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Abstract

The lungs are the primary dose limiting organ in high dose total body irradiation
(TBI). Accurate prediction of lung dose can dictate treatment success by preventing
pulmonary toxicity. Normal treatment planning consists of basic hand calculations and
potentially in vivo dosimetry. The use of a treatment planning system (TPS) is an
unverified method at the extended treatment distance required by TBI. In this study, we
attempted to analyze the Eclipse TPS for used in a TBI setup. Both its ability to
determine the required monitor units (MU) and its ability to compensate for tissue
heterogeneity in lung dose estimates were compared to traditional techniques and
dosimetry.

For standard hand calculations, MU predictions are solely dependent on patient
thickness. The Eclipse TPS uses the Acuros algorithm to calculate MU’s using patient-
specific anatomy information. The TPS provides a more complex dose distribution that
allows for the extraction of both a point dose estimate as well as volume-based
information like a mean dose to the lungs. A phantom that mimics the densities in the
human trunk, with sections specific to the lungs and abdomen, was irradiated using
patient plan information. Dosimetry measurements in the phantom were compared to
both the TPS and hand calculation predictions.

Like all radiotherapy, careful treatment planning can have a dramatic effect in
treatment success for TBI. A change in lung dose as little as 5% can have a pronounced
effect on patient complications. Typically, a point dose is used during planning in all
locations because of its convenience and ease of calculation. Estimations by Eclipse™

show this may be an inaccurate method especially in the lungs where shielding causes

Vi
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large dose variations. Examination of TPS predictions show mean lung dose is as much
as 14% higher than the mid lung point dose estimates in plans that incorporate shielding.

Dose estimation by the TPS for unshielded locations has been in line with clinical
expectations. The dosimetry measurements at the prescription point (mid body) were all
within £2% of the TPS prediction. In a more heterogeneous material like the lungs, the
mean difference was near 3% before incorporating shielding.

Using current TPS planning techniques, fields using lung shielding show large
differences from measured quantities. These are significantly higher and can’t yet be
implemented into a planning procedure. Developing a new planning technique may
overcome this deficit.

Differences in shielding measurements are too large to be incorporated into a
planning procedure. In the contrary, dose estimation regardless of heterogeneity show
clinically relevant accuracy. These initial results suggest it could be a valuable predictor
prior to implementing shielding though further investigation is warranted. If future work
is able to overcome the challenges faced with implementing shielding, the TPS could be a

valuable tool for complete TBI treatment planning.



1. Introduction

Total body irradiation (TBI) is a special high-dose procedure in radiotherapy.
Combined with intensive chemotherapy, TBI is an effective and often critical tool in
hematopoietic stem cell therapy. Used to treat a broad range of diseases, it is a common
preparatory step in the treatment of malignancies such as leukemia, non-Hodgkin’s
lymphoma, and neuroblastoma [1].

The target of TBI is the entirety of the body with special considerations being
made to ensure even the skin receives an acceptable dose. At the dose levels achieved,
there are organs at risk (OAR) that need appreciable considerations to avoid toxic effects.
In conjunction with chemotherapy and other prophylactic treatments, the functionality of
critical structures must be maintained. In a parallel organ architecture like the lungs, this
means that a sufficient portion of its volume must remain functional [2].

Several delivery methods have been developed to provide a TBI treatment with
wide variations from clinic to clinic. In many cases, a standard linear accelerator (linac) is
used at an extended distance. This extended distance allows for a field size to exceed the
scattering volume and contain the entirety of the body [3]. The current recommendation
by AAPM Task Group 29 is to deliver a dose within £5% [4]. A variety of more current
publications state that a £10% is acceptable [1 5]. Both recommendation have drawn
criticism because with a 5% difference in dose fatal lung pneumonitis incidences can
vary as much as 20% [4]. Historically there has been a wide variation in both dose and
fractionation for the prescription of TBI. Currently, it’s typical to deliver a total dose
between 10 to 14 Gy to the mid body at the umbilicus delivered in multiple fractions per

day for multiple days [4]. At OHSU, this is typically 2 fractions per day for up to 4 days.



The dose delivered to the lungs, as well as the dose rate, is one of the limiting
factors in a TBI treatment. This requires special considerations to decrease the probability
of fatal pulmonary toxicity. Various methods have been used to quantify the dose to the
lungs. Radiochromic film has been used in some instances to provide a two dimensional
retrospective approximation [6]. Simplicity has justified the use of a point dose estimate
accompanying in vivo measurements during treatment, although dose monitoring has not
been standardized. Because of the inconsistencies in treatment methods, it has been
difficult to make exact dose recommendations. There is evidence for severe pulmonary
complications at a dose as low as 8 Gy with a typical dose rate of 10-12 cGy/min to the
whole lung [7].

Simple methods are employed to keep lung dose to an acceptable level. During
TBI treatment, lung shielding usually made from cerrobend, called lung blocks, is
sometimes used for beam attenuation for part of the treatment course. These lung blocks
are often based on lung contours from computed tomography (CT) simulation (sim)
images. They are placed in the beam path and designed to fit the exterior of the lung
contour and are scaled for beam divergence. The blocks are typically aligned to the lungs
using computed radiography (CR) port film. This can be placed behind the patient
opposite the side of the linac and exposed to a small dose. This forms an image that
visualizes both the lung blocks and the lungs.

If the beam directions are oriented lateral to the patient, it is common to not
incorporate lung shielding. Extra tissue from the shoulders and around the lungs provide

attenuation that can decrease lung dose, though its effectiveness is scrutinized. The more



pressing concern is to not underdose these extra tissues that surround the lungs in this
direction which could risk insufficient cancer cell killing in these locations [8].

Treatment planning becomes more problematic when the distance from the source
is extended past standard clinical practices. A typical source-to-surface distance (SSD)
for radiotherapy is around 100 cm. In TBI, SSD is extended 4 to 6 times farther
depending on an individual clinic’s available space and preference[9]. As indicated
before, this is to encompass the entirety of the patient’s body within a static open field
from a linac. Precise dose calculations are imperative in TBI to reduce the risk of injury
from over irradiation of critical structures or complications such as rejections of donor
bone marrow or survival and spreading of malignancies from an under-delivery of dose.

Typical radiotherapy would use a treatment planning system (TPS) to predict the
complex dose distribution. These systems are designed and commissioned for
calculations within the aforementioned typical SSD of around 100 cm and not the
extended SSD of TBI [9]. Convenience and simplicity have justified the use of a point
dose estimate over a more complex calculation. Point dose estimates are useful when
making a prescription and provide some quantification of the dose homogeneity between
different sites. They lack the ability to account for tissue heterogeneity and fail to provide
more complex dose distribution information in three dimensions. These factors can be
imperative in evaluating dose to critical structures [9].

Evaluation of TBI methods has proven to be difficult in previous studies. Lack of
standardization and accurate prediction of complex dose distributions have prevented
previous studies from drawing clear conclusions on TBI research. It is critical that the

dose to the lungs is considered and is partly indicative of treatment success. In this study,



we evaluate the ability of the Eclipse treatment planning system’s accuracy to predict the
dose distribution in both a homogeneous and heterogeneous material. This is comparable
to scattering condition encountered in both the tissues within and around the lungs and in
the abdomen. The treatment model used by Oregon Health and Science University’s
radiation medicine department was used as a basis for the experimental outlines of this

thesis.



2. Background and Materials

2.1 Total Body Irradiation

High-dose total body irradiation is a special procedure in radiation therapy. TBI is
a common technique to destroy bone marrow and suppress leukemic cells for a variety of
diseases [4]. A variety of techniques have been developed to administer TBI that depends
on the resources available to a clinic[4]. In many cases, treatment is planned using a

standard therapeutic linear accelerator (linac).

Figure 1: Elekta versa HD ™ used by OHSU and this study for the delivery of TBI treatments.

At OHSU, the primary linac used for TBI and the one used for this study is their
Elekta versa HD™. The linac has a maximum square field size of 40 cm in each direction
at an SSD of 100 cm. For TBI, the patient is required to have complete coverage from
head to toe by the radiation field. In order to achieve this coverage, the treatment distance
is extended much further. At OHSU, the collimator is also rotated to 45° and the gantry is
set to 90°. The standard prescription point is at a distance of 562.5 cm from the source to

mid body at the level of the umbilicus. This is the largest distance allowed by the room



geometry. Accounting for beam divergence, this gives a field size of 225 cm in each
direction. With the collimator rotated, there is 318cm of coverage from corner to corner
of the radiation field. This is sufficient to cover most patients that are placed in the
decubitus position.

A 1.5 cm spoiler is placed in the beam path at 510 cm from the source. The
spoiler is made of acrylic and increases electron contamination. Increased electron
contamination then increases the dose in the buildup region [4]. The spoiler also serves as
a mount for the lung shielding. The lung blocks are custom shaped to the patient’s
anatomy and are made of cerrobend, a metal alloy. This alloy is 50% bismuth, 26.7%
lead, 13.3% tin, and 10.0% cadmium with a density around 83% that of lead [10]. The

use of lung blocks and other compensation is dependent on patient setup.

Degrader

o

Lung Blocks
Source I:

Tray

562.5 cm

510cm

Figure 2: Schematic of typical TBI setup. This includes the tray where missing tissue compensation would be
place, the lung blocks placed on the degrader, the degrader at 510 cm, and the patient located at the prescription
distance of 562.5 cm from the source to the mid body.

In real patient treatments, missing tissue compensation is added to the beam path.

This is to increase dose homogeneity in regions of decreased thickness and is commonly



made from brass, lead, lead alloys or other materials. Missing tissue compensation was
not incorporated into our plans or measurements for simplicity purposes.

To increase dose homogeneity to within a £5% total body variation, higher energy
megavoltage x-rays are preferred [4]. At OHSU, adult patients are treated with an 18 MV
beam. For pediatric patients, it’s possible to achieve the necessary homogeneity at a
lower energy and thus 6 MV is a common choice. At OHSU, the linac used for TBI is
commissioned for 6, 10, and 18 MV photon beam energies and each was incorporated to

some extent in our measurements.
2.2 Phantom

Radiation interactions in water are similar to those in the human body. Because of
this, dose in water has become a standard reference in radiotherapy. In many
circumstances, it is impractical and difficult to set up a water tank that would normally be
used in annual quality assurance for a linac. In many cases, solid water can be substituted.
Solid water is an epoxy-resin based material chemically doped such that it has a similar
relative density to water [11]. Dosimetry in solid water has minimal differences from that
in water and no corrections for density or composition are required for megavoltage x-ray
beams [11]. For this reason, it is considered a good substitute for quick measurements.

For the particular dosimetry measurements in many of our experiments, a
phantom approximately resembling human anatomy was needed. Specifically, a lower
density portion to represent the lungs and a more water equivalent density section to
represent the human abdomen. A simple phantom was constructed using solid water and

cedar planks. The CT number of the cedar planks is near -700 HU. This was thought to



be a good substitute for lung tissue which is primarily composed of air and soft tissue and

has a CT number between -950 and -700 HU [12].
The cedar planks measured 27 cm x 29 cm X 3 % cm. Shown below, 3 of these

cedar planks were sandwiched between 7 cm of solid water on each side resulting in a 25
cm thick section. This section of the phantom is meant to model the density of the thorax
and represent tissue heterogeneities encountered in this anatomy. The abdomen is
modeled by a 25 cm thick region of solid water. The thickness of the abdomen section
was modified for some measurements and is indicated in the methods section. Each solid
water slab seen below has a square cross-section of 30 cm in each direction. The purpose
of this phantom was not to identically mimic human anatomy like an anthropomorphic
phantom but to provide a good approximation for the scattering conditions of the human

trunk.

Figure 3: Phantom constructed out of solid water and cedar planks used for treatment planning.



2.3 Treatment Planning

The gold standard for dose calculations in radiotherapy is Monte Carlo
algorithms. These algorithms use a stochastic approach to solve the linear Boltzmann
transport equation (LBTE) that can theoretically calculate the exact dose distribution
from a radiotherapy treatment [13]. Monte Carlo methods are not currently the standard
in radiotherapy because the computational resources they require are too time consuming.
Instead, vendors have turned to simplified algorithms that are more feasible in the clinic.
One of the more recent dose calculation algorithms currently implemented is the Eclipse
Acuros® XB. This uses a grid-based approach that uses discrete photon and electron
fluences that gives a deterministic solution to the LBTE [13]. At OHSU, this is the
preferred dose calculation method and was used for all calculations in this study.

Dose algorithms are reliant on CT images for attenuation and scattering
information. A lookup table is used to equate electron density to the Hounsfield Units
(HU) from the CT images. The electron density is directly proportional to probability of
interaction for each x-ray energy and is used in dose calculations[14]. In most cases the
first step of a TPS plan is to obtain CT images. At OHSU, the Phillips CT Big Bore,
which is designed for CT sim, was used to acquire these images. Patient images were

acquired during their treatment course as part of their typical treatment planning.
2.4 Film Dosimetry

Film dosimetry is a type of reference dosimetry that requires calibration to a
known dose. Radiation interactions cause a chemical reaction within the film that results
in polymerization and an increase in optical density (OD) [15]. The OD change can be

measured using a flatbed scanner and compared to reference measurements. For this
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study, the Epson® Expression 10000xI A3 Flatbed Graphic Arts Scanner with the red
color channel selected was used for all film reading. This allowed for 48-bit resolution
and 72 dpi. Subsequent image files were analyzed using the Varian product DoseLab Pro
which is a software developed for film quality assurance (QA) testing.

This study uses GAFchromic™ type EBT-3 film, a type of radiochromic film. For
photons in the keV and MeV range, this type of film shows insignificant energy
dependence [16]. This allows for cross-calibration of films irradiated with separate
photon beam energies in the megavoltage range. In this study, two energies were
analyzed using film, 6 MV and 18 MV.

Several studies have investigated the stability and reproducibility of
GAFchromic™ film. Many have noted dramatic changes in optical density within the
first hour of irradiation. After 4 hours post-irradiation, it has been noted that the optical
density changes as little as 0.1 %/min [17]. Similar results have been observed between
different generations of GAFchromic™ film[17]. When wait periods are extended, noise
begins to reduce in the film. The greatest OD stability is observed after 24 hours post
irradiation [18]. This has become the standard wait period recommendation [18]. Faster
procedures have been suggested and implemented. If a consistent wait period is used,

reproducible results are achievable [17].
2.5 lon Chamber Dosimetry

lon chamber dosimetry is another type of reference dosimetry. lon chambers
come in various shapes and sizes but are the simplest form of gas-filled detector. They
measure the charge created when ionizing radiation passes through a gas [19]. This

charge collection is dependent on the applied electric field to a chamber. The most
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common operation mode of an ion chamber is in the ion saturation range. This is when
the voltage across the chamber is high enough to prevent recombination of ions produced
by the radiation but not so large that gas multiplication occurs [19]. In this mode of
operation, the dose delivered is equivalent to the charge collected.

In clinical applications of an ion chamber, it’s critical to obtain a charge to dose
conversion factor. This is usually obtained by referencing to calorimetry measurements in
a cobalt-60 beam [2]. This reference dosimetry is performed by an accredited dosimetry
calibration laboratory (ADCL). The ion chamber calibration comes with a conversion
factor from a cobalt-60 beam to the energy of a linac that is used to convert charge to
dose. The linac is then calibrated according to a clinic’s protocol to emit a specified dose
under specific conditions. Further details can be found outlined in TG-51 by AAPM [2].

At OHSU, the protocol for linac calibration is to deposit 1 cGy/MU at depth
maximum (dm) in water for a 10 cm x 10 cm square field at an SSD of 100 cm. The
distance of dm is specific to the beam energy and is verified by the clinic during
commissioning. It’s typical to use a farmer chamber for these measurements. At OHSU
and for this study, the PTW waterproof 30013 Farmer® lonization Chamber was used

and operated at 300 V for all ion chamber measurements.
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3. Methods

3.1 TBI Protocol

Planning by both the TPS and hand calculations assumed the same prescription
and setup. The prescription was 1200 cGy to the mid body in 8 fractions. The mid body
was defined at the level of the umbilicus, centered in both the coronal and sagittal planes.
On the TBI phantom, the mid body location was centered along the same planes and 15
cm from the base of the inferior end. The mid body location was placed along the central
axis of the beam, unless noted otherwise, and the distance from the source was 562.5 cm.

Each plan contains two fields that are parallel opposed. The gantry was oriented
horizontally parallel to the floor. In the TPS, to create parallel opposed beams, one gantry
angle was at 90° for the first field and the other was at 270° with the patient orientation
not changing. The collimator was rotated to 45° for all fields. The field is fully opened to
40 cm x 40 cm at an SSD of 100 cm. For simplicity, all measurements were of only a
single field of one fraction. These measurements were compared to single field
calculations from the TPS and by hand. A fraction has a prescription of 150 cGy and the
individual fields deliver 75 cGy the prescription point.

There were two different orientations utilized during planning. It’s common to
treat with a beam in the AP and another PA direction which we refer to as APPA setup.
In this setup, the patient lies in the decubitus position. The lungs are shielded using lung
blocks with a thickness of 2 HVL for half of the fractions. Another setup that was utilized
was laterally opposed beams. The patient lays supine and the beam crosses that patient

laterally. These patients require no lung shielding but otherwise have the same procedure.
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For the purposes of this study, missing tissue compensation was not incorporated into

either plan type.

3.2 Patient Selection

A total of 6 different patients were selected for this study. There was a relatively
simple selection criteria. As part of their typical treatment, many TBI patients have a CT
scan taken of their abdomen and thorax. Patients were eligible for this study if both of
these regions were scanned in a single acquisition from the neck to the top of the pelvis.
Patients were prioritized based on their size. Size was specified as thickness at the
prescription point in the direction parallel to the beam central axis. Patient sizes ranged
from pediatric patients to varying sized adults. No minimum or maximum constraint on

size was imposed.

3.3 Phantom Setup

There was a custom TBI phantom used for all phantom dosimetry. The Phantom
consisted of two sections setup to mimic patient scattering conditions for TBI treatment.
The inferior section was composed entirely of solid water with a square cross-section of
30 cm in each direction and a thickness of 25 cm. For ion chamber measurements, this
thickness of the inferior end was changed to match distances measured from patient plans
on their CT images. The superior section is composed of 3 cedar planks with a cross-
section of 27 cm x 29 cm, a total of 11cm thick, and surrounded on each side by 7 cm of
solid water. The cedar planks mimic the low density of the lungs while solid water is a

practical substitute for soft tissue.
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Figure 4 Setup of phantom used in film and ion chamber dosimetry as well as in TPS and hand calculations. Labeled
with inferior and superior sides that are referenced as well as some dimensions of total thickness and thickness of
cedar section.

3.4 Eclipse Treatment Planning

The TPS used in this study was Eclipse™ and calculations were preformed using
its Acuros® XB version 15.6 dose algorithm. Plans were creating in the TPS using CT
images acquired prior to this study. The CT images for all patients were acquired using a
5mm slice thickness and imported directly into Eclipse™. There was four adult plans
created all with the APPA orientation with an 18 MV beam. There was also four plans
created from pediatric images. Two of these plans were in the APPA orientation, one
using a 6 MV beam and the other a 10 MV beam. The other two pediatric plans were
oriented in the lateral setup with a 6 MV beam. One extra plan was created solely on the

TBI phantom with all of the other conditions kept the same as the adult patients.
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Figure 5: Contour of lungs in blue and contour of lungs minus 1.5 cm margin in green with reference points centered
in both right and left lungs.

Lungs were contoured using patient CT images. For the plan created on the TBI
phantom, a rectangular volume was contoured centrally within the cedar region of the
phantom instead of actual anatomy. The volume contoured was roughly the same as the
observed single lung volume of the adult patients. The lung contours were used to create
a template for the lung blocks for APPA setups.

It’s common to remove a margin from the lung contour prior to creating this
template. This margin typically is used to prevent underdosing tissues surrounding the
lungs. For adult patients at OHSU, this is typically 1 to 1.5 cm. For all but one plan
created in this study, a 1.5 cm margin was removed. One exception was for planning on
an infant. The lungs were not sufficiently large to remove this margin so it was decreased
to 0.5 cm.

Lung blocks generated by the TPS are specific to both the beam direction (AP or
PA) and patient lung geometry. In the TPS plans, lung blocks are automatically aligned to
anatomy and placed on the tray attached to the linac head at an SSD of nearly 56 cm.

This SSD is not adjustable in Eclipse™. During beam delivery, however, these are
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attached to the spoiler which is placed at an SSD of 510 cm. Lung blocks were only
implemented in 4 of the 8 fractions for APPA fields and not incorporated in lateral
patient setups.

The prescription and TBI plan as previously described was applied to each patient
plan. The calculation resolution for each plan was 0.25 cm and the dose reporting was
dose to medium. Each patient had a dose point centered in each lung and at the
prescription point. These supplied point dose estimates in these regions. The TPS also
provides a mean lung dose of contoured anatomy. This was applied to both of the lungs

which were separately contoured.

Figure 6: Cross-section of TBI phantom with lung contour in blue and lung contour -1.5cm in orange as well as mid
lung and mid body reference points.
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Figure 7: Example of the orientation of the lung blocks with respect to patient body. Cerrobend blocks are aligned to
the lungs using CR imaging techniques and placed on the spoiler at a distance of 510 cm from the source during beam
delivery.

For some patients, a plan was transferred onto the TBI phantom for only one of
the AP fields with and without the lung blocks. These were intended to be used to
compare to dose measurements. This was done using the patient quality assurance
procedure in which patient CT images are substituted for images of the phantom. In this
procedure all field information is kept the same including the MU’s and shielding.

Some manual adjustments were necessary to center lung blocks over lung region
of the phantom in the patient’s inferior-superior direction and ranged from 0 to 10 cm.
This central axis relocation was applied for all measurements compared to TPS
predictions. For the initial treatment plan, reference points were also placed at the center
of each lung. Both the TBI phantom and the initial plan had a reference point placed at
the mid body location in the phantom. This is centered within the inferior section of the

phantom that represents the abdomen.
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3.5 Hand Calculations

All hand calculations followed the procedure in place for TBI treatment by
OHSU. The assumed setup and the prescription are the same as described in the TBI
procedure section. Calculations are done using a Tissue Maximum Ratio (TMR) method
to estimate the number of MUs per field. Equations 1 and 2 represent the calculation used
to find the dose rate (D) in cGy/MU at the prescription point and MUs required () to
deliver a prescription dose (D). A number of other factors are used to correct for various
effects including the inverse square factor (ISF), collimator scatter factor (Sc) for a
40x40cm field, phantom scatter factor (Sp) for a 26 x 26 cm field, spoiler factor, the
normalization dose rate (Do), and the TMR ratio itself for a 26 x 26cm field. A field size
of 26 x 26 cm was used for both the Sp and TMR factors because that is the equivalent
field size of an adult patient. Dose to a location is calculated using equation 4 which is
the multiplication of the dose rate to the number of MU’s. Methods are consistent for off-
axis calculations of the head, neck, pelvis, etc.

D =TMR X ISF X S, X S, X Tray X Spoiler x D, Eq.1

D

n=z Eq. 2

ISF = (M)Z Eq. 3

562.5

D=Dxu Eq4

Variable Definition
D Dose rate (cGy/MU)
D Dose (cGy)

Dose rate at d,,, for 100 cm SSD and 10

Do cm square field (1 cGy/MU)
dy Depth of dose maximum
TMR Tissue Maximum Ratio
S. Collimator scatter factor
Sy Phantom scatter factor

Tray Tray factor
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Spoiler Spoiler factor
ISF Inverse Square Factor
u Monitor Units

Table 1: List of variables used for hand calculations in TBI treatment planning

The TMR ratio depends on field size and depth. Field size is considered uniform
for each location but depth varies by sight thickness. For every location beside the lungs,
this is half the physical distance measured with calipers of the selected anatomy. For the
lungs, this changes slightly. The lungs are significantly less dense than water, so a water
equivalent distance (WED) is used. This is a distance retrieved from the Eclipse™ TPS.
It is the distance in water required to cause the same level of attenuation as in the
physical material. This accounts for tissue inhomogeneities that can be substantial in the
vicinity of the lungs compared to other locations. The WED is substituted for the depth in
the lung TMR calculation. The remaining calculations are the same as before. It should
be noticed that there is not a correction for off-axis measurements or decreased
backscatter and lateral scatter. This is in line with the clinical procedure at OHSU and

therefore was not adopted for this study.
3.6 Lung Block Fabrication

This study focused on patient CT data as well as planning directly on the TBI
phantom. The creation of the lung blocks for patient-specific plans and on the phantom
varied only in the shape of the block. For the TBI phantom, a CT scan was performed and
uploaded into eclipse™ TPS. This allowed for contouring and dosimetry to be performed
on patient images. On patient CTs, the lungs and body were contoured. On the TBI
phantom, a rectangular volume of 1126 cm? was contoured in the region occupied by

cedar planks to represent a typical lung volume seen in patient samples. In both cases, a
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second contour was made of the lungs that removed a 1.5 cm margin as previously

described.

Figure 8: Similar triangles diagram.
A B - .
-=3 Eq. 4 Law of Similar Triangles [14]

Lung blocks are shaped according to the CT contours. A template can be printed
from Eclipse™ that matches the contour edges from a beam’s eye view. This allows for
scaling of the lung blocks that corrects for beam divergence. This scaling would reflect
the distance from the source where the lung blocks will be placed in front of the patient.
At OHSU, the distance from the source to the blocks is 510cm. Size is scaled using the
law of similar triangles. This ensures that at mid body, the lung block projection would fit
the anatomy. Scaling of the lung blocks could be verified by measuring graticule lines

also printed on the template. No compensation besides lung blocking was added to plans.
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Figure 9: Example of printed lung block template used to create block forms shown in orange and graticule lines in
yellow.

Molds were cut out of foam using the templates. The foam molds would then be
filled with cerrobend. The standard thickness of 2 HVL was used for the lung blocks and
a spoiler and tray were added to all plans. The HVL thickness of cerrobend was obtained
from OHSU TBI commissioning data. For a 6 MV beam, this is 3.8 cm, for 10 MV

beams it is 4cm, and for 18 MV beams it is 4.2 cm.
3.7 lon Chamber Dosimetry

3.7.1 Chamber Calibration

The farmer chamber was used for all ion chamber measurements. The chamber
was operated at 300 V set on the electrometer. On the day of measurement, the farmer
chamber was exposed to a reference dose to create a dose per charge conversion. For
each commissioned photon energy, OHSU machines are calibrated at 1 cGy per MU at
dm in water at an SSD of 100 cm and a field size of 10 cm x 10 cm. For each energy used

in this study, the chamber was placed at dm inside solid water with a square cross-section
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of 30 cm x 30cm. A thickness greater than 10 cm of solid water was maintained beyond
the ion chamber depth. The standard calibration setup was set for both 6 MV and 18 MV
beams and 200 MU was delivered by the linac. This delivered 200 cGy to the chamber
and allowed for the creation of a conversion factor from charge to dose using the charge
recorded by the electrometer.
3.7.2 Stem and Cable Effects

During phantom irradiation, it was unavoidable that a significant portion of the
cable was going to be in the radiation field. To verify variations in measured charge are
insignificant, reference measurements were made. The ion chamber was left at 3.2cm
depth in solid water for both energies (6MV and 18MV). The SSD was set to 100cm and
the field size was 30 cm x 30 cm. First, 200 MU was delivered without the cord in the
field and the charge was recorded. We then estimated the amount of cable that will be in
the field during TBI measurements at extended SSD and marked the cable. That cable
length was then placed on top of the phantom as shown in figure 9. Again, 200 MU was
delivered and the charge was recorded. For both fields, there were 3 different
measurements taken. The average charge collection for the field with and without the

cable was then compared as a percentage.
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Figure 10 Measurement of charge with the stem and cable in the field during irradiation to verify the significance of
stem and cable effects. Not visible in the photo, the farmer chamber is placed at the center of the field at a depth of
3cm. The dose was not derived from this reading. The charge reading was compared with and without the cable in the
field.

3.7.3 lon Chamber Phantom Measurements

The TBI phantom was placed in the typical setup. The distance from the source to
the center of the phantom was set to 562.5cm and the field was opened fully to 40 cm x
40 cm and the collimator was rotated diagonally to 45 degrees. The acrylic spoiler was
placed at 510 cm, the standard distance at OHSU, and the acrylic compensator was
attached to the linac head. All measurements were at the mid body point of the phantom.
The chamber was aligned in the center of the field according to markers from the linacs
light field. The Depth and phantom thickness were based on patient CT images.
Thickness was only varied at for the body section and the lung section remained
unchanged. MUs delivered were according to planning on CT from the Acuros® model.
Each TPS plan contained parallel opposed beams. The MUs from a single field was
delivered to the phantom. The path of the beam is indicated by arrows in figure 10. The
total charge was recorded and the charge to dose factor derived during calibration was

applied to obtain the dose delivered.
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Figure 11: The TBI phantom with the lung and body sections labeled. The yellow arrows indicate the path of the beam
through the phantom.

3.8 Film Dosimetry
3.8.1 Film Calibration

Film dosimetry requires that a range of reference strips are irradiated for
calibration. Our TBI treatments are modeled off of a 1200 cGy prescription to the mid
body split between 8 fractions. This provides a dose of 150 cGy at the mid body
reference point for each fraction with considerably less behind blocked areas of the lung.
If one field is delivered, the dose to the mid body should be about 75 cGy. This
information was used to select the range of reference strips to be irradiated.

Reference strips were cut to approximately 2 cm x 2 cm. An energy of 18MV was
used for all film measurements. The radiochromic film used doesn’t show significant
energy dependence and a second calibration for 6 MV was not necessary. Similar to ion

chamber calibration, reference strips were placed at dm (3.2cm) in solid water with a 10
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cm x 10 cm field and 100 cm SSD. With this setup, MU’s can be equated to cGy
deposited on the strips. Samples of 0, 25, 50, 75, 100, 150, 200, 250, and 300 cGy were
irradiated. Closer intervals between 0 to 100 cGy were selected to create higher energy
resolution at the dose levels we expected to see behind the lung blocks in a single field.
Calibration strips were not irradiated before each trial. Instead, a test strip of either 100
cGy or 150 cGy was irradiated using the same setup to check the validity of the

calibration file.

Figure 12: One of the films used for reference dosimetry during the processing of the strips placed in TBI phantom.
This film would then have 3.2cm of solid water placed on top and irradiated to one of the listed calibration dose levels.
This setup was also used for subsequent trials to verify the accuracy of the initial reference dose to avoid creating new

dose conversion files for reading on separate days.

3.8.2 Phantom Measurements

The phantom used for film irradiation was the TBI phantom previously described.
Unlike the ion chamber measurements, the phantom was maintained at dimensions of its
standard size with a 25 cm thickness in all locations along the beams path. The spoiler
and compensator were setup up as described for ion chamber phantom measurements.

The lung blocks were attached to the linac side of the spoiler at an SSD of 510cm. Plans
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previously calculated on the TPS were used to determine the number of MUs to deliver
and which energy photon beam to use.

The phantom has no anatomy to reference during lung block positioning. The TPS
was referenced to attempt to maintain the same spacing between lung blocks as planned.
Prior to the radiochromic film being placed in the phantom, the position and spacing of
the lung blocks were verified using CR port film. For the plan created on the phantom CT
images, there was only one lung block and CR imaging was not necessary. The CR
images allowed the magnification to be checked using the law of similar triangles.

It’s crucial to maintain the same orientation of the radiographic film. A marking is
made when it comes out of the factory packaging. Orientation with respect to the beam
was also maintained using the initial marks. Because three cedar planks were used, it was
not possible to place film at the central location of the lung section. Instead, there was an
approximately 3 in x 6 in strip placed both anteriorly and posteriorly to the center cedar
plank. A template was used to maintain a similar position on cedar planks for the strips
placed in the lung section. Another approximately 2 in x 2 in film strip was placed at the
mid body, centered on the solid water. This film had 12.5 cm of solid water both anterior

and posterior to its position. This represents the prescription point of a TBI treatment.
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Figure 13: The calibration films are shown with arrow markings indicating initial orientation when removed from
factory packaging. These arrows are used to maintain consistent orientation while being scanned.

Figure 14: The TBI phantom is positioned for irradiation. In the beam path is the cerrobend block positioned to shield

the central portion of the superior section of the phantom. The block pictured is the rectangular design created for the

plan created directly on the TBI phantom. The block is fastened to the acrylic spoiler using Velcro attached to a mount
atan SSD of 510 cm.
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Figure 15: Pictured is a side view of the TBI phantom with the location of the film placement represented by red
markers. Film size varied but the upper two marks show the location of the larger films used to get profiles of blocked
fields. The lower marker represents the location of the smallest film used that measures the dose at the prescription
point.

3.8.3 Film Processing

A standard procedure was developed for film measurements. After irradiation, the
film was stored in a dark location for 21 hours before processing. The radiochromic film
was scanned on the flatbed scanner with the red color channel selected which is standard
at OHSU for dose levels less than 10 Gy. The resolution of the scan was 72 dpi and with
48-bit color for three color channels. Care was taken to ensure orientation was kept the
same for all scanned film. This was done using the marks made just after removing from
the factory packaging. The Epson® software uses an unirradiated sheet of film as a
template to create an ROI that determines the size and location of the saved image as well
as doing a uniformity correction in a later step. After the ROI is specified, each film is
scanned and saved in full color as a “.tif” file.

Image processing was done using DoseLab software. Using this software, all film

images are first converted to an optical density file which converts images from color to
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black and white. The previously described calibration film strips of 0, 25, 50, 75, 100,
150, 200, 250, and 300 cGy were used in DoseLab to automatically create a calibration
file that can be applied to other strips with a maximum dose less than 300 cGy. DoseLab
applies an algorithm that fits to the data points. Anything above the maximum dose of the
reference strips is equated to 0 dose. This means any point over 300 cGy in this study
would be automatically set to 0. This file was only created from initial measurements and
its accuracy was checked for each subsequent day using a test strip of known dose value
as previously discussed.

The calibration file was applied to each scanned optical density file to convert it
to a dose file. The new file contained a red green blue (RGB) color scale to represent
dose distribution. The software allows for single image analysis. In this modality, ROIs
can be placed that provide information on the mean and median dose in the selected
location. ROIs were placed on the film to correspond to mid lung, or mid body locations
depending on the intended placement of the film. The mean doses from the ROIs were

used for later analysis of results.
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4. Results

Various factors were tabulated for the patients selected for this study. An effort
was made to select patients of a variety of different sizes. Their size was determined by
the separation at the level of the umbilicus. The minimum patient separation was a
pediatric patient with a distance of 15.2 cm in the AP direction. This patient had a plan
created with a 10 MV and a 6 MV beam. The maximum separation was an adult with 34
cm in the AP direction. There were two lateral setups created for pediatric patients and
the separation ranged from 22.6 cm and 29.8 cm both planned with a 6 MV beam. Lung
volumes were tracked for each patient and adult patient’s volumes were used as a
reference for the creation of the lung contour of the phantom plan, patient number 9. In

total there were 9 plans created in the TPS from 6 different patients and one on the TBI

phantom.
Patient Number Energy Orientation Lung Patient Total Lung
(MV) Blocks Separation (cm) Volume (cm?)

1 18 APPA Yes 27 3507.7

2 18 APPA Yes 20 2553.4

3 18 APPA Yes 34 2809.9

4 18 APPA Yes 33 2535.7

5 10 APPA Yes 15.2 395.6

6 6 APPA Yes 15.2 395.6

7t 6 Lateral No 22.6 395.6

8f 6 Lateral No 29.8 617.2
gt 18 APPA Yes 25 1126.2*

Table 2: Tabulation of beam energy, patient setup, shielding used, patient separation, and lung volume for each patient
and patient plan created in the TPS and for hand calculations. The lung volume for patient 977 is the rectangular
contour of the TBI phantom.

Stem and cable effects were checked prior to the first farmer chamber
measurements. The approximate length of cable that would be necessarily irradiated for
TBI phantom measurements was evaluated in these measurements. Both 6 MV and 18

MV beams were used to irradiate the chamber and cable. For 18 MV beams and 6 MV

1 Indicates lateral patient setup which does not contain lung shielding

+ 1 Indicates plan created on TBI phantom and not based on patient data
= : Indicates 10 MV beam used during planning and delivery

B3 Indicates 6 MV beam used during planning and delivery
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beams, there was a mean increase of 0.55% and 0.39% respectively in the total charge

collected.

Energy | Stem and Cable Effect (%)

18 MV 0.55

6 MV 0.39

Table 3: Stem and cable effects for 6MV and 18MV beams when using the farmer chamber. The percent reported is the
mean increase in charge collection when the cable is added to the field.

The TBI phantom was adjusted at the mid body to represent the thickness of 3
patients used in the TPS planning. This consisted of two adults using 18 MV beams and
one pediatric patient setup using a 6 MV beam. The dose measured at the mid body
location was compared to the predicted dose of 75 cGy using a hand calculation. Both 18
MV measurements showed a difference of -1.2% from the hand calculation prediction
and the 6 MV measurement showed a 0.7% difference. The MUs reported are based on
hand calculations. The MUs delivered to the phantom were scaled to match the hand

calculation prediction to allow a dose comparison.

Patient Number | MU | Phantom Separation (cm) | % Dose Difference
1 2575 27 -1.2
2 2402 20 -1.2
6 2644 15.2 0.7

Table 4: Percent difference of dose measured by the farmer ion chamber at the prescription point with a varying
phantom thickness to the dose predicted by hand calculations (75 cGy) on the TBI phantom. The phantom thickness
was adjusted to match a patient s thickness from the TPS plans.

Plans were created on both Eclipse™ and using hand calculations. These plans
were based on the same patient and allowed for the comparison of predicted MUs. The
results for the patient-specific plans created using an 18 MV beam varied from 3.69% to
7.71% difference when comparing TPS prediction to hand calculations. The mean
percent difference for these plans was 6.3% with a standard deviation of 2.2%. The plan
created on the phantom with an 18 MV beam showed the lowest percent difference at -

0.28%. The 10 MV APPA plan showed a difference of 2.44%. The 6 MV APPA plans

1 Indicates lateral patient setup which does not contain lung shielding

+ 1 Indicates plan created on TBI phantom and not based on patient data
= : Indicates 10 MV beam used during planning and delivery

B3 Indicates 6 MV beam used during planning and delivery
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showed a mean difference of 4.00% with a standard deviation of 2.24%. The two Lateral

6 MV plans on the pediatric patients showed a difference of 2.65% and -0.43%.

Patient Number | Avg Eclipse MU | Hand Calc MU | MU % Diff
1 2774 2575 7.71
2 2553 2402 6.29
3 2991 2781 7.53
4 2851 2749 3.69
5 2555 2494 2.44
6 2750 2644 4.00
7t 2911 2923 -0.43
8t 3350 3263 2.65
gt 2515 2522 -0.28

Table 5: Total monitor units predicted per field from both the Eclipse Acuros® algorithm and using hand calculation
methods with a percent difference of Eclipse™ MUs from that by hand calculations. The Acuros® prediction varied
slightly between AP and PA beams so the average of the two was taken.

The WED from the TPS was used to calculate the dose to the lungs by hand when
no shielding is used. For the same setup, the TPS prediction was compared to the hand
calculation prediction. For this comparison, the hand calculation MU predictions were
scaled to match the TPS prediction. The Eclipse Acuros® algorithm has a mean

difference of -5.7% from hand calculations with a standard deviation of 2.4%.

Patient Number | MU | LL 9% Difference | RL % Difference
1 2795 -3.0 -4.5
2 2632 -3.7 -9.3
3 2944 -8.6 -8.5
4 2843 -4.2 -5.2
gff 2646 -4.7 N/A

Table 6: Difference in lung dose predictions without lung shielding by Eclipse Acuros® algorithm from hand
calculation predictions.

The TBI phantom was irradiated once without lung blocks. The dose at the mid
lung was compared to predictions by the TPS on the TBI phantom. This required that the
lung dose measurement be scaled based on MUs delivered and that predicted by the
patient plan listed in the table below. The mean percent difference was 3.1% with a
standard deviation of 0.4%. All film dose measurements were less than TPS predictions.

1 Indicates lateral patient setup which does not contain lung shielding
+ 1 Indicates plan created on TBI phantom and not based on patient data

= : Indicates 10 MV beam used during planning and delivery
B3 Indicates 6 MV beam used during planning and delivery
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Patient# | MU | Film Dose (cGy) | Eclipses Dose (cGy) | % Difference
1 2795 82.6 85.4 -3.2
2 2632 77.8 80.6 -3.4
3 2944 87.1 89.9 -3.2
4 2843 84.1 86.9 -3.3
gff 2646 78.2 80.2 -2.4

Table 7: Comparison of dose measured in lung region without lung blocks with Eclipse™ calculated dose on TBI
phantom for an 18MV beam

Film measurements were also compared to the dose predicted by hand
calculations without lung shielding. For heterogeneity corrections, a WED was used for
TMR calculations in the lung section of the TBI phantom. The film measurement was
7.0% lower than the hand calculation prediction.

Film dosimetry was used to evaluate the dose to the lung region and prescription
point of the TBI phantom. Dose to the center of the phantom behind the lung blocks was
tracked for both the right and left lungs. Film measurements were compared to patient
plans that were transferred onto the TBI phantom. The numbers reported are corrected for
differences in lung block attenuation from what was expected. The measured lung dose
for both the right and left sides showed a mean difference of -18.6% and a standard
deviation of 4.3% for the 18 MV plans and -20.3% and a standard deviation of 2.2% for
the 6 MV plan when compared to the TPS prediction. The measurements to the
prescription point on the phantom showed a mean difference of 0.9% and standard

deviation 1.17% of for 18 MV plans and a difference of -0.5% for the 6 MV plan.

Patient Number | LL % Difference | RL % Difference | Mid Body % Difference
1 -20.0 -16.9 13
2 -13.0 -19.2 1.9
6 -18.7 -21.9 -0.5
oft -24.1 N/A -0.4

Table 8: Percent difference of blocked Lung dose and mid body dose measurements from film on the TBI phantom
compared to calculated values by the Eclipse Acuros® algorithm.

The TPS was used to compare the point dose to the mid lung as well as the mean

dose to the whole lung. Large differences among energies were not noticed. This was

1 Indicates lateral patient setup which does not contain lung shielding

+ 1 Indicates plan created on TBI phantom and not based on patient data
= : Indicates 10 MV beam used during planning and delivery

B3 Indicates 6 MV beam used during planning and delivery
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analyzed by taking a ratio of mean lung dose to mid lung dose. The following data is for
plans calculated in the APPA direction and including all fractions and fields. The mean of
this ratio observed for 18 MV plans not including the phantom plan was 1.14. This ratio
was 1.21 for the phantom plan. For 6 MV and 10 MV plans the mean of the ratio was

1.12 and 1.11 respectively.

Patient Number | TPS Mean/Mid L | TPS Mean/Mid R
1 1.12 1.17
2 1.10 1.18
3 1.16 1.11
4 1.11 1.18
5 1.12 1.10
6 1.12 1.11
gff 1.21 N/A

Table 9: Comparison of mean to mid lung dose calculated by the Eclipse Acuros® algorithm on patient CT sim data of
patient planned in the APPA beam direction setup. These comparisons are of dose accumulated from all fractions in
the plan including blocked and unblocked fields.

A separate evaluation of the comparison of the mean to mid lung dose was made
for pediatric lateral patient setups. In this setup, lung blocks are not utilized. The mean of

this ratio was the lowest of all plans at 1.02.

Patient Number | TPS Mean/Mid L | TPS Mean/Mid R
7t 1.02 1.04
8t 1.00 1.01
Table 10:Comparison of mean to mid lung dose calculated by the Eclipse Acuros® algorithm using information from
CT sim images of patients planned in the lateral beam direction setup. These are comparisons of dose accumulated
from all fractions of the treatment plan.

1 Indicates lateral patient setup which does not contain lung shielding

+ 1 Indicates plan created on TBI phantom and not based on patient data
= : Indicates 10 MV beam used during planning and delivery

B3 Indicates 6 MV beam used during planning and delivery
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5. Discussion

5.1 Findings

The results of this study show there is potential for the Eclipse Acuros® dose
algorithm to be implemented as a clinical tool for TBI planning. The accuracy observed
in the dose calculated at mid body as well as the unblocked lungs is within clinical
standards with an average difference of 1% and 3% respectively. The target for whole
body dose uniformity is +5% [4]. The dose difference between our measurements and the
TPS shows the potential to achieve this confidence.

Another study noted a greater deficit in dose prediction in a heterogenous material
like the lung section of the TBI phantom [9]. That study used Styrofoam instead of dried
cedar for their low-density material. This material choice may be the cause of their
increased error [20]. Attenuation by the cedar planks may have a more equivalent to that
encountered in the lungs and may suggest their study underestimates the ability of the
Acuros® algorithm to handle heterogeneity corrections in a clinically relevant scenario.

In comparison with hand calculation, the TPS showed greater agreement to film
measurements for unshielded lung dose. The film measured a 7% lower dose to the lungs
than the hand calculations prediction, but only 3.1% lower than the TPS prediction on
average. There wasn’t enough variation in the measurements to draw a clear conclusion,
but this does warrant further investigation. The dose to the unshielded lungs was
consistently predicted to be higher by hand calculations. The TPS predicted a 5.7% lower
dose on average than hand calculations for patient plans which correlates with the film

measurements. The inability to account for changes in scattering conditions and the
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minimal correction for tissue heterogeneity by hand calculations gives the TPS a clear
advantage and likely causes hand calculations to over report the lung dose. Because of
this, if a more complex anthropomorphic phantom is used, hand calculation would likely
not improve to outperform the TPS for unshielded lung dose calculations.

Dissimilar to other results, the dose difference measured behind lung blocks
showed significant differences from the TPS prediction. This measured difference ranged
from 13% to 24% less than the predicted dose. This large deviation makes a clear
conclusion difficult to draw. Our thoughts are that current methods of placing a lung
shielding in the TPS are not sufficient for TBI planning. These results have been noted in
another study and the degree of clinical significance is unclear [20].

The default in Eclipse™ is to place the blocks attached to the tray on the linac
head like with other shielding used during radiotherapy. In reality, these blocks are
located at a much farther SSD and closer to the patient. The blocks are scaled to still
account for beam divergence to conform to the lungs but certain geometric effects like a
penumbra are thought to play a role in causing this error. Eclipse doesn’t allow for a
quick adjustment of the shielding’s mounting location and perhaps working with the
vendor could help resolve this issue. Another possible method is to implement a bolus
into the plan. The bolus can have its transmission adjusted to 2 HVL like the lung blocks
but is located close to the skin surface.

The comparison of total MU’s predicted by the TPS and hand calculations shows
there are noticeable differences between the two methods. The largest differences were
seen in the APPA plans created with an 18 MV beam with a mean 6.3% greater than hand

calculations. Lower energy plans and specifically laterally positioned patients showed
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more closely matching results. The plan on the TBI phantom showed a difference of only
0.3%. The phantom itself closely resembles the conditions that a TMR table is
commissioned for TBI. Hand calculations are ideally suited for scattering conditions
found in the mid body section of the TBI phantom. A closely matching calculation is
expected in this instance. In the case of plans calculated on patient data, larger
discrepancies are likely due to the inability to account for most tissue inhomogeneity and
geometric differences in human anatomy by a hand calculation. A treatment planning
system can account for these differences.

The TBI phantom was set up with varying thicknesses at the midbody to assess
the difference in dose readings for different depths. In this case, the mid body was sized
to resemble the thickness of a patient at the umbilicus. The MU’s delivered varied
slightly from what hand calculation predicted. A simple scaling factor was applied to the
dose measurements to account for the MU difference. The measurements showed strong
agreement with a mean difference of -0.6% from hand calculations. This method is
similar to commissioning for TBI at an extended distance. This difference is within the
expectation of clinical output and is representative of the validity of the applied hand
calculation factors.

In clinics that monitor lung dose, it’s typical for estimates to be reported as a point
dose to the middle of the lung. This can sometimes be verified using in vivo dosimetry by
taking entrance and exit dose readings [3 4]. This study primarily analyzed point dose
measurements using film within the TBI phantom. During TBI planning, it’s commonly
preferred to use a point dose estimation because it is relatively easy to obtain. A 3-

dimensional dose calculation is inherently more difficult because of the lack of a TPS
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used in the planning stages. In this study, we evaluated the differences reported by the
Eclipse Acuros® algorithm by comparing the mean lung dose to the point dose
measurement in the mid lung. The mean dose was consistently higher with a minimum of
10% and a maximum of 18% higher with a mean of 13.6% higher for the patients
oriented in the APPA setup. This is a finding consistent across energies. An exception to
this is for laterally set up patients. These patient plans do not incorporate lung shielding
so a greater degree of dose homogeneity would be expected. This is observed in the data
and the greatest difference was 4%. It should be noted that the dose for lateral positioning
was only calculated on pediatric patients and adults may see some differences because of
increased lung volumes. Using a TPS in these instances to calculate a mean lung dose
could provide useful insight into future studies and could warrant further investigation of

this tool.

5.2 Limitations & Future Work

This study had inherent limitations that could be overcome in future studies. An
anthropomorphic phantom would provide more relatable scatter conditions. Our phantom
was simply constructed but was suitable for initial findings. The human trunk is more
complex and less ideal. This could cause a difference in performance of the TPS that
should be explored. This could apply to phantoms of varying sizes as well. We used one
phantom size for plans, varying this size could uncover other issues or capabilities of the
Eclipse Acuros® algorithm for TBI planning.

The large range in difference between measured dose and planned dose of the
lungs behind shielding could be a result of many compounding factors. The manual

process used to create lung blocks causes some variation in thickness. The thickness
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difference causes some inequality in the attenuation of each block. Another consideration
is the difference in lung size. Scattering contributions can be effected by broad beam
geometry [14]. The variation in block size could be contributing to some of the error
observed. This may justify investigating the creation of patient specific lung block
thickness in future work.

OHSU has a relatively large sample of TBI patients but was limited in patients
that met the criteria needed for this study. Coordination with other departments or
programs to provide a greater sample of patients would help strengthen the results.

Only available resources and common planning techniques were employed.
Exploring different planning techniques, specifically in fields using shielding, could
improve inaccuracy of dose calculations. Potentially working with a vendor could help
optimize this process and produce a more accurate plan. Minor changes to planning in
another study have shown to improve some of this study’s shortcomings.

In this study, missing tissue compensation was intentionally left out of planning
and measurements. This was done out of simplicity and ease of measurements. In a future
study, investigating its incorporation is critical. This type of compensation is necessary
for patient treatment and its characterization is required if the TPS is to be used as the

primary planning method.
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6. Summary and Conclusion

Implementing a TPS for TBI treatment planning could have a profound clinical
impact. Current treatment planning uses a hand calculation that is crude but thought to be
sufficient for a positive patient outcome. This form of treatment planning lacks the ability
to account tissue heterogeneity along with other patient specific parameters and is unable
to provide a 3-dimensional dose distribution. We have investigated the ability of the
Eclipse Acuros® dose calculation algorithm to handle an extended distance with
scattering condition similar to those found in the human abdomen and thorax. The
measurements involved allowed for a direct comparison to the performance of a hand
calculation. The TPS was also used to evaluate the efficacy of a point dose estimate as a
predictor of lung dose. This was accomplished by comparing the mid lung point dose to
the mean lung dose, both of which are provided by the TPS.

The Eclipse Acuros® dose calculation algorithm has shown mixed results in its
ability to be clinically useful for extended SSD applications like in TBI. On the TBI
phantom, the algorithm performed well when applied to an unblocked field. When
compared to dosimetry measurements, it showed it is capable of achieving a clinically
relevant accuracy. This was apparent in the results for both mid body and lung region
dosimetry in the phantom. This, however, cannot be stated for fields when lung shielding
is utilized. The inability to exactly match the TBI setup in the eclipse software leaves
some ambiguity in the TPS’s ability in these circumstances. These uncertainties warrant
further investigation into alternate planning techniques within the TPS.

For each patient plan, the TPS predicted a lower dose to the lungs than hand

calculations. The hand calculation’s inability to account for differences in scatter
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condition and minimal tissue inhomogeneity corrections is likely responsible for this.
Though both the TPS and hand calculations overestimated the dose measured on the TBI
phantom, the TPS had a significantly closer result. Further investigation is needed to
draw a conclusion but it’s unlikely that in a more complex phantom hand calculations
would increase in accuracy if no other corrections are applied.

The TPS showed a noticeable difference in its MU calculations compared to hand
calculations as well. Taking into account the TPS’s ability to calculate unblocked fields,
this again may be a result of hand calculations shortcoming in accounting for the
difference in scattering within the human body. Moreover, the mean lung dose predicted
by the TPS showed a considerable deviation from the mid lung dose estimate. In reality,
this could provide meaningful information for future research and is a good justification
for why a TPS-based plan would be superior to a hand calculation. Using a TPS as the
main MU calculation hasn’t been yet shown to be feasible. Using a TPS as a second
calculation does however provide information unattainable with current methods and
could be a practical use if further work can create satisfactory results for lung dose

estimates during blocked fractions.
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