Received: 5 September 2019 | Revised: 5 November 2019 | Accepted: 18 December 2019

DOI: 10.1002/acm2.12819

RADIATION ONCOLOGY PHYSICS WILEY

Impact of the MLC leaf-tip model in a commercial TPS: Dose
calculation limitations and IROC-H phantom failures

Brandon Koger | Ryan Price | Da Wang | Dolla Toomeh | Sarah Geneser | Eric Ford

Department of Radiation Oncology,

University of Washington School of Abstract

Medicine, Seattle, WA, USA Purpose: Treatment planning system (TPS) dose calculation is sensitive to multileaf
Author to whom correspondence should be collimator (MLC) modeling, especially when treating with intensity-modulated radia-
addressed. Brandon Koger tion therapy (IMRT) or VMAT. This study investigates the dosimetric impact of the

E-mail: bkoger@uw.edu
MLC leaf-tip model in a commercial TPS (RayStation v.6.1). The detectability of

modeling errors was assessed through both measurements with an anthropomorphic
head-and-neck phantom and patient-specific IMRT QA using a 3D diode array.
Methods and Materials: An Agility MLC (Elekta Inc.) was commissioned in RaySta-
tion. Nine IMRT and VMAT plans were optimized to treat the head-and-neck phan-
tom from the Imaging and Radiation Oncology Core Houston branch (IROC-H).
Dose distributions for each plan were re-calculated on 27 beam models, varying
leaf-tip width (2.0, 4.5, and 6.5 mm) and leaf-tip offset (—2.0 to +2.0 mm) values.
Doses were compared to phantom TLD measurements. Patient-specific IMRT QA
was performed, and receiver-operating characteristic (ROC) analysis was performed
to determine the detectability of modeling errors.

Results: Dose calculations were very sensitive to leaf-tip offset values. Offsets of
+1.0 mm resulted in dose differences up to 10% and 15% in the PTV and spinal
cord TLDs respectively. Offsets of £2.0 mm caused dose deviations up to 50% in
the spinal cord TLD. Patient-specific IMRT QA could not reliably detect these devia-
tions, with an ROC area under the curve (AUC) value of 0.537 for a +1.0 mm
change in leaf-tip offset, corresponding to >7% dose deviation. Leaf-tip width had a
modest dosimetric impact with <2% and 5.6% differences in the PTV and spinal
cord TLDs respectively.

Conclusions: Small changes in the MLC leaf-tip offset in this TPS model can cause
large changes in the calculated dose for IMRT and VMAT plans that are difficult to
identify through either dose curves or standard patient-specific IMRT QA. These
results may, in part, explain the reported high failure rate of IROC-H phantom tests.
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1 | INTRODUCTION

Installation of a new treatment planning system (TPS) requires rigor-
ous commissioning and validation testing to ensure dose calculation
accuracy.! This includes external validation of the dosimetry as rec-
ommended by various national and international groups®™ and as
required for clinical trials.® Intensity-modulated radiation therapy
(IMRT) credentialing is offered by the Imaging and Radiation Oncol-
ogy Core Houston branch (IROC-H) in the form of anthropomorphic
phantoms for several anatomical sites.® Recent results from IROC-H
show that 17% of institutions using the service had considerable
dose calculation errors in their TPS” and that patient-specific IMRT
quality assurance (QA) at many of these institutions failed to predict
these errors.® Despite significant evidence that patient-specific IMRT
QA fails to detect TPS errors,”*? many institutions continue to rely
on it for TPS commissioning and validation.

Although these failure patterns are established and appreciated
in the community, it is not well-known which specific factors within
the TPS may cause these failures, especially for newer planning sys-
tems. Small changes in the multileaf collimator (MLC) position are
known to translate into large dose deviations in IMRT plans.}®1¢
Previous studies have examined the potential impact of MLC miscali-
bration both in delivery!” and as seen in log files.*® Studies have also
examined the dosimetric leaf gap (DLG) parameter used in the
Eclipse TPS (Varian Medical Systems, Palo Alto, CA) to describe leaf
offset positions, showing potentially large dosimetric impacts.*’2*
However, these studies do not explore whether these results trans-
late across planning systems, nor do they assess the detectability of
these deviations with QA devices or whether anthropomorphic
phantom tests may aid in the detection of inaccurate MLC modeling.
Furthermore, the RayStation TPS (RaySearch Laboratories, Stock-
holm, Sweden) MLC model includes several unique parameters that
have not been extensively investigated.

The purpose of this study was to investigate the dosimetric
impact of parameters in the MLC model in a commercial TPS. Addi-
tionally, the detectability of suboptimal MLC modeling was assessed
through two common tests: measurements with a patient-specific
IMRT QA device and validation with a third-party anthropomorphic
phantom.

2 | METHODS AND MATERIALS

2A |
model

IROC-H phantom irradiation and TPS beam

Photon planning in RayStation v.6.1 was commissioned and validated
following the most recent recommendations of AAPM Medical Phy-
sics Practice Guideline 5.a. All recommended validation tests from
AAPM's MPPG 5.a' and TG-119%2 were performed and were found
to agree to within the recommended tolerances.

External validation was carried out through irradiation of the
IROC-H head-and-neck phantom.?® Such tests are recommended by

MPPG 5.a' and other reports.>* This anthropomorphic head-and-
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neck phantom (Figure 1) contains planning structures and dosimeters
(thermoluminesent dosimeters [TLDs] and film) and provides rigorous
testing of the accuracy of the TPS model. The phantom contains
eight total TLDs, labeled here as PTV1 center, PTV1 periphery,
PTV2, and Spinal cord, each with both superior and inferior TLDs.
For simplicity and clarity, this study only includes the superior TLDs,
as doses from the superior and inferior TLDs were found to agree
within 0.3% in the PTVs and 1.5% in the spinal cord.

The phantom was scanned on a CT simulator following standard
clinical workflow, and nine uniquely optimized treatment plans were
created in the TPS following the planning guidelines given by IROC-
H. Of these plans, five plans were step-and-shoot IMRT plans con-
taining either seven or nine beams evenly distributed around the
patient. Note that Elekta linear accelerators do not allow dynamic
IMRT beam delivery except for VMAT plans. The four remaining
plans were delivered using VMAT containing either two or three full
arcs with variable collimator angles, dose rate, and gantry speed. The
total monitor units (MU) for all plans ranged between 1469 and
2114 MU. Table 1 summarizes beam arrangement and MU informa-
tion for each plan. All plans were optimized by prioritizing different
optimization objectives, while still remaining within the IROC-H plan-
ning guidelines, in order to obtain unique optimization solutions. All
plans were typical of how our institution would treat a head-and-
neck patient, both in terms of complexity and beam arrangements.

One of these plans, a 7-field step-and-shoot IMRT plan (Plan
IMRTO in Table 1), was delivered to the IROC-H phantom after stan-
dard patient-specific QA and physics checks were performed.

|
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Fic. 1. Schematic of Imaging and Radiation Oncology Core
Houston (IROC-H) head-and-neck phantom. Superior
thermoluminesent dosimeters (TLDs) are shown and labeled.
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TasLe 1 Description of the treatment plans used in this study.

Plan Number of Total
name beams MU Comments
IMRTO 7 1542 Step-and shoot
IMRTL 7 1772 delivery
Equally spaced beams
IMRT2 7 1733
IMRT3 9 1747
IMRT4 9 1818
VMAT1 2 1711 Full arcs
VMAT2 2 1871 Variable dose rate
VMAT3 2 2114
VMAT4 3 1469

Five step-and-shoot IMRT plans and four full arc VMAT plans were indi-
vidually optimized to ensure a variety of plans with unique solutions
were investigated.

Despite extensive in-house validation following vendor recommenda-
tions and AAPM standards, the results failed the £7% criteria set by
IROC-H. Specifically, the dose deviation for each TLD (IROC-H mea-
sured vs. TPS dose) was: PTV1 center: —7%, PTV1 periphery: —9%,
PTV2: —4%, Spinal cord: —4%. Partially based on these findings, it
was found that small adjustments in two parameters — the MLC
leaf-tip width and leaf-tip offset — caused large variations in TPS-
calculated dose for IMRT and VMAT plans with minimal apparent
effect on open fields. This effect was particularly prominent for the
leaf-tip offset.

In the RayStation TPS, the leaf is modeled as a double step func-
tion (Figure 2). The leaf-tip width is defined as the width of the
region of the MLC that has partial transmission, modeled with a
transmission of /T, where T is the intraleaf leakage. The leaf-tip off-
set is defined as the offset of the MLC from the nominal position. A
positive leaf-tip offset models an effectively larger field size, while a
negative leaf-tip offset models a smaller field size. The leaf-tip offset
is somewhat similar to a parameter used in the Eclipse TPS, the dosi-
metric leaf-gap (DLG),?° which is defined as the difference between
the 50% field width and the nominal radiological field size.
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Fic. 2. |lllustration of the multileaf collimator (MLC) model in the

treatment planning system (TPS). Two parameters are used: (1) leaf-

tip width, which defines a region of partial transmission, and (2) leaf-
tip offset, which defines a shift in the leaf from its nominal position

and is represented by the leaf shown in brown. The solid black line

represents the percentage transmission through the leaf.

2.B | Simulated beam model deviations and
detectability with QA

Twenty-seven inaccurate beam models were created using combina-
tions of leaf-tip offset (ranging from —2.0 to +2.0 mm at 0.5 mm
intervals) and leaf-tip width (2.5, 4.5, and 6.0 mm). Leaf-tip values of
approximately —1 to +1 mm led to beam models that were very sim-
ilar when profile and PDD data and IMRT QA were compared but
could be distinguished based on IROC-H TLD measurements. The
range of leaf-tip offset values was chosen to encompass these values
with some margin on either end. Each of the nine plans previously
mentioned were recalculated, but not re-optimized, on each beam
model. Mean doses to each of the TLDs within the phantom were
extracted from the TPS and compared against both the IROC-H-
measured doses and the TLD dose as calculated by the TPS using
the clinical model.

To determine whether the failures in the IROC-H phantom deliv-
ery would be detectable through patient-specific IMRT QA, each
plan was delivered to a 3D diode array (ArcCheck, Sun Nuclear Inc,
Melbourne, FL). The delivered plan was compared to the plans calcu-
lated with models using different leaf-tip offset values. Gamma anal-
ysis?* was performed using a low-dose threshold of 10% and criteria
of both 2% global/2 mm and 3% global/3 mm.

Receiver-operating characteristic (ROC) curves, often used in
medicine to assess the detectability of a given end point,”?> were
generated by varying the gamma pass rate. They plot the true posi-
tive rate (sensitivity) versus the false positive rate (1-specificity) of a
given test. Here, plans calculated on the clinical model were consid-
ered passing, while plans calculated on other beam models were
considered failing. Test quality can be quantified as the area under

the curve (AUC), ranging from 0.5 (poor) to 1.0 (excellent).

3 | RESULTS

3.A | TPS model and agreement with IROC-H

Figure 3 shows the percent difference between the measured and cal-
culated TLD doses as a function of leaf-tip offset for (a) all TLDs, with
a constant leaf-tip width value of 4.5 mm, which matches the clinically
commissioned model at our institution and (b) two TLDs with several
leaf-tip width values in order to investigate the effect of the leaf-tip
width. Note that these results represent one IMRT plan (IMRTO in
Table 1), which was the only plan with TLD measurements from the
IROC-H phantom. The dose agreement has a strong dependence on
the leaf-tip offset for all TLDs. Changing the leaf-tip offset by only
1 mm can result in a dose difference of over 10% in some TLDs. The
dependence on leaf-tip offset is strongest in the Spinal cord and PTV1
periphery TLDs, both of which were in high dose gradient regions of
the plan. The dependence on the leaf-tip width was less pronounced,
with a maximum variation of only 5.6% over the range of leaf-tip
widths for the Spinal cord TLD and less than 2% for all other TLDs.
For this reason, the remainder of this study focuses only on the
effects of the leaf-tip offset, rather than the leaf-tip width.
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3.B | Effect of leaf-tip offset on TLD agreement

Figure 4 shows the percent dose difference between the adjusted
model and the clinical model as a function of leaf-tip offset for all
nine plans described in the methods. Note that the leaf-tip width
was held constant at 4.5 mm as described in the previous section.
Each leaf-tip offset shows two boxplots, one for IMRT (5 plans) and
one for VMAT (4 plans). The clinical model, with a leaf-tip offset of
—0.5 mm, was used as a baseline. Thus, the dose difference at
—0.5 mm leaf-tip offset is equal to zero.

In general, a more negative leaf-tip offset value, which corre-
sponds to a smaller field size, underestimates the dose, while a more
positive leaf-tip offset, which corresponds to a larger field size, over-
estimates the dose. The results are approximately symmetric around
the clinical model, though the exact relationship depends on the
specific beam parameters of each plan. This can be seen in Figure 4
for all four TLDs, with models that have a leaf-tip offset that is more
negative than the clinical model underestimating the dose, and mod-
els with a more positive leaf-tip offset overestimating the dose.

Similar to the results seen in Figure 3, the leaf-tip offset has the
largest effect on both the PTV1 periphery and Spinal cord TLDs,
likely due to their location near high-gradient regions of the plan.
The responses between IMRT and VMAT follow the same trend,
though the VMAT plans show greater variability between individual
plans in the dose in low-gradient regions, as seen in PTV1 — center
and PTV2 TLD.

3.C | Detectability of model deficiencies by patient-
specific IMRT QA

The detectability of the beam model variations was assessed by cre-
ating ROC curves varying the gamma pass rate (Figure 5). The curve
represents the ability of patient-specific IMRT QA to distinguish
between an acceptable model (i.e.: the clinical model) and an unac-
ceptable model. AUCs of 0.537 and 0.938 were found for 0.5 and
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1.0 mm leaf-tip offsets, which correspond to mean dose deviations
of 7.2% and 11.1% across all plans and TLDs. While patient-specific
IMRT QA performs well for large dose deviations (AUC 0.938 for
1 mm offset), it is inadequate at detecting models with small to
moderate dose deviations. These results were nearly identical when
comparing IMRT and VMAT, as well as when comparing 2%/2 mm

and 3%/3 mm dose criteria.

4 | DISCUSSION

This study investigated the dosimetric effects of MLC beam model
parameters in the context of IMRT and VMAT planning in a com-
mercial TPS. Small changes in the MLC leaf-tip offset had large
effects on the dose. A 1 mm change in the leaf-tip offset led to dose
deviations of up to 10% in the PTV and 15% outside the PTV. These
differences were detected neither through the commissioning pro-
cess nor through standard TPS validation tests advocated by profes-
sional societies. Patient-specific IMRT QA was also unable to reliably
detect model changes except in situations of very large dose differ-
ences. Using restricted criteria (e.g. 2%/2 mm) also did not improve
the detectability. Only external validation through the IROC-H phan-
tom was able to detect the modeling errors in this case.

A number of previous studies have also noted a strong depen-
dence of the IMRT dose calculation with the position of the MLC
leaves.'®*3-21 Thjs study, however, uses a different MLC model and
TPS, as well as step-and-shoot IMRT and VMAT delivery. It also con-
siders the detectability of deviations in these parameters through
patient-specific QA and anthropomorphic phantoms. The TPS consid-
ered here does not use full ray-tracing. Instead, the MLC leaf-tip
width and offset are used to model the rounded ends of the MLC
leaves. While variations in these parameters have minimal effect on
the open field profiles and depth dose curves, they have large
effects on the calculated dose in IMRT and VMAT plans, leading to

potential for errors.
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Percent difference in thermoluminesent dosimeter (TLD) dose reported by the treatment planning system (TPS) versus measured

dose from the Imaging and Radiation Oncology Core Houston (IROC-H) phantom as a function of leaf-tip offset for (a) all TLDs with a 4.5 mm
leaf-tip width and (b) the PTV1 center and Spinal cord TLDs with various leaf-tip widths.
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Percent difference in treatment planning system (TPS)-calculated thermoluminesent dosimeter (TLD) dose between the adjusted

model and the clinical model as a function of leaf-tip offset for nine plans. TLDs at the following locations: (a) PTV1 center, (b) PTV1
periphery, (c) PTV2, and (d) Spinal cord. Note that the scale in (d) is different. The boxplots show the dose difference for five intensity-
modulated radiation therapy (IMRT) and four VMAT plans. Doses are compared to the clinical model (leaf-tip offset at —0.5 mm). All leaf-tip
offsets correspond to those labeled on the x-axis, though the data are staggered slightly for clarity.

Some previous studies have focused on miscalibration of the
MLC and the potential dosimetric impacts.'”*® Cadman et al.}>*¢
found large dose dependences with the MLC leaf position in early
versions of the Pinnacle planning system. However, the bulk of the
literature has examined the impact of the leaf model in the Eclipse
TPS. The Eclipse system uses a dosimetric leaf gap (DLG) parameter
to describe the offset of the MLC leaves, defined as the difference
between the 50% radiological field width and the nominal radiologi-
cal field size.?° While the parameters are not identical, Eclipse's DLG
and RayStation's leaf-tip offset both represent shifts of the MLC
from its nominal position,?° allowing comparisons to be drawn
between this study and DLG-based studies. The studies of the
Eclipse model suggest that small changes in the MLC offset can have
large effects on the dose calculation for IMRT and VMAT plans. Lee
et al.? found that a change in the DLG of 1 mm caused large

1.2° also found that

(>10%) changes in the calculated dose. Kielar et a
varying the DLG by 1 mm from the optimal value determined during
commissioning led to a 5% difference between measured and calcu-

lated doses in clinical treatment plans. The results here are

consistent with these findings and extend the results to address the
question of whether such deviations are detectable with patient-
specific IMRT QA and external audits.

While a few publications have also investigated the RayStation
beam model, to our knowledge no study to date has systematically
investigated the impact of the leaf-tip offset. Chen et al.2 optimized
the MLC model, varying the MLC leaf-tip width, MLC transmission
factor, and tongue-and-groove width for Varian linacs. In their study,
the leaf-tip offset was set per vendor recommendations, and its
impact was not investigated. Mzenda et al.?” modeled both the
Elekta MLCi and Agility collimators. Though they did not explore
model dependencies, they found excellent model agreement with
IMRT QA and dose curve comparison. Dose measured inside an
anthropomorphic thorax phantom with a 1 cm spherical target was
within 1% of the TPS. However, no measurements were taken out-
side of the target, a region with the greatest variability in the current
study.

Despite significant evidence in the literature that patient-specific
IMRT QA fails to detect TPS errors,’*2 many institutions rely on it
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the performance of patient-specific intensity-modulated radiation
therapy (IMRT) quality assurance (QA) at detecting model failures
(gamma criteria 3%/3 mm). The curve represents the ability of
patient-specific IMRT QA to distinguish between an acceptable
model (i.e.: the clinical model) and an unacceptable model.
Unacceptable model results are shown for 0.5 and 1.0 mm leaf-tip
offsets, which correspond to mean dose deviations of 7.2% and
11.1% across all plans and TLDs. See Figure 4 for further details on
the dose deviation.

for TPS commissioning. It is advocated by AAPM MPPG 5.a and
TG 119?2 as one of the key methods to validate commissioning of
TPS, though with caveats on detector size and spacing that are often
overlooked. The results here support and supplement the body of
evidence in the literature, showing that patient-specific IMRT QA
cannot reliably identify inferior MLC beam models unless the dose
deviation is very large (>10%). Carlone et al.? introduced random
shifts to the MLC leaves and found that IMRT QA was only sensitive
to very large errors (>3 mm shifts). Kruse!? showed that gamma
analysis was insensitive to inaccurate dose calculation by comparing
ion chamber measurements to IMRT QA using gamma analysis.
Nelms et al.*? found no correlation between gamma pass rates and
errors introduced to the penumbra and MLC transmission parame-
ters in the beam model. Interestingly, the gamma criteria chosen
(2%/2 mm or 3%/3 mm) had little effect on the quality of the test, a
result that also agrees with recent findings in the literature.®? The
results presented here extend these findings of limitations in QA
with the explicit goal of tying them to dose deviations in the treat-
ment plan caused by variations in beam model parameters. The
results presented here are also consistent with Kry et al..® who
showed that IMRT QA provides no predictive power for failures of
the IROC-H phantom-based tests.

Some parameters within the TPS were not studied here, such as
the MLC transmission, tongue and groove effect, and the gain and
curvature of MLC leaf-tip position. These are reported else-

where?427

and were not found to have a large impact on IMRT dose
calculation at our institution. Only Elekta linacs with the Agility colli-
mator and a 6 MV photon beam were studied. It is possible that
these results may be different for MLC systems with different geo-
metric parameters — such as radius of curvature of the rounded leaf

ends, which are not modeled with the simple step functions — or
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through a more sophisticated ray-tracing treatment of the MLC.
Finally, all results presented here are based on the IROC-H head-
and-neck phantom with 6 MV photons. Though this choice may be
justified by the fact that MLC leaf-tip offsets are thought to have a
stronger effect in plans with larger dose gradients,** it may also be
valuable to investigate other anthropomorphic phantoms, such as
prostate, lung, liver, or SRS phantoms. The collection of multi-institu-
tional data through increased use of the IROC-H program may pro-
vide additional insight; according to Glenn et al.?® as of December
2016, only nine institutions using RayStation had participated in the
IROC-H head-and-neck phantom irradiation program, and only four

of these used Elekta linacs.

5 | CONCLUSIONS

The MLC modeling parameters in a commercial TPS were investi-
gated in the context of IMRT treatment planning. Changes in
these parameters had large effects on IMRT dose, but these
effects were not readily apparent during the standard modeling,
commissioning, and validation processes. This effect was much
more pronounced for the leaf-tip offset than the leaf-tip width,
with dose differences up to 20% for a 1 mm shift in the MLCs.
IMRT QA was unable to detect failing models unless the dose
deviation was very large (>20%). Only external validation with an
anthropomorphic phantom was able to reliably detect failing mod-
els. Care should be taken during the modeling process of the
MLCs in a new planning system, and external audits recommended
by national and international societies are an essential component

of safe TPS commissioning.
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