorithm speeds up charged particle transport by only considering
the distance to the extreme outer boundaries of the phantom, thus eliminating the need to
stop at voxel boundaries. Dose is deposited by approximating the total curved charged par-
ticle steps by two straight-line steps joined at a hinge point. Good agreement with normal
simulations is achieved at all beam energies and for all practical maximum step lengths
with a 1:1 mixture of approximations based on the initial position/direction of the parti-
cle and on its ûnal position/direction. Use of the “HOWFARLESS” option in phantom
calculations for 6 MV and 18MV photon beams (10×10 cm2 and 40×40 cm2 ûelds) from
BEAMnrc-simulated accelerators increases the eõciency at the optimum photon splitting
number by a factor of 2.9-5.4 when the exact EGSnrc boundary crossing algorithm (BCA)
is used and by 51-89% when the faster PRESTA-I BCA is employed. _e eõciency gain
due to the “HOWFARLESS” transport option increases with increasing beam energy and
decreases with increasing ûeld/dose voxel size. Eõciency improvement is greater when
the eõciency of the particle source itself is not a factor, and in such cases the “HOWFAR-
LESS” option improves the DOSXYZnrc eõciency by up to a factor of 13.1 (exact BCA)
or 3.5 (PRESTA-I BCA) for photon beams, and up to a factor of 17.2 (exact BCA) or 5.2
(PRESTA-I BCA) for electron beams.



A “HOWFARLESS” option in DOSXYZnrc

3.1 Introduction

With the increased interest in using Monte Carlo simulations for radiotherapy treatment planning[1],
there is a concurrent need to commission the beammodels used in the simulations by comparingMonte
Carlo calculated doses in water phantoms to actual measurements (see e.g. the report by the AAPM
Task Group 105[1], and the review articles onMonte Carlo treatment head simulations by Verhaegen and
Seuntjens[2] and byMa and Jiang[3]). Such beam commissioning calculations o�en require long simula-
tion times, thus providing amotivation for the development of faster Monte Carlo transport techniques.

_e BEAMnrc package[4] is a system based on EGSnrc[5, 6] that has been used extensively tomodel
radiation treatment sources. _e package includes DOSXYZnrc[7], aMonte Carlo code for calculating
dose distributions in a phantom composed of rectilinear voxels. DOSXYZnrc calculations can be coupled
to BEAMnrc accelerator simulations either via a phase space output from the accelerator simulation or,
since the distribution of BEAMnrc06, by using the entire BEAMnrc accelerator simulation as a source
in the DOSXYZnrc calculation. _e latter approach has many advantages, chief among them being the
elimination of intermediate phase space ûles, with little loss of eõciency[8]. DOSXYZnrc need not be
used in conjunction with BEAMnrc and can be employed for stand-alone dose calculations with other
user-deûned sources.

Signiûcant improvements in BEAMnrc/DOSXYZnrc simulation eõciency have been reported in
the recent literature. _e Directional Bremsstrahlung Splitting (DBS) technique[9] speeds up BEAMnrc
treatment head simulations by up to a factor of 25 compared toUniformBremsstrahlung Splitting (UBS),
the variance reduction technique utilized in most published investigations. WhenDBS in the BEAMnrc
treatment head source is combined with photon splitting in the DOSXYZnrc phantom, an additional
factor of up to 6.5 can be achieved[8]. Sincemost of the simulation time is spent in phantom transport,
further improvements of the simulation eõciency in the phantom aremore important for increasing the
overall calculation speed than improvements of the treatment head eõciency.

In standard EGSnrc simulations, a single particle step cannot take it beyond the boundaries of the
current voxel. _is restriction, dictated by the speciûc implementation of charged particle transport
in EGSnrc and also present in most other general purpose Monte Carlo codes, is not required in the
homogeneous phantoms used for beam commissioning calculations. Provided that an algorithm can be
determined for accurate deposition of energy along a charged particle path, particles may be allowed
to step beyond voxel boundaries in a homogeneous phantom, thereby saving a signiûcant amount of
computation time.

_is study investigates the accuracy and eõciency of a new charged particle transport option im-
plemented in DOSXYZnrc in which single particle steps are allowed to cross voxel boundaries and are
restricted only by the extreme outer boundaries of the phantom. In EGSnrc the subroutine providing
the distance to the next region boundary along the current direction of motion is called HOWFAR.
_erefore, simulations involving the new transport algorithm will be referred to as “HOWFARLESS”,
as opposed to standard EGSnrc simulations with HOWFAR. _e accuracy of the “HOWFARLESS” al-
gorithm is examined in 6 MeV and 20 MeV monoenergetic electron beams and in 6 MV and 24 MV
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photon beams with energy spectra identical to those published by Mohan et al[10] for Varian Clinac-6
(6 MV) and Clinac-2500 (24 MV) accelerators. Eõciency is investigated in the aforementioned beams
and in 6 MV photon beams (10×10 cm2 and 40×40 cm2 ûelds) from a BEAMnrc-simulated Elekta SL25
accelerator and an 18MV photon beam (10×10 cm2 ûeld) from a BEAMnrc-simulated Siemens KD2 ac-
celerator. For the BEAMnrc- simulated accelerators, the eõciency of the dose calculation is examined
using phase space sources and BEAMnrc simulation sources. In the case of photon beams, the eõciency
of the “HOWFARLESS” option is studied in combination with photon splitting in DOSXYZnrc, which
has been shown to increase the eõciency of dose calculations by a factor of up to 6.5[8].

Section 3.2 describes the algorithm used to approximate the total curved path of a single charged par-
ticle step using two straight-line steps joined at a hinge point. _is is necessary for accurate deposition
of dose in the voxels intersected by the step. _e section discusses how the hinged-step can be calculated
using either the particle’s known initial direction or its known ûnal direction. Section 3.3 gives a de-
tailed description of how the “HOWFARLESS” algorithm is implemented in DOSXYZnrc. Section 3.4.1
describes the DOSXYZnrc phantom simulations used to determine the accuracy of the dose deposition
algorithm, and Section 3.4.2 describes the calculations used to determine the eõciency of the “HOW-
FARLESS” method vs calculations with HOWFAR. Results are presented in Section 3.5 which is broken
down as follows:

• Section 3.5.1 presents accuracy results, including a discussion of the eòectsof the exact vsPRESTA-
I boundary crossing algorithm on the accuracy of calculations with HOWFAR and “HOWFAR-
LESS (Section 3.5.1.1), and results showing the accuracy of “HOWFARLESS” calculations com-
pared to calculationswithHOWFAR as a function of themaximum allowable electron step length
(Smax) and the ratio of hinged-steps based on the initial particle direction to those based on the
ûnal direction (Section 3.5.1.2).

• Section 3.5.2 shows eõciency results of dose calculations, including the eõciency of calculations
with “HOWFARLESS” as a function of Smax (Section 3.5.2.1), and the eõciency of “HOWFAR-
LESS” vsHOWFAR in dose calculations for various beams, including realistic photon beams sim-
ulated with BEAMnrc, simple photon beams with energy spectra, and monoenergetic electron
beams (Section 3.5.2.1).

Concluding remarks appear in Section 3.6.

3.2 _eory: approximation of curved charged particle steps by hinged steps

In the “HOWFARLESS” option, for the purposes of dose deposition the total curved path of a charged
particle step is approximated by two straight-line steps connected at ahingepoint. _emethod of approx-
imating a curved charged particle step by a hinged step has been in use since 1995 in the PENELOPE[11]
Monte Carlo radiation transport code, since 1997 in the VMC series of codes[12–16], and since 2000
by Sempau et al[17] in their DPM Monte Carlo code. In these codes, the hinge is placed at a ran-
domly selected point on the particle path (with diòerent approaches used in PENELOPE, DPM and
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XVMC/VMC++ to select the randomhinge point), and the resultanthinged step is the basis for their con-
densed history transport. In DOSXYZnrc, however, the more accurate EGSnrc transport algorithm[5,
6, 18] is utilized, and the initial and ûnal positions and directions of the charged particle, as well as the
total curved path length between the two points, are known. _us, the role of the hinged step approxi-
mation in the “HOWFARLESS” option is strictly to recreate a step already taken for the purposes of dose
deposition. Moreover, the hinge point is not randomly selected but is uniquely determined by either the
initial direction or the ûnal direction of the particle. Figure 3.1 shows the relationship between the two
possible hinged steps and the full, condensed history charged particle step.
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Figure 3.1: Illustration of charged particle steps taken with HOWFAR (le� ûgure) and with the “HOW-
FARLESS” option (right ûgure). In both cases, the particle travels over the same total curved pathlength,
tv (thin solid curve). In HOWFAR, tv is approximated by condensed history steps which have a max-
imum length, USTEP (thick solid lines), restricted by the distance to the next voxel boundary. With
“HOWFARLESS”, USTEP is only restricted by the extreme outer boundaries of the phantom, so a parti-
cle can take a single step across voxel boundaries. Although the step need not track tv , the curved path
must be approximated for the purpose of dose deposition once the step has been taken. _is is done
using two straight-line segments joined at a hinge point (hinged steps). _e lengths of the segments,
t1 and t2 , and the hinge direction vector, Ð→uh=(uh ,vh ,wh), are calculated using the known particle initial
position, Pi=(xi ,yi ,zi), its known ûnal position, P f=(x f ,y f ,z f ), and either its known initial direction,
Ð→u i=(ui ,vi ,wi), as in Equations (3.2) and (3.4), to create a forward hinged step or the particle’s known û-
nal direction,Ð→u f=(u f ,v f ,w f ), as in Equations (3.5) and (3.6), to create a reverse hinged step. Note that in
forward hinged steps the second segment of the step (t2) has directionÐ→uh , while in reverse hinged steps,
the ûrst segment of the step (t1) has directionÐ→uh .

For a step of known total curved path length, tv , and a hinged step based on the known particle
initial direction cosines, (u i ,v i ,w i), the ûnal particle position, (x f ,y f ,z f ), is given by:

x f = x i + t1u i + (tv − t1)uh

y f = y i + t1v i + (tv − t1) vh

z f = z i + t1w i + (tv − t1)wh

(3.1)

where t1 is the length of the ûrst segment of the hinged step, and (uh ,vh ,wh) are the direction cosines of
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the second segment of the hinged step (length=t2=tv − t1). Note that the direction cosines of the ûrst
segment of the hinged step are the known initial direction cosines, (u i ,v i ,w i). Rearranging Equation 3.1
to solve for (uh ,vh ,wh) gives:

uh =
∆x − t1u i

(tv − t1)
, ∆x = x f − x i

vh =
∆y − t1v i

(tv − t1)
, ∆y = y f − y i

wh =
∆z − t1w i

(tv − t1)
, ∆z = z f − z i

(3.2)

Substituting these expressions into the normalization condition for the direction,

u2
h + v2

h +w2
h = 1 , (3.3)

and solving for t1 gives:

t1 =
t2v − (∆x)2

− (∆y)2
− (∆z)2

2tv (1 − (u i∆x+v i∆y+w i∆z)
tv

)
(3.4)

Once Equation (3.4) has been solved, then the value of t1 can be used in Equation (3.2) to determine
(uh ,vh ,wh). Note that (uh ,vh ,wh) ≠ (u f ,v f ,w f ).

_e hinged step can also be based on the known particle ûnal direction cosines, (u f ,v f ,w f ). In this
case, (u f ,v f ,w f ) are the direction cosines for the second segment of the hinged step (length=t2). Solving
for (x f ,y f ,z f ) in amanner similar to that described above gives:

uh =
∆x − t2u f
(tv − t2)

vh =
∆y − t2v f
(tv − t2)

wh =
∆z − t2w f

(tv − t2)

(3.5)

and using the condition given by Equation (3.3) to solve for t2 yields

t2 =
t2v − (∆x)2

− (∆y)2
− (∆z)2

2tv (1 −
(u f ∆x+v f ∆y+w f ∆z)

tv
)

. (3.6)

Note that the direction cosines, (uh ,vh ,wh), calculated usingEquation (3.5) now apply to the ûrst segment
of the hinged step (length=t1=tv-t2).

To diòerentiate between the two diòerent hinged steps in discussions below, a hinged step calculated
using Equations (3.2) and (3.4)will be referred to as a “forward” hinged step, and a hinged step calculated
using Equations (3.5) and (3.6) will be called a “reverse” hinged step.
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3.3 _e “HOWFARLESS” algorithm

_is section gives a detailed description of themethod of particle transport when the “HOWFARLESS”
option is used.

3.3.1 Changes to theHOWFAR andHOWNEAR subroutines

HOWFAR is a subroutine that determines the distance along the particle’s directory to the nearest region
boundary and is used to determine the maximum allowable step length. HOWNEAR computes the
perpendicular distance to the nearest region boundary in any direction. _is perpendicular distance is
used: 1) to determine if a charged particle is suõciently close to a boundary (within a distance called
“skin depth”[5, 6]) that single-scattering transport should be used instead of condensed history steps; 2)
to determine ifHOWFAR needs to be called (if the planned step length is greater than the perpendicular
distance); and 3) by the range rejection algorithm (if turned on) to determine if the particle can reach
the nearest region boundary with energy higher than the transport cutoò energy (ECUT).

Implementation of the “HOWFARLESS”option hasnecessitated changes in theHOWFAR andHOWN-
EAR subroutines so that,when the option is used, voxel boundarieswithin the phantom are ignored, and
distances (perpendicular and along the particle trajectory) are calculated with respect to the extreme
outer boundaries of the phantom.

3.3.2 Charged particle transport

All of the logic described in this section has been implemented in DOSXYZnrc’s AUSGAB (scoring)
subroutine.

1. If the particle is about to take a step and energy will be deposited over the step, the perpendicular
distance to the nearest voxel boundary is calculated and compared to the straight-line distance of
the proposed step (VSTEP).

2. If VSTEP is less than the perpendicular distance to the nearest voxel boundary, then the particle’s
step will not take it out of the current voxel, and normal transport occurs, with all of the energy
deposited in the current voxel.

3. If VSTEP is greater than the perpendicular distance to the nearest voxel boundary, then the par-
ticle could step across the voxel boundary. _e particle’s initial position, (x i ,y i ,z i), and direction,
(u i ,v i ,w i), are saved alongwith the energy thatwill be deposited over the step. _e particle is then
allowed to take the step, unrestricted by voxel boundaries.

4. A�er the unrestricted step, a check is done on the particle’s ûnal position, (x f ,y f ,z f ), to determine
if it ûnishes the step in a diòerent voxel than it started in (having VSTEP greater than the perpen-
dicular distance to the nearest voxel boundary does not guarantee that it will leave the voxel). If
not, then the energy deposited over the step is simply dumped in the voxel. Note that this saves
further transport time but assumes that the particle does not exit and then reenter the voxel. It
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will be shown in Section 3.5.1.2 below that the inaccuracies inherent in such an assumption are
insigniûcant.

5. If theparticle did leave the voxel, then theunrestricted step is approximatedusing either a forward-
hinged step (calculated using equations (3.2) and (3.4) above) or a reverse-hinged step (calculated
using equations (3.5) and (3.6) above). _e selection of which approximation to use is done by
comparing a random number (range [0,1]) to a threshold value. _e threshold value determines
the ratio of forward-hinged:reverse-hinged steps over the entire calculation. Note that if the step
was taken in single-scatteringmode (i.e. not a condensed history step) then the path is not curved,
t1 is set equal to the step length, and t2 is set to 0.

6. For each voxel k traversed by the hinged step, the dose deposited in the voxel, Dk , is calculated
using:

Dk =
tk
tv
∆E (3.7)

where tk is the distance traveled in the voxel and ∆E is the energy deposited over the entire step
(pathlength=tv). Equation (3.7) assumes that energy is deposited evenly over the entire path. _is
approximation is validwhen the restricted stopping power changes slowlywith energy, a condition
typically satisûed over the energy range that is of interest for beam commissioning.

3.3.2.1 Minimum step length

When the “HOWFARLESS” algorithm is used, all charged particle steps are restricted to being greater
than or equal to half theminimum distance between voxel boundaries provided that this distance is not
greater than themaximum allowable electron step length (user input Smax[6]). _is restriction overrides
any limitation on step length due to themaximum allowable energy loss/step (user input estepe[6]).

_eminimum step length signiûcantly reduces the CPU time by reducing the total number of steps
that must be tracked. It is shown in Section 3.5.1.2 below that any approximations introduced by en-
forcing a minimum step length do not have a signiûcant impact on the accuracy of “HOWFARLESS”
calculations.

3.3.2.2 Range rejection

Charged particle range rejection in DOSXYZnrc relies on having an accurate calculation of the perpen-
dicular distance to the nearest voxel boundary. _e range that a particle can travel before reaching the
transport cutoò energy (ECUT) is then compared to this distance and, if it is less, particle transport is im-
mediately terminated and the total energy is deposited in the current voxel. Normally, the perpendicular
distance to the nearest voxel boundary is provided by DOSXYZnrc’s HOWNEAR subroutine, and the
actual termination of the particle is taken care of by EGSnrc[6]. However, when the “HOWFARLESS”
option is used,HOWNEAR calculates the perpendicular distance to the nearest phantom boundary (see
Section 3.3.1 above). If this distancewere used for range rejection, charged particleswould be terminated
too early, resulting in dose inaccuracies. To circumvent this problem, range rejection (if turned on) is
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incorporated into the “HOWFARLESS” transport logic by comparing the range of the charged particle
to the perpendicular distance to the nearest voxel boundary calculated in step 1 of the “HOWFARLESS”
algorithm (see Section 3.3.2 above).

3.3.3 Photon transport

Photon transportwhen the “HOWFARLESS” option is used is similar to standard transportwith HOW-
FAR, except that photon steps are not halted at voxel boundaries. Since photons do not deposit energy
during a step, there is no need to retrace steps to determine which voxels were traversed. It also means
that information about the current region/voxel of a photon is lost. _is information is recovered imme-
diately prior to a Compton, photoelectric, pair production or Rayleigh event, so that it can be passed on
to the secondary charged particle(s).

3.4 DOSXYZnrc phantom calculations

_is section describes the DOSXYZnrc phantom simulations used to determine the accuracy and eõ-
ciency of the “HOWFARLESS” option.

3.4.1 Accuracy calculations

In order to determine the accuracy of the “HOWFARLESS” algorithm, it is important to compare its
results to those with HOWFAR under conditions where charged particle equilibrium does not hold.
To this end, DOSXYZnrc simulations are performed in a water phantom with a small incident beam
ûeld (0.3×0.3 cm2) centered on a column of voxels with dimensions 0.25×0.25×0.25 cm3 . _e beams
studied are 6 and 20 MeV monoenergetic electron beams, and 6 and 24 MV photon beams with ener-
gies deûned using the spectrum determined by Mohan et al[10] for Clinac beams with these energies.
Phantom X×Y×Z (where Z is depth) dimensions are 60.25×60.25×5 cm3 for the 6 MeV electron beam,
60.25×60.25×30 cm3 for the 20 MeV electron beam, 120.25×120.25×30 cm3 for the 6 MV photon beam,
and 120.25×120.25×60 cm3 for the 24 MV photon beam. Note that the 0.25×0.25×0.25 cm3 voxels are
only in a column down the central axis, with the remainder of the phantom being deûned by very large
voxels. Electron and photon transport cutoò energies (ECUT and PCUT) in these simulations are 0.7 MeV
and 0.01 MeV, respectively. Simulations are done with and without range rejection. If range rejection is
used, then ESAVE (the energy below which range rejection is considered) is set to 2 MeV for the 6 MeV
electron and 6 MV photon beams and 5MeV for the 20 MeV electron and 24 MV photon beams.

Calculations using HOWFAR and “HOWFARLESS” are compared by calculating the root mean
square diòerence between central-axis doses over a range of depths (Z values). For voxels going from
depth Zmin to Zmax , the root mean square diòerence, RMSD, is given by:

RMSD =

¿
Á
Á
ÁÀ

1
Nvox

Zmax

∑
i=Zmin

(D i hw f l − D i hw f )
2

(σ 2
i hw f l + σ 2

i hw f )
(3.8)
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where Nvox is the number of voxels included between Zmin and Zmax , D i hw f l and σi hw f l are the dose
and uncertainty in voxel i with “HOWFARLESS”, and D i hw f and σi hw f are the dose and uncertainty in
voxel i with HOWFAR. _e relationship between RMSD and the average systematic bias, ⟨B⟩, between
doses calculated with “HOWFARLESS” andHOWFAR is given by:

⟨B⟩ ≈
√

(⟨σhw f l ⟩
2
+ ⟨σhw f ⟩

2
) (RMSD2 − 1) (3.9)

An RMSD close to unity indicates that there is no systematic bias introduced by the “HOWFARLESS”
method. _e Z range of voxels included in the analysis depends on beam energy and type: Z=0 – 1.75 cm
(7 voxels) for the 6 MeV electron beam, Z=0 – 3.5 cm (14 voxels) for the 20MeV electron beam, Z=0 – 25
cm (100 voxels) for the 6 MV photon beam, and Z=0 – 30 cm (120 voxels) for the 24 MV photon beam.
In all cases, the Z range includes Dmax (depth of maximum dose) and D50 (depth at 50% of maximum
dose) and all doses have uncertainty less than 0.1%

In order to be able to obtain an uncertainty estimate on RMSD, all calculations are split into 15 sep-
arate jobs (with equal number of histories). _e RMSD is then calculated between corresponding pairs
of HOWFAR and “HOWFARLESS” jobs and uncertainty is estimated as the standard deviation in the
resulting 15 values of RMSD. All jobs are run on 1.8 GHz Opteron 244 CPU’s.

“HOWFARLESS” calculations are performed over a range of maximum allowable charged particle
step lengths (input variable Smax). For the 6 MeV electron and 6 MV photon beams, Smax is varied
over the range 0.1 – 2 cm, while for the 20MeV electron and 24 MV photon beams, values of Smax in the
range 0.1 – 5 cm are examined. At the upper end of these rangesmaximum step length isno longer limited
by Smax but by the maximum fractional energy loss/step (input estepe). Note that “HOWFARLESS”
calculations with small values of Smax are expected to agree with standard HOWFAR calculations, but
the potential eõciency increases of the “HOWFARLESS” option are only realized for larger values of
Smax. Ideally, Smax becomes an unnecessary limit, and “HOWFARLESS” calculations are accuratewhere
estepe becomes the only limiting factor. Calculationswith HOWFAR all use the default Smax of 1×1010

cm. See [6] for amore general discussion of the parameters Smax and estepe.

For each value of Smax, the eòect on accuracy of themixture of forward- and reverse-hinged step ap-
proximations (see Section 3.2 above) is investigated bydoing “HOWFARLESS” calculationswith forward-
hinged:reverse-hinged ratios of 1:0 (all steps forward-hinged), 2:1, 1:1, 0:1 (all steps reverse-hinged).

In the case of the 24 MV and 6 MV photon beams, accuracy calculations are performed with 40×
photon splitting. Although this splitting number does not result in peak eõciency for these sources, in
these accuracy checks it is suõcient to show that the photon splitting algorithm and the “HOWFARLESS”
algorithm can be used together.

All HOWFAR and “HOWFARLESS” accuracy calculations use the exact (single-scattering) bound-
ary crossing algorithm (BCA) instead of the fasterPRESTA-IBCA (the default inDOSXYZnrc). Itwill be
shown in Section 3.5.1.1 below that PRESTA-I boundary crossing results in inaccuracies when charged
particle equilibrium does not hold. For more information about these boundary crossing algorithms,
please see [6].
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3.4.2 Eõciency calculations

In contrast to the accuracy calculations, the eõciency calculations use a DOSXYZnrc water phantom
divided up into uniform voxels. Incident beams investigated are: 6 and 20 MeV monoenergetic elec-
tron beams with 10×10 cm2 ûelds; 6 and 24 MV photon beams with 10×10 cm2 ûelds using Clinac en-
ergy spectra for these energies[10] (called “simple photon beams” to distinguish them from the photon
beams from BEAMnrc-simulated accelerators); 10×10 cm2 and 40×40 cm2 6 MV photon beams from
a BEAMnrc-simulated Elekta SL25 accelerator; 10×10 cm2 and 40×40 cm2 18 MV photon beams from
a BEAMnrc-simulated Siemens KD2 accelerator. In the case of the simulated accelerators, both phase
space sources and full BEAMnrc simulation sources are investigated, with the exception of the 40×40
cm2 18MV beam, for which only a BEAMnrc simulation source is studied. See Section 3.4.2.1 below for
more information about the BEAMnrc simulations.

_eoverall phantomX×Y×Zdimensions are 20.5×20.5×30 cm3 for the 10×10 cm2 beams and 50×50×30
cm3 for the 40×40 cm2 beams. _e 20.5×20.5×30 cm3 phantoms are divided into 0.5×0.5×0.5 cm3 voxels,
and the 50×50×30 cm3 phantoms are divided into 1×1×1 cm3 voxels. _is voxel resolution is suõcient
for most beam commissioning calculations. For the phase space and BEAMnrc simulation sources, the
DOSXYZnrc calculation also includes ∼50 cm of air between the bottom of the ûeld-deûning jaws and
the top of the phantom as a single region (see Section 3.4.2.1 below for more details). Transport in the
phantom is donewith an electron transport cutoò (ECUT) of 0.7MeV and photon transport cutoò (PCUT)
of 0.01 MeV. Charged particle range rejection is used in all simulations with an ESAVE (energy below
which range rejection is considered) equal to 2 MeV for the 6 MV photon and 6 MeV electron beams
and ESAVE=5MeV for the 20 MeV electron beam and 18 and 24 MV photon beams.

Phantom calculations are donewith both standardHOWFAR andusing the “HOWFARLESS” option
and the eõciencies using the two methods are compared. _e eõciency of a calculation, ε, is deûned as:

ε = 1
s2T

(3.10)

where s is the uncertainty on the quantity of interest and T is the CPU time required to achieve this
uncertainty. In this study, s2 is the sum of the squares of the fractional uncertainties in all doses greater
than 50% of themaximum dose Dmax , divided by the number of voxels, Nvox , included:

s2 = 1
Nvox

∑
D i≥Dmax/2

(
∆D i

D i
)

2
(3.11)

_is deûnition of eõciency was proposed by Rogers and Mohan[19] for benchmarking clinical Monte
Carlo codes. In the case of phase space sources from the BEAMnrc-simulated 6 and 18MV accelerators,
the time required in the second-stage BEAMnrc simulation (i.e. transport particles through the ûeld-
deûning jaws) to generate the source particles is calculated and added to the CPU time, T . In the case
of full BEAMnrc simulation sources, T implicitly includes the time required for transport through the
entire treatment head to obtain the necessary source particles in DOSXYZnrc.

To investigate the eòects of photon splitting on eõciency of photon beam dose calculations (i.e. for
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the simple 6 and 24 MV photon beams and for the BEAMnrc-simulated 6 and 18MV accelerators), the
photon splitting number, n split, is varied from 1 (no splitting) to 100 in both HOWFAR and “HOW-
FARLESS” calculations. In the case of the 6 and 18MV accelerators, contaminant electrons in the beam
are also split by n split as soon as they enter the phantom. _is ensures that all particles contributing
to the dose are of the same weight (higher-weight particles can compromise statistics).

Eõciency calculations are done using both the exact BCA (the BCA used in the accuracy calcula-
tions) and the default PRESTA-I BCA.Although the PRESTA-I BCA is shown to result in dose inaccura-
cies when charged particle equilibrium does not hold or when the phantom is not divided into uniform
voxels throughout (see Section 3.5.1.1 below), it is up to 4 times more eõcient than the exact BCA and
is suitable for most beam commissioning calculations where beam ûelds are generally large (i.e. charged
particle equilibrium exists) and phantoms are usually divided up into uniform voxels. All eõciency cal-
culations use the default value for the maximum allowed charged particle step length (input variable
Smax), which is 1×1010 cm with the exact BCA and 5 cm with the PRESTA-I BCA. In the case of “HOW-
FARLESS” calculations with the 6 MeV and 20MeVmonoenergetic electron beams, eõciencies are also
evaluated for values of Smax over the range 0.01 – 5 cm (exact BCA) to examine how the eõciency varies
as a function of themaximum allowable step length.

All “HOWFARLESS” eõciency calculations have a ratio of forward-hinged:reverse-hinged step ap-
proximations of 1:1. It will be seen in the Section 3.5.1.2 below, that this ratio results in the greatest
accuracy over all values of Smax for all beam types.

3.4.2.1 BEAMnrc simulations

_e BEAMnrc simulations of the 6 MV SL25 accelerator and the 18 MV KD2 accelerator in these eõ-
ciency calculations are identical to thoseused byKawrakow andWalters[8] in theirpaperonDOSXYZnrc
eõciency and BEAMnrc simulation sources. As mentioned in Section 3.4.2 above, phase space sources
andBEAMnrc simulation sources are investigated. BEAMnrc simulations to generatephase space sources
are done in two stages inwhich a phase space source collected immediately above the ûeld-deûning jaws
(stage one) is used as a source to generate a phase space ûle immediately below the jaws (stage two) for
use in the DOSXYZnrc calculations. _is two-stagemethod is commonly used to allow one to generate
phase space ûles for diòerent jaw settingswithout having to re-simulate the upper portion of the acceler-
ator. BEAMnrc simulation sources are done in one stage with source data collected immediately below
the ûeld-deûning jaws. Directional bremsstrahlung splitting (DBS) is used to optimize BEAMnrc simu-
lations in all cases. _e air between the jaws and the phantom (at SSD=100 cm) is always included in the
DOSXYZnrc simulations as this has been shown[8] to bemore eõcient.
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3.5 Results

3.5.1 Accuracy

3.5.1.1 PRESTA-I versus exact boundary crossing algorithms (BCAs)

Figure 3.2 shows diòerences between central-axis doses in a water phantom calculated using the ex-
act BCA and PRESTA-I BCA for the 6 MV photon beam (with the Clinac energy spectrum of Mohan
et al[10]). Diòerences are shown as a percentage of the local dose computed with the exact BCA. Fig-
ure 3.2a shows diòerences for a beam ûeld of 0.3×0.3 cm2 and central axis voxel X×Y×Z dimensions
of 0.25×0.25×0.25 cm3 . _is beam/voxel size geometry is the same as that used for comparing “HOW-
FARLESS” andHOWFAR results in the accuracy studies discussed in Section 3.5.1.2 below and is a case
where charged particle equilibrium does not hold. Figures 3.2b and 3.2c show diòerences for a 10×10 cm2

beam ûeld with central axis voxel dimensions of 0.25×0.25×0.25 cm3 and 1×1×0.25 cm3 . Note that the
overall phantom X×Y×Z dimensions of 120.5×120.5×30 cm3 are ûlled in using voxels with large X and Y
dimensions beyond the central axis.

Figure 3.2 demonstrates that the use of PRESTA-I boundary crossing in a HOWFAR calculation
can result in a signiûcant overestimate of dose. When charged particle equilibrium does not hold (Fig-
ure 3.2a), the overestimate can be by asmuch as 2%. _e overestimate decreases to 0.5% under conditions
of charged particle equilibrium with the same voxel size (Figure 3.2b), and becomes insigniûcant under
conditions of charged particle equilibrium when the voxels are enlarged to 1×1×0.25 cm3 . _is behavior
has been documented in more detail byWalters andKawrakow[20]who found that the use of PRESTA-I
boundary crossing can result in dose overestimates by as much as 2.5% when charged particle equilib-
rium does not hold or when the phantom is not divided into the voxels of the same size throughout.

When the “HOWFARLESS”option is used, the diòerence betweendoses calculatedwith thePRESTA-
I BCA and exact BCA is insigniûcant in all cases (Figures 3.2a–c). _is indicates that the use of the
PRESTA-I BCA at the upper boundary of the phantom (the only boundary in this calculation where
use of the BCA could possibly have an eòect on the central-axis dose) does not result in a signiûcant
over-prediction of the dose.

In all of the accuracy calculationsdescribed below chargedparticle equilibriumdoesnothold (0.3×0.3
cm2 beams on 0.25×0.25×0.25 cm3 voxels only down the central axis). _erefore, ameaningful compar-
ison between doses calculated with HOWFAR and using the “HOWFARLESS” option is only possible
with exact boundary crossing. A further conclusion from the above results is that, if PRESTA-I boundary
crossing is used, doses calculated with the “HOWFARLESS” option will bemore accurate (i.e. closer to
those calculated using exact boundary crossing) over a broader range of beam and phantom geometries
than doses calculated with HOWFAR.

Most beam commissioning calculations are done with coarser voxel resolution (0.5×0.5×0.5 cm3

voxels or larger) and under conditions of charged particle equilibrium and with the phantom divided
into voxels of the same size throughout, so PRESTA-I boundary crossing may be used to calculate dose.
_is is desirable, since it is a faster boundary crossing algorithm and signiûcantly decreases the CPU
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Figure 3.2: Diòerence between central axis doses calculated using exact and PRESTA-I boundary cross-
ing algorithms vs depth in the water phantom for a 6 MV photon beam with (a) a 0.3×0.3 cm2 ûeld and
central-axis voxel X×Y×Z dimensions of 0.25×0.25×0.25 cm3 (b) a 10×10 cm2 ûeld and 0.25×0.25×0.25
cm3 central-axis voxels and (c) a 10×10 cm2 ûeld and 1×1×0.25 cm3 central-axis voxels. _e photon beam
has the Clinac energy spectrum determined by Mohan et al[10]. Diòerences are shown as a percentage
of the dose with the exact BCA (Dexac t) for calculations using HOWFAR and “HOWFARLESS”.

time for a simulation, especially when using standard HOWFAR. _e impact of the boundary crossing
algorithm on the eõciencies of calculations done usingHOWFAR andwith the “HOWFARLESS” option
will be discussed in Section 3.5.2.2 below.

3.5.1.2 Comparison ofHOWFAR with “HOWFARLESS”

Figures 3.3 and 3.4 show the root mean square diòerence, RMSD (calculated using Equation (3.8)), be-
tween central-axis doses calculatedwithHOWFAR and “HOWFARLESS” as a function of themaximum
allowed charged particle step length (Smax) in the “HOWFARLESS” calculation. Results are shown for
the 6 MeV monoenergetic electron beam (Figure 3.3a), the 6 MV photon beam with Clinac spectrum
(Figure 3.3b), the 20MeVmonoenergetic electron beam (Figure 3.4a), and the 24MV photon beamwith
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Clinac spectrum (Figure 3.4b). Beam ûelds are all 0.3×0.3 cm2 and central axis voxels are 0.25×0.25×0.25
cm3 , thus setting up a condition where charged particle equilibrium does not hold. For each beam, the
RMSD is evaluated over a range of phantom depths indicated in the ûgure captions. Results are shown
for “HOWFARLESS” calculations with ratios of forward-hinged:reverse-hinged step approximations of
1:0 (all forward-hinged), 0:1 (all reverse hinged), 2:1 and 1:1. _eRMSD for “HOWFARLESS” calculations
in which the dose deposition step has no hinge is also shown for the 6 MeV electron and 6 MV photon
beams (Figures 3.3a and 3.3b, labeled dotted lines) for comparison.
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Figure 3.3: Root mean square diòerence (RMSD) between doses in water calculated with HOWFAR
and “HOWFARLESS” as a function of themaximum allowed charged particle step length (Smax) in the
“HOWFARLESS” calculation for (a) a 6 MeV monoenergetic electron beam and (b) a 6 MV photon
beam using the Clinac spectrum. _e RMSD is shown on a log scale to emphasize diòerences over the
entire range of values. Incident beams are 0.3×0.3 cm2 and dose is calculated in 0.25×0.25×0.25 cm3

voxels on the central axis. _e root mean square diòerence between doses is determined using Equation
(3.8) and is evaluated over phantom depths of (a) 0 – 1.75 cm and (b) 0 – 25 cm. Results are shown for
“HOWFARLESS” calculations with ratios of forward-hinged:reverse-hinged step approximations of 1:0
(all forward-hinged), 2:1, 1:1 and 0:1 (all reverse-hinged). Additional results are shown for “HOWFAR-
LESS” results with no hinge in the step (labeled dotted lines).
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Figure 3.4: Root mean square diòerence (RMSD) between doses in water calculated with HOWFAR
and “HOWFARLESS” as a function of themaximum allowed charged particle step length (Smax) in the
“HOWFARLESS” calculation for (a) a 20 MeV monoenergetic electron beam and (b) a 24 MV photon
beam using the Clinac spectrum. Beam and voxel sizes are the same as in Figure 3.3. Root mean square
diòerence is evaluated over phantom depths of (a) 0 – 3.5 cm and (b) 0 – 30 cm. Results are shown for
“HOWFARLESS” calculationswith forward-hinged:reverse-hinged ratios of 1:0 (all forward-hinged), 2:1,
1:1 and 0:1 (all reverse-hinged).

As expected, “HOWFARLESS” results are in good agreement (RMSD∼1)with those calculated using
standardHOWFAR when Smax is small (≤0.25 cm for the 6 MeV electron and 6 MV photon beam, ≤0.5
cm for the 20 MeV electron and 24 MV photon beam). As Smax in the “HOWFARLESS” calculations is
increased, however, the calculations using only forward-hinged (1:0) or reverse-hinged (0:1) curved step
approximations deviate signiûcantly from the HOWFAR results. In all cases, a value of Smax is reached
beyond which there are no signiûcant changes in root mean square diòerence. _is value (0.75 cm in
the 6 MV photon and 6 MeV electron beams, 3 cm in the 24 MV photon and 20 MeV electron beams)
is the point at which maximum step length is no longer limited by Smax but by the maximum allowed
fractional energy loss/step (EGSnrc input variable estepe), which is set to a default value of 0.25 in
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DOSXYZnrc.
In general, in order to obtain acceptable accuracy over all values of Smax using the “HOWFARLESS”

option it is necessary to use amixture of forward-hinged and reverse-hinged step approximations. Fig-
ures 3.3a and 3.4a show that, for monoenergetic electron beams, a forward-hinged:reverse-hinged ratio
of 2:1 results in better agreement with HOWFAR results over all values of Smax than a ratio of 1:1. Fig-
ures 3.3b and 3.4b, however, indicate that, for photon beams, a 1:1 ratio is preferable. Ultimately, the 1:1
ratio is chosen as the default for “HOWFARLESS” simulations for several reasons: 1) It is more accurate
for photon beams, and beam commissioning calculations (where the “HOWFARLESS” option is likely
to bemost useful) for monoenergetic electron beams are rare. 2) In the case of the 24 MV photon beam
the 2:1 ratio results in unacceptable inaccuracies. 3) Even for monoenergetic electron beams the 1:1 ratio
results in amaximum RMSD of ∼4. Given the uncertainty on the doses used in this comparison (≤0.1%),
RMSD=4 corresponds to a systematic bias of 0.5%or less (see Equation (3.9),which is an acceptable level
of accuracy for practical beam commissioning calculations.

If the hinge is omitted entirely (i.e. dose deposited in a straight-line from the particle’s initial posi-
tion to its ûnal position), as shown in Figures 3.3a and 3.3b, then results with “HOWFARLESS” deviate
signiûcantly from those with HOWFAR even for small values of Smax (0.1 cm in the case of the 6 MV
photon and 0.25 cm in the case of the 6 MeV electron beam). _ese results underscore the importance
of using amixture of hinged steps and indicate the limitations of some other publishedmethods for ac-
celerating dose calculations, such asDOSSCORE[21] andMCDOSE[22], that also allow charged particle
steps across multiple voxel boundaries but assume dose deposition only along the straight-line path.

Figure 3.5a shows depth-dose curves calculated with HOWFAR and using “HOWFARLESS” in the
24 MV photon beam with the geometry identical to that used for the accuracy calculations described
above. _e “HOWFARLESS” calculation uses a 1:1 ratio of forward-hinged:reverse-hinged step approxi-
mations and has Smax set to the default value of 1×1010 cm(exactBCA). Figure 3.5b shows the percentage
diòerence between the doses and conûrms that the doses agree within uncertainty.

3.5.2 Eõciency

3.5.2.1 Eõciency vs. Smax

Figure 3.6 presents the eõciency deûned in Eq. (3.10) as a function of Smax (the maximum allowed
electron step length) for 6 MeV and 20 MeV monoenergetic electron beams with a 10×10 cm2 ûeld. _e
values at which maximum eõciency are reached are those where themaximum step length is no longer
limited by Smax but by the maximum allowable fractional energy loss/step, estepe (see Section 3.5.1.2
above),which is set to a default of 0.25 inDOSXYZnrc. For 6 MeV and 20MeV electrons, this limitation
results in a maximum step lengths of 0.75 cm and 2.4 cm respectively. Figure 3.6 reinforces the impor-
tance of setting Smax to a value at least as large as that dictated by estepe to maximize the eõciency of
the “HOWFARLESS” option (the defaults of 1×1010 cm for the exact BCA and 5 cm for the PRESTA-I
BCA are suõcient for most beams). _e ûgure also points to the possibility of increasing estepe as a
means of increasing “HOWFARLESS” eõciency (but this possibility is not pursued in this investigation).
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Figure 3.5: Central-axis depth dose curves (a) and the diòerence between HOWFAR and “HOWFAR-
LESS” doses as a percentage of the HOWFAR dose (b) for the 24 MV photon beam with Clinac energy
spectrum. Simulation geometry is identical to that used to determine the root mean square diòerence in
Figure 3.4b.

3.5.2.2 Comparison with HOWFAR

Figure 3.7 shows the eõciency deûned in Eq. (3.10) in a DOSXYZnrc water phantom (voxel dimensions
0.5×0.5×0.5 cm3) as a function of the photon splitting number (n split) for the 10×10 cm2 6MV photon
beam from a simulated Elekta SL25 accelerator. Solid lines depict results using the “HOWFARLESS”
algorithm, and dashed lines correspond to results obtained with HOWFAR. When the exact boundary
crossing algorithm is used (Figure 3.7a), the peak eõciency using “HOWFARLESS” is a factor of ∼4
higher than with HOWFAR when a phase space source is used (circles) and a factor of ∼3.5 higher when
a BEAMnrc simulation source is used (squares). Note that the use of “HOWFARLESS” shi�s the peak
eõciency to higher values of n split (from 24 with HOWFAR to 40 with “HOWFARLESS” in the case
of the phase space source and from 32 with HOWFAR to 50 with “HOWFARLESS” in the case of the
BEAMnrc simulation source). _e relative increase in peak eõciency with the “HOWFARLESS”method
is smaller for the BEAMnrc simulation source because, as theDOSXYZnrc phantom simulation becomes
more eõcient, the time required to generate source particles plays a more signiûcant role in eõciency.
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Figure 3.6: Eõciency of all doses >0.5Dmax as a function of themaximum electron step length (Smax)
for 6 MeV and 20 MeV monoenergetic electron beams (10×10 cm2 ûeld) incident on a water phantom.
Voxels are 0.5×0.5×0.5 cm3 , and the phantom has overall X×Y×Z dimensions of 20.5×20.5×30 cm3 .

For the BEAMnrc simulation source, this is the time required for a full treatment head simulation, while
for the phase space source, it is just the time required to transport particles through the jaws in the
treatment head. See the paper by Kawrakow and Walters[8] for more information about eõciency of
BEAMnrc simulation sources vs. phase space sources.

When PRESTA-I boundary crossing is used in the calculations (Figure 3.7b), the eõciencies with
HOWFAR increase substantially (by a factor of ∼2.5 for both the phase space source and the BEAMnrc
simulation source), while those with “HOWFARLESS” do not increase signiûcantly. _is indicates that
use of the PRESTA-I BCA at the upper boundary of the phantom (the only boundary which could have
an eòect on dose eõciency in this case) does not signiûcantly increase the eõciency of the “HOWFAR-
LESS” calculation. As a result,when PRESTA-I boundary crossing is used, the eõciency gained by using
“HOWFARLESS” is reduced to ∼70% for the phase space source and ∼50% for the simulation source.

Figure 3.8 presents eõciencies for all doses >0.5Dmax for a 40×40 cm2 6 MV photon beam from the
simulated Elekta SL25 accelerator as a function of n split, with Fig. 3.8a and Fig. 3.8b depicting results
with exact BCA and PRESTA-I BCA, respectively. Dose is determined in 1×1×1 cm3 voxels. With exact
boundary crossing, the peak eõciency for a phase space source using “HOWFARLESS” is ∼3.5 times that
using HOWFAR. In the case of a BEAMnrc simulation source, peak eõciency with “HOWFARLESS” is
∼3 times greater than thatwithHOWFAR. Note that, unlike the 10×10 cm2 ûeld, use of “HOWFARLESS”
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Figure 3.7: Eõciency of all doses >0.5Dmax as a function of photon splitting number (n split) for
a 10×10 cm2 6 MV photon beam from a simulated Elekta SL25 accelerator using (a) “exact” boundary
crossing and (b) PRESTA-I boundary crossing. Dashed lines are doses calculated with HOWFAR and
solid lines are doses calculated with the “HOWFARLESS” option. Circles indicate calculations using
a phase space source, and squares indicate results using a BEAMnrc simulation source (DBS splitting
no.=1000). Voxels in the DOSXYZnrc water phantom are 0.5×0.5×0.5 cm3 and the phantom has overall
X×Y×Z dimensions of 20.5×20.5×30 cm3 .

does not change the optimum value of n split (16 for both source types). When PRESTA-I boundary
crossing is used, similar to the 10×10 cm2 beam, the eõciency of the HOWFAR calculations increases
substantially (by a factor of ∼2 for both the phase space source and the simulation source), while that of
the “HOWFARLESS” calculations does not increase signiûcantly. As a result, the eõciency increase due
to the use of “HOWFARLESS” is reduced to ∼70% for the phase space source and ∼55% for the simulation
source.

_e peak eõciency (i.e. at the optimumphoton splitting number) results for the 6MV Elekta photon
beam and the 18MV Siemens KD2 photon beam (10×10 cm2 and 40×40 cm2 ûelds) are summarized in
Table 3.1. Separate tables are shown for calculations using the exact BCA and the PRESTA-I BCA. _e
optimum photon splitting numbers are also given. For each beam an eõciency improvement factor
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Figure 3.8: Same as ûgure 3.7 but with a 40×40 cm2 beam and with the phantom divided into 1×1×1
cm3 voxels. Overall phantom dimensions are 51×51×30 cm3 .

(“IF”) due to the use of “HOWFARLESS” is found in the last row of the tables.

For the 10×10 cm2 18 MV Siemens KD2 beam (case c) use of “HOWFARLESS” results in a large
increase in theoptimum eõciencywhen the exactBCA is used. As in the 6MV case, the relative eõciency
increase for the phase space source (a factor of 5.4) is higher than that for the BEAMnrc simulation
source (a factor of 4.3) due to the fact that the time to generate the source becomes more of a factor
in determining eõciency as the eõciency of the phantom calculation increases, and this time is greater
for the simulation source (time for a full treatment head simulation) than it is for a phase space source
(time to transport particles through jaws only). When the PRESTA-I BCA is used, the increase in peak
eõciency drops to 89% for the phase space source and 65% for the BEAMnrc simulation source. As in
the 6 MV beam, this is due to the large increase in eõciency in runs with HOWFAR when the BCA is
switched from exact to PRESTA-I (a factor of ∼3 increase in peak eõciency for both source types). Use
of “HOWFARLESS” in the 40×40 cm2 18MV beam (case d–BEAMnrc simulation source only) results in
an increase in peak eõciency by a factor of 3.5 with the exact BCA and by 71% with the PRESTA-I BCA.
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“exact” BCA

Source Phase space BEAMnrc sim.
Case a b c a b c d

HOWFAR opt. n split 24 16 24 32 16 24 8
ε (10−2 s−1) 68.6(1) 52.9(1) 44.4(2) 62.0(2) 48.6(1) 39.5(3) 26.7(2)

HOWFARLESS opt. n split 40 16 40 50 16 50 16
ε (10−2 s−1) 294.4(9) 184(1) 240(1) 217(1) 141.6(6) 170.2(8) 93(1)

IF 4.3 3.5 5.4 3.5 2.9 4.3 3.5

PRESTA-I BCA

Source Phase space BEAMnrc sim.
Case a b c a b c d

HOWFAR opt. n split 40 16 32 40 24 40 16
ε (10−2 s−1) 178.0(4) 109.6(6) 129.9(6) 145.5(4) 92.7(4) 104.2(5) 57.4(2)

HOWFARLESS opt. n split 40 16 40 50 16 50 16
ε (10−2 s−1) 298.6(7) 189.3(8) 245(1) 220.3(7) 144.1(6) 172(1) 98(1)

IF 1.68 1.73 1.89 1.51 1.55 1.65 1.71

Table 3.1: Optimum eõciencies of all doses > 0.5Dmax calculated using HOWFAR or the “HOWFAR-
LESS” algorithm for a simulated 6 MV Elekta SL25 photon beam with a 10×10 cm2 ûeld (a) and a 40×40
cm2 ûeld (b) and a simulated 18MV Siemens KD2 photon beam with a 10×10 cm2 ûeld (c) and a 40×40
cm2 ûeld (d). _e top table shows results with the “exact” BCA, and the lower table shows those with
the PRESTA-I BCA. Eõciencies are shown for phase space sources (except d) and BEAMnrc simulation
sources. _e optimum photon splitting numbers (opt. n split) are also shown in each case. _e “IF”
column shows the eõciency improvement factor due to the “HOWFARLESS” method. Doses in 10×10
cm2 beams are calculated in 0.5 × 0.5 × 0.5 cm3 voxels, while doses in 40×40 cm2 beams are calculated
in 1 × 1 × 1 cm3 voxels.

When the PRESTA-I BCA is used, the relative decrease in peak eõciency with increased beam
ûeld/dose voxel size is approximately the same for HOWFAR and “HOWFARLESS” calculations. For
example, for the 6 MV phase space source, use of “HOWFARLESS” increases the peak eõciency by
∼70% for both a 10×10 cm2 ûeld with 0.5×0.5×0.5 cm3 voxels (case a) and a 40×40 cm2 ûeld with 1×1×1
cm3 voxels (case b). _is is not the casewhen the exact BCA is used, however, and for the example of the
6MV phase space source, the peak eõciency improvement factorwith “HOWFARLESS” decreases from
4.3 in the 10×10 cm2 beam to 3.5 in the 40×40 cm2 beam. _is is due to the fact that, in the HOWFAR
calculation, the increased dose voxel size in the 40×40 cm2 beam decreases the fraction of the volume
in which the relatively slow exact BCA is used (the BCA is used within a distance, “skin depth”, of voxel
boundaries,where skin depth defaults to a value of 3 electronmean free paths[6]), resulting in an increase
in transport eõciency that partially oòsets the decrease in eõciency due to the larger beam ûeld.

Table 3.2 shows the dose eõciencies with HOWFAR and the “HOWFARLESS” algorithm for simple
(i.e. not modeled using a BEAMnrc accelerator simulation but with a parallel beam source built-in to
DOSXYZnrc) 6 MV and 24 MV photon beams using the energy spectra determined byMohan et al[10]
for Clinac beams of these energies (cases e and f, respectively) and for monoenergetic electron beams
with energies 6 MeV (case g) and 20 MeV (case h). Beam ûelds are 10×10 cm2 in all cases.
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exact BCA

Case e f g h

HOWFAR opt. n split 16 16 NA NA
ε (10−2 s−1) 89.4(2) 51.7(1) 565(1) 156.1(4)

HOWFARLESS opt. n split 16 4 NA NA
ε (10−2 s−1) 672(2) 677(3) 5505(14) 2682(12)

IF 7.5 13.1 9.7 17.2

PRESTA-I BCA

Case e f g h

HOWFAR opt. n split 24 16 NA NA
ε (10−2 s−1) 293.1(5) 198.8(8) 2318(9) 629(2)

HOWFARLESS opt. n split 16 4 NA NA
ε (10−2 s−1) 670(4) 686(3) 8055(9) 3262(6)

IF 2.3 3.5 3.5 5.2

Table 3.2: Peak eõciencies of doses > 0.5Dmax calculated using HOWFAR or the “HOWFARLESS” al-
gorithm for a simple 6MV photon beam (10×10 cm2 ûeld)with a Clinac energy spectrum (e), a simple 24
MV photon beam (10×10 cm2 ûeld) with a Clinac energy spectrum (f), a 6 MeVmonoenergetic electron
beam (10×10 cm2 ûeld) (g), and a 20 MeV monoenergetic electron beam (10×10 cm2 ûeld) (h). _e top
table shows results with the “exact” BCA, and the bottom table shows those with the PRESTA-I BCA. In
the case of photon beams, the optimum photon splitting number (opt. n split) is also shown. Clinac
energy spectra are identical to those determined by Mohan et al[10]. _e “IF” row shows the eõciency
improvement due to the use of “HOWFARLESS”.DOSXYZnrc phantoms have 0.5 cm × 0.5 cm × 0.5 cm
voxels.

Overall, the peak eõciencies both with HOWFAR and “HOWFARLESS” are signiûcantly higher
with the simple photon beams with Clinac energy spectra (cases e and f) than with phase space and
BEAMnrc simulation sourceswith similar energy and ûeld size (cases a and c in Table 3.1). _is ismainly
due to the fact that the time required to generate source particles in these simple photon beams does not
play a signiûcant role in the overall eõciency, as it does in the BEAMnrc simulation and phase space
sources. Moreover, the eõciency improvement (“IF”) due to the use of “HOWFARLESS” is greater in
the simple photon beams. Compare the peak eõciency improvement factors of 7.5 (exact BCA) and 2.3
(PRESTA-I BCA) in the simple 6 MV photon beam (case e) to the factors of 4.3 (exact BCA) and 1.68
(PRESTA-I BCA) in the 6 MV 10×10 cm2 phase space source (case a in Table 3.1). Eõciency gains using
“HOWFARLESS” with the simple 24 MV photon beam (case f) are even higher, with peak eõciency
increased by a factor of 13.1 with the exact BCA and 3.5 with the PRESTA-I BCA.

_e optimum photon splitting numbers for cases e and f in Table 3.2 are well below those for the
phase space and BEAMnrc simulation sources in Table 3.1. Again, this is due to the fact that the time
required to generate source particles in the simple photon beams is insigniûcant compared to the time
required for the phantom calculation. In the case of the BEAMnrc simulation and phase space sources,
photon splitting improves eõciency mainly by decreasing the number of source particles that must be

53



Efficient Monte Carlo-simulated photon beam dose calculations

sampled, while with the simple photon beams, the eõciency gain observed is inherent in the photon
splitting algorithm itself (and is, thus,much smaller than the gain observed with a BEAMnrc simulation
or phase space source). When “HOWFARLESS” is used, optimum eõciencies tend to shi� to even lower
values of n split.

Cases g and h in Table 3.2 show that the dose calculation eõciencies in monoenergetic electron
beams are signiûcantly higher than in photon beams, with the eõciencies in the 6 MeV beam (case g)
with HOWFAR and using “HOWFARLESS” an order of magnitude larger than their counterparts in
the simple 6 MV photon beam (case e). Moreover, the eõciency improvement factors due to the use of
“HOWFARLESS” are greater than those observed in the simple photon beams. _is is expected, since
the “HOWFARLESS” algorithm only increases the eõciency of charged particle transport. In standard
HOWFAR calculations, the eõciency with the PRESTA-I BCA relative to that with the exact BCA for
monoenergetic electron beams is similar to that for the simple photon beams (cases e and f). However,
when “HOWFARLESS” is used, the eõciency with the PRESTA-I BCA relative to that with the exact
BCA is signiûcantly higher for the monoenergetic electron beams. For example, the eõciency of the
“HOWFARLESS” calculation using the PRESTA-I BCA is 46% higher than that using the exact BCA
for the 6 MeV electron beam (case g) but is the same (within uncertainty) for the 6 MV simple photon
beam (case e). _is is because dose from the electron beams is concentrated at or near the extreme
upper boundary of the phantom where use of the PRESTA-I BCA can actually increase the eõciency of
calculations using the “HOWFARLESS” algorithm.

3.5.3 Simulation times

Table 3.3 summarizes the fraction of time spent delivering particles to the DOSXYZnrc simulationwhen
using 6 and 18MV BEAMnrc simulation sources or phase space sources. _reemain conclusions can be

Case HOWFARLESS HOWFAR
exact BCA PRESTA BCA exact BCA PRESTA BCA

6 MV 10×10 phsp 0.41 0.41 0.14 0.25
6 MV 10×10 sim 0.49 0.50 0.18 0.37
18MV 10×10 phsp 0.38 0.39 0.10 0.24
18MV 10×10 sim 0.53 0.53 0.20 0.36
6 MV 40×40 phsp 0.072 0.075 0.021 0.043
6 MV 40×40 sim 0.30 0.30 0.10 0.15
18MV 40×40 sim 0.37 0.37 0.18 0.22

Table 3.3: Fraction of time spent in the particle source for 6 and 18MV photon beams of 10×10 cm2 and
40×40 cm2 ûeld sizeswhen using phase space sources (abbreviatedwith phsp) and BEAMnrc simulation
sources (abbreviated with sim).

drawn from the numbers in the table:

• With theHOWFARLESS option, the fraction of time spent on obtaining particles is much larger
compared to HOWFAR simulations, ranging between ∼30% for the large ûelds and ∼50% for the
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10×10 cm2 ûelds.

• _erefore, with theHOWFARLESS option, a faster treatment head simulation is about as impor-
tant as a faster simulation in the phantom for further improvements of the overall eõciency. _is
is in contrast to the calculations with HOWFAR, where even if the treatment head simulation is
a factor of 2 faster, the overall eõciency gain would only be a few percent.

• _e diòerence in eõciency between a phase space source and a BEAMnrc simulation source is
larger for the HOWFARLESS option, with a phase space source being up to 25% more eõcient
(this is also evident from the results in Table 3.1). Nevertheless, considering the advantage of not
having to produce and store large phase space ûles, using a BEAMnrc simulation source remains
an attractive alternative.

3.6 Conclusions

_e new “HOWFARLESS” option in DOSXYZnrc saves signiûcant computation time by ignoring voxel
boundaries when transporting charged particles in a homogeneous phantom. _e actual eõciency im-
provement depends on the incident beam energy and ûeld size and the phantom voxel size. In dose
calculations for realistic, BEAMnrc-simulated 6 and 18 MV photon beams incident on homogeneous
water phantoms with 0.5 cm × 0.5 cm × 0.5 cm voxels (10×10 cm2 ûeld) or 1 cm × 1 cm × 1 cm voxels
(40×40 cm2 ûeld), the use of “HOWFARLESS” increases the peak eõciency by a factor of 2.9-3.5 when
the exact boundary crossing algorithm (BCA) is used and by 51-89% when the more eõcient PRESTA-
I BCA is utilized (with the eõciency improvement for phase space sources being greater than that for
BEAMnrc simulation sources). _us, “HOWFARLESS” is recommended for all DOSXYZnrc calcula-
tions in homogeneous phantoms. In particular, it can save signiûcantCPU time in beam commissioning
calculations.

_e smaller increase in eõciency with the PRESTA-I BCA is due to a greater relative eõciency of
calculations with HOWFAR when this BCA is used. _is is because, in calculations with HOWFAR, the
BCA is used at all voxel boundaries, while, with the “HOWFARLESS” option, the only boundary where
the BCA is used which could potentially have an eòect on dose eõciency in these calculations is the
upper boundary of the phantom, and, as shown in the results above, its eòect on eõciency is minimal. It
should be noted that, due to inaccuratemodeling of lateral de�ections, the PRESTA-I BCA is known to
result in dose inaccuracies of up to 2% under conditionswhen charged particle equilibrium does not hold
or when the phantom is not divided into uniform voxels throughout[20], and, thus, there are situations
when use of the exact BCA is required. Moreover, even with the PRESTA-I BCA, calculations using
“HOWFARLESS” are more accurate than those using HOWFAR, because the BCA is only used at the
phantom outer boundaries in the former case.

_e eõciency improvement with “HOWFARLESS” is greater for simpler photon beams using an
energy spectrum (in this case, that of a Clinac beam[10]), and the eõciency improves by factors of 7.5
(exact BCA) and 2.3 (PRESTA-I BCA) for a 6 MV photon beam and 13.1 (exact BCA) and 3.5 (PRESTA-I
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BCA) for a 24MV photon beam. _e greater eõciency improvementwith these simple photon sources is
due to the fact that the time required to generate the source particles is negligible,making the eõciency
of the DOSXYZnrc calculation the dominant factor.

_e greatest gains in eõciency occurwithmonoenergetic electron beams,with eõciency improving
by factors of 9.7 (exact BCA) and 3.5 (PRESTA-I BCA) for a 6 MeV beam and 17.2 (exact BCA) and
5.2 (PRESTA-I BCA) for a 20 MeV beam. _is is expected, since the “HOWFARLESS” algorithm is a
technique to speed up charged particle transport.

_is study only investigates the eòects of varying Smax, the maximum allowable charged particle
step length, on accuracy when “HOWFARLESS” is used. It is found that the algorithm produces accurate
results over all relevant values of Smax, thus making estepe, themaximum fractional energy loss/step,
the limiting factor on maximum step length. _e default value of estepe is 0.25, which is currently the
maximum value forwhich thePRESTA-II condensed history electron step algorithm inEGSnrc is known
to be accurate[6]. Preliminary studies have shown that by increasing estepe to 0.4, beyond which the
the hinged-step approximation of the “HOWFARLESS” method results in signiûcant inaccuracies, the
eõciency of “HOWFARLESS” calculations can be increased by an additional ∼30%. However, a more
detailed investigation of the eòects of increasing estepe is beyond the scope of this work.
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Abstract

_e introduction into theBEAMnrc codeof anewvariance reduction technique, called
Directional Bremsstrahlung Splitting (DBS), is described. DBS uses a combination of in-
teraction splitting for bremsstrahlung, annihilation, Compton scattering, pair production
and photo-absorption, and Russian Roulette to achieve amuch better eõciency of photon
beam treatment head simulations compared to the splitting techniques already available
in BEAMnrc (Selective Bremsstrahlung Splitting, SBS, andUniform Bremsstrahlung Split-
ting, UBS). In a simulated 6 MV photon beam (10×10 cm2 ûeld) photon �uence eõciency
in the beam using DBS is over 8 times higher than with optimized SBS and over 20 times
higher than with UBS, with a similar improvement in electron �uence eõciency in the
beam. Total dose eõciency in a central-axis depth-dose curve improves by a factor of 6.4
over SBS at all depths in the phantom. _e performance of DBS depends on the details of
the accelerator being simulated. At higher energies, the relative improvement in eõciency
due to DBS decreases somewhat, but is still a factor of 3.5 improvement over SBS for total
dose eõciency using DBS in a simulated 18MV photon beam. Increasing the ûeld size of
the simulated 6 MV beam to 40×40 cm2 (broad beam) causes the relative eõciency im-
provement of DBS to decrease by a factor of ≈1.7 but is still up to 7 times more eõcient
than with SBS.
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4.1 Introduction

BEAMnrc[1, 2] is a widely-used Monte Carlo code for simulating radiotherapy beams (see ref [3] for
a listing of over 150 publications). In the simulation of photon beams, a variance reduction technique
that is o�en used involves “splitting” bremsstrahlung interactions, so that each bremsstrahlung event
produces NBRSPL photons each having weight NBRSPL−1 , where NBRSPL is the bremsstrahlung splitting
number that is controlled by the user. Bremsstrahlung splitting can greatly decrease the uncertainty in
all photon quantities (e.g. dose due to photons, photon �uence, photon energy spectrum) at the bot-
tom of the accelerator for a given number of electrons incident on the photon target. _e decrease in
uncertainty is greater than the increase in CPU time/history required by bremsstrahlung splitting, so
the overall result is an increased eõciency in photon quantities at the bottom of the accelerator. In the
original version of BEAM therewas an option to use uniform bremsstrahlung splitting (UBS). In 1998 an
improved splitting routine, selective bremsstrahlung splitting (SBS), was added to the code and further
enhanced the eõciency[4, 5]. In this paper we report a further signiûcant improvement in eõciency
from an algorithm called directional bremsstrahlung splitting (DBS). We describe a speciûc implemen-
tation in the BEAMnrc system (which has been made available with the BEAMnrc04 release) but the
techniques described are applicable in general and could be used to improve the eõciency of anyMonte
Carlo code for simulating photon accelerators.

4.2 Uniform and Selective Bremsstrahlung Splitting

In UBS, NBRSPL is set to a constant user-input value (usually between 20 and 100). On the other hand,
SBS varies the value of NBRSPL to maximize splitting of photons aimed into the ûeld andminimize un-
necessary splitting of photons aimed away from the ûeld. _e value of NBRSPL for a bremsstrahlung
event is based on the energy and direction of the incident electron and is proportional to the integrated
probability of the bremsstrahlung photon entering a user-deûned ûeld (deûned by ûeld size, FS (width of
a square ûeld) and SSD, usually at the bottom of the accelerator). SBS also requires the user to set a lower
limit on NBRSPL, called the background splitting number. Several guidelines are suggested[2] for the
use of SBS, such as selection of amaximum splitting number between 200 and 1000, with a background
splitting number equal to one tenth of themaximum, and selection of a ûeld size which is 10 cm greater
than the actual ûeld width.

If the user is not interested in electron statistics at the bottom of the accelerator, then both UBS and
SBS oòer the option of playing Russian Roulette with all secondary and higher-order charged particles.
_is entails setting a survival probability threshold equal to NBRSPL−1 for each secondary/higher-order
charged particle and comparing this threshold to a random number. If the random number is higher
than the survival threshold, then the charged particle is eliminated immediately a�er it has been created.
If the randomnumber is less than or equal to the survival threshold, then the charged particle is kept, and
itsweight is increased by a factor of NBRSPL. _is higherweight particle carries the transport physics for
itself and all of the secondary/higher-order charged particles that were eliminated by Russian Roulette.
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Russian Roulette can increase the eõciency of UBS and SBS by a factor of 2, however, as mentioned
above, the electron statistics will be compromised.

If Russian Roulette is turned on, then both UBS and SBS will split higher-order bremsstrahlung
photons and photons from annihilation events (in either case, these will be photons created by higher-
weight charged particles that have survived Russian Roulette). In UBS, the splitting number for these
events is equal to that used for primary bremsstrahlung events. In SBS, the splitting number for these
higher-order events is equal to the background splitting number for primary bremsstrahlung events.
If Russian Roulette is oò, then UBS and SBS do not split higher-order bremsstrahlung or annihilation
events to avoid spending CPU time tracking particles of vanishing weight.

Both UBS and SBS have limitations. As mentioned above, the non-directional nature ofUBS means
that much of the CPU time is spent tracking split photons that will not make it to the ûeld of interest at
the bottom of the accelerator. While SBS is intended to remedy this bymaximizing the splitting of those
photons aimed into the ûeld of interest, statistics in the ûeld of interest are compromised by the large
range of photon weights that result from having a variable splitting number. In addition, SBS requires
additional CPU time for “background splitting” of bremsstrahlung photons aimed away from the ûeld.
Background splitting was found to be necessary to prevent high-weight photons from “chance events”
(e.g. photons incorrectly deemed out of the ûeld of interest by the selective splitting function, or photons
initially aimed away from the ûeld and then scattering back into it) from compromising the statistics in
the ûeld of interest.

4.3 Directional Bremsstrahlung Splitting

We are introducing another bremsstrahlung splitting routine called directional
bremsstrahlung splitting (DBS) into the BEAMnrc code. It is designed to overcome the limitations of
SBS, by ensuring that all photons in the ûeld of interest have the same weight and by eliminating the
need for “background splitting”.

Similar to SBS, DBS requires the user to deûne a ûeld of interest (using the ûeld radius and the
SSD). Beyond this, however, the two algorithms diverge. _e complete DBS algorithm is fairly complex.
In sections 4.3.1 – 4.3.7 we present details of the algorithm that leads to large increase of the eõciency
calculating the photon �uence but leads to poor statistics for contaminant electrons. _e full algorithm,
including improved statistics for electron contamination, is presented in section 4.3.8

4.3.1 Bremsstrahlung Events

In general, bremsstrahlung events initiated by a primary, or by a fat (high-weight) electron (more about
fat electrons below) are split by a ûxed, user-deûned splitting number, NBRSPL,with the resultant photons
all having weight NBRSPL−1 . _e algorithm then loops through all NBRSPL split photons and, for each
one, determineswhether or not it is aimed into the ûeld of interest. If it is, then the photon is kept. If not,
then Russian Roulette is played on the photon by comparing a random number to a survival threshold

62



Directional bremsstrahlung splitting

of NBRSPL−1 . If the random number is less than this number, then the photon is kept and its weight is
increased by a factor of NBRSPL. Photons aimed away from the ûeld of interestwhich survive this Russian
Roulette are fat and all have the same weight (normally unity).

If the user has set the EGSnrc parameters inBEAMnrc to only use the leading termof theKoch-Motz
distribution for determining bremsstrahlung angles [6, 7] (the default in BEAMnrc), then, rather than
loop throughNBRSPL bremsstrahlung interactions, DBS saves furtherCPUtime by invoking a subroutine
called do smart brems. _is subroutine determines how many of the NBRSPL split photons will be
aimed into the ûeld before the bremsstrahlung event is simulated and only generates those photons. It
also samples an angle from the full distribution and, if the direction is not aimed at the ûeld, a single fat
bremsstrahlung photon travelling in this direction is generated. _is fat photon is equivalent to a photon
that has survived Russian Roulette in the general DBS treatment of bremsstrahlung events. Details of
the equations used in the implementation of do smart brems are given inAppendixA. _is is a proper
variance reduction technique which does not bias the physics of the simulation.

4.3.2 Annihilation Events

If a primary, or if a fat positron (more about fat positrons below) undergoes an annihilation event, then
DBS splits the event by NBRSPL, the same user-deûned splitting number used to split bremsstrahlung
events. Resultant photons all have weight NBRSPL−1 and, similar to bremsstrahlung splitting, the code
then loops through the NBRSPL resultant photons and plays Russian Roulette with those not aimed into
the ûeld of interest. Photonswhich surviveRussianRoulettehave theirweight increased (i.e. they become
fat). If the positron is at rest when it annihilates, DBS uses a subroutine called uniform photons to
generate the split photons. _e algorithm is similar to the algorithm of do smart brems described in
Appendix A, except that the probability W ′ is simply given by (µmax − µmin)/2 and the sampling of
directions is done uniformly between µmin and µmax .

4.3.3 Compton Events

_e treatment of Compton events byDBSdepends onwhether thephoton about toundergo theCompton
event is fat (i.e. has survived Russian Roulette) or not.

If a non-fat photon is about to undergo a Compton event then: 1) if the event is about to take place in
a gas (anymaterialwith ρ ≤0.012 g/cm3), thenDBS allows the single Compton event to proceed normally
and plays Russian Roulette with the resultant Compton scattered photon if it is not aimed into the ûeld
of interest. 2) otherwise, DBS plays Russian Roulette with the photon before the event can take place. If
this photon survives, then its weight is increased by a factor of NBRSPL and it becomes fat. _e special
treatment of the in-gas case is to prevent possible creation of fat photons immediately above the ûeld of
interest which could, in turn create a large number of non-fat photons which enter the phantom with
similar characteristics.

If the photon about to undergo a Compton event is fat (either because it was fat to begin with or
because it started as non-fat, but survived the Russian Roulette described above), then DBS splits the
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Compton event NBRSPL times. Generally, splitting the compton event entails calling the EGSnrc sub-
routine COMPT NBRSPL times,with all resulting particles havingweight NBRSPL−1 times theweight of the
fat photon undergoing the event. _en, DBS loops through all resultant particles, performing Russian
Roulette on any Compton scattered photons not directed into the ûeld of interest and on all secondary
electrons (including fromAuger and/or Coster-Kronig events). As always, particles that survive Russian
Roulette have their weight increased by a factor of NBRSPL, thereby becoming fat.

If the EGSnrc bound Compton scattering option is oò (i.e., theKlein-Nishina approximation,which
is the BEAMnrc default, is being used), then, instead of the general Compton splitting algorithm out-
lined above, DBS saves CPU time by using a subroutine called do smart compton. In a similar way as
do smart brems, this subroutine calculates how many of the NBRSPL compton scattered photons will
have a polar angle that can direct them into the ûeld of interest and only generates these. In addition,
do smart compton generates a single Compton scattered photon with no angular restrictions. If this
photon happens to be directed outside the ûeld of interest, then it is kept as a fat photon with weight
1, and carries the physics for all photons not directed into the ûeld. On the other hand, if the photon
happens to be directed into the ûeld of interest it is unnecessary (since all of these photons have already
been generated) and is discarded immediately. Finally, do smart compton creates a single fat electron
of weight equal to the weight of the original fat photon undergoing the Compton event. More details
about the equations and sampling algorithm used are given in Appendix B.

4.3.4 Pair Production Events

Similar to Compton events, if a non-fat photon is about to undergo a pair production event, then DBS
only allows the event to take place if the photon is about to interact in a gas. Otherwise, DBS plays Russian
Roulette with the photon. If the photon survives, it becomes fat, with its weight increased by a factor of
NBRSPL and then undergoes the pair production event.

A fat photon is always allowed to undergo a pair production event, but the event is not split (unlike
Compton). _is ensures that the resultant charged particle pair will be fat (except in a gas).

4.3.5 Photoelectric Events

Photoelectric events are treated the same as pair production events. _is ensures that all photoelectrons
are fat (except in a gas).

4.3.6 Fluorescent Photons

A�er a photoelectric event, a �uorescent photon may be created. If the �uorescent photon is non-fat
(from a photoelectric event undergone by a non-fat photon), then it is subject to Russian Roulette if not
directed into the ûeld of interest. If the �uorescent photon is fat (from a photoelectric event undergone by
a fat photon), DBS splits it NBRSPL times isotropically using the uniform photons subroutine described
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in the section on annihilation events above. _is ensures that any �uorescent photon reaching the ûeld
of interest is non-fat.

4.3.7 Summary of DBS without electron splitting

In summary, the techniques described up to this point ensure that all photons inside the circular target
ûeldwill benon-fat, i.e.have aweight of 1/NBRSPL and those outside itwill have aweight 1. If the splitting
number NBRSPL is large, therewill be very few fat photons that don’t reach the ûeld of interest compared
to themany low-weightphotons thatdo. _ereforeonly very little timewillbe spent transporting photons
that don’t contribute to the �uence in the ûeld of interest. Similarly, all electrons will be fat except for
those few created bynon-fat photons interacting in the air just abovewhere the phase-space ûle is created.
As a result, a very small fraction of the CPU time will be spent transporting electrons.

4.3.8 Electron splitting

Asdescribedup to thispoint, theDBS technique eliminates electrons generated by splitparticles/interactions,
either by playing Russian Roulettewith them or by not generating them at all. _e result is that electrons
are represented by relatively few fat particles reaching the bottom of the accelerator, and therefore the
contaminant electron statistics are poor. In most practical applications, one is interested in the contri-
bution of electrons to the total dose. In order to improve the statistics of electrons, a few modiûcations
to the DBS technique described so far are necessary.

Generally, the further away from the bottomof the accelerator the electrons areproduced, the smaller
their chance to reach the patient plane. In particular, primary electrons and electrons set in motion in
the photon target and primary collimator virtually never arrive at the bottom of the accelerator. On the
other hand, electrons set in motion in the lower portion of the �attening ûlter and close to the inner
and lower edges of the photon jaws, have a relatively high chance of reaching the patient plane. Given
these observations, the strategy for improving the statistics of contaminant electrons are clear: i) spend
as little time as possible transporting electrons in the upper portion of the treatment head, i.e. use DBS as
described above, and ii) increase the number of transported electrons in the lower part of the treatment
head by using electron splitting and turning oò Russian Roulette played before photon interactions. We
will refer to thesemodiûcations as “DBS with electron splitting” in what follows.

When electron splitting is turned on, the user deûnes two planes perpendicular to the beam axis: the
splitting plane, and the Russian Roulette plane, where the Russian Roulette plane is above the splitting
plane. _ese two planes divide the treatment head in 3 distinct parts:

• An “upper” portion (above the Russian Roulette plane), where DBS is used as described above
with the result of very few fat electrons being transported,

• A “lower” portion (below the splitting plane),where the goal is to havemany low-weight electrons
and no fat electrons,
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• A transitional region (between the splitting andRussianRoulette planes),where there is amixture
of fat and low-weight electrons.

_e splitting plane is deûned by specifying one of the BEAMnrc component modules (CMs) in the
simulation and selecting an existing plane (i.e. a boundary between layers or at the top or bottom of the
CM)within the CM. Usually the CM speciûed for the splitting plane is the �attening ûlter, and the plane
selected is close to the bottom of the ûlter. Fat electrons crossing the splitting plane are split NBRSPL
times (and have their weight reduced by a factor of NBRSPL). _ere is also an option to redistribute the
split electrons assuming radial symmetry about the beam axis. In most cases this improves the spatial
distribution of electrons when the beam is radially symmetric above this plane.

_e Russian Roulette plane is deûned by specifying its z-position. It is usually above the splitting
plane but still within the �attening ûlter CM. Below the Russian Roulette plane, the following modiûca-
tions are applied to the DBS algorithm to maximize production of low-weight electrons:

1. Low-weight photons about to undergo pair production, Compton, or photoelectric events are
allowed to interact normally. However, scattered or �uorescent photons resulting from such in-
teractions are subjected to Russian Roulette with a probability NBRSPL−1 , if they don’t go towards
the ûeld of interest.

2. If a fat photon undergoes a pair production or photoelectric event, the event is split NBRSPL times
to generate NBRSPL (photo-absorption) or 2×NBRSPL (pair production) low-weight charged par-
ticles.

3. If a fat photon undergoes a Compton event then the event is split NBRSPL times and Russian
Roulette is not played with any resultant charged particles. _e subroutine do smart compton

is never used. _e NBRSPL scattered photons originating from such split Compton events are
subjected to Russian Roulette, if they don’t go towards the ûeld of interest.

Note that the non-fat charged particles generated by the electron splitting algorithm described above
may, in turn, generate non-fat photons through bremsstrahlung or annihilation events. _ese photons
are subject to Russian Roulette if they are not directed into the ûeld of interest.

Electron splitting ensures an increase in the number of electrons in the ûeld at a cost in the CPU
time required to transport them. At the same time, all photons going towards the ûeld of interest are still
low-weight and all photons directed away from the ûeld of interest are fat.

4.4 Performance of Directional Bremsstrahlung Splitting

All of the techniques applied in DBS are standard variance reduction techniques (splitting, Russian
Roulette, biased sampling) and thus they do do not change the physics of the calculation and they provide
an unbiased estimate of any scored quantity [8]. To ensure that we had not introduced any bugs into the
coding,wemade sure that the results obtainedwith andwithout the DBS algorithmwere identicalwithin
good statistics for all of the eõciency tests discussed in the following and for a variety of other situations
as well. Once the accuracy is established, it it critical to ‘measure’ the improvement in eõciency for a
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variety of situations since variance techniques are not guaranteed to improve eõciency, just to maintain
accurate physics.

In order to look at the performance of DBS, we used BEAMnrc to do a full simulation of a 6 MV
photon beam from an Elekta SL25 accelerator (10x10 cm ûeld at the phantom surface at SSD=100 cm)
and examined �uence at the SSD and dose in a water phantom placed at the bottom of the accelerator.

Apart from the bremsstrahlung splitting parameters, simulation parameters were identical to those
used by Sheikh-Bagheri and Rogers [9, 10]. In particular, range rejection was performed on charged
particles with energies < 2 MeV, with rejection occurring if the particle did not have suõcient energy
to make it to the nearest region boundary. _e jaws deûning the ûeld were modelled a�er jaws that are
intended to be used with a multi-leaf collimator attachment. _ese jaws diòered from standard jaws
(which are 10 cm thick, comprising 5 cm of tungsten and 5 cm of lead, in both X and Y directions) in
that they consisted only of tungsten with thickness 3 cm in the Y direction and 8 cm in the X direction.
_us, these jaws resulted in greater photon �uence outside the ûeld, especially in the Y direction, than
the standard jaws.

In all the cases presented below, performance of a bremsstrahlung splitting algorithm is speciûed by
the eõciency, є, given by:

є = 1
s2T

(4.1)

where s is an estimate of the uncertainty on the quantity of interest (e.g. �uence or dose) and T is the
CPU time required to achieve this uncertainty.

Uncertainty was evaluated using the history-by-historymethod [11] which takes into account corre-
lations between contributions to �uence or dose from particleswhich arise from the same initial history.
_is is essential when using the splitting techniques described here since each initial electron may give
rise to many split photons and electrons, each contributing to the same scored quantity. Failure to take
into account these correlations can result in an underestimate of the uncertainty.

4.4.1 Fluence Scoring

In a treatment head simulation that does not use variance reduction techniques, the uncertainty on the
photon �uence within the beam for a given number of incident particles will be proportional to the
inverse of the scoring zone area. _e eõciency will therefore decrease with decreasing scoring zone
area but the eõciency divided by the scoring zone area will be a constant. _is is not necessarily the
case in simulations where variance reduction techniques such as bremsstrahlung splitting are used. _e
smaller the scoring zone is, the smaller the probability will be that two or more particles that result
from the same incident electron history will reach the zone. Ultimately, if the scoring zones are made
inûnitely small, correlations between particles from the same history will become negligible (the scoring
zone is either reached by a single particle or not reached at all, this is the same as when no splitting
was applied). Correlations between particles from the same incident electron history will modify the
uncertainty compared to a situationwhere the same number of particles reaches the scoring plane but all
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particles are statistically independent. Depending on the nature of the correlation, the uncertainty may
increase or decrease.

Given the above observations, one should score quantities such as dose or �uence in scoring zones
of size that is relevant for treatment planning applications (i.e. squares or cubes of 5mm or less) in order
to be able to reliably assess the performance of a particular variance reduction technique. Unfortunately,
BEAMnrc simulations without any variance reduction techniques used (which is our baseline) take a
prohibitively long time to obtain reasonable statisticaluncertainty in such small voxels. Wehave therefore
selected slightly larger scoring zone sizes: 41×41 1×1 cm2 scoring zones for the photon �uence and 21×11
2×4 cm2 scoring zones for the electron �uence in a plane perpendicular to the beam axis at SSD=100 cm.

To assess the in�uence of the selected scoring zone size on the eõciency of the various splitting
techniques relative to using no splitting, we varied the size of the central-axis �uence scoring zone for
simulations performed with typical optimized parameters (see section 4.4.2 for discussion of parameter
selection). Figure 4.1 presents these results of relative photon �uence eõciencies. Each curve has been
divided by the numbers shown in the ûgure (50.6, 11.5 and 7.37) to emphasize the shape of each curve
(and to normalize the values for the 6×6 cm2 scoring zone to 1.00). Onemust note that we are present-
ing the relative eõciencies, and that for the no-splitting case, the absolute eõciency decreases almost
exactly proportionally to the area of the scoring zone. However, it is clear that this is not the case for the
bremsstrahlung splitting routines and that in particular the eõciency of the DBS algorithm decreases
by almost an order of magnitude less going from the largest to smallest scoring zone sizes and thus the
relative eõciency increases. _e crucial point that ûgure 4.1 demonstrates is that the decrease of correla-
tions with decreasing scoring zone size implies that the relative eõciency for DBS goes up substantially
more than for UBS or SBS as the scoring region decreases in size. It is therefore clear that DBS will per-
form better relative to SBS or UBSwhen using scoring zone sizes typical for dose calculations in modern
radiotherapy treatment planning (5mm or less) and therefore the DBS eõciency results presented here
represent a lower bound on the improvement in simulation eõciency in practical calculations. A rigor-
ous explanation of the behaviour observed in Fig. 4.1 has been found and will be presented elsewhere.

_roughout this paper, results are presented relative to the eõciency for the baseline calculation
with no splitting being used. _is baseline eõciency varies quite dramatically, generally with a shape
corresponding to the dose or �uence proûle of interest. For example, the eõciency outside the beam is
much lower because of the reduced number of photons involved.

4.4.2 Selecting Splitting Parameters

Setting of splitting parameters for each of the bremsstrahlung splitting routines was heavily weighted
towards optimizing photon �uence eõciency, since photons were the greatest contributors to �uence or
dose in ourmodelled accelerator. However,we also examined electron �uence eõciency, and, in the case
of DBS with electron splitting, took it into account when selecting the best position of the splitting and
Russian Roulette planes.
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Figure 4.1: Photon �uence eõciency for the three bremsstrahlung splitting techniques (DBS, directional,
SBS, selective andUBS, uniform bremsstrahlung splitting) relative to that for no splitting as a function of
the side of the square scoring region on the central axis. An Elekta SL25 6 MV 10× 10 cm2 photon beam
is simulated. To emphasize the shapes of the curves, the results are normalized to the relative eõciency
for the 6× 6 cm2 scoring zone size in each case by dividing the results by the values shown in the ûgure.
_e relative eõciency is a strong function of the size of the scoring region, the relative improvement
increasing as the scoring area decreases (although the absolute eõciency decreases with the area of the
scoring region for the no-splitting case).

Rather than examine the �uence eõciency in each scoring zone while setting parameters, we exam-
ined the total eõciency in all scoring zones completely containedwithin the 10×10 cm2 ûeld of the beam.
In the case of photon �uence this would comprise 81 of the 1×1 cm2 zones, and in the case of electron
�uence 5 of the 2×4 cm2 zones. _e square of the uncertainty used in calculating total eõciency was
simply equal to the sum of the squares of the absolute uncertainty in each of these scoring zones.

4.4.2.1 Selecting the splitting number (NBRSPL)

Figure 4.2 shows the total photon �uence eõciency in the beam ûeld vs bremsstrahlung splitting number
(NBRSPL) for UBS, SBS andDBS. Eõciencies have been normalized to the total photon �uence eõciency
with no splitting. In the case ofUBS and SBS, results are shownwith Russian Roulette on (empty circles)
and oò (ûlled circles). SBS was run with a splitting ûeld size, FS, parameter of 30 cm, which is the value
used by Sheikh-Bagheri and Rogers [9, 10] in their simulations of Elekta photon beams. Results forDBS
are shownwith no electron splitting (empty circles) andwith electron splitting onwith the splitting plane
at Z=15.46 cm and the Russian Roulette plane at Z=15.2 cm. Results with electron splitting on and the
splitting plane at Z=15.66 cm (the very bottom of the �attening ûlter) and the Russian Roulette plane at
Z=15.5 cm are indistinguishable from the results shown. We therefore assume that the trend in photon
�uence eõciency vs NBRSPL is independent of the placement of the splitting andRussianRoulette planes
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Figure 4.2: Relative eõciency for calculating photon �uence within the 10×10 cm2 ûeld of a simulated
Elekta SL25 6 MV photon beam as a function of bremsstrahlung splitting number (NBRSPL). Eõciencies
shown are relative to total photon �uence eõciency with no splitting. For UBS and SBS, eõciencies
are shown with Russian Roulette on (open circles) and oò (solid circles). _e ûeld size parameter, FS,
used with SBS was 30 cm[9, 10]. ForDBS, results are shown with electron splitting oò (open circles) and
electron splitting on with the splitting plane at Z=15.46 cm and the Russian Roulette plane at Z=15.2 cm
(closed circles). For UBS the minimum splitting number is 20 and for SBS and DBS it is 50. Note the
y-axis is logarithmic.

From Figure 4.2 it is clear that DBS, with or without electron splitting, is a signiûcant improve-
ment over UBS and SBS. _e maximum improvement in photon �uence eõciency using DBS (with
NBRSPL=2500, no electron splitting) is a factor of 500, over 8 times the maximum eõciency using SBS
(with NBRSPL=2500 and Russian Roulette on) and 20 times that achieved using UBS (with NBRSPL=750
and Russian Roulette on). For all splitting algorithms, the production of electrons (either by turning
Russian Roulette oò or by turning electron splitting on) results in a decrease in photon �uence eõciency
by a factor of 3 and a shi� of the splitting number (NBRSPL) at which the photon eõciency peaks toward
lower values.

Since users are generally interested in electrons at the bottom of the accelerator, Figure 4.2 suggests
using a splitting number of 100 for peak photon eõciency in UBS. _e original BEAMpaper [1] suggests
using NBRSPL values in the range 10 - 20, but at that time, when Russian Roulette was used, secondary
fat electrons were not split as they are now. _e previously suggested range would result in a photon eõ-
ciency well below themaximum and implies that themost recent implementation of UBS in BEAMnrc,
which uses the built-in bremsstrahlung splitting function in EGSnrc [7], is more eõcient than UBS in
older versions of BEAM (up to and including BEAM00).

In the caseof SBS, Figure 4.2 indicates thatmaximumphoton eõciency is achievedwithNBRSPL=1000.
It is important to note that, in SBS, NBRSPL represents themaximum possible splitting number, and that
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the actual bremsstrahlung splitting number is a calculated value falling somewhere between the user-
input minimum splitting number, NMIN, (given its suggested value of NBRSPL/10 in all of these simula-
tions), and NBRSPL. _e BEAMnrcManual [2] suggests a value of NBRSPL in the range 200 - 1000,which
is certainly reasonable given that there is little variation in photon �uence eõciency over this range.

Figure 4.2 indicates the splitting number formaximumphoton eõciency inDBS (with electron split-
ting) is 1000. Additional results with the electron splitting plane at Z=15.66 cm and the Russian Roulette
plane at Z=15.5 cm indicate that this optimum value of NBRSPL does not change with the positions of
the these planes. Positioning of the splitting and Russian Roulette planeswill be discussed in more detail
below.

_e electron �uence eõciencies as a function of bremsstrahlung splitting number are shown in Fig-
ure 4.3 relative to the total electron �uence eõciency with no splitting. To generate electrons with UBS
and SBS, Russian Roulette was turned oò. As in the plot of photon �uence eõciency vs NBRSPL, the
splitting ûeld size, FS, was set to 30 cm. In the case of DBS, electron splitting was turned on and two sets
of splitting plane and Russian Roulette plane positions were used to demonstrate that the behaviour of
total electron �uence eõciency as a function of NBRSPL follows the same trend independent of the set-
ting of these two parameters. Note that single points are shown for DBS (NBRSPL=1000) with a splitting
plane (Z=15.66 cm) but no Russian Roulette plane andwith a Russian Roulette plane (Z=14.9 cm) but no
splitting plane.
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Figure 4.3: Total electron �uence eõciency in the 10×10 cm2 ûeld of a simulated Elekta SL25 6 MV
photon beam as a function of bremsstrahlung splitting number (NBRSPL). Eõciencies shown are relative
to total electron �uence eõciency with no splitting. In the cases of UBS and SBS, Russian Roulette was
turned oò. SBS was run with a splitting ûeld size parameter, FS of 30 cm. DBS was run with electron
splitting and the splitting and Russian Roulette (RR) plane locations indicated in the ûgure. Note the
single points indicating eõciency with DBS at NBRSPL=1000 with no Russian Roulette plane (“X”) and
with a Russian Roulette plane but no charged particle splitting (“*”).

Figure 4.3 shows that usingDBS can result in 8 times greater electron �uence eõciency than SBS and
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20 times greater eõciency than UBS. In the case of UBS and SBS, electron �uence eõciency shows little
variationwith NBRSPL over the range of splitting numbers studied. _is means that the splitting number
for maximum photon �uence eõciency (100 in the case of UBS and 1000 in the case of SBS) is adequate
for electron eõciency as well. Directional bremsstrahlung splitting, on the other hand, has a deûnite
maximum in electron �uence eõciency occurring at NBRSPL=1000. _is is also the splitting number
for maximum photon �uence eõciency when using DBS. _e two DBS curves, each with diòerent Z
positions of the splitting and Russian Roulette planes, indicate that the placement of these planes has
little eòect on the behaviour of electron �uence eõciency as a function of NBRSPL. _e point with no
Russian Roulette plane indicates that the Russian Roulette plane is essential for good electron statistics
with DBS, with the addition of the Russian Roulette plane increasing electron �uence eõciency by a
factor of almost 30 at NBRSPL=1000. Conversely, the point with no splitting plane illustrates that it is
necessary to split fat charged particles. If they reach the ûeld then they can decrease the eõciency by a
factor of ≈80.

4.4.2.2 Selecting splitting ûeld size (FS and splitting radius)

Another consideration when using SBS and DBS is selection of the splitting ûeld size at the bottom of
the accelerator. In SBS, the user is asked to input a ûeld size parameter, FS, which the BEAMnrc Users
Manual [2] suggests setting equal to the longest side of the treatment ûeld plus 10 cm. In DBS, the user
inputs a ûeld radius which must include, as aminimum, the entire treatment ûeld.

Figure 4.4 shows the relative eõciency when scoring total photon and electron �uence within the
10×10 cm2 ûeld of the SL25 6 MV photon beam as a function of FS for SBS and splitting ûeld radius
for DBS. Since we were interested in generating electrons, Russian Roulette was turned oò in SBS, and
electron splitting was turned on inDBS (Z of splitting plane=15.66 cm, Z of Russian Roulette plane=15.5
cm). _e bremsstrahlung splitting number (NBRSPL)was set to 1000 for both SBS andDBS, since thiswas
shown to givemaximum photon �uence eõciency when electrons were generated (see section 4.4.2.1).

For SBS, Figure 4.4 shows that photon �uence eõciency peaks at FS=40 cm, although there is little
variation in eõciency beyond FS=30 cm. Electron �uence eõciency increases constantly over the range
of FS values studied, but also shows little variation over awide range of FS. Based onmaximizing photon
�uence eõciency, the setting of FS=30 cm used by Sheikh-Bagheri andRogers [9, 10] (and used elsewhere
in this study) is certainly adequate, but the value of FS suggested by the BEAMnrc Manual (treatment
ûeld size + 10 cm=20 cm) is slightly low.

In the case of DBS, Figure 4.4 shows that photon �uence eõciency constantly decreaseswith increas-
ing splitting ûeld radius. _is behaviour is expected since increasing the splitting ûeld size increases the
number of events that must be split. Electron �uence eõciency, on the other hand, shows a peak at split-
ting radius=10 cm. From the point of view ofmaximizing photon �uence eõciency, it would seem that
the optimum splitting radiuswould be the smallest that completely encompasses the 10x10 cm treatment
ûeld (eg ≈7.1 cm). However in this particular accelerator, signiûcant contributions to dose are made by
photons out to a radius of 10 cm. _us, we use a splitting radius of 10 cm for the rest of the study. _is
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Figure 4.4: Total photon (closed circles) and electron (open circles) �uence eõciency inside the 10×10
cm2 ûeld of the simulated Elekta SL25 6 MV photon beam versus the size of the bremsstrahlung splitting
ûeld (FS (width of a square ûeld) for SBS and radius for DBS). Eõciencies shown are relative to their
counterparts with no splitting. SBS was run with Russian Roulette oò and DBS was run with electron
splitting on, with the splitting plane at Z=15.66 cm (the back of the �attening ûlter) and the Russian
Roulette plane at Z=15.5 cm. _e splitting number (NBRSPL) for both SBS and DBS was 1000, which was
shown to givemaximum photon �uence eõciency when electrons are generated.

results in only a ≈6% drop in photon �uence eõciency compared to a splitting radius of 7.5 cm and also
maximizes electron �uence eõciency.

4.4.2.3 Selecting Position of Splitting and Russian Roulette Planes (DBS)

Further degrees of freedom are available in DBS for optimizing photon and electron �uence eõciency,
viz, the setting of the positions of the electron splitting and Russian Roulette planes. _e function of
these planes is described in detail in Section 4.3.8. _e splitting plane should be set close to the bottom
of the �attening ûlter to maximize the number of electrons reaching the bottom of the accelerator while
minimizing the time spent transporting them in such structures as the primary collimator and the �at-
tening ûlter itself. _e Russian Roulette plane, below which Russian Roulette is not played on electrons
resulting from interactions and low-weight photons are allowed to interact, should be placed above the
splitting plane. Due to the way electron splitting is coded, the splitting plane is restricted to being coin-
cident with a geometrical plane in the BEAMnrc component module in which it is located. _us, in the
�attening ûlter, this plane must coincide with a layer boundary in the modelled �attening ûlter or with
the planes deûning the top or bottom of the �attening ûlter. _ere is no such restriction on the position
of the Russian Roulette plane.

Figure 4.5 shows the relative total photon and electron �uence eõciency inside the 10×10 cm2 ûeld
of the simulated SL25 6 MV photon beam as a function of the position of the Russian Roulette plane.
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Curves are shown for splitting plane Z positions of 14.9 cm and 15.46 cm, both corresponding to layer
boundaries in the modelled �attening ûlter, and for splitting plane Z=15.66 cm, corresponding to the
bottom of the �attening ûlter. _e Russian Roulette plane was always placed above the splitting plane.
_e splitting number (NBRSPL) was set to 1000 (shown above to maximize photon and electron �uence
eõciency in DBS) and the splitting ûeld radius was 10 cm.
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Figure 4.5: Total photon (closed circles) and electron (open circles) �uence eõciency inside the 10×10
cm2 ûeld of the simulated Elekta SL25 6 MV photon beam versus the Z position of the Russian Roulette
plane in DBS. Photon and electron eõciencies shown are relative to photon and electron eõciencies
with no splitting. Curves are shown for 3 diòerent Z positions of the electron splitting plane: 14.9 cm,
15.46 cm and 15.66 cm. Z=14.9 cm and Z=15.46 cm correspond to layer boundaries in the modelled
�attening ûlter, while Z=15.66 cm corresponds to the plane deûning the bottom of the �attening ûlter.
For these simulations, the splitting number was 1000 (shown to give maximum photon and electron
�uence eõciency in DBS) and the splitting ûeld radius was 10 cm.

_e curves show that photon �uence eõciency increases as the splitting plane is brought closer to
the Russian Roulette plane and also as both planes are brought closer to the bottom of the �attening ûlter
(15.66 cm). Ignoring the outlier at splitting plane Z=15.46 cm and Russian Roulette plane Z=14.6 cm, the
overall variation in photon �uence eõciency is ≈16% over the range of splitting and Russian Roulette
plane positions studied. Note that, again not considering the outlying point, the photon eõciency for a
given Russian Roulette plane position does not change appreciably with splitting plane position.

Electron �uence eõciency shows a similar trend to photon �uence eõciency with the exception that
there is a drop oò in eõciency once the splitting plane is very close to (within 0.06 cm of) the Russian
Roulette plane. _is is especially noticeable in the case with the Russian Roulette plane at Z=15.66 cm
and the splitting plane at Z=15.6 cm. Ignoring this extreme point, though, the overall change in electron
�uence eõciency is ≈12% over the range of plane positions studied.

Based on the above results, we selected a splitting plane position of Z=15.66 cm (i.e. at the base of
the �attening ûlter) with the Russian Roulette plane at Z=15.5 cm. _is results in near-maximum values
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of the photon and electron �uence eõciency while not sacriûcing one eõciency for the other (as done
with splitting plane Z=15.66 cm and Russian Roulette plane Z=15.6 cm, or splitting plane Z=15.46 cm
with Russian Roulette plane Z=15.2 cm). However, exact placement of these planes is not critical as long
as they are near the back of the �attening ûlter, since the variation in both photon and electron �uence
eõciencies with the positions of the splitting and Russian Roulette planes tends to be relatively small.

It is important to note that the curves shown in Figure 4.5 are not general, and the behaviour of
photon and electron �uence eõciencies with splitting and Russian Roulette plane positions will most
likely depend upon the �attening ûlter model and the beam energy.

4.4.3 Fluence Eõciency Proûles

Figure 4.6 shows the relative �uence eõciency for photons (a) and electrons (b) as a function ofX at Y=0
at the SSD (100 cm) of the simulated SL25 6 MV photon beam. _e splitting parameters used were those
determined based on results in Section 4.4.2 above.

Photon �uence eõciency proûles are constant within the 10×10 cm2 beam ûeld (i.e. from X=-5 to
5 cm) with the relative eõciency approximately equal to the relative eõciency totalled over the entire
beam ûeld for the same splitting routine/parameters (see section 4.4.2 above). Beyond the beam ûeld
the UBS eõciency proûle remains constant at a factor of ≈7 times the eõciency with no splitting. _is
illustrates themain limitation ofUBS, in which bremsstrahlung splitting is equal in all directions. In the
case of SBS, selective bremsstrahlung splitting causes the photon �uence eõciency to drop by a factor of
≈2 beyond the edges of the ûeld. Even so, the eõciency outside the ûeld remains quite high due to the
fact that, with FS=30 cm, the splitting ûeld goes well beyond the edges of the ûeld, and to the fact that
even photons aimed beyond the edges of the splitting ûeld are split by the background splitting number
(NMIN)._eDBS eõciency proûle, on the other hand, falls oò to very lowvalues (≈0.3 times the eõciency
with no splitting) beyond the edge of the splitting ûeld (r=10 cm) since no splitting is done there. _e
large variations in the DBS eõciency proûle between the edge of the ûeld and the edge of the splitting
ûeld are due to the fact that the �uence with no splitting, used to normalize these proûles, has large
uncertainties in this region.

In contrast to the photon �uence eõciency, electron �uence eõciency proûles (Figure 4.6(b)) are
almost constant over the entire range of X values for all splitting routines, with the relative electron eõ-
ciency approximately equal to the relative electron eõciency totalled over the beam ûeld in Section 4.4.2
for the same splitting routine/parameters.

4.4.4 Dose Eõciency

Central-axis relative eõciencies for calculating does as a function of depth in phantom for the simulated
6MV beamusing the splitting parameters optimized forphoton and electron�uence eõciency are shown
in Figure 4.7. Figure 4.7(a) shows total dose eõciencies and Figure 4.7(b) shows the eõciencies of the
dose contributions of photons and electrons separately. Normalized depth-dose proûles are also shown
in Figure 4.7.
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Figure 4.6: Fluence eõciency for photons (a) and electrons (b) vs X at Y=0 at the SSD (100 cm) of the
simulated Elekta SL25 6MV photon beam(10×10 cm2 ûeld). Photon �uencewas scored in 1×1 cm2 zones,
and electron �uence was scored in 2×4 cm2 zones. Eõciencies are relative to their counterparts with no
splitting. UBS was run with Russian Roulette oò and NBRSPL=250. SBS was run with Russian Roulette
oò, NBRSPL=1000 and FS=30 cm. DBS was run with NBRSPL=1000, splitting ûeld radius=10 cm, and
electron splitting on with splitting plane Z=15.66 cm and Russian Roulette plane Z=15.5 cm. _e photon
and electron �uence proûles are also shown.
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Figure 4.7: Eõciency of central-axis dose as a function of depth in phantom for the simulated 6 MV
SL25 photon beam (10×10 cm2 ûeld). Dose scoring volumes had radii 1 cm and thicknesses in the range
0.5 - 2 cm. Eõciencies have been normalized by the eõciency with no splitting. (a) shows total dose
eõciency and (b) shows eõciency of dose contributions from photons and charged particles (thick lines)
separately. Normalized depth-dose proûles are also shown for all cases. Splitting parameters are the same
as in Figure 4.6.
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An inherent feature of the DBS technique is the occurrence of fat photons outside the splitting ûeld
radius. We have found that these fat photons can introduce a very large uncertainty in the dose in a
phantom, despite the fact that these photons contribute a very small fraction of the dose in the beam.
We have therefore added an option to our codes for scoring dose in a phantom (ie DOSXYZnrc and the
CHAMBER CM in BEAMnrc) which allows us to ignore the dose from these fat photons. In the case
of DBS in ûgure 4.7, contributions from fat photons that enter the phantom from outside the splitting
ûeld radius (10 cm) have been excluded. In separate calculations we have shown that these photons only
contribute about 0.1% of the dosemaximum to the dose in the phantom. At the same time they lead to
large �uctuations in the eõciency of the dose calculation since a few photons carry so much weight. It is
clear that the size of the contribution from excluded fat photonsmust be determined in each situation, to
ensure they are not of importance. It may be necessary to increase the splitting ûeld radius to ensure that
their contribution to dose can be safely ignored and, thus, the eõciency of the dose calculation increased.

In the case of total dose eõciency, Figure 4.7(a) shows that, for all splitting routines, the improvement
in eõciency is essentially constant over all depths in the phantom. DBS resulted in the largest eõciency
gain, with an improvement by a factor of 6 over SBS and an improvement by a factor of 23 over UBS.
_e photon dose eõciencies shown in Figure 4.7(b) are almost indistinguishable from the total dose
eõciencies, since the total dose is almost entirely comprised of photons. _ere is some contribution
from electrons at the surface, however, and over the range of depths inwhich electron dose is signiûcantly
greater than zero (0 - 2.5 cm), the electron dose eõciency gain for a given splitting routine is similar to
the photon dose eõciency gain. _ere are larger variations in electron dose eõciency (especially visible
in the case of DBS) since the uncertainties in electron dose are relatively high.

To conûrm thatoptimizing parameters for�uence eõciency resulted in themaximumdose eõciency
we also examined dose eõciency in the phantomwhile varying several of the splitting parameters inDBS.
Of these parameters, only the splitting number, NBRSPL, had an eòect on dose eõciency.

Figure 4.8 shows relative total dose eõciency in the phantom when usingDBS with several diòerent
values of NBRSPL in the simulated 6 MV SL25 photon beam. Figure 4.8(a) shows the central axis dose
eõciency, and Figure 4.8(b) shows dose eõciency as a function of radius in the phantom at dmax (1.75 cm
depth – closed circles) and near the surface of the phantom (0.25 cm depth – open circles). Normalized
dose proûles at the two depths are also shown in Figure 4.8(b) for reference. _is ûgure emphasizes that
the eõciency improvement depends strongly on exactlywhat quantity is of interest. Although our setting
of NBRSPL=1000 does not maximize dose eõciency on the central axis, it does maximize eõciency at all
other radii near the surface (which is consistent with the fact that NBRSPL=1000 resulted in maximum
total �uence eõciency in the beam ûeld) and also results in maximum or near-maximum eõciency at
most radii at dmax .

4.4.5 Performance of do smart brems and do smart compton

As mentioned in Sections 4.3.1 and 4.3.3 above, DBS makes use of the subroutines do smart brems

and do smart compton to eliminate the need for sampling and then playing Russian Roulettewith split
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Figure 4.8: Total dose eõciency vs depth (a) and vs radius (b) in phantom for the simulated 6 MV
SL25 photon beam using DBS with diòerent values of NBRSPL as indicated. Eõciencies have all been
normalized to eõciencies with no splitting. In (b) the NBRSPL=5000 results (dot-dashed line) have been
dropped to avoid confusion. Also in (b), eõciency vs radius results are shown at dmax (1.75 cm – closed
circles) and near the surface of the phantom (0.25 cm depth – open circles). OtherDBS parameterswere
the same as in Figures 4.6 and 4.7.

photons not aimed into the ûeld by only generating those photons that will be aimed into the ûeld. In
order to determine how much CPU time these subroutines actually save, we have simulated the 6 MV
SL25 photon beam usingDBS (parameters optimized as described above)with all possible combinations
of do smart brems and do smart compton turned on and oò.

Results from this timing study are shown in Table 4.1. _e top table shows the results with electron
splitting oò and the bottom table shows results with electron splitting on. Note that in each table, the
CPU times have been normalized to the time with both do smart compton and do smart brems on
(i.e. the default case).

When electron splitting isoò (upper Table 4.1), it is clear thatbothof the smart subroutines contribute
signiûcantly to the high eõciency of DBS,with do smart brems playing a slightly larger role than do -
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Table 4.1: CPU times required by simulated 6 MV photon beam from an Elekta SL25 accelerator (10×10
cm2 ûeld) using DBS with all possible combinations of the time-saving subroutines do smart brems

and do smart compton. CPU times are relative to CPU time using both do smart brems and do -

smart compton. _e top table shows results with electron splitting oò, and the bottom table shows
results with electron splitting on.

do smart brems

ON OFF

do smart compton
ON 1.0 5.3
OFF 3.3 7.6

No electron splitting.

do smart brems

ON OFF

do smart compton
ON 1.0 2.43
OFF 1.77 3.2

Electron splitting with Z of splitting plane=15.66 cm (back of the �attening ûlter) and Z of
Russian Roulette plane=15.5 cm.

smart compton. _is simply indicates that when the smart routines are not used, more time is spent
simulating bremsstrahlung events than simulating Compton events. It is interesting to note that the
increase by a factor of 7.6 in CPU time with both subroutines oò is equal to the diòerence in photon
�uence eõciency between SBS (with Russian Roulette on and NBRSPL=1000) and DBS (with electron
splitting oò and NBRSPL=1000) shown in Figure 4.2.

When electron splitting is on (lower Table 4.1), the contributions of both
do smart brems and do smart compton to the eõciency of DBS decrease. _is is due to the fact that
amuch larger portion of the time in this simulation is spent tracking electrons independent of the use of
do smart brems or do smart compton. Interestingly, the contribution of do smart compton relative
to do smart brems is approximately the same aswhen electron splitting is turned oò, yet electron split-
ting precludes the use of do smart compton below the Russian Roulette plane even when do smart -

compton is on. _is indicates that the CPU time required for split Compton events below the Russian
Roulette plane is completely overshadowed by the CPU time required for electron transport. Note that
the factor of 3.2 increase in CPU time when both do smart compton and do smart brems are oò is
only a fraction of the factor of 8 diòerence in photon �uence eõciency between DBS (electron splitting
on, NBRSPL=1000) and SBS (Russian Roulette oò, NBRSPL=1000) shown in Figure 4.2, underscoring the
fact that these subroutines play less of a role in the eõciency of DBS when electrons are generated.
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4.5 Performance of DBS at High Energy

To test the performance of DBS at a higher photon energy, we simulated an 18MV photon beam (10×10
cm2) ûeld from a Siemens KD2 accelerator and examined central-axis dose in a phantom at the SSD (100
cm). Geometrical parameterswere identical to those used by Sheikh-Bagheri andRogers in their study of
photon beams [9, 10]. In addition to the various bremsstrahlung splitting routines (parameters discussed
in more detail below), charged particle range rejection was used, with ESAVE=5MeV, in all simulations.

In the case of UBS and SBS, the splitting parameters (NBRSPL and, for SBS, the splitting ûeld size,
FS) found to optimize �uence or dose eõciency in the simulated SL25 6 MV photon beam above were
also found to optimize dose eõciencies in the KD2 18MV simulation. _us, for UBS NBRSPL was set to
250, and for SBS NBRSPL was set to 1000 and FS was set to 30 cm. In the case of DBS, the positions of
the electron splitting and Russian Roulette planes had to be changed to re�ect the geometry and position
of the �attening ûlter in the KD2 18MV accelerator. As in the SL25 accelerator, the highest eõciencies
were obtained with the splitting plane placed right on the bottom surface of the �attening ûlter (Z=9.8
cm). However, some trade-oò ’s were involved in placement of the Russian Roulette plane due to the
shape of the �attening ûlter in the KD2. _e �attening ûlter of the KD2 has a hollowed-out portion near
the bottom (see Figure 4.9). When the Russian Roulette plane was placed slightly above this portion
(at Z=8.7 cm), the eõciency gain obtained using DBS was approximately equal for both the photon
and charged particle components of the dose. However, when the Z position of the Russian Roulette
plane was increased to 9 cm (now cutting through the hollowed out portion of the �attening ûlter),
the eõciency of the photon portion of the dose increased by 45%, while the eõciency of the charged
particle portion decreased by up to 40%. Since the photon portion of the dose dominates the total dose
at every depth, with the charged particle portion only making signiûcant contributions in the ûrst 5
cm of depth, we opted for the lower (Z=9 cm) placement of the Russian Roulette plane. In addition,
the bremsstrahlung splitting number of 1000 found to optimize dose eõciency at 6 MV in the SL25
accelerator did not optimize central-axis dose eõciency in the KD2. By decreasing NBRSPL to 750, we
were able to obtain a 14% increase in eõciency over that obtained with NBRSPL=1000.

Figure 4.10 shows the dose eõciencies on the central axis of the phantom (voxel radius=1 cm, voxel
thickness=1 cm or 2 cm) placed at SSD=100 cm in the 18MV KD2 photon beam using the splitting pa-
rameters discussed above. _e total dose eõciency shown in Figure 4.10(a) is broken down into the eõ-
ciencies of the photon and charged particle components in Figure 4.10(b). _e corresponding depth-dose
curves are also shown for reference. All eõciencies are relative to eõciency with no splitting. Eõciencies
for the DBS case do not include any fat photons.

Figure 4.10(a) shows that DBS increased the eõciency in dose calculations on the central axis by a
factor of 3.6 over SBS and by a factor of 13 over UBS. Although still oòering substantial improvement
over the other splitting routines, eõciency withDBS relative to no splitting dropped by a factor 2.5 from
its performance in the 6 MV SL25 beam. By comparison, relative eõciency with SBS is a factor of 1.5
lower than in the 6 MV case, and UBS drops by a factor of only 1.3. One reason for the relative decrease
in eõciency of SBS and DBS is that at higher energies the angular distribution of bremsstrahlung and
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Figure 4.9: Cross-section through the �attening ûlter in the 18 MV KD2 photon beam showing the Z
positions of the back of the �attening ûlter and the Z positionwhere the hollowed out portion of the ûlter
begins. _e �attening ûlter is made of stainless steel.

Compton scattered photons becomes more forward peaked. In the case of SBS, this means that the split-
ting number will be very high for photons directed into the splitting ûeld. For DBS, the implication is
that fewer photons can be eliminated as being aimed away from the splitting ûeld.

Another way to look at these results is to note that the overall eõciency of the BEAMnrc calculation
with no splitting increases by a factor of about 2.7 going from 6 MV to 18 MV. _is is because of the
more forward peaked photons at the higher energy. _is means that the overall eõciency of the DBS
algorithm does not changemuch between the 6 MV and 18MV cases because it has been optimized for
the forward-going photons.

In addition, the total dose eõciency with both SBS and DBS drops oò near the surface of the phan-
tom. Figure 4.10(b) shows that this drop-oò is due to the lower eõciency in the charged particle con-
tribution to the dose relative to the eõciency of the photon component of the dose in the case of DBS
and SBS (charged particles account for 12.5% of the total dose near the surface of the phantom). _e
reason for the lower charged particle dose eõciency in the case of DBS (a factor of up to 3 lower than the
eõciency of the photon component) has been discussed above, inwhichwe opted for a placement of the
Russian Roulette plane that would optimize the photon dose eõciency at the expense of some charged
particle eõciency.

4.6 Performance of DBS in a Broad Beam

We also tested the performance of DBS in the simulated 6 MV SL25 photon beam by examining �uence
eõciency at the SSD (100 cm) with the jaws widened to give a 40×40 cm2 ûeld. _e jaws simulated in
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Figure 4.10: Dose eõciency vs depth in phantom for a simulated 18MV photon beam from a Siemens
KD2 accelerator (10×10 cm2 ûeld). (a) shows total dose eõciency and (b) shows the eõciencies of the
photon (thin lines) and charged particle (thick lines) components. Separately normalized depth-dose
curves are shown for reference. For UBS, NBRSPL=250. For SBS, NBRSPL=1000 and FS=30 cm. DBS used
NBRSPL=750, splitting radius=10 cm, electron splitting planeZ=9.795 cm(the back of the �attening ûlter)
and Russian Roulette plane Z=9 cm. For DBS, total dose eõciency shown in (a) excludes fat photons.

this case were the “standard” jaws (10 cm thick, comprising 5 cm of tungsten and 5 cm of lead) instead
of the jaws for use with a multi-leaf collimator that were used to determine performance of DBS with
a 10×10 cm2 ûeld in this accelerator (see section 4.4 above). Other than the jaws and their settings, the
simulation geometry and other parameters were identical to those used with the 10×10 cm2 ûeld.

_e splitting parameters used for all splitting routines were those found to optimize performance
in the 6 MV SL25 accelerator with a 10×10 cm2 ûeld (see section 4.4.2 above), with the exception of the
splitting ûeld size, FS, in SBS and the splitting ûeld radius in DBS. For SBS, FS was set to 60 cm. _is
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setting is based on the performance of SBS as a function of FS in the 10×10 cm2 beam (see section 4.4.2.2
above), where little improvement in photon �uence eõciency was observed for values of FS > ûeld size
+ 20 cm. _e splitting radius used in DBS was 30 cm. _is radius completely encloses the 40×40 cm2

ûeld, allowing for 2 cm beyond the corners of the ûeld. Note that with such a large splitting radius, the
diòerence in eõciency with a small change in the splitting radius (eg reducing it by 2 cm so that it exactly
encloses the ûeld) is expected to be negligible.

For the purposes of scoring �uence, the phase-space surface at SSD=100 cm was divided into 6561
(81×81) 1×1 cm2 scoring zones. As with the study of photon �uence eõciency in the 10×10 cm2 beam,
eõciency of all splitting algorithms is expected to increase as the area of the scoring zones is decreased
(see section 4.4.1 above). Unlike the 10×10 cm2 ûeld case, the 1×1 cm2 scoring zones were used for both
photon and electron �uence eõciency proûles.

Figure 4.11 shows the photon (a) and electron (b) �uence eõciency proûles (eõciency vs X at Y=0)
at SSD=100 cm in the 40×40 cm2 beam. Eõciencies are relative to eõciency with no splitting. Photon
and electron �uence proûles are also shown for reference. _e �uctuations in relative electron �uence
eõciency with DBS visible in Figure 4.11b are due mainly to �uctuations in eõciency with no splitting
(i.e. the normalizing quantity) ultimately caused by the small scoring zones.

It is clear from the ûgures that, in the broad beam, DBS still oòers a substantial improvement in
eõciency over the other splitting routines. In the case of photon �uence within the ûeld (−20 cm ≤ X
≤ 20 cm), DBS is between 5.5 (at the centre of the ûeld) and 7 (at the edges of the ûeld) times more
eõcient than SBS and is ≈12 times more eõcient than UBS. Between the edges of the ûeld and the edge
of the splitting ûeld (20 cm ≤ ∣X∣ ≤ 30 cm), the relative photon eõciency withDBS increases, resulting in
the “horns” in Figure 4.11(a). _is increase is due to the high uncertainty (low eõciency) in the photon
�uence with no splitting in this region. In the case of electron �uence, the eõciency using DBS is ≈8
times greater than with SBS and ≈14 times greater than with UBS in the ûeld.

_e eõciency of DBS in the broad beam is signiûcantly lower than in the 10×10 cm2 beam (Fig-
ure 4.6), with photon �uence eõciency inside the ûeld dropping by a factor of ≈1.7 and electron �uence
eõciency inside the ûeld dropping by a similar amount. In comparison, photon �uence eõciency inside
the ûeld using SBS drops by a factor of only 1.1 (at the centre of the ûeld) to 1.5 (at the edges of the ûeld)
in the broad beam, with electron �uence eõciency dropping by a factor of only ≈1.2. In the case ofUBS,
the drop in photon and electron �uence eõciency in the broad beam compared to the 10×10 cm2 beam
is insigniûcant.

_e directional splitting routines (SBS and DBS) are less eõcient in the broad beam simply because
of the required increase in splitting ûeld size. In the case of DBS, this results in both fewer photons being
eliminated by Russian Roulette and more photons being generated by the do smart brems and do -

smart compton subroutines. In the case of SBS, this results in a higher splitting number over a greater
range of incident electron directions/energies. _e reason that the overall eõciency drop in the broad
beam is relatively greater for DBS than for SBS may be due to the increased number of split Compton
interactions in DBS (SBS does not split these interactions). In the case of UBS, the change in ûeld size
does not change the number of split photons that must be tracked, resulting in no signiûcant eõciency
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Figure 4.11: Photon (a) and electron (b) �uence eõciency vs X (at Y=0) at the SSD (100 cm) for a simu-
lated 6 MV SL25 photon beam with jaws expanded to give a 40×40 cm2 ûeld. Eõciencies are relative to
the eõciency with no splitting. _e arbitrarily normalized photon and electron �uence proûles at Y=0
are also shown for comparison. For UBS, NBRSPLwas set to 250. For SBS, NBRSPL=1000 and the splitting
ûeld size, FS,was set to 60 cm. ForDBS, NBRSPL=1000, splitting ûeld radiuswas 30 cm, Z of the electron
splitting plane was 15.66 cm (the back of the �attening ûlter), and Z of the Russian Roulette plane was
15.5 cm.

change.

It is interesting to note that for a given splitting routine in both broad beam and 10×10 cm2 cases, the
relative electron �uence eõciency is of the same order as the relative photon �uence eõciency which is
useful since electron contamination plays amore important role in the broad beams.

4.7 Conclusions

We have demonstrated that directional bremsstrahlung splitting (DBS) oòers a signiûcant improvement
in photon and electron �uence and dose eõciency over the previously-available bremsstrahlung splitting
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routines in BEAMnrc, uniform
bremsstrahlung splitting (UBS) and selective bremsstrahlung splitting (SBS). In a “realistic” simulation
of a 6MV photon beam from anElekta SL25 accelerator (10×10 cm2 ûeld) inwhich photons and electrons
were generated (generation of electrons entailed turning Russian Roulette oò in UBS and SBS and using
electron splitting inDBS), the photon �uence eõciency inside the ûeldwhen usingDBSwas a factor of 8
higher than when using SBS. Electron �uence eõciency in the ûeld was a factor of almost 9 higher with
DBS than with SBS. Eõciency of central-axis depth-dose in a phantom placed at the SSD (100 cm) was
over 6 times higher with DBS than with SBS.

Obtaining theoptimum eõciency gainwithDBS requiredus tooptimize settingsof the bremsstrahlung
splitting number, NBRSPL, the splitting ûeld radius, and the positions of the electron splitting plane and
Russian Roulette plane. For the 6 MV photon beam, we found that NBRSPL=1000 optimized the photon
and electron �uence eõciency in the ûeld. Since photon �uence eõciency decreased with increasing
splitting ûeld radius, it was important to choose the smallest radius that completely enclosed the ûeld
with some overlap to ensure that the contribution to central-axis dose from fat photons (photons com-
ing back to the central axis from beyond the edge of the splitting ûeld) was negligible. We found that a
splitting ûeld radius of 10 cm was suõcient to meet these requirements. Another consideration was the
positions of the electron splitting and Russian Roulette planes. For a ûxed splitting plane location, the
eõciency could be varied by up to 10% by moving the Russian Roulette plane (Russian Roulette plane
always above the splitting plane), with a trend towards higher eõciencies as both the splitting plane and
Russian Roulette plane were brought closer to the bottom of the �attening ûlter.

_e optimal settings for NBRSPL, splitting ûeld radius and splitting and Russian Roulette plane po-
sitions will depend on the details of the accelerator being simulated. For example, the optimal setting of
NBRSPL in our simulations of an 18MV photon beam from a SiemensKD2 acceleratorwas 750. Also, the
hollowed out portion of the �attening ûlter in this accelerator was a consideration in the optimal place-
ment of the Russian Roulette plane in relation to the electron splitting plane. However,we can generalize
and say that setting NBRSPL≃1000 will result in near-optimum performance, with adjustments around
this number possibly increasing eõciency by 15%. It is also a general rule that the electron splitting plane
should be placed at the back of the �attening ûlter with the Russian Roulette plane in a solid portion of
the �attening ûlter somewhere above the splitting plane.

_e �uence or dose eõciency improvement of DBS is also dependent on the particular accelerator
being simulated, with relative eõciency improvements tending to decrease at higher photon energies.
_is is because the inherent eõciency of these simulations is higher since bremsstrahlung photons at
higher energies aremore forward-directed, so fewer are subject to Russian Roulette by the DBS splitting
routine. In this study, we have shown that the improvement in central-axis dose eõciency that DBS has
over SBS drops from a factor of 6 in the 6 MV SL25 accelerator to a factor of 3.6 in the 18 MV KD2
accelerator.

_e relative eõciency of DBS also decreases with increasing ûeld size. When the ûeld size of the
6 MV SL25 photon beam was increased to 40×40 cm2 (broad beam), the photon and electron �uence
eõciencies in the ûeld with DBS decreased by a factor of ≈1.7 from their values in the 10×10 cm2 beam.
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_is compared to a drop in SBS eõciency by a factor of 1.1 (centre of ûeld) to 1.5 (edges of ûeld) for photon
�uence and by a factor of ≈1.2 for electron �uence. Both SBS and DBS eõciencies were expected to drop
due to the greater number of split photons that must be tracked in the broad beam, but the relatively
greater eõciency decrease in DBS eõciency may be due to the greater number of split Compton events
in the broad beam. Even so, DBS is still signiûcantly more eõcient than SBS in the broad beam, with
photon �uence eõciency (inside the ûeld) between 5.5 and 7 times greater than with SBS (≈12 times
greater thanwith UBS), and electron �uence eõciency ≈8 times greater thanwith SBS (≈12 times greater
than with UBS).

Overall, the eõciency improvement of DBS is substantial and itwill save large amounts of CPU time
in the simulation of photon beams.
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Appendix A: do smart brems algorithm

Consider an electron (or positron) at position x⃗ = (x , y, z) travelling along the direction u⃗ = (u, v ,w)

that is about to undergo a bremsstrahlung event. _e process is in a co-ordinate system where the beam
axis is along the z-axis and the upper plane of the photon target is at z = 0. _e circle of interest (COI,
also denoted as ûeld of interest in themain text) is in a plane perpendicular to the z-axis and located at
x⃗0 = (0, 0, d) (d is typically 100 cm) and has a radius of R (see ûgure 4.12). We assume that the angular
distribution p(µ, ϕ) of bremsstrahlung photons is described by the leading term of Eq. 2BS from the
article by Koch andMotz[12]:

p(µ, ϕ) = 1 − β2

4π
1

(1 − βµ)2 . (4.2)

Here, µ is the cosine of thepolar scattering angle (i.e. cos(θ)), ϕ is the azimuthal angle and β is the electron
velocity in units of the speed of light. _e probability given in Eq. (4.2) is normalized over all angles to
unity. _e goal is to calculate the probability W that this electron will emit a bremsstrahlung photon
that is pointed towards the circle of interest. IfW is known and one wants to perform bremsstrahlung
splitting with a splitting number of N , keeping only photons going towards the COI, onlyWN photons
need to be sampled provided that their angles are sampled so that they are directed towards the COI. If
W ≪ 1, a substantial saving of CPU timemay be achieved.

_e probabilityW is given by
W = ∫

Ω
dµdϕp(µ, ϕ) (4.3)

where the integration is to be carried out for all µ, ϕ within the solid angle Ω that result in a direction

87



Efficient Monte Carlo-simulated photon beam dose calculations

u

x

θ
max

θ
min

x
0

x

y

z

R

d

COI

Figure 4.12:_e geometry used to derive the equations inAppendixAand B. Note that µmax = cos(θmax),
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towards the COI. With the deûnitions

r =
√
x2 + y2

a± = u⃗(x⃗0 − x⃗) ± R
√

1 −w2

tmax =
√
d2 + (R + r)2

tmin =

⎧⎪⎪
⎨
⎪⎪⎩

√
d2 + (R − r)2 , r ≤ R

d , r > R

(4.4)
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and simple geometrical considerations it is easy to see that theminimum andmaximumpolar scattering
angles, µmin and µmax , that may result in a direction towards the COI are given by

µmax = Min( 1, µ+), µ+ =
⎧⎪⎪
⎨
⎪⎪⎩

a+/tmin , a+ ≥ 0
a+/tmax , a+ < 0

µmin = Max(−1, µ−), µ− =
⎧⎪⎪
⎨
⎪⎪⎩

a−/tmax , a− ≥ 0
a−/tmin , a− < 0

(4.5)

_e possible range of azimuthal scattering angles depends on x⃗ , x⃗0 and u⃗ in a complicated way. In ad-
dition, if the fact is taken into account that not all azimuthal angles will lead to a direction towards the
COI, the integration in Eq. (4.3) can not be performed analytically. However, we can provide an upper
limit of the probabilityW , denoted byW ′, by using all azimuthal angles. _e correct number of photons
towards the COI will result by simulating W ′N bremsstrahlung events and then rejecting photons not
going towards the COI. We have

W ′

= 2π
µmax

∫
µmin

dµp(µ) = (1 − β2
)(µmax − µmin)

2(1 − βµmax)(1 − βµmin)
(4.6)

with µmin and µmax deûned via Eq. (4.4) and (4.5).

_e algorithm of the do smart brems subroutine is then as follows:

1. Calculate µmin , µmax and the estimated probabilityW ′.

2. Determine the number of photon angles, N ′, to be sampled. Ifwe denote by [α] the integer part of
α and by η a randomnumber uniformly distributed between zero and unity, then N ′

= [W ′N]+1,
if η ≤W ′N − [W ′N], N ′

= [W ′N], otherwise.

3. Sample N ′ polar angles µ i between µmin and µmax from the probability distribution p(µ) and
azimuthal angles uniformly between 0 and 2π. Sampling µ i is accomplished using

µ i =
µmin(1 − βµmax) + η i(µmax − µmin)

1 − βµmax + βη i(µmax − µmin)
(4.7)

where η i is a random number uniformly distributed between zero and unity.

4. Reject all photons that do not go towards the COI. _is will lead to a smaller number of photons
N ′′, all of them having a weight of 1/N .

5. Sample a polar angle from p(µ) between -1 and 1. If this angle is not between µmin and µmax , keep
this photon with a weight of 1 and increase N ′′ by one.

6. Sample N ′′ photon energies from the bremsstrahlung cross section diòerential in energy. If N ′′
=

0, sample one photon energy.

7. Decrease the electron energy by the energy of the last sampled photon energy.
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Appendix B: do smart compt algorithm

Consider a photonwith energy k, position x⃗ and direction u⃗ that is about to undergo a Compton scatter-
ing event modelled using the Klein-Nishina cross section [13]. Within the Klein-Nishina approximation
each polar scattering angle µ = cos(θ) uniquely corresponds to a scattered photon energy k′,

k′ = k
1 + k(1 − µ)

(4.8)

where for the simplicity of the notation all energies are expressed in terms of the electron rest energy.
As discussed in Appendix A, the minimum and maximum angles, µmin and µmax , that may result in a
scattered photon going towards the circle of interest (COI) are given by Eq. (4.5). _e corresponding
minimum andmaximum scattered photon energies, k′min and k′max are given by Eq. (4.8) with µ = µmin

or µ = µmax , respectively. _e upper bound of the probabilityW for having the scattered photonmoving
towards the COI,W ′ (see Appendix A for discussion of why wemust useW ′ instead ofW), is

W ′

=

k′max
∫

k′min

dk′dσKN/dk′

1

∫
k/(1+2k)

dk′dσKN/dk′
=

H(kmin , kmax)

H(1/(1 + 2k), 1)
(4.9)

where dσKN/dk′ is the Klein-Nishina cross section and

H(x1 , x2) = ln
x2

x1
(k2
− 2k − 2) + (x2 − x1) (

k
x1x2

+
1 + 2k

k
+

k
2
(x1 + x2)) . (4.10)

_e algorithm of the do smart compt subroutine is then as follows:

1. Calculate µmin , µmax and the probabilityW ′.

2. Determine the number N ′ of Compton interactions to be sampled. Ifwe denote by [α] the integer
part of α and by η a random number uniformly distributed between zero and unity, then N ′

=

[W ′N] + 1, if η ≤W ′N − [W ′N], N ′
= [W ′N], otherwise.

3. SampleN ′ scattered photon energies between k′min and k′max from theKlein-Nishina cross section.
_e algorithm is very similar to the one used to sample the full distribution (see e.g. the EGSnrc
manual [7]), except that the constants α1 and α2 have to be calculated using k′min and k′max instead
of k/(1 + 2k) and k as the integration limits.

4. Calculate the corresponding scattering angles and photon directions and reject all photons not
moving towards the COI. Also reject all electrons.

5. Sample one Compton interaction without restrictions. Keep the resulting electron with a weight
of 1. Keep the scattered photon only if its energy is not between k′min and k′max and give it the
weight of 1.
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[13] O. Klein and Y. Nishina. Über die Streuung von Strahlung durch freie Elektronen nach der neuen
relativistischen Quantendynamik von Dirac. Z. für Physik, 52:853–868, 1929.

91





V

Increasing efficiency of BEAMnrc-simulated Co-60

beams using directional source biasing

B.R.B. Walters
Medical Physics

October 2015: Vol. 42: No. 10: 5817−27



Abstract

Purpose:_is studydescribes the implementation of a directional source biasing (DSB)
scheme for eõciently simulating Cobalt-60 treatment heads using the BEAMnrc Monte
Carlo code. Previous simulation of Co-60 beamswith BEAMnrcwere impractical because
of the time required to track photons not directed into the treatment ûeld as well as sec-
ondary charged particles.

Methods: In DSB, eõciency is increased by splitting each photon emitted by the Co-
60 source a user-deûned number of times. Only those split primary photons directed into a
user-deûned splitting ûeld (encompassing the treatment ûeld) are sampled, yielding many
low-weight photons directed into the ûeld. Eõciency can be further increased by taking
advantage of radial symmetry at the top of the treatment head to reduce the number of split
primary photons tracked in this portion. _ere is also an option to generate contaminant
electrons in DSB.

Results: _e DSB scheme in BEAMnrc increases the photon �uence calculation ef-
ûciency in a 10x10 cm2 Co-60 beam by a factor of 1,800 with a concurrent increase in
contaminant electron �uence calculation eõciency by a factor of 1,200. Implementation
of DSB in beampp, a C++ code for accelerator simulations based on EGSnrc and the C++
class library, egspp, increases photon �uence eõciency by a factor of 2,800 and contami-
nant electron �uence eõciency by a factor of 1,600. Optimum splitting numbers are in the
range 20,000–40,000. For dose calculations in a water phantom (0.5×0.5×0.5 cm3 voxels)
this translates into an increased dose calculation eõciency (all doses>0.5×Dmax ) of a fac-
tor of ∼400. An example calculation of the ratio of dose to water to dose to chamber (the
basis of the beam quality correction factor) to within 0.2% in a realistic chamber using a
full simulation of a Co-60 treatment head as a source indicates the practicality of Co-60
simulations with DSB.

Conclusions: _e eõciency improvement resulting from DSB makes Monte Carlo
commissioning of Co-60 beams and calculation of beam quality and correction factors
feasible.
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5.1 Introduction

Ongoing interest in theMonte Carlo modeling of Cobalt-60 treatment beams stems from the possibility
of accurately calculating correction factors[1, 2], commissioningCo-60 beams for use in IMRT[3–5] and
using a Co-60 beam together with magnetic resonance imaging (MRI) in image guided radiotherapy
(IGRT)[4–7].

BEAMnrc[8], a powerful tool for simulating medical accelerators based on the EGSnrcMonte Carlo
package[9], has been used byMora et al[10] to accurately characterize Co-60 beams, however simulation
times to achieve precise results are too long to be of practical use. For example, using Mora et al’s simu-
lation parameters for a 10×10 cm2 beam incident on a 21 cm × 21 cm × 30 cm water phantom (0.5 cm ×
0.5 cm × 0.5 cm voxels) requires over 1,500 h on a 1.8GHzOpteron 244 CPU to obtain 0.1% uncertainty
on doses > 0.5×Dmax .

_e ineõciency of Co-60 simulations is due to the fact that much of the calculation time is spent
tracking photons from the Co-60 source not directed into the treatment ûeld and secondary electrons.
_is work describes a new directional source biasing (DSB) algorithm which addresses these issues by:
1) isotropically splitting each photon emitted by the Co-60 source (primary photon) and sampling only
those split primary photons that are directed into a user-deûned splitting ûeld (encompassing the treat-
ment ûeld), 2) using the radial symmetry of the Co-60 treatment head above the primary collimator
(usually pyramidal) to reduce the number of primary photons tracked above the collimator, and 3) re-
ducing the number of secondary electrons tracked by subjecting them to Russian Roulette. If the user
is interested in contaminant electron eòects, then contaminant electrons can be regenerated by splitting
high-weight electrons upon crossing a user-deûned splitting plane. Electron splitting for simulating con-
taminant electrons inDSB uses the same algorithm as that used by directional bremsstrahlung splitting,
already in place in BEAMnrc[11] for eõcient photon beam calculations.

A description of the DSB algorithm is given in Section 5.2 of the paper. DSB is benchmarked by
performing a voxel-by-voxel comparison of photon and electron particle �uence with and without DSB
turned on. _is accuracy test is described in SectionV.A._e optimization of DSBwith respect to photon
splitting number, nsplit, and theminimum linear distance between radially redistributed photons, ∆,
is described in Sections V.B and V.C. A realistic chamber simulation used to demonstrate the viability of
performing Monte Carlo calculations of kQ is described in Section 5.6. Concluding remarks appear in
Section 5.7.

5.2 _e directional source biasing (DSB) algorithm

InDSB the user deûnes a splitting number, nsplit, by which primary photons emitted from the Co-60
source are split isotropically. _e user also deûnes a splitting ûeld radius, fs, and a source-to-surface
distance at which the splitting ûeld is deûned, ssd. _e splitting ûeld radius should at least encompass
the treatment ûeld.
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Individual rejection of split primary photons not directed into the splitting ûeld is time consuming,
and DSB samples only those photons directed into the splitting ûeld using a variation of a method for
point source biasing developed by Bielajew et al[12].

Given an isotropically radiating point source at a distance ssd directly above the centre of a circular
ûeld of radius fs, Bielajew et al[12] show that sampling the non-uniform spatial distribution of particles
incident on the ûeld is equivalent to sampling a uniform distribution of particles over the circular ûeld
and adjusting particle weights, wt, to be:

wt =
π (fs)

2
ssd

((ssd)
2
+ x2

i + y2
i )

3/2 (5.1)

where xi and yi are the X and Y coordinates of the point of incidence on the circular ûeld. Rearranging
the right hand side of Equation (5.1):

wt =
π (fs)

2

(ssd)
2
⎛

⎝

ssd
√

(ssd)
2
+ x2

i + y2
i

⎞

⎠

3

=
π (fs)

2

(ssd)
2 win

3

(5.2)

where win is the Z direction cosine of the particle. Since π(fs)2

(ssd)2 is a constant, this can be removed, and
particles are weighted by win3 .

Variations in particleweighthave thepotential to adversely aòect the statisticsofMonteCarlo calculations[11],
and an equivalent to generating particleswith the variableweights of Equation (5.2) is to give all particles
the same weight and reject those for which the following criterion is not met:

rnd < win
3 (5.3)

where rnd is a random number on [0,1) chosen for each particle. _is rejection scheme has been used
for years in DOSXYZnrc[13] and EGSnrc user codes[14] for collimated point sources.

Assuming that the radial dimension of the source capsule is small compared to
√

(fs)
2
+ (ssd)

2 (i.e. the source capsule can be regarded as a point source with respect to the split-
ting ûeld), the abovemethod can be applied to DSB. For each split primary photon, nthin photons are
generated with projected ûnal positions uniformly (randomly) sampled over the splitting ûeld, where:

nthin =
(fs)

2

(2 (ssd − zin))2 nsplit (5.4)

where zin is the initialZ position of the emitted photon. Each split photon is then subject to the rejection
criterion of Equation (5.3), and surviving photons all have weight 1/nsplit. Note that Equation (5.4) is
simply nsplitmultiplied by the ratio of the area of the splitting ûeld to the area of the sphere subtended
by the splitting ûeld and the point where the primary photon is emitted.

For each primary photon DSB also generates a single fat photon with a random direction sampled
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isotropically. If the photon is directed outside the splitting ûeld it is kept. In this way primary photons
directed away from the splitting ûeld are adequately represented.

DSB dealswith non-integer values of nthin by ûrst truncating nthin and then comparing a random
number on [0,1) to the remainder. If the randomnumber is less than the remainder, nthin is incremented
by one. _is ensures that, on average, the calculated number of incident photons is generated per primary
history.

5.2.1 Use of radial symmetry

If the treatment head, including the source capsule, is radially symmetric about the Z-axis above a given
plane (the DSB splitting plane) then computation time can be saved by using this symmetry to reduce the
number of photons tracked above this plane. _is is accomplished in DSB by dividing the splitting ûeld
into radial bins as shown in Figure 5.1. _e number of photons directed into bin i is reduced by a factor of
i (and their weight increased by a factor of i). Once these photons reach the splitting plane, below which
radial symmetry no longer holds, the factor of i is recovered by splitting the photons i times (reducing
their weight by a factor of i) and evenly distributing them about their radial position with respect to the
Z-axis.

_e split primary photons entering the splitting ûeld are now simulated by generating nthin′ pho-
tons with projected ûnal positions in the splitting ûeld sampled from the probability distribution func-
tion, pi , for the radial bins, where:

nthin
′

=
(fs)

2

(2 (ssd − zin))2 (
nbin

∑
i=1

p i)nsplit (5.5)

and:
p i =

(r2
i+1 − r2

i )

(fs)
2 i

(5.6)

with the rejection criterion of Equation (5.3). Note that pi is simply the ratio of the area of bin i to the
area of the splitting ûeld reduced by a factor of i (to re�ect the fact that i photons will be regenerated),
and nthin′ is less than nthin from Equation (5.4) because∑nbin

i=1 p i <1.

_e parameter used to divide the splitting ûeld into bins is theminimum linear distance (projected to
ssd), ∆, between photons that are split/redistributed at the splitting plane. _e value of ∆ is a user input,
and a discussion of eõciency of DSB versus ∆ appears in Section V.B below. _e value of ∆ determines
theminimum radius of bin i, ri :

r i =
∆

2 sin ( π
i )

, i = 2, 3, ..., nbin (5.7)

Note that r1=0 and photons directed into bin 1 are not split/redistributed.

_e total numberof radialbins, nbin, is equal to thenumberof times aphoton canbe split/redistributed
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Figure 5.1: A schematic of DSB in a Co-60 treatment head. _e splitting ûeld, deûned by fs and ssd,
is divided into nbin radial bins. For each radial bin i, deûned by minimum radius, ri , the number of
split primary photons directed into the bin is reduced by a factor of i. Once the primary photon crosses
the splitting plane, below which radial symmetry no longer holds, the factor of i is recovered by splitting
the photon i times and redistributing the split photons about their radial position. _eminimum linear
distance between split/redistributed photons (projected to ssd) is ∆, a user input. In general, the linear
distance between split/redistributed photons is∆+δ,where 0 ≤ δ < ∆. Primary photons directed into bin
i have weight i/nsplit. Once they are split/redistributed, they have weight=1/nsplit. _e schematic is
based on the Eldorado Co-60 unit simulated in this study.
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at the outer edge of the splitting ûeld, fs, and is given by:

nbin =
π

asin ( ∆
2fs)
− 1 (5.8)

where ∆
2fs is in radians. Note also that the number of times a photon is split upon reaching the DSB

splitting plane cannot exceed the overall splitting number, nsplit. While this imposes a theoretical
lower limit on the value of ∆, in general the large value of nsplit usedmeans that ∆ is actually limited
by themaximum dimension of the array storing radial bin data (ri , pi , etc).

5.2.2 Treatment of higher order photons and contaminant electrons

Above the DSB splitting plane, secondary photons produced from bremsstrahlung or other radiative
events directed into the splitting ûeld are subject to Russian Roulette with survival probability 1/i, where
i is the index of the radial bin that they are directed into. Surviving photons have their weight increased
by a factor of i.

In general, DSB saves computation time by subjecting all secondary electrons to Russian Roulette
with survival probability i/nsplit (where i is the index of the radial bin into which the parent photon
is directed) above the DSB splitting plane and 1/nsplit below resulting in a very small number of fat
(weight=1) surviving electrons. Contaminant electrons can be regenerated by turning the electron split-
ting option in directional bremsstrahlung splitting[11] on and specifying an electron splitting plane and
a Russian Roulette plane. Non-fat electrons will no longer be subject to Russian Roulette below the Rus-
sianRoulette plane, and fat (weight=1) electrons reaching the electron splitting planewill be split nsplit
times. Any radiative events undergone by non-fat charged particles, with weight i/nsplit, above the
DSB splitting plane are split i times, and resultant photons are subject to Russian Roulette as described in
the paragraph above (Note: the radial bin into which secondary photons are directed is not necessarily
the same as that of the parent photon which gave rise to the charged particle).

5.2.3 So�ware considerations

_e introduction of DSB includes a redeûnition of the BEAMnrc stack variable, iphat. Previously,
iphatwas usedwithdirectionalbremsstrahlung splitting as a�ag to indicate if aparticlewas fat (iphat=1)
or thin (iphat=0). Now, however, particles above the DSB splitting plane can have varying degrees of
“thinness”, depending onwhich radial bin, it i, they or their parent particle is directed into. _e redeûned
iphat takes on values 1,2,...,nbin,nsplit above the DSB splitting plane, where iphat=nsplit means
the particle is fat. _us, iphat keeps an instantaneous record of which radial bin the particle (or its par-
ent) is directed into and allows quick computation of Russian Roulette survival probabilities (1/iphat).
Note that below the DSB splitting plane iphat will be either 1 (thin) or nsplit (fat).
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5.2.4 Augmented range rejection

Simulations using DSB also make use of a time-saving feature called augmented range rejection (ûrst
introduced with directional bremsstrahlung splitting[11]). Charged particles that are not fat and have
energy ≤ ESAVE are ûrst subject to range rejection. If they are not eliminated in this way, then they are
subject to Russian Roulette with survival probability iphat/nsplit. If they survive Russian Roulette,
then they have their weight increased by a factor of iphat (i.e they become fat). _is can save some
simulation time over standard range rejection, although in the case of the Co-60 irradiators described
here, the savings amount to only a few percent.

5.2.5 Numerical example

A measure of the number of split primary photons generated by DSB can be obtained by considering a
typical Co-60 treatment head with ssd=100 cm and a 10 cm × 10 cm treatment ûeld. Using a splitting
ûeld radius, fs, of 10 cm and an optimum splitting number, nsplit, of 20,000 (see SectionV.B below) in
Equation (5.4), DSB generates approximately 50 photons directed into the splitting ûeld per photon emit-
ted by the source. If radial symmetry is used with ∆=1.5 cm (see Section V.B), DSB divides the splitting
ûeld into 40 radial bins with a sum of probabilities of a particle being directed into each bin,∑nbin

i=1 p i , of
5.35×10−2 (individual pi calculated using Equation (5.6)). _is reduces the number of photons per pri-
mary event to approximately 3. _is example indicates the large splitting numbers involved when using
DSB and the degree of repetition of information in the radially symmetric portion of the treatment head.

5.3 Simulations

5.3.1 Co-60 beam simulations

In order to study the eõciency of DSB, Co-60 beams are simulated using both BEAMnrc and beampp.
_e latter uses the EGSnrc C++ class library, egspp[15], to simulate accelerators. It has much of the
functionality of BEAMnrc and uses BEAMnrc input ûles. With both BEAMnrc and beampp, the Co-60
simulations are run as shared-library sources. Shared library sources have been shown[16] to be similar
in eõciency to phase space sources, provided that variance reduction techniques are used to optimize
the accelerator simulation, and have the advantage that large phase space ûles need not be stored.

Geometric parameters used for the Co-60 beam simulations are the same as those employed byMora
et al[10] to simulate an Eldorado 6 unit used at the National Research Council Canada for ion chamber
calibrations. _e Co-60 source is modeled using BEAMnrc[8] source 3. _e energy spectrum of the
source is a simple two-line spectrum, with equiprobable gamma rays at 1.17 and 1.33 MeV.

To reduce their simulation times,Mora et al[10] varied the electron transport cutoò energy (ECUT)
throughout the treatment head,with ECUT ranging from 0.6MeV in the collimator air and air gap to 1.921
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MeV in the lead and iron in the source container. Moreover, they employed range rejection – immediate
cessation of charged particle transport if the particle cannot make it to the nearest region boundary –
on charged particles at all energies (i.e. the ESAVE parameter was set > 1.33 MeV). _ese time saving
techniques impact bremsstrahlung yield, and it is found that they result in a ∼0.5% diòerence in peak
photon �uence per primary history when compared to simulations where ECUT is set to 0.7 MeV in all
regions except the collimator air and air gaps and range rejection is only performed on charged particles
with energy ≤ 0.7 MeV (ESAVE=0.7 MeV). Since <0.5% precision is desired to assess potential biases
in photon �uence introduced by the DSB algorithm, all simulations in this study use ECUT=0.7 MeV
everywhere except collimator air and air gaps,where ECUT=0.6MeV, and range rejectionwith ESAVE=0.7
MeV. _e photon transport cutoò energy (PCUT) is 0.01 MeV.

_e radial symmetry of this particularCo-60 treatment head geometry ends at the top of the primary
collimator (which has square symmetry and is simulated using a PYRAMIDS component module in
BEAMnrc). _us, the DSB splitting plane, where photons are split and redistributed evenly about their
radial position, as described in Section 5.2 above, is placed at the top of the primary collimator geometry
(Z=1.5 cm) in all simulations using DSB.

In order to include contaminant electrons in the beam, Co-60 simulations with DSB are run with
the electron splitting option turned on. Investigations of contaminant electrons undertaken as part of
this study show that contaminant electrons reaching the treatment ûeld originate in the source container
(ending at Z=0 in the BEAMnrc simulation geometry), the primary collimator (ending at Z=7.7 cm) and
the ûeld-deûning aperture (ending at Z=27.4 cm). _us, to include all potential contaminant electrons,
the electron splitting plane (where fat electrons are split nsplit times) is placed at the bottomof the ûeld-
deûning aperture (modeled using a PYRAMIDS geometry in BEAMnrc and beampp) with the Russian
Rouletteplane (belowwhichRussianRoulette isnotplayedwith thin electrons)deûned atZ=27 cm. Since
there is no radial symmetry at the bottom of the aperture, the option to redistribute the split electrons
evenly about their radial position at the electron splitting plane is not used. For more information about
electron splitting with directional bremsstrahlung splitting, see the paper by Kawrakow et al[11].

Fluence calculations described below are performed with and without electron splitting, while the
dose and chamber calculations all include contaminant electrons.

5.3.2 Fluence calculations

Fluence at the bottom of the accelerator is scored using a custom EGSnrc user code, fluxyznrc, which
scores planar �uence divided by the Z direction cosine (thus, an estimate of the actual �uence) in rect-
angular scoring zones. _e simulation time for the fluxyznrc geometry is negligible compared to that
for the Co-60 shared library source, so �uence eõciencies determined using fluxyznrc are the same
as those of a stand-alone Co-60 simulation. Note that the grid �uence scoring option in BEAMnrc[8]
could also have been used to determine �uence and �uence eõciency.
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5.3.3 Dose calculations

Doses are calculated in a water phantom with X, Y and Z dimensions of 20.5 cm, 20.5 cm and 30 cm,
respectively, using the EGSnrc user code, DOSXYZnrc[13]. Dose scoring voxels are 0.5 cm × 0.5 cm ×
0.5 cm. ECUT and PCUT in the phantom are 0.7 MeV and 0.01 MeV, respectively. In order to increase
dose calculation eõciency in the phantom, photons are split 32 times (withweight reduced by 1/32)with
interaction sites distributed evenly along the original photon path. For more information about photon
splitting inDOSXYZnrc, see the paper byKawrakow andWalters[16]. In order to prevent higher-weight
electrons from compromising statistics in the dose phantoms, contaminant electrons in the Co-60 beam
are split 32 times upon entering the phantom. In addition, the “HOWFARLESS” option for increasing
the eõciency of dose calculations in a homogeneous phantom by speeding up charged particle transport
is also used. For more information on “HOWFARLESS”, see the paper by Walters and Kawrakow[17].

In these dose calculations, the air gap between the bottom of the ûeld-deûning aperture and the
source-to-surface distance (ssd=100 cm) is included in the DOSXYZnrc simulation instead of the Co-
60 simulation as this has been found[16] to be slightly more eõcient when photon splitting is used.

5.3.4 Chamber calculations

_e beam quality correction factor, kQ , for an ion chamber is given by[1]:

kQ =
[Dw/Dc]Q

[Dw/Dc]
60Co (5.9)

where Q denotes the beam quality, Dc is the dose to the chamber, and Dw is the dose to a small volume
of water at the same point of measurement. _e Co-60 dependent ratio, [Dw/Dc]

60Co , is measured or
calculated at a reference depth of 5 cm.

In this study, [Dw/Dc]
60Co is calculated for a simulated Farmer NE-2571 chamber. _e NE-2571

is a thimble chamber commonly used for clinical linear accelerator calibrations. _e geometry of the
simulated NE-2571 chamber is based on that used by La Russa et al[18] and Muir and Rogers[19] and
uses radiographic measurements of the chamber made at the National Research Council Canada. Sim-
ulations are performed using the egs chamber user code, which uses the egspp C++ class library for
EGSnrc[15] and which has been optimized for eõcient calculations of in-phantom ion chamber dose by
the introduction of photon cross-section enhancement in the chamber cavity volume and other variance
reduction techniques[20]. _e electron and photon transport cutoò energies, ECUT and PCUT, used in
these simulations are 0.521 MeV and 0.01 MeV, respectively.

_e ratio, [Dw/Dc]
60Co , for a 10 × 10 cm2 ûeld (ssd=100 cm) calculated using a full, optimized

BEAMnrc simulation of the Co-60 beam as a shared library source is compared with the same ratio
calculated using a simple photon point source with an energy spectrum derived from phase space data
collected at the bottom of the optimized BEAMnrc simulation. Phase space data are collected for 55×106

photons, representing 10×106 primary histories, and is suõcient to obtain 0.1% uncertainty on spectral
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peaks with an energy resolution of 0.01 MeV. In the case of the full simulation source, contaminant elec-
trons are included in the chamber calculation.

5.4 Eõciency

_e eõciency, є, of a simulation is given by:

є = 1
Tσ 2 (5.10)

where σ is uncertainty, usually estimated as the standard deviation, on the quantity of interest (i.e. dose
or �uence), and T is the CPU time required to obtain the value of σ .

In this study, eõciency calculations are performed on 1.8GHzOpteron 244CPU’s. Every calculation
is broken up into 15 separate jobs to allow uncertainties on the eõciencies to be estimated.

5.5 Results

5.5.1 Fluence accuracy

Figure 5.2 shows the fractional diòerence between �uence calculated with and withoutDSB for photons
and contaminant electrons. Particle �uence scoring zones in the fluxyznrc code are 2 cm × 10 cm (i.e.
the entire Y-dimension of the ûeld is included). _e large scoring zones are used so that high precision
can be obtained in a reasonable amount of time. Without DSB, photon �uences are calculated to within
0.05% uncertainty and electron �uences are calculated towithin 1.5% uncertainty (with reasonable simu-
lation times becoming the limiting factor), while withDSB, photon �uence is calculated to within 0.03%
uncertainty and electron �uence to within 0.8% uncertainty.

Figure 5.2 shows agreement between photon �uence estimatedwithDSB andwithoutDSB towithin
2σ across the treatment ûeld. Given this level of agreement, there is a 5% likelihood that the apparent
systematic overestimation of photon �uencewithDSBmay be due to statistics in the calculationwithout
DSB. Given thehigh precision of these calculations, however, any systematic diòerence due toDSBwill be
insigniûcant in practical applications. Increasing the precision of the calculationwithoutDSB to conûrm
whether or not the diòerence is statistically signiûcant is impractical given the length of time already
required to achieve 0.05% uncertainty. Figure 5.2 shows that, within the precision available from the
simulation with noDSB, no signiûcant change in electron �uence occurs whenDSB is used. Diòerences
similar to those in photon �uencemight occur if electron �uence was calculated down to similarly high
precision. In addition, Figure 5.2 shows that DSB calculations using BEAMnrc and beampp are in good
agreement.
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Figure 5.2: X-direction proûle of the fractional diòerence between particle �uence calculated without
source biasing (DSB) and with DSB in the 10 × 10 cm2 ûeld (ssd=100 cm) of a simulated Co-60 beam.
Results are shown for photons and electrons. _e DSB simulations are performed with nsplit=2000
and electron splitting below the ûeld-deûning aperture. Calculations with DSB are done using both
BEAMnrc (diòerences shown as solid lines) and beampp (diòerences shown as dashed lines) simulation
sources, while the reference calculation withoutDSB is performed using a BEAMnrc simulation source.
Fluence scoring zones are 2 cm × 10 cm. Normalized photon and electron particle �uence proûles are
also shown.

5.5.2 Fluence calculation eõciency

Figure 5.3 shows the total calculation eõciency of photon and electron �uence inside the 10 × 10 cm2

ûeld as a function of nsplit. Eõciency is expressed relative to that without DSB.

Figure 5.3 indicates that themaximumphoton �uence eõciency occurs at nsplit≈20,000 forCo-60
simulations using BEAMnrc and at nsplit≈30,000 for simulations using beampp. _e eõciency shows
little variation around the maximum, so the exact choice of nsplit is not critical. Also note that the
generation of contaminant electrons does not signiûcantly decrease the photon �uence eõciency. _is
implies that tracking the additional electrons through the airgap below the ûeld-deûning aperture does
not signiûcantly increase the simulation time.

Maximum eõciencyof the contaminant electron�uence calculation occurs at lower valuesofnsplit,
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Figure 5.3: Total calculation eõciency of photon and electron particle �uence inside the 10 × 10 cm2

ûeld (ssd=100 cm) of Co-60 beams simulated with DSB as a function of the splitting number, nsplit.
Eõciencies are relative to the BEAMnrc simulation without DSB. Particle �uence is scored in 1 × 1 cm2

zones and total eõciency is calculated by summing the squares of the uncertainties in each zone con-
tained within the ûeld and using this as σ 2 in Equation (5.10). Simulations withDSB are performed with
BEAMnrc (solid lines) and beampp (dashed lines). Photon �uence eõciency is also shown for simula-
tions in which contaminant electrons are not generated (thin lines).

with maxima at nsplit≈7,500 for the BEAMnrc simulation and nsplit≈15,000 for the beampp simu-
lation. With increasing nsplit, the uncertainty in electron �uence eõciency increases. _e arrival of a
contaminant electron in the ûeld is a low-probability event, and, thus, the increased variability in elec-
tron �uence with increasing nsplit is expected. Since electron �uence is such a small fraction (∼0.1%)
of the total �uence, the optimum setting of nsplit is chosen to be thatwhichmaximizes photon �uence
eõciency.

Figure 5.4 shows photon and electron particle �uence eõciency in 1 × 1 cm2 scoring zones along the
X-axis of the treatment ûeld. _e values of nsplit for the simulations shown here are chosen to be at or
near maximum photon �uence eõciency in Figure 5.3.

Figure 5.4 shows that the gain in photon �uence eõciency due to DSB is almost constant across the
10 × 10 cm2 ûeld. _e electron �uence eõciency gains have high uncertainty due to the large values of
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Figure 5.4: Calculation eõciency of photon and electron particle �uence in 1× 1 cm2 scoring zones along
the ûeldX-axis in 10 × 10 cm2 Co-60 beams (ssd=100 cm) simulatedwithDSB._e splitting ûeld radius,
fs, is 10 cm. Eõciencies are relative to the BEAMnrc simulationwithnoDSB._e�uenceproûles are also
shown for reference. _e splitting numbers (nsplit) used are 20,000 for simulations using BEAMnrc
(with and without electron splitting to generate contaminant electrons), 32,000 for the beampp simu-
lation with electron splitting, and 30,000 for the beampp simulation without electron splitting. _ese
values of nsplit result in maximum, or near-maximum, photon �uence eõciency.

nsplit necessary to maximize photon �uence eõciency (see above for amore detailed explanation).

Figure 5.5 shows the variation in total �uence eõciency for photons and electrons in the ûeld as a
function of ∆, theminimum linear distance (as projected to the ssd of 100 cm) between photons when
they are split and redistributed about their radial position at the DSB splitting plane.

From Figure 5.5 it is evident that �uence eõciency does not vary greatly over a large ∆ range (1 cm –
2.5 cm). _e value of ∆ used for all other simulations in this study is 1.5 cm, which gives near-maximum
eõciency gains for photon �uence.

Overall, the scheme of splitting and redistributing photons upon leaving the radially symmetric por-
tion of the treatmenthead increases themaximum total �uence eõciency (obtainedwithnsplit=20,000
and ∆=1.5 cm) by ∼20% for the photon �uence calculation and ∼15% for the contaminant electron �uence
calculation.
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Figure 5.5: Calculation eõciency of total photon and electron �uence inside the 10 × 10 cm2 ûeld
(ssd=100 cm) of the Co-60 beam simulations as a function of the DSB parameter, ∆, the minimum
linear distance (projected to ssd) between photons when they are split and redistributed about their
radial position at the splitting plane (the top of the primary collimator). _e splitting ûeld radius, fs,
is 10 cm. Eõciencies are relative to the BEAMnrc calculation without DSB. For BEAMnrc simulations
nsplit=20,000 and for beampp simulations nsplit=32,000, which result in maximumphoton �uence
eõciency.

5.5.3 Dose calculation eõciency

Figure 5.6 shows the total calculation eõciency of doses > 0.5×Dmax as a function of nsplit for the
Co-60 beam incident on a water phantom. Doses are calculated to within 0.5% uncertainty in simula-
tions usingDSB and towithin 1.5% uncertainty withoutDSB. _e variance reduction techniques used in
DOSXYZnrc (“HOWFARLESS” and photon splitting) increase the eõciency of the reference (BEAM-
nrc with no DSB) calculation by a factor of approximately 30. Note the dotted line showing the relative
eõciency of the calculation without DSB using the time-saving strategies ofMora et al[10] (see Section
III.A above): high values of ECUT in the source container and range rejection at all energies.

Similar to �uence eõciency as a function of nsplit (see Figure 5.3), the dose calculation eõciency
with DSB is maximized at splitting numbers in the range 20,000–40,000, with the optimum value of
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Figure 5.6: Total calculation eõciency of doses > 0.5×Dmax as a function of the splitting number,
nsplit, for the 10× 10 cm2 Co-60 beam incident on awater phantom. Eõciencies are relative to the eõ-
ciency using BEAMnrcwithoutDSB. _ewater phantom is modeled usingDOSXYZnrc and has overall
X, Y, Z dimensions 20.5 cm × 20.5 cm × 30 cm divided into 0.5 cm × 0.5 cm × 0.5 cm voxels. Results are
shown for simulations using DSB with BEAMnrc (solid line) and with beampp (dashed line). Doses are
calculated to within 0.5% uncertainty in simulations using DSB and to within 1.5% uncertainty without
DSB. _e dotted line shows the eõciency of the calculation without DSB using the strategy of varying
ECUT and performing charged particle range rejection at all energies employed by Mora et al[10]. All
calculations use 32× photon splitting and the “HOWFARLESS” option for speeding up charged particle
transport in the DOSXYZnrc phantom. Doses include contributions from contaminant electrons.
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nsplit for BEAMnrc simulations being lower than that for beampp simulations. Also, the eõciency
does not vary signiûcantly over a large range of nsplit values around the maximum, so the exact set-
ting of nsplit is not critical. Note that themaximum dose eõciency of DSB simulations using beampp
is only ∼5% higher than the maximum eõciency of DSB simulations using BEAMnrc. _is is in con-
trast to �uence eõciency, where the maximum eõciency of photon �uence calculated with beampp is
∼55%higher than that calculatedwithBEAMnrc, and shows that,with highly-eõcient beam simulations,
the time required for the DOSXYZnrc phantom calculation becomes the dominant factor in the overall
eõciency.

_e gain in dose calculation eõciency achieved with DSB is approximately 40 times greater than
that obtained using the time-saving techniques ofMora et al[10]. _us, the calculation mentioned in the
Introduction that requires over 1,500 h on a 1.8GHzOpteron 244CPU to obtain < 0.1% dose uncertainty
now requires only ∼37.5 h. Moreover, the use of Mora et al’s parameters has been found to result in
inaccuracies in �uence/primary history (see Section III.A) which will result in dose inaccuracies.

5.6 Chamber calculations

Based on the �uence eõciency results in SectionV.B above, the BEAMnrc simulation of the Co-60 beam
used to calculate [Dw/Dc]

60Co is optimized using a DSB splitting number, nsplit, of 20,000 and amin-
imum linear distance between redistributed split photons, ∆, of 1.5 cm.

Dc and Dw are calculated to within 0.1% uncertainty, requiring total cpu times of 6.9 h and 2.3 h,
respectively, for calculations using the full Co-60 simulation source, and 4.9 h and 1.3 h, respectively, for
calculations using the photon point source.

_e value of [ Dw
Dc

]

60Co
calculated at a depth of 5 cm for a 10 cm × 10 cm ûeld (ssd=100 cm) using the

full Co-60 beam simulation source is 1.109 ± 0.002. _e value of [ Dw
Dc

]

60Co
calculated using the photon

point source is 1.108 ± 0.002. Agreement at this level has also been observed by Muir and Rogers[19]
using a phase space source derived from a BEAMnrc Co-60 treatment head simulation and conûrms the
negligible eòect of contaminant electrons at 5 cm depth and the unimportance of the geometric details
of the Co-60 treatment head for these calibrations.

5.7 Conclusion

Using the techniqueof splitting primaryphotons emitted by the source and sampling only those splitpho-
tons directed into a user-deûned (encompassing the treatment ûeld), directional source biasing (DSB)
greatly increases the eõciency of Co-60 treatment head simulations (10 × 10 cm2 ûeld). Total eõciency
of in-ûeld photon �uence increases by a factor of approximately 1,800 when the treatment head is simu-
lated using BEAMnrc and approximately 2,800 when the treatment head is simulated with beampp, an
accelerator simulation code using the egspp C++ class library. Total eõciency of contaminent electron
�uence increases by approximately 1,200 with BEAMnrc and approximately 1,600 with beampp. Total
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dose calculation eõciency increases by a factor of approximately 400. Even when cpu time is saved in
the calculation without DSB by setting high values of ECUT in the source capsule and using charged
particle range rejection at all energies, the calculationwithDSB is approximately 40 times more eõcient.

_e DSB algorithm also saves computation time by taking advantage of the radial symmetry at the
top of the Co-60 treatment head to reduce the number of photons tracked there and by playing Russian
Roulette with secondary electrons, regenerating the latter if electron contamination is to be included.

Together with variance reduction techniques already in place in DOSXYZnrc (photon splitting,
“HOWFARLESS”), DSB allows calculations that were previously prohibitively long to be done in a rea-
sonable amount of time. _e photon splitting numbers (nsplit) at which DSB reaches maximum ef-
ûciency are in the range 20,000–40,000. _e optimum splitting number is likely to vary depending on
ûeld size and scoring voxel size, however eõciency does not vary greatly about themaximum value, and
a setting of nsplit=20,000 should achieve near-maximum eõciency.

Use of DSB opens up the possibility of regularly performing Monte Carlo Co-60 treatment head
simulations which can be used to commission Co-60 beams for use in IMRT and IGRT. Also, since Co-
60 is used as the reference in determining beam quality factors and correction factors, DSB facilitates
accurate calculations of these in a reasonable time. _is is illustrated above by the example calculation
of [Dw/Dc]

60Co in a realistic ion chamber using a full BEAMnrc simulation of a Co-60 treatment head
as a source.

Finally, DSB is not limited to Co-60 sources but will increase the eõciency of other isotropically
radiating sources, such as Cs-137, making simulation of these sources more practical. _e DSB option
has been implemented in the current release of BEAMnrc, and documentationwill be included in future
releases of the BEAMnrc Users Manual.
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Abstract

Cone beam computed tomography (CBCT) is a relatively new patient imaging tech-
nique that has proved invaluable for treatment target veriûcation and patient positioning
during image-guided radiotherapy (IGRT). It has been shown that CBCT results in addi-
tional dose to bone thatmay amount to 10%of the prescribed dose. In this study, voxelized
human phantoms, FAX06 (adult female) andMAX06 (adult male), are used together with
phase-space data collected from a realistic model of a CBCT imager to calculate dose in
the red bone marrow (RBM) and bone surface cells (BSC), the two organs at risk within
the bone spongiosa, during simulated head and neck, chest and pelvis CBCT scans. _e
FAX06/MAX06 phantoms model spongiosa based on micro-CT images, ûlling the rele-
vant phantom voxels, which are 0.12×0.12×0.12 cm3 , with 17×17×17 µm3 micro voxels to
form a micro-matrix of trabecular bone and bone marrow. FAX06/MAX06 have already
been implemented in an EGSnrc-basedMonte Carlo code to simulate radiation transport
in the phantoms, however this study required signiûcantmodiûcations of the code to allow
use of phase-space data from a simulated CBCT imager as a source and to allow scoring of
total dose, RBM dose and BSC dose on a voxel-by-voxel basis. In simulated CBCT scans,
the BSC dose is signiûcantly greater than the dose to other organs at risk. For example, in
a simulated head and neck scan, average BSC dose is 25% higher than the average dose to
eye lens (∼ 8.3 cGy), and 80% greater than the average dose to brain (5.7 cGy). Average
dose to RBM, on the other hand, is typically only ∼50% of the average BSC dose and less
than the dose to other organs at risk (54% of the dose to eye lens and 76% of dose to brain
in a head and neck scan). _us, elevated dose in bone due toCBCT results in elevated BSC
dose. _is is potentially of concern when using CBCT in conjunction with radiotherapy
treatment.



CBCT dose calculations

6.1 Introduction

With the advance of imaging technology the Image-guided radiation therapy (IGRT) has become the
new paradigm in radiotherapy. A promising new technique in image-guided radiotherapy (IGRT) is
cone-beam computed tomography (CBCT)[1–8]. Using kilovoltage (kV) photon beams, CBCT can pro-
vide accurate 3-D volumetric knowledge about patient anatomy for every treatment fraction and is suit-
able for adaptive corrections of treatment positioning variations[1, 2, 9, 10]. Recent studies demonstrate
that imaging guidance procedures in radiotherapy may add signiûcant additional doses to the normal
tissues[11–14]. _erefore information regarding additional dose due to CBCT is important to clinicians
in order to make informed decisions regarding its frequency of use.

Unlike in photon beams in the megavoltage energy range there are large variations in mass-energy
absorption coeõcients between bone and so� tissues due to the photoelectric eòect in the kilovoltage
range[15–17]. Recent studies[14, 18] have demonstrated that the patient bony anatomy receives up to a
factor of 2-4 higher dose than so� tissues in a typical kVCBCT scan. During a treatment procedure, this
translates into an additional dose to bone that may amount to 10% of the prescribed dose. _e organs
at risk within the skeleton, as identiûed by the ICRP[19], are the haematopoietic stem cells of the bone
marrow, called “red bone marrow” (RBM), and the osteogenic cells on the endosteal surfaces, called
“bone surface cells” (BSC). _e RBM consists mainly of myeloid tissue which gives rise to red blood
cells, platelets and most white blood cells. _e BSC layer is currently considered to have a thickness
of 10 µm[19]. _e bone marrow, together with other skeletal so� tissue and its supporting structure
of trabecular bone, comprise what is known as the spongiosa[20]. Spongiosa is found throughout the
skeletonmainly in the �at bones, such as the hip bone, breast bone, skull, ribs, vertebrae, shoulder blades,
and at the proximal ends of the femur and humerus.

_is study presents Monte Carlo calculations of dose in realistic human female/male phantoms
(FAX06/MAX06) during simulated head and neck, chest and pelvic CBCT scans. _e FAX06/MAX06
phantoms allow dose to spongiosa to be decomposed into dose to RBM and dose to BSC in an attempt to
determine if the elevated bone dose due to CBCT translates into elevated dose in these sensitive organs.

Section 6.2 introduces the FAX06/MAX06 phantoms developed by Kramer et al[21] including a de-
tailed description of how the spongiosa is modeled. Modiûcations to the EGSnrc-based[22, 23] user
codes which model transport in FAX06/MAX06 to allow the use of phase-space sources and dose scor-
ing on a voxel-by-voxel basis are described in Section 6.2.1. Section 6.3 brie�y describes the phase-space
source provided by Ding et al[14] from their BEAMnrc[24] Monte Carlo simulation of a Varian OBI
CBCT system, and Section 6.4 describes the procedure developed by Ding et al[14] to calibrate Monte
Carlo-calculated dose. _e simulation parameters used in the FAX06/MAX06 dose calculations for the 3
diòerent scans are described in Section 6.5. Dose results, including cumulative dose volume histograms
(DVH’s) for various organs (including RBM and BSC) are shown in Section 6.6. Concluding remarks
appear in Section 6.7.
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6.2 _e FAX06/MAX06 voxelized human phantoms

_e FAX06/MAX06 voxelized adult female/male phantoms were developed for radiation protection
dosimetry and are described in detail by Kramer et al[21]. _ese phantoms have been reconstructed
from segmented CT images of a female andmale patient. Phantoms are divided into 0.12×0.12×0.12 cm3

voxels and have lateral width 56.88 cm (474 voxels), anterior-posterior depth 26.64 cm (222 voxels), and
height 175.32 cm (1461 voxels) for themale and 163.08 cm (1359 voxels) for the female. _us,MAX06 has
a total of 153,738,108 voxels, and FAX06 has 143,004,852 voxels. Note that not all voxels are ûlled with
tissue, as air outside any parts of the body that do not extend the full lateral width or anterior-posterior
depth and air between non-contiguous parts of the body (e.g. between the legs) is also modeled. _e X-
Y-Z coordinate system of the phantom is a right-handed system deûned such that the X-axis is from the
phantom’s le� to right in the lateral direction, the Y-axis is anterior-posterior, and the Z-axis goes from
the head to the feet of the phantom. _e origin is deûned such that the phantom contains no negative
coordinates (i.e. it is the top le� front corner of the phantom). Organ volumes and masses and tissue
composition in FAX06/MAX06 are based on up-to-date values recommended by the InternationalCom-
mission on Radiological Protection (ICRP)[25] and the International Commission on Radiation Units
(ICRU)[26].

In a further reûnement of the FAX06/MAX06 phantoms that is particularly useful for this study,
Kramer et al[27] introduced precise modeling of spongiosa in the skeleton based on micro-CT images.
Spongiosa is deûned as trabecular bone plus its supported so� tissue, including the organs at risk: red
bonemarrow (RBM) and bone surface cells (BSC). For amore complete description of the spongiosa, see
Section 6.1 above. FAX06/MAX06 models spongiosa by dividing spongiosa voxels into micro-matrices.
A micro-matrix consists of micro voxels with resolution 17.65 µm (68×68×68 micro voxels), 30 µm
(40×40×40 micro voxels) or 60 µm (20×20×20 micro voxels). _e structure ofmicro-matrices is based
on micro-CT images of spongiosa. Since it is computationally impractical to ûll each of the ∼2 million
spongiosa voxels in a FAX06/MAX06 phantom with a diòerent micro-matrix, for the purposes of dose
calculations Kramer et al adopted a repeating structure of 8 diòerent micro-matrices. _ese micro-
matrices are applied to the relevant spongiosa voxels on the �y during dose calculations. In addition to
modeling a contiguous spongiosa structure,micro-matricesmust alsomatch the trabecular bone volume
fractions (TBVFs) at diòerent sites in the skeleton. Five diòerent TBVFs throughout the human skeleton
have been identiûed by the ICRP[20]: 10% (ribs), 12% (spine), 15% (long bones), 20% (pelvis) and 55%
(skull/mandible). Each of these TBVFs requires its own set of 8 micro-matrices. _us, FAX06/MAX06
has data for 40 micro-matrices in all.

Figure 6.1 shows a slice through the chest (at Z=40 cm) of the MAX06 phantom. _e anatomical
structures are clearly visible in this cross-section, with the black portions indicating the location of the
spongiosa in the spine, humerus and rib cage. _e top image is one of the 8 micro-matrices (dimen-
sions 0.12 cm × 0.12 cm × 0.12 cm) used to model the spongiosa in the location indicated (the humerus,
TBVF=15%). During particle transport through the spongiosa, the 8micro-matrices are applied on the
�y in a systematic periodic way to create a 2 × 2 × 2 micro-matrix cluster, the structure of which is
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preserved and repeated as required.

Figure 6.1: A slice (at Z=40 cm) through the chest of the MAX06 phantom indicating the locations
of spongiosa (black) in the spine, humerus and rib cage. _e top image shows one of the 8 diòerent
micro-matrices (0.12 cm × 0.12 cm × 0.12 cm) used tomodel the spongiosa in the humerus (TBVF=15%),
indicating the trabecular bone and bonemarrow portions. Eachmicro-matrix is comprised of 68×68×68
micro voxels having dimensions 17.65 cubic µm and ûlled with either trabecular bone or bone marrow.
Bone surface cells (BSC) arenotmodeled explicitly but for the purposes of dose deposition are considered
to be a 10 µm layer of bonemarrow adjacent to trabecular bone.

In the ûrst implementation of micro-matrices in the spongiosa of FAX06/MAX06 by Kramer et
al[27], each micro voxel contained either trabecular bone, bone marrow (includes RBM) or BSC. As
mentioned above, BSC is considered to be a 10 µm layer covering the surfaces of trabecular bone, while
the highest resolution micro voxels are 17.65 cubic µm. _us, actual BSC dose could only be arrived at by
extrapolating results obtained using 60 cubic µm, 30 cubic µm and 17.65 cubic µm micro voxels. Amore
recent approach[28], and the one employed in this study, uses only trabecular bone- and bonemarrow-
ûlledmicro voxels and estimatesBSCdose by considering the electron step length in bonemarrowvoxels.
If dose is distributed evenly over the step (not strictly true since this does not account for the full curved
path of the electron, but it has been found to be suõciently accurate in such small micro voxels) then the
BSC dose deposited during the step is the total dose deposited times the fraction of the step that iswithin
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10 µm of a voxel containing trabecular bone (note that this fraction can be zero). Using this method to
estimate BSC dose, it may be thought that the resolution required in themicro-matrices can be relaxed
somewhat (and dose computation time decreased) by using the 60 cubic µm micro voxels. However,
Kramer et al[28] found signiûcant diòerences between BSC doses calculated using the 60 cubic µm, 30
cubic µm and 17.65 cubic µm micro voxels at low energies. _us, in this study, the 17.65 cubic µm micro
voxel resolution is used as it potentially provides themost accurate representation of spongiosa structure.
In both the original and the more recent implementation of micro-matrices, dose to RBM is calculated
bymultiplying dose in bonemarrowmicro voxels by a cellularity factor representing the fraction ofRBM
in themarrow.

In the discussion that follows, micro voxels containing bone morrow are referred to as containing
RBM, since it is the RBM fraction of themarrow that is of interest.

6.2.1 Modiûcations to FAX06/MAX06 user codes

For the dose calculations described in references[27, 28], the FAX06/MAX06 phantoms were imple-
mented in an EGSnrc-based user code. EGSnrc[22, 23] is a systemofMonte Carlo codes for the accurate
simulation of radiation transport. _e existing FAX06/MAX06 user code allowed calculation of whole
body and bone-speciûc doses to RBM, BSC and total doses to many so� tissue organs for a variety of
radiation sources including exterior parallel beams and point sources of user-speciûed charge, energy
and ûeld size, and internal sources of user-speciûed charge and energy emitting from a user-speciûed
organ.

_is study required implementation of a phase-space source in the FAX06/MAX06 user code. _e
phase-space sourcemakes use of the phase-space handling macros included as part of the EGSnrc code
system[23] (and used to implement phase-space sources in many existing EGSnrc user codes) to read
phase-space data output by BEAMnrc[24] simulations. Figure 6.2 shows the phase-space source incident
in a simulated head and neck scan. _e source allows the user to specify an isocentre anywhere within
the FAX06/MAX06 phantom, the distance, d, from the origin of the phase-space source to the isocentre,
and a polar angle, θ, rotating this distance vector about the X-axis of the phantom. _e polar angle is
deûned such that at 0 degrees the source points along the Z-axis (i.e. from the top of the phantom),while
θ=90 degrees points the source along the negative Y-axis (i.e. from the back of the phantom). During
a simulation, azimuthal rotation of the source (actually, the isocentre-source distance vector) about the
Z-axis is obtained by randomly sampling azimuthal angles, ϕ, in the range 0-360 degrees for each new
primary history simulated. _e azimuthal angle is deûned relative to the phantom Y-axis. Azimuthal
rotation is used to simulate rotation of the CBCT source-detector about the patient during a scan.

_e existing FAX06/MAX06 user code also required modiûcation to allow scoring of total, RBM
and BSC dose on a voxel-by-voxel basis. Since the phantom contains so many voxels, it is impractical
to consider dose in every voxel. _erefore, an input is introduced allowing the user to specify X, Y and
Z planes deûning a dose region. _e location of the dose region will depend upon the particular scan
being simulated. Total dose is scored in every voxel in the dose region but in none outside of it. Voxel-
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Figure 6.2: A schematic of the phase-space source in the FAX06/MAX06 user code added for this study.
_e user speciûes the isocentre point, the distance from the origin of the phase-space plane to the isocen-
tre, d, and the polar angle, θ, between the negative Z-axis and d. During the simulation, random az-
imuthal angles, ϕ, in the range 0-360 degrees are chosen for each new primary history simulated to sim-
ulate a 360 degree CBCT scan. Azimuthal angles are deûned relative to theY-axis. Note that a simulation
with θ=0 points the source in the Z-direction.

by-voxel RBM and BSC doses must also be scored separately, but since not every voxel in a dose region
has micro voxels containing RBM/BSC, signiûcant memory can be saved by using smaller scoring arrays
for the RBM and BSC doses. _is requires an additional “index” array that maps the index of every voxel
containing RBM/BSC in the dose region to its counterpart in the reduced RBM and BSC dose arrays. In
the simulated chest scan of FAX06 described below, the dose region contains 20,345,702 voxels, while
only 479,502 contain any RBM/BSCmicro voxels.

Doses calculated using the modiûed code can either be stored in an ASCII format used by the
DOSXYZnrc user code[29], called .3ddose format, or in a much smaller binary (.bindose) format.
_e .3ddose format allows isodose contours to be displayedusing the dosxyz show[30] tooldistributed
withBEAMnrc/DOSXYZnrc. Unfortunately, .3ddoseûles for such large dose arrays canbeprohibitively
large (especially if running many parallel jobs). _us, it is preferable to use themuch smaller .bindose
format. _e only disadvantage of this format is that geometrical information about the voxel size and
number of voxels in each dimension is not stored, requiring that this information be input to any code
analyzing the .bindose ûles or that the FAX06/MAX06 user code itself be used to re-read and analyze
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these ûles.

6.3 _e CBCT phase-space source

_e phase-space source used in these simulations was provided byDing[31] and is the same as that used
by Ding et al[14] in a study of patient dose during a simulated head and neck scan. It was generated by
a BEAMnrc simulation of a Varian OBI CBCT system, which is integrated into a TrilogyTM accelerator.
Dose calculation results from other kV CBCT units on the market are expected to be similar. _e OBI
system is capable of generating beams with photon spectra in the range 40 – 125 kVp. To acquire the
phase-space ûle used in this study, Ding et al[14] simulated the default settings of theOBI system which
produce a beam with a 125 kVp photon spectrum (tube current=80 mA, exposure time=25 ms/frame).
_e CBCT simulationwas run in half-fanmode,which is usedwhen the imaged target is greater than 24
cm in diameter. _e combination of blade settings and ûltration used in half-fan mode result in an x-ray
ûeld that is asymmetric inX,with amore gradual fall-oò and longer tail in the positiveX direction. Since
the source is rotated through 360 azimuthal degrees in the simulations in this study, it is unlikely that this
asymmetry will have any eòect. In order to increase the eõciency of the CBCT simulation, Ding et al[14]
used directional bremsstrahlung splitting[32]with a splitting number of 2000. _e phase-space datawas
acquired at a plane 20 cm from the patient isocentre using a simulated source-to-isocentre distance of
100 cm. _e beam ûeld at the phase-space plane is approximately 10 cm × 20 cm, not including the tail
in the +X direction. _ere are total of 66.1×106 particles in the the phase-space ûle, representing 1.3×109

primary histories incident on the x-ray target.

In the simulated head and neck scans in this study, the distance between the phase-space source
plane and the isocentre is 20 cm, the same distance at which the phase-space data was acquired by Ding
et al[14]. However, in the chest and pelvis scans, this distance must be increased to 30 cm to allow the
phase-space plane to clear all phantom anatomy. Since the same phase-space source (described above)
is used for all scans, increasing the distance between the phase-space plane and the isocentre by 10 cm is
equivalent to increasing the source-to-isocentre distance to 110 cm. To renormalize results to a source-
to-isocentre distance of 100 cm, all doses from the simulated chest and pelvis scans are multiplied by a
factor of (110/100)2 .

6.4 Calibration ofMonte Carlo dose

Dose output from the FAX06/MAX06 simulations (and, indeed, all EGSnrc-based user codes) is in terms
ofGy/incident primary history. In order to convert this into themoremeaningful quantity ofGy, Ding et
al[14] introduce aMonteCarlo calibration factor, fMCca l , deûned as the ratio ofmeasured toMonteCarlo-
calculated dose at a known point. Once calculated for a phase-space source derived from a simulated
CBCT scan, fMCca l is valid for all dose calculations using that phase-space source, and theMonte Carlo
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estimated actual dose, DMC , at any point is given by:

DMC = fMCca lDMCca l (6.1)

where DMCca l is theMonte Carlo calculated dose at the point in Gy/incident particle. _e value of fMCca l
provided by Ding[31] for the CBCT phase-space source used in this study is 5.28×1028cGy/Gy/particle.
_is value of fMCca l implicitly takes into account the CBCT parameters simulated: 125 kVp photon spec-
trum, tube current=80 mA, exposure time=25ms/frame.

6.5 Simulations

All FAX06/MAX06 simulations are performed with electron transport cut-oò energies of 200 keV out-
side skeletal tissue and 5 keV inside the skeleton. _e range of 5 keV electrons in so� tissue is ∼1 µm,
which should be adequate for accurate transport in the 17.65 cubic µm RBM micro voxels and 10 µm-
thick BSC layer. Photon cut-oò energy is 2 keV everywhere in the phantom. Simulations are divided
into 100 parallel jobs run on a cluster of Intel Xeon 5460 CPU’s. Each job uses a diòerent partition of
the phase-space source. _us, each jobmakes use of 66.1×106/100=661,000 particles in the phase-space
source.

Other simulation parameters for the head and neck, chest, and pelvis scans of FAX06 andMAX06
are given in Table 6.1. _e table also shows the average uncertainties obtained on all total, RBM and
BSC doses greater than 50% of their respectivemaxima. In all simulations, the isocentre is chosen to be
approximately at the centre of the volume of interest with the source-to-isocentre distance of 20 cm for
the head and neck scans and 30 cm for the chest and pelvis scans. In the case of the simulated chest scan
of FAX06, an additional simulation is performed with the X and Y position of the isocentre shi�ed to
the back of the right lung (to simulate treatment in this location) to determine the eòects of an isocentre
that is not in the centre of the patient. Note that for this oò-centre scan the source-to-isocentre distance
must be increased to 40 cm for the phase space plane to clear all patient geometry.

scan phantom isocentre Z NCASE (prim. hist.) CPU time σD>0.5Dmax (%)
(cm) (×109) (hrs) total RBM BSC

head FAX06 9.5 192.5 (3,786) 3,790 0.28 1.1 2.3
and neck MAX06 10.8 210 (4,130) 4,609 0.28 1.1 2.3
chest FAX06 40.2 60 (1,180) 1,471 0.52 1.5 5.5

MAX06 45.0 48.5 (953.9) 1,174 0.60 1.7 6.3
pelvis FAX06 75.4 40 (786.7) 1,173 0.73 2.1 7.7

MAX06 88.9 43 (845.7) 1,217 0.69 1.9 6.9

Table6.1: Simulation parameters for the simulatedCBCThead andneck, chest and pelvis scans of FAX06
(female phantom) and MAX06 (male phantom). For the number of incident particles (NCASE), the
number of primary histories represented is shown in brackets. Isocentre (X,Y) values are always on the
centreline of the phantom (28.6 cm, 13.4 cm). Also shown are the average % uncertainties obtained on
all total, RBM and BSC doses > 50% of their respective maxima (σD>0.5Dmax ). Note that no. of incident
particles and CPU time represent the total values. In practice, these are divided over 100 parallel jobs.
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Note that the number of incident particles in all simulations means that phase-space data is recycled
many times (3,177 times in the case of the simulated head and neck scan ofMAX06). Since each primary
history is incident from a diòerent azimuthal angle, this large amount of data recycling is not expected
to have a signiûcant impact on dose uncertainties.

6.6 Results and Discussion

Cumulative dose volume histograms (DVH’s) for the simulated head and neck scans are shown in Fig-
ure 6.3 for the FAX06 (a) andMAX06 (b) phantoms. Equivalent results are shown for the simulated chest
scans in Figure 6.4 and for the simulated pelvis scans in Figure 6.5.
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Figure 6.3: Cumulative DVH’s for simulated head and neck scans of the FAX06 (a) and MAX06 (b)
phantoms. In addition to showing the DVH’s for all so� tissue, DVH’s are also shown for brain (thin
dashed line) and eye lens (thin dot-dashed line).

All ûgures show dose to RBM, BSC, skin, so� tissue and, where relevant, the spinal chord. Dose
to certain organs at risk is resolved from the total so� tissue dose (e.g. dose to brain in Figure 6.3 and
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Figure 6.4: Cumulative DVH’s for simulated chest scans of the FAX06 (a) and MAX06 (b) phantoms.
Dose to lung (thin dashed line) and, in the case of FAX06, breast (thin dot-dashed line) are resolved from
the dose to so� tissue.

dose to prostate/ovaries in Figure 6.5). For so� tissues, skin, the spinal chord, and lung (in the case of
the simulated chest scans), doses are in good agreement with the range of doses calculated by Ding et
al[14] using the phase-space data from a simulated CBCT scan as a source on a phantom derived from
patient CT data inDOSXYZnrc. In addition, the DVH’s for so� tissue and organs at risk also show good
qualitative and quantitative agreement with DVH’s calculated for adult patients in amore recent Monte
Carlo study by Ding and Coòey[18], also using DOSXYZnrc phantoms based on patient CT data.

In most cases, the doses calculated in the male phantom (MAX06) are less than those calculated
for the same organs in the female phantom (FAX06). _e most signiûcant example of this is observed
in the simulated head and neck scan (Figure 6.3), where the average dose to so� tissue in FAX06 (5.9
cGy) is 20% greater than the average dose to so� tissue in MAX06 (4.9 cGy). Similar diòerences are seen
between doses to brain and eye lens in this scan. _ese diòerences are due to the larger anatomical size
of theMAX06 phantom and the associated attenuation eòect.
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Figure 6.5: Cumulative DVH’s for simulated pelvis scans of the FAX06 (a) and MAX06 (b) phantoms.
Dose to bladder (thin dashed line) and dose to ovaries (a) or prostate (b) (thin dot-dashed line) are also
shown.

In terms of sensitive tissuewithin the skeletal system, in almost all cases RBM receives a lower average
dose thanother organs at risk. For example, in the simulatedhead andneck scans (Figure 6.3), the average
RBM dose is ∼80% of the average dose to brain and ∼50% of the average dose to eye lens. _e simulated
head scans are unique in that a small fraction of the RBM (∼10%) receives doses in excess of 10 cGy,
which is higher than the maximum dose to skin in these scans. _e BSC, on the other hand, almost
always receive a higher average dose than other sensitive organs. For example, in the simulated head and
neck scan in Figure 6.3, the average dose to BSC is ∼25% higher than the average dose to eye lens, and
in the simulated pelvis scans (Figure 6.5) the average BSC dose is 44% greater than the average dose to
ovaries (FAX06) and 35% greater than the average dose to prostate (MAX06). _e only exception is in
the simulated chest scan ofMAX06 (Figure 6.4b)where the average dose to BSC and to all so� tissues are
approximately equal. Note that for the simulated chest scan of FAX06 (Figure 6.4a), however, the average
BSCdose is ∼50%greater than the average dose to so� tissues. In all cases, some fraction (10-20% in chest
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and pelvis scans, 40-50% in head scans) of the BSC receives doses > 10 cGy.

Table 6.2 shows the average RBM and BSC doses at diòerent locations in each simulated scan (aver-
age doses for all RBM and BSC are shown in bold). _e highest average RBM and BSC doses occur in
structures surrounding the isocentre of the scan (cranium in the head and neck scan, ribs in the chest
scan, pelvis in the pelvis scan) and in the spine (cervical, thoracic and lumbar regions). In the case of the
pelvis scan, the average BSC dose in lumbar spine exceeds that in the pelvis BSC by 23% in the female
phantom and 70% in themale phantom. Extremities (arms and legs) contribute less to the overall RBM
and BSC doses,with the one exception of the upper legs in themale phantom, inwhich the average doses
to RBM and BSC are similar to those in the pelvis.

scan location average RBM dose (cGy) average BSC dose (cGy)
FAX06 MAX06 FAX06 MAX06

head cranium 5.0 4.2 10.8 9.8
and neck cervical spine 4.0 3.9 9.1 9.1

all 4.6 4.2 10.4 9.5
chest ribs 3.2 2.4 7.7 6.1

scapula 1.9 1.0 4.7 2.2
thoracic spine 3.4 2.6 8.1 5.9
upper arms 1.9 0.9 4.9 2.6

all 3.1 2.0 7.4 4.8
pelvis pelvis 2.9 2.2 6.6 5.0

lumbar spine 3.3 2.0 8.1 8.5
upper legs 2.2 2.0 5.3 5.1

all 2.7 2.2 6.5 5.2

Table 6.2: AverageRBM and BSCdoses at various locations for the head and neck, chest and pelvis scans.
Results are shown for the female (FAX06) andmale (MAX06) phantoms. _e average doses for all RBM
and BSC in each scan is also shown in bold.

Figure 6.6 shows the cumulative DVH’s for RBM and BSC in the simulated chest scan for FAX06
with the isocentre in the centre of the volume of interest (thin lines–same as Figure 6.4 above) and with
the X and Y positions of the isocentre shi�ed to put it near the back of the right lung (thick lines). _e
exact position of the isocentre has little eòect on the RBM and BSC doses which are the focus of this
study.

6.7 Conclusions

Voxelized human female (FAX06) and male (MAX06) phantoms, developed by Kramer et al[21], have
been used with phase-space data from a simulated CBCT scanner (Varian OBI) to successfully calcu-
late dose in organs at risk during simulated head and neck, chest and pelvis scans. _e phantoms allow
separation of dose to spongiosa (deûned as amixture of bonemarrow and trabecular bone) to be sepa-
rated into dose to red bonemarrow (RBM) and bone surface cells (BSC). Signiûcantmodiûcations to the
EGSnrc-basedMonte Carlo codes inwhich FAX06/MAX06 are implementedwere required to allow use
of the CBCT phase-space data as a source and to allow dose scoring on a voxel-by-voxel basis. Doses and
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Figure 6.6: Cumulative DVH’s for red bonemarrow (RBM) and bone surface cells (BSC) from simulated
chest scans of FAX06 with two diòerent isocentre positions. _in lines show DVH’s with the isocentre
in the centre of the volume of interest (i.e. same as in Figure 6.4a), while thick lines show results with
X and Y position of the isocentre near the back of the right lung. Note that for the oò-centre scan, the
distance from the source to isocentre is increased to 40 cm to allow the phase space plane to clear all
patient anatomy.

dose volume histograms calculated in FAX06 andMAX06 are in good agreement with those calculated
byDing et al[14] (doses) and Ding and Coòey[18] (DVH’s) using phantoms based on actual CT data and
are, therefore, expected to re�ect doses received during typical CBCT scans in the clinic.

Ding et al[14] and Ding and Coòey[18] observed that the dose to bone was 2–4 times greater than
dose to so� tissue. With the current study, it is possible to conclude that this elevated bone dose results
in elevated dose to the BSC. _e average doses to BSC calculated in this study are up to 46% higher than
the next highest average dose to an organ at risk. In addition, signiûcant fractions of the BSC receive
doses higher than themaximum dose to all other so�-tissue. _e dose to the other organ at risk within
the bone, RBM, is roughly half the dose to BSC with an average dose that is less than the average dose to
so� tissue in all scans simulated.

In all simulated scans, the calculated BSC dose is greater in the female phantom (FAX06) than in
the male phantom (MAX06). As mentioned above, this is due to the larger anatomical size ofMAX06.
Speciûcally, the male phantom has a thicker layer of cortical bone surrounding the spongiosa, and this
provides greater shielding for the BSC. Extrapolating the results of this study to pediatric patients, in
which the cortical layer is thinner than in an adult female, the dose to BSC is expected to be even higher.
Clearly, this is a concern and an area for future research.

_e mechanism by which BSC receives an elevated dose is well-understood and described in some
detail in references[21, 28]. Brie�y, the additional dose is due to low-energy electrons liberated in photo-
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electric events in trabecular bone. _ese electrons have a range of a few tens of µm or less and, therefore,
deposit most of their dose in the BSC layer. Dose in RBM, by contrast, results from electrons set in
motion within the RBM and is lower than the dose in other so� tissues due to the shielding eòect of
trabecular bone.

Ding et al[14] have pointed out that the additional dose due to CBCT represents only 2% (for so�
tissue) to 10% (for bone) of the typical prescribed treatment dose. However, asDing and Coòey[18] note,
the CBCT dose is delivered throughout the imaging volume,which includes so� tissue and bone beyond
the treatment volume, and imaging occurswith every treatment (typically 25-35 times), so the additional
dose occurs on a repeated basis. When these factors are considered togetherwith the results of this study,
indicating that a signiûcant portion of the additional bone dose occurs in the BSC, then the added dose
from CBCT becomes an important consideration in its use in image-guided radiotherapy.
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Abstract

_e purpose of this study is to determine whether dose to medium, Dm , or dose to
water, Dw , provides a better estimate of the dose to the radiosensitive red bone marrow
(RBM) and bone surface cells (BSC) in spongiosa, or cancellous bone. _is is addressed
in the larger context of the ongoing debate over whether Dm or Dw should be speciûed in
Monte Carlo calculated radiotherapy treatment plans. _e study uses voxelized, virtual hu-
man phantoms, FAX06/MAX06 (female/male), incorporated into an EGSnrcMonte Carlo
code to perform Monte Carlo dose calculations during simulated irradiation by a 6 MV
photon beam from an Elekta SL25 accelerator. Head and neck, chest and pelvis irradia-
tions are studied. FAX06/MAX06 include precise modeling of spongiosa based on µCT
images, allowing dose to RBM and BSC to be resolved from the dose to bone. Signiûcant
modiûcations to the FAX06/MAX06 user codes are required for this study, including im-
plementation of a BEAMnrc simulation source, scoring of Dw simultaneously with Dm ,
and ability to substitute homogeneous spongiosa for spongiosa segmented into trabecular
bone and bone marrow. Dose uncertainties of ∼1% (BSC, RBM) or ∼0.5% (Dm , Dw) are
obtained a�er up to 5 days of simulations on 88 CPU’s. Clinically-signiûcant diòerences (>
5%) between Dm and Dw are found only in cranial spongiosa, where the volume fraction
of trabecular bone (TBVF) is high (55%). However, for spongiosa locations where there
is any signiûcant diòerence between Dm and Dw , comparisons of diòerential dose volume
histograms (DVH’s) and average doses show that Dw provides a better overall estimate of
dose to RBM and BSC. For example, in cranial spongiosa the average Dm underestimates
the average dose to sensitive tissue by at least 5%,while average Dw iswithin ∼1% of the av-
erage dose to sensitive tissue. Results from this study indicate that it is better to specify Dw

than Dm in Monte Carlo calculated treatment plans, since Dw provides a better estimate
of dose to sensitive tissue within bone, the only location where the diòerence between Dw

than Dm is likely to be clinically-signiûcant.
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7.1 Introduction

In recent years,Monte Carlo (MC) techniques have emerged as themost accuratemethod for calculating
radiotherapy treatment plans. _is has been fueled by ever-increasing computing speeds and the devel-
opmentof eõcientMonteCarlo algorithms for simulating radiation transport, such asVMC [1, 2], xVMC
[3, 4],VMC++ [5],MMC [6], or MCDOSE [7]. Currently, there are only a fewMonte Carlo-based treat-
ment planning systems on themarket, however continued active development ofMC techniques makes
the widespread adoption of this method of treatment planning seem likely. _is has raised the question
of whether dose to medium, Dm , should replace dose to water, Dw , as the dose used in treatment plans,
since themajority ofMC algorithms report Dm , with conversion to Dw requiring an extra step involving
multiplying by the unrestricted stopping power ratio ofwater tomedium, swm . Compelling arguments for
and against converting Dm to Dw were laid out in detail by [8], and a recent report of the AAPM Task
Group 105 [9] investigating issueswith the clinical implementation ofMC-based treatment planning ac-
knowledges this ongoing debate. Arguments in favour of changing to Dm-based protocols include: 1)
the conversion from Dm to Dw adds an additional level of uncertainty due to uncertainties in computed
stopping power ratios 2) Dm is more likely to provide a better measure of biological response and 3)
changing to Dm will not have a clinically-signiûcant impact on most treatment protocols, since most
tissue of interest is similar to water. Meanwhile, arguments in favour of retaining Dw-based protocols
include: 1) clinical experience in terms of tumour/tissue response is based on Dw 2) dosimetry protocols
are based on Dw and so specifying Dw allows traceability back to the calibration and 3) there is uncer-
tainty in the medium type and composition when converting from CT numbers to media, potentially
making the “medium” in Dm unknown.

As indicated above, whether Dm or Dw is used to specify a treatment plan will not have a clinically-
signiûcant impact for most tissues of interest, which tend to have a composition close to water. One
exception, however, is bone, inwhich themass collision stopping power is lower than that ofwater by up
to 15% in cortical bone (ρ=1.92 g/cm3) and 3.5% in so�, cancellous bone, or spongiosa (ρ=1.18 g/cm3).
[10] have shown signiûcant diòerences in isodose contours around bony anatomy for treatment plans
using Dm vs those using Dw . In a more detailed study of MC-calculated IMRT treatment plans, [11]
showed that conversion to Dw resulted in an increase in maximum and prescribed doses to the target
volume (PTV) of 5.8% and 2.9% respectively in head and neck treatments (6 MV photons) and 2% and
3.5% respectively in prostate treatments (18MV photons). _e greatest diòerences were observed when
bony structures were involved in the PTV.

_e purpose of this study is to investigate whether Dm or Dw provides a better estimate of the dose
received by sensitive tissuewithin spongiosa during treatment bymegavoltage photon beams. _e spon-
giosa comprises bonemarrow supported by amatrix of trabecular bone [12]. Radiosensitive tissuewithin
the spongiosa are the haematopoietic stem cells, known as red bone marrow (RBM), which occupy a
fraction of the bone marrow as a whole, and osteogenic cells on the surface of trabecular bone, called
bone surface cells (BSC). _e BSC cell layer is currently considered to have a thickness of 10µm[13].
Spongiosa occurs in various locations throughout the skeleton, with the trabecular bone volume frac-
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tion (TBVF) depending upon the location: in the rib cage TBVF=10% (ρ=1.0965 g/cm3), in the spine
TBVF=12% (ρ=1.1148 g/cm3), in the long bones TBVF=15% (ρ=1.1422 g/cm3), in the pelvis TBVF=20%
(ρ=1.188 g/cm3), and in the mandible and cranium TBVF=55% (ρ=1.5082 g/cm3). With such variation
in composition, the signiûcance of the diòerence between Dm and Dw is likely to depend upon location.

_is study makes use of the voxelized virtual human phantoms, FAX06 (adult female) andMAX06
(adult male), developed by [14] and incorporated into an EGSnrc [15] user code described in [16] and
[17], to perform dose calculations in spongiosa resulting from simulated head and neck, chest, and pelvis
irradiations. _ese virtual phantoms are particularly useful in that they allow the dose to RBM and BSC
to be resolved from the overall dose to spongiosa. [18]made somemodiûcations to the FAX06/MAX06
user code that are essential to this study, however, some additional modiûcations are required for the
dose calculations presented here.

Section 7.2 gives a brief description of the FAX06/MAX06 virtual human phantoms and more de-
tailed descriptions of themodiûcations required to the EGSnrc user code incorporating these phantoms
to allow scoring of Dm and Dw in each voxel in a single simulation and also to allow the incorpora-
tion of a BEAMnrc shared library source for the purpose of simulating irradiations. Section 7.3 gives
a description of the simulation parameters used in the virtual phantom dose calculations and in the
BEAMnrc simulation source. _e source used in this study is a 6 MV photon beam (10×10 cm2 ûeld)
from a simulated Elekta SL25 accelerator. _is section includes the total number of histories run for each
irradiation, uncertainties obtained, etc. Note that only results using FAX06 (the female phantom) are
reported, since results using MAX06 are similar and, thus, largely redundant. Diòerential dose volume
histograms (dDVH’s) for RBM, BSC and homogeneous spongiosa evaluated using Dm and Dw are com-
pared in Section 7.4 to ascertain whether Dm or Dw gives a better estimate of the dose to RBM and BSC.
Concluding remarks appear in Section 7.5.

7.2 _e FAX06/MAX06 voxelized human phantoms

_e FAX06/MAX06 voxelized adult female/male phantomswere originally developed for radiation pro-
tection dosimetry and are described in detail by [14]. _ey were later incorporated into an EGSnrc [15]
user code for the purpose of dose calculations [16, 17]. _ese phantoms are entire human bodies, re-
constructed from segmented CT images and divided into 0.12×0.12×0.12 cm3 voxels throughout. Precise
modeling of bone spongiosawas later introduced by [16] based on µCT images of actual spongiosa. Spon-
giosa voxels are divided into (17.65 µm)3 microvoxels to form amicro-matrix of 68×68×68microvoxels
in each spongiosa voxel. Eachmicrovoxel is ûlledwith either trabecular bone or bonemarrow. Since it is
computationally impractical to ûll all ∼2 million spongiosa voxelswith a diòerent micro-matrix for dose
calculations, a repeating structure of eight diòerent micro-matrices is applied on the �y during particle
transport. _e fraction ofmicrovoxels containing trabecular bonemust be equal to the trabecular bone
volume fraction (TBVF) in the spongiosa being modeled (See Introduction above). Since spongiosa has
ûve diòerent TBVF’s (10%, 12%, 15%, 20% and 55%), depending on location in the body, FAX06/MAX06
carries data for 8×5=40 micro-matrices in all.
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Dose to RBM in FAX06/MAX06 is calculated by applying a ”cellularity factor”, related to the fraction
ofRBMin the bonemarrow, to the dose deposited inmicrovoxels containing bonemarrow. Dose toBSC,
meanwhile, is computed by considering the fraction of an electron step in a bonemarrowmicrovoxel that
is within 10 µm of a trabecular bonemicrovoxel [17]. _e dose deposited in BSC by the electron is equal
to this fraction times the dose deposited over the entire step.

Organ volumes andmasses and tissue composition in FAX06/MAX06 are based onup-to-date values
recommended by the International Commission on Radiological Protection [19] and the International
Commission on Radiation Units [20]. _e compositions of bonemarrow and trabecular bone are shown
in Table 7.1. _esemedia are used to ûll themicrovoxels used to create themicro-matrices ûlling spon-
giosa voxels and, for this study, are also combined to create homogeneous spongiosa (described below)
for the calculation of Dm and Dw .

bonemarrow trabecular bone
element (%) (%)

H 11.011 3.4
C 52.653 15.5
N 2.102 4.2
O 33.834 43.5
Na 0.05 0.1
P 0.05 10.3
S 0.15 0.3

Mg 0 0.2
K 0.1 0
Fe 0.05 0
Ca 0 22.5

ρ(g/cm3) 1.005 1.92

Table 7.1: Elemental composition by weight of bone marrow and trabecular bone as used in the
FAX06/MAX06 phantoms.

Figure 7.1 shows a slice through the chest (at Z=40 cm) of the MAX06 phantom. _e anatomical
structures are clearly visible in this cross-section, with the black portions indicating the location of the
spongiosa in the spine, humerus and rib cage. _e top image is one of the 8 micro-matrices (dimen-
sions 0.12 cm × 0.12 cm × 0.12 cm) used to model the spongiosa in the location indicated (the humerus,
TBVF=15%).

Amodiûcation of the FAX06/MAX06 EGsnrc user code essential to this study is the ability to score
total dose and dose to RBM and BSC on a voxel-by-voxel basis. _is was ûrst introduced by [18] in
their study on additional dose due to cone beam CT imaging during image-guided radiotherapy. Since
scoring dose in every voxel of FAX06 (143,004,852 voxels) or MAX06 (153,738,108) is impractical, the
user speciûes a “dose region”, which is a sub-volume of the phantom just encompassing the irradiated
volume. In the case of, say, the simulated head and neck irradiation in FAX06 this contains 4,378,800
voxels. Total dose is scored in every voxel of the dose region,while smaller arrays of RBM and BSC doses
are scored for only those voxels in the dose region containing microvoxels with either RBM or RBM and
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Figure 7.1: A slice (at Z=40 cm) through the chest of the MAX06 phantom indicating the locations
of spongiosa (black) in the spine, humerus and rib cage. _e top image shows one of the 8 diòerent
micro-matrices (0.12 cm × 0.12 cm × 0.12 cm) used tomodel the spongiosa in the humerus (TBVF=15%),
indicating the trabecular bone and bonemarrow portions. Eachmicro-matrix is comprised of 68×68×68
micro voxels having dimensions 17.65 cubic µm and ûlled with either trabecular bone or bone marrow.
Bone surface cells (BSC) arenotmodeled explicitly but for the purposes of dose deposition are considered
to be a 10 µm layer of bonemarrow adjacent to trabecular bone.

BSC (this amounts to 204,036 voxels in the case of the simulated head and neck irradiation in FAX06).

7.2.1 Additional modiûcations to FAX06/MAX06 user code for this study

7.2.1.1 BEAMnrc shared library source

To facilitate the use of the BEAMnrc Monte Carlo code [21] for simulating the SL25 linac used in the
dose calculations in this study, a BEAMnrc shared library source is implemented in the FAX06/MAX06
user code. Functionally, the shared library source as implemented here is similar to the BEAMnrc shared
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library sources available in other EGSnrc user codes [22–24]. _e BEAMnrc accelerator model is com-
piled as a shared library and dynamically loaded into memory when a dose calculation is started. _e
FAX06/MAX06 code is the “driving” code, running new primary histories in the BEAMnrc shared li-
brary source as required. Particles from the source are sampled from the bottom of the accelerator (what
would be the phase-space scoring plane in a stand-alone accelerator simulation).

_e geometrical parameters for the shared library source in FAX06/MAX06 are similar to those for
thephase space source inFAX06/MAX06previously implemented by [18] and are illustrated inFigure 7.2.
Note that the source plane in this ûgure corresponds to the phase space plane in the phase-space source.
_emain advantage of using a shared library source is that it obviates the need to store huge phase space
ûles, which would exceed 1 terabyte for some of the calculations performed.

All simulated irradiations in this study are carried out with θ=90 degrees (beam perpendicular to
patient Z-axis as in typical treatments) and with the gantry angle, ϕ, rotated through 360 degrees.

Figure 7.2: A schematic of the BEAMnrc simulation source in the FAX06/MAX06 user code imple-
mented for this study. _e user speciûes the isocentre point, the distance from the origin of the source
plane (where particle data is collected) to the isocentre, d, and the polar angle, θ, between the negative
Z-axis and d. During the simulation, random azimuthal angles, ϕ, in the range 0-360 degrees are chosen
for each new primary history simulated to simulate a 360 degree CBCT scan. Azimuthal angles are de-
ûned relative to the Y-axis. Note that a simulation with θ=0 points the source in the Z-direction. In this
study, θ=90 degrees for all simulations.
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7.2.1.2 Calculation of Dw

_e FAX06/MAX06 user code is modiûed to allow calculation of Dm and Dw during the same run by
computing the restricted stopping power ratio of water to medium, Lw

m , on the �y for each energy depo-
sition event. _e energy deposited in water during the event, ∆Ew , is then given by:

∆Ew = Lw
m∆Em (7.1)

where ∆Em is the energy deposited in the medium, which is already calculated by the FAX06/MAX06
code.

_e value of Lw
m depends on the kinetic energy of the electron depositing energy and is evaluated

using:

Lw
m =

⎧⎪⎪
⎨
⎪⎪⎩

Lw(Emid)
Lm(Emid)

, E > ∆
Sw(∆)
Sm(∆)

, E ≤ ∆
(7.2)

where Emid is themid-point energy of the electron step, ∆ is theminimumkinetic energy for production
of secondary electrons, and Sw (∆) and Sm (∆) are the unrestricted stopping powers for energy equal to
∆ in water and medium, respectively. Note that for PEGS data [15], ∆=AE-0.511 MeV. For steps which
begin with E > ∆ but end with E < ∆, Lw

m is calculated using both equations, with the upper result
being multiplied by the fraction of the total kinetic energy above ∆ and the lower result multiplied by
the fraction below ∆. For �uorescent photons created below the photon transport cutoò energy, PCUT,
and depositing their energy on the spot, Lw

m is evaluated as if they were electronswith kinetic energy < ∆.
Note that this method of determining Lw

m is equivalent to that used by the EGSnrc user code, SPRRZnrc
[23].

It is important to note that the method of evaluating Dw outlined here does not alter the particle
transport in themedium in any way.

7.2.1.3 Homogeneous spongiosa

In order to allow comparison of dose in RBM and BSC to the Dm and Dw received by the spongiosa as a
whole (which are the quantities computed in normal radiation treatment planning where the spongiosa
structure is not resolved), an option is added to the FAX06/MAX06 user code to allow the replacement of
bonemarrow/trabecular bonemicro-matrices in spongiosa voxels (described above)with homogeneous
spongiosa. _e composition of homogeneous spongiosa is determined using the compositions of bone
marrow and trabecular bone shown in Table 7.1 above with the fraction of trabecular bone equal to the
TBVF (see Introduction) at a given location. _us, ûve distinct media, one for each TBVF, are created
and used in the simulations.
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7.3 Simulations

7.3.1 BEAMnrc simulation

_e BEAMnrc simulation of the 6 MV photon beam (10×10 cm2 ûeld) from an SL25 linac has the same
geometrical andMonte Carlo transport parameters as those used by [25] and [26]. Geometrical parame-
ters are based on themanufacturer’s speciûcations. Directional bremsstrahlung splitting, DBS [27], with
a bremsstrahlung splitting number of 1000 and including electron splitting below the �attening ûlter is
used in this simulation. _is provides optimum, or near-optimum eõciency for the BEAMnrc portion
of the calculation. Note that contaminant electrons, although simulated in this study, are unlikely to
contribute signiûcantly to the bone doses discussed below.

7.3.2 FAX06 Simulations

Transport parameters in the FAX06 dose calculations are identical to those used by [18] in their calcula-
tions of additional bone dose due to CBCT imaging during IGRT. _e electron transport cut-oò energy
(ECUT) is 200 keV outside the bony anatomy and 5 keV inside the skeleton. Note that the range of 5
keV in so� tissue is ∼1 µm, so this value of ECUT allows accurate transport in the 17.65 cubic µm RBM
micro voxels and 10 µm-thick BSC layer. _e photon cut-oò energy (PCUT) is 2 keV everywhere in the
phantom. Simulations are divided into 88 parallel jobs and are run on a cluster of IntelXeon 5460CPU’s.

Other simulation parameters for the head and neck, chest, and pelvis irradiations of FAX06 are given
in Table 7.2. _e table also shows the average uncertainties obtained on all total, RBM and BSC doses
greater than 50% of their respective maxima. In all simulations, the isocentre is chosen to be approxi-
mately at the centre of the volume of interest with the source-to-isocentre distance of 20 cm for the head
and neck irradiation and 30 cm for the chest and pelvis treatments.

irradiation isocentre Z NCASE (prim. hist.) (×109) CPU time (hrs) σD>0.5Dmax (%)
(cm) MM HS MM HS total RBM BSC

head and neck 9.5 23.6 (14.2) 26.4 (15.8) 3,934 2,427 0.48 0.86 1.06
chest 40.2 33 (19.8) 39.6 (23.8) 5,210 4,105 0.45 0.54 0.99
pelvis 75.4 45.8 (27.5) 40 (24) 9,822 4,129 0.47 0.58 0.98

Table 7.2: Simulation parameters for the simulated head and neck, chest and pelvis irradiations of
FAX06 (female phantom). Number of histories (NCASE) and CPU times are shown for simulations
using bone marrow/trabecular bone micro-matrices in spongiosa voxels (MM–spongiosa with trabec-
ular bone/bone marrow micro-matrices) and for simulations using homogeneous spongiosa (HS). For
the number of incident particles (NCASE), the number of primary histories represented is shown in
brackets. Isocentre (X,Y) values are always on the centreline of the phantom (28.6 cm, 13.4 cm). Average
uncertainties (for doses > 0.5Dmax ) are shown for total (HS simulations only) and RBM and BSC (MM
simultions only) doses. Note that no. of incident particles and CPU time represent the total values. In
practice, these are divided over 88 parallel jobs.
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7.4 Results and Discussion

Diòerential dose volume histograms (DVH’s) for RBM, BSC, Dm andDw in FAX06 are shown for cranial
spongiosa (TBVF=55%) during the simulated head and neck irradiation (Figure 7.3), for pelvis spon-
giosa (TBVF=20%) during the simulated pelvis irradiation (Figure 7.4), and for thoracic spine spongiosa
(TBVF=12%) during the the simulated chest irradiation (Figure 7.5). _ese particular locations are se-
lected because they allow comparison of DVH’s over the entire range ofTBVF values. DiòerentialDVH’s
as opposed to their cumulative counterparts are chosen because they show simularities and diòerences
between the dose distributions more clearly. Dose is given as Gy/incident history, which are the dose
units returned by the FAX06/MAX06 user code. Conversion to absolute dose is possible given the cor-
rect calibration factor, however this will not aòect the conclusions reached in this study. Average doses
to RBM, BSC and average values of Dm and Dw at the various spongiosa locations, including cranium,
pelvis and thoracic spine, are shown in Table 7.3.

Figure 7.3 shows that, while Dw may slightly overestimate dose to RBM and BSC in cranium spon-
giosa, it provides a signiûcantly better estimate overall than Dm , which consistently and signiûcantly
understimates dose to RBM and BSC. _is observation is born out in the results in Table 7.3, where the
average Dw is within 1.5% of average doses to RBM and BSC, while average Dm underestimates the av-
erage dose to RBM and BSC by at least 5%. Note that this understimate is clinically-signiûcant at the 5%
level.
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Figure 7.3: Diòerential DVH’s for RBM, BSC, Dm and Dw calculated in the cranium spongiosa during
the simulated head and neck irradition of FAX06.
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Figure 7.4: DiòerentialDVH’s for RBM, BSC, Dm and Dw in the pelvis spongiosa in the simulated pelvis
irradiation of FAX06.

0 1 2 3 4 5 6

dose/incident history /10
-17

 Gy

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

fr
a

c
ti

o
n

 o
f 

v
o

lu
m

e
 /

G
y

-1

RBM
BSC
D

m

D
w

thoracic spine (TBVF=12%)

Figure 7.5: Diòerential DVH’s for RBM, BSC, Dm and Dw in thoracic spine in the simulated chest irra-
diation of FAX06.

With decreasing TBVF, the diòerence between Dw and Dm becomes less signiûcant. In pelvis spon-
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location TBVF (%) average dose/incident history (10−17 Gy)
RBM BSC homogeneous spongiosa

Dm Dw
cranium 55 5.31 5.36 5.04 5.38
pelvis 20 2.48 2.51 2.47 2.50
legs 15 1.27 1.29 1.27 1.28

thoracic spine 12 2.38 2.41 2.40 2.40
ribs 10 1.16 1.18 1.17 1.17

Table 7.3: AverageRBM and BSC doses and average values of Dm andDw at diòerent spongiosa locations
(and TBVF’s) in FAX06. Locations are listed in order of decreasing TBVF.

giosa (TBVF=20%), Figure 7.4 shows a diòerence between Dw and Dm DVH’s that is statistically signif-
icant, but not likely to aòect dose prescriptions in clinical practice. Table 7.3 shows that average Dw and
Dm diòer by 1.2%. However, even at this level, it is clear from Figure 7.4 and Table 7.3 that Dw lies in
between dose to RBM and BSC and provides a better overall estimate of dose to RBM and BSC (average
valueswithin 0.8%), while Dm lies below dose to RBM and BSC andmay provide a better estimate of the
RBM dose (average values within 0.4%) but is signiûcantly lower than the dose to BSC (average value
lower by 1.6%).

In the case of thoracic spine (TBVF=12%), Figure 7.5 indicates the diòerence betweenDw and Dm is
not signiûcant, and both estimate dose to BSC and RBM equally well, with average values within 0.8%
of average dose to BSC and RBM.

Figure 7.6 shows the fractional diòerences between the average Dw and Dm and the average doses
to RBM and BSC as a function of spongiosa TBVF. _is ûgure is generated from the data in Table 7.3.
From the ûgure, it is clear that, in cases where there is a signiûcant diòerence between Dm and Dw , Dw

provides a better overall estimate of the dose to RBM and BSC considered together (or averaged).

7.5 Conclusions

_e FAX06/MAX06 Monte Carlo codes are potentially powerful codes for performing dose calculations
in typical patient structures, not least because they accurately model (based on µCT data) spongiosa
structure and allow calculation of dose in the sensitive tissue (RBM and BSC) within the spongiosa.
With somemodiûcation for this study, the FAX06/MAX06 EGSnrc user code is used to revisit the debate
over whether dose to medium, Dm , or dose to water, Dw , should be used for radiotherapy treatment
plans calculated using Monte Carlo methods. _is debate ultimately centres around the dose to boney
structures and the sensitive tissue contained therein because these are the only tissues in the body where
the water-to-medium unrestricted stopping power ratio, Swm diòers suõciently from unity that there is a
potentially clinically-signiûcant diòerence between Dm and Dw .

If clinical signiûcance is taken at the 5% level, then the results from this study show that, for the 6
MV treatment beam simulated here, a clinically-signiûcant diòerence between Dm and Dw only exists
in the cranium spongiosa, where TBVF=55%. Here, the mean Dm and Dw calculated in homogeneous
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Figure 7.6: Fractional diòerence between the mean value of Dm and the mean doses to RBM and BSC
(thick lines) and the mean value of Dw and mean doses to RBM and BSC (thin lines) as a function of
TBVF.

spongiosa diòer by more than 6%. In the pelvis (TBVF=20%) the diòerence between Dm and Dw is
signiûcant (∼1.5%) but not at the clinical level. For spongiosa with lower TBVF, the diòerence between
Dm and Dw is not signiûcant above the precision of these calculations (0.5%)

In terms ofwhich dose provides the better estimate of dose toRBM and BSC, Figure 7.6makes it clear
that, for spongiosawhere the diòerence betweenDm andDw is signiûcant, Dw provides the better overall
estimate. Even in the pelvis, where Dm provides a better estimate of the dose to RBM (0.4% diòerence
versus 0.8% for Dw), Dw still provides the better estimate of dose to RBM and BSC considered together
(within 0.8% of both, while Dm is 1.6% lower than dose to BSC).

_e results presented here can be generalized to other treatment beam energies since the water-to-
medium stopping power ratio does not change in a signiûcant way over the megavoltage energy range
for all values of TBVF and the behaviour of dose calculated in RBM and BSC is not expected to change
appreciably over this energy range either.
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Discussion

8.1 Discussion

Research described in this thesis focuses on aspects of making Monte Carlo (MC) dose calculations in
photon beams more eõcient with a view to facilitating the use ofMC in the lab and clinic. _e ûnal two
papers exemplify the application ofMC dose calculations to yield information not available analytically,
in the ûrst case to quantify elevated dose to radiosensitive bone surface cells (BSC) in bone marrow
during image-guided ratiotherapy (IGRT), and in the second to relate dose to bulk medium (bone), Dm ,
and dose to water-in-medium, Dw , to the actual dose received by BSC and red bone marrow (RBM)
during treatment.

8.1.1 Statistical considerations and the argument for eliminating phase space ûles

Given the stochastic nature ofMC calculations, an essential element to any application is a robustmethod
for estimating uncertainties in simulated quantites. As described in chapter II[1], a history by history
method for estimating uncertainties has been implemented in all EGSnrc user codes. _is replaced the
former method, based on statistical batches which, while relatively robust, was subject to large varia-
tions and, as implemented, disregarded correlations between incident particles when using phase space
data from an upstream simulation as a source. _e latter limitation was poised to become a signiûcant
issue with the introduction of directional bremsstrahlung splitting (DBS) to increase the eõciency of
photon beam simulations. Optimum eõciency withDBS requires the use of large splitting numbers (see
chapter IV[2]) and, hence, results in many correlated particles in the phase space data collected at the
bottom of the simulated treatment head. One could argue that, owing to the stability and robustness
of the history by history method, its introduction into EGSnrc applications has been a necessary step
towards the development of the second-generation variance reduction techniques, such as directional
bremsstrahlung splitting (DBS).

Variantsof thehistorybyhistorymethod for uncertainty estimation had alreadybeenused inMCNP[3],
PENELOPE[4] and Geant4[5] codes before it was implemented in EGSnrc. However, the widespread
adoption of EGSnrc by the research community has ensured thorough benchmarking and documenta-
tion of the technique.

_is statistical technique is not without its limitations, however. Chapter II makes it clear that when
particle phase space data are used as a source, the uncertainty estimate is invalid if correlations between
incident particles are lost. To this end, a negative energy marker was introduced into the standard
BEAMnrc-format phase space ûle to indicate the beginning of data scored by a new primary history
(statistically independent event). _is method of separating statistically independent data has also been
adopted by the IAEA[6] in the format standard for their online phase space data library.

Nevertheless, it is common that there are not enough particles in the phase space data to obtain the
desired level of uncertainty in a downstream calculation. In this case, the user has recourse to reusing,
or “recycling,” particle data. While particle recycling can result in the expected decrease in uncertainty
by a factor of 1/

√
no. of histories at depth within a phantom, in general, the user will run up against
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the statistical limitations of the phase space data itself (i.e., the “latent variance” of the data). In many
production runs, even with particle recycling, the user ûnds it diõcult to avoid running out of phase
space data, requiring that they restart from the ûrst particle scored (“rewind” the phase space data).
_is entails an accompanying loss in information about correlations and renders uncertainty estimates
invalid.

_is raises the question ofwhether or not it is more convenient, both from a data logistics and statis-
tics point of view, to use a BEAMnrc treatment head simulation compiled as a shared library as a source,
especially sincemost options availablewith phase space sources in EGSnrc applications are also available
with shared library sources.

A preference for simulation sources is further motivated by the results from chapter IV, which show
that, provided the treatment head simulation is optimized (i.e., using the themost eõcientDBS settings)
then it may be possible to decrease the fraction of CPU time spent generating source particles to an ac-
ceptable minimum. In a more detailed study of dose calculation eõciency, Kawrakow and Walters[7]
show that, provided that photon splitting/interaction forcing is used to maximize the eõciency of the
in-phantom portion of the calculation, themaximum eõciency using an optimized treatment head sim-
ulation as a source (6MV beam, 10×10 cm2 ûeld) is only 5% less than that using a phase space ûle collected
above the ûeld-deûning jaws. _ey note that among the factors contributing to the eõciency of the full
treatment head simulation is the fact that theDBS parameters can be speciûcally tailored to the treatment
ûeld being used.

In addition, simulation sources open up possibilities for additional data to be conveniently passed
between the the source and the dose calculation. For example, a signiûcant development in BEAM-
nrc/DOSXYZnrc has been the synchronized sources implemented by Popescu and Lobo[8]. _ese allow
for synchronization between the leaf positions of a multi-leaf collimator (MLC) in the treatment head
and the incident angle/position of the source relative to the phantom, thus allowing the user to simulate,
in a single run, an entire treatment protocol. While it is possible to use phase space data in these simula-
tions, this requires scoring of an additional monitor unit parameter, resulting in an increasing in phase
space ûle size.

Despite the clear advantages of using full treatment head simulations, compiled as shared libraries,
as sources, many researchers continue to use phase space ûles[9–13]. _ere are several reasons for this.
First of all, accurate simulation of accelerator geometry details usually requires access to proprietary
data. Second, in general, the portion of the accelerator upstream of the ûeld deûning jaws or MLC re-
mains ûxed,meaning that phase space data need be collected only once above the jaws or theMLC,with
simulation of speciûc treatment beams requiring a relatively short second stage simulation through the
ûeld deûning aperture. _e relative speed and simplicity of this second stage simulation, coupled with a
decreasing cost of data storage that makes long-term storage of large phase space ûles feasible, reduces
the incentive to switch to simulation sources. Finally, there are now a number of online libraries, pro-
vided by researchers and manufacturers, that oòer free access to accelerator phase space data. In 2005,
the IAEA initiated one of themost coordinated of these eòorts, encouraging researchers to upload phase
space data in a standardized ûle format[6] from any simulated external radiotherapy beam to a pub-
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licly accessible website. Shortly a�er this database was established, developers implemented the ability
to read/write IAEA-format phase space data many of the major general purpose MC codes. _is data
base remains a particularly compelling opportunity to continually update the phase space data for more
popular treatment heads as more accurate simulations become available. As of early 2017, however, the
latest contributions to the IAEA library dated from 2011. One reason for this lag, apart from reluctance
to provide proprietary accelerator information, is the fact that some manufacturers are now providing
their own phase space data. For example,Varian nowmakes phase space ûles for their popular Truebeam
accelerators available for free with registration on their company website[14].

In terms of commercial treatment planning applications,Kawrakow andWalters[7] point out an im-
portant limitation of shared library sources:MC in commercial treatment planning systems (TPSs) o�en
uses highly optimized codes, such as VMC++[15] and XVMC[16], which are suõciently fast to render
the production of source particles by a full treatment head simulation, however eõcient, a computational
bottleneck. In fact, even the reading of phase space data from a ûle may be a time limiting factor, and
many such treatment planning systems have recourse to simpliûed sourcemodels, or parameterizations,
of the particular beams used. Hasenblag et al demonstrated that it is possible to carry out an entire linace
simulation using VMC++[17]. However, translation of a linac geometry into a form readable by a voxel-
based code is not straightforward. Moreover, many of the benchmarked, high-speed dose calculation
algorithms are now proprietary, putting them beyond the reach ofmost researchers.

More about the use ofMC in commercial TPSs will be discussed in section 8.1.4 below.

8.1.2 Acceptance of a split reality

While directional bremsstrahlung splitting (DBS–see chapter IV) was originally developed to increase
the eõciency ofmegavoltage (MV) photon beam simulations, it has also been shown to result in large ef-
ûciency improvements in kilovoltage (kV) X-ray tube simulations. Table 8.1 summarizes photon �uence
eõciency results for DBS applied to simulated X-ray tubes, from Mainegra-Hing and Kawrakow[18].
_ese are shown with one set of results for DBS applied to a 6 MV beam, taken from chapter IV in this
thesis, and one set of results for directional source biasing (DSB) applied to a Co-60 beam, taken from
chapterV[19]. Note that, although there is a large discrepancy in ûeld size between the kV (r=5mm ûeld)
andMV (10×10 cm2 ûeld) calculations, �uence eõciency in theMV calculations is analyzed by dividing
the ûeld into 1×1 cm2 scoring zones,making all calculations roughly equivalent in terms of the eòects of
correlations between scored particles. Mainegra-Hing and Kawrakow realize factors of 1.6×106 (50 kVp)
and 2.9×105 (160 kVp) improvement in photon �uence eõciency,much greater than the factor of 500 in-
crease in �uence eõciency when DBS is used in a 6 MV linac. Mainegra-Hing and Kawrakow attribute
the greater eõciency improvement in kV beams to the fact that photons resulting from bremsstrahlung
events radiate over a solid angle closer to 4π (with the solid angle increasing with decreasing tube po-
tential), resulting inDBS immediately eliminating a greater fraction of photons directed outside the ûeld
of interest. Note, also that while the optimum bremsstrahlung splitting numbers for MV beams are on
the order of 103 , eõciency of DBS for kV X-rays is maximized at bremsstrahlung splitting numbers on
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the order of 106 . Moreover,Mainegra-Hing and Kawrakow show that the improvement in X-ray �uence
eõciency using DBS is a factor of 60 over that achieved using optimized uniform bremsstrahlung split-
ting (UBS), the variance reduction method of choice for X-ray tube simulation using BEAMnrc up to
the time of their study[20]. _is improvement over UBS is signiûcantly higher than the factor of 20 for
optimized DBS at 6 MV.

Table 8.1: Summary of maximum photon �uence eõciency gains relative to no splitting when direc-
tional bremsstrahlung splitting (DBS) is applied to 50, 160 kVp X-ray tube simulations and a 6 MV linac
simulation. Results for uniform bremsstrahlung splitting (UBS) are shown for the 160 kVp and 6 MV
cases. In addition, results for directional source biasing (DSB) are shown for a Co-60 beam. In all cases,
electron splitting is turned oò. Results are taken from Mainegra-Hing and Kawrakow[18] (*), chapter IV
of this thesis (†), and chapter V of this thesis (‡).

beam energy (ûeld size) VR method max. relative photon splitting no.
�uence eò.

50 kVp (r=5mm)∗ DBS 1.6×106 5.5×106

160 kVp (r=5mm)∗ DBS 2.9×105 1×106

UBS 4,800 7.2×104

6 MVp (10×10 cm2)† DBS 500 2,500
UBS 25 750

Co-60 (10×10 cm2)‡ DSB 1,800 2×104

_e large optimum splitting numbers found by Mainegra-Hing and Kawrakow re�ect the ineõ-
ciency of MC simulation of near-isotropic radiative events. _is observation also applies to the direc-
tional source biasing (DSB) algorithm, described in chapter V of this thesis. When DSB is used in a
simulated Co-60 beam, themaximum photon �uence eõciency gain (a factor of 1,800) is achieved with
an optimum splitting number of 2×104 . Note, though, that even with this large splitting number, once
photons not directed into the ûeld are eliminated and circular symmetry above the jaws is taken into
account, only ∼3 split photons per primary history are actually simulated. _is implies that there is a
plethora of relevant information in relatively few statistically independent events, and, while splitting
of radiative events is essential for eõcient photon beam simulation, future improvements may hinge on
increasing the eõciencies of the splitting algorithms themselves.

8.1.3 _e Dm vsDw debate

_e dose calculations in voxellized human phantoms described in chapters VI[21] and VII[22] oòer an
exciting glimpse of the potential for MC simulations to improve our understanding of the radiobiolog-
ical eòects (RBE) of radiation. _e research in chapter VII indicates that, for megavoltage radiotherapy
beams, dose to water-in-medium, Dw , which has traditionally been reported by treatment planning sys-
tems, provides a better predictor of the RBE in sensitive tissue (red bonemarrow and bone surface cells)
within bone spongiosa than does dose tomedium, Dm , the quantity calculated by default in allMC codes.
To put this conclusion in perspective, however, the diòerences betweenDm and Dw in red bonemarrow
and bone surface cells are only clinically signiûcant at the 5% level when the trabecular volume frac-
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tion (TBVF) in the spongiosa is greater than ∼40%. _is is typically only the case in the cranium and
mandibles.

_e debate over whether Dw or Dm is a better indication of RBE has now been going on for over a
decade and a half (since the incorporation ofMC calculation in TPSs was anticipated), with compelling
arguments on both sides. In megavoltage treatment beams, diòerences are only signiûcant in bone[23–
25]. _is is due to the fact that the Dm is converted to Dw using the ratio of mass collision stopping
power in water to that in themedium, Sw

m (where S indicates that stopping powers are average over the
primary electron �uence spectrum) which, for MV beams, is close to unity for all tissues except bone.
An important underlying assumption in this conversion method is that the volume of interest behaves
like a Bragg-Gray (BG) cavity. _at is: 1) the cavity dimension is small compared to the average range
of secondary charged particles, 2) the cavity does not perturb secondary charged particle �uence, and 3)
the dose in the cavity is due to charged particles crossing the cavity, not created in it.

_e situation becomes more complicated at photon energies in the kilovoltage range. Here, one can-
not assume that a volume of interest (cavity) will fulûll BG conditions. Conversion of Dm to Dw must
now account for a signiûcant fraction of charged particles generated within the volume. In the extreme
case, for a suõciently low energy/large cavity, conditions of charged particle equilibrium (CPE) prevail,
and Dm is converted toDw using the ratio ofmass-energy transfer coeõcients, [ µen

ρ ]
w

m
, (where µen

ρ indi-
cates mass energy transfer coeõciencts are average over the primary photon energy �uence spectrum).
In other words, one can assume that dose is equal to kerma.

_e method by which Dm is converted to Dw is of particular importance in brachytherapy, where
MC techniques have gained some foothold in commercial TPSs and are also extensively used for com-
missioning. _e current brachytherapy dosimetry protocol, based on a revised version of the AAPM
TG-43 formalism[26, 27], implicitly assumesCPE conditions exist. Moreover, the prevailing assumption
is that a volume of water-in-medium is subject to the same photon energy �uence as themedium itself.
_is is not, in general, true, especially when there is a large diòerence in Z-value between water and the
medium in question (e.g., bone). Gimenez-Alventosa et al[28], thus, propose the additional use of a pho-
ton energy �uence correction factor. _e situation is further complicated by the rapid change in [

µen
ρ ]

w

m
with energy below 200 keV, requiring that the ratio be evaluated over the entire local photon spectrum
instead of just taking an average value[29].

Another application in which the question of the method used to convert Dm to Dw is relevant is
small animal radiotherapy. Recent interest in small animal radiotherapy–where beam energies are in the
kV range and, for dose calculations, phantom voxels may have sub-mm dimensions–has grown due to
its potential for preclinical evaluation of advanced radiotherapy techniques from both a technical and
RBE perspective[30, 31].

Tedgren and Carlsson[32] have proposed a method for estimating Dw for brachytherapy dose cal-
culations in intermediate-size volumes based on the cavity theory of Burlin[33]. Burlin’s theory states
that

Dw

Dm
= dSw

m + (1 − d) [ µen
ρ

]

w

m
(8.1)
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_e parameter, d, is the fractional contribution to cavity dose from electrons generated outside the cavity
(i.e., in the cavity wall), while 1-d is the fractional contribution to dose from electrons generated within
the cavity. _e value of d is related to the attenuation of wall electrons as they cross the cavity and the
buildup of electrons generated in the cavity. In Burlin’s original formulation, these processes are assumed
to be governed by the same exponential coeõcient, and d is given by:

d =
(1 − e−β g)

βg
(8.2)

where β is the mass attenuation coeõcient of primary electrons and g is the mean chord length of the
cavity. For a convex cavity, g = 4V

S , where V is the cavity volume and S is its surface area. _us, Burlin’s
theory is a weighted sum of contributions from charged particles in a cavity obeying BG conditions and
photons under conditions of CPE.

Several methods for determining d have been proposed. _ese include the use of MC to track the
fraction of cavity dose due to electrons originating within the cavity[34] and several diòerent methods
for calculating β in Equation 8.2[35–37]. In a recent study of Dw in µm-size spherical cavities, intended
to simulate cell and cell nuclei, Oliver and _omson[38] found that agreement between Burlin’s theory
and direct MC-computed values of Dw was best when Equation 8.2 was used with the β calculated using
themethod of Janssens et al[36]:

1 − e−βR = 0.96 (8.3)

where R is the range in water of electrons with themaximum kinetic energy.

_e value of g used inEquation 8.2will depend on the dimensions of the relevant cavity. Tedgren and
Carlsson[32] interpret the cavity as being of typical nuclear (∼10 µm) or cellular (∼100 µm) dimensions,
whileOliver and_omson[38] consider cavity dimensions only in the≤ 10 µm range. In theDOSXYZnrc
calculation described below, however, the cavity is assumed to have dimensions equal to those of the
rectilinear voxels comprising the phantom. _ere is some rationale for this, as the voxel dimensions
deûne the maximum resolution of the dose calculation, regardless of the scale at which the physical
processes contributing to RBE operate.

As an illustration of how Burlin’s theorymight apply to small animal treatment planning, Figure 8.1
depicts dose isolines (and the equivalent colourwash) resulting from a DOSXYZnrc calculation in a CT-
image-basedmouse phantom (0.25mm × 0.25mm × 1 mm voxels) exposed to a nominal 225 kVp X-ray
beam (1 cm × 1cm ûeld). _e photon energy spectrum is calculated[39] based on speciûcations for an
X-Rad 225Cx small animal irradiator (Precision X-ray Inc., North Branford, CT, USA). _e spectrum
has a minimum energy of 22.5 keV, a maximum energy of 225 keV, an average energy of 85.7 keV, with
characteristic peaks at 59.6 keV (relative intensity≡1) and 67.5 keV (relative intensity=0.43). For a beam
incident from the right, the ûgure shows (a) dose to medium Dm ; (b) dose to water-in-medium, Dw , as-
suming voxels are intermediate-size cavities and using Equation 8.1)with the value of d (0.63) calculated
using the mean voxel chord length (0.22 mm) and the range of maximum kinetic energy (224.5 keV)
electrons in water (∼0.72 mm) in Equations 8.2 and 8.3; (c) Dw assuming BG conditions in the voxels
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(Equation 8.1 with d=1), and (d) Dw assuming CPE prevails in the voxels (Equation 8.1 with d=0). Note
that dose is shown as a percent of the average of themaximum 20 values of Dm evaluated over the entire
phantom, hereina�er referred to as Dm ,max20 . So� tissue (lung, adipose tissue and muscle) assignment
in the phantom used in this calculation should be taken as highly approximate, since the original CT
conversion function associated with this image diòerentiated so� tissue only on the basis of lung and
muscle. _e three-so�-tissue conversion function is used here for illustrative/investigative purposes.

Figure 8.2 shows the water-to-medium ratios of (a) mass collision stopping powers, Sw
m , and (b)

mass energy transfer coeõcients, [ µen
ρ ]

w

m
calculated on a voxel-by-voxel basis and used to calculate Dw

in Figure 8.1. Stopping power data are from ICRU37[40]. Electron primary �uence spectrum-averaged
stopping power ratios are calculated according to the Spencer-Attix formulation[41] using amethod sim-
ilar to that used in the EGSnrc application, SPRRZnrc[42],which does not require a priori calculation of
the electron �uence spectrum in each voxel. Calculation of the photon energy �uence-averaged values
of µen

ρ makes use of precalculated tables of mass-energy absorption coeõcient as a function of energy
(on a linear scale) for each medium. _ese tables are generated using the EGSnrc application, g, which
determines µen

ρ from collision kerma.

For comparison with Figure 8.2, Table 8.2 shows values of Sw
m calculated at 2 mm depth in medium

using SPRRZnrc with the 225 kVp X-ray spectrum evaluated a�er passing through 1.375 cm of water
(i.e., approximately half the cross sectional thickness of themouse). Table 8.2 also shows [ µen

ρ ]
w

m
values

analyzed at the mean energy of the X-ray spectrum a�er passing through 1.375 cm of water (85.8 keV).
Note, evaluating [

µen
ρ ]

w

m
at a single, mean energy avoids the necessity of averaging µen

ρ values over the
photon energy �uence spectrum, as was done for Figure 8.2, but potentially introduces inaccuracies
because of the large variation in µen

ρ with photon energy at low keV.

Note that each isoline inFigures 8.1 and 8.2 encompasses a regionwhere the quantity of interest (dose,
stopping power ratio or ratio of mass energy transfer coeõcients) falls between the value at the isoline
and the next isoline on the scale. Similarly, for the colour wash, a single colour is used for all quantities
falling between the value associated with that colour and the next value on the scale. _erefore, it makes
sense to refer to ranges of a given quantity when analyzing these images.

Dose to medium results, Figure 8.1(a), show the expected local maxima in bone (pelvis, sternum,
spine) and steep fall-oò to values < 20%of Dm ,max20 beyond the edges of the ûeld. Overall, dose decreases
with increasing distance from the beam entry surface, with doses in the pelvis (bone closest to beam
entry), sternum and spine (bone farthest from beam entry) reaching maxima in the range 100-105%, 95-
100% and 70-80% of Dm ,max20 , respectively. Note that,within a given bone region, the higest doses occur
closest to the beam entry side. Also, note that dose to lungs is ∼20% lower than that to surrounding tissue,
decreasing from 25-30% to 20-25% of Dm ,max20 . On closer inspection, it was found that, owing to the
approximate nature of the conversion function used to create the DOSXYZnrc phantom, large portions
of the lung weremisregistered as adipose tissue.
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Figure 8.1: Dose isolines and colour wash resulting from a DOSXYZnrc simulation of a 225 kVp beam
(1 cm × 1 cm ûeld) from a small animal irradiator incident on a CT-image-basedmouse phantom (0.25
mm × 0.25 mm × 1 mm voxels) from the right. _e ûgure shows (a) dose to medium, Dm ; (b) dose to
water-in-medium, Dw , calculated using Burlin’s theory for intermediate-size cavities (Equation 8.1) with
the value of d calculated using the mean voxel chord length (0.22 mm) and range in water of electrons
with the maximum kinetic energy (224.5 keV, range∼0.72 mm) in Equations 8.2 and 8.3; (c) Dw calcu-
lated assuming voxels obey Bragg-Gray (BG) conditions (Equation 8.1 with d=1); and (d) Dw calculated
assuming charged particle equilibrium (CPE) prevails in the voxels (Equation 8.1 with d=0). Doses are
shown as a percentage of the average of the maximum 20 values of Dm , Dm ,max20 . An additional iso-
line at 25% has been added for resolution at lower doses. Media comprising the phantom are: air, lung,
adipose,muscle and bone. Media composition and stopping powers are taken from ICRU37[40]. Voxel
dimensions are 0.25mm × 0.25mm × 1 mm. Calculations are runwith ECUT=AE=1 keV and PCUT=AP=1
keV. Note the expanded vertical scale for improved visualization. CT image courtesy of Ana Vaniqui.
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Figure 8.2: Voxel-by-voxel ratios of water-to-medium (a) mass collision stopping powers and (b) mass
energy transfer coeõcients for the 225 kVp mouse treatment scheme shown in Figure 8.2. _e colour
scale for both panels is shown in the centre. Stopping powers are taken from ICRU37[40], andmass en-
ergy transfer coeõcients are calculated using the EGSnrc application, g. Ratios are not shown in regions
where Dm < 20% of Dm ,max20 .

Table 8.2: Mass collision stopping power ratios, Sw
m , calculated at 2 mm depth in medium using the

225 kVp X-ray spectrum a�er having passed through 1.375 cm of water, and water-to-medium ratios of
mass energy transfer coeõcients, [ µen

ρ ]
w

m
, at themean energy of the X-ray spectrum a�er having passed

through 1.375 cm of water (85.8 keV).Water-to-medium stopping power ratios are calculated in central-
axis voxels (voxel thickness=0.25mm, radius=1 mm) for a circular beamof radius 0.5 cm incident on one
end of a cylindrical phantom (radius=25 cm) comprised of the medium using the EGSnrc application,
SPRRZnrc. Values of µen

ρ are calculated using the EGSnrc application, g, with a pencil beam incident on
an inûnite slab of themedium. Statistical uncertainty on all values is less than 0.05%.

medium Swm [ µen
ρ ]

w

m
air 1.552 1.085
lung 1.009 0.993

adipose 0.963 1.080
muscle 1.008 0.996
bone 1.197 0.427

If the intermediate size of the voxels is accounted for (i.e., using Equation 8.1 with d determined by
Equations 8.2 and 8.3) when calculating Dw , then Figure 8.1(b) shows that, for this particular case, Dw
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in so� tissue is similar to Dm , while Dw in bone is 5-10% lower, with maxima of 90-95% of Dm ,max20 in
the pelvis and sternum and large regions of the spine where Dm is 70-80% of Dm ,max20 havingDw values
of 60-70% of Dm ,max20 .

If voxels are assumed to obeyBragg-Gray conditionswhen calculatingDw , the results in Figure 8.1(c)
indicate that Dw is similar to Dm in all so� tissue, but in bone it is 15-20% higher (maximum values of
115-120% of Dm ,max20 in pelvis and sternum, 90-95% of Dm ,max20 in spine). _is is expected given that,
from Figure 8.2(a), Sw

bone is in the range 1.15-1.20. Within the rest of the phantom, Figure 8.2(a) shows that
Sw

m is within 5% of unity, and, therefore, will not result in values of Dw diòerent enough from Dm to be
visible given the dose resolution of Figure 8.1. Note that themisassignment of adipose tissue to lung (see
above) results in Sw

m values in the range 0.95-0.98, which is signiûcantly lower than the estimated value
for lung of 1.009 shown in Table 8.2 but encompasses the value of 0.963 estimated for adipose tissue.

If CPE is assumed to prevail in the voxels, then Figure 8.1(d) shows thatDw in bone is 50-60% lower
thanDm ,withDw equal to 40-50% of Dm ,max20 in the pelvis and sternum and 30-40% of Dm ,max20 in the
spine. On the other hand, Dw in tissue near the beam entry surface is higher than Dm , with Dw equal to
30-40% of Dm ,max20 where Dm is 25-30% of Dm ,max20 . From Figure 8.2(b), the values of [ µen

ρ ]
w

m
in bone

are in the range 0.4-0.5, accounting for the 50-60% diòerence betweenDm and Dw in these regions. _e
values of [ µen

ρ ]
w

m
in the adipose tissue near the beam entry surface and in the misassigned lung are in

the range 1.05-1.1, resulting in Dw being visibly higher than Dm in these regions. Elsewhere, in muscle,
[

µen
ρ ]

w

m
is very close to unity, resulting in no discernible diòerence between Dw and Dm .

For the media distinguishable in this phantom–adipose tissue, muscle and bone–the values of Sw
m

and [
µen
ρ ]

w

m
estimated separately using SPRRZnrc and g, shown in Table 8.2, fall within their respective

ranges in Figure 8.2, providing some conûdence in these latter values, which are calculated on-the-�y
during the simulation.

A simpliûed perspective on the Dw results in Figure 8.1 is that Figure 8.1(b) is a weighted sum of
Figures 8.1(c) and (d). Considering smaller cavity dimensions (larger values of d)will result in calculated
Dw values closer to those in Figures 8.1(c),while larger cavity dimensions (smaller values of d)will move
results closer to those in Figures 8.1(d). From this perspective, the potential for cavity dimension to have
a clinically signiûcant impact on Dw is obvious. _e eòects will be greatest in bone, but may also occur
in regions of adipose tissue.

_e limited dose resolution in Figure 8.1 resists a more detailed analysis. However, this example
illustrates that consideration of the intermediate size of cavities in kilovoltage beams does have a clinically
signiûcant impact on the estimated value of Dw . Also, determining the factor, d, used to weight BG
and CPE assumptions and, thus, account for intermediate dimensions, is complicated by: 1) a lack of
agreement on the best method to calculate it and 2) uncertainty over ameaningful cavity dimension.

Beyond cavity size considerations, there are other, less tractable issues, complicating the conversion
of Dm to Dw . It is acknowledged[25, 43, 44] that the conversion of CT number to medium represents
a weak link in MC RTP, with possible variations between institutions and imagers that depend on the
conversion function and number of media used. Also, lacking patient-speciûc data, most researchers
use the tissue compositions given in the most recent reports by the ICRU[45] and ICRP[46]. It is cer-

158



Discussion

tain, however, that composition varies from patient to patient[43], and Andreo shows that the resultant
variation in mean excitation energy has a signiûcant impact on the water-to-medium stopping power
ratio[25].

To introduce yet another consideration into this multifaceted debate, current research[32, 38, 47]
posits that, since interactions resulting in RBE happen in DNA-bound water existing in ∼nm-size vol-
umes, a value of Dw with any biological meaningwould be arrived at using strictly BG cavity theory, even
for low-energy beams. On the other hand, in their MC study, Oliver and _omson[38] found that Dm

in small (r<10 µm) volumes is dependent on the composition and structure of the surrounding media,
potentially renderingDw ,which is generally based onDm in bulk media, clinicallymeaningless until the
eòects of tissue composition are better understood.

8.1.4 Implications of eõcient MC dose calculations for commercial treatment planning
systems

_e research presented in this thesis touches on only a small fraction of the past and current work de-
veloping MC simulations for radiotherapy and radiation protection applications, re�ecting the author’s
direct involvement in speciûc areas of code development and use. It is also heavily skewed towards ap-
plications of the EGSnrc system which, while currently the most widely-used MC code for radiother-
apy/radiation protection research, it must be acknowledged is only one player among a number that has
grown over the past decade and a half. Even from this circumscribed vantage point, however, two broad
observations can bemade: 1) Improvements in the eõciency of treatment head simulation and dose cal-
culation algorithms, together with increases in computing speed, have contributed to making clinical
MC treatment planning a reality and 2) _e information available from MC simulations has increased
our understanding of radiotherapy,with the potential of allowing treatment protocols to be tailored from
accelerator design to RBE.

In addition,MChas demonstrated an ability to keep pacewith signiûcant developments in radiother-
apy, such as IMRT[48] and IGRT[49], continuing to provide researchers with themost accuratemethod
of calculating dose. From 1985 to the late 2000’s, the number of research publications related to MC
treatment planning increased exponentially[50], and while this certainly re�ects an inevitable increase
in the number of researchers in the ûeld, it must also indicate the increasing number of potential appli-
cations ofMC and a growing consensus that it is the preferredmethod for addressing issues of radiation
treatment protocol design and optimization.

Given this, it is no surprise that there has been a push to adopt MC codes in clinical practice, with
PEREGRINE[51], the ûrst commercially-available photon treatment planning system incorporating MC
(using a fast variant of EGS4), achieving FDA approval in 2000. A survey by Reynaert et al[52] at the
end of 2004 showed eight commercial TPSs using MC either available (Corvus® and Eclipse®) or in the
late stages of development. In 2007, the report of AAPM Task Group 105[44] anticipated an increase
in number of commercially available MC treatment planning systems, suggesting a series of protocols
for commissioning systems and noting the imminent development of several more commercial systems
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making use of MC. In their 2008 review, Spezi and Lewis[50] portray an increasingly diverse and dy-
namic array of research treatment planning systems based on EGSnrc, Penelope, Geant4, and other MC
codes, but note, by contrast, the relatively modest inroads into the commercial realm, with only three
commercially available systems incorporating MC dose calculations at that time.

To date, implementation of MC in commercially available TPSs continues at a rate that seems at
odds with its potential and with the concurrent level of research activity. In a recent review, Brualla
et al[53] enumerate only ûve commercially available, FDA-approved external beam TPSs making use
of MC simulations. _ese are (along with the MC code used): Varian Eclipse® (MMC[54]), Brainlab
iPlan® (XVMC), Elekta Monaco® (XVMC), Elekta Oncentra® (VMC++, a development of XVMC with
enhanced variance reduction), and Elekta XiO® (XVMC). Note that PEREGRINE has been discontinued
and that Varian Eclipse® , one of the vanguard MC TPSs, uses an algorithm for electron dose (MMC),
which is over twenty years old. One can add to this list Raysearch’s Raystation® , which uses VMC[55] to
calculate electron dose. In all cases, these systems make use of a fast MC dose calculation algorithm (a
dose “engine,” to use their terminology) to calculate either photon or electron dose, but not both. _e
speed of these codes necessitates the use of virtual source models, simpliûed parameterizations of the
linac, based on either phase space data generated by an MC simulation or on measurements, in order
to avoid the potential computational bottleneck of delivering source particles from a linac simulation or
sampling phase space data,mentioned in section 8.1.1 above. Inaccuracies introduced by evenwell-tuned
virtual sourcemodelsmay be up to 2%[56],which,while smaller than the acceptable clinical uncertainty
of 5%[44], would seem to work against the potential accuracy achievable byMC. Such inaccuracies may
particularly aòect electron dose calculations, inwhich dose attains amaximumnear the patient/phantom
surface, where systematic uncertainties in the source will have the greatest eòect. Moreover, there is a
tradeoò in �exibility and generality when using virtual sourcemodels speciûcally tuned tomanufacturer
beam speciûcations.

Potential limitations of virtual source models re�ect just one of a number of more general issues
contributing to the slow entry of MC into commercially available TPSs. Among these more general
issues are:

• _e requirement for expertise: While commercial MC codes are relatively streamlined com-
pared to their general purpose counterparts (e.g., EGSnrc, PENELOPE, Geant4), a level of MC
expertise is still desirablewhen interpreting results for a given set of inputs. In addition, commer-
cial code development is informed by general purposeMC codes, and the open-ended nature of
development of the latter–including themultiplication of input options as transport physics is re-
ûned and variance reduction techniques are developed–contributes to a perception that expertise
is required to run all MC codes with any conûdence.

• Newer treatment modalities: Currently, there is growing interest in proton beam therapy, with
its promise of greater accuracy and reduced damage to normal tissue due to the fact that maxi-
mum energy is deposited in a relatively narrow Bragg peak. Clinics in the developed world are
now making huge investments in proton therapy facilities. Carbon ions, too, have been the sub-
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ject of increasing interest as their high linear energy transfer (LET) results in greater localization
of RBE at depth than protons. _e rapid increase in development of these modalities has not
been matched by the development of accurate and eõcient MC algorithms. With the exception
of VMCpro[57], an eõcient proton beam dose calculation algorithm developed in 2004, sim-
ulation of protons requires relatively ineõcient general purpose codes, such as MCNP, Geant4
and FLUKA[58], capable of simulating all particles. In a 2012 review article, Paganetti[59] con-
cluded that regular clinical use of MC for proton beam treatment planning would only result in
a clinically-signiûcant increase in accuracy over current pencil beam algorithms in complex ge-
ometries. While this might dampen initial enthusiasm for the use ofMC in proton beam therapy,
recall that one of the arguments for the use of MC for photon and electron beam dose calcula-
tionswas its ability to handle just such complexities. As for carbon ion beams,while there has been
progress in eõcient MC simulation[60], recent research also suggests signiûcant improvements
in nuclear fragmentation models are required[61].

• Other sources of uncertainty: Despite the sophistication of MC dose calculation algorithms,
there remain intrinsic sources of uncertainty in the MC treatment planning chain that compro-
mise the accuracy of the calculated dose. Among these are the systematic uncertainties in the vir-
tual sourcemodel of the incident beam,mentioned above, anduncertainties in theCT-to-medium
conversion,mentioned in section 8.1.3. In the eyes of clinicians and commercial developers, such
issuesmayweigh against the obvious advantages ofMC treatment planning algorithms over tradi-
tional pencil beams. Uncertainty in cross-sections is also a source of uncertainty inMC treatment
planning, but at a level far below clinical signiûcance.

• Statistical overkill: Provided that all inputs are correct, MC treatment planning promises dose
accuracies on the order of 1%. On the other hand, it is generally accepted[44] that clinically signif-
icant diòerences in tumour control probability (TCP) and normal tissue complication probability
(NTCP) are likely only at the 5-7% level. _us, the cost-eòectiveness of implementing MC treat-
ment planning may come into question. While few would argue against greater precision and
accuracy of delivery of ionizing radiation on the basis of safety, there are currently no longitudi-
nal studies clearly showing themedical beneûts of theMC treatment planning accuracy.

Another perspective on the development of MC TPSs may be gained by comparison with the ap-
proximate development timelines of analogous reûnements of existing techniques for cancer therapy,
from discovery, theory, or proof-of-concept to FDA approval. A small selection of these, along with the
timeline for MC RTP is shown in Figure 8.3. Note that the starting years of the timelines are approxi-
mate and, moreover, open to debate. In the case of MC RTP, the chosen year (1985) coincides with the
publication of EGS4 by Nelson et al[62], as this is acknowledged among most researchers to mark the
ûrst serious application ofMC to radiotherapy on a scale beyond individual institutions.

From this ûgure, it is evident that the total time from “initial” development to FDA approval of
the ûrst MC RTP system (PEREGRINE) is in keeping with that of other techniques used to improve
or augment existing cancer treatment methods. However, while the timeline for MC RTP comprises
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Figure 8.3: Timelines for development–initiation to FDA approval–of augmentative techniques for can-
cer treatment. For monoclonal antibodies, the time spans the documentation of the ûrst monoclonal
antibody by Kohler andMilstein in 1975 to FDA approval of Rituxan® , the ûrst monoclonal antibody ap-
proved for the treatment of cancer (non-Hodgkin’s lymphoma) in 1997[63]. For intensitymodulated ra-
diotherapy (IMRT), the time spans thepublication of Brahme et al’s 2D inverse solution to the ûrst regular
treatments of prostate cancer using IMRT in 1996[64]. ForX-ray image-guided radiotherapy (IGRT), the
timeline spans initial development of the ûrst planar electronic portal imaging devices (EPIDs) for MV
imaging to regular clinical use of 3D volumetric imaging with cone beam CT (CBCT)[65]. _e develop-
ment ofMC radiotherapy treatment planning (MC RTP) is considered to begin with the publication of
the EGS4 code by Nelson et al in 1985[62].

a combination of reûnement of techniques and parallel (and unrelated) advances in computing power,
that for IMRT involves the developent of dedicated hardware and so�ware, while the timeline for X-ray
IGRT encompasses the development of an entirely new imagingmodality (cone beamCT).Considering,
then, the relatively minor commercial interest in MC RTP compared to these other technologies, one
might conclude that it has also to do with its low visibility in comparison to the excitement inevitably
accompanying the emergence of new large-scale hardware.

8.1.5 Summary and FutureWork

_is thesis describes research into variance reduction techniques that have led to signiûcant increases
in eõciency in Monte Carlo (MC) calculated photon dose over the last two decades. Also presented
is a thorough analysis of the history by history statistical method which is essential for estimating the
uncertainty on calculated doses and, by extension, determining the eõciency of these variance reduction
techniques.
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One result of this research has been the ability to perform dose calculations in simulated human
phantoms under realistic treatment conditions. Two such studies in voxellized human phantoms are
presented in which dose to sensitive tissues in bone (red bone marrow and bone surface cells) is used
to: a) assess the impact of additional radiation from CBCT imaging during image-guided radiotherapy
(IGRT) and b) determine whether dose to medium, Dm , calculated byMC algorithms, or dose to water-
in-medium, Dw , typically speciûed by most treatment planning systems, is a better estimate of the dose
to these sensitive tissues in megavoltage photon beams. It is found that, in general, the diòerence is
clinically insigniûcant, except in cranial bone, where dose to water is more accurate.

While the goal is to specify the dose that is the best predictor of radiobiological eòect (RBE), the
conversion of Dm to Dw is not straightforward, especially in the kV range used in brachytherapy and
small animal irradiators. _e Discussion delves into this further, presenting Burlin’s cavity theory,which
other researchers have suggestedmay be used for intermediate-size cavities inwhich neither Bragg-Gray
conditions nor charged particle equilibrium prevail. In this case, the conversion factor for Dm to Dw is
a weighted sum of the water-to-medium stopping power ratio and the water-to-medium ratio of mass
energy transfer coeõcients. New results are shown for the application of Burlin cavity theory to a simu-
lated irradiation (225 kVp beam) of amouse, showing that conversion using only stopping power ratios
results in an overestimate of Dw in bone, while conversion using only the ratios ofmass-energy transfer
coeõcients results in an underestimate.

_e Discussion also presents a brief summary of the current state ofMC in commercially available
treatment planning systems, noting that the inroads made by the technology in the clinic do not appear
to be commensurate with research activity. _ere are several reasons for this. However, the dominant
factormay be that the economics of achieving ∼1% accuracy in dose has not yet been justiûed. Moreover,
despite themany recent advances in variance reduction, CPU times required to obtain dose uncertainties
< 2σ of this accuracy remain an issue.

Commercially, it is diõcult to concludewhether the current small number of availableMC treatment
planning systems represents the ûrst, tentative steps of a growing trend or one amongmany technologies
ultimately superceded on the road to better treatment planning. Certainly one factor working against
its widespread use is the necessarily-conservative realm ofmedical device research, testing and ultimate
FDA approval. Historically, however, disruptive technologies have been adopted by the medical com-
munity provided that they result in a demonstrable beneût. In addition to addressing themore technical
issues mentioned in the Discussion, then, there is motivation for more longitudinal evidence clearly
showing themedical beneûts of the level of accuracy that MC treatment planning promises.

By contrast, on the research and development side, the rise of new treatment modalities is likely to
see an expansion of the role ofMC in the commissioning and veriûcation of treatment beams and TPSs.
As mentioned above, this is already happening in proton therapy research. In the short term, increased
interest in heavy ion therapy is expected to result in a push for development or reûnement ofmodels for
nuclear fragmentation in general purpose MC codes. In addition, innovations in photon and electron
beam therapy will continue to in�uenceMC code development. For example, the clinical advent ofMRI-
based IGRT has sparked a renewed interest in developing and benchmarking MC routines for charged
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particle transport in the presence of magnetic ûelds, such as that recently implemented in EGSnrc by
Malkov and Rogers[66].

EGSnrc is likely to retain its status as the most-used general purpose MC code for radiation pro-
tection and radiotherapy research for some time, given the code’s extensive history and its eõciency for
photon and electron beam simulation. However, its utility in the long term will depend on its adapt-
ability. While the core of EGSnrc (andmany applications) is coded in Mortran, an extension of Fortran
dating back to the early 1980’s, current development of EGSnrc applications makes use of the egspp class
library[67], a C++object-oriented geometry and source library. Itwould be a desirable “outside in” evolu-
tion if the transport physics in EGSnrc underwent an object-oriented overhaul and was reprogrammed
using C++ classes. _is would make the addition of new modules simulating, for example, proton or
heavy ion physics amuch more feasible (and less daunting) prospect. It would also make the codemore
transparent and amenable to contributions from outside the development team. Considering the sig-
niûcant contributions already made by the users community, one can only imagine where the medical
physicists of the future will take EGS as they advance the forefront of the ûeld.
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Summary

Since the mid-80’s, it has been acknowledged that Monte Carlo (MC) transport algorithms
provide the most general and most accurate method of estimating dose due to ionizing ra-
diation. _is is because MC algorithms model individual interactions between subatomic
particles and matter, allowing accurate dose calculations at interfaces between media hav-
ing a large diòerence in atomic number (e.g., tissue-bone interfaces) and in irregular geome-
tries, both instances where the analytical algorithms commonly used in treatment planning
are known to be inaccurate. In addition, MC simulations can provide information unavail-
able with current analytical methods, such as particle energy and angular distribution at any
location within a treatment volume. Historically, the long calculation times required to ob-
tain suõcient precision havemade the routine use ofMCmethods in radiotherapy treatment
planning (RTP) clinically impractical. Recent improvements in eõciency of MC techniques,
including the development of dedicated clinical MC algorithms, together with the ongoing
exponential increase in computing power, however, have rendered clinical MC calculations
feasible. _e research presented in this thesis covers several key eõciency improvements in
EGSnrc, awell-benchmarked general purposeMC transport simulation code commonly used
in Medical Physics research, and two practical applications of EGSnrc answering questions
about dose to sensitive red bone marrow and bone surface cells in the skeletal system. _e
ûrst paper describes the implementation of an improved technique for estimating uncertainty
on calculated dose, and other scored quantities, in EGSnrc applications. _e technique con-
siders each incident primary particle, or history, a statistically independent event, resulting in
a small variance in the uncertainty estimate. _is has many implications, among them an abil-
ity to accurately calculate simulation eõciency that has helped pave the way for the eõciency
improvement techniques described in the next three chapters. _e ûrst of these techniques is
a time-saving algorithm, called “HOWFARLESS,” implemented in DOSXYZnrc, an EGSnrc
application for calculating dose in geometries composed of rectilinear voxels. _e research
shows that use of “HOWFARLESS” can result in eõciency improvements by factors ranging
from 70% to 17× in routine commissioning calculations, essentially making it the default for
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such calculations in a homogeneous volume. A common technique to reduce the variance,
and increase the eõciency, of an MC calculation is to split certain particle interactions. _is
results in improved sampling of these events and, provided the resultant split products of the
interaction do not deposit dose in the same volume, improved statistics. _e third paper de-
scribes the technique of directional bremsstrahlung splitting (DBS) implemented in BEAM-
nrc, an EGSnrc application for simulating linear accelerators. InDBS, bremsstrahlung events,
which are the primary sources of photons in a photon treatment beam, are split to selectively
generate a large number of photons directed towards the radiotherapy treatment ûeld. _e
paper shows that DBS can increase dose calculation eõciency by a factor of 160×. Improve-
ments are even greater for X-ray tube simulations, and DBS is now considered necessary for
eõcient simulation of photon beams, in general. _e next paper details the implementation
in BEAMnrc of directional source biasing (DSB), a splitting technique designed to improve
the eõciency of treatment beams making use of an isotropically radiating source. _e most
common example of this is a cobalt-60 treatment head, and, while cobalt-60 is one of the old-
est radiotherapymodalities, there has been a resurgence in its use due to its cost-eòectiveness
and the relative ease with which it can be adapted for use with magnetic resonance imaging
for image-guided radiotherapy (IGRT). Similar to directional bremsstrahlung splitting, DSB
splits photons and selectively generates those directed towards the treatment ûeld. In the case
of DSB, however, these photons are the primary particles, generated at the source, and have
an isotropic angular distribution. _e paper shows that DSB can increase the eõciency of a
cobalt-60 dose calculation by 400×, making routineMC commissioning of these units feasi-
ble. _e last two papers in this thesis illustrate how eõcient MC photon beam simulations,
combined with MC calculations of dose in human phantoms, can be used to obtain clinically-
relevant information about dose to radiosensitive tissue in the human skeleton. _e human
phantoms are constructed fromCT image data and have the useful feature that computed dose
to skeletal spongiosa, the portion of bone within which blood cells originate, can be resolved
into dose to its radiosensitive components: red bone marrow and bone surface cells. In the
ûrst of these papers, simulation of routine cone-beam CT imaging during IGRT demonstrates
that the additional dose to bone surface cells from the imaging proceduremay be a signiûcant
fraction of the overall dose received by radiosensitive bone tissue, thus motivating imaging
guidelines. Research in the ûnal paper shows that dose expressed as dose towater-in-medium,
the output from commercially available treatment planning systems, is, in general, amore ac-
curate estimate of dose to red bonemarrow and bone surface cells than dose expressed as dose
tomedium, the standard output fromMC dose calculation algorithms. _us, in the case of the
latter dose computation, conversion to dose to water-in-medium would seem to be justiûed.
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Summary

However, there is ongoing debate over which method of dose speciûcation is amore accurate
re�ection of radiobiological eòects. Moreover, conversion to dose to water-in-medium is not
straightforward, particular at lower photon energies, and depends upon the eòective volume
considered. New research in the Discussion section of this thesis provides a quantitative and
qualitative illustration of the eòect of the particular cavity theory used to perform this dose
conversion.
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Valorization

_e socioeconomic value of the research presented in this thesis can best be understood in the
context of two broad ûelds operating within the spheres of health care and public health: the
ûeld ofRadiotherapy and the ûeld ofRadiation Protection. In general,more attention has been
given to Radiotherapy because there an urgency to improve the treatment of a disease which
is likely to touch us all in somemanner, it intersects signiûcantly with other areas ofmedicine
(e.g., radiology, oncology), and, historically, it has consumedmore private and public funds. In
keepingwith this, thisValorizationwill focus mainly on the applications of the above research
to Radiotherapy. However, a section on its implications for the ûeld of Radiation Protection is
included at the end.

In order to focus this discussion about the socioeconomic value of the research in this the-
sis, Figure 1 gives a breakdown of the areas of relevance covered here. _e reader is encouraged
to refer back to this ûgure.

Radiotherapy

According to theWorldHealthOrganization (WHO)[2], cancer is second only to heart disease
as global cause of death,with themost common cancers being, in order, lung, liver, colorectal,
stomach and breast. In 2015, cancer was responsible for 8.8 million deaths worldwide, with
the number of new cases expected to rise by approximately 70% over the next two decades.
Moreover, approximately 70%of cancer deaths occur in low-to-middle-income countries, thus
placing the greatest cancer care burden on the societies that can least aòord it.

Radiotherapy isoneof the threepillarsof cancer treatment,which also comprise chemother-
apy and surgery. It is estimated that 50%of newly diagnosed cancer cases require radiotherapy,
and that radiotherapy, alone or in conjunction with surgery and/or chemotherapy, is respon-
sible for 40% of cancer cures[3]. Unfortunately, radiotherapy is a costly treatment modality.
In the US, the median cost of a course of radiation therapy can range from USD 8,600 for
breast cancer to USD 18,000 for prostate cancer[4]. Add to this the average cost of purchasing
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Figure 1: Areas of socioeconomic relevance for the research presented in this thesis. Note that, given
the importance of valid uncertainty estimates in MC, history by history statistics[1] are inseparable from
development and applications of EGSnrc and are, thus, relevant across all areas.

a linear accelerator (approximately USD 2.5million, factoring in facility costs) and personnel
costs, and it can easily be seen that the need outstrips capacity in most low-to-middle-income
countries.

EGSnrc

Monte Carlo (MC) simulations continue to play a large role in the development of modern
radiotherapy technology. As themost widely-used general purposeMC code in radiotherapy
research, EGSnrc has ûgured in the development of the state-of-the-art of radiotherapy for
techniques ranging from brachytherapy to image-guided radiotherapy (IGRT).

Insofar as much of the research contained herein is integral to EGSnrc, then, it, too, has
contributed and continues to contribute to the ongoing development of radiotherapy. For the
purposes of this Valorization, it is understood that many of the socioeconomic contributions
of the research here are delivered through the vehicle of EGSnrc.

As an aside, however, note that EGSnrc is now public domain so�ware (as of 2016), and,
therefore, the algorithms described in this thesis have devolved into this domain, where they
are currently being put to use by researchers, engineers and developers across theworld devel-
oping future applications for Radiotherapy, Radiation Protection, Food Irradiation, and other
ûelds beyond the scope of this work.
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Improving Accuracy

While improving accuracy would seem to be a self-evident goal for radiotherapy, there is very
little quantitative data indicating the degree to which regular systematic errors in practice af-
fect treatment outcome. As mentioned in the Discussion of this thesis, AAPM Task Group
105[5] has stated that errors of 5-7% may have repercussions for tumour control probability
(TCP) and normal tissue complication probability (NTCP).Andwhile this seems like an easily
attainable margin of error, one must be aware of the many steps in treatment planning over
which inaccuraciesmay accrue. _us, it is incumbent on practitioners to improve the accuracy
of every step of the treatment planning process.

SinceMC is themost accuratemethod of determining radiotherapy dose, it has been em-
braced as themethod of choice for treatment planning, with the stakeholders in its successful
implementation including radiation oncologists, clinical physicists, manufacturers of treat-
ment planning systems (TPSs) and treatment devices and, of course, patients. In addition,
MC calculated dose is increasingly used as the quantity of interest in preclinical research plat-
forms, such as small animal irradiators. Considerable resources continue to be devoted to
expanding the role ofMC in the clinic, but, as noted in the Discussion,more is required.

Research in this thesis with direct application to improving the accuracy of radiother-
apy includes the implementation of history by history statistics in EGSnrc[1] and directional
bremsstrahlung splitting (DBS)[6] (see Figure 1). As stated in the Discussion, the former has
proven its utility in all applications of EGSnrc and is of direct relevance to assessing the accu-
racy of a simulation, where robust uncertainty estimates are required. Considering the design
and development of more accurate TPSs and techniques, then, it is easy to see that, to the
extent that EGSnrc plays a role in their development, so does this method of estimating un-
certainty. Directional bremsstrahlung splitting (DBS),meanwhile, has emerged as the de-facto
technique for eõcient photon and X-ray beam simulations and, thus, plays a key role in such
TPS development tasks as: 1) development and testing ofMC dose calculation engines, 2) ver-
iûcation of virtual sourcemodels, 3) providing phase space data libraries.

No discussion of accuracy would be complete without some mention of the occasional
radiotherapy accidents, stemming from human error and/or machine failure, that result in
large treatment errors with acute health repercussions. While theWHO estimates that only
3,125 patientsworldwidewere aòected by such incidents between 1976 and 2007[7], the results
are alarming and tend to generate press headlines. Although, strictly speaking, such errors
fall outside the deûnition of accuracy as used in this thesis, EGSnrc and other MC simula-
tions are commonly used to simulate these incidents in an attempt to reproduce the levels of
overdose/underdose and to help ensure that the errors are not repeated. In this way, then, the
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research in this thesis also comprises a part of the larger eòort to insure against such accidents.

Understanding Radiobiological Eòect (RBE)

Given radiotherapy’s long history and, in recent decades, relative eõcacy, surprisingly little is
known about the biological mechanism(s) whereby ionizing radiation destroys tumour cells.
Although promising strides have beenmade in recent years–for example, it is now understood
that ionizing eòects occur in water-bound DNA and on a scale of nm–this is an area that
continues to be of great interest to oncologists, radiobiologists andmedical physicists. For it is
thought that amore complete understanding of RBE will, in turn, inform the design ofmore
eòective radiotherapy techniques.

It is at this intersection of Radiobiology and Radiation Physics that the debate continues
over whether dose to water-in-medium, Dw , or dose to medium, Dm , is amore accurate rep-
resentation of RBE. _e study on whether Dw or Dm is a better estimator of dose to sensitive
skeletal tissue[8] presented in this thesis contributes directly to this debate by oòering numer-
ical evidence in favour of Dw . While the calculation of Dw using Burlin cavity in a mouse
phantom, presented in the Discussion, oòers a potential general methodology for converting
Dm to Dw .

In addition, the studyon additionaldose due to cone beamCT (CBCT) imaging in IGRT[9]
presented here contributes, through its deconstruction of skeletal dose into dose to red bone
marrow (RBM) and bone surface cells (BSC) to our understanding of RBE.

New Radiotherapy Techniques & Technologies

Monte Carlo continues to operate at the forefront of Radiotherapy research, providing a tool
that can be used to studynew techniques and devices and assisting in the design andQA ofnew
protocols. _us,MC, and EGSnrc in particular, is of direct interest to physicists and engineers
involved in the design and testing of new radiotherapy technologies, which, ultimately, will
have an impact on the practices of clinicians and the quality of treatment received by patients.

Several studies in this thesis are relevant to the continuing development of radiotherapy
technology. By providing physicists and engineers with a means to eõciently simulate pho-
ton beams, directional bremsstrahlung splitting[6] is implicated in any development eòort in-
volving high energy photons or X-rays making use of EGSnrc. Directional source biasing[10],
meanwhile,with its eõcient simulations of Co-60 treatment heads, provides a potential means
for commissioning units using the relatively new image-guided radiotherapy (IGRT) technol-
ogy of MRI combined with Co-60 treatment. Revealing a signiûcant increase in dose to ra-
diosensitive bone surface cellswhenCBCT is usedwith IGRT, the dose calculations presented
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in chapter VI[9] provide motivation for improvements in this IGRT technique. Finally, the
protocol for using Burlin cavity theory to compute Dw from Dm presented in the Discussion
is anticipated to comprise part of a larger body of research that will guide the development of
preclinical research tools.

Additionally, the costliness of radiotherapy (see above) has led to a renewed interest in the
use of Co-60 treatment heads, especially in low- and middle-income countries, where pur-
chasing the number of LINACs required to meet the treatment requirement is beyond reach.
_is, then, does not represent the development of a new technology but the re-emergence and
reûnement of an older technology to meet a current need. _e design and commissioning
of such units will require eõcient MC simulations of Co-60 sources, and in this directional
source biasing[10]may play a role.

Beam and TPS Commissioning

In addition to expanding and reûning radiotherapy techniques, MC, and EGSnrc, is used by
clinical physicists in the task of commissioning beams and TPSs. Commissioning is an essen-
tial process in establishing a new treatment head and/or TPS in a clinic and ensures that: a)
the treatment beam delivers the expected dose and b) the TPS provides an accurate estimate
of the delivered dose. _us, commissioning has a direct impact on the successful operation of
a radiotherapy clinic.

For some years,MC calculations have been used for direct comparisonwithmeasurement
and for providing simulated beam data for use byTPSs. Also,MC-calculated correction factors
are used in dose calculation protocols. _is indicates the extent of the role that MC plays in
radiotherapy practices and also the conûdence that clinicians have in current MC algorithms.

Several of the studies in this thesis are relevant to commissioning activities. Once again,
DBS[6] is an important technique for any commissioning activity involving photon beams.
_eHOWFARLESS algorithm for fastDOSXYZnrc dose calculations in homogeneousphantoms[11]
is also useful for calculating depth-dose curves and dose proûles for comparison with mea-
surement. Directional source biasing[10] (DSB) has a potential role in commissioning Co-60
units.

Moreover, DSB is of potential relevance to clinics and primary standards labs, such as
theNational Research Council of Canada, where Co-60 provides the accepted standard beam
quality for ion chamber calibration, because it makes routine comparison between measured
and calculated ion chamber doses feasible.
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Radiation Protection

While cancer treatment and diagnosis represent the most systematically directed application
of radiation to the human body, they by no means represent the only sources of radiation ex-
posure. Of course, the most dramatic examples of radiation exposure historically have come
from nuclear reactor incidents and the atomic bombs dropped by the US on Hiroshima and
Nagasaki at the end ofWorldWar II._ough the application of a systematic study of the eòects
of radiation and accompanying eòorts to minimize risk to the public would seem to be quite
beside the point in most of these events, useful data on the long-term eòects of radiation ex-
posure have been gleaned from these tragedies. _ese data have allowed researchers working
in the ûeld of Radiation Protection to estimate the risks associated with unintended exposure
to various sources of radiation, including naturally occuring terrestrial and cosmic sources, as
well as occupational risks for those who work with or close to radiation (e.g., nuclear power
workers, health care workers).

_e International Commission on Radiological Protection (ICRP) estimates that the ad-
ditional risk of cancer death due to exposure to radiation is 5.5% per Sievert (Sv)[12], where
a Sievert is the SI unit for dose equivalent and is equal to aborbed dose scaled by a quality
factor, depending on the type of radiation, and the radiobiological eòect. _e exposure limits
currently proposed by the ICRP[12] are 1 mSv/yr for the general public and 20 mSv/yr for ra-
diation workers. Note that these limits apply to intentional or accidental exposure and, thus,
are over and above unavoidable exposure to radiation occuring naturally in the environment.
Governments of some countries, including Canada, use these same exposure limits. While it
is a somewhat tired adage to equate the lifetime risk represented by exposure to 1 mSv/yr to
one-û�h that of smoking a lifetime total of 75 cigarettes[13], it nevertheless puts the risks rep-
resented by these exposure limits into perspective. Quite apart from any scientiûc/actuarial
basis for these limits, however, most public policy is informed by the perception of radiation
as generally dangerous, and so these represent absolute upper limits for guidelines adhering
to the practice of keeping exposure as low as reasonably allowable, or the so-called ALARA
principle.

Given the uneasy balance between perceived and actual risk, then, it is important from
both public safety and policy perspectives that: 1) the public be shielded from unintended
exposure to human-manufactured sources of radiation as much as possible and 2) policy be
guided by an understanding of potential sources of exposure and radiobiological eòects.

While the design of radiation shielding structures, such as LINAC bunkers, generally does
not require the accuracy available in MC simulations, there is, nevertheless, an ongoing role
for EGSnrc in determing the dose distribution around an irradiating device and, hence, the
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material and layout of the shielding strucure.
_e research in this thesis, however, ismore pertinent to the goal of understanding radiobi-

ological eòects andmitigating exposure where possible. In quantifying additional dose to red
bonemarrow and bone surface cells, the dosimetric study of the routine use of CBCT imaging
in IGRT[9]motivates guidelines for the use of this particular imaging modality. _e study on
Dm versusDw as an accurate representation of dose to sensitive tissue in bone[8],meanwhile,
presents a quantitative argument forDw as a better estimator of RBE and, consequently, risk in
the case of unintended or avoidable exposure. By this same token, the research on estimating
Dw presented in the Discussion may also be directed towards a method for estimating risk
from radiation exposure.

Other Applications

Although EGSnrc has been developed with therapeutic, diagnostic and radiation protection
applications in mind, the above discussion by nomeans represents the full extent of its societal
role, and, by extension, the role of much of the research in this thesis. For example, compa-
nies designing LINACs for industrial purposes, such as food irradiation and equipment ster-
ilization,make use of EGSnrc simulations to optimize accelerator design, determine shielding
requirements andmaximize throughput.

It is expected that, as the capabilities of EGSnrc evolve and expand in response to interest
in new applications of ionizing radiation and new treatment modalities (see the Discussion),
the research described in this thesiswill ûnd other applications of socioeconomic consequence
heretofore unseen.
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