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QUANTIFYING THE MAGNITUDE OF TOTAL DOSE DEVIATION CAUSED BY

VARIOUS SOURCES OF ERROR AMONG IROC PHANTOM IRRADIATION RESULTS

Sharbacha Sherby Norma Edward, B.S.

Advisory Professor: Stephen F. Kry, Ph.D.

Abstract

The Imaging and Radiation Oncology Core (IROC) phantoms are used as an end-to-end
test of an institution’s radiotherapy processes, and for clinical trial credentialing. Phantoms are
treated like patients, and evaluation of the doses received by the thermoluminescent dosimeters
(TLDs) inside the phantom, reflects the accuracy with which an institution can image, plan and
irradiate a phantom or patient. Recent phantom results show that among the hundreds of
various IROC phantoms irradiated annually, 8-17% of institutions fail this test. The purpose of
this work was to investigate the various types of errors that may occur during the treatment
process and quantify the magnitude of their contribution to planned treatment planning system

(TPS) to measured TLD phantom dose deviation (TPS vs TLD dose deviation).

First, a preliminary study was conducted to identify the causes of failures among IROC
phantoms. Categories of failure were established, and phantoms grouped accordingly. The
results of this study lead to the investigation of three major error contributors: dose calculation
error, delivery error and machine output error. Dose calculation error was assessed through
independent recalculation of the phantom plans using a dose recalculation system (DRS). An

acrylic output block containing TLDs was irradiated by each institution prior to phantom

viii



irradiation, to measure machine output on that day. Machine output error was determined
through an assessment of both the output block’s measured TLD doses and the machine output
dose reported by the institution using their in-house QA device or ion chamber. Delivery error
was assessed by evaluating the machine log files associated with a plan delivery. Prior to
collecting log files from institutions, a study was conducted to test the ability of the IROC
phantoms to accurately capture log file (specifically MLC) errors. This study used the
deliberate introduction of MLC errors into the plans, to assess how well they would translate to
measured and log file dose deviations. Delivery log files from institutions irradiating the
phantoms were collected and evaluated for MLC rms error and delivered dose error. All error
types were assessed on an individual TLD basis. Results were categorized into two groups:
TLDs with dose deviations greater than the threshold for TLD measurement uncertainty (3.2%)
represented the poorer performing group of phantom TLDs, and those with dose deviations less

than 3.2%, the better performing group of phantom TLDs.

The majority (60%) of spine and head and neck (H&N) phantom failures, which are static
(no motion) and generally have more highly modulated plans, were caused by systematic dose
errors. This was when the dose in the entire plan was either too high or too low throughout the
entire plan, indicating errors in the institution’s TPS dose calculations. The lung phantom,
which moves to simulate patient breathing, failed primarily due to localization errors.
Localization errors, which manifested as the correct amount of dose, but delivered to a location
off-set from the PTV, represented 62% of lung phantom failures. Dose calculation errors were
found in 47% of all spine phantom results and 42% of all lung results. However, among failing
phantoms, this error was present in 93% of spine cases and only 35% of lung cases, indicating a
greater impact of dose calculation error on the highly modulated spine treatment versus the

lung. Machine output error showed positive correlations with increasing dose deviation for



spine (r = 0.55, p <.001), H&N (r = 0.63, p <.001) and lung phantoms (r = 0.45, p <.001),
indicating that machine output accuracy has an impact on phantom performance. The IROC
phantom was found to detect MLC errors that were comparable to clinical results. Random
MLC errors produced average dose deviations in the PTV of up to -2.8% for H&N and 0.7%
for spine plans. Whole bank MLC shifts resulted in average PTV dose deviations of up to 8%
for H&N and 7.1% for spine plans. Analysis of delivery error among IROC phantom log file
results showed that compared to the average phantom TPS vs TLD dose deviation of 2.1%
(max = 6.1%) for the H&N phantoms, and 2.3% (max = 8.5%) for the lung phantoms, delivered
dose error was relatively small. The amount of dose deviation due to delivery errors ranged

between -0.3% to 0.5% for the H&N phantom and -0.8% to 0.2% for the lung phantom.

Overall, dose calculation error was found to be the greatest contributor of dose deviations
among highly modulated static phantom irradiations (spine and H&N), output error contributed
almost equally to all three phantoms and delivery error was minimal with no correlation to
phantom performance. Lung phantoms are primarily plagued by motion management related
dose deviations which are more difficult to quantify and assess via a remote phantom audit
program such as IROC’s. Therefore, among the errors evaluated, which were dosimetric in
nature, we were able to quantify 56% of error among H&N phantoms, 68% among spine and

only 19% of lung dose deviations.
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Chapter 1: Introduction

1.1 Significance

Every year, nearly 1.7 million new cases of cancer are diagnosed in the United States?.
Over half of these patients will receive some sort of radiation therapy (RT) throughout the
course of their treatment?. According to the International Commission on Radiation Units and
Measurements (ICRU), radiation doses should be delivered to within 5% of the planned dose.
Doses that are much higher than this threshold may result in further complications such as

additional cancers, and doses that are much lower increase the risk of cancer recurrences.

The RT process which comprises several steps, involves numerous healthcare
professionals who work together to achieve the set treatment goals. In order to ensure a highly
accurate and consistent standard of care in the RT community, institutions irradiate phantoms
as a test of their procedures. Phantoms are physical representations of various human anatomy,
comprised of materials with similar densities to corresponding tissue, bones and tumors. Such
phantoms have been developed and used by the Imaging and Radiation Oncology Core (IROC)
for decades, as a tool for clinical trial credentialing and quality assurance purposes*®.
Institutions are advised to treat the phantom as they would a patient, adhering to their regular
procedures, which includes imaging, treatment planning, quality assurance and treatment
delivery. Thousands of IROC phantoms have been irradiated to date, and the recent results have
shown an average success rate of 85%, indicating an institutional phantom failure in 15% of
cases. A failing irradiation occurs when an institution’s measured TLD dose does not meet the
established IROC criteria of being within £7% of the planned dose, or 85% of pixels failing to

meet the gamma criteria which ranges from 5%/3mm to 7%/5mm among phantoms.



When an institution has an unsuccessful phantom irradiation, they receive a report with the
results and analyses of their phantom measurement, and it is their responsibility to look into the
possible missteps that may have caused this failure. Usually this is followed by an institution
simply re-irradiating the phantom until they are successful. While there has been a slight
improvement in phantom irradiation success over the years, there is still much unknown about
the specific reasons why these failures still occur. The irradiation criteria for IROC phantoms
is, of note, much looser than those used in clinical plans®®, and so irradiations that meet the
IROC criteria oftentimes still contain errors that could pose problems in the clinical setting for

patient plans.

The overall objective of this work is to quantify the magnitude of the total dose deviation
caused by various identified major sources of error among poorer performing IROC phantom
irradiations. A poorer performing phantom TLD result is defined as one with a dose deviation
greater than 3.2%. The sources of errors investigated are dose calculation errors and treatment
delivery errors which comprise machine log file recorded dose errors and machine output &
calibration errors. These error types were identified as possible areas for inaccuracies during
the radiation therapy process and more importantly, errors that we can remotely assess and
measure at IROC. Each error was quantified using data from the various IROC phantom TLD
measurements.

By quantifying the magnitudes of these errors, we will be better equipped with the
knowledge to inform the community on areas that are lacking in the RT process, to enable more
targeted approaches for improvement in treatment accuracy. Given that IROC performs
credentialing for hundreds of institutions across the US and abroad, the scope of this project is

large and widespread. We have access to a wealth of data from various phantom irradiations



which allows us the opportunity to accurately represent the entire medical physics community

on a scale that has not been previously done.

1.2 Hypothesis and Specific Aims

We hypothesize that the sources of error evaluated will comprise, on average, at least 50%
of the magnitude of total dose deviation that is currently seen among all poorer performing
IROC phantom irradiations. This will reduce the total unknown dose discrepancy between the
TPS and TLD from currently 6.5% on average, to less than 3.25%, which is below the ICRU

recommended dose deviation limit for patient treatment.

First, a preliminary study was conducted to identify the major causes of failure among
various IROC phantoms. This was done to identify the reasons why the phantoms failed the
IROC irradiation and determine what types of failures were most prevalent among different
phantom groups. This provided us with a general overview of the types of errors to expect and

which phantom groups contained similar challenges with irradiation accuracy.

Specific Aim 1. Quantify the magnitude of dose deviation caused by dose calculation

error in poor performing IROC phantom irradiations

Lung and spine phantom plans were evaluated in this aim. Plans were recalculated using
an independent dose recalculation system and results were analyzed to determine the magnitude
of dose calculation errors contained in this phantom population. Similar analysis previously
done on the IROC head and neck phantom showed evidence of TPS inaccuracies®’, and so
expanding this work to other phantom types was necessary to provide an indication of how the
community performs in terms of radiation plan dose calculation for the different phantoms, and

hence different patient treatments.



Specific Aim 2: Quantify the magnitude of dose deviation caused by delivery error in poor

performing IROC phantom irradiations

Three studies were performed under this aim. Firstly, the impact of various random and
systematic MLC errors on the IROC H&N and spine phantoms was evaluated by introducing
these errors into treatment plans, delivering them on the phantoms, and evaluating the delivery
log files. We also examined the differences in delivery accuracy between the IROC phantom
prescription size compared to typical clinical single fraction sizes, to determine whether the
MLCs motion was different enough to cause clinically relevant dose discrepancies between two
plans. Secondly, using the results of the first study, the IROC phantoms were evaluated to
quantify the magnitude of delivery error that exists among phantom results. Lastly, the impacts
of machine output and calibration error were examined to determine the contribution of
inaccurate treatment machine dose output to dose deviations among IROC phantom

irradiations.

Specific Aim 3: Combine all error contributions to determine the total magnitude of dose

deviation accounted for among poor-performing IROC phantom irradiations

To comprehensively understand all identified error contributions to phantom dose
deviations, we applied the error analysis methods from the first two aims to a third group of
phantoms, to investigate the combined effects of all errors on these phantom results.
Measurement uncertainty, which is an inherent error that exists due to the use of TLDs, was
used as a benchmark to determine the poorer performing group of phantoms. These findings
will be compiled and assessed for three types of IROC phantoms: H&N, spine and lung. Our

working hypothesis for this aim and the overall project was that the sources of error identified



would comprise at least 50% of the magnitude of total dose deviation among poor-performing

IROC phantom irradiations.

1.3 Dissertation Organization

Chapter 1 provides an introduction and details the specific aims of the project. Chapters 2
through 6 are self-contained studies each containing an introduction, methods, results,
discussion, and conclusion section. Chapter 2 contains the preliminary study that was
conducted to identify the various reasons for IROC phantom failures. Chapter 3 evaluates dose
calculation errors among spine and lung phantoms. Chapter 4 contains details about the study
conducted on the IROC H&N and spine phantoms to evaluate the IROC phantom’s ability to
detect delivery errors through measurement and log file analysis. Chapter 5 details the
assessment and quantification of delivery errors found among the H&N and lung phantoms
irradiated by various institutions. Chapter 6 covers machine output error and evaluates the
phantoms overall to determine the distribution of each error type for each phantom. Chapter 7
evaluates the hypothesis and contains overall project conclusions and discussions. The
appendices contain additional figures and tables as well as information about the location of

raw data files on the IROC network drive, for future reference.



Chapter 2: Differences in the patterns of failure between IROC lung and spine phantom
irradiations

This chapter is based on the following publication:

Edward S.S., Alvarez P.E., Taylor P.A., Molineu H. A., Peterson C.B., Followill D.S., Kry
S.F. “Differences in the patterns of failure between IROC lung and spine phantom irradiations”,

Pract Radiat Oncol. May 2020. doi:10.1016/j.prr0.2020.04.004

2.1 Introduction

Radiation therapy is used to treat approximately 50% of cancer cases in the United States®.
However, it has been repeatedly shown that in order for this treatment to be effective, the
correct dose must be delivered to the correct treatment site, otherwise, overall patient survival
decreases dramatically®°. To maintain a high standard of quality and consistency in the
radiotherapy community, and particularly among the National Cancer Institute’s (NCI’s)
radiotherapy clinical trials, participating centers across the US and abroad irradiate patient
surrogates (phantoms) from the Imaging and Radiation Oncology Core (IROC)?®. These
phantoms comprise tissue equivalent material, along with thermoluminescent dosimeters
(TLDs) and radiochromic film, to measure dose delivered to targets and critical structures.
These phantom irradiations evaluate an institution’s ability to deliver the planned dose

correctly.

The IROC head and neck phantom, which assesses intensity modulated radiation therapy
(IMRT) performance, was previously evaluated on several criteria including the patterns of
failure of the 10% of irradiations that did not meet IROC’s acceptability criteria®. It was found
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that the majority of failing phantom irradiations were due to an incorrect dose (i.e., correct
shape of the dose distribution in the correct location, but of the wrong magnitude)®, and that
these were associated with inaccuracies in the institutional dose calculation’. Modern

radiotherapy goes well beyond IMRT, and IROC phantoms have been established to test these

other elements, including the moving lung and SBRT spine phantoms (Fig. 2-1).

Figure 1. Imaging and Radiation Oncology Core (IROC) thorax phantom with cork lung insert
beside (left). Transverse axial computed tomography (CT) image of IROC thorax phantom with
lung target insert showing the lung tumor (middle), and with spine target insert showing spine
tumor, vertebral foramen, and the cord as the avoidance structure (right).

These two phantoms have recorded failure rates of 13% and 17% respectively between
2012 and 2018. These failures translate to a substantial number of institutions, and
correspondingly patients, who may be receiving clinically suboptimal treatments. Also,
institutions that successfully undergo the credentialing process, are generally better prepared
for compliance with clinical trial protocol requirements!’. To better understand the nature of
these failing cases, and thereby to begin any rectification that may be appropriate at the
corresponding institutions, we first need to better understand the nature of the failures. The
purpose of this study was to evaluate the moving lung and SBRT spine phantom irradiation
failures and classify them according to the nature of the failures. Results of this study are
critical for the entire radiation oncology team in order to understand the risks and challenges of

delivering high quality radiation therapy.



2.2 Methods

2.2.1 Phantom Design

The IROC anthropomorphic thorax phantom shell (Fig.2-1) is used to perform both
lung and spine irradiations. This phantom is heterogeneous in order to simulate actual patient
anatomy??, and specific lung and spine target and dosimetry inserts are used based on the
anatomical site being irradiated (either a lung or spine insert). The target in the lung insert is an
ovoid structure, measuring 5 cm in length and 3 cm in diameter, located in the center of low-
density tissue equivalent material. The target in the spine insert mimics the shape of the
vertebral body. Abutting the target is a structure representing the vertebral foramen, within
which the organ at risk, the spinal cord, is contained, only 0.8 cm posterior to the edge of the
target. The materials that make up this phantom include compressed cork for the lungs, nylon
for the heart, polybutylene terephthalate-polyester for the spine, and polystyrene for the

tumors?3. The shell is also filled with water in order to represent soft tissue.

The lung phantom treatments are either static or include motion. Static lung treatments,
despite not being representative of a typical patient lung treatment in terms of motion, test other
aspects of the treatment process such as heterogeneity corrections and dose delivery. To
simulate motion for gated and free-breathing/ internal target volume (ITV) treatments, the lung
phantom is placed on a moving platform?!4. In the superior-inferior (SI) direction, the platform
(and phantom) moves with a 2 cm amplitude. The breathing cycle contains 2 distinct breaths
based on clinical patient breathing patterns, and a cycle of both breaths takes 11 seconds to
complete. The phantom also moves a total of 0.5 cm in the anterior-posterior (AP) direction
during motion. The AP direction was considered as the direction of minor motion for the
purposes of this study, since the extent of this motion was within the distance-to-agreement

gamma criterion (£ 5 mm).



Thermoluminescent dosimeter (TLD) capsules with double-loads of powder are placed
inside the targets and organs at risk in order to record the dose to these structures®®. The lung
phantom contains 2 centrally located TLD capsules within the 35 cm? target. The spine
phantom contains 4 TLD capsules within the 22 cm? target. Radiochromic film is also placed in
the phantom in orthogonal planes in order to measure dose distributions®. Institutions are
directed to deliver 6 Gy to the target and treat it as they would any radiotherapy patient in terms

of imaging, treatment planning, setup, and delivery.

2.2.2 Irradiation criteria

Successful irradiation of a lung phantom is achieved by producing TLD measurements in
the target that are each within £7% of the planned dose (over the TLD contours). Additionally,
a film pass rate of 80% is required for each of the axial, coronal and sagittal film planes, and a
combined average of 85% for the three planes, with a film gamma index of 7%/5 mm. The
criteria for successful irradiation of a spine phantom is that each measured TLD dose agrees
within £7% of the planned dose, and a film pass rate of 85% each for the axial and sagittal film

planes is achieved, with a film gamma index of 5%/3 mm.

2.2.3 Data collection

Failing phantoms were identified through the IROC phantom records database. For this
study, 116 failing lung and 42 failing spine phantom reports were analyzed individually. This
includes all attainable data for failing irradiations for these two phantoms from January 2012 to
December 2018. Reports were abstracted for irradiation result as well as demographic

information (treatment delivery unit, planning system, etc.)



2.2.4 Phantom classification

We reviewed all phantom reports, including dose disagreements, profiles, and gamma
analysis, in order to define categories and then categorize the patterns of failure. While most
phantoms had a single clear cause of failure, some cases were found to contain multiple causes
of failure (e.g., the dose was systematically low and the dose profile was shifted from target
center). In such an instance, where the case would have failed given either one of the failures
on its own, the case was counted twice: once in each of the failure categories represented. For a
few phantoms, the failure was as the result of a culmination of causes, no single one of which
on its own would have caused a failure. In these cases the failure mode was described as a

“combination” and placed into the combination category.

2.2.5 Data Analysis

Failure mode totals were calculated for each category. Due to the double counting of some
phantoms, the failure-mode total was greater than the number of individual phantoms
evaluated. A 95% confidence interval was calculated for the rate of failures due to each main
failure category using the Wilson interval method. This method was used to assess the
likelihood of phantom failures falling under each category, given the total number of phantoms
in the study. Other criteria that were analyzed for patterns of failure include beam energy,
machine model, treatment planning system (TPS) algorithm and treatment technique, with the
addition of motion management technique for the lung phantom. The association between

failure and this demographic data was analyzed using the Chi-square and Fisher’s exact tests.

2.3 Results

From January 2012 to December 2018, the lung phantom was irradiated 1052 times and
recorded a failure rate of 13%. The SBRT spine phantom was irradiated 263 times and recorded
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a higher failure rate of 17%. For this study, all available failing phantom records, totaling 116
lung (82% of failures) and 42 spine (91% of failures) were evaluated and categorized based on
failure type. The 116 failing lung phantom cases were from 106 different institutions, with 7
institutions repeating the phantom 2 or more times. The 42 failing spine cases were from 33
different institutions, also with 7 institutions repeating the phantom 2 or more times. Four

institutions recorded failures in both phantoms.

While some phantom irradiation cases contained multiple error types, all cases were
categorized based on their most egregious error type that ultimately caused that irradiation

result to fall outside of the established IROC criteria.

2.3.1 Category descriptions
Seven lung and four spine categories were formed. These categories are described as

follows:

Lung

1. Systematic dose: uniform overdosing or underdosing of the PTV

2. Local dose: dose error in an isolated area of the plan

3. Localization — major motion: dose distribution improperly aligned with target in the
superior —inferior direction. The phantom moves 2.0 cm in this direction during the breathing
cycle. This error is illustrated in Fig 2-2 (top), where the measured dose profile is shifted

almost 2 cm inferiorly to the institution’s planned dose profile.

4. Localization — minor motion: dose distribution improperly aligned with target in the
anterior-posterior direction. The phantom moves 0.5 cm in this direction during the breathing
cycle.

11



5. Localization — no motion: dose distribution improperly aligned with target in the left-

right direction, in which the target does not move at all.

6. Global Error: grossly irregular dose distributions. This is illustrated in Fig. 2-2 (middle),
where the measured profile is of a different shape, contains an inferior shift and has a lower

dose in half of the PTV relative to the planned profile.

7. Combination Category: contributions from two separate error types, not individually
sufficient to each cause a failure, but when combined, caused the irradiation results to fall
outside of criteria. Combinations which fell into this category included: Sl localization +
localization AP, systematic underdose + localization AP, Sl localization+ ITV exaggeration
(illustrated in Fig. 2-2 (bottom)) and systematic underdose + ITV exaggeration. The
combination component “ITV exaggeration” is a side effect (or consequence) of the ITV
motion management technique, which affects the dose profile in the shoulder region, causing it

to be more susceptible to otherwise negligible dose/localization effects.
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Figure 2. Lung phantom dose profiles showing superior-inferior (SI) localization error (top), a
global error (middle), and a combination error (bottom). This combination error comprises an
Sl localization + internal target volume (ITV) exaggeration effect. The consequences of the
ITV technique can be seen in the shoulder region of the profiles, where the planned dose (pink)
is broader than the measured (blue) film profile.
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Spine

1. Systematic dose: uniform overdosing or underdosing of the PTV. This is illustrated
in Fig. 2-3 (top) where the measured dose profile has a lower value relative to the

institution’s planned dose profile.
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Figure 3. Spine phantom dose profiles showing a systematic
underdose (top), a dose fall-off region error (middle), and an
organ at risk (OAR) overdose error (bottom). The OAR in this
case is the spinal cord.
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2. Dose fall-off region: dose error in the steep dose gradient between the PTV and
spinal cord. This is illustrated in Fig. 2-3 (middle) where the measured dose profile
is of a higher value in the dose fall-off region relative to the institution’s planned
dose profile.

3. OAR overdose: overdose of the spinal cord structure. This is illustrated in Fig. 2-3
(bottom), where the measured dose is higher than planned in the spinal cord region,
essentially causing an overdosing of that OAR.

4. Localization: dose distribution improperly aligned with the target

2.3.2 Lung

Results of the various category assignments are summarized in Table 1. The majority
(62%) of the lung phantom failures were due to localization errors; however, almost all of these
localization errors (64 out of 79) were in the direction of motion (Sl1), making up 50% of all
lung phantom failures. The average observed error among both superiorly and inferiorly shifted
phantoms was 1.29 £ 0.54 cm, with the maximum recorded shift in each direction being 2.5 cm
(four cases). Localization error in the anterior-posterior direction of motion was 0.47 = 0.09 cm
on average, which was within the established gamma threshold of 0.5 cm. Systematic dose
errors accounted for 28 (22%) of all lung failures, with 19 (16%) of those being due to an
underdose and 9 (6%) due to an overdose. The remaining phantom failure modes comprised

relatively few cases.
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Table 1. Categories of failure for IROC lung and SBRT spine phantom
irradiations from January 2012 to December 2018, along with head and neck
phantom failure data from a previous IROC study® (Nov 2014 — Oct 2015).

Error Type prl:i l;]rtgtr)ﬁ; (()02) 95% C.I. (%)
Lung
Systematic dose 28 (22) (17-33)

> overdose 9 (6)

» underdose 19 (16)
Local dose 7 (6) (3-12)
Localization: major motion 64 (50) (46-64)

> superior 26 (20)

> inferior 38 (30)
Localization: minor motion

(ant-post) 5] (4-13)
Localization: no motion
(left-right) 7() (3-12)

Global 3(2) (1-7)
Combination category 10 (8) (5-15)
Spine
Systematic dose 25 (60) (44-73)

» overdose 9 (22)

» underdose 16 (38)
Dose fall-off region 5(12) (5-25)
OAR overdose 6 (14) (7-28)
Localization 6 (14) (7-28)
Head and Neck ©
Systematic dose 11 (69) (44-86)

» Overdose 2 (13)

» Underdose 9 (56)
Localization 2 (12) (3-36)
Global 3(19) (7-43)

The phantom failures are classified by motion management technique in Table 2. In the SI
localization category, which was the most prominent error type, the failure rates were markedly
elevated for cases irradiated using gated and free-breathing/ITV techniques (Table 2). Failure
rates in the Sl localization category were 13% and 10% for gated and ITV cases respectively,

versus 0.3% (p < 0.001) for static phantom cases. In the other two major error categories: dose
16



and localization in other directions (hon-motion), the rates were fairly evenly distributed and

were all at or below 5%.

Table 2. Main lung phantom error types grouped by respiratory motion management technique.

RESPIRATORY MOTION TECHNIQUE

ERROR
TYPE

Dose (over,
under and
local)

Sl
localization

Other
localization

Free 0
breathing 95 I/o
(ITV) (% )

23 (50 3-7)
266 %)

ﬂ (10%) (8'13)
466

10 1-4
— @n (4

Gating

5
— (49
125 (4%)

95%
C.1.
(%)

(2-9)

2 (13%) (8-20)
125

3
i 0,
125 (2%)

(1-7)

95%
Static C.l.
(%)

7 14
—@w 4

0,1
& (0.3%)* 0.1)
391

1 0,1
— (0.3%) ©.1)

Tracking

= (0%)

0
75 (0%)

0
— 0,
Py (0%)

Abbreviations: CI = confidence interval; ITV = internal target volume; SI = superior-inferior.
Values are represented as a fraction of all irradiated Imaging and Radiation Oncology Core (IROC) lung

phantoms irradiated with that type of motion management within the period (2012-2018). Combination and
global error categories were excluded due to the specific and unique nature of these failures.

*P <.001, Fisher’s exact test for pairwise comparisons of ITV, gating, and static respiratory motion

management techniques for Sl localization failures.

2.3.3 Spine

95%
C.1.
(%0)

(0-10)

(0-10)

(0-10)

The majority (60%) of the spine phantom failures were due to systematic dose errors, with

9 (21%) of them being due to an overdose and 16 (38%) due to an underdose. The phantoms

with a systematic underdose error had an average dose difference of -7.4% + 2.4, and those

with a systematic overdose error had an average dose difference of 4.8% + 1.8. The remaining

phantoms were nearly evenly distributed among the remaining categories. Of note, the failure

rate due to localization errors of the spine phantom (14%) was nearly identical to the failure

rate due to localization errors of the lung phantom in the non-motion direction (12%).
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2.3.4 Additional analysis

Table 3 is a demographic display of the phantoms, grouping them by machine, energy,
TPS algorithm, treatment technique and for the lung, respiratory motion management. The
number of failing phantoms, and its value as a percentage of the total number of irradiated
phantoms within the 2012-2018 timeframe are included. LINACs were categorized by machine
classes as defined previously.'®1” For both phantoms, the majority of irradiations were
performed on Varian and Elekta machines; Siemens and Accuray machines were used for the
remaining phantoms. The energies used were mostly 6 MV regular, with a few cases of 6 SRS,
6 FFF, 10 MV and 10 FFF beams. Five different TPS algorithms were recorded with the most
popular ones being Eclipse AAA and Superposition Convolution. Treatment techniques varied
between the two phantoms with Dynamic MLC, Segmental (step & shoot) MLC and VMAT
being the most popular techniques among the lung irradiations, while Segmental (step & shoot)
MLC and VMAT were most common among the spine irradiations. The lung phantom
respiration motion was managed using either the gating, free breathing (ITV) or tracking
techniques, or the phantom was irradiated with no motion i.e., static. Tracking is a method
specific to Cyberknife users and saw a 100% pass rate. The failure rates for the gating and ITV
techniques were much greater than for static cases at 18% each vs 2% respectively, while there
were no recorded failures for tracking. Statistical analysis using Fisher’s exact test showed that
lung phantoms were overall more likely to fail when treated using gating or 1TV respiratory

motion management techniques over the static technique (p<0.001).
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Table 3. Demographics of the sample set

Demographic

Lung Phantoms

Spine Phantoms

Number of % of this Number % of this
Treatment Machine Failing irradiation | of Failing irradiation
Phantoms type Phantoms type
Varian 94 12% 32 18%
Base class” 43 11% 18 27%
Trilogy 1 6% 4 44%
Truebeam 50 13% 10 10%
Elekta 17 15% 4 25%
Agility 1 13% 0 0%
Infinity 6 16% 1 13%
Synergy 5 12% 0 0%
Versa HD 4 15% 3 38%
Precise 1 50% 0 0%
Siemens 3 7% 1 50%
Artiste 2 15% 1 50%
Oncor 1 17% 0 0%
Accuray 1 4% 5} 17%
Cyberknife 0 0% 4 15%
Hi-Art Tomotherapy 1 4% 1 25%
Energy (MV)
6 91 10% 31 16%
6 SRS 1 6% 4 44%
6 FFF 14 16% 2 50%
10 4 10% 4 20%
10 FFF 6 24% 1 9%
TPS Algorithm
Eclipse AAA 54 11% 20 17%
Grid-based Boltzmann solvers' 19 13% 3 11%
Measured? 0 0% 3 43%
Monte Carlo 5 5% 2 6%
Superposition Convolution 38 13% 14 21%
Treatment Technique
3D CRT 9 6% 0 0%
Dynamic MLC 23 14% 5 19%
Segmental (Step & Shoot) MLC 16 14% 11 26%
VMAT 67 13% 21 14%
Tomotherapy 1 3% 1 14%
Cyberknife 0 0% 4 15%
Respiration Motion Technique
Gating?® 23 18% N/A N/A
ITVS 84 18% N/A N/A
Static 9 2% N/A N/A
Tracking 0 0% N/A N/A
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Abbreviations: 3D = 3-dimensional; CRT = conformal radiation therapy; FFF = flattening filter free; IROC
= Imaging and Radiation Oncology Core; ITV = internal target volume; MLC = multileaf collimator; SRS =
stereotactic radiosurgery; TPS = treatment planning system; VMAT = volumetric modulated radiation
therapy.

“% this irradiation type” refers to the percentage of all IROC phantoms irradiated under these conditions
that failed the irradiation.

* Clinac 21EX, Clinac 21iX, Clinac 23iX, Clinac iX, Clinac 2300CD

*Acuros dose calculation algorithm

®Ray tracing was the only measurement-based algorithm used

8§p<<0.001, Fisher’s exact test for pairwise comparisons of gating, ITV and static respiratory motion
management techniques

2.3 Discussion

There were 116 moving lung phantom failures placed into 7 categories. The majority of
the failing lung phantoms had an Sl localization error, which is the direction of major target
motion. As shown in Table 2, phantom motion contributed substantially to Sl localization
errors, as 10% of all free-breathing/ITV and 13% of all gated treatments failed in this way,
versus 0.3% of all static treatments. Poor respiratory motion management is likely responsible
for these failures, including components like image-guided radiation therapy (IGRT) setup and
tumor localization, given that only 1 of 64 phantom failures in this category was stationary

during irradiation.

Gating did not improve the phantom Sl localization results when compared with ITV, as a
similar fraction of phantoms (13% vs 10% respectively) failed in this manner (Table 2). Gating
and ITV techniques were previously shown to also perform similarly when compared

dosimetrically in lung treatments.'8:1°

Additionally, statistical analysis of the demographic data (Table 2-3) showed that lung
phantoms were more likely to fail overall when treated using gating or free-breathing motion
management techniques. No statistical significance was found among failure rates due to TPS
algorithm, despite previous indications that some algorithms perform better in heterogeneity

corrections?. This is likely due to low power because of the limited sample size.
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It is worthy to note that the failure rates under the minor (AP) and no (LR) motion
categories were equal, which makes sense, because the motion in the AP direction is within the
bounds of the gamma criteria (0.5 mm). Treatment error in this direction was therefore more

representative of treatment setup errors.

Applications of these clinically relevant findings can be made to similar treatment sites
containing motion caused by patient respiration, such as the liver.??> Tumor motion caused by
gastrointestinal activity?® is of even greater concern as this motion is irregular, unlike the very
regular motion pattern of the lung phantom. Gastrointestinal motion would require more careful

planning and monitoring, for accurate delivery and to avoid irradiating organs at risk.

There were 42 SBRT spine phantom failures placed into 4 categories. These failures, in
contrast to those of the lung phantom, were mostly dosimetric in nature, displaying
underdosing and overdosing of the PTV by as much as -11% and +10% respectively, and
overdosing of OARs and the dose fall-off region. Dose calculation errors have been shown to
indicate inaccuracies in institutions’ dose calculation software®, which is even more crucial for
cases such as these highly modulated, high dose plans. In addition, the criteria used in IROC’s
phantom credentialing processes are loose compared to clinical standards, biological needs, and
dosimeter precision.® As such, these failures should be considered dramatic underperformances
in terms of dose delivery. The results of the spine phantom irradiation are also consistent with
those of the IMRT head neck phantom, where 69% of failures were classified as systematic
dose errors.® Further study is warranted to understand if the same TPS errors are manifesting in
both phantoms as head and neck IMRT (comprised of highly modulated but larger fields) tends

to be different from spine SBRT (comprised of less modulated but smaller fields).?*
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The IROC phantom serves as a patient surrogate, and allows us to record post treatment
doses received by the target, through TLDs and radiographic film. The phantom is therefore the
most accurate representation of a patient that we have, and provides us with vital information
about the performance and accuracy of our current procedures in actual patient cases among the
radiation oncology community. The various categories of failure for each phantom highlight
the nature of failures which are most likely to occur for a given treatment type. The majority of
the failures occurring in each phantom were errors in the treatment process, and did not appear
to be the result of random mistakes or human error. Human error is a likely explanation for
localization errors (in the non-motion direction), as this is often explained by a failure to setup
to the correct isocenter, and such errors would often (although not always) be caught by clinical
image review procedures. For all of the spine, lung, and head and neck phantoms, the rate of
this error is very consistent: 12-14% of failures result from this cause. This is a small minority
of the causes of failure. The dominant failure modes are ones that are testing the challenge of
the irradiation technique being performed, namely Sl localization for the moving lung target
and systematic dose for the highly modulated spine target. The systematic dose calculation
errors, in particular, are hard to imagine as arising from human error. The existence of
problems within an institution’s treatment process is highlighted by the fact that of the 7
institutions that failed the lung phantom twice, in 4 of them the error type was the same. One
institution failed the lung phantom 4 times, and had a similar Sl localization error 3 times in a
row. Among institutions that recorded multiple failures of the spine phantom, every institution
recorded the same error for each phantom failure. The results therefore serve to support that the
majority of these errors are not random, but highlight a problem with the radiotherapy process.
As such, these problems would likely show up in actual patient treatments. This information

can guide quality assurance practices, and alert clinicians and physicists to the components in
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the radiation therapy treatment process that are most error prone, to properly guide future

rectification efforts.

2.4 Conclusion

The patterns of failure among IROC lung and spine phantoms were investigated for
phantoms irradiated from 2012 to 2018. The majority of lung phantom failures were due to a
localization error in the direction of major target motion and described the situation of missing
the moving target. In contrast, spine phantoms failed mostly because of underdosing of the
PTV (target) or overdosing of the organs at risk. These errors are clinically relevant and have
high potential to manifest as errors in patient cases. This study can be used as a guide when
treating sites with similar parameters, i.e., affected by motion or high modulation. Knowing
what is most likely to go wrong for a particular case affords physicists and clinicians the

opportunity to exercise precaution in these stages of the radiotherapy process.
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Chapter 3: Quantifying dose calculation errors in IROC Phantoms

This chapter is based on the following publication:

Edward S.S., Glenn M.C., Peterson C.B., Balter P.A., Pollard-Larkin J.M., Howell R.M.,
Followill D.S., Kry S.F., “Dose calculation errors as a component of failing IROC lung and

spine phantom irradiations”, Med Phys. 2020;47(9):4502-4508. doi:10.1002/mp.14258

3.1 Introduction

Radiation therapy is widely used to treat patients with various types of cancers. Based
on the disease site, different challenges exist in meeting the optimization goals of maximum
dose to the tumor and minimum dose to the organs at risk (OARS), such as the need to manage
motion of the tumor or to work within very tight delivery margins. To verify the ability of
institutions to meet these treatment goals, the Imaging and Radiation Oncology Core (IROC)
performs end-to-end assessments of various radiation therapy treatment processes.'®This
verification is accomplished using IROC’s end-to-end anthropomorphic phantom program, in
which institutions irradiate phantoms either for quality assurance (QA) purposes or clinical trial
credentialing.?®

Various phantoms are used for the unique challenges associated with different disease
sites, the most common being the head and neck phantom for intensity-modulated radiation
therapy (IMRT), a spine phantom for stereotactic body radiation therapy (SBRT), and a
heterogeneous lung phantom for IMRT/SBRT delivery with motion management.'? For each
disease site and corresponding phantom, institutions are instructed to treat these phantoms as
they would a patient, which includes taking images, creating a treatment plan, setting up for
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treatment and irradiating the phantom using the treatment plan created. The delivery is
evaluated in terms of the simple assessment of whether the delivered dose matches that which
was planned.

In recent years, 18% of all phantom irradiations have resulted in institutions failing to
meet the acceptance criteria for successful irradiation.?® These failures are of great concern
because the phantoms model actual patient anatomy and clinical workflow, and failure modes
appear to be directly clinically relevant, meaning they are likely to manifest in patient cases as
well.®27 Therefore, there is an urgent need to understand the underlying causes of these
phantom failures, so that direct action and remediation can be undertaken.

For IMRT plans, previously investigated using the head and neck phantom, inaccurate
dose calculation has been identified as a major contributor to failing phantoms.” Suboptimal
beam modeling was identified in 67% of institutions that failed the phantom irradiation, and on
average, the dose calculation was 3% poorer than expected. However, the relevance and impact
of beam modeling errors in other types of treatments have not yet been explored.

For highly modulated treatment plans, such as those used for the SBRT spine,?® which
often have small beam apertures,?* there is an added level of complexity involved in dose
calculation because the target is very close to critical structures. In contrast, centrally located
island lung tumors, such as those in the IROC lung phantom, are more commonly treated by
using less modulated treatments because the isolated tumor target is not directly abutting

critical structures (Fig. 3-1), however, motion of the lung tumor must also be managed.
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Figure 4. Thorax phantom used for both lung and spine irradiations with the cork lung insert
(left). CT cross-sectional image of the phantom shows the lung tumor located inside the cork
insert and the spine tumor located on the vertebral foramen, which houses the spinal cord

(right).

This study evaluated the presence of dose calculation errors in the IROC lung and spine

phantoms irradiated by numerous institutions. The aim was to determine the magnitude of dose
calculation error exhibited in the irradiation of these two phantoms and whether that error

directly influences the rates of phantom irradiation failure.

3.2 Methods
3.2.1 Phantom

IROC lung and spine phantom irradiations are performed using the same
anthropomorphic thorax phantom shell (Fig. 3-1), which can house either the spine or lung
target structures. This phantom, designed to mimic human anatomy, was built with materials
chosen to represent the heterogeneity present in and around these two treatment sites, and to be
tissue equivalent. The spine target consists of a 22-cm?tumor structure that rests on the
vertebral body,'? approximately 0.8 cm from the spinal cord. The lung target structure is 35 cm?®
and is located inside of low-density tissue-equivalent compressed cork, used to mimic lung
tissue. The phantom is filled with water before irradiation to represent surrounding soft tissue.

Irradiations of the spine phantom target are done in a static configuration. For irradiations of
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the lung target, depending on the institution’s target motion management system, the phantom
rests on a motion platform that simulates patient breathing, using a patient breathing trace that
is 2 cm in amplitude in the superior-inferior direction and 0.5 cm in amplitude in the anterior-
posterior direction. Various breathing patterns are available for free-breathing/internal target

volume (ITV) and gated lung treatments.?’

To measure the dose to targets and OARs, thermoluminescent dosimeters (TLDs) and
radiochromic film are placed inside these structures and read by IROC personnel upon receipt
of the phantom.® The spine phantom target contains four TLDs, whereas the lung target
contains two TLDs. Each TLD is a double-load design, providing powder for two readings. The
dose determination from two TLD readings is associated with a measurement uncertainty of

1.6% for both phantoms.?°

3.2.2 Phantom irradiation

Previously irradiated phantom results were selected for this study. For these
irradiations, institutions were instructed to treat the phantom as they would a clinical patient,
from imaging through radiation treatment delivery. Upon completion of treatment, the
institution returned the phantom to IROC and submitted all associated DICOM RT data. The
treatment was considered successful when the following criteria were met: doses measured
with TLDs in the target were within £7% of the planned dose to a contour covering the TLD,
and the average film pass rate was 85% of pixels meeting the specific phantom gamma-index

criteria (spine gamma: 5% and 3 mm; lung gamma: 7% and 5 mm).?’

3.2.3 Dose recalculation system
A dose recalculation system was used to recalculate the plans originally created by the

institutions to irradiate each phantom. The dose recalculation system (DRS) that we used was
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Mobius 3D (v2.1.2, Varian Medical Systems). Mobius 3D was previously commissioned using
data from more than 500 linear accelerators (LINACs)®1’ collected from various institutions,
as part of IROC’s monitoring responsibilities. The system contains machine classes that
represent the variety of Varian and Elekta manufactured machines, including specific
subclasses for energy and multileaf collimator (MLC) configuration (regular vs high
definition). Each machine class that was modeled in Mobius 3D was optimized to represent the
average of that class in terms of PDD, jaw-defined output factors, MLC-defined output factors,
and off-axis factors. Basic dosimetric values, when calculated by these Mobius3D beam
models, were different from the reference data values by 0.27% on average.’” This makes
Mobius 3D well suited to perform accurate recalculations, as it is on par with institutions’ TPSs
which showed discrepancies of 0.36% on average compared to their linacs.3® The dose
algorithm used by Mobius 3D is an independently developed collapsed cone

convolution/superposition algorithm.3!

3.2.4 Data collection and analysis

Phantom plans from over 1000 lung and over 250 spine phantom irradiations performed
between July 2013 and July 2019 were selected for analysis from the IROC phantom database.
Phantom irradiations before this time were excluded due to the unavailability of DICOM RT
data; this exclusion also ensured that the study was more representative of current practice. A
total of 258 phantom plans (172 lung and 86 spine) were selected for recalculation. A
comparable number of phantom plans was selected for each year. Within each year, the
phantom plans were randomly sampled to provide consistent representation over the period

observed. The demographics of the selected plans are shown in Table 4.
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Table 4. Demographics of the phantom sample set

SPINE LUNG
PHANTOMS PHANTOMS

TREATMENT MACHINE

Varian Truebeam 49 79
Varian Base Class? 19 56
Varian Trilogy 12 19
Elekta Agility 6 18
TREATMENT TYPE
VMAT 71 114
Dynamic MLC 9 33
Step & Shoot 6 10
3D-CRT N/A 19
TPS ALGORITHM
AAA 51 109
Acuros 21 27
Convolution/ Superposition 11 32
Monte Carlo 3 4

aVarian base class machines: Clinac 21EX, Clinac 21iX, Clinac
23iX, Clinac iX, Clinac 2300CD*
Each plan’s DICOM RT data included the dose, plan, structure, and CT image files.

Each selected plan was classified by machine type, MLC type, and beam energy and a new
dose distribution was recalculated by using the corresponding model in the DRS. This DRS
recalculated dose and the institution’s treatment planning system (TPS) dose calculation were
compared with the measured dose for each TLD. These three values were compared using
Equation 1 in order to determine which calculated dose, TPS or DRS, better predicted the

actual delivered (TLD) dose to the phantom.’

p=(|1-2| - |1-25|) x 100 Equation 1

TLD TLD

The dose difference value, D, was calculated for each TLD in each phantom plan (i.e.,
two for each lung phantom and four for each spine phantom), as well as an average value for

each plan. A positive D value indicated that the DRS calculated value was closer to the
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measured TLD value, whereas a negative D value indicated that the institution’s TPS calculated
value was closer to the measured TLD value.

The magnitude of the D value (i.e., how much better the recalculation performed) was
assessed as a fraction of the TPS vs TLD dose deviation (i.e., how well the institution predicted
the phantom dose) for each phantom recalculation. This allowed a comparison of the dose
difference between planned and measured, versus how much better the DRS was compared to
the TPS at accurately calculating that dose. For example, institution A’s TPS vs TLD value was
10%. The D value is 7%, which means that on average, the DRS was 7% better at predicting
dose to the TLD than the TPS. We can conclude that 7% of the 10% is accounted for by TPS

error and so TPS error would be 70% in this case.

This magnitude was determined by using Equation 2.

Percentage error = D/|TPS_TLD| y Equation 2
T

100
PS

The TLDs with a negative D value, indicating that the TPS performed better, were excluded

from this analysis because no dose calculation error was present.

3.3 Results

A total of 86 spine and 172 lung phantom treatment plans from irradiations performed
between July 2013 and July 2019 were recalculated and assessed. The results were further
subdivided into passing and failing plans in order to better understand the effects of dose

calculation errors on these subgroups.
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3.3.1 Spine

Among the 86 spine phantom results, 70 irradiations passed IROC criteria and 16 failed.
Although the institution’s TPS was expected to far outperform a generic DRS in all cases, a
more even split was seen. The TPS was more accurate at calculating dose to the TLD in 46
cases (53%), whereas the DRS was more accurate in 40 cases (47%) (Fig. 3-2). Among passing
phantoms, the TPS performed much better than the DRS, producing more accurate dose
calculations in 64% of all phantom plans. Among failing phantoms, however, the DRS was
more accurate in 94% of cases (Fig. 3-2). The difference in DRS performance between the
passing and failing phantom cohorts (35% versus 94%) was highly statistically significant
based on Fisher’s Exact test (p < 0.0001), and implicated beam modeling errors as a major

contributor to failing spine phantom irradiations.

m DRS more accurate

B TPS more accurate
100

80
60

40

No. of Phantams

20 40

All Phantoms Passing Phantoms Failing Phantoms

Figure 5. Spine phantom results showing the number of phantoms in which the TPS (dark blue)
dose calculation was more accurate than the DRS (light blue) dose calculation.

The magnitude of difference between the TPS and DRS was next examined. The overall

magnitude of the average dose difference for all spine phantom plans was found to be -0.90%
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(Fig. 3-3). This indicates that, on average, institutions’ TPSs were more accurate than the DRS
was in calculating dose to the TLD by 0.90%. Among passing phantom irradiations, the TPS
dose calculations were better than the DRS calculation by an average magnitude of 1.65%.
However, among the failing spine phantoms, the DRS was found to be much more accurate at
calculating dose to the TLD, by 2.35% on average (Fig. 3-3). A paired t test conducted between
the average D values of the passing and failing spine phantom results showed statistical
significance between the means (p < 0.001).

The phantom TLDs (four in each phantom) were evaluated individually in a waterfall
plot showing the dose difference (D) values, distinguishing phantoms that passed or failed the
phantom irradiation. The majority of TLDs from phantoms that failed the irradiation criteria
had a D value greater than 0, indicating that the DRS was more accurate than the TPS was at

calculating the dose to these TLDs (Fig. 3-4).

All phantoms
Passing phantoms
I Failing phantoms

-0.90%

— -1.65%

-3 -2 -1 0 1 2 3

TPS Better DRS Better
D (%)

Figure 6. Average magnitude of dose difference values (D) present among subcategories of
spine phantom plans.



Overall, 52 (81%) of 64 TLDs from failing phantom results had a DRS dose calculation
that was more accurate than the corresponding TPS dose calculation.

The fraction of the TPS vs TLD dose difference that could be attributed to inaccurate
dose calculation was assessed for all spine phantom TLDs using Equation 2. TLDs with a
negative D value were set to zero to indicate no dose calculation error present. The DRS
recalculation accounted for 62% of the dose deviation between the TPS and measured TLD
values. This can be seen in Fig. 3-5 where the blue shaded area represents 62% of the area
under the purple curve. A direct correlation was found between the magnitude of the D value
and the TPS vs TLD dose deviation. This is shown in Figure 3-5, where the value of D
increased with the TPS vs TLD dose difference for the spine phantom irradiations (i.e., the
larger the institution’s error in predicting the dose to the phantom, the more improvement was
offered by the DRS). A regression analysis was performed on this data and the slope of the
relationship was found to be 0.56 (p < 0.001), confirming the definite non-zero relationship
between these two variables; as the TPS vs TLD dose difference grew, the magnitude of the D

value became more positive (meaning DRS value is closer to TLD value).

33



10

—~ 5
X
[m)
g o
=
g
@
b
5 -5
[}
%]
o)
° -0 [ Pass
. Fail
15 —=median: All =- 0.47 %
TLDs (n = 344) = median: Fail = 2.68 %

Figure 7. Waterfall plot of spine target TLDs, distinguishing passing and failing individual
phantom TLDs. The median for failing phantoms was much higher than that for all phantoms,
showing an increase in dose calculation errors among failing spine phantoms.

——TPS vs TLD (%)
—e—D (%)

TLD number (n = 344)

Figure 8. A combination plot showing the fraction of the TPS vs TLD dose deviation (area
under purple line) that can be attributed to dose calculation error (blue shaded area). A direct
correlation can be seen between the TPS vs. TLD dose difference and the magnitude of the
dose difference value (D).
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Evaluating the results by TPS algorithm, machine type and treatment type identified no
statistically significant differences in the patterns of calculation accuracy. Similarly, an
evaluation of phantom failing rate and dose calculation error rate as a function of time showed

no difference in performance over time, based on a regression analysis (p = 0.96).

3.3.2 Lung

Of the 172 lung phantom plans evaluated, the TPS was more accurate at calculating
dose to the target in 111 plans (65%), whereas the DRS was more accurate in 61 plans (35%)
(Fig. 3-6). These percentages were almost identical for the phantom plans with a passing result:
the TPS was more accurate in 93 phantoms (66%), whereas the DRS was more accurate in 48
(34%). Notably, among the failing lung phantoms, the same general pattern was still seen. The
TPS outperformed the DRS overall, with more accurate calculations in 18 phantom plans
(58%) versus the 13 plans (42%) in which the DRS was more accurate, which was quite
different from what was observed with the spine phantom. The difference in DRS performance
between the passing and failing phantom cohorts (34% versus 42%) was not statistically

significant based on a Fisher’s Exact test (p = 0.41).
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Figure 9. Lung phantom results showing the number of phantoms in which the TPS (dark blue)
dose calculation was more accurate than the DRS (light blue) dose calculation.

The magnitudes of the D value are shown in Figure 3-7. For each of the lung phantom
subcategories of all, passing and failing phantoms, this value was negative, indicating that
overall, the TPS outperformed the DRS in calculating dose to lung phantom TLDs. The average
magnitudes were - 0.94% for all phantom plans, -0.89% for passing phantoms, and -1.19% for
failing phantoms (Fig. 3-7). A paired t test conducted between the average D values of the

passing and failing spine phantom results showed no statistical significance between the means

(p=0.76).
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Figure 10. Average magnitude of dose difference values (D) present among subcategories of
lung phantom plans.

The phantom TLDs (two in each phantom) were evaluated individually in a waterfall
plot showing the dose difference (D) values, separated by those phantoms that passed and those
that failed. The majority of failing TLDs had a D value less than 0, indicating that the TPSs
were more accurate at calculating dose to the TLDs than the DRS was (Fig. 3-8). Upon further
evaluation of the failing lung phantom TLDs, we found that the majority of individual TLD

results (66%) had a more accurate TPS dose calculation value compared with that of the DRS.
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Figure 11. Waterfall plot of lung target TLDs, distinguishing passing and failing individual
phantom TLDs. The median for failing phantoms was similar to all phantoms, showing no
increase in dose calculation errors among failing lung phantoms.

The fraction of the TPS vs. TLD dose difference that could be attributed to inaccurate
dose calculation was assessed for lung phantom TLDs using Equation 2. TLDs with a negative
D value were set to zero to indicate no dose calculation error present. The DRS recalculation
accounted for only 13% of the dose deviation between the TPS and measured TLD values. This
can be seen in Fig. 3-9 where the blue shaded area represents 13% of the area under the purple
curve. A very weak correlation was found between the two variables, where the value of D did
not show much change as the TPS vs. TLD discrepancy increased. A regression analysis of this
relationship yielded a slope of 0.08 (p << 0.001), confirming a weak correlation between these
two variables. The magnitude by which the DRS outperformed the TPS in calculating dose to

the TLD was therefore unaffected by the magnitude of TPS dose calculation disagreement.
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Figure 12. A combination plot showing the fraction of the TPS vs TLD dose deviation (area
under purple line) that can be attributed to dose calculation error (blue shaded area). A very low
correlation can be seen between the TPS vs. TLD dose difference and the magnitude of the
dose difference value (D) for individual lung phantom TLDs.

Evaluating the results by TPS algorithm, machine type and treatment type yielded similar
patterns of calculation accuracy with no statistically significant differences. We also evaluated
failing rate and dose calculation error rate as a function of time; there was also no difference in

performance over time based on regression analysis (p = 0.27).

3.4 Discussion

The effects of TPS dose calculation accuracy on phantom irradiation success, among
the IROC lung and spine phantom results, were evaluated in this study. The DRS used is a
representation of the average LINAC class. This DRS was commissioned by using data from a

large number of machines from various institutions'®*” and was therefore not specially
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optimized for any particular institution’s LINAC. This means that the DRS should not
outperform any institution’s TPS that was presumably commissioned for that specific LINAC,
i.e., custom-tailored to their local machine. And overall, this was the case. For both the spine
and lung total phantom cohorts, the DRS system performed poorer than the institution’s TPS
(there was a negative D value, indicating the institution’s TPS was more accurate on average).
However, this was not the case when failing spine phantoms were examined and the DRS
significantly outperformed institutions’ TPSs.

The spine phantom results showed that TPS dose calculation accuracy has a direct
effect on phantom irradiation success. This was evidenced by the fact that the DRS, the generic
average dose calculation system, was significantly more accurate at calculating the dose to the
TLD than the institution’s own TPS was among the failing phantom plans. The magnitude of
this effect was often substantial, indicating possible direct impacts to patient outcome due to
these dose discrepancies. The spine phantom dose difference value (D) magnitude showed a
direct correlation with the magnitude of an institution’s TPS vs measured TLD dose value (Fig.
3-5). This means that the greater the percentage of dose deviation present in a spine phantom
irradiation, the better the DRS was at accounting for this difference by performing more
accurate TLD dose calculations than the institution’s TPS. This reinforces the fact that dose
calculation errors are present among spine phantoms and show up more as the phantom
irradiation failure becomes more egregious.

The lung phantom results, in contrast, showed very few dose calculation errors
throughout, with the institutions’ TPS outperforming the DRS in accurately calculating dose in
both the failing and passing lung phantom plans. In addition, the dose difference value (D)
showed no correlation with the magnitude of the TPS vs measured TLD dose difference (Fig.

3-9). This means that the magnitude of failure seen among lung phantom plan results could be
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only slightly attributed to dose calculation inaccuracies.

The presence of dose calculation errors among the spine phantom plans is reasonable.
This phantom consists of a target that rests on an OAR, the spinal cord, and thus presents a
region of high gradient dose, with more intense optimization requirements. The spine phantom
plans are therefore typically very highly modulated and leave more room for error in dose
calculation as well as dose delivery. This is in contrast to the lung phantom, which presents a
more isolated target structure located far enough away from sensitive OARs and therefore has
less stringent optimization requirements.

In previous studies evaluating the types of errors that exist among IROC lung and spine
phantoms, the majority of errors associated with the spine phantom were dosimetric in nature.
Dosimetric errors made up 60% of all spine phantom failures.?” In contrast, only 22% of all
errors associated with lung phantoms were dosimetric in nature. The majority of lung phantom
failures came from localization errors, which is reasonable since more than 75% of lung
phantoms were irradiated using a motion table, making localization a major focus for this
phantom.?’ The IMRT head and neck phantom was found to have primarily dosimetric errors as
the failure mode, accounting for 62% of all head and neck phantom failures.® These failures
were also overwhelmingly tied to dose calculation errors,” which is very similar to those of the
SBRT spine phantom, but substantially different from the lung phantom. This comparison
reinforces the differences in causes of failure between highly modulated treatments and those
with low modulation.

The dose calculation errors that manifested in this study are concerning. These represent
inherent errors within the TPS, the same TPS that is used to create and compute patient plans.
The dose calculation discrepancies seen in these phantoms are therefore expected to manifest in

patient plans, where they carry far greater consequences. Dose calculation errors have been
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shown to make up over half of the errors present in the spine and head and neck phantoms.
However, more investigation is required in order to understand what aspects of the TPS dose
calculation are going awry. Recent work has highlighted errors in basic modeling of dosimetric
parameters such as percentage depth doses (PDDs) and off-axis factors,3? as well as substantial
variability in non-dosimetric parameters such as dosimetric leaf gap.3® Other factors, including
non-calculation issues are also involved in phantom failures. Localization, delivery, and
machine calibration error may all contribute as well. Ongoing research is being conducted to
quantify these other factors in order to create a comprehensive picture of the causes of errors
that exist in the IROC phantoms and, correspondingly, in patient treatments.

Being able to distinctly determine the areas that are lacking in the phantom irradiation
process will be very beneficial to the radiation oncology community. This information will also
be beneficial to IROC, by improving the phantom credentialing process, in terms of
troubleshooting when institutions fail to meet criteria, and highlighting which phantoms are
able to test specific challenges in the radiation therapy process. This work will also translate to
the broader clinical practice by highlighting the areas that require extra care and attention when
treating specific disease sites. In particular, it highlights that care in beam modeling is critically

important.

3.5 Conclusions

IROC lung and spine phantom plans were recalculated using an independent dose
recalculation system, Mobius 3D. Dose calculation deficiencies in institutional treatment plans
were found to exist in the spine phantom plans, especially in those that did not meet the

irradiation criteria. Although institutions’ TPSs performed more accurate dose calculations than
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the DRS did among passing spine phantom plans, the DRS performed significantly better
among the failing spine phantom plans, calculating dose to the target more accurately in 94% of
failing cases. The lung phantom plans displayed a different result, with institutions” TPS values
being more accurate than the DRS values among both the passing and failing lung phantom
plans. This is an indication that very few dose calculation errors exist among lung phantom
plans, and these errors are not directly correlated to the institutions’ unsuccessful irradiation of
this phantom. These results showed contrasts that emphasize the different requirements for the
different plan types: highly modulated spine SBRT vs. less modulated lung treatments.
Particularly for highly modulated treatments, great emphasis should be placed on beam

model validation in the TPS in order to ensure accurate dose calculation of patient plans.
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Chapter 4: IROC phantoms accurately detect MLC delivery errors

This chapter is based on the following publication:

Edward S.S., Pollard-Larkin J.M., Balter P.A., Peterson C.B., Howell R.M., Kry S.F., “IROC

phantoms accurately detect MLC delivery errors”, To be submitted for publication, 2022

4.1 Introduction

The Imaging and Radiation Oncology Core (IROC) phantom program has been used as an
end-to-end test of the patient radiation treatment process for decades both in the US and abroad.
Several phantoms comprise this program, including the IMRT head and neck (H&N), SBRT
spine and moving lung. Upon return of the phantom post irradiation, treatment delivery
accuracy is assessed using plan DICOM files and measured dose readings. Recent 2021 IROC
phantom results indicate a phantom failure rate of 12% and 22% for the H&N and spine
phantoms respectively. This data includes hundreds of institutions mainly across the US, and

therefore has the potential to impact the accuracy of RT treatment for thousands of patients.

In previous work, we showed that dose calculation errors played a major role in phantom
failures and dose deviations seen among H&N and spine phantom irradiations (although not as
prevalent among the lung phantoms®34). In particular, the MLC modeling parameters (DLG or
MLC-offset) were critical to accurate dose delivery3®. While TPS errors are a clear component
to poor phantom performance, other failure modes contribute as well. Therefore, in this work

we examined how delivery errors, particularly MLC errors, could impact the phantom result.

MLC errors
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An MLC leaf error occurs when there is a difference between the intended or planned
position and the actual position of the MLC leaf during plan delivery on the machine. To
explore the extent to which these errors manifest in the IROC phantoms, we evaluated the

following:

First, MLC errors have been documented to be 0.46 mm on average for volumetric
modulated arc therapy (VMAT) plans and 0.32 mm for dynamic (DMLC) treatments®®. Studies
have shown that these can cause deviations between the planned and delivered doses in patient
cases. Systematic MLC errors, such as offsets in the MLC leaf bank have been shown to cause
changes to the planning target volume (PTV) dose of 3.7% and 7.2% for combined offsets of 1
mm and 2 mm respectively®’. Random leaf error effects were found to be smaller, but
nevertheless causing dose errors of up to 1.6% overall®®, In addition to the magnitude of dose
impact from such MLC errors, it was found that the magnitude of MLC error varied by
treatment type but remained consistent between institutions®. While these delivery errors have
been examined in patient cases, it is unclear how such effects would manifest in a standardized

credentialing phantom.

Second, IROC phantoms are all irradiated to a single fraction dose of approximately 6 Gy
per current IROC protocols®26. This is to optimize the dosimetry, but this fraction size is
different from clinical fraction doses which are typically 2 Gy for IMRT H&N and 27 Gy for
SBRT spine treatments3®-4L. During the delivery of dMLC and VMAT treatments, the MLC is
constantly moving, and this motion is influenced by the number of MUs to be delivered. When
the dose per fraction is decreased (for the same treatment plan) the mean MLC speed increases,
which could result in a greater chance of MLC positional error. It is unclear how the difference
in fraction size corresponds to differences in delivery accuracy for IROC’s credentialing

phantoms, especially for different generations of accelerator.
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This work sought to provide insight into the above two questions. We first evaluated the
impact of delivery errors on IROC phantom irradiations. Second, we examined the differences
in the IROC phantom fraction size compared to clinical fraction sizes. The results of this
experiment will provide a better understanding of the effects of these types of errors on the
phantoms, which will help improve the assessment process for institutional irradiations in the

phantom program moving forward.

4.2 Materials and Methods
4.2.1 Phantoms & plans

The 2 phantoms used for this study were the IROC IMRT head & neck (H&N) and SBRT
spine anthropomorphic phantoms. Both phantoms are composed of tissue-equivalent materials
and are used as an end-to-end test of patient radiation treatment. To improve dosimetric
precision, the phantoms were modified so that the inserts held Exradin® A1SL ion chambers in

the target and OAR structures instead of the usual TLDs (Figure 13).

Figure 13. Phantoms with ion chamber inserts and A1SL
chambers inside: Thoracic (spine) (left), IMRT head and
neck (right)

The H&N phantom consists of 2 PTVs, both 5 cm long. The primary PTV representing a
tumor, is 4 cm in diameter and holds 2 ICs (anterior and posterior). The secondary target
representing a lymph node, is 2cm in diameter and holds 1 IC. One chamber is also inserted
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into the OAR (cord)*>26, The spine phantom represents the human thorax, with a 22 cm3 target
sitting on the vertebral body, approximately 0.8 cm from the spinal cord. The spine insert

accommodates 1 IC in the PTV and 1 in the OAR. (Fig. 13).

All plans were created by the same individual, using the Raystation 10B (Raysearch®)
treatment planning system. Both step and shoot (SMLC) and VMAT plans were created for
each phantom, following the IROC irradiation dose prescription of 6.6 Gy for the H&N and 6
Gy for the Spine. Plans were all created and were optimized to spare organs at risk while

meeting the prescription dose to 95% of the PTV.

4.2.2 Introduced delivery errors

MLC errors were introduced into the phantom plans to explore the impact of delivery
errors on the standardized phantom audit. Various combinations of random leaf and whole leaf
bank MLC shifts were introduced to each plan using the scripting function in Raystation, based
on the Python programming language. A random number generator was used to select random
leaves to shift on either leaf bank. The leaf shift distance was then randomly picked from the
following: -2, -1, -0.5, 0.5, 1- or 2-mm. Shifts were introduced to either 25%, 50%, 75% or
100% of leaves for each plan iteration, and were implemented only among leaves that span the
width of the PTV. This was done to localize these effects to the measurable areas of the
phantom (i.e., where the ICs are located). For the SMLC plans, shifts were assigned randomly
to leaves in each segment of each beam. Shifts in the VMAT plans were assigned to a random
leaf in the first segment and that shift was maintained through all segments of the beam, to
simulate a lagging leaf scenario. Whole bank leaf shifts were introduced as either 0.5, 1- or 2-
mm total shift outwards (opening of banks), with each bank moving half the distance. All plan

doses were recalculated with the new (“erroneous”) MLC positions, resulting in 32 total plans
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(8 VMAT and 8 sMLC for each phantom). Average dose values for the PTV and cord ion

chambers were recorded from Raystation for both the original and altered plans.

4.2.3 Different prescription sizes

Additional VMAT plans were created for the Truebeam and Varian 21Ex machines
following a typical clinical single fraction prescription of 2 Gy for the H&N and 27 Gy for the
Spine®-41, To maintain consistency in the plan complexity, the plan doses were then scaled to
the IROC prescription and various complexity metrics were verified to ensure that plans
remained consistent after scaling. This resulted in 8 total plans (2 for each machine, for each

phantom).

4.2.4 Delivery and Analysis

The two machines used in this work are the Varian Truebeam (Varian Medical Systems,
Palo Alto, CA) with high-definition MLCs (HDMLC) and the Varian 21EX linear accelerators.
The Truebeam is Varian’s newest generation of the linear accelerator and consists of better
integrated digital technology than the older C-series machines (which includes the 21EX), such
as the Maestro electronic controller system*2. Both machines are located at the MD Anderson
clinic in Houston, Texas, where they are used for patient treatments, hence regularly checked,
and serviced as part of routine clinical operations at the clinic. The plans for the first part of this
study which examines random vs whole bank MLC errors were irradiated on the Truebeam
machine, while the plans with varying prescription sizes were irradiated on both machines, to
identify any differences that exist between the two generations of technology determine

differences between them.
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Table 5. MLC characteristics for VVarian Truebeam and 21EX machines

Machine Inner MLC  Outer MLC pairs

pairs
Varian Truebeam (HDMLC) 0.25cm (n=32) 0.5cm (n =28)
Varian 21EX  0.5cm (n =40) 1.0cm (n=20)

Delivery log files were collected for each plan and processed, which provides details of
dose delivered as well as RMS errors detected in the MLCs. The impact of both random and
systematic (whole bank) leaf errors on the phantom plans were examined by comparing TPS-
original to TPS-perturbed plan doses. The treatments were delivered, and log files processed
using the Mobius Fx software (V2.1.2), to confirm these TPS predicted dose deviations. The
dosimetric impact of fraction size was examined by comparing measured vs TPS doses and the
log files were analyzed to assess MLC RMS error differences between the pairs of plans

(original vs scaled).

4.3 Results
4.3.1 Impact of leaf errors on phantom dose

TPS dose comparisons between plans showed dose deviations for both error types.
Random MLC shifts introduced into the phantom plans resulted in relatively modest dose
deviations, particularly in the PTV of up to -2.8% (cord: also -2.8%) for the H&N phantom and
0.7% (cord: 0.8%) for the spine. Systematic shifts of the entire leaf bank resulted in much
larger deviations. As the leaf bank offset increased, the phantom showed incrementally

increasing doses, with 2 mm shifts leading to PTV dose differences in the H&N phantom of up
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to 8% (cord: 8.7%) and 7.1% (cord: 9.1%) in the spine (Fig 14).

H&N TPS dose differences Spine TPS dose differences
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Figure 14. Dose deviations of phantom plans due to random and systematic MLC error in the
TPS. The solid boxes represent the random shifts, and the hollow ones represent the systematic
(whole bank) MLC shifts.

These TPS-predicted dose deviations between the plan pairs (TPS-original to TPS-
perturbed) were compared to the measured (IC) and delivery log file (MFx) dose deviations for
both phantoms. These comparisons were made for each ion chamber, for each phantom, to get
more detailed results across the phantom geometry. For the H&N, dose deviations between
TPS, IC and MFx doses were within 2% of each other in 21 of 24 sampled points across the
PTVs and OAR (Fig. 15). For the spine, dose deviations were within 2% of each other in 10 of
12 sampled points (PTV & OAR), and all points within the PTV (Fig.16). Overall, the average
disagreement between the TPS and measured was 0.72%, while the average disagreement
between the delivery log calculation and measured was 0.89%. The agreement between the
TPS and measured perturbations indicate that the introduced errors were reasonably well
modeled in the planning system. The agreement between these perturbations and the delivery
log file predictions emphasizes that these errors were accurately captured with the delivery log

system.
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Figure 15. Dose comparisons between TPS, measured (ion chamber) and delivered (log file)
doses for the H&N phantom, showing differences in recorded dose deviation across all 3
modes. Dose deviations represent difference from the original unperturbed plan, for the 3 plans
that were irradiated: 50%, 100% and 2mm MLC shifts. Each datapoint represents an ion
chamber point on the phantom; 3 plans each for VMAT and sMLC, with 4 ICs each.
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Figure 16. Dose comparisons between TPS, measured (ion chamber) and delivered (log file)
doses for the spine phantom, showing differences in recorded dose deviation across all 3
modes. Dose deviations represent difference from the original unperturbed plan, for the 3
plans that were irradiated: 50%, 100% and 2mm MLC shifts. Each datapoint represents an
ion chamber point on the phantom; 3 plans each for VMAT and sMLC, with 2 ICs each.
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4.3.2 Fraction size

For the Truebeam plans, there was very little MLC RMS error found in any plan,
regardless of the fraction size. All RMS error was within 0.05 mm for both dose-per-fractions
in both the H&N and spine phantoms. The plans delivered on the 2100Ex machine however,
showed differences in RMS error between plan pairs. The H&N 2 Gy plan had 17% more RMS
error on average than the 6.6 Gy plan and the spine showed an even greater difference, with the
6 Gy plan having 68% more error than the 27 Gy. Leaf RMS error showed the same pattern of
distribution throughout in each plan pair, with a distinct increase in the magnitude of error in

the plans with a smaller prescription (Fig. 17).
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Figure 17. Distribution of all MLC RMS errors for the two VMAT plan pairs for the H&N
(top) and Spine (bottom) phantoms, irradiated on the Varian 2100EX machine.
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The dosimetric impacts of these MLC RMS errors were, however, negligible, in all cases.
When assessing the dosimetric accuracy of plan delivery, by comparing the delivered doses
(from the log files) to the TPS dose, the 2 H&N plans had a maximum difference in accuracy of
1% and the 2 spine plans had a maximum difference of 0.1%. The details of the dose
differences between the low dose-per-fraction and high dose-per-fraction treatments are shown

in Table .

Table 6. Comparisons of plan delivery accuracy between the two
plan prescriptions, showing similar plan delivery accuracy despite
varying prescription size.

Delivery dose deviation from TPS

HEAD & NECK | 6.6 Gy 2Gy  Difference in
accuracy
Primary PTV (1) | 0.0% 0.0% 0%
Primary PTV (2) | -0.1% 0.0% 0.1%
Secondary PTV 0.0% 0.0% 0%
Cord -0.1% 0.9% 1%
SPINE 271Gy 6Gy
PTV -1.3% -1.4% 0.1%
Cord 09% 0.8% 0.1%

4.4 Discussion

The IROC H&N and Spine phantoms were used with slim line ion chamber inserts to test
the IROC H&N and spine phantoms’ ability to capture MLC errors during treatment delivery.
All the measurements, TPS, and log file recalculations agreed within 2% of each other across

all plans and deliveries.
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Through measurement and delivery log file analysis, we recorded dose deviations for both
random and whole bank MLC leaf shifts in phantom plans. Random errors showed very little
dose deviations, as was the case with clinical plans in the literature. Our study found average
dose variations in the PTV of -2.8% to 2.7%, which corresponds reasonably with the results
from prior studies, where dose variations of -1.5% to 1.6% were found in the pCTV for H&N
plans®8. In contrast, substantial dose deviations were recorded for whole bank shifts. For the
H&N plans, systematic MLC offsets introduced errors of 8% in the PTV and up to 18% in the
cord. In clinical scenarios, similar errors were found by two separate studies which showed
dose differences of up to 7.6%3 and 8.8%3’ for H&N plans with 2mm total MLC whole bank

shifts.

Spine SMLC whole bank shifts recorded much smaller dose deviations in this study than
the H&N plan. This was due to the nature of the aperture shapes in the plans, where most
leaves were either almost fully open or leaves from one bank closed all the way across the
PTV. Therefore, when whole bank shifts were introduced to the plan, they did not have much
of a dosimetric effect on the PTV or Cord doses. The pattern of agreement with clinical cases
validates the phantom’s ability to not only broadly identify when the delivered dose is different

from planned, but also associate the degree of dose deviation with a certain type of MLC error.

The delivery log file analysis in Mobius Fx recorded dose deviations similar to the
measured and TPS doses and can be reliably utilized as a secondary form of analysis for the
IROC phantoms. Limitations do exist however, where log files may not detect errors caused by
poor machine calibration, or sub-optimal motor performance as was previously found in a
separate study*3. These scenarios may result in the machine assuming that the leaves are
correctly positioned, which would cause them to be logged as such in the delivery log files,

thereby missing the error. If these errors were to occur, they would manifest in the measured
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phantom dose deviations but cause disagreement with the delivery log files. This highlights the
need for proper calibration of machine components such as MLCs, and independent end-to-end

testing to verify accuracy.

Analysis of VMAT plans with varying prescription doses demonstrated increased MLC
rms errors for the plans with smaller prescriptions. This was due to the MLC leaves having to
move more quickly because of lower MUs and shorter delivery time for the gantry to
circumnavigate the entire arc. Speeds were found to be up to 4 times faster for the spine 6 Gy
versus the 27 Gy plan, and that resulted in 68% more rms error. Results suggest that when
using older Varian machines, irradiating the SBRT phantoms such as the spine, at the 6 Gy
IROC prescription dose is a more rigorous and robust test of the clinical prescription. This
however would be the opposite for the IMRT H&N plans that are usually administered
clinically at much lower fraction sizes of 2 Gy. While these rms errors can be captured using
the IROC phantoms, the dose effects were negligible for both plans and therefore did not create
enough of a dose discrepancy to cause clinical impacts. Given that these plans were irradiated
on a well-maintained machine, these results represent the best-case scenario for errors. Dose
deviations may be greater on machines with a less rigorous QA and maintenance schedule,

leading to greater errors that may have clinical impacts.

This analysis of delivery errors can be used as an additional tool during IROC’s phantom
assessment to help pin-point specific causes of phantom failure related to plan delivery. A dose
recalculation based on the log files can be used as a further step of investigation, when

institutions have dose discrepancies in their phantom results.
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4.5 Conclusion

We tested the IROC H&N and spine phantoms’ ability to detect MLC errors, both
manually introduced and as a result of varying MLC speeds caused by smaller VMAT
prescription doses. Dose deviations were assessed in the TPS, ion chamber measurements and
delivery log files. Dose deviations observed in the phantom were consistent with reported
deviations observed in clinical cases, reinforcing that this phantom is a suitable patient
surrogate and appropriate for clinical trial credentialing and QA. The fraction size for phantom
delivery versus clinical delivery had an impact on the MLC positioning accuracy; greater RMS
error was recorded in phantom plans with a smaller prescription dose (particularly for older
machines). Dosimetrically however, on well-maintained machines at least, these differences in

MLC positions did not cause clinically significant dosimetric changes.
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Chapter 5: Quantifying delivery errors in IROC phantoms

This chapter is based on the following publication:

Edward S.S., Peterson C.B., Pollard-Larkin J.M., Balter P.A., Howell R.M., Kry S.F.,
“Treatment delivery errors as a component of IROC phantom dose deviations”, To be

submitted for publication, 2022

5.1 Introduction

Radiation therapy is a complex process. Numerous steps are involved as a patient goes
from imaging via CT or MR, to receiving radiation treatment, and as with any multi-stage
process, there is the ability for errors to occur at each stage. At IROC, the magnitude of these
errors is explored using the end-to-end anthropomorphic phantom program?®. This program,
which uses tissue-equivalent phantoms to represent various patient anatomy, can assess an
institution’s ability to accurately deliver radiation treatment to a patient. Thousands of phantom
irradiations have been made over the past two decades by hundreds of institutions all over the
world. Analysis of this data not only allows us to assess the accuracy of treatments, but to also
examine individual components of the treatment process, to find the root causes of dose

deviations seen among these phantoms.

Previous work has examined the extent of treatment planning system dose calculation
errors among the IROC phantoms and the role that this type of error plays in phantom
performance. Dose calculation errors were found to be the cause of 60% of dose deviations
among SBRT spine phantoms, 30% of moving lung phantoms** and 69% of IMRT head and
neck (H&N) phantoms®. While this partially explains some of the discrepancies that exist, there

is still a portion of the dose deviation that remains unaccounted for.
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The AAPM TG100 report found that delivery errors associated with treatment machine
failures pose the 3" highest risk of failure to a radiation therapy treatment program. They also
suggested that the recommended monthly MLC leaf positioning assessment recommendations
may not be adequate enough to catch errors, especially in treatments with a few fractions, such
as SBRT*. In this work, we explore how much of this remaining dose deviation is due to

delivery errors.

A separate study using the IROC H&N and spine phantom geometries fitted with ion
chamber inserts, investigated the ability of the phantoms to detect delivery error. The results of
that study confirmed that the IROC H&N and spine phantoms are capable of capturing delivery
errors, primarily caused by MLC RMS error in the form of measured dose deviations to the
planning target volume (PTV) and organs at risk (OARS). Random error caused dose deviations
up to 2.8% in the average PTV dose, whereas whole bank leaf errors of 2 mm caused
deviations of up to 7.9%. An analysis of the corresponding log files for the H&N phantom
showed that in most cases, discrepancies in delivered dose was captured by the delivery log
files to within 1% of the TPS and measured dose discrepancies (chapter 4, Fig. 16). These
results were also found clinically where random errors caused changes to the PTV of 1.6%°%,

and whole bank shifts of 2mm total caused PTV dose deviations of up to almost 8%.%7:8

Although delivery errors have been shown to affect patient dose, the prevalence of
delivery errors among the wider radiation therapy community, and the corresponding
dosimetric impact, is largely unknown. In this work, we evaluated the delivery log files from
various institutions who irradiated the IROC lung and IMRT H&N phantoms during a specified
time frame, to determine the magnitude of delivery error that exists among these phantoms, as

well as the relationship between delivery errors and phantom performance.
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5.2 Materials and Methods

IROC phantoms are used for end-to-end QA and clinical trial credentialing for centers
across the US and abroad. The IMRT H&N phantom is used to assess IMRT treatments and
contains a primary and secondary PTV as well as an organ at risk (OAR). The PTVs and OAR
hold six double loaded thermoluminescent dosimeters (TLDs) in total.® The lung phantom
contains an island lung tumor structure with two double-loaded TLDs contained within the
PTV. This phantom sits on a moving platform that mimics patient breathing, and is usually

used to assess motion management and heterogeneity RT treatments.?’

In the normal IROC workflow, the institution irradiates the phantom and returns it along
with their plan DICOM files. IROC personnel read the TLDs contained within the phantom to
determine dose received by the target and critical structures. Radiochromic films, also located
within the target, are analyzed to determine the gamma of the dose distribution within the
structures. These results are compared with the treatment plan to determine any differences
between the planned and delivered doses. The TLD passing criteria for both phantoms is that
the measured dose be within + 7% of the planned dose. The gamma threshold for pixels passing

is 85% for both phantoms with 7%/4 mm for H&N® and 7%/5mm for the lung?’.

5.2.1 Delivery Log files

In January of 2019, IROC began requesting submission of delivery log files from
institutions who irradiated the IROC phantoms. Due to accessibility of these log files, we
limited collection to only Varian Truebeam and Base (Varian 2100, EX, iX) class model

machines. To ensure the correct log file was submitted, we verified that the treatment plan had
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been delivered at the same time and on the same machine as the log files. Log files were

collected through to January 2022.

5.2.2 Mobius FX

Mobius FX is the component of Mobius 3D (Varian Medical Systems™) that determines
dose delivered when a phantom or patient is treated on a treatment machine. Mobius Fx uses a
GPU-accelerated collapsed cone dose algorithm and a generic model for each linac type to
calculate 3D delivered dose from the treatment delivery log files.*® The software outputs
delivered dose values for each target structure within the treatment plan, as well as root mean
square (RMS) error values for the gantry, collimator, MLCs as well as X and Y jaw position

values throughout the treatment.

5.2.3 Plan analysis: delivery component
Each phantom result was assessed individually to compare the TPS dose to the delivered
dose to determine the discrepancy between the two values. DICOM files were used to compute

TPS dose and log files were used to find the dose delivered by the machine.

Plans were analyzed using the following methods:

i.  The treatment plans were classified and recalculated according to their
corresponding machine models pre-established in our dose recalculation
system(DRS): Mobius3D."1¢ Since we are processing plans from hundreds of
various machines, these classes allow us to group plans according to the
machine type that the phantom was irradiated on. Mobius 3D recomputes the
plan dose using the submitted DICOM files, and the machine parameters based

on the class that machine falls under.
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ii.  The treatment log files were then processed via the Mobius FX component of
the DRS which pairs the log files with the previously recomputed treatment
plan. This produces a TPS dose as well as a delivered dose.

iii.  The delivered dose was recorded and compared to the TPS recalculated plan
dose. This provided us with a direct comparison between the dose calculation
and delivery analysis for each plan and ruled out any possible TPS calculation

errors that may have been present.

5.2.4 Predicted dose value

The predicted dose was used to represent what the dose to the phantom TLDs would have
been if dose differences due to delivery error were considered in the calculation. The predicted
dose value was calculated for each phantom target TLD. This was performed for each
individual TLD to avoid averaging effects across the phantoms, which each contain multiple

TLDs in each target structure.

Predicted dose = TPS dose + (MFx Delivered dose — M3D calculated dose) Equation 3

Predicted dose was calculated using Equation 3. The TPS dose is the institution’s original
dose calculation and is obtained from their DICOM files that are submitted along with the
phantom. The M3D dose is the plan dose recalculated on Mobius3D using the same DICOM
files. The MFx delivered dose is the dose that the MFx software determines was delivered by

the machine, based on the treatment log files.

We contrasted both this predicted dose, and the institution’s TPS dose, with the TLD
measured dose using equation 4. These two ratios allowed us to assess whether our predicted

dose value was more accurate at determining measured phantom TLD dose. A positive D result
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indicates that the predicted dose, which accounts for delivery error, was closer to the TLD dose,

whereas a negative result indicates that the institution’s TPS dose was closer to the TLD dose.

TPS Predicted
D= (|1-| - |1 - =50
TLD

) x 100 Equation 4

5.2.5 Sample analysis

An example of the complete analysis using a single phantom result is shown below.

Predicted dose calculation:
Our predicted dose for TLD 1, using equation 3 would be:
Predicted dose = TPS dose + (MFx Delivered dose — M3D calculated dose)
Predicted dose = 6.83 + (6.88 — 6.87) = 6.84 Gy

The delivery dose error (D):

D <|1 TPS |1 Predicted|> « 100
B TLD TLD

D= (|1—% —|1—%)><100=0.14%

According to the predicted dose, when we incorporate the delivery error into the TPS
calculation, the dose to TLD 1 was 0.01 Gy higher than the TPS calculated, bringing us 0.14%
closer to the measured TLD value of 7.25 Gy. The summary of the remaining TLD calculations
for this example phantom are shown in Table 7. The average delivery error is 0.29% for this
phantom, indicating that on average, the predicted dose based on delivery error consideration,

was 0.29% closer to the TLD than the institution’s TPS.
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Table 7. Results for an example H&N phantom showing how delivery error is calculated using
each individual TLD before finding the average for the phantom.

TLD1| TLD2| TLD3| TLD4 | TLDS| TLDG6 | Avg

TPS, Gy 6.83 6.77 6.70 6.95 5.74 5.68 | 6.45

M3D, Gy 6.87 6.77 6.71 6.87 5.77 5.66 | 6.44

Delivered (MFx), Gy 6.88 6.78 6.72 6.88 5.81 5.69 | 6.46

TLD (measured), Gy 7.25 7.00 6.95 7.24 5.96 5.89 | 6.72

Predicted dose, Gy 6.84 6.78 6.71 6.96 5.78 5.71 | 6.46

Delivery error (D) 0.14 0.14 0.14 0.14 0.67 0.51| 0.29

5.3 Results

We processed log files for 51 H&N phantoms (1 repeat institution), 20 of which were
irradiated on a Varian base class machine: 21EX, 21iX, 23EX, iX and Trilogy, with the other
31 being Truebeam (including Edge and Vitalbeam) irradiations. There were 42 lung phantoms

(2 repeat institutions) made up of 12 Varian base irradiations and 30 Truebeam.

5.3.1 Phantom results

There were 51 H&N and 42 lung phantoms evaluated. The H&N phantom had an average
absolute dose deviation (TPS vs TLD) of 2.1%, with a maximum deviation of 6.1%. The
delivery error was minimal in comparison, with an average of 0.02% and ranging from -0.3%
to 0.5%. Figure 17(a) shows the phantom delivery error versus the overall phantom dose
deviation. A very weak correlation is shown between these two variables, indicating that
delivery error was not a major contributing factor to overall phantom performance (r=-0.04, p

= 0.40) (Pearson correlation).

63



The lung phantom results were similar. The lung had an average dose deviation of 2.3%,
with a maximum deviation of 8.5%. The delivery error for this phantom was -0.04% on average
and ranged from -0.8% to 0.2%. In Figure 17(b), an even weaker correlation between phantom

dose deviation and delivery error is seen (r = 0.13, p = 0.8).

(a) - H&N delivery error contrasted with absolute phantom error
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Figure 18. Distribution of delivery error compared with TPS vs TLD dose deviation (phantom
performance), showing that one does not increase with the other. Delivery error remained
relatively unchanged as TPS vs TLD dose deviation increased (phantom performance
worsened), indicating minimal contribution from this error type.
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5.3.2 MLC error

MLC RMS error results for the two Varian machine classes: Truebeam (including Edge)
and the older Base model (iX, EX & Trilogy)?, showed that the Truebeam machine MLCs
performed better among both phantoms. The average MLC RMS error for both phantoms was
0.02 mm for the Truebeam machines and 0.30 mm for the base models. The distribution of
these errors in comparison to absolute phantom dose deviation is shown in figure 18. Despite
the RMS errors being so different, the average dose deviation for the two sub-groups of
phantoms irradiated on each machine type were within 1.2% of each other (Truebeam = 2%,

Base model = 3.18%).
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Figure 19. Distribution of MLC rms error for the two Varian machine classes (Truebeam and
Clinac) in relation to phantom performance, represented by absolute TPS vs TLD dose
deviation (top), and delivery error (bottom). MLC rms error was found to be machine
dependent rather than based on phantom type, magnitude of dose deviation or delivery error.
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5.4 Discussion

This work investigated the presence of log file recorded delivery error among IROC head
& neck and lung phantom irradiations. Delivery error was found to contribute very little to the
dose deviations in either phantom, with average delivery error being 0.02% of H&N dose
deviations and -0.04% of lung (meaning zero contribution). Additionally, no correlation was

found between MLC rms error and either phantom performance or delivery error.

Delivery error was found to have a very small effect on phantom plan accuracy. Even
among the 1 H&N and 5 lung phantoms that failed to meet the IROC irradiation criteria, there
was no indication of delivery error playing a part in their poor performance. Delivery errors
may be caused by various components of the treatment machine, such as jaws, collimators and
multi-leaf collimators (MLCs) to name a few. Of all these components, the MLCs are the most
prone to error due to their frequent and continuous motion, which is necessary for treatment

modulation in dynamic treatments, which made up 96% of plans in this study.

MLC rms error was found to only be machine dependent, with more technologically
advanced Varian Truebeam machines (and similar models) outperforming previous Varian
machine models. This was not surprising, because technology in treatment machines has
continually improved, and the more technologically advanced Varian Truebeam models speak
to these improvements, as a 10-fold decrease in delivery error was seen among Truebeam

machines when compared with the base model.

The use of Mobius Fx to assess MLC rms errors was previously tested and verified in a
separate study. Manually introduced random and whole bank MLC errors were detected in the
form of dose deviations, through both measurements and log file analysis of the phantoms

(chapter 4). This previous study confirms that the results found here, are a true representation
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of the delivery error that exists among these phantoms. The small and negligible differences in
delivered dose compared with plan dose, indicate the presence of random MLC errors but not
systematic (whole MLC bank shifts) which would have resulted in larger, more clinically

significant dose errors3"38,

Limitations do exist within this study with regards to the ability of log files to detect true
errors in the plan delivery. Log files have been shown to not detect all errors, especially when
these errors stem from incorrect machine calibration and faulty mechanisms within the
machine. The Varian machines record the MLC leaf positions by the number of turns of the
motor, so any issues with the leaf to motor connection could result in inaccurate leaf

positioning records and hence incorrectly recorded doses®.

This work has demonstrated the negligible effects of delivery errors on phantom
irradiations. However, the cohort of phantoms assessed represent clinical trial participants, who
are especially invested in performing well in these assessments and delivering the best RT.
Hence, they can be considered as generally above average performing and may not provide an

accurate picture of all error that exists within the wider community.

Greater focus and emphasis still needs to be applied to errors in other aspects of the
treatment process, such as treatment planning, which was previously found to be prevalent
among H&N and spine phantom treatments34, and motion management which remains a major
issue for lung treatments.?” Through continued efforts, the aim is for all error contributions to
be minimal at best, to improve the accuracy of patient treatments within the radiation therapy

community.
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5.5 Conclusion

The presence and effects of log file recorded delivery error were investigated among
IROC H&N and lung phantoms. This delivery error was found to be negligible among these
phantom results and had no effect on the accuracy of the irradiations. MLC RMS errors were
found to be greater among plans irradiated on older VVarian model machines while the newer
Varian Truebeam machines showed more accurate MLC motion across all plans. Further work
is needed to understand the extent of the contributions to dose deviations from other sources of

error among phantom and patient plans.
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Chapter 6: Quantifying the magnitude of dose deviation caused by various major sources
of error present in IROC phantom irradiations

This chapter is based on the following publication:

Edward S.S., Howell R.M., Balter P.A., Peterson C.B., Pollard-Larkin J.M., Kry S.F.,
“Quantifying the magnitude of dose deviation caused by various major sources of error present

in IROC phantom irradiations”, To be submitted for publication, 2022

6.1 Introduction

Hundreds of institutions, both in the US and abroad, irradiate the Imaging and Radiation
Oncology Core (IROC) phantoms each year as an end-to-end test of their radiation therapy
(RT) processes. IROC has various phantoms for this purpose, which represent different
anatomical sites such as head and neck (H&N), lung and spine. These phantoms are made up of
tissue-equivalent materials and contain various structures which represent tumors and organs at
risk!215, Radiation doses received by the phantom is assessed through the use of
thermoluminescent dosimeters (TLDs) placed inside each structure. This phantom program has
been in existence for over 2 decades, and although pass rates have improved overtime, current

2021-2022 pass rates lie between 78% to 88% for the H&N, lung, and spine phantoms.

Phantoms are used to assess the accuracy of RT treatment, which is a multi-step process,
involving a team of experts working together to achieve the best treatment possible for their
patients. Accuracy in treatment planning, patient setup and even quality assurance of the
treatment machines play very important roles in the overall success of treatment. Since the
IROC phantom test is an end-to-end remote assessment tool, it is difficult to pinpoint exactly

what goes wrong within the entire process for any given phantom irradiation, to cause a failing
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or subpar result. A previous study analyzed the various reasons for failure of these phantoms,
and showed numerous causes such as systematic and local dose errors and localization errors in
various directions?’. Dose errors were primarily due to beam modeling errors*® whereas
localization errors were caused by incorrect phantom setup, or poor motion management
techniques in the case of a moving phantom?”4’, This indicates that issues exist at various
stages of the treatment process and are worth individually investigating to better understand the

reasons behind the poorer results that are seen among phantom populations.

In this study, we investigated 3 major, measurable causes of error and quantified their

contribution to the overall dose deviation of the phantoms.

6.1.1 Dose calculation error

Treatment planning is one of the key components in the RT process. This is done using a
treatment planning system (TPS), which is commissioned by an institution with data from their
linear accelerators and other treatment machines. Through TPS calibration, physical and
dosimetric parameters of the machines are modeled in the TPS, in order to accurately predict
the dose that will be delivered once the plan is transferred to the machine and delivered to the
patient. These calibration parameters do not change and therefore have an impact on every plan
that is created using the TPS. Previous studies have shown that IROC phantom results contain
dose calculation errors®’, which are more pronounced for poorer phantom irradiations. These
errors also appear to be more prevalent among the phantom irradiations with more highly

modulated plans, such as the head & neck and spine.
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6.1.2 Delivery error

A treatment plan is created for each patient and essentially tells the machine exactly what,
when and how to deliver radiation to the patient. It determines gantry, collimator, couch, and
multi-leaf collimator (MLC) positions, as well as monitor unit (MU) settings. For the duration
of treatment, the LINAC records the actual positioning of these components and the monitor
units delivered, during delivery of the plan with millisecond precision. Using the log files
generated, we can compare the planned doses from the TPS to the actual delivered doses from
the machine to assess the differences between the two. Studies have shown that errors in
machine positioning, in particular, MLC positioning, can cause deviations between the
planned and delivered dose. Systematic MLC errors, such as offsets in the MLC leaf bank
have shown changes to the planning target volume (PTV) dose of 3.7% and 7.2% for offsets of
0.5mm and 1mm respectively®’. Random error effects were found to be smaller, only causing a
change in dose of up to 1.6% overall®. Log files are likely to flag random errors during
delivery but are not likely to show systematic errors as these would result from a miss-
calibration of the machine that is not detectable with internal monitoring. Although these
effects are known, their prevalence among the RT community is unknown. Considering these
potential effects on patient treatments, it is imperative to use these log files to determine the
magnitude of the contributions of machine delivery accuracy to overall phantom irradiation

error.
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6.1.3 Machine output error

The American Association of Physicists in Medicine (AAPM) published reports that set
guidelines for linear accelerator (LINAC) output, indicating that it should be maintained to
within 1-2% of the expected/nominal value.*®4° Deviations from the nominal machine output
contribute systematically to differences between the planned and delivered doses to the
phantoms during an irradiation. Output errors also pose potential problems for all patients who
are treated using that machine and therefore have far-reaching implications within the clinic.
Previous results indicate that out of approximately 20,000 beam output checks performed at
various institutions, 2.4% (480) of results were outside of the IROC’s 5% tolerance level®.
Investigating the effects of these errors on phantom irradiation success will tell us the direct
impact of these errors to treatment plans. Quantifying the contribution of output errors to dose
deviation will allow us to evaluate machine performance without the added layers of
complexity that accompany plan design in many phantom and patient plans. This is a more

straightforward measurement of the monitor unit to dose ratio of the LINAC.

These phantom results are indicative of the quality of radiation therapy that is being
administered to patients and so the errors found have the potential to impact the quality of RT
treatment for their patients. A better understanding of the nature and magnitude of these
individual errors will help IROC to provide better feedback to institutions with subpar results,

with the goal of improving the accuracy of RT among the radiation oncology community.
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6.2 Methods and Materials

The IROC phantoms in this study are the IMRT head and neck, moving lung and SBRT
spine phantoms. They are all composed of tissue-equivalent materials and contain both targets
and organs at risk (OARs) structures. Institutions irradiating these phantoms are instructed to
treat them like patients, and IROC personnel are able to determine dose received by the various
structures through analysis of the thermoluminescent dosimeters (TLDs) placed inside

In this study, we analyzed IROC phantom data for three different error types. Each error
type was quantified individually, and the results combined to deduce the overall error that
contributed to TPS vs TLD dose deviations among the phantom population. TLDs were also
evaluated individually because a successful irradiation is dependent on every TLD within the
phantom meeting the irradiation criteria. Therefore, having a single TLD out of tolerance

would result in the phantom failing the irradiation.

6.2.1 Dose calculation error

DICOM files for the phantom plan were returned to IROC along with the phantom. We
used these files to recompute the phantom plan using our independent dose recalculation
system (DRS), Mobius3D (Varian Medical Systems®). The DRS was commissioned using data
from over 500 linear accelerators from various institutions, and therefore represents an average
performing machine by community standards'®!’. In cases where the DRS more accurately
computes dose to an institution’s phantom TLD than their TPS, this indicates a dose calculation
error or inaccuracy with the institution’s TPS, which should ideally be more closely matched to
their machine than the DRS. Further details of the methods used in this portion of the study are

outlined in our previous work3,
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6.2.2 Delivery error

Dose deviations that occur during delivery of the phantom plan were assessed using
delivery log files collected with each irradiated phantom. Log file collection was not previously
part of the IROC phantom procedure, and so these were specifically requested from institutions
irradiating the phantoms using Varian machines from 2019 to 2022. These files were then
processed using Mobius FX (Varian Medical Systems®)(V2.1.2), and deviations in dose and
MLC rms error were recorded. Further details of the methods used in this portion of the study

are outlined in our previous work (chapter 5.2).

6.2.3 Output error

Every IROC phantom is accompanied by a water-equivalent acrylic block containing three
TLDs (Fig. 6-1), which is used to assess the machine output prior to phantom irradiation. The
institution is instructed to deliver 300 cGy to their machine’s “output specification point”,
which is the point at which the calibration dose rate for that machine is specified. Additionally,
institutions are required to submit their own machine output measurement on that day, which is
classified as machine drift. This is the amount by which their machine is off from the ideal
calibration of 1 (MU = 1cGy), but still within their clinically acceptable limits. This
measurement is oftentimes performed with a farmer ion chamber or the daily output check

device.
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Figure 20. IROC acrylic output block containing three double loaded TLD's (top). Output
block setup at the LINAC with pointer measuring distance to the machine's output specification
point (bottom)

v N

Upon return of the acrylic output block along with the phantom, IROC compares the
output block TLD dose to the planned dose of 300cGy that was supposed to be delivered by the
institution. Based on this value, the TLD vs institution ratio is generated, which is the ratio of
the institution reported dose to the actual TLD dose. For this study, we deduced the true output
of the machine by comparing the institution reported output value to the TLD vs reported dose

ratio as shown in equation 5.

True machine output = institution reported output X TLD vs institution ratio

Equation 5

For example, if an institution reported an output of 1.02, indicating that their machine
output was 2% high, and their output TLD vs institution ratio was 0.97, the true machine output
would be 1.02 x 0.97 = 0.99, indicating that the machine output was truly 1% low on that day.

This true output value was used to assess output error for each phantom irradiation analyzed.

76



6.2.4 Error analysis

1. Predicted dose

A predicted dose was derived for each of the 3 error types for each phantom
assessed in this study. The predicted dose represents an adjustment of the institution’s
TPS dose number, by the difference resulting from a dose discrepancy due to dose
calculation, output or delivery magnitude inaccuracies found for that phantom result.
Using the output example above, the predicted dose would be computed by lowering the

TPS dose by 1%, to account for machine output being 1% low on that day.
2. Error

The dose difference value (D) represents error magnitude for each error type and is

computed by comparing the TPS and predicted doses, to identify which was a better

estimate of the phantom TLD dose. Equation 6 compares the ratio of TPS/TLD and

PrediCted/TLD , Where a positive result means that the independent dose recalculation

performed better than the institution’s TPS, and a negative result indicates the opposite.
The magnitude of this result also determines how much better the prediction was, where

positive x% indicates the presence of x% contribution from the error type analyzed.

TPS | Predicted

Doutpur = ( =3l 11 TLD

)xlOO

Equation 6. Example of output error calculation

3. 3.2% dose deviation
The TLDs used in the phantoms are double loaded and therefore carry a

measurement uncertainty or standard deviation of 1.6%%°. For a 95% confidence level,
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we assessed phantom deviations at the 2c level of 3.2%. This level represents a 95%
chance that the dose deviations between the institution’s TPS and the measured
phantom TLDs are beyond the level of measurement uncertainty and represent true
error in the measured TLD dose deviation. Phantom TLDs were evaluated individually,
and results were split into two groups for assessment: (1) absolute TPS vs TLD dose
deviation below 3.2%, or better performing TLDs and (2) absolute TPS vs TLD dose
deviation greater than 3.2%, or poor-performing TLDs. Absolute values were used
because the magnitude of the deviation is what mattered, versus what direction it was
in. Equation 6 also accounts for differences in direction allowing error to be determined

whether the phantom was over or underdosed.

6.3 Results

6.3.1 All error types

We evaluated all 3 error types for 51 H&N and 42 lung phantoms and evaluated dose
calculation and output error for 63 spine phantoms. The number of TLDs and the distribution

between those with dose deviation less than and greater than 3.2% is shown in Table 8.

Table 8. Distribution of dose deviation results for phantom TLDs

Number of TLDs

Dose deviation H&N | Spine | Lung
<3.2% 222 161 59
> 3.2% 84 91 23
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6.3.1 (i) H&N: We quantified 56% of dose deviations among H&N phantom TLDs with
greater than 3.2% dose deviation. Dose calculation error was the greatest contributor to the
H&N phantom error, representing 37% of the dose deviation among poorer performing
phantom TLDs. Output error made up 18% of deviations and delivery, only 1% (Fig.20 (a)
& (b)). Dose calculation error also had the strongest correlation with phantom performance
of 0.59 (p <0.01) (Pearson correlation). Figure 20 (c) shows the distribution of the individual
H&N TLD dose deviations, compared to the corresponding magnitude of each error found

within the TLDs.
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(a) Total quantified H&N dose deviation (b) H&N error distribution
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Figure 21. (a) Hllustration and (b) distribution of the total dose deviation quantified for the two
subgroups of H&N phantom TLD results; 56% of dose deviation was quantified in TLDs with
>3.2% dose deviation. This is shown in the bar graph where the black empty column represents
dose deviation, and the colored bars account for this deviation with various error types (c)
Comparison of absolute TPS vs TLD dose deviation (gray area) to each error type. As TLD
dose deviation increases (from left to right), phantom performance gets worse. Dose calculation
error was the most prevalent and had the strongest correlation (0.59, p < .01) with phantom
performance, as can be seen from the large number of positive values for this error type
towards the right of the graph. Output error was less positively correlated (0.43, p < .01) with
TLD performance and delivery error remained constant (-0.02, p = 0.8) throughout.
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6.3.1 (ii) Spine: We quantified 68% of dose deviations among spine TLDs with greater than
3.2% dose deviation. Dose calculation error was the greatest contributor to the spine
phantom error, representing 37% of the dose deviation among poorer performing TLDs.
Output error also made up a substantial portion of the error, accounting for 31% of
deviations. There was no delivery error contribution analyzed for this phantom due to
insufficient irradiations during the log file collection period (Fig.21 (a) & (b)). Dose
calculation error had the strongest correlation with phantom performance of 0.65 (p <0.01)
(Pearson correlation). Figure 21(c) shows the distribution of the individual spine TLD dose

deviations, compared to the corresponding magnitude of each error found within the TLDs.
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(a) Total quantified spine dose (b) Spine error distribution
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Figure 22. (a) lllustration and (b) distribution of the total dose deviation quantified for the
two subgroups of spine phantom TLD results; 68% of dose deviation was quantified in
TLDs with >3.2% dose deviation. This is shown in the bar graph where the black empty
column represents dose deviation, and the colored bars account for this deviation with
various error types. (c) Comparison of absolute TPS vs TLD dose deviation (gray area) to
each error type. As TLD dose deviation increases (from left to right), phantom performance
gets worse. Dose calculation error was the most prevalent and had the strongest correlation
(0.65, p <.01) with phantom performance, as can be seen from the large number of positive
values for this error type towards the right of the graph. Output error was less positively
correlated with TLD performance (0.47, p < .01).
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6.3.1 (iii) Lung: We quantified 19 % of dose deviations among lung TLDs with greater than
3.2% dose deviation. Both dose calculation and output error contributed almost equally to
the error in the lung phantom at 10% and 9% respectively (Fig.22 (a) & (b)). Delivery error
contributed -0.3%, which in this case equates to a zero contribution. Dose calculation error
had a correlation with phantom performance of 0.48 (p <.01) (Pearson correlation), while
output was 0.27 (p < .05) and delivery 0.02 (p = 0.9). Figure 22 (c) shows the distribution of
the individual lung TLD dose deviations, compared to the corresponding magnitude of each

error found within the TLDs.
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(a) Total quantified Lung dose deviation (b) Lung error distribution
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Figure 23. (a) Hlustration and (b) distribution of the total dose deviation quantified for the
two subgroups of lung phantom TLD results; 19% of dose deviation was quantified in TLDs
with > 3.2% dose deviation. This is shown in the bar graph where the black empty column
represents dose deviation, and the colored bars account for this deviation with various error
types. (c) Comparison of absolute TPS vs TLD dose deviation (gray area) to each error type.
As TLD dose deviation increases (from left to right), phantom performance gets worse. Dose
calculation error had the strongest correlation (0.48, p <.01) with phantom performance, and

output had a correlation of 0.27(p < .05) with delivery error remaining relatively unchanged
throughout.
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6.3.2 Machine output

A total of 548 phantom output measurements were evaluated across the H&N (n = 315),
spine (n = 70) and lung (n = 163) phantoms. Of 548 output TLD results, 400 (73%) had an
institutional reported value which was higher than TLD measured: 1.001 + 0.5% reported vs
0.983 £ 1.3% measured. There were 106 (19%) results with a lower institutional reported value
than TLD measured: 1.001 + 0.46% reported vs 1.013 = 1.34%. Figure 23 shows the

comparison between reported and measured machine output for all phantoms evaluated.

Reported vs measured machine output:
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Figure 24. Output results for 548 institutions showing that institutions on average reported a
value for measured machine output that was higher than the true output value.
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6.4 Discussion

An evaluation of dose calculation, delivery, and machine output errors among IROC
phantom results was performed to quantify the amount of each kind of error that contributed to
dose deviations in these phantom irradiation results. Among the TLD results with dose
deviation beyond measurement uncertainty of 3.2%, the total error quantified was 56% for
H&N, 68% for spine and 19% for lung phantom results. Dose calculation errors were most
prevalent among the SBRT spine and IMRT H&N phantoms. Although only 14 spine phantoms
(22%) in this study had a failing result, the results still closely mirror those of a previous study
which examined the reasons for failure of the spine and lung phantoms. It was found that 60%
of spine phantoms failed due to systematic dose errors?’, which stem from the treatment
planning system (TPS) parameter selection and dose calculation algorithm*. A precursor to
this work which examined dose calculation error specifically, found that on average, the DRS
calculation showed a 2.35% improvement in dose accuracy when compared to the institution’s
TPS3. The DRS represents a stock model or average performing dose calculation algorithm, so
its ability to outperform an institution’s TPS which is customized to their treatment machine,
indicates the presence of error within that TPS. The H&N phantom, having similar plan
modulation complexity to the spine, has been shown to have similar results. A study of the
H&N phantom results showed that 58% of failures were caused by systematic dose errors®,
coinciding with our findings of dose calculation errors contributing the most to this phantom’s
dose deviations. Lung phantom plans generally have less modulation than the other two
phantoms in this study, and generally test heterogeneity and motion management. Motion
management was previously found to be a major concern for treatment accuracy as localization

errors were found to be the cause of 50% of lung phantom irradiations. Systematic dose errors
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only caused 21% of failures and therefore does not have as great of an impact on this

phantom?’.

Delivery errors stem from discrepancies between the TPS calculated dose and what the
machine delivered to the phantom. This was assessed by analyzing the corresponding log files
for each treatment and MLC RMS in particular, was the factor that was further investigated to
determine its effects on phantom accuracy. For some plans the MLC leaves constantly move
during treatment delivery to modulate dose to the phantom, so the extent of these errors was
worth investigating further. A precursor to this study showed that MLC rms error was more
present among Varian 2100 machines versus the more technologically advanced Truebeam
model. There was a slightly positive correlation between phantom performance and MLC rms
error, however this correlation was less than 0.5 (Spearman rank correlation) for both phantoms
and not statistically significant for the H&N (chapter 5.3.2). While the log files can be used for
additional evaluation of the IROC phantoms, there are limitations that exist with regard to the
errors that can be identified by the log files. The log files have been shown to miss errors that
other evaluation methods were able to identify*3, and errors identified by the log files did not

have clinically significant impacts on dose to the phantoms (chapter 4).

Output deviations are not taken into account when analyzing the IROC phantom results as
part of the evaluation procedure. Machine output deviation may thus be affecting the results of
the phantom TLD measurements. Given that machine output was lower, on average, than the
expected value, systematic underdosing of phantoms may stem from this. Of the 64 systematic
dose phantom failures examined across all phantoms in Edward 2020%7, 44 (69%) dose error
failures were due to underdosing of the target structure. In this current study, 73% of measured
output results were lower than reported by the institutions. These two findings suggest a

possible connection between output error and phantom dose outcomes.
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6.5 Conclusion

Three different error types: dose calculation, delivery and output were investigated and
their contribution to the IROC phantom results was quantified. Dose calculation error was the
greatest contributor, as it was the reason for 37%, 37% and 10% of dose deviation among
H&N, spine and lung phantoms respectively. Output error made up 18%, 30% and 9% of error
in H&N, spine and lung respectively, and majority (73%) of institutions underreported their
machine dose, contributed to these inaccuracies. These results highlight the need for a more
comprehensive assessment of phantom results and give us further insight into the specific

reasons for failing and poor-performing phantom irradiations.
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Chapter 7: Discussion and Conclusions

7.1 Project summary

This main objective of this work was to quantify the magnitude of various types of errors
that contribute to IROC phantom irradiation results. Through the IROC phantom program
results, we have found that on average, for all phantoms, 15% of institutions failed to
accurately deliver the intended radiation prescription to the phantom. Given that the IROC
irradiation criteria is much less strict than the typical clinical standard, this 15% represented
only the most egregious cases, and does not encompass all poor-performing results. To better
understand and more precisely determine the reasons for these poor performances, we
identified and quantified various causes of error that were measurable as part of IROC’s remote
phantom program. Preliminarily, we conducted a study on the causes of failure of different
IROC phantoms to get a general overview of the types of errors that exist. Under aim 1, we
quantified dose calculation errors among the phantoms. Aim 2 was used to evaluate delivery
errors by first determining the IROC phantom’s accuracy with capturing these errors and then
quantifying the magnitude of existing errors among the phantom population. Under this aim,
we also evaluated machine output/calibration errors and quantified its contribution to the
overall phantom dose deviations. Finally, in aim 3, we combine the various errors found and
categorized them into better and poorer-performing phantom results to summarize the total

errors that contribute to dose deviations among IROC phantom results.

7.1.1 Preliminary study

Prior to quantifying error, we performed a retrospective analysis on the IROC moving
lung and SBRT spine phantoms. The spine phantom generally has more complex and highly

modulated treatment plans due to the nature of the small target structure (tumor) which sits on
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the organ at risk (OAR), the spinal cord. The lung phantom has a simpler “island” target
structure, which represents a tumor situated within lung tissue. This phantom additionally sits
on a motion platform to mimic patient breathing. We analyzed failing phantom irradiations
between January 2012 to December 2018 by individually assessing the TLD point dose
agreements, dose profiles and gamma analyses of each phantom. Failure mode categories were
created based on the various causes of failure recorded and each phantom was placed into the
appropriate category. Majority (60%) of the spine failures were due to systematic dose errors
which means the irradiation was administered in the correct position, but the magnitude of dose
was either too high or too low. Underdosing of the target was more prevalent than overdosing,
occurring among 69% of systematic dose error cases, at an average of -7.4 + 2.4%. Majority
(50%) of the lung failures were caused by localization errors in the direction of major breathing

motion , where the target was partially missed by up to 2.5 cm in some cases (chapter 2).

Systematic errors plaguing the spine generally stem from inaccuracies in the TPS and the
localization errors that caused most of the lung failures were due to poor motion management
strategies, as both 1TV and gating yielded similar results (Table 2-2). Other failure mode
categories included local dose failures and global errors which represented dose discrepancies
in either one or several areas of the PTV respectively. These errors could be caused by a
number of factors related to phantom setup and delivery on the treatment machine. Using these
results, we decided to further investigate the magnitude of dose calculation errors and delivery
errors among IROC phantom results. Although localization errors played a major role among
lung failures, it would be difficult to quantify this error without being present during the time of
treatment setup and delivery or conducting a more thorough assessment of each institution’s

motion management procedures.
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7.1.2 Specific Aim 1

Quantify the magnitude of dose deviation caused by dose calculation error in poor
performing IROC phantom irradiations

In this aim, we quantified the magnitude of dose deviations among IROC spine and lung
phantoms that were caused by dose calculation errors. This was done through independent
recalculation of the DICOM files for each phantom irradiation plan, using an independent dose
recalculation system (DRS). The DRS represents an average performing machine and therefore
indicated the presence of error when the DRS outperformed an institution’s TPS in terms of
accurately calculating dose to the phantom TLDs (chapter 3). Similarly to the failures seen in
the preliminary study, dose calculation errors were more prominent in the spine phantoms than
the lung. The DRS outperformed the TPS in 47% of spine phantom cases and 93% of failing
cases (Fig. 5), with an average improvement of 2.35% (Fig. 6). Dose calculation errors

accounted for 62% of the dose deviation between the TPS and TLD (Fig. 8).

Among the lung results, the DRS only outperformed the TPS in 35% of phantoms and
42% of failing phantoms (Fig. 9). Dose calculation errors accounted for only 13% of the dose
deviation between the TPS and TLD (Fig 12). Comparing these results to those of a previous
head and neck (H&N) phantom study, the spine and H&N phantoms were found to have similar
amounts of dose calculation error. This indicates that highly modulated phantom (and patient)
treatments are more susceptible to errors from TPS dose calculations than plans with low

modulation such as the lung.
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7.1.3 Specific Aim 2
Quantify the magnitude of dose deviation caused by delivery error in poor performing

IROC phantom irradiations

This aim was designed to assess delivery errors that influence the IROC phantom results.
The first part of this aim was done by conducting a study to assess the ability of the IROC
phantoms to accurately detect MLC delivery errors (chapter 4). Various SMLC and VMAT
plans were created for the two phantoms using the Raystation planning system. Random and
whole bank MLC leaf shifts were then introduced via Raystation’s scripting function, to model
error that may occur in the MLC leaves during treatment delivery. The plans were then
delivered on a Truebeam machine at MD Anderson, to the H&N and spine phantoms, custom
fitted with slimline ion chamber inserts to allow ease of multiple measurements. The log files
of the plan delivery were then collected and analyzed using Mobius FX, an independent log file
analysis tool. The random MLC shifts caused PTV dose deviations of up to -2.8% for the H&N
and 0.7% for the spine plans. Whole bank MLC shifts resulted in PTV dose deviations of up to
8% for the H&N and 7.1% for the spine, for a shift of 2 mm (section 4.3.1). These results were
very similar to dose deviations found in the literature for similar clinical plans and demonstrate

the phantom’s ability to catch and identify these error types accurately.

The effect of fraction size on MLC leaf motion error was also investigated in this study
(section 4.3.2). VMAT plans were made for the same phantoms, one at the IROC prescription
of 6.6 Gy for the H&N and 6 Gy for the spine, and another at the clinical fraction size of 2 Gy
for the H&N and 27 Gy for the SBRT spine. These plans were delivered on both the Truebeam
machine and the Varian 21EX, and the treatment log files were analyzed for MLC rms error.
The less technologically advanced 21EX recorded a greater amount of MLC rms error than the

Truebeam plans. On this machine, the 2 Gy H&N plan had 17% more rms error than the 6.6 Gy
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plan and the 6 Gy spine plan had 68% more rms error than the 27 Gy plan. Despite these
differences in error, the dose deviations were negligible between the two fraction sizes. The
H&N had a maximum dose accuracy difference of 1.3% and the spine had a maximum of

0.2%, between the two pairs of plans.

Given the results of this study, we then quantified the magnitude of delivery error that
contributes to dose deviations among IROC phantom results. This involved requesting log files
from phantom irradiations, which was previously not part of the IROC phantom analysis
process. Log files were collected for H&N and lung irradiations between January 2019 and
January 2022 and assessed using Mobius FX. Delivered doses were evaluated for dose
deviation from the true TLD dose and MLC rms error was assessed to determine impact on
phantom performance. Delivered dose error ranged between -0.3% and 0.5% for the H&N
phantom and -0.8% to 0.2% for the lung results. Additionally, MLC rms error was small, and
found to be machine dependent, where the Varian 21EX had an average of 0.3 mm which was
tenfold greater than the Truebeam at 0.02 mm. Delivery error had an overall negligible
contribution to dose deviations among the H&N and lung phantoms. This dataset is limiting in
the fact that we only investigated plans irradiated on Varian machines and log files have been

shown to not capture all errors that may exist with the MLCs (section 5.4).

The final component of delivery error evaluated was machine output and calibration error.
To quantify this error, detailed in chapter 6, we used the institution’s reported output of the
treatment machine and the measured TLD output dose from their irradiation of the IROC
output block, to compute the magnitude of output error, i.e., how far off the machine output
was from a value of 1 (1cGy/1MU). We evaluated 548 output results across the H&N, spine
and lung phantoms and found that majority (73%) of institutions reported a machine dose, that

was higher than the true output dose calculated based on the TLDs, by an average of 1.8%. The
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73% of over reported dose coincides closely with the amount of failing phantoms from the first
study (chapter 2), where underdosing represented most failures that occurred from systematic

dose errors. Underdosing represented 69%

of these failures across all phantoms while overdoing was responsible for the other 31% (Table
2-1). This could be due to institutions overestimating their machine output and possibly

delivering a dose during treatment that is lower than intended.

7.1.4 Specific Aim 3
Combine all error contributions to determine the total magnitude of dose deviation

accounted for among poor-performing IROC phantom irradiations

In this aim we combine the results of the dose calculation and delivery errors quantified in
aims 1 and 2 respectively. The results were categorized into two groups representing better and
poorer performing phantom irradiation results. The better performing group of phantoms were
ones with TPS vs TLD dose deviations less than 3.2% and the poorer performing phantoms had
deviations greater than 3.2%. We used 3.2% as the threshold because this represents TLD
measurement uncertainty at the 2c level, beyond which we are 95% certain that the dose
deviation is as a result of a true error. Overall, we were able to quantify 56% of dose deviations
in the H&N, 68% in the spine and 19% in the lung phantom irradiation results (section 6.3).
Dose calculation and output errors comprised majority of these errors: 37% and 18% for H&N,
37% and 31% for spine, 10% and 9% for lung respectively, and showed positive correlations
with the magnitude of phantom dose deviation (section 6-3). Delivered dose error (assessed
through the log files) was minimal in its contribution and had no impact on phantom dose

deviation.
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7.2 Evaluation of the Hypothesis

The hypothesis of this project was that the sources of error evaluated would comprise on
average, at least 50% of the magnitude of total dose deviation that is currently seen among all
poorer performing IROC phantom irradiations. For the subset of phantoms having all errors

evaluated, the magnitude of quantified error in the poor performing phantoms is as follows:

7.2.1 H&N phantoms

Error Magnitude (%)
Dose calculation 37
Delivered dose 1
Machine output 18
Total 56

We quantified 56% of the total dose deviation for the poor performing phantom TLDs in
the H&N irradiation results. Our hypothesis was therefore met for this phantom since we were

able to quantify majority of the error among these phantom results.

7.2.2 Spine phantoms

Error Magnitude (%)
Dose calculation 37
Delivered dose N/A
Machine output 31

Total 68
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We quantified 68% of the total dose deviation for the poor performing phantom TLDs in
the Spine irradiation. Our hypothesis was also met for this phantom since we were able to
quantify majority of the error among these phantom results. Despite not collecting enough log
files to perform analysis on this phantom, the rest of the error is unlikely due to delivered dose

error given that very little of this error type was found in either of the other phantoms.

7.2.3 Lung phantoms

Error Magnitude (%0)
Dose calculation 10
Delivered dose -0.3(=0)
Machine output 9

Total 19

We quantified 19% of the total dose deviation for the poor performing phantom TLDs in
the lung irradiation. This is 31% shy of the 50% magnitude that we hypothesized. This low
magnitude of error is not surprising for the lung phantom. The preliminary study (chapter 2)
indicated that most of the error causing lung phantom failures was due to poor motion
management. Motion management error was not quantified as part of this study due to the
complexity and limitations involved with assessing this error remotely. This large amount of

unquantified error creates a great opportunity for further investigation into this problem.
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7.3 Future Research and Applications

This study was a success in that it provided us with the reasons for over half of the dose
deviations among the spine and H&N phantom results. A small portion of the lung dose
deviations were guantified, and there is a great opportunity for improving on these results. As
mentioned before, the lung phantom primarily fails due to motion management errors. This
error is not easily quantifiable as the phantom program is a remote audit process, so it would be
difficult to assess each institution’s motion management program in terms of setup and
execution at the machine, without physically being there. Additionally, a correlation between
localization error (magnitude and direction) and dose deviation would have to be developed in
order to computationally determine how much dose deviation is caused by each shift, whether
it be superior-inferior or anterior-posterior (the two directions of motion for this phantom). This
work could also be expanded to include other IROC phantoms such as the SRS H&N which is

similar in geometry but different in treatment type to the IMRT H&N.

The results from this work will help IROC to better inform program participants of their
phantom results (whether failing or passing), by utilizing the error modes investigated to
provide a more detailed breakdown of their results. Currently, institutions are provided with a
binary “pass/fail” result, along with their TPS vs TLD dose deviations, dose profiles and
gamma analyses. When a failing result occurs, the institution oftentimes re-irradiates the
phantom (in some cases up to 3 times) and reports any changes made to IROC, especially if the
subsequent irradiation results in a pass. This approach may solve some of the issues that cause
a failing result but may require multiple repeat irradiations to figure it out. Instead, providing
descriptions of what areas need to be worked on, such as “machine output was too low” or
“beam modeling might be sub-optimal” would better guide physicists in fixing or improving

their results. This method has already been tested in a handful of cases at IROC in 2022. One
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institution irradiated the IMRT H&N phantom, and although obtaining a passing result (TLD
dose within £7%) , their TPS vs TLD dose deviation was 5.5%. In addition to the current IROC
procedures, we performed an additional evaluation of this phantom using the methods in this
study. Dose calculation error contributed 3.9% and machine output contributed 1.8% for a
combined dose deviation error of 5.7%, only 0.2% off from the total dose deviation seen for
this phantom. Unfortunately, delivery error was not evaluated in this case due to the lack of
delivery log files. This institution can then use this information to verify machine output and
reevaluate their TPS beam modeling parameters to improve their future phantom and clinical
outcomes. This example shows the extent of the detail that IROC would be able to provide as
part of the evaluation and feedback to future program participants. Therefore, a critical next

step would be implementing this work into the current IROC workflow.
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Appendix A: Supplement to Chapter 2

This appendix serves as the supplement to

Chapter 2: Differences in the patterns of failure between IROC lung and spine phantom

irradiations

Additional failure category illustrations not included in manuscript:
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Figure 25. Lung phantom local dose failure
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Figure 26. Lung phantom systematic overdose
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Lung failures

= Systematic dose
= Local dose

= Localization

= Global

= other

Figure 27. Major categories of failure for lung phantoms

The “combination” category is listed as “other” for simplification.

Spine failures

= Systematic dose
= Localization
= Local dose

= other

Figure 28. Major categories of failure for spine phantoms

OAR overdose and localization errors are grouped as “other” for simplification.

The spreadsheet containing all data analysis is located on the IROC Houston network drive at

J:\Everyone\Sharbacha\Dissertation\Appendix A
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Appendix B: Supplement to Chapter 3

This appendix serves as the supplement to

Chapter 3: Quantifying dose calculation errors in IROC Phantoms

The following figures are an extension of the results from the spine and lung phantom dose

recalculations, showing correlations between dose calculation errors and TPS vs TLD dose

deviations.

Spine dose calculation error contrasted with absolute TPS vs TLD dose deviation

Dose (%)

TLDs (n = 344)

M Abs. TPS vs TLD @ Dose calculation error

Figure 29. Magnitude of dose calculation error vs Absolute TPS vs TLD dose deviation for the
spine phantom results.
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Lung dose calculation error contrasted with absolute TPS vs TLD dose deviation
15

10

o’.g"‘ “".’.' "
° © o go o0 °

) o 1)
TLDs (n = 344)
M Abs. TPS vs TLD @ Dose calculation error

-10

Figure 30. Magnitude of dose calculation error vs Absolute TPS vs TLD dose deviation for the
lung phantom results.

The figures below show DRS vs TPS performance based on TPS algorithm, treatment machine
and treatment type for both phantoms, and additionally, respiratory management method for the

lung phantom.
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Figure 31. Phantom results categorized by TPS algorithm
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Treatment type - Spine Treatment type - Lung
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Figure 32. Phantom results categorized by treatment type
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Figure 33. Phantom results categorized by machine type
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Figure 34. Lung phantoms categorized by respiratory management method

The spreadsheet containing all data analysis is located on the IROC Houston network drive at

J:\Everyone\Sharbacha\Dissertation\Appendix B
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Appendix C: Supplement to Chapter 6

This appendix contains figures from the defense presentation of Output error.

Spine output error contrasted with absolute TPS vs TLD dose deviation
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Figure 35. Magnitude of output error vs Absolute TPS vs TLD dose deviation for the spine
phantom results.

H&N output error contrasted with absolute TPS vs TLD dose deviation

10

Spearman’s rank correl.
r=0.63,p<.001

Dose (%)

TLDs (n = 1890)

M Abs. TPSvs TLD @ Output error

Figure 36. Magnitude of output error vs Absolute TPS vs TLD dose deviation for the H&N phantom
results.
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Lung output error contrasted with absolute TPS vs TLD dose deviation
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Figure 37. Magnitude of output error vs Absolute TPS vs TLD dose deviation for the lung
phantom results.
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Appendix D: Individual Cases & Additional Materials

Sample cases: IMRT H&N

Case l

Table 9. Raw TLD data for Case 1

TLD1 | TLD2 | TLD3| TLD4 | TLD5 | TLD®6 Avg
TPS dose (Gy) 6.7 6.8 6.7 6.8 5.6 5.6 63
DRS dose (Gy) 6.4 6.4 6.4 6.4 5.3 5.3 6.0
TLD dose (Gy) | 6.3 6.3 6.4 6.3 5.2 5.2 >9
Table 10. Analyzed TLD data for Case 1
TPSvs TLD Absolute TLD | Dose Delivery Output
dose deviation | dose deviation | calculation error (%) | error (%)
(%) (%) error (%)
TLD 1 -6.0 6.0 4.6 0.0 2.9
TLD 2 -6.4 6.4 5.7 -0.2 2.9
TLD 3 -4.6 4.6 4.2 -0.2 2.8
TLD 4 -6.9 6.9 55 -0.2 2.9
TLD 5 -6.8 6.8 4.8 -0.4 2.9
TLD 6 -5.9 59 4.6 -0.4 2.9
Average -6.1 6.1 4.9 -0.2 2.9

The TPS vs TLD dose deviations in this phantom were primarily computational or dosimetric
in nature. We were able to quantify this error because of this, with the major error contributions

coming from dose calculation and machine output error.

e This phantom passed the IROC irradiation
e Machine output was measured as 2.7% low on that day

o Output error assessments improved TPS to TLD agreement by 2.9%

e TPS calculated dose was 6.3 Gy on average, vs DRS calculated dose of 6.0 Gy.
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o Dose calculation error improved TPS to TLD agreement by 4.9% on average.

e \We found error to account for 7.8% total out of 6.1% TPS vs TLD dose deviation. This

value puts us 1.7% above actual measured TLD value, but still much closer than the

TPS was at 6.1% under measured value.

108



Dose profiles from this case are shown below:
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Figure 38. Dose profiles of IMRT H&N Case 1 showing
systematic underdosing of the PTVs, indicating
dosimetric inaccuracies.
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Case 2

Table 11. Raw TLD data for Case 2

TLD1 | TLD2 | TLD3 | TLD4 | TLD5 | TLD6 | Avg
TPS dose 6.8 6.8 6.7 7.0 5.7 5.7 6.4
(Gy)
DRSdose | 6.9 6.8 6.7 6.9 5.8 5.7 6.4
(Gy)
TLDdose | 7.3 7.0 7.0 7.2 6.0 5.9 6.7
(Gy)

Table 12. Analyzed TLD data for Case 2

TPSvs TLD | Absolute TLD | Dose Delivery Output

dose dose deviation | calculation | error (%) error

deviation (%) | (%) error (%) (%)
TLD 1 6.3 6.3 0.7 0.1 -1.9
TLD 2 3.6 3.6 0.1 0.1 -1.9
TLD 3 3.9 3.9 0.3 0.1 -1.9
TLD 4 4.2 4.2 -1.1 0.1 -1.9
TLD 5 3.8 3.8 0.5 0.7 -1.9
TLD 6 3.7 3.7 -0.3 0.5 -1.9
Average 4.2 4.2 0.0 0.3 -1.9

This phantom passed the IROC irradiation

e The TPS vs TLD dose deviations in this phantom case were not dosimetric in nature.
The dose profiles (below) indicate local dose discrepancies or errors along the Sl and
LR profiles. Greater delivery error effects were seen in the secondary PTV(TLDs 5 and

6) compared to the primary PTV:
e Primary PTV delivery error = 0.1%

e Secondary PTV delivery error = 0.6%
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Figure 39. Dose profiles of IMRT H&N Case 2 showing
local dose errors in various parts of the Sl and LR
profiles.
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Sample cases: Lung

Case 3

Table 13. Raw TLD data for Case 3

TLD1 | TLD2 | Avg
TPS dose (Gy) | 6.3 6.3 6.3
DRS dose (Gy) | 6.2 6.2 6.2
TLD dose (Gy) |5.8 5.9 59

Table 14. Analyzed TLD data for Case 3

TPS vs Absolute Dose Delivery | Output
TLD dose | TLD dose calculation | error (%) | error
deviation | deviation (%0) | error (%) (%)
(%)
TLD 1 -7.0 7.0 1.9 -0.2 4.3
TLD 2 -6.1 6.1 1.4 0.0 4.2
Average -6.5 6.5 1.6 -0.1 4.3

The TPS vs TLD dose deviations in case 3 were dosimetric in nature.

e This phantom passed the IROC irradiation

e Machine output was measured as 4% low on that day

TLD average dose was measured as 5.8Gy.

e The total dose deviation quantified in this case was 4.3% + 1.6% = 5.9% out of a total
6.3% dose deviation on average. This equates to 90% of dose quantified for this

1.6% on average

phantom
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o Output error assessments improved TPS to TLD agreement by 4.3% on average
e The TPS dose was calculated as 6.28 Gy on average and the DRS was 6.18 Gy. The

o Dose calculation error assessment improved TPS to TLD dose agreement by
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Figure 40. Dose profiles of lung Case 3 showing
systematic underdosing of the PTVs, indicating
dosimetric inaccuracies.
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Case 4

Table 15. Raw TLD data for Case 4

TLD1 | TLD2 | Avg
TPS dose (Gy) | 6.4 6.4 6.4
DRS dose (Gy) | 6.2 6.3 6.3
TLD dose (Gy) |5.8 6.0 59

Table 16. Analyzed TLD data for Case 4

TPS vs Absolute Dose Delivery | Output
TLD dose | TLD dose calculation | error (%) | error
deviation | deviation (%) | error (%) (%)
(%)
TLD 1 -9.0 9.0 2.6 0.0 -2.1
TLD 2 -6.9 6.9 2.4 0.0 -6.8
Average -7.9 7.9 2.5 0.0 -4.4

The TPS vs TLD dose deviations in case 4 were NOT dosimetric in nature.

e This phantom failed the IROC irradiation, TLD 1 was outside of the £7% dose

tolerance.

e There were small improvements seen through dose calculation assessments: 2.5% on

average.

e Output analysis did not cause an improvement. In fact, output assessments brought us

further away from the true TLD dose: -4.4%.

e The dose profiles indicate an ITV or motion management related error
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Figure 41. Dose profiles of lung Case 4
indicating ITV errors in the Sl profile, where
the planned dose (pink) appears broader than
the film (blue) dose in the shoulder regions of
the profile.

Additional phantom analysis data for all error types are located on the IROC Houston network
drive at J:\Everyone\Sharbacha\Dissertation\Appendix D.

This contains:

e MLC perturbation Python code for use in Raystation:
o both random and whole bank leaf shifts

e Spreadsheets of all remaining error analysis
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