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Introduction

The goal of the design of a radiation treatment room is to minimize the dose to areas

that are not directly being treated. This is done by shielding the room from the

radiation source using materials that absorb radiation.

The shielding is designed to minimize the dose to staff working in the room and to

minimize the dose to areas surrounding the room. The Monte Carlo (MC) method has

been proven to be one of the most accurate methods in determine dose calculations

for treatment planning, dosimetry, and in the design of treatment devices [12, 6].

With primary radiation being absorbed by the patient, the radiation that is of interest to

us is the secondary radiation (the radiation that is scattered by the patient) and the

tertiary radiation (the scattered radiation by the walls, floor, ceiling, and surrounding air

of the room) [5].

Figure 1. The radiation components of a treatment room: primary, secondary, and tertiary radiation [5].

How it works

The MC methods we will be focusing on are the Geant4 and the PENELOPE MC codes.

The MC method works by randomly sampling the space and calculating the dose at

each point. At each point, 2 dimensional ray cast is done starting from the source and

ending at the point of interest.

Interactions, overlaying many physical processes that occur to the particle in flight

before being absorbed, such as rayleigh scattering, photoelectric effect, Compton

scattering, and pair production, as well as attenuation due to the material the particle is

passing through, are calculated at each [variable] time step [1].

We simulate the movement of the particle until a process occurs - either interaction,

decay, or continuous energy loss.

We run the process to determine the outcome that lead to the smallest step size (the

first thing that happens) and then move the particle that distance [3].

Dependent on what the process was, we then choose what to do:
If the process was an interaction or a decay, the particle is killed and secondary particles are created if

necessary.

If the process was continuous energy loss, the particle’s energy is updated and the step size is

recalculated.

This post-step process is very similar to that of a recursive ray tracing algorithm.

Once the energy of a particle falls below a given absorption threshold Eabs,P , the

tracking of the particle is stopped [1]. Once the particle is killed, we calculate fluence at

the point of interest and add it to the current fluence.

This allows us to create an isodose map of the room. If we’re looking for the dose that a

person would receive, we can add a volume to the simulation and calculate the dose to

that volume through a numeric surface integral.

Numerical approximation of particle interactions

These physical processes are modelled using probability distributions. In order to determine

these probability distributions, we consider two different and independent molecular

differential cross-sections (denoted as A and B) to develop the following scattering model:

d2σA(E; θ, W )
dΩdW

and
d2σB(E; θ, W )

dΩdW
(1)

where dΩ is a solid angle in the direction (θ, φ) andW is the energy loss of the particle [1].

This then gives us a PDF for the scattering angle θ and energy lossW for a given scattering

event:

pA,B(E; θ, W ) = 2π sin θ

σA,B(E)
d2σA,B(E; θ, W )

dΩdW
. (2)

In order to model the final state of the particle, we can either choose a data driven model,

a semi-empirical model, or a model based on the physics of the process to determine the

PDF functions [3].

Once we have completed the MC simulation (MCS), a transformation from the fluence

to the dose is required. We consider particles only above a certain energy threshold ∆p,
that is not necessarily the same as the absorption threshold Eabs,P . Then, given the total

fluence distribution with respect to the energy of particles at point r denoted as ΦP (r, E),
the absorbed dose at point r is given by:

D(r) = 1
ρ(r)

∑
P

∫
A∆,P (E)ΦP (r, E)dE (3)

whereA∆,P (E) is the average energy that is transferred to the material per unit path length,
ρ(r) is the density of the material at point r, and P is the particle type [1]. In practice,
this simplifies to a simple numeric calculation for the dose given a direct proportionality

between the number of particles and the dose [14].

Geometric Modelling of the Treatment Room

There are several methods that can be chosen to model the treatment room, each with

varying levels of computational complexity. The simplest method is to model the room

as a series of voxels, where each voxel is a cube of a given size. Figure 2 shows a voxel

model of a treatment room.

Figure 2. A voxel model of a treatment room [10].

Accuracy of this particular method somewhat increases as we increase the size of the

voxels. The voxel method is good when it accurately reflects the room geometry.

However, when we are computing reflections off an object, the normal of the surface

is not in the same direction as the true surface normal unless the only volumes we

are considering are flat and parallel to the x, y, and z axes. It is likely that this does

not accurately reflect the true geometry of the room, treatment device, and personnel.

As we can see in Figure 2, the patient is modelled with voxels - this is a very rough

approximation of the patient’s true geometry. Earlier studies noted the geometric and

compositional complexity of treatment devices and the inherent inaccuracy of trying to

model such devices [2]. As a result, these methods also ignored scatter from the x-ray

collimator due to geometric limitations, which lead to underestimation of the scatter in

a particular study [10].

We can improve the accuracy of the model by using more complex geometries, such as

polygonal meshes or B-spline surfaces [3, 7]. Geant4, for example, allows for the use of

CAD systems to model the treatment room geometry. PENELOPE also allows for more

complex geometries to be used in the MCS. Voxelization can therefore, if needed, be

used as a computational optimization for flat surfaces as opposed to the only method

of modelling the overall room geometry.

Practicality of Numerical Methods

Increases in workloads in x-ray facilities increase the need for quantification of tertiary

scatter [5] The use of MCSs to model the treatment room is a computationally intensive

process, and not every physical process is modelled in previous MCSs (such as beam

filtration). However, when the treatment room is modelled using accurate geometry,

measurements of air kerma show agreement with the MCS [9].

This leads to the bottleneck of computation time in such simulations as a result of increased

geometric complexity. MC simuations have been shown to be accurate when the geometry

is accurate in the simulation, as discussed above, but even modern simulations have long

runtimes. An assessment of scattered radiation from hand-held dental x-ray equipment

using the MC method, for example, took 72 hours to run on a relatively modern CPU [4].

These are similar bottlenecks to those seen in other geometric modelling methods, such

as ray tracing. The CPU is not directly designed for the sheer scale of parallelism that is

possible in MCSs. Hardware that is specially designed for the task of parallelization for

SIMD (single instruction, multiple data) operations, such as GPUs, can be used to speed

up the simulation. A recent study researching the use of GPUs for MCSs have shown that

the use of GPUs can speed up the simulation by a factor of 2363 [13]. It was, however,

hindered by thread divergence, due to the stochastic nature of the simulation. These are

similar hindrances to those seen in ray tracing, which tends to have high thread divergence

due to the nature of the algorithm [8].

Recent developments in GPU hardware have lead to the capabilities of real-time ray

tracing on dedicated GPUs [11]. Given the incredible amount of similarity between the

two algorithms, it is likely that the same techniques used to speed up ray tracing can be

used to speed up MCSs. Further research is required to determine the practicality of using

GPUs with dedicated ray tracing hardware to speed up MCSs, as well as a re-assessed

cost-benefit analysis of the use of MCSs in the treatment room given developments to

significantly decrease the computation time.
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