Received: 21 June 2023

Revised: 13 November 2023

W) Check for updates

Accepted: 7 December 2023

DOI: 10.1002/mp.16907

RESEARCH ARTICLE

MEDICAL PHYSICS

Multi-institutional investigation into the robustness of
intra-cranial multi-target stereotactic radiosurgery plans to

delivery errors

Lauren May' |
Anatoly Rosenfeld' |

"Centre for Medical and Radiation Physics,
University of Wollongong, North Wollongong,
NSW, Australia

2Physical Sciences, Peter MacCallum Cancer
Centre, Melbourne, VIC, Australia

3Department of Medical Physics, Hospital
Universitari Sant Joan de Reus, IISPV,
Tarragona, Spain

4Department of Radiation Oncology, Hospital
Clinic de Barcelona, Barcelona, Spain

5St George Cancer Care Centre, St George
Hospital, Kogarah, NSW, Australia

6School of Physics, University of Sydney,
Camperdown, NSW, Australia

Correspondence

Lauren May, Faculty of Engineering &
Information Sciences, University of
Wollongong 4 G14, Northfields Ave, North
Wollongong, NSW 2500, Australia.

Email: Immp504@uowmail.edu.au

Nicholas Hardcastle'? |
Joel Poder"56

Victor Hernandez® | Jordi Saez* |

Abstract

Background: The use of modulated techniques for intra-cranial stereotactic
radiosurgery (SRS) results in highly modulated fields with small apertures,
which may be susceptible to uncertainties in the delivery device.

Purpose: This study aimed to quantify the impact of simulated delivery errors
on treatment plan dosimetry and how this is affected by treatment planning
system (TPS), plan geometry, delivery technique, and plan complexity. A beam
modelling error was also included as context to the dose uncertainties due to
treatment delivery errors.

Methods: Delivery errors were assessed for multiple-target brain SRS plans
obtained through the Trans-Tasman Radiation Oncology Group (TROG) inter-
national treatment planning challenge (2018). The challenge dataset consisted
of five intra-cranial targets, each with a prescription of 20 Gy. Of the final dataset
of 54 plans, 51 were created using the volumetric modulated arc therapy (VMAT)
technique and three used intensity modulated arc therapy (IMRT). Thirty-five
plans were from the Varian Eclipse TPS, 17 from Elekta Monaco TPS, and one
plan each from RayStation and Philips Pinnacle TPS. The errors introduced
included: monitor unit calibration errors, multi-leaf collimator (MLC) bank offset,
single MLC leaf offset, couch rotations, and collimator rotations. Dosimetric leaf
gap (DLG) error was also included as a beam modelling error. Dose to targets
was assessed via dose covering 98% of planning target volume (PTV) (D98%),
dose covering 2% of PTV (D2%), and dose covering 99% of gross tumor vol-
ume (GTV) (D99%). Dose to organs at risk (OARs) was assessed using the
volume of normal brain receiving 12 Gy (V12Gy), mean dose to normal brain,
and maximum dose covering 0.03cc brainstem (D0.03cc). Plan complexity was
also assessed via edge metric, modulation complexity score (MCS), mean MLC
gap, mean MLC speed, and plan modulation (PM).

Results: PTV D98% showed high robustness on average to most errors with
the exception of a bank shift of 1.0 mm and large rotational errors >1.0° for
either the couch or collimator. However, in some cases, errors close to or within
generally accepted machine tolerances resulted in clinically relevant impacts.
The greatest impact upon normal brain V12Gy, mean dose to normal brain,
and DO0.03cc brainstem was found for DLG error in alignment with other recent
studies. All delivery errors had on average a minimal impact across these
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parameters. Comparing plans from the Monaco TPS and the Eclipse TPS,
showed a lesser increase to V12Gy, mean dose to normal brain, and D0.03cc
brainstem for Monaco plans (p < 0.01) when DLG error was simulated. Monaco
plans also correlated to lower plan complexity. Using Spearman’s correlation
coefficient (r) a strong negative correlation (r < —0.8) was found between the
mean MLC gap and dose to OARs for DLG errors.

Conclusions: Reducing MLC complexity and using larger mean MLC gaps is
recommended to improve plan robustness and reduce sensitivity to delivery and
modelling errors. For cases in which the calculated dose distribution or dose
indices are close to the clinically acceptable limits, this is especially important.

KEYWORDS
intra-cranial stereotactic radiosurgery, linear accelerator-based radiotherapy, plan robustness, plan
complexity, delivery errors

1 | INTRODUCTION

Intra-cranial stereotactic radiosurgery (SRS) is being
increasingly delivered with standard linear accelerators
(linacs) using highly modulated techniques.' The use
of standard linacs and multi-leaf collimators (MLCs)
necessitates small fields, and in particular with multi-
ple metastases often intensity modulation is utilized in
order to achieve a sharp dose fall off and high con-
formity. Small fields and high modulation can be more
susceptible to variations in delivery and beam modelling
errors.>6

A growth in the use of single-isocenter multiple-target
(SIMT) SRS,”~'% where the isocenter is usually located
at the center of the target distribution, means that some
targets may be at off-axis positions and the impact of
rotational errors are accentuated and play a greater role
in plan deliverability.!"'? Also of interest with the recent
dominance of using MLCs over cones as indicated by
survey data from Australia and New Zealand,* are MLC
related errors. Multiple cases of MLC errors occurring
clinically have been reported in recent years.'314

In addition to delivery errors, beam modelling errors
may also be a significant consideration. An investiga-
tion into Imaging and Radiation Oncology Core (IROC)
Houston audit results and corresponding survey data by
Glenn et al."® found that atypical treatment planning sys-
tem (TPS) beam modelling parameters were associated
with lower phantom audit results.

This study aimed to analyze treatment plans from
a multi-institutional planning challenge to quantify the
impact of delivery errors on multi-target intracranial SRS
plan dosimetry. To provide context on dose uncertainties
throughout treatment, an example of the beam mod-
elling error highlighted as most impactful by Glen et al.'®
was also simulated. We further assessed the impact
of factors including TPS used, plan geometry, delivery
techniques, and plan complexity on plan robustness to
simulated errors.

2 | METHODS

The impact of a variety of delivery errors were assessed
for multiple-target brain SRS plans obtained through the
Trans-Tasman Radiation Oncology Group (TROG) treat-
ment planning challenge in 2018.'° In this challenge,
CT and RTSTRUCT files for a single patient were pro-
vided to all participants, who performed a treatment plan
according to a pre-defined protocol and scoring matrix
(see supplementary material). The challenge patient
had five targets, each with a prescription of 20 Gy. The
planning challenge provided planning target volumes
(PTVs) only, with target dosimetry requirements based
on this volume. GTV volumes were retrospectively cre-
ated by isotropically contracting the PTV by 1 mm. The
target properties are outlined in Table 1. Note that PTV5
was positioned with close proximity to the brainstem
(Figure 1).

The overall workflow for this study is outlined in
Figure 2.

2.1 | Importing and recalculating plans

The RayStation TPS (v.10.1, RaySearch Laboratories,
Stockholm, Sweden) was used for all calculations and

TABLE 1 Target distribution and properties.
Minimum Distance from

PTV GTV length along center of target
volume volume x-, y-, and distribution

Target (cc) (cc) z-axes (cm)  (cm)

PTVA1 0.5 0.2 1.0 5.5

PTV2 04 0.1 0.9 6.7

PTV3 <0.1 <01 0.4 5.0

PTV4 2.8 1.8 1.6 2.0

PTV5 0.1 <0.1 0.6 5.5
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FIGURE 1 PTV locations relative to patient anatomy from patient CT scan for (a) PTV2 and 3, (b) PTV4 and (c) PTV1 and 5, with (d)
showing a 3D render of all targets shown in blue, with the brainstem in purple.

>

v

FIGURE 2 Workflow diagram for the assessment of introduced delivery errors across treatment plans.
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assessment. A total of 88 treatment plans for conven-
tional linear accelerators with MLCs were submitted for
the challenge; a total of 54 were finally used in the study.
Nine were excluded due to import errors either unable to
be rectified or which required excessive modification, 16
due to not having access to relevant beam models and
nine as outliers when comparing dose calculated within
RayStation to submitted dose files.

The CT,RTSTRUCT, and RTDOSE DICOM data were
imported into the TPS. Submitted DICOM RTPLAN
files created by Pinnacle (Philips, Madison, WI, USA),
Eclipse (Varian Medical Systems, Palo Alto, CA, USA)
and RayStation TPSs were able to be imported with-
out modification of the DICOM RT plan file. However,
Monaco (Elekta CMS, Maryland Heights, MO, USA) sub-
mitted plans required editing in Python programming
language (v.3.5.8, Python Software foundation, Freder-
icksburg, Virginia, USA). Most Monaco submitted plans
contained VMAT arcs in which the gantry changed direc-
tion, which is not allowable in RayStation; these arcs
were split into two at the direction change. The major-
ity of Monaco submitted plans exceeded a 4° gantry
spacing between control points for avoidance sectors
of the arcs which is the maximum allowable spacing
in RayStation. Therefore, additional control points were
added as necessary with zero MUs distributed via linear
interpolation between each existing control point in the
modified DICOM RTPLAN files. Nine plans with maxi-
mum control point spacing of >20° were excluded due
to the excessive number of control points which would
be required.

Generic beam models for the Varian TrueBeam with
the Millennium 120 leaf MLC (6MV flattening filter free
(FFF) energy) and HD120 MLC (6FFF and 10FFF),
and the Elekta Versa HD™ (6FFF) with the 160 Agility
MLC were available in RayStation. Of the remaining
79 submitted plans, 16 were calculated by participating
departments on beam models for machines/energies
we did not have access to, which were the Varian Edge
(n = 2); Varian Novalis Tx™ (n = 3); Varian Clinac iX
(n = 2); Varian Trilogy (n = 1); Varian TrueBeam Millen-
nium MLC 10FFF energy (n = 2); Elekta Synergy (n = 2);
and Elekta Versa HD™ 8FFF (n = 1), 10FFF (n = 2),
and 12FFF (n = 1). The remaining 63 submitted plans
were recalculated on their respective beam models in
RayStation, as described below.

Between TPSs there is variation in beam modelling,
dose calculation algorithms, and sampling of volumes
and dose. Therefore, there were differences between the
dose calculated and submitted for the challenge by indi-
vidual departments of participants and dose calculated
in this study using generic beam models available in
RayStation. In order to minimize this difference, beam
modelling parameters source width, MLC offset, MLC
gain, MLC curvature, leaf tip width, tongue and groove,
and MLC transmission were initially set to match values
contained in the supplementary data of Glenn et al.,'”
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with the exception of parameters for the 6FFF True-
Beam with high definition (HD) MLC, as they were not
included in this data. These values were instead ini-
tially set to match those outlined in Lee and Kim.'® Each
beam model was then manually adjusted to reduce
the average difference across D2%, D98%, and V100%
between submitted dose files and recalculated RaySta-
tion baseline dose to <10% (see Table S1). All models
required the MLC offset to be altered with the largest
adjustment a 0.070 cm reduction for the Versa HD
model. The TrueBeam Millennium MLC beam model
was the only one with altered source width reduced
by 0.018 cm in both x- and y-parameter and the MLC
transmission was reduced by 0.11% for the TrueBeam
HDMLC 6FFF model. Nine outlying plans with an aver-
age difference across D2%,D98%,and V100% of >15%
were excluded (Figure S1) resulting in a final dataset of
54 plans.

Submitted plans re-calculated in RayStation using
adjusted beam models will henceforth be referred to as
“baseline plans”.

2.2 | Introducing errors

Copies of each baseline plan were created, which were
then edited via scripting within RayStation using Iron-
Python (v.3.4) to contain either a delivery or beam
modelling error before being recalculated. The types of
delivery errors included those that were considered in
the recent study by Lehmann et al.'® that proposed a
novel auditing concept.

Errors included monitor unit calibration errors simu-
lated via a change in field MUs of magnitudes —2.0%,
—1.0%,+1.0%,and +2.0%. MLC related errors included
an MLC bank offset (both banks shifted in the same
direction) of 0.5 and 1.0 mm with the magnitude of shift
in alignment with Rangel and Dunscombe?® who intro-
duced a 1.0 mm shift in a single bank. A single central
MLC leaf located near central axis was offset by 1.0 and
2.0 mm with this magnitude based on a reported visu-
ally observed 1.3 mm error in a single MLC leaf pair
position.”* A central leaf was selected as this area is
less likely to be shielded by secondary collimator jaws
throughout treatment. Leaf 30 was selected for True-
Beam beam models with 60 leaf pairs and leaf 40 for
the Versa HD beam model with 80 leaf pairs.

Rotational errors were also included with couch angle
shifts of —1.0°,—0.5°,+0.5°,and +1.0°, collimator angle
shifts of —2.0°, —1.0°, —0.5°, +0.5°, +1.0°, and +2.0°
as well as a combination of the two with magnitudes of
—0.5° and +0.5° with these shifts informed by Pudsey
etal.?

Eclipse beam modelling contains a “dosimetric leaf
gap” parameter (DLG) that accounts for the additional
transmission through the leaf tip and for the specific
leaf positioning calibration. Monaco, Pinnacle, and
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RayStation instead use multiple MLC parameters to
model what is hereafter referred to as DLG. Rather than
altering any of these parameters, DLG errors were sim-
ulated by opening both MLC banks by 0.2 and 0.5 mm
which is equivalent to increasing the DLG by twice this
distance (0.4 and 1.0 mm, respectively) regardless of
the TPS used. The DLG was only simulated to increase
not decrease as moving the MLC banks towards each
other might result in an error due to an infeasible or
overlapping MLC pattern.

2.3 | Data analyses

The percentage difference between each baseline plan
and error plan (calculated as [error—baseline]/baseline)
was assessed using near-minimum (D98%) and near-
maximum (D2%) for each PTV as recommended in the
international commission on radiation units and mea-
surements (ICRU) report 912" and D99% for GTVs.
Dose to organs at risk (OARs) was also assessed
using volume of normal brain receiving 12 Gy (V12Gy),
mean dose to normal brain and maximum dose covering
0.03cc (D0.03cc) of brainstem. Plans were separated
into single and multi-isocenter as well as grouped by
TPS for comparison.

Complexity of the MLC pattern was analyzed using
a range of metrics: edge metric, modulation complexity
score (MCS), mean MLC gap,mean MLC speed and plan
modulation (PM). These parameters have previously
been defined and were calculated using PlanAnalyzer
implemented in Matlab.??

Significance when comparing two subsets of data
was tested using the Mann—-Whitney U test, other-
wise correlation between variables was tested using
Spearman’s correlation coefficient. It should be noted,
as multiple hypotheses were tested and the p-values
were not corrected (e.g., using Bonferroni correction)
the likelihood of incorrectly rejecting a null hypoth-
esis may be increased and therefore the p-values
obtained through these statistical tests act as identifiers
of standout comparisons rather than global significant
differences.

3 | RESULTS

Of the final dataset of 54 plans, 51 were created using
the volumetric modulated arc therapy (VMAT) technique
and three used intensity modulated radiation therapy
(IMRT). Thirty-five plans were from the Varian Eclipse
TPS, 17 from Elekta Monaco TPS, and one plan each
from RayStation and Philips Pinnacle. Plan properties
are shown in Table 2.

Initial absolute values for OAR dosimetry for the base-
line plans as calculated in RayStation are shown in
Table 3.

TABLE 2 Properties of obtained plans.

Treatment

planning VMAT IMRT Total

system Machine MLC Energy plans plans plans

Eclipse TrueBeam Millennium 6FFF 5 0 5
HD120 6FFF 24 2 26

10FFF 4 0 4

Monaco VersaHD Standard 6FFF 17 0 17

Pinnacle TrueBeam Millennium 6FFF 0 1 1

RayStation Versa HD  Agility 6FFF 1 0 1

TABLE 3 Absolute values for OAR dosimetry for baseline plans
as calculated in RayStation.

OAR parameter Median[range]

Normal brain V12Gy

Brainstem D0.03cc

11.0 [6.7-58.7]cc
12.7 [7.2-19.7]Gy

Normal brain mean dose 2.3[1.4-4.1]Gy

3.1 | Impact of introduced errors across
all plans
3.1.1 | Target dose

Most errors resulted in clinically significant reductions
in target coverage (PTV D98%) with some plans from
the cohort having reductions of >10% for most errors
(Figure 3); however, median reduction across the cohort
remained relatively low. Excluding a bank shift of 1.0 mm
magnitude and large rotational errors of >1.0° for which
the greatest impacts were seen, all other errors had 119
PTVs (of 4050 included in this analysis) with PTV cover-
age reduced by >5%, while the median[range] change
in coverage was 0.0%[—19.5-32.7]%. For a 1 mm bank
shift, change in PTV D98% was —5.0%[—69.3-6.5]%
and for large rotational errors median[range] change
in PTV D98% was —3.3%[—46.1-5.2]. GTV coverage
(GTV D99%) and PTV D2% followed a similar trend
(Figure S2).

3.1.2 | Dose to organs at risk

With the exclusion of DLG errors, 35 plans had
an increase of >10% in normal brain V12Gy and
the median[range] change was 0.08%[—34.2—20.6]
(Figure 3). The change in brainstem near max was
0.1%[—19.1-54.9]% with 40 plans of 1080 showing an
increase of >10%. Though median values were rela-
tively low there were nine plans with an increase of
>20%, seven of which were from 2.0 mm leaf errors,one
from a 1.0 mm bank shift and in one case a 1.0 mm leaf
error showed a 23.6% increase to brainstem D0.03cc.
More consistently greater impacts were seen for DLG
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FIGURE 3 Relative change between baseline plans with dose
calculated in RayStation and error plans calculated as
[error—baseline]/baseline for (a) PTV D98%, (b) normal brain V12Gy,
and (c) brainstem DO0.03cc. Each data point is represented as a dot
and the vertical lines represent the mean value.

error as a 0.4 mm DLG error resulted in an increase in
V12Gy of 15.7%[6.2—32.8]% and brainstem near max of
8.3%[3.1-14.7]%. The impact upon normal brain mean
dose showed similar trends though with minimal outlying
values (Figure S3).

Using the median quantitative values for OAR dosime-
try across the cohort of baseline plans (Table 3), the
median 15.7% increase in normal brain V12Gy with a
0.4 mm DLG error corresponds to a 1.7cc increase.
For brainstem near max, this would be a 1.1 Gy
increase and for normal brain mean dose a 0.2 Gy
increase.

3.2 | Single- and multi-isocenter plans
Of the obtained dataset, 42 plans were created using
a single isocenter; of the remaining 12 plans, 11 had
between 2 and 5 isocenters and one plan had eight
isocenters.

3.2.1 | Target dose

Shown in Figure 4(a) is a comparison of change in PTV
D98% for single- and multi-isocenter plans for a selec-
tion of errors. Rotational errors resulted in a smaller
reduction in PTV D98% and GTV D99% (p < 0.01)
for multi-isocenter plans compared to single-isocenter
plans for all rotations and magnitudes (Figure S4; Table
S2). In contrast to rotational errors, shifting the MLC
banks in the same direction resulted in a lesser median
reduction of PTV D98% and GTV D99% for single-
isocenter plans (p < 0.01); however, the range of values
was greater.

3.2.2 | OAR dosimetry

There was little difference in OAR dosimetry between
single- and multi-isocenter plans when errors were intro-
duced. Although the impact on OARs were different
(p < 0.05) for some rotational errors, most bank shift
magnitudes, single leaf errors and a 0.4 mm DLG error
for brainstem near max, the magnitude of difference was
clinically insignificant (Figure 4; Figure S5 and Table S3).

3.3 | Comparison of treatment planning
systems

The comparison between TPSs was limited to 6FFF
single-isocenter VMAT plans from Eclipse (n = 21) or
Monaco (n = 17). Due to only obtaining one plan from
RayStation and Pinnacle, these were not included.
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FIGURE 4 Comparison of the change from baseline plans when errors are introduced calculated as [error—baseline]/baseline, between
single-isocenter (blue/upper) and multi-isocenter (gold/lower) plans for (a) PTV D98%, (b) normal brain V12Gy, and (c) brainstem (BS) D0.03cc.

Each dot is data for one plan.

3.3.1 | Target dosimetry

Both couch and collimator rotational errors resulted
in a greater reduction in GTV D99% for Eclipse plans
compared to Monaco plans for all magnitudes of rota-
tion (p < 0.05) (Figure S6; Table S4). The greatest
difference in median reduction across these errors was

3.7% for a +2.0° collimator rotation. Change in PTV
D98% was also lower (p < 0.05) for Eclipse plans with
the exception of a +0.5° couch rotation (p = 0.14),
—0.5° couch rotation (p = 0.05) and a combined +0.5°
couch and collimator rotation (p = 0.09) (Figure 5a).
The greatest difference across these errors was 5.3%
for a —2.0° collimator shift. A 0.5 mm bank shift had no
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FIGURE 5

Difference in BS D0.03cc (%)

Comparison of the change from baseline plans when errors are introduced calculated as [error—baseline]/baseline, between

plans created in Eclipse (blue/upper) and Monaco(gold/lower) for (a) PTV D98%, (b) normal brain V12Gy, and (c) brainstem (BS) D0.03cc. Each

dot is data for one plan.
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TABLE 4 A comparison of complexity metrics for single-isocenter 6FFF VMAT plans made in the Monaco TPS and the Eclipse TPS.

Complexity Mann-Whitney

metric U p value Eclipse Monaco

PM 1925 <0.01 0.98[0.95-0.99] 0.99[0.97-0.99]
Edge metric 375 <0.01 0.84[0.55-1.08] 0.52[0.43-0.63]
Mean MLC speed 325 <0.01 0.30[0.05-0.59] cm/s 0.05[0.01-0.14] cm/s
MCS 100 <0.01 0.03[0.02-0.08] 0.15[0.05-0.26]
Mean MLC gap 0 <0.01 3.70[2.99-6.17] mm 7.38[6.22—-11.93] mm

significant difference in impact upon target coverage
between Eclipse and Monaco plans; however,a 1.0 mm
bank shift resulted in a greater reduction in GTV D99%
for Eclipse plans over Monaco, though the magnitude
of this difference was only 1.9%.

3.3.2 | OAR dosimetry

The simulated DLG error showed a greater increase in
OAR dosimetry for Eclipse plans compared to Monaco
plans (p < 0.01) (Figure 5; Figure S-7, Table S5). Normal
brain V12Gy had a difference in medians for a 0.4 mm
DLG error of 5.4% and brainstem D0.03cc of 3.0%. The
difference in impact of MLC bank shifts between the two
TPSs was statistically significant for brainstem D0.03cc
(p < 0.05) as was the impact of large rotational errors of
>1.0° magnitude where despite statistical significance
the difference in clinical impact upon OARs between the
two TPSs w negligible.

3.3.3 | Plan complexity

Monaco plans showed an overall lower complexity for all
metrics compared to Eclipse plans except for PM which
differed by only 0.01. Monaco plans had a lower edge
metric and mean MLC speed as well as greater values
for MCS and mean MLC gap with an inverse relationship
to complexity (Table 4). For complexity metrics across all
plans see Table S6, supplementary data.

Correlation was assessed using Spearman’s correla-
tion coefficient between complexity metrics and impact
of errors on target dosimetry (Table S7).

The only strong correlation with target coverage
(0.6 < || < 0.8) was an inverse correlation between
mean MLC gap and PTV D98% and GTV D99% when
DLG errors of both a 0.4 and 1.0 mm magnitude are
introduced. However, it should be noted that the sim-
ulated DLG error opened the MLC leaves therefore
increasing these parameters and not compromising
PTV or GTV coverage. The number of isocenters had a
moderate correlation (0.4 < r < 0.6) with the impact upon
target coverage for bank shifts, some rotational errors
and single leaf offsets. Moderate correlation was also
found for MCS and mean MLC gap with target coverage
for some rotational errors, and moderate inverse corre-
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@] ° ”
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E 4‘ [ J ‘ .: L] ° °
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Difference in brain V12Gy (%)
FIGURE 6 Scatter plot showing the relationship between mean

MLC gap and the change in normal brain V12Gy when a DLG error
of 1.0 mm is applied. Each point represents data for one plan with
the gold crosses representing Monaco plans and the blue dots
representing Eclipse plans.

lation for PM and target coverage for some rotational
errors.

Spearman’s correlation coefficient showed correla-
tion between some complexity metrics and impact of
errors on dose to OARs particularly for DLG errors, with
plans with higher complexity having, in general, larger
impacts (Table S8). The strongest correlation occurred
for DLG errors of both 0.4 and 1.0 mm magnitude with
a very strong inverse correlation (r < —0.8, p < 0.01)
between mean MLC gap and the variation in V12Gy
and mean dose to normal brain. This trend can be
seen in Figure 6. A strong inverse correlation was found
(—-0.8 < r < —-0.6, p < 0.01) between mean MLC gap
and brainstem near max when DLG errors are intro-
duced as well as between MCS and normal brain V12Gy.
There was a strong positive correlation (0.6 < r < 0.8,
p < 0.01) between the edge metric and normal brain
mean, V12Gy and brainstem D0.03cc. Finally, leaf errors
showed a strong positive correlation between MCS and
mean dose to normal brain for a 1.0 mm leaf shift.

4 | DISCUSSION

The robustness of plans to delivery errors in the form
of rotational errors, MLC bank shifts, single MLC leaf
errors, and dose calculation errors were evaluated
for target coverage and dose to normal brain and the
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brainstem across the entire dataset. The impact of DLG
error was also included as a context of dose uncer-
tainties with beam modelling errors. The effect of using
single- or multi-isocenter plan geometry was investi-
gated regarding the impact of these errors. The role the
TPS plays with plan complexity and plan robustness
was also assessed.

Target coverage was shown to be relatively robust
to introduced errors when analyzing data across the
cohort. However, even with the exclusion of a large bank
shift (1 mm) and rotational errors >0.5° magnitude, a
small proportion of PTVs (119 of 4050) had a reduction
in PTV D98% of >5%. This indicates that while overall
robustness may be high, clinically relevant dose errors
can still be produced for delivery errors within or close
to accepted machine tolerances.

As with target coverage, dose to normal brain and
the brainstem showed high levels of robustness to most
introduced errors across the cohort with the greatest
impact seen for DLG errors. This is in alignment with
recent findings reported by Glenn et al.'® where data
from the IROC Houston phantom audits and corre-
sponding survey data were analyzed and it was found
that atypical DLG values were more likely to have poor
performing or failing audit results. It has also been
shown in a previous study that dosimetric impact of pos-
itive and negative DLG variations are similar and quite
symmetrical 23

It should be noted that, although single MLC leaf
error showed on average a low impact on dose to nor-
mal brain and brainstem, some plans showed increases
in D0.03cc brainstem of up to 23% for 1.0 mm error
(Figure 3). No strong correlation was found between
brainstem D0.03cc and plan geometry, TPS or complex-
ity metrics when single leaf shifts were applied, limiting
the ability to predict when a plan may be susceptible
to this kind of error. Dependent on the configuration
of beam apertures of individual treatment plans, such
errors may also be impactful in terms of target coverage.
Single leaf errors of this magnitude have been reported
to have occurred clinically as in Neal et al."* where a sin-
gle leaf offset of 1.3 mm was observed. Therefore, MLC
QA must be maintained at a high standard to limit the
occurrence of these errors.

One limitation of this work is the variation between
beam models from participating departments and those
used within this study, which required analyses to be
conducted using relative change in dosimetric indices
rather than quantitative values or pass/fail thresholds.
The effect of using qualitative indices can be seen
where a seemingly large median increase in normal
brain V12Gy was found for a 0.4 mm DLG error of
15.7%. However, the median quantitative value across
all baseline plans for V12Gy was 11.0 cc, therefore with
the average increase applied the quantitative value this
corresponds to a total volume of 12.7 cc, well within
the recently suggested acceptable limit to avoid brain
necrosis of 5—10 cc per target.!" It should also be con-

MEDICAL PHYSICS 22

sidered that the minor dosimetric changes to plans as
a result of non-optimal beam modelling, that is, different
slope of the penumbra or conformity, could alter the plan
performance.

Conversely, a smaller median increase was observed
for near max dose to brainstem indicated by D0.03cc
brainstem with a 0.4 mm DLG error of 8.3%. However,
the median quantitative value across the dataset was
already 12.7 Gy, with recommended guidelines being
<12.5 Gy.'" Therefore, the median increase results in a
value even further outside of acceptable limits. This can
be attributed to the patient geometry in this study which
included a target (PTV5, Figure 1c) in close proximity to
the brainstem, and resulted in plans with relatively large
values for brainstem D0.03cc compared to other OAR
dose parameters including normal brain V12Gy. Results
from this study indicate that the impact upon OARs
for most delivery and beam modelling errors could be
clinically relevant, especially in situations where patient
geometry results in difficult planning situations in which
certain parameters are already close to acceptable
limits.

The use of single-isocenter plans has become com-
mon practice among departments with the majority of
plans included in this study (78%) being single-isocenter,
which it should be noted may have some effect on
statistical power. As expected, comparison of single-
and multi-isocenter plans saw a lesser impact of rota-
tional errors upon target coverage for multi-isocenter
plans. This is due to the increased off-axis distance
of targets in single-isocenter plans accentuating the
rotational shifts. However, all other errors showed no sig-
nificant lower robustness to errors for single-isocenter
plans. These findings support the continued use of
single-isocenter plans for multi-target plans as long as
appropriate QA for rotational errors is undertaken.

A comparison of the Monaco TPS and Eclipse TPS
showed a greater robustness to errors for Monaco
plans over Eclipse. There was less reduction in target
coverage for Monaco plans compared to Eclipse with
rotational errors (Figure 5); however, the magnitude of
the difference between the two TPSs was relatively
small. Similarly, a 1.0 mm bank shift had a greater
reduction in GTV D99% for Eclipse plans; however, the
magnitude of difference was only 1.9%.

DLG error showed a greater increase in mean dose to
normal brain, normal brain V12Gy, and brainstem near
max for Eclipse plans (Figure 5). As with target dosime-
try, the magnitude of difference in medians between the
two TPSs is relatively small with the median increase in
brainstem DO0.03cc for a 0.4 mm DLG error being 3.0%
greater for Eclipse plans over Monaco plans. However,
this magnitude of difference may be clinically relevant
in situations where parameters are already approaching
acceptable limits.

Although this limited the possibility of analyses with
TPS used, the low number of both Pinnacle and
RayStation submissions available for the dataset is
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comparable to findings of other studies.'>'” The vast
majority of IROC Houston auditing data in Glenn et al.'®
were from Eclipse users (78.4%), followed by Pinna-
cle at 11.9%, and RayStation at only 9.8%, noting
that Monaco was not included. In the current study,
the differences between the robustness of Eclipse and
Monaco plans to DLG errors are supported by the
aforementioned study by Glenn et al.,'> as atypical
DLG values showed a higher correlation to lower audit
scores for Eclipse plans, although this was in compari-
son to RayStation and Pinnacle. This difference may be
attributed to the high level of MLC complexity favored by
the optimizer within Eclipse. Monaco plans had a lower
overall complexity as measured by a range of complex-
ity parameters (p < 0.01). Recently, Hernandez et al2*
highlighted plan complexity as an important considera-
tion when assessing plan quality. Findings of the current
study further support this as Spearman’s correlation
coefficient showed strong correlation between some
complexity parameters and the robustness of plans to
errors. The strongest correlation found was between the
impact of the DLG error and mean MLC gap. This indi-
cates that the higher robustness seen for Monaco plans
to DLG errors is likely as a result of the TPS optimizer
preference of larger MLC gaps and lower MLC complex-
ity than Eclipse. This is illustrated in Figure 6 depicting
a correlation between mean MLC gap and change in
normal brain V12Gy when DLG errors are applied with
data from Eclipse and Monaco plans tending towards
opposing areas of the plot. Further, mean MLC gap may
be a good indicator of robustness to DLG errors which
had the greatest impact upon OAR dosimetry of all
introduced errors.

These findings indicate that for challenging plans
where dosimetric indices are already close to accept-
able limits, a preference for lower plan complexity and in
particular larger MLC gaps may limit the impact of some
beam modelling or delivery errors which may otherwise
impact a plans acceptability. In these kinds of plans, in
order to improve dose volume histograms (DVHSs) it may
be necessary to push the limits of the TPS, which typi-
cally increases plan complexity. Minimizing the number
of MUs without sacrificing DVH quality may be helpful to
increase the mean MLC gap and improve the robustness
of treatment plans.

The errors investigated in this study were all system-
related. As future work, an investigation into the robust-
ness of plans to patient-related errors could also be
considered including both patient positioning on the
treatment couch as well as brain parenchyma distortion
in response to intracranial pressure changes.

5 | CONCLUSIONS

A cohort of multi-institutional plans from a TROG treat-
ment planning challenge in 2018 were used to assess
the robustness of multi-target intracranial plans to deliv-

ery errors for target coverage and dose to normal brain
and the brainstem, with DLG error simulated to pro-
vide context with beam modelling errors. The greatest
impact upon dose to normal brain and brainstem was
found for DLG errors in alignment with other recent stud-
ies. However, the clinical impacts of these errors remain
relatively small and would be most relevant in situa-
tions where a challenging plan is already approaching
acceptable limits. The effect of using single- or multi-
isocenter plan geometry was investigated finding that
with the exception of rotational errors which was to be
expected, single-isocenter plans showed equal robust-
ness to errors compared to multi-isocenter plans. The
role the treatment planning system plays with plan com-
plexity and plan robustness was also assessed, finding
that plans with lower complexity and in particular greater
mean MLC gaps had a higher robustness to DLG and
rotational errors. Reducing MLC complexity and using
larger mean MLC gaps is recommended to improve the
plan robustness and reduce its sensitivity to delivery and
modelling errors. This is especially important for cases in
which the calculated dose distribution/dose indices are
close to the clinically acceptable limits.
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