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Abstract

In cancer radiation therapy, the conventional approach has been to calculate and report
dose in terms of dose-to-water. With the introduction of commercial Monte Carlo based
treatment planning systems, it is now possible to calculate and evaluate dose distributions
in terms of dose-to-medium, as opposed to the traditional dose-to-water, of conventional
planning systems. The two calculation approaches are conceptually different and the
method used has an impact on the reported doses to different organs, such as bone and
lung. For electron beams, differences between the two methods have been reported to
exceed 10% in cases with hard bone. These differences are greatest in materials whose
electron densities are furthest from water, such as bone and lung. This has raised the
question of which approach is more appropriate. An AAPM task group has recently
recommended that both options should be available in commercial software, but as of yet,
there is no consensus which approach should be used. There is a need for systematic
analysis of clinical data that would help with the understanding of differences between
the Dm and Dw approaches, which in turn could lead to a more accurate evaluation of
treatment outcomes. The purpose of this study is to investigate the dosimetric differences
between plans calculated using the Dm versus Dw approach for clinical breast, and head
and neck cases treated with electron beams. The analysis included plans for epoxy-resinii

based phantoms containing hard bone, lung, and air heterogeneities, as well as a
retrospective study breast, and head and neck cancer patients treated with electron beams.
In some cases, where hard bone was present, differences between Dm and Dw exceeded
10%. Differences were consistent with the water-to-tissue stopping power.
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Chapter 1
Introduction
Radiation therapy is the use of ionizing radiation to damage cancerous tissue within the
body, and has been a form of treatment since the early 1900's1. The continued
development of this form of therapy saw the introduction of high-energy electrons as a
form of cancer treatment in the early 1950's2, as well as other significant advancements
in both treatment and treatment planning. One of the recent advancements has been the
introduction of Monte Carlo (MC) based treatment planning systems (TPS), a highly
accurate method of calculating dose distributions within a medium.
Traditionally in cancer radiation therapy, dose has been calculated and reported in terms
of dose-to-water3, Dw. This can partially be attributed to the Dw-based calibration
protocols used in the clinic for the calibration of instrumentation4'5 and the inability of
early dose calculation algorithms to account for inhomogeneities. However, the human
body is made up of a variety of materials, including bone and lung. Monte Carlo based
treatment planning systems in clinics have made it possible to calculate and report plans
in terms of dose-to-medium, Dm. The two methods are fundamentally different6'7, and
yet no standard method of calculating or reporting dose exists8. An AAPM task group9
has recently recommended that both options be available in commercial software, since
the method used has an impact on the reported dose10, and therefore on the evaluation of
treatment outcomes.
There is a need for a systematic analysis of clinical data to understand the differences
between the Dm and Dw approaches which could in turn lead to a more accurate
evaluation of treatment outcomes. The purpose of this study was to analyze possible
1

differences that may exist between electron beam therapy plans calculated using the Dm
and Dw approaches. These differences were also investigated in clinical breast, and head
and neck cancer treatment plans.

2

Chapter 2
Electron radiotherapy
The types of radiation typically used in clinics are photon and electron beams, but other
types of ionizing radiation, such as protons, are gaining popularity11.

The type of

radiation chosen to treat a patient is selected based on a variety of factors including the
dose distribution characteristics of the radiation, as well as the location and size of the
lesion12. Electron beam therapy is used mainly for the treatment of superficial and
moderately deep tumors12, typically less than 6 cm deep. Electron beams are preferred
for these tumors since they deposit most of their energy near the surface and have a
characteristically sharp energy drop off beyond the depth of maximum dose, dmax. This is
useful in protecting any healthy tissue behind the tumor from receiving unnecessary dose,
while being able to deliver the prescribed dose to the lesion. Clinically, the range of
energy used for treatment is 4 - 25 MeV. The energy used to treat a patient is selected
based on the depth of the tumor, the prescribed dose to the tumor and the dose to the
critical organs12. The goal to is to deliver the prescribed dose to the lesion while sparing
the healthy tissue around it. This thesis focuses on external electron beam treatment
plans, specifically in the case of breast, and head and neck patients.

2.1 Characterizing electron dose profiles
The dose distribution in a medium depends on the energy of the incident beam. This
distribution can be characterized by examining the dose deposition through a medium
along the central axis of the beam, also known as the depth-dose profile or axial dose
profile.

If the dose profile is normalized to the maximum dose, the axial profile is
3

referred to as a percent depth dose (PDD) profile. Figure 1 shows PDD profiles in a
homogeneous water phantom for several electron beams of different energies, for 10 x 10
cm2 field size at 100 cm source-to-surface distance (SSD).

^—6MeV
— — 9MeV
13MeV
—-17MeV

Figure 1. Normalized depth dose profiles of a 10 x 10 cm beam at
100 cm SSD for electron beams of various energies.

The profiles can be characterized by several parameters that change with energy, and the
density of the absorbing medium. The shape of the profile is due to the incident electrons
losing their energy and stopping within the medium. For electron beams in a
homogeneous phantom, the dose will build up until it reaches a maximum, Dmax, at which
point the dose will quickly drop with depth. For lower energy beams, there is a sharper
buildup (since the electrons scatter more), and the depth of maximum dose, dmax, occurs
closer to the phantom surface. For higher energies, the drop off of dose occurs at a larger
depth. The tail at the end of the profile, termed the bremsstrahlung tail, is the dose that is
due to the photons created in the head of the linac and in the phantom. The absorbed
dose is partially due to primary electrons, secondary electrons, and bremsstrahlung.

The range of the electrons can be described either by the half-value depth, R50, or the
practical range, Rp. R50 corresponds to the depth at which the absorbed dose falls to 50%
of Dmax, and can be approximated by the following relation13:
£ 0 = C • Rx

(j)

where C=2.33 MeV-cm"1 for water, and £0 is the mean energy of the incident beam at
the surface of the phantom/patient. This equation is only valid for energies between 5-35
MeV. The practical range describes the electrons that have traveled through the medium
with the minimal amount of interactions. The practical range of an electron beam in a
homogeneous water phantom can be approximated using the most probable energy at the
absorbing medium surface, Ep0, and the following equation14:
RP-0.53EPfi-0.l06

(2)

where 0.53 has units of cm-Mev"1, Rp has units of cm, Ep,o has units of MeV and 0.106
has units of cm. It is possible to approximate the mean energy of the electron beam at a
particular depth of the profile using the practical range and the Harder equation15. The
Harder equation15, Equation 3, can be used to approximate the mean electron energy at a
particular depth, z (cm), for a beam with initial beam energy £0 (MeV), and the practical
range, Rp (cm).

T = Y0[\-ziRp]

(3)

The equations above are approximations that hold true for percent depth dose (PDD)
profiles in homogeneous water phantoms. In the case when the absorbing medium is not
water, the depth can be scaled using the density of the medium, into what is known as a
5

radiological depth16. Radiological depth is the depth a particle would need to travel
through water, zwaten (physical density, plater = 1-0 g-cm"3) in order to lose the same
amount of energy as though it were traveling a depth, zmed, in a medium of density pmedIt is calculated using the formulation16 presented in Equation 4.

^•water

^med rmed I r water

(4)

This principle can be applied to the half-value or practical range of an electron beam. For
example, if the practical range in a homogeneous water phantom is known, the practical
range in a medium with density pmed can be calculated using:

p,med

p,waterHwater j rmed

' '

A dose profile is a result of many electrons losing energy over a distance. Typically the
rate at which an electron loses energy is described as the average rate at which a beam of
electrons lose energy. However, as individual electrons move through a medium, they do
not lose energy at the same rate, or at a constant rate. This fluctuation of energy loss is a
concept known as energy straggling17. The energy losses of individual electrons vary due
to the stochastic nature of their interactions with the surrounding medium. Each electron
will lose different amounts of energies at different points in the medium due to their
interactions with the medium's orbital electrons and atomic nuclei.

6

2.2 Interactions and Energy Loss
As high-energy electrons move through a medium, they interact with the medium's
atomic nuclei and orbital electrons. These Coulomb force interactions are either elastic
or inelastic, and can be classified as one of the following:
• Elastic collision with orbital electron
• Elastic collision with atomic nuclei
• Inelastic collision with orbital electron
• Inelastic collision with atomic nuclei
During an elastic interaction with an orbital electron, the orbital electron will move to a
higher orbit before falling back into a lower orbit and releasing energy in the form of
heat. During an elastic collision with the atomic nucleus, there is a change of the
electron's original direction but no energy loss (elastic scattering). In an inelastic collision,
the incident electron will lose energy in the form of radiative or collisional energy loss.
When the incident electron interacts with the Coulomb field of the atomic nucleus,
bremsstrahlung photons are produced; this is radiative energy loss. Collisional energy
loss occurs when the incident electrons collide with the orbital electrons of the medium
leading to the ionization or excitation of the atom.

During ionization, knock-

on/secondary/6-ray electrons are created. If the secondary electron has enough energy, it
can continue on to ionize/excite other orbital electrons.

2.2.1 Stopping Powers
The rate at which electrons lose energy per unit length of a material is known as the
linear stopping power and is typically expressed in units of MeV-cm"1. The mass
stopping power is linear stopping power divided by density of the medium, expressed in
7

units of MeV-g '-cm2. The total stopping power is a combination of the collisional and
radiative energy losses.

'dE_

dE_
dx

(6)

dx

The stopping power is dependent on a variety of factors, including the beam energy and
the electron density (electrons-cm"3) of the absorbing medium. Figure 2 presents the
mass collisional stopping powers of several tissues over a range of energies. Within the
range of energy used clinically for external electron beam therapy, the stopping power of
water and water like materials can be approximated as 2 MeV-cm"1 or 2 MeV-g"'-cm2.

10

energy /MeV
Figure 2. Collisional mass stopping powers of water, hard bone, soft bone, soft
tissue, air and lung. Inset is a zoomed in view of the range of energies, 1-25 MeV.
Values obtained using NIST ESTAR18.

8

The linear stopping power is larger for those materials with a higher electron density; this
is because there are more electrons within the absorbing medium with which the incident
electrons can interact. The electron density is defined as the number of electrons per
cubic centimeter. The electron density of a material is commonly expressed relative to the
electron density of water, which is known as the relative electron density, RED. Since
the electron density is expressed as a function of volume, it is also associated with the
physical density of the material. Therefore, the physical density has an effect on the
range the electron will travel through the medium. In other words, electrons would have
to travel a shorter distance through a material of higher physical/electron density to lose
the same amount of energy.
The total stopping power describes the energy lost by the incident particle due to
collisional and radiative loses. The unrestricted stopping power ratio considers all energy
loss to secondaries to be deposited locally. However, it is possible for secondary
electrons, produced from inelastic collisions, to be sufficiently energetic to carry their
kinetic energy far from the place of the original interaction. The energy lost by such
electrons is not deposited locally. To account for this, a cut-off energy can be imposed so
that only those secondaries with energy below the specified threshold are considered to
deposit energy locally. Therefore, electrons above the energy threshold are considered as
separate events. This rate of energy loss is termed the restricted stopping power ratio,
and is lower than the unrestricted stopping power.

9

2.2.2 Mass Scattering Powers
The incident electrons will undergo multiple scattering events as they move through the
absorbing medium. This scattering is primarily due to Coulomb forces between the
atomic nuclei of the medium and the incident beam. The mass scattering power, T/p,
describes the mean square scattering angle per unit length of medium and unit density of
medium19. The mass stopping power is presented in Equation 7.

T
p

1 dd2
p dl

( 2r„Z \ NA
e„
In 1 +
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o„

= 71

a

-i +

1 ,

P
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6L„

(7)

where re = classic electron radius, Z = atomic number, ft = velocity of the incident
electron relative to velocity of light in a vacuum, A^ = Avogadro constant, MA = molar
mass of absorbing medium, 6max - cut off angle for large deflections, dmin = screening
angle for small deflections, x = the ratio of the kinetic energy to the rest energy of the
electron, / = length, and p = density of the material.
As the beam of electrons moves through the medium, it loses energy and the angular
spread of the beam increases.

This occurs because the scattering power is inversely

proportional to the energy of the incident electrons. The scattering power also increases
as the square atomic number.
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Incident beam of electrons

cold spot
* hot spot

Figure 3. Presence of hot and cold spots can be visible
in the presence of small inhomogeneities such as hard
bone in water. This drawing was adaptedfrom Khan20.

When a small inhomogeneity is present, with a higher scattering power than the medium
it is in, electrons will be scattered at larger angles, increasing the fluence around it, and
decreasing the fluence behind it. This variation of the scattering power disrupts the side
scatter equilibrium thus creating volumes of elevated dose (hot spots) or lesser dose (cold
spots), shown in Figure 3. The dose in a small volume with a higher scattering power will
be smaller since the electrons are more likely to scatter, irradiating away a portion of its
original energy. Hot spots can also happen if there are surface inhomogeneities. In these
situations a bolus can be introduced to smooth out irregular edges.

2.2.3 Dose: The absorption of energy
Absorbed dose is the energy deposited by ionizing radiation into the absorbing medium
per unit mass. The measure of dose is typically in units of Joules per kilogram, more
commonly referred to as "gray", Gy. Another way of defining dose is by calculating the
number of particles that are incident on a volume multiplied by the amount of energy
they deposit.
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The differential charged particle fluence (number of particles per unit energy at energy
E), 4>E, is multiplied by the restricted mass stopping power ratio, L(A)/p. By using the
restricted mass stopping power, we are only considering secondary electrons with energy
above the threshold energy A. This definition of dose follows the Spencer-Attix theory
since secondary electrons above threshold energy A are accounted for in the fluence. The
first term of (8 is integrated over the spectrum of energies for the incident electrons above
A; the dose deposited by electrons below the energy threshold is accounted for in the
track end term, TE. The last term takes into consideration dose deposited by those
electrons whose energy falls below the threshold energy A and because of this they will
stop within the volume.
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Chapter 3
Theraplan Plus®: A Monte Carlo based treatment planning system
For the purpose of our analysis, we have been using Theraplan Plus® v.3.8 and DCM
v.2.0. Theraplan Plus®, developed by MDS Nordion (Ottawa), presently Nucletron, uses
a VMC++ dose engine to calculate three dimensional dose distributions in a medium.
The software for this treatment planning system is based on Kawrakow's VMC++
algorithm ' ' , which uses a voxel Monte Carlo-based algorithm to simulate/predict the
transport of particles through a voxelised phantom or patient medium.

This new

approach has many advantages; it requires much less computational time than any other
algorithm of its type and needs much less pre-calculated data.

3.1 Anatomy Modeling
Treatment plans can be generated for vector or image-based anatomies. Vector-based
anatomies, also known as mathematical phantoms, are anatomies with well-defined
boundaries and bulk relative electron densities. Using the Anatomy Modeling module of
the Theraplan Plus® Treatment Planning System, these well-defined anatomies can be
designed to incorporate high and low density inhomogeneities of varying complexities.
To create a vector anatomy, the user is required to specify the number and thickness of
the slices in the transverse plane. The program displays the individual slices so that the
user can then create contours around regions of interest on each slice. A region can be
delineated by either drawing the contour with a cursor, selecting and placing a predefined
shape from a library, or entering the contour coordinates. For this work, all contours
were created by defining the coordinate points.

In the case of vector anatomies,
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inhomogeneities are created using contours, whereas in patient anatomies contours are
used to define boundaries on preexisting inhomogeneities. Typically, for image-based
anatomies, the organs at risk and tumors are delineated.

Subsequent contours are

delineations of volumes within the external contour; these are useful for defining volumes
for which the user will require dose volume histograms, DVH.

For vector-based

anatomies, each contour must be assigned an anatomical label and corresponding RED.
The user may choose from the anatomical dictionary provided or create a new label and
RED.
It is also possible to import an image-based anatomy. Typically, the imported image is a
CT scan of the patient. The slices and their thicknesses are determined by the properties
of the CT dataset. Once imported, a physician will contour the tumor and organs at risk.
Unlike the vector anatomy, the organs are not assigned bulk relative electron densities.
The REDs and tissue types are assigned based on the Hounsfield (HU) number of the
pixels in the image. Once an RED is assigned, it is matched with one of the predefined
tissues listed in the dose calculation module, DCM. The Monte Carlo dose calculation
module in Theraplan Plus® has 21 different tissues to choose from, making the material
assignment of the pixel more accurate than in those TPS with a smaller tissue inventory.

3.2 Creating a treatment plan and viewing dose calculations
Once the anatomy is contoured it is exported into the External Beam Planning module of
Theraplan Plus®, where the treatment plan is designed. The program requires the beam
information including, but not limited to, beam energy, gantry angle, SSD, field size, and
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the application of inhomogeneity corrections. At this point in the planning process, the
user can also specify the size of the display matrix and dose calculation points of interest.
The display matrix is a three-dimensional array of points for which the calculated dose is
displayed for each transverse slice. The display matrix is defined by the spatial limits in
the two perpendicular directions (slice thickness), and the point resolution in each
direction of the transverse plane (this is especially important for image-based anatomies).
The prescription dose or number of monitor units (MU) to be delivered is entered and the
plan is then sent to the DCM, for Monte Carlo calculations.
Once the plan has been calculated, the user can analyze it with one of the various tools
provided by Theraplan Plus®. The user can view isodose distributions, generate the
cumulative or differential dose volume histograms and view 3D images of the contoured
anatomy and dose distributions. Within the External Beam Planning module, the display
matrix dose values can be seen (or extracted manually) for one image slice at a time.
DVHs of previously contoured structures can also be obtained from the treatment
planning system. Due to the limitations of the program, calculation uncertainties cannot
be directly obtained from this version of the program.

3.3 DCM: Dose Calculations Module
The dose calculation module, DCM, has two main tasks, each implemented with different
engines24:
1) The reconstruction of the beam phase space
2) Particle transport and dose calculation
15

3.3.1 Beam Phase Space
To cut down on calculation time, the phase space is not reconstructed for every
calculation. Instead, the beam is modeled and the prepackaged exit phase space is
provided for every possible combination of applicator size and beam energy.
The beam is modeled at two points, before the first changeable collimating component,
and after the last collimating component; these phase spaces are known as the source
phase space and exit phase space respectively. The phase space contains a sequence of
particles; each particle has an assigned energy, charge, position and direction.
Dose engines are dependent upon the relative particle fluence distribution. This fluence
can be divided into three categories: primary electrons, indirect electrons and photon
fluence. The primary fluence is made up of direct electrons that propagate through the
linac head without interacting with any of the collimating components. The indirect
fluence is defined as the electrons that hit collimating components of the machine head.
These electrons are scored for each collimating element, and then using pre-calculated
scattering kernels, only those secondaries with a clear path to the patient are scored in the
exit phase space. The secondaries from each collimator that are eventually scored in the
exit phase space, this is referred to as multi-source fluence. Finally, the photon fluence is
from any bremsstrahlung interactions in the treatment head (photon fluence created
within the patient is taken into account during the in-patient calculation). All forms of
fluence are saved into 2D matrices and wielded during patient dose calculations24.
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3.3.2 In-Patient Dose Calculations
Although the user can define a display matrix to see the calculated dose, the dose is
actually calculated for and stored in a matrix known as the calculation matrix. Dose is
calculated at the center of each calculation matrix voxel, and then linearly interpolated
into the display matrix and any predefined calculation points3. Calculation matrices are
created for image and vector-based anatomies. The user has no control of the dimensions
of the calculation matrix voxels. Rather it is selected by the program based on the
constraint that the number of voxels in any slice does not exceed 16,384, or 2,048 along
any axis3'24. The calculation matrix does not align with the display matrix defined by the
user during the treatment planning process. This is for two main reasons: (1) the
dimensions of the calculation and display matrices typically do not agree and (2) the
minimum xyz coordinates are not defined at the same point with respect to the anatomy.
A pixel of the calculation matrix can contain several pixels (not necessarily whole) of the
display matrix, as shown in Figure 4.

L/lopioy 1VI a l l

>.

Calculation Mamx

Figure 4. The user defined display matrix (shown in green),
does not necessarily align with the calculation matrix
(shown in black) defined by the algorithm.

Prior to calculation, the image is divided into the calculation voxels. Using the average
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of the HU values of the image pixels contained within a calculation matrix pixel, the
calculation voxel is assigned tissue properties. This process can degrade the resolution of
the anatomy since the averaging of image pixel HU values can result in blurring of
inhomogeneity boundaries. The larger grid in Figure 5 represents the calculation matrix,
and the smaller grid is representative of the image pixels (for clarity, the display matrix is
not shown). Figure 5 (a) is an example of an anatomy slice containing an inhomogeneity
with the calculation matrix superimposed on it prior to assigning material-types to the
calculation matrix. In Figure 5 (b), the voxels that are fully shaded have been assigned
the appropriate material-type. From the figure, it can be seen that voxels containing the
inhomogeneity were not necessarily assigned the correct material-types due to the
averaging of the pixel values.
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(a)

(b)

Figure 5. Voxels in the calculation matrix are assigned material properties based
on the average HU numbers within the voxel. The larger grid represents the
pixels of the calculation matrix, the smaller grid represents the pixels of the
phantom/patient image. For clarity, the display matrix is not shown. The image
to the left is an example of an inhomogeneity with the calculation matrix
superimposed on it prior to averaging the HU values of the image pixels. In the
image to the right, the voxels that are fully shaded have been assigned the proper
material properties of the inhomogeneity.

The edges of the inhomogeneity will be slightly distorted due to the method in which the
RED values are assigned. These effects should be small since the voxel sizes used for
this study were smaller than 0.4 cm in all directions. The user cannot view the material
type (or average HU) assigned to voxels of the calculation matrix.
Once the calculation matrix is constructed, individual particles are sampled from the exit
phase space and transported through the medium. As a particle is transported through
the medium, the program must determine the angle and energy of each particle and the
distance to its next interaction. These parameters are determined by randomly sampling
from probability density functions. The energy deposited in each calculation voxel is
calculated by multiplying the distance traveled by the electron in the voxel by the
stopping power of the electron within the medium of the voxel. When a particle interacts
19

with the medium in a voxel several things can occur:
1) The particle that is created has enough energy that it is not absorbed in the
calculation voxel. The particle's energy and direction are sampled and later it
will be tracked separately through the medium until it is absorbed.
2) The interaction creates a particle with kinetic energy below the energy cutoff
threshold. The history of the particle is terminated and the energy is scored
for that voxel.
3) The interaction creates a particle that is absorbed in the medium (the particle
does not have enough energy to exit the voxel); in this case, the particle's
energy is scored.

Figure 6 illustrates the sequence of steps during the dose calculation process. It is
important to note that some of these steps are medium dependent.
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CT Image Divided into
Voxels
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Each Voxel Assigned an
Electron Density
Sample Initial Energy
And Direction

Sample Distance to Next Interaction
(medium based)

I
Sample Interaction Type
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I

Score Energy Deposited
In the Voxel

Figure 6. Workflow of the Monte Carlo simulation for each particle.
During the validation of the Theraplan Plus® software, Cygler et aP5 found the
calculations to have an overall uncertainty of less than 1.5%.

This uncertainty was

established for plans with 50,000 histories per square centimeter of the irradiated surface.
The accuracy improves as the number of histories per square centimeter is increased,
however, if the number of histories remains the same and the voxel size decreases the
overall uncertainty will increase25. This is due to the fewer number of interactions within
the voxel. Unfortunately, the user has no control over the size of the voxels, and
calculation uncertainties cannot be directly obtained from Theraplan Plus®.
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Chapter 4
Dose-to-water vs. dose-to-medium
In VMC++ the dose is calculated in terms of Dm. During the transport of the electron
through a medium, the distance between interactions and the interaction types depend on
the medium through which the electrons are traveling. Currently there is no consensus
whether dose should be calculated and reported in terms of Dm or Dw8. In conventional
treatment planning systems, CT numbers are converted to electron densities of water-like
material before calculations are performed. The Monte Carlo based treatment planning
systems have the ability to calculate Dm. Although it is possible to convert the Dm values
to Dw, this is unfavorable since it introduces additional uncertainties to the dose
distribution.
It is a topic of much debate in the medical physics community whether one of these two
approaches (Dw vs. Dm) is more appropriate. In a Point/Counterpoint article8, Keall
debated for preserving the Dw approach in clinical dose calculations. His argument was
based on the fact that absolute dosimetry protocols and all clinical experience up to now
are based on Dw calculations. In the same article8, Liu presented the opposing view,
noting that she did not expect the switch between Dw to Dm to have a major effect in
radiotherapy. Lui argument stated that calculating Dm would result in improved accuracy
of patient dosimetry.
Clearly, a thorough analysis of the differences between treatment plans calculated for Dm
and Dw is needed. It will promote an understanding of whether there is a clinically
significant difference between the two calculation methods. Such an analysis has already
been carried out for clinical cases using photon beams. In a clinical study for IMRT
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prostate and head and neck patients, Dogan et al

found that for prostate, and head and

neck patients there were systematic differences between the Dm and Dw dose-volume
indices of up to 2.9% and 3.5%, respectively, for the prescription dose to the PTV.
Siebers et al27 found that differences between Dm and Dw calculations range from 1% for
soft tissues to 10% for cortical bone for photon beam dose calculations. He proposed
using the unrestricted mass stopping power ratio (SPR) of Dm as a post-processing
multiplicative factor to convert Dm to Dw for photon beams.
/ „y<»er
water

mediumy
I
\ r / medium

^ )

Figure 7 shows the ratio of water-to-medium unrestricted mass stopping power ratios for
several tissues. The mass collisional stopping power of lung varies from being 1% higher
to almost 4% lower than unity, and for cortical bone it can be almost 14% higher than
unity. Within the energy range used in external beam electron radiotherapy, the stopping
power ratios (except for air) are roughly constant. In the energy range of 2 to 25 MeV,
the mass collisional stopping power of water to hard and soft bone are larger than water
by approximately 9.8% and 3.3%, respectively. For lung, this ratio is approximately
1.5% lower than unity.
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Figure 7. Ratio of unrestricted mass collisional stopping power ratios of water
to material. Values were obtained from NIST ESTAR18 for mono-energetic
electrons of energies 0.01 to 1000 MeV. Inset is a zoomed view of the range of
energies.
VMC++ converts Dm to Dw on a track-by-track basis rather than as a post-processing
step28. The energy deposited by an electron in a voxel is multiplied by the ratio of
collisional stopping powers. These values are evaluated at a random energy within the
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range of the initial and final energy of the electron for that step.
Systematic studies of the dosimetric differences between the Dm and Dw such as the ones
described in this chapter do not exist for Monte Carlo based electron beam dose
calculation.

The purpose of our study was to calculate dose distribution with a

commercial MC based treatment-planning system, Theraplan Plus®, using Dw and Dm
approaches and compare the dosimetric differences between such plans for well defined
phantom anatomies as well as patients.
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Chapter 5
Proof-of-Concept Phantoms
5.1 Proof-of-concept phantom configurations
To determine whether any differences exist in the simplest scenario, plans were created
and calculated for three vector-based phantoms, each containing a different
inhomogeneity. The plans were created in the Anatomy Modeling module of Theraplan
Plus® using 61 transverse slices, 0.5 cm thick. Each phantom had external dimensions of
30.0 x 30.0 x 12.0 cm3, and an RED of 1.00. These served as template blocks of tissue,
representative of the anatomy within the external contour. Each of the three phantoms
contained a different 30.0 x 30.0 x 1.0 cm3 slab of inhomogeneity positioned 1.0 cm
below the phantom surface.
Figure 8 is a depiction of a sample phantom. The black wire frame is the external
contour, the blue slab is representative of the slab of inhomogeneity within the phantom,
and the green rectangle is the location of the beam incident on the phantom.

Figure 8. Structural depiction of the proof of concept mathematical phantoms. The
external anatomy is outlined in black, while the contoured inhomogeneity is shown in
solid blue. The green cube delineates the external (electron) beam. The central
transverse slice is shown to the right.
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Phantoms 1, 2 and 3 contained a lung, soft bone and hard bone tissue-substitute slab,
respectively. Each inhomogeneity was assigned a bulk electron density similar to a tissue
found within the body. These tissues were chosen to represent a broad range of tissue
densities found within the human body. The bulk REDs assigned to slab inhomogeneities
are based on the REDs typically observed in patient anatomies. These densities have
been summarized in Table 1.
Table 1 Relative electron densities used for
proof-of-concept mathematical phantoms as
seen in preliminary patient plans.
Tissue
Water
Lung
Soft Bone
Hard Bone

Relative Electron
Density
1.00
0.30
1.15
1.74

Two plans were created for each phantom. The first plan used a 9 MeV beam and the
second used a 17 MeV beam. These energies were chosen to represent the differences
that can occur at either end of the range of energies used in external electron
radiotherapy.

Other than the energy, both plans were identical.

The beams were

modeled to be perpendicularly incident on the center of the phantom surface, had a 10.0 x
10.0 cm2 field size and a 100 cm SSD. The display matrix was set to 0.2 x 0.2 x 0.2 cm3.
With inhomogeneity corrections turned on, the plans were calculated to deliver 100 MU.
At The Ottawa Hospital Cancer Center, 100 MU corresponds to 100 cGy at dmax in a
homogeneous water phantom. Both plans were calculated twice, once using the Dm
approach, and then again using the Dw approach. All calculations were done using the
Monte Carlo option in Theraplan Plus® Dose Calculation Module.
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5.2 Calculations for proof-of-concept phantoms
The purpose of the preliminary phantom work was to show whether differences exist in
the most basic geometrical scenario between the Dm and Dw calculated plans and whether
the ratio of these calculations is in agreement with mass stopping power ratios.
Following the approach by Siebers et al27, the unrestricted mass collisional stopping
powers were evaluated at the depths of maximum difference for each phantom and
energy. The mass stopping power ratios were obtained from NIST ESTAR18 using the
elemental compositions outlined in the papers by White et al29'30, and the mean electron
energies evaluated using the Harder15 approximation. For the purpose of comparison,
differences are expressed as a ratio of Dw to Dm.
The proof of concept phantoms presented in this chapter have 0.39 x 0.39 x 0.39 cm3
voxel size, and were calculated with 50,000 electron histories-cm"2. The uncertainty of
the Monte Carlo calculations for an anatomy with this voxel size and number of incident
histories has an uncertainty of less than 2%25.
5.2.1 Results: Lung slab phantom
The largest difference in the lung phantom between the Dm and Dw calculations was 1.6%
for the 9 and 1.7% for the 17 MeV plans. For the 9 MeV plan, this difference occurred at
a depth of 1.4 cm, within the lung slab, see Figure 9 (a). At this depth, the mean electron
energy is 6.84 MeV, which corresponds to the water to lung mass collisional stopping
power ratio of 0.97 (3% below unity).
Figure 9 (b) displays the central axis profile of the lung phantom when a 17 MeV beam is
used to deliver the planned dose. The maximum difference occurs at a 1.4 cm from the
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phantom surface, within the lung slab. The water to lung mass SPR within the lung
evaluated at the mean electron energy, 14.86 MeV, at the depth of maximum difference is
0.97.
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Figure 9. Axial dose profiles along the central axis of the proof of-concept lung
phantom irradiated with a (a) 9 MeV beam, (b) 17 MeV beam. Profiles were
normalized to Dmax in a homogenous water phantom.

The dose within the lung is larger when calculated using the Dm approach for both
energies. The Dw/Dm ratios at the depths of maximum difference were in reasonable
agreement with the mass collisional stopping power ratios evaluated at those depths.

5.2.2 Results: Soft bone slab phantom
The central axis profiles for the 9 and 17 MeV soft bone phantom calculations are shown
in Figure 10 (a) and (b). The largest difference between the Dm and Dw profiles for the 9
and 17 MeV plans was 1.6% for both plans. Dose-to-water is larger than dose-tomedium for both plans. The maximum difference between the 9 MeV Dm and Dw
profiles occurred within the soft bone slab, 1.6 cm from the phantom surface. Using the
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mean electron energy at this depth, 5.74 MeV, the mass collisional stopping power ratio
within the soft bone is 1.03.
When a 17 MeV beam was used to deliver the prescribed dose of 100 cGy, the maximum
difference also occurred at 1.6 cm from the surface, within the soft bone slab. At this
depth, the mean electron energy is 13.77 MeV, and which corresponds to a mass
collisional stopping power ratio of 1.03. The mass collisional stopping power ratios are
subject to uncertainties based on the approximations made regarding the energy at the
surface and the depth of interest, as well as the error associated with the stopping power18
itself. Based on the uncertainty of the values that are being compared it can be stated that
the mass collisional stopping power ratios within the soft bone slab were reasonably
consistent with their corresponding Dw/Dm for both the 9 and 17 MeV plans.

9 MeV

17 MeV
D

100 •

m
"~—"""™

80

I

I

w

60 h
40
20

Location
of soft
bone slab

i
0

2

\
\
\

V.
4
6
8
depth /cm

(a)

Q\

10

0

1

1

2

,

4

,

6
8
depth /cm

,

U

10

(b)

Figure 10. Axial dose profiles along the central axis of the proof-of-concept soft
bone phantom irradiated with a (a) 9 MeV beam, (b) 17 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.
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5.2.3 Results: Hard bone slab phantom
The hard bone phantom central axis profiles are presented in Figure 11 (a) and (b).
Similar to the soft bone slab, the differences between Dm and Dw were larger for the 9
MeV plan. The largest difference between Dm and Dw profiles for the 9 and 17 MeV
plans were 11.3% and 9.8%, respectively. The greatest difference between the 9 MeV
profiles occurred within the bone, at a depth of 1.6 cm from the phantom surface. At this
depth, the mean electron energy is 4.93 MeV. The mass collisional stopping power ratio
of water to bone was calculated for this energy was 10% above unity.
The largest difference between Dm and Dw for the plans calculated with the 17 MeV
beam was located shallower than that of the 9 MeV plans: it occurred 1.4 cm from the
surface. The SPR at this depth was 9% above unity, which was evaluated at 12.97 MeV
(the mean electron energy this depth).
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Figure 11. Axial dose profiles along the central axis of the proof-of-concept
hard bone phantom irradiated with a (a) 9 MeV beam, (b) 17 MeV beam.
Profiles were normalized to Dmax in a homogenous water phantom.

As expected, results from this preliminary study showed differences between the Dm and
Dw calculation approaches. We see larger differences between Dm and Dw calculations for
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plans using lower beam energy. These differences become more exaggerated as the RED
of the heterogeneity diverges further from unity. For the basic geometries shown, Dw-toDm ratios were consistent with the water-to-medium mass collisional stopping power
ratios evaluated at the depth of interest. Based on these results we continued our
investigation using epoxy resin based tissue substitute phantoms to quantify these
differences for different inhomogeneity geometries, as well as within patient plans.
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Chapter 6
Epoxy resin based phantoms
Following the preliminary proof-of-concept studies using mathematical phantoms,
physical phantoms were used to mimic the anatomies of interest and to compare the
calculations with experimental results. These were constructed by stacking several epoxy
resin-based (ERB) tissue substitute slabs (from hereon referred to as tissue-substitute
slabs), mimicking various tissues in the body (i.e. muscle, bone, and lung), in different
geometrical configurations. The use of these phantoms and their description has been
well published before31'32'33'34.
6.1 Epoxy resin based phantom configurations
The tissue-substitute slabs were of varying geometries, densities and complexities as
listed below:
• Slab Geometry - One dimensional (ID)
• Small Cylindrical Geometry - Three Dimensional (3D)
• Trachea and Spine - Complex Geometry (low and high inhomogeneities)
Five phantoms were used, each with a different inhomogeneity and geometry: bone slab,
lung slab, bone cylinder, air cylinder, and trachea and spine. The phantoms were milled at
the University of Wisconsin from GAMMEX RMI® tissue equivalent materials10'31'34'.
The physical and relative electron densities of these materials are based on the elemental
composition of the epoxy resin based tissue substitute material described by White et
al29'30 and information from RMI. These values have been summarized in Table 2. The
phantoms consisted of several stacked tissue-substitute (MS11) slabs. The stacked slabs
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were placed above an assembly of four MS 11 slabs, referred to as the backscatter
assembly. The MS 11 material has similar physical density, absorption, scattering and
attenuation characteristics as muscle. The two slabs of the backscatter assembly were 5.0
and 6.0 cm thick, for a total thickness of 11.0 cm. Each slab, with the exception of the
backscatter assembly slabs, had lateral dimensions of 15.0 x 15.0 cm2. The backscatter
assembly slabs had lateral dimensions of 30.0 x 30.0 cm2.
Table 2 Physical and relative electron densities of the epoxy resin based tissue
substitute materials, adaptedfrom White et al ' .
Tissue
Substitute
MS1129
Hard Bone29
Air18
Lung30

RED
0.96
1.71
0.001
0.28

Physical
Densityjg/cm3]
0.99
1.84
0.001
0.288

Elemental Composition by Percentage Weight
C
H
O
N
CI
Other
67.97 8.41 18.87 2.27
0.13
Cu (2.35)
31.36 3.10 37.57 0.99
0.05
Ca (2.52)
0.012
23.18 75.53
Ar(1.28)
60.50 8.38 17.28 1.68
0.15
Mg (11.17)
Si (0.84))

The configuration of the phantoms is described in detail below:
Bone Slab Phantom
The phantom was composed of two slabs of bone equivalent material, each 0.5
cm thick, positioned below a 1.0 cm thick slab of MS11, and on top of the
backscatter assembly. A graphical representation of this phantom is shown in
Figure 12 (a).
Lung Slab Phantom
The phantom was formed of two slabs of lung equivalent material, each 1.0 cm
thick. These slabs were positioned below a 1.0 cm thick slab of MSI 1, and on top
of the backscatter assembly. This phantom is shown in Figure 12 (b).
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Bone Cylinder Phantom
The bone cylinder phantom consisted of a 1.2 cm thick slab of MSI 1 with a hard
bone cylinder insert positioned at the center. The face of the cylinder, 1.0 cm in
diameter, was flush with the bottom surface of the slab. The bone inhomogeneity
extended 1.0 cm into the slab, with 0.2 cm of MS 11 above it. This slab was
located (face down) below a 1.0 cm thick slab of MS11, and on top of the
backscatter assembly. This phantom is shown in Figure 12 (c).
Air Cylinder Phantom
A 2.0 cm thick slab of MS 11 with a cylindrical hole was used to form the air
cylinder phantom. The air cylinder, located at the center of the slab, was parallel
to the beam axis. The air cylinder had a 1.0 cm diameter and extended 1.8 cm
into the slab, with 0.2 cm of MSI 1 above it. This slab was placed below a 1.0 cm
thick slab of MS11, and on top of the backscatter assembly. This phantom is
shown in Figure 12 (d).
Trachea and Spine Phantom
The trachea and spine phantom was composed of a 15.0 x 15.0 x 4.7 cm3 slab
with two different inhomogeneities. Located 0.2 cm below the slab surface was a
cylindrical hole, 2.6 cm in diameter, which extends across the width of the
phantom. The cylindrical hole (an example of a 2D inhomogeneity) was
perpendicular to the beam axis and was representative of the trachea. Along the
bottom of the phantom (0.5 cm below the cylindrical hole, and flush with the
bottom of the slab) were 4 hard bone cylindrical discs placed 0.5 cm edge to edge.
The discs, 2.5 cm in diameter and 1.4 cm thick were parallel with the beam axis.
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These discs represented the spine. This slab was positioned below a 1.0 cm thick
slab of MS11, and above the backscatter assembly. This phantom is shown in
Figure 12 (e).

(a)

ERB Bone Slab Phantom

( M ERB Lung Slab Phantom

MS 11 Slab (1.0 cm thick)
Bone Slab (2 pieces, each
0.5 cm thick)
MS 11 backscatter
C slabs

(Q\

MS 11 Slab (1.0 cm thick)
Lung Slab (2 pieces, each
1.0 cm thick)
MS11 backscatter
f slabs

ERB Bone Cylinder Phantom
MS 11 Slab (1.0 cm thick)
Bone Cylinder Slab

Bone Cylinder Slab
Bottom View, face up orientation

MS 11 backscatter
r slabs
Central Slice Profile, face down orientation

(rj)

ERB Air Cylinder Phantom
MS 11 Slab (1 cm thick)
_}- Lung Cylinder Slab

Air Cylinder Slab
Bottom View, faceup orientation

MS 11 backscatter
y slabs
Central Slice Profile, face down orientation

(Q\

ERB Trachea and Spine Phantom
MS11 Slab(l cm thick)
Trachea and Spine Slab

Trachea and Spine Slab
Bottom View

MS 11 backscatter
y slabs

Central Transverse and Axial Slice Profiles

Figure 12. The different configurations of the epoxy resin based phantoms usedfor D„
and Dw calculations.
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Vector-based and CT image-based plans were created for each of the epoxy resin-based
phantoms.

Each plan was designed to deliver 200 MU using 9 and 17 MeV beams,

where 200 MU corresponds to 200 cGy at dmax in a homogeneous water phantom. Each
plan was calculated twice, once using the Dm method and again using the Dw method.
This method allows for the direct comparison of several calculations and measurements
for two different energies:
• Dw vs. Dm calculations for well-defined vector-based anatomies
• Dw vs Dm for image-based anatomies, whose resolution is limited to that of the
image itself and subject to some artifacts
• Comparison between Dw calculations for the vector and the image based anatomies
• Comparison between Dm calculations for the vector and the image based anatomies
• Comparison of calculations with measurements of the film experiments
The treatment plans were delivered to the phantoms, and using GafChromic EBT1 film,
the dose at different depths was measured. The purpose was to evaluate the agreement
between calculated and experimental data.
The comparison between the Dw and Dm calculations was to show the differences that
exist for inhomogeneities in a variety of geometrical configurations and determine
whether they are larger for vector or image-based anatomies. Although we realized that
patient anatomies are rarely represented using a vector-based plan, it should help define
why certain dose characteristics were visible in image-based anatomies that were not
visible in vector-based anatomies or vice versa.
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6.2 Calculation of treatment plans for epoxy resin vector-based phantoms
Vector-based anatomies, with bulk densities and well-defined boundaries, were created
for each phantom configuration. The bulk RED values, see Table 2, assigned to each
inhomogeneity, with the exception of air, were based on the values presented by White et
al29,30 The RED for air cavities18 within the phantoms was 0.001. These vector-based
phantoms were then exported into the External Beam Planning module where the 9 and
17 MeV plans were generated for each of them. Other than the beam energy, both plans
were identical.

The beams, perpendicularly incident on the center of the phantom

surface, were modeled to have a 10 x 10 cm2 field size and an SSD =100 cm. The plan
specifications are listed in Table 3.

Table 3 Treatment plan parameters used to create the vector and
image based treatment plans for the epoxy resin phantoms.
Parameter
Beam Energy
Field Size
SSD
Display matrix
Gantry Angle
Inhomogeneity correction
MU

9 or 17 MeV
10x10 cm2
100 cm
0.1x0.1 cm2

0°
ON
200

The display matrix was set to 0.1 cm in the x and z directions of the transverse plane.
Using inhomogeneity corrections, the plans were calculated to deliver 200 MU, which
corresponds to 200 cGy at dmax in a homogeneous water phantom. Both plans were
calculated twice, once using the Dm approach, and then again using the Dw approach.
The image pixel sizes and slice thicknesses are presented in Table 4, along with the
display matrix and calculation matrix voxel sizes.
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Table 4 CT-based and vector-based anatomy properties. Variation in voxel size is due to
variations in the size of the external dimensions of the phantom.
Pixel Size
(cm)

Slice Thickness (cm)

CT Image

Imagebased
anatomy

Vectorbased
anatomy

Image-based
anatomy

Vector
anatomy

Hard bone
Slab

0.06836

0.5

0.1

0.1x0.5x0.1

0.1x1.0x0.1

0.273

0.293

Lung Slab

0.06836

0.5

0.1

0.1x0.5x0.1

0.1x1.0x0.1

0.273

0.293

Hard bone
Cylinder

0.06836

0.2

0.1

0.1x0.2x0.1

0.1x1.0x0.1

0.273

0.293

Air
Cylinder

0.06836

0.2

0.1

0.1x0.2x0.1

0.1x1.0x0.1

0.273

0.293

Trachea
and Spine

0.06836

0.2

0.1

0.1x0.2x0.1

0.1x1.0x0.1

0.342

0.293

Phantom

Display Matrix
(cm)

Calculation Matrix
(X x X x X cm3)
VectorImagebased
based
anatomy
anatomy

The phantoms were calculated with 50,000 electron histories-cm"2. Cygler et al25 found
an overall uncertainty of less than 1.5% uncertainty for plans using a 10 x 10 cm2 field
size, 50,000 electron histories-cm" . These uncertainties were calculated for plans with
voxel sizes between 0.3 x 0.3 x 0.3 cm3 and 0.49 x 0.49 x 0.49 cm3. The uncertainty of
the calculations presented are less than 1% for doses larger than 50% of Dmax.
The axial and lateral dose profile calculations for each vector and image-based phantom
are presented in the figures located in their respective sections. The axial and lateral dose
profiles have been normalized to Dmax in a homogeneous water phantom, 200 cGy.
Included in these figures are the DVHs of the heterogeneities in the phantom and a dose
difference map depicting the absolute differences between Dm and Dw.

The dose

difference map shows a difference rather than a ratio or percent difference of dose so that
the geometry of the phantoms is still clearly visible. This allows the reader to visualize
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where the differences occur with respect to the inhomogeneities in the phantom. The
lateral dose profiles presented were taken at the depth of maximum difference between
Dm and Dw calculations found along the axial dose profile.

6.2.1 Results: Hard bone slab epoxy resin vector-based phantom
For the axial dose profiles of the 9 MeV bone slab phantom, Figure 13, Dw is larger than
Dm by up to 12% (26.7 cGy) within the bone. This difference occurred at a depth of 1.6
cm from the surface, near the center of the bone. The lateral dose profiles, taken at 1.6
cm, also differ on average by 12% (24 cGy) across the width of the field. The dose
profile is consistently larger when calculated to Dw, which explains why in the DVHs the
dose for volumes below 40% is larger for Dw. It is expected for slab volumes where Dm
and Dw are different, that the DVH will deviate for volume smaller than 44% of the total
slab volume, since only roughly 44% of the slab is within the 10 x 10 cm2 field of the
beam.
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Figure 13. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased hard bone slab phantom, calculated to deliver 200 MU with a 9 MeV beam.
Profiles were normalized to Dmax in a homogenous water phantom.

Similar results were seen for the 17 MeV bone slab phantom, where the largest difference
on the axial dose profile occurs at the deepest edge of the bone slab, 1.9 cm from the
phantom surface. The largest difference along the axial dose profile between Dw and Dm
is 10% (20 cGy). As in the 9 MeV calculations, the dose-to-water was higher than doseto-medium.
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Figure 14. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased hard bone slab phantom, calculated to deliver 200 MU with a 17 Me V beam.
Profiles were normalized to Dmax in a homogenous water phantom.

The 17 MeV axial dose profiles differ from the 9 MeV profiles in that there is a relatively
constant difference between Dw and Dm axial dose profiles within the bone slab. The
lateral dose profiles, taken 1.9 cm from the surface, disagree on average by 10% across
the width of the bone within the field.

The dose volume histogram shows average

difference of 11% for volumes below 34%. The constant difference in dose throughout
the bone heterogeneity is particularly more noticeable in the dose difference map. The 17
MeV dose difference map, when compared to the 9 MeV dose difference map, shows a
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more uniform difference between the calculations throughout the bone. This could be
due to less scatter, and a wider dmax region associated with higher energy beams.
The water-to-bone unrestricted mass stopping power ratio for energies evaluated in the
bone was 12% and 13% above unity for the 9 and 17 MeV plans, respectively. These
values are in very good agreement with the percent differences in Dm and Dw.

6.2.2 Results: Lung slab epoxy resin vector-based phantom
The 9 and 17 MeV lung slab phantom Dm and Dw calculations, Figure 15 and Figure 16,
are very similar.

43

Axial Profile

Lateral Profile, 1.6 cm from surface
100

1

80
60
•s

•S 40

40

20

-10

4
6
depth /cm
DVH

J

Dm
Dw

~

\

K

-5
0
5
distance from central axis /cm

10

Dm-Dw Dose Difference Map /cGy

100
•—
Dm lung slab
^ ^ ^ Dw lung slab •
|

60
40

v\

20

50

100
150
dose /cGy

200

250

distance from central axis /cm

Figure 15. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased lung slab phantom, calculated to deliver 200 MU with a 9 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.

The largest difference between the 9 MeV Dm and Dw calculations along the axial dose
profile is less than 2% of the maximum dose. Dose-to-medium is consistently larger than
dose-to-water within the lung inhomogeneity. This maximum difference occurred at a
depth of 1.6 cm from the surface, near the center of the lung slab. The lateral dose
profiles, taken at 1.6 cm, show similar differences between Dw and Dm, ranging from
1.5% to 1.6% (~3.0 cGy). The similarity between the two calculation approaches can be
seen in the DVH and dose difference map. The dose difference map shows the largest
differences in the lung slab, but these differences do not exceed 1.8%.
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Figure 16. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased lung slab phantom, calculated to deliver 200 MU with a 17 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.

For the 17 MeV lung phantoms, the differences between the doses calculated within the
lung slab are only marginally larger than that for the 9 MeV phantom calculations. For
the 17 MeV lung slab phantom, the largest difference between the two calculation
approaches along the axial dose profile is 1.8% (3.6 cGy), and it occurs at a depth of 1.3
cm from the phantom's surface. Dose-to-medium was again larger than dose-to-water
calculations. The lateral dose profiles at 1.3 cm show comparable differences of 1.8%
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across the width of the field. The differences between the lung slab DVHs are
comparable to that of the 9 MeV plans.
The differences seen between the Dm and Dw calculations agreed well with the water-tolung unrestricted mass collisional stopping powers within the range of energies used in
the clinic, with a ratio of approximately 0.985. This ratio suggests that the Dw would be
lower than Dm, which in this case it is.

6.2.3 Results: Hard bone cylinder epoxy resin vector-based phantom
Figure 17 and Figure 19 are the 9 and 17 MeV profiles for the hard bone cylinder
phantoms in the bone-face-down orientation. The bone is located 1.2 cm from the
surface, and extends to 2.2 cm into the phantom.
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Figure 17. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased hard bone cylinder phantom (bone 1.2 cm from the surface), calculated to deliver
200 MU with a 9 MeV beam. Profiles were normalized to Dmax in a homogenous water
phantom.

The axial dose profiles of the 9 MeV hard bone cylinder phantom differ most within the
cylinder. The greatest difference is 10% (20.5 cGy) of the maximum dose at 1.6 cm from
the phantom surface (or 0.4 cm into the cylinder). Differences of this magnitude only
exist for display matrix pixels that lie within calculation matrix pixels that contain
exclusively densities of the bone. The location of the display matrix with respect to the
calculation matrix is presented in Figure 18. The black grid represents the calculation
matrix, the green grid is the display matrix and the blue square is the location of the bone
cylinder with respect to the grids.
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Figure 18. Display matrix (green grid) superimposed on the
calculation matrix (black grid) and the hard bone cylinder phantom.

Profiles through the phantoms are more complex due to the location of the
inhomogeneity, the calculation voxels, and the display voxels. It is possible that a profile
taken near (but not within) an inhomogeneity uses the calculation points that lie within a
calculation voxel with properties of the inhomogeneity. It is difficult to know whether
these calculations are affected by the voxel assignment.
In the 9 and 17 MeV axial dose profiles, differences between the Dm and Dw calculations
extended beyond the boundaries of the bone cylinder denoted as vertical black lines in
Figure 17 and Figure 19. This could partially be attributed to the material properties
assigned to the calculation voxels containing the upstream and down stream edges of the
bone cylinder. It could also be credited to the difference in scatter. As one would expect,
there is little difference between the Dm and Dw calculation points that lie within the
calculation matrix voxels that solely contain water. For the 9 MeV lateral dose profiles,
taken 1.6 cm from the surface, the largest difference between Dm and Dw is 10% (21 cGy)
at -0.3 cm from the beam central axis and within the bone. This shift is roughly the size
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of one calculation matrix voxel. This point could be the cylinder center as seen by the
calculation matrix. The DVHs for the bone heterogeneity differ by approximately 10%.
This is consistent with the mass collisional stopping power ratio of water to bone for
energies within the clinical range.
The differences seen in the calculations for the 17 MeV bone cylinder phantom are
similar to those for the 9 MeV phantoms. The calculation and display matrices of the 9
MeV plan are the same for the 17 MeV plan. Along the bone section of the axial dose
profile there is a 9.6% (19.2 cGy) difference between Dm and Dw. This difference is
located at a depth of 1.4 cm from the surface. The Dw lateral dose profiles do not show
the existence of the bone heterogeneity within the field. On the other hand, the Dm
calculation is about 9% (19 cGy) lower in the section where there is bone.
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Figure 19. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased hard bone cylinder phantom (bone 1.2 cm from the surface), calculated to deliver
200 MU with a 17 MeV beam. Profiles were normalized to Dmax in a homogenous water
phantom.

Similar to the hard bone slab phantoms, the dose within the bone is higher when
calculated using the Dw approach. The differences between the calculation approaches
are similar for the respective energies. For both energies, the Dw lateral dose profiles
(crossing through the bone cylinder) do not show the presence of bone. The differences
between Dm and Dw are consistent with the mass collisional stopping powers within the
range of clinical energies, approximately 11%.
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6.2.4 Results: Air cylinder epoxy resin vector-based phantom
The profiles, DVH and the dose difference maps are presented in Figure 20 and Figure 21
for the 9 and 17 MeV calculations, respectively. The discrepancy between the Dm and
Dw calculations for the 9 MeV within air cylinder increases with depth. This trend is
especially evident in the axial dose profile and the dose difference map presented in
Figure 20. This difference grows to 5% at 2.7 cm from the surface (1.5 cm within the air
cylinder). From the lateral dose profile taken at 2.7 cm from the surface, the Dm is larger
for the points of the profile that lie around the location of the air cylinder but smaller
within the air cavity. The greatest difference between the lateral dose profiles is 5% at
-0.3 cm from the central axis. There is a gradual increase in the differences between the
Dm and Dw DVHs of the air cylinder. The percent difference within 100% of the volume
is 1.4% and increases to 4.2% at 3.4% of the volume.
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Figure 20. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased air cylinder phantom (cylinder 1.2 cm from the surface), calculated to deliver 200
MU with a 9 MeV beam. Profiles were normalized to Dmax in a homogenous water
phantom.

For the axial and lateral dose profiles, the 17 MeV air cylinder phantom calculations
around the air cavity do not exhibit any visual differences. However, minor differences
are seen in sections of the profiles crossing through the air cavity. The largest difference
between Dm and Dw along the axial dose profile was too small to be appreciated. The
largest difference was only 2% at a depth of 1.4 cm from the surface (0.2 cm into the air
cavity).
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Figure 21. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased air cylinder phantom (cylinder 1.2 cm from the surface), calculated to deliver 200
MU with a 17 MeV beam. Profiles were normalized to Dmax in a homogenous water
phantom.

In the lateral dose profiles taken at 1.4 cm depth, the dose-to-medium calculations are
slightly larger than dose-to-water calculations in the location of the air cylinder. The
largest difference in the lateral dose profile in the region of the air cavity is
approximately 2% (4 cGy). The Dw DVH of the air cavity systematically differs from the
Dm DVH, by approximately 1.6%.
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The mass stopping power ratio of water to air increases rapidly with decreasing energy.
Therefore, we expect to see much larger differences between Dm and Dw calculations for
plans using a lower energy.
Figure 22 is the display and calculation matrix superimposed on the central slice of the
air cylinder phantom. The surrounding edges of the cylinder lie within calculation voxels
that also contain the surrounding medium.
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Figure 22. Display matrix (green grid) superimposed
on the calculation matrix (black grid) and the air
cylinder phantom.

6.2.5 Results: Trachea and spine epoxy resin vector-based phantom
The profiles, DVH and the dose difference maps for the trachea and spine phantom
calculations are presented in Figure 23 and Figure 24 for the 9 and 17 MeV calculations
respectively. Only the DVHs of the air cylinder and the bone centered at -2.75 cm from
the central axis are displayed.

Along the axial dose profile, the largest difference

between Dm and Dw is 3.7%, located 3.6 cm from the phantom surface, within the air
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cylinder. The Dm and Dw calculations along the lateral dose profile at this depth differ by
roughly the same, 3.8%.
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Figure 23. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased trachea and spine phantom, calculated to deliver 200 MU with a 9 MeV beam. The
lateral dose profile contains a pictorial description of where the profile was taken within
the phantom. Profiles were normalized to Dmax in a homogenous water phantom.

There are smaller differences between the Dm and Dw axial dose calculations for the 17
MeV profiles than those for the 9 MeV profiles. The maximum difference between the
17 MeV profiles is 2.0% (3.9 cGy) at a depth of 1.4 cm.
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Figure 24. Axial and lateral dose profiles, DVH and dose difference map for the vectorbased trachea and spine phantom, calculated to deliver 200 MU with a 17 MeV beam.
The lateral dose profile contains a pictorial description of where the profile was taken
within the phantom. Profiles were normalized to Dmax in a homogenous water phantom.

When the dose difference maps for the 9 and 17 MeV maps are compared, it was seen
that Dm was higher than Dw in the low-density volumes and smaller than Dw in the highdensity volumes. This follows what we expect to see, based on the results for the bone
slab and lung cylinder phantoms.

From the dose difference maps, the differences

between the 9 MeV Dm and Dw calculations, within the bone discs, are greater near the
edge closest to the phantom surface, unlike the 17 MeV where the difference is
approximately uniform.
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The depth of the lateral profiles are shown on the superposition of the calculation and
display matrix over an image of the trachea and spine phantom, shown in Figure 25.
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6.3 Calculation of treatment plans for epoxy resin image-based phantoms
To create an image-based anatomy of the epoxy based phantoms, each phantom was
imaged using a Philips Brilliance CT scanner.

Phantoms containing slab geometry

inhomogeneities were scanned with 0.5 cm slice thickness. The phantoms containing
small cylindrical inhomogeneities and the trachea and spine phantom were scanned with
0.2 cm slice thicknesses. The images were contoured, and the REDs were assigned
automatically based on the HU value of each individual pixel. The HU values were
converted to REDs using the scanner-specific "BigBore" calibration curve available in
the Anatomy Modeling module of Theraplan Plus®.
The image-based anatomies of the phantoms were exported into External Beam Planning
module. Like the vector-based phantoms, two plans were created for each phantom. The
first plan used a 9 MeV beam and the second used a 17 MeV beam. Other than the
energy, both plans were identical; the parameters are listed in Table 3. The beams,
perpendicularly incident on the center of the phantom surface, were modeled to have a 10
x 10 cm2 field size and a 100 cm SSD. Using inhomogeneity corrections, the plans were
calculated to deliver 200 MU, which corresponds to 200 cGy at dmax in a homogeneous
water phantom. Both plans were calculated twice, once using the Dm approach, and then
again using the Dw approach.
The axial and lateral dose profiles for the each image-based phantom are presented in the
figures located in their respective sections. Included in these figures are the DVHs of the
heterogeneity within the phantom and a dose difference map depicting the differences
between Dm and Dw. Similarly as for vector anatomies, the dose difference map is
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presented as a difference rather than a ratio or percent difference so that the geometry of
the phantoms is still visible in the dose difference map. This allows the reader to
visualize where the differences occur with respect to the inhomogeneities in the phantom.
The lateral dose profiles presented were taken at the depth of maximum difference
between Dm and Dw calculations along the axial dose profile.

6.3.1 Results: Hard bone slab epoxy resin image-based phantom
Figure 26 presents the profiles, the DVH of the bone slab inhomogeneity, and the dose
difference map of the 9 MeV hard bone slab image-based phantom calculations. For the 9
MeV beam, the maximum discrepancy between Dm and Dw along the axial dose profile
for the image-based bone slab phantom is 8.4% (16.9 cGy) at 1.6 cm from the phantom
surface. The lateral dose profile was taken at the depth of the greatest difference along
the axial dose profile, and showed a roughly consistent difference of 8.7% (17.3 cGy)
between the calculation approaches. The DVHs of the bone slab agree rather well for at
least 40% of the volume; beyond that point there is a consistent difference between Dm
and Dw. It is expected that the DVH would deviate at this point since only approximately
40% of the bone is within the 10 x 10 cm2 field of the beam.
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Figure 26. Axial and lateral dose profiles, DVH and dose difference map for the imagebased hard bone slab phantom, calculated to deliver 200 MU with a 9 MeV beam.
Profiles were normalized to Dmax in a homogenous water phantom.

The dose difference map for the 17 MeV bone slab phantom, Figure 27, shows evidence
of having used an assembly of water slabs as backscatter. At a depth of approximately 7
cm, there are ripples in the dose distribution; this is due to a tiny air gap between the
MSI 1 slabs. This gap was clearly visible in the CT images.
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Figure 27. Axial and lateral dose profiles, DVH and dose difference map for the imagebased hard bone slab phantom, calculated to deliver 200 MU with a 17 Me V beam.
Profiles were normalized to Dmax in a homogenous water phantom.

Similar to the results of the vector based bone slab, the agreement between the Dm and
Dw calculations only slightly improves with energy. The largest difference between Dm
and Dw was 7.3% (14.7 cGy) along the axial dose profile at a depth of 1.4 cm from the
surface. This difference is consistent with the differences between the two calculation
approaches along the lateral dose profile taken at 1.4 cm. The dose volume histogram
shows a systematic difference between Dm and Dw for 0 to 40% of the volume. The
differences between the calculations for the image-based phantom are smaller than those
for the vector-based phantom; this could be due to the assigned material properties within
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the homogeneity, or differences in voxel size (the image-based anatomy has a smaller
voxel size). Another consideration is that the vector-based anatomy was assigned a bulk
density, whereas the CT-based phantom has densities assigned pixel by pixel that vary
within the heterogeneity. Variations in densities will affect the dose distribution. This is
true for all the phantoms presented.

6.3.2 Results: Lung slab epoxy resin image-based phantom
The 9 and 17 MeV lung phantom calculations show only small differences between the
Dm and Dw calculations, Figure 28 and Figure 29. The differences between the lateral
dose profile calculations for either energy do not exceed 2% of the maximum lateral dose
at their corresponding depths. The lateral dose profiles were taken at 1.2 cm from the
surface for both sets of profiles since this is the depth along the axial dose profile where
Dm and Dw differed most.
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Figure 28. Axial and lateral dose profiles, DVH and dose difference map for the imagebased lung slab phantom, calculated to deliver 200 MU with a 9 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.

The greatest difference between the 9 MeV lung slab axial dose calculations is 1.6% (3.2
cGy). The DVH in Figure 28 shows that the overall dose calculated within the lung slab
is very similar for both calculation approaches. However, within the lung slab, there is a
section where the lung is denser as is evident on the CT image. This difference is
particularly evident in the dose difference map for the 9 MeV lung slab calculations. The
dose calculated to water at this point is roughly 4 cGy larger than dose-to-medium.
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Figure 29. Axial and lateral dose profiles, DVH and dose difference map for the imagebased lung slab phantom, calculated to deliver 200 MU with a 17 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.

The differences seen in the calculations for the 17 MeV lung slab phantom are similar for
those seen for the 9 MeV phantoms. In the axial dose profile, the differences between the
D m and D w calculations are consistently around 1.6% (3.2 cGy) within the lung slab. The
lateral dose profiles, taken at a depth of 1.2 cm, did not differ by more than 1.8% (3.6
cGy). The good agreement between the dose calculations translates to the DVH; the D m
and D w DVHs for the lung slab phantom are very similar.
The differences between the D m and D w calculations are consistent with the water-to-lung
unrestricted mass collisional stopping powers within the range of energies used in the
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clinic, -0.985. This ratio suggests that the Dm would be higher than Dw, which in this
case it is.
The axial dose profiles of the image and vector-based lung slab geometries are similar,
see Figure 30. The profiles differ most along the dose fall off. The image-based plans
have somewhat larger Rp, which is especially apparent for the higher energy beam. The
dose at the phantom surface is somewhat lower for the image-based anatomies, and the
maximum dose behind the lung slab is always lower for the vector-based anatomies.
Differences between the image and vector-based profiles are due to several reasons. The
most important is the difference in electron densities of these anatomies. For the vectorbased anatomy we use electron density 0.3, based on the specifications provided by the
manufacturer of the phantom (RMI) and White et al30. The electron density for the
image-based anatomy is given by the CT calibration curve and ranges between 0.28 and
0.31. These somewhat different electron density values are mostly responsible for the
differences observed in Figure 30. Other reasons could be non-uniform density of the
physical phantoms, and tiny air gaps between the slabs.
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Figure 30. Axial dose profiles of the vector-based and image-based lung slab
phantom for (a) 9 MeV and (b) 17 MeV. Profiles were normalized to Dmax in a
homogenous water phantom.

6.3.3 Results: Hard bone cylinder epoxy resin image-based phantom
The 9 and 17 MeV hard bone cylinder phantom calculations show similar differences
between doses calculated using the Dm and Dw approaches. Profiles for these phantoms
are presented in Figure 31 and Figure 32.
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Figure 31. Axial and lateral dose profiles, DVH and dose difference map for the imagebased hard bone cylinder phantom, calculated to deliver 200 MU with a 9 MeV beam.
Profiles were normalized to Dmax in a homogenous water phantom.

Along the axial dose profile, the largest difference between the 17 MeV Dm and Dw
calculations was 10.2% (20.4 cGy) of the maximum dose. This maximum difference
occurred at a depth of 1.6 cm from the surface, near the center of the bone cylinder.
Within and around the bone cylinder, the Dw was larger than Dm. The difference between
Dw and Dm along the axial dose profile within the hard bone cylinder ranged between
6.9% and 10.2%. The smaller differences exist near the boundaries of the hard bone
cylinder. The discrepancies could be due to the fact that the edges of the bone cylinder
are within voxels that encompass both hard bone and water, as shown in Figure 33. The
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black grid represents the calculation matrix, and the green grid is the display matrix. The
blue box is representative of the bone heterogeneity. This could also contribute to the
differences between the Dm and Dw axial dose profiles on the outside boundaries of the
bone cylinder.
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Figure 32. Axial and lateral dose profiles, DVH and dose difference map for the imagebased hard bone cylinder phantom, calculated to deliver 200 MU with a 17 MeV beam.
Profiles were normalized to Dmax in a homogenous water phantom.
The lateral dose profiles were taken through the bone, at a depth of 1.6 cm from the
surface. Unlike the Dm calculations, the Dw lateral dose profile does not show the
existence of the bone heterogeneity within the field. However, for the Dm calculations,
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there is a clear distinction of where the bone cylinder is along the Dm lateral dose profile;
the Dm calculations at the point of the heterogeneity was approximately 10.3% lower than
the Dw calculated values.

The DVH for the hard bone cylinder shows constant

differences for Dm and Dw calculations over the entire volume.
For the 17 MeV bone cylinder phantoms, the difference between doses calculated within
the bone cylinder phantom are only marginally smaller than for the 9 MeV phantoms.
For the 17 MeV bone cylinder phantom, the largest difference between the two
calculations along the axial dose profile was 9.5% (19.3cGy), and it occurred 1.4 cm
from the phantom's surface. As is the case of all the bone cylinder phantom calculations,
the presence of bone along the lateral dose profile is only seen in the Dm calculations.
The 17 MeV Dm lateral dose profiles taken 1.4 cm from the phantom surface is lower
than the Dw lateral dose profile by 9.6% (19.3 cGy) in the area where bone is present.
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When the axial dose profiles of the image and vector-based plans were compared, there
was an obvious difference between profiles, see Figure 34. The largest differences
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between the vector and image based phantoms occur within the inhomogeneity and just
after it. Differences like these are not seen in any of the other anatomies. This clearly
indicates that there are limitations to using a vector-based anatomy to represent a physical
phantom. Differences in densities, scattering powers, the effects of having tiny air gaps
between the slabs, the resolution of the phantom are all limiting factors that could be
causing the discrepancies between the vector and image-based axial dose profiles.

17MeV

9MeV

4

6

depth /cm
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Figure 34. Axial dose profiles of the vector-based and image-based hard bone
cylinder phantom for (a) 9 MeV and (b) 17 MeV. Profiles were normalized to
Dmax in a homogenous water phantom.

6.3.4 Results: Air cylinder epoxy resin image-based phantom
The 9 MeV air cylinder image-based phantom calculations are shown in Figure 35. The
Dm and Dw calculations are in very good agreement, especially in the water surrounding
the air cavity.

Along the axial dose profile where the air cylinder is present, the

differences between the calculation methods gradually become larger with increasing
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depth. This trend was also visible in the 9 MeV vector-based air cylinder phantom. For
the 9 MeV image-based phantom axial dose calculations, the largest difference between
Dm and Dw is 5.3% (10.6 cGy) at 2.7 cm from the surface. This is the same result as for
the analogous vector based phantom.
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Figure 35. Axial and lateral dose profiles, DVH and dose difference map for the imagebased air cylinder phantom, calculated to deliver 200 MU with a 9 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.

At depths 1 and 2 cm in the dose difference map there is a visible step in dose. The dose
distribution is not as gradual as seen in the vector-based phantom. These dose steps are
located at the boundaries of the MS 11 slab containing the air cavity. When further
examined, it was found this particular slab had a slightly lower electron density than all
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the other slabs used in this study. As seen in the phantoms discussed thus far, when the
electron density of a material is lower than water (like in lung), the Dm is higher than Dw.
This can be seen in the dose difference map.
Unlike the 9 MeV calculations, the difference between the Dm and Dw axial dose
calculations for the 17 MeV plan do not increase with depth. The largest difference along
this profile was 1.9% at 1.4 cm from the surface (0.2 cm within the air cylinder).
For the lateral dose profile taken at 1.4 cm from the surface, the Dm is larger for the
points of the profile that lie around the location of the air cylinder but smaller within the
air cavity. The greatest difference between the lateral dose profiles is 1.9% at the central
axis. The 17 MeV Dm and Dw calculations were in better agreement with each other than
those for the 9 MeV plans.

72

Axial Profile

Lateral Profile, 1.4 cm from surface

120

Dm
Dw •

100
«

y;

80

"S 60
-

"§ 40
20
0
l

Location of
air cylinder
I
4
6
depth /cm

120
SA^*^W«S^A

100

f

80
60
40

Dm
Dw

20

10

0

-10

.

-5

0

I

5

V

10

distance from central axis /cm
Dm-Dw Dose Difference Map /cGy

DVH
100
80
|
o

60

I 40
a>

20

0

——— Dm air cylinder
——— Dw air cylinder

50

100
150
dose /cGy

\
200

\L__

250

-5
0
5
distance from central axis /cm

Figure 36. Axial and lateral dose profiles, DVH and dose difference map for the imagebased air cylinder phantom, calculated to deliver 200 MU with a 17 MeV beam. Profiles
were normalized to Dmax in a homogenous water phantom.

6.3.5 Results: Trachea and spine epoxy resin image-based phantom
The dose profiles, DVH and the dose difference maps are presented in Figure 37 and
Figure 38 for the 9 and 17 MeV calculations, respectively. For clarity, the DVHs for
only two of the five inhomogeneities, the air cylinder and the bone cylinder centered at
-2.75 cm from the central axis are displayed.
The Dm and Dw 9 MeV axial dose profile through trachea and spine phantoms have a
maximum difference of 3.9% (7.8 cGy) at a depth of 3.6 cm from the surface, within the
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air cylinder. The Dw is higher than the Dm. For the lateral dose profile taken at 3.6 cm
from the surface, the Dw is larger. The greatest difference between the lateral dose
profiles is 3.9% (7.8 cGy).
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Figure 37. Axial and lateral dose profiles, DVH and dose difference map for the imagebased trachea & spine phantom, calculated to deliver 200 MU with a 9 MeV beam. The
lateral dose profile contains a pictorial description of where the profile was taken within
the phantom. Profiles were normalized to Dmax in a homogenous water phantom.

The calculations for the 17 MeV trachea and spine phantom calculations were in better
agreement than those for the 9 MeV plans.

The greatest difference between the

calculations along the axial dose profile was 1.9% (3.6 cGy) at 1.6 cm from the surface.
This difference between Dm and Dw was consistent along the lateral dose profile taken at
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1.2 cm from the surface; the maximum difference between the Dm and Dw calculations
was 1.9% (3.6 cGy). The difference of dose at a dept of 5.7 cm can be attributed to the
air gap between the spine and trachea slab and the back scatter assembly.
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Figure 38. Axial and lateral dose profiles, DVH and dose difference map for the imagebased trachea & spine phantom, calculated to deliver 200 MU with a 17 Me V beam. The
lateral dose profile contains a pictorial description of where the profile was taken within
the phantom. Profiles were normalized to Dmax in a homogenous water phantom.
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6.4 Measurements of dose in epoxy resin based phantoms using film
The treatment plans were delivered to the ERB phantoms using a Siemens Primus linear
accelerator, Serial # 4173. The delivered dose was measured with EBT1 Gafchromic
film (International Specialty Products, Wayne, New Jersey). Prior to using the film, each
film batch used was calibrated. A single batch was used for all except for the trachea
phantom. The lot # of the batch used for the slab and cylindrical geometries was Lot #
48022-02BI.

The measurements in the trachea phantoms were done using EBT1

Gafchromic films Lot # 48022-4BI.
6.4.1 Calibration of the GafChromic Film
Although some studies state that GafChromic film is independent of energy35, calibration
curves were made for each batch and energy (9 and 17 MeV).
Each sheet of film was scanned prior to irradiation using an Epson Perfection V700 photo
scanner. The response of the film is affected by the orientation with which the film is
scanned36 and irradiated. Therefore, care was taken to scan each sheet of film in the same
orientation by marking the top left corner with a dot using a fine-tipped permanent
marker. Once the sheet had been scanned, it was cut into 2 x 3 cm2 pieces, each piece was
marked with a dot so that it was possible to preserve the original film orientation.
Each piece of film was placed at dmax in homogenous phantom and exposed to a 10 x 10
cm2 beam at an SSD of 100 cm. Using the dot on the film, care was taken to keep each
piece of film in the same orientation with respect to the linac. Each film measurement
was made twice. Two pieces of film received the following monitor units for each
energy: 10, 20, 30, 50, 80, 100, 200, 300, 400, and 500 MU. Reference doses were
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determined using an IBA-Scanditronix NACP-02 plane parallel chamber (Louvain-laNeuve, Belgium), and the TG-51 protocol4.
The homogeneous phantom is composed of several 30 x 30 cm2 slabs of of MSI 1. The
depth of maximum dose was determined using the PDDs of the 9 and 17 MeV beam
calibration data. The set up for each piece of film was the same. The film was placed
along the isocenter at dmax within the phantom. The Siemens Linac used to irradiate the
phantoms is calibrated such that 100 MU corresponds to 100 cGy at dmax in a
homogeneous water phantom.
Due to the increase of optical density with time post irradiation37, the film was allowed to
stabilize for twenty-four hours. The irradiated pieces of film were scanned with the same
Epson scanner in the same orientation as the unirradiated film. The scanned images of the
unirradiated and irradiated film were imported into Film QA (3COGNITION LLC), a
software program used for quantitative film analysis. This program was used to obtain
the average pixel values of each film piece image. The pixel values were converted to a
net optical density using the following equation38:

netOD = log J "nirad/

I

(10)

where hmrad is the pixel value of the film prior to irradiation and Iirad is the pixel value of
the film after it has been irradiated. The data of the net optical densities and their
corresponding reference doses were fitted, using least-square methods, to the following
function by Devic et a/38:
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D K.,= a + b • netOD + c • netOD"

(ll)

Parameters a, b, c, and n were obtained for each batch and energy. The 9 and 17 MeV
calibration curves are presented in Figure 39. The calibration curves are in close
agreement with each other. Our film data confirm the EBT1 film response is almost
independent of beam energy. However, we use energy specific calibration curves to
increase the accuracy of our measurements.
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Figure 39. 9 Me V and 17 Me V GafChromic EBT1 film calibration curve.

6.4.2 Film setup within the epoxy resin based phantoms
For measurements within the slab and small cylindrical inhomogeneity phantoms, slices
of 15 x 6 cm pieces of film were prepared. For the trachea and spine phantom the film
was cut into 15x15 cm2 pieces. As per the procedure outlined in section 6.4.1, the films
were scanned prior to being cut and irradiated. For each measurement, the pieces of film
were centered in the phantom and using one piece of film at a time, the phantom was
78

irradiated with the prescribed number of MUs.

The phantoms used for film

measurements were the same as those used in the imaged-based anatomy calculations,
with the exception that two 1 cm MS11 slabs were added to the top of the backscatter
assembly. This allowed for the film to be placed at different depths within the phantom.
The depths the pieces of the film were placed at are outlined as follows:
Slab Geometry of Bone and Lung
For the two phantoms containing the lung and bone slab inhomogeneities, eight
measurements were taken for each phantom. Two measurements were made at
each of the four locations within the phantom. These locations are indicated in
Figure 40: (1) above the slab inhomogeneity, (2) at the center of the slab
inhomogeneity, (3) directly below the slab inhomogeneity and (4) 1 cm below the
slab inhomogeneity.

Figure 40. Location of GafChromic
EBT1 film within slab geometry
phantoms.

Small Cylindrical Geometries
For the phantom containing the small cylindrical inhomogeneities four
measurements were taken: two measurements at each of two locations indicated
in Figure 41.

During measurements, the exposed side of the cylindrical
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inhomogeneity was face down and the film was placed (1) directly below the slab
containing the cylindrical inhomogeneity, in contact with the inhomogeneity, and
(2) 1 cm below the inhomogeneity.

Figure 41. Location of the GafChromic
EBT1 film within the hard bone and air
cylinder phantoms.

Trachea and Spine
Four measurements were taken in the trachea and spine phantom.

Two

measurements were taken at the depths specified in Figure 42: (1) directly below
the trachea and spine slab, where the film was in contact with the inhomogeneity,
(2) 1 cm below trachea and spine slab.

<

©

Figure 42. Location of the GafChromic
EBT1 film within the trachea and spine
phantom.

80

Immediately after irradiation, the film was stored in a cool, dark location. After allowing
the film to stabilize for twenty-four hours, the films were rescanned on the same Epson
scanner, and analyzed with the Film QA software. The film dose profiles were evaluated
by obtaining lateral pixel value profiles across the center of the film and converting them
op

to dose using the calibration curves discussed in the previous section.

6.4.3 Results: Film measurements
With the exception of the slab geometries, the film was always in MSI 1. It was expected
that the film would agree best with the Dw image-based calculations, since the film was
calibrated to dose-to-water and image-based anatomy is a more accurate representation of
the real phantom than the vector-based anatomies. The film measurements, when
compared with the Dm and Dw calculations of the image and vector-based anatomies, did
not show any trend to agree with either the Dm or Dw calculations for either type of
anatomy. Shown here are only the results for the 9 and 17 MeV bone and lung slab
phantoms. The relative uncertainties of the doses are larger for lower doses. The film
dose measurements had uncertainties of as high as 11% for doses measured at points of
interest.
Since the difference between Dm and Dw is roughly 10% in areas of hard bone, we would
expect to be better able to see if the film measurements agree better with one calculation
approach over another. Figure 43 presents the 9 MeV lateral dose profiles of the film
measurements, and TPS calculations at different depths of the vector and image based
epoxy resin phantom. For the most part, the positions of the vector and image-based
calculations with respect to the film measurements were the same for each depth.
81

9 MeV Bone Slab Phantom Film Measurements and
Vector based Calculations
Image Based Calculations

distance from central axis /cm

distance from central axis /cm

Figure 43. 9 MeVfilm measurements and calculations at various depths within the hard
bone slab phantom. To the left are the film measurements and vector based calculations,
to the right are the film measurements and the image based calculations.

For the 9 MeV profiles taken 1.0 and 1.5 cm from the surface, there seems to be a fair
agreement with the calculated and measured values. However, the measurements do not
tend to agree more with one calculation method or another. Taking into consideration all
the profiles, the 17 MeV calculated profiles shown in Figure 44, have better agreement
with the measured doses.
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17 MeV Bone Slab Phantom Film Measurements and
Vector based Calculations
Image Based Calculations
Directly above
bone slab, 1.0
cm from
phantom
surface
In the middle
of bone slab,
1.5 cm from
phantom
surface
Directly below
bone slab,
2.0 cm from
phantom
surface
1cm below
bone slab,
3 0 cm from
phantom
surface

-

4
2
0
2
4
distance from central axis /cm
film

•
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2
0
2
4
distance from central axis /cm

D

Figure 44. 17 MeV film measurements and calculations at various depths within the
hard bone slab phantom. To the left are the film measurements and vector based
calculations, to the right are the film measurements and the image based calculations.

The agreement between the 17 MeV Dm and Dw calculations and measured profiles
improves with depth. However, the film measurements tend to be higher than the
calculated values.
The differences between the Dm and Dw seen in the phantoms containing low-density
inhomogeneities, such as lung and air, do not show differences in excess of 6% to one
another relative to Dmax in a homogeneous water phantom. This makes it particularly
difficult to determine if the film measurements agree better with the Dw calculation
approach, since the uncertainties of the film are larger than the differences seen between
the Dm and Dw calculations. Figure 45 and Figure 46 are the film measurements and
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calculations at various depths within the lung slab phantom for the 9 and 17 MeV plans,
respectively.

9 MeV Lung Slab Phantom Film Measurements and
Vector based Calculations
Image Based Calculations
200

Directly above
lung slab. 1.0
cm from
phantom
surface
In the middle
of lung slab,
2.0 cm from
phantom
surface
Directly below
lung slab.
3.0 cm from
phantom
surface
1cm below
lung slab,
4.0 cm from
phantom
surface
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distance from central axis /cm
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Figure 45. 9 MeVfilm measurements and calculations at various depths within the lung
slab phantom. To the left are the film measurements and vector based calculations, to
the right are the film measurements and the image based calculations.

For the 9 MeV lung slab, there is a better agreement between the vector-based
calculations and the measured values, than there is for the image-based dose profiles. By
the most part, both the vector and image based calculations lie within the uncertainties of
the film measurements. However, since both Dm and Dw lie within the uncertainties, it
cannot be concluded that the dose-to-water calculations are in better agreement with the
measurements inside the lung inhomogeneity.

84

17 MeV Lung Slab Phantom Film Measurements and
Image Based Calculations
Vector based Calculations
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lung slab, 1.0
cm from
phantom
surface
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of lung slab,
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phantom
surface
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surface
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4.0 cm from
phantom
surface
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Figure 46. 17 Me Vfilm measurements and calculations at various depths within the lung
slab phantom. To the left are the film measurements and vector based calculations, to
the right are the film measurements and the image based calculations.

With exception to the profiles taken 1.0 cm from the phantom surface, the vector and
image-based calculations lie within the measurement uncertainties.

The 17 MeV

calculations agree better with the measured values than the 9 MeV calculations.
Film was chosen as a tool for these experiments since unlike other dosimeters is can
easily be placed between layers of inhomogeneities. However, it was found that the
Gafchromic EBT1 film, as a tool for correlating film measurements with Dw calculations,
is not sufficiently precise. If the experiments were to be repeated, another approach
would need to be taken. However, using the equipment and instruments available at the
Ottawa General Hospital, we would be restricted from taking measurements above,
between or immediately below an inhomogeneity.
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Chapter 7
Retrospective Patient Data Analysis
This study examined the dosimetric differences of the MC calculated electron beam plans
when Dw or Dm is used in the dose evaluation for 54 breast and 15 head and neck cancer
patients. The retrospective radiation treatment plans of breast, and head and neck cancer
patients treated 2003-2008 with electron beams ranging from 6-20 MeV were retrieved
from a patient database for review. We show that calculating treatment plans using the Dw
rather than the Dm approach introduces differences in the DVHs of target and critical
volumes. These plans were originally calculated using the Dm method and were
recalculated using the Dw method. For comparison, the details of the original beam
arrangement and the calculation parameters (number of histories and voxel size) were
kept constant for both methods. Once calculated, the plans for Dw and Dm were compared
quantitatively using the dose volume histograms and qualitatively by comparing the
isodose distributions on the corresponding CT slices.

7.1 Breast Cancer Patients
Differences between Dm and Dw were observed in clinical breast patient plans, with
magnitudes dependent not only on the beam energy but also on the location of the tumor
and organs at risk, as previously suggested by Ding et al10. Figure 47 displays the dose
volume histogram for Dw and Dm calculations for a treatment plan of the chest wall using
a 13 MeV electron beam at 115 cm SSD following a complete mastectomy.

86

IMN

sternum
100 r
90

g

a

80 •52
•
70 .50
48
'46
50 h44
42

1 40
at

4700

30

1000

2000
3000
4000
Dose (cGy)

(a)

5000

6000

0

N N

* VL
« L

4800

4900

5000

Medium
Water

20
10

v\

>.

•J|t Location of Max Diff at Dm
4fr

\

Location of Max Diff at Dw

1000

2000
3000
4000
Dose (cGy)

5000

6000

(b)

Figure 47. DVH comparison o/Dw and Dmfor a right breast mastectomy patient treated
with a 13 MeV electron beam, at SSD=115 cm, illustrating subtle dose differences in (a)
the sternum and (b) the internal mammary nodes.

Figure 47 (a) shows the DVH of the sternum. The location of maximum difference
between the two calculations is indicated by the asterix. At the point of maximum
difference in the DVH the dose to the sternum was 49.9 Gy and 50.7 Gy for the Dm and
Dw approach, respectively. This amounts to 1.6% difference in the maximum dose
delivered to 1.6% of the volume. Figure 1 (b) is the DVH of the internal mammary nodes
for the same patient. The dose received by the internal mammary nodes at the point of
maximum difference in the DVH was 48.4 Gy and 49.1 Gy for Dm and Dw plans,
respectively, to 46.8 % of the volume. This corresponds to a 1.5% difference.
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(a)

(b)

(c)

Figure 48. Isodose line distributions, calculated for Dw (a) and Dm (b) for a patient
treated with 13 MeV electrons. There is little visual difference between these plans. Blue
dashed lines on (a) and (b) indicate the depth at which the lateral dose profiles in (c)
were taken.

The Dm and Dw dose calculations on the central transverse patient slice are shown in Figure
48. As shown in Figure 48 (a) and (b), the isodose lines do not visibly differ between the
two dose distributions. Figure 48 (c) is the profile taken through the transverse slice,
indicated by the dashed blue line in Figure 48 (a) and (b). The profile was selected to pass
through the sternum, since phantom studies have shown that larger differences exist in
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materials of higher electron densities. The largest difference found was 4.2% at a depth of
2.3 cm from the surface, within the lung.
Table 5 lists the mean Dw to Dm ratios of DVHs for the contoured GTVs, CTVs, surgical
beds, lungs and hearts of the breast patients analyzed in this study. The ranges of the
mean values are presented in square brackets. For breast patients, the plans calculated for
Dm and Dw showed only very small differences. This is to be expected, as the irradiated
tissues are not substantially different in composition from water. Larger differences are
expected for the sites where hard bone is present in the field, such as head and neck
patients.

Table 5 The mean and range ofDw-to-Dm ratios in DVHfor the breast patients analyzed.
The table is analogous to that presented by Dogan et al26.
Volume
(number of
patients)

xlOO

xlOO

m

xlOO

Maximum

(^-^1x100

GTV (23)

-0.12 [-1.96 - 2.24]

-0.26 [-1.85 -1.91]

-0.38 [-2.62 - 1 . 8 5 ]

-0.46 [-3.14-5.26]

CTV (15)

0.01 [-0.02--0.13]

0.00 [-0.03 -- 0.02]

0.00 [-0.02 -- 0.02]

-0.01 [-0.04-0.03]

Surgical Bed
(10)

0.16 [-1.12-- 2.20]

0.17 [-0.85-- 2.03]

0.05 [-1.38--1.55]

-0.10 [-2.58-2.31]

Lung (43)

0.96 [-3.48- 11.82]

2.10 [-2.20--8.86]

3.34 [-2.04-- 8.04]

1.99 [-4.79-7.44]

Heart (21)

0.80 [-2.90--5.36]

0.033 [-8.91 -4.07]

0.95 [0.01 --8.04]

0.18 [-11.36-3.75]

7.2 Head and Neck Patients
The mean Dw to Dm ratios of DVHs for the contoured regions of the head and neck
patients analyzed are similar to those in the breast cancer study. For the head and neck
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patients, the plans calculated for Dm and Dw showed only very small differences. This
was to be expected, as the contoured tissues are not considerably different in composition
from water. Larger differences were seen in the areas where hard bone was present, such
as the skull.
These differences between Dm and Dw isodose distributions were quantified using dose
profiles along the beam's axis. For the analysis of the dose profiles, the maximum
percent difference between Dm and Dw was calculated with respect to the maximum dose
along the profile for that patient.
We have examined dose profiles for several patients taken through cortical bone. Figure
49 displays the Dm and Dw profiles for a patient treated with a 6 MeV beam positioned
perpendicular to the right side of the forehead. Figure 49 (c) displays the dose profile
through the patient's forehead, denoted by the dotted lines on the Dm and Dw isodose
distributions in Figure 49 (a) and (b), respectively. Along the axis, the RED of the skull
ranges from 1.68 and 1.72.
The Dm and Dw dose calculations on the central transverse patient slice are shown in Figure
49 (a) and Figure 49 (b). As shown in the isodose distributions, there is a visible difference
between the isodose lines of the two dose figures. The 45 Gy isodose line of the Dw
distribution encompasses the edge of the skull, upstream from the beam, while the Dm
distribution, this is not the case. Moreover, the 50 Gy isodose areas are noticeably different
between the two distributions.

90

depth along central axis /cm
(c)

Figure 49. Dm and Dw profiles of a patient treated with a 6 MeV beam positioned
perpendicular to the patient's forehead on the right side, (a) Dm isodose distribution, (b)
Dw isodose distribution, (c) Dm and Dw profiles through the forehead, denoted by the
dotted lines in (a) and (b), respectively. There is a maximum difference of 7.9% between
the Dm and Dw profiles, where Dw exceeds Dm.

Figure 49 (c) are the profiles taken through the transverse slices, indicated by the dashed
red line in Figure 49 (a) and Figure 49 (b). The maximum difference between the Dw and
the Dm along the profile is 7.9% and is within the bone. The dose calculated in the bone
is lower when using the Dm method. This difference in the patient Dm and Dw profile is
in close agreement with water-to-bone mass collisional stopping powers ratio, 1.098.
The mass collisional stopping power ratio was calculated using values obtained from
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NIST ESTAR18, evaluated at a depth of 0.24 cm within the bone, which corresponds to
beam energy of 7.19 MeV.
For head and neck patients, dose to the bone was continually larger when calculating
dose-to-water rather than dose-to-medium. Differences between plans depended on beam
energy, as well as the location of the tumour and organs at risk, and are consistent with
the water-to-bone mass collisional stopping power ratios.
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Chapter 8
Conclusions
For phantoms containing lung inhomogeneities, plans calculated for Dw and Dm showed
only very small differences, less than 2%. Larger differences were seen for phantoms
where hard bone or air inhomogeneities were present in the field. In the case of the 9
MeV bone slab vector-based phantom we have seen differences as large as 12%.
Differences of these magnitudes were also present in the bone cylinders of the trachea
and spine phantom. For the air cylinder phantoms the differences were roughly 5% for
both the vector and image based phantoms. The extent of these differences depended on
the material through which the electrons were propagated and the energy of the incident
beam. Differences between the two calculation approaches were larger for phantoms
containing inhomogeneities whose densities differed most from water, and for plans that
used lower energy beams.

Some limitations existed when representing physical epoxy resin-based phantoms using
vector-based anatomies. Image based-anatomies (such as the physical epoxy resin-based
phantoms and patient anatomies) are much more complex than the vector-based
phantoms depicted in Chapter 6.2.

The vector-based phantoms had well defined

structures and uniform electron densities.

This is not the case for imaged-based

anatomies. The boundaries of structures can become blurred to due to artefacts of the CT
image or the CT image resolution, and the actual physical properties can vary within a
structure. Not only can these add to the uncertainties of the calculations, but they may
also create some discrepancies between the vector and image-based phantoms.
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The GafChromic EBT1 film was not sufficiently precise to be correlated to the Dw
calculations. The relative combined uncertainties (-10%) of the film for the range of
doses we were interested in (150 to 225 cGy) were comparable to the largest differences
seen between Dm and Dw calculations. These uncertainties were too large when trying to
discriminate between calculations that differ by as little as 1.5%.

For the breast cancer patients studied, the plans calculated for Dw and Dm showed only
very small differences. This is to be expected, as the irradiated tissues are not
substantially different in composition from water (the stopping power ratios for those
tissues in respect to water are close to 1). Larger differences were seen for head and neck
patients, where sites with hard bone are present in the field. For the head and neck
patients analysed, dose to the bone was continually larger when calculating Dw rather
than Dm. However, for the other irradiated tissues, such as the brainstem, spinal cord and
GTV, the differences between the calculated plans were small. The differences observed
in soft tissues for the breast, and head and neck patients were all within the recommended
accuracy39 of 5% for clinical dose calculations. Differences between patient plans
calculated with Dm and Dw depended on beam energy, as well as the location of the tumor
and organs at risk, and are consistent with the water-to-tissue stopping power ratios, and
in agreement with Ding et al .
Monte Carlo is the most accurate method of calculating dose since it is based on the
direct simulation of radiation transport. It has the ability to calculate Dm or Dw. For the
clinical cases studied here, the differences between the Dm and Dw calculations are minor.
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Nonetheless, calculating patient plans using the Dw method defeats one of the major
benefits of using a MC-based treatment planning system. Based on the recommendations
of an AAPM task group4 and to remain consistent both options should be available in
commercial software until a consensus is reached about which method is more suitable
for clinical dose calculations and evaluation of treatment outcomes.
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