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Available online 28 June 2023 was distributed among twenty-five participating centres. Doses were measured with a Farmer-type ion

chamber and computed in TPSs, which provided a dosimetric characterisation of the leaf tip, tongue-and-
groove, and MLC transmission of each MLC, as well as an assessment of the MLC model in each TPS. Five

Ilf/f{évords" MLC types and four TPSs were evaluated, covering the most frequent combinations used in radiotherapy
Comissioning departments. . . . . .

Audits Results: Measured differences within each MLC type were minimal, while large differences were found
IMRT between MLC models implemented in clinical TPSs. This resulted in some concerning discrepancies, espe-
VMAT cially for the HD120 and Agility MLCs, for which differences between measured and calculated doses for
Standardization some MLC-TPS combinations exceeded 10%. These large differences were particularly evident for small

gap sizes (5 and 10 mm), as well as for larger gaps in the presence of tongue-and-groove effects. A much
better agreement was found for the Millennium120 and Halcyon MLCs, differences being within + 5%
and * 2.5%, respectively.

Conclusions: The feasibility of using a common set of tests to assess MLC models in TPSs was
demonstrated. Measurements within MLC types were very similar, but TPS dose calculations showed
large variations. Standardisation of the MLC configuration in TPSs is necessary. The proposed
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Universal evaluation of MLC models in TPSs

procedure can be readily applied in radiotherapy departments and can be a valuable tool in IMRT

and credentialing audits.

© 2023 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 186 (2023) 109775 This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

The adoption of intensity-modulated radiation therapy (IMRT)
techniques is widespread. Nevertheless, the dosimetric commis-
sioning of IMRT treatment planning systems (TPS) poses substan-
tial challenges. Current international recommendations and
guidelines for IMRT commissioning include progressively complex
tests that aim to identify beam modelling limitations in TPSs
[1,2,3]. External end-to-end (E2E) audits with anthropomorphic
phantoms are ultimately recommended to guarantee a good agree-
ment between delivered and planned doses for clinical plans
[4,5,6,7,8].

Several groups offer IMRT E2E audits as an external validation
for quality assurance purposes and/or credentialing before partici-
pation in clinical trials [4,5,6,7,8]. In particular, results from the
IROC-Houston auditing program with their head-and-neck anthro-
pomorphic phantom show that, despite modest improvements
over the last few years, 8-15% of participating institutions still fail
the credentialing requirements, namely 7% for point dose differ-
ences and 7%-4 mm criteria for gamma index comparisons
[9,10,11]. Significant efforts have been dedicated to unraveling
the causes behind such failures. Carson [10] reported systematic
differences between TPS calculations and measured doses. Kerns
[12] recalculated 259 head and neck phantom irradiations using
reference beam data and found considerable TPS errors in 68% of
those irradiations not meeting the IROC-Houston criteria and in
17% of all the cases analysed. Remarkably, the reference recalcula-
tion system had, on average, better accuracy than the institutions’
TPSs. A recent large-scale survey [13] revealed a high variability in
the multileaf collimator (MLC) parameters used clinically, even
amongst institutions with the same TPS, linear accelerator and
MLC model. Furthermore, the dosimetric impact of such variations
substantially affects calculated doses for IMRT and VMAT plans,
with atypical MLC parameters associated with audit failures [11].

However, even as the mounting evidence underscores the influ-
ence of the MLC modelling in TPSs [10,11,12,13], to the best of the
authors knowledge, no evaluation of the dosimetric MLC character-
istics and their modelling in TPSs has been carried out in a system-
atic manner and no procedure has been demonstrated to be
applicable to different MLCs and TPSs and to be sensitive to the
major dosimetric properties of the MLC. Our work aims to fill this
gap by providing a procedure and a set of tests that can be used
experimentally across a range MLC/TPS combinations. Each TPS
manufacturer recommends different tools and methods for adjust-
ing the specific MLC parameters. As a result, medical physicists
face a variety of methods of beam configuration, which can lead
to different parameters being used in clinical practice.

Sweeping gap fields are commonly used to determine the dosi-
metric leaf gap (DLG) parameter in the Eclipse TPS [14,15]. Asyn-
chronous sweeping gap tests (in which adjacent leaf tips are not
aligned) have been proposed by Hernandez et al. [ 16] that are sen-
sitive not only to the leaf positioning offset, but also to other MLC
parameters such as the tongue-and-groove width and the leaf tip
width. Saez et al. [17] recently provided a method based on those
tests measured with a Farmer chamber to determine the MLC con-
figuration parameters in RayStation. They showed that these
parameters also improved the accuracy in clinical plans. Syn-
chronous and asynchronous sweeping gap tests can therefore be
used for configuring and fine-tuning the MLC models in TPSs
[2,3] and could be helpful to standardise its configuration and eval-
uation, including in inter-departmental comparison or auditing of
MLC/TPS model performance and in credentialing for trial partici-

pation or helping to resolve differences seen in E2E testing in these
scenarios.

The purpose of the present study is to show the feasibility of
characterising MLCs and MLC models implemented in different
TPSs using a common set of dynamic synchronous and asyn-
chronous sweeping gaps. Tests were prepared for the most widely
used treatment units, MLC models, and TPSs and a large multicen-
tric intercomparison and evaluation was conducted including the
most common combinations of TPSs, machines and MLC models
used in the radiotherapy community.

Materials and methods

Preparation and description of the tests

A DICOM work package containing images of a water phantom,
a structure set containing evaluation and external contours, and a
set of RT-plans with tests for a 6 MV beam (except for the Halcyon,
which uses a 6FFF beam) was sent to twenty-five participating
institutions.! The tests aimed to evaluate the MLC model in the
TPS and contained the following beams:

a) Reference: Beam defining a 10 cm x 10 cm field.

b) Transmission: Reference beams with the MLC blocking the
whole 10x10 aperture. In tertiary MLCs, closed leaf pairs
were positioned outside the jaw-defining field [18]. In the
case of the double-layer MLC, the same approach was fol-
lowed for each layer, with the other layer used to define
the 10 cm x10 cm field size [19]. In secondary MLCs that
replace jaws, opposing leaves were positioned defining the
minimum gap size as far as possible from the central axis
[20].

c) Sweeping gaps (SG): Four different sliding window fields
within which a given gap between opposing leaves (with
size of 5, 10, 20 and 30 mm) moves at constant speed
[14,17]. The centre of the gaps travelled from left to right
over 12 cm. For linear accelerators with back-up or primary
jaws, these were set symmetrically to define the reference
field.

d) Asynchronous sweeping gaps (aSG): These tests were pro-
posed for evaluating the tongue-and-groove dynamically
[16]. The SG of 20 mm was modified by shifting adjacent
leaves a certain distance ‘s’ in each test, namely O, 2, 5, 8,
10, 12, 15 and 20 mm, to expose a controlled amount of leaf
sides. By design, the gap between opposing leaf pairs
remains constant and the attenuation caused by the
tongue-and-groove increases with the distance s.

The DICOM files were prepared specifically for each TPS and
MLC combination, and some adaptations were required, depending
on the TPS, to address some technical specifics, e.g., to adjust the
nominal leaf positioning boundaries of the first and last pairs of
leaves to the values expected by the system. For Pinnacle, beam
sequences were introduced into the TPS using its scripting
language.

1 DICOM files will be provided upon request to the corresponding author.
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Fig. 1. Sketch of the asynchronous sweeping gap tests for different MLC models. The dashed rectangle represents the relative size of a Farmer-type ion chamber (22 mm
length for PTW model 30013) with respect to the nominal leaf widths at the position of the ion chamber (2.5 mm for HD120, 5 mm for Millennium120 and Agility, 10 mm for

Halcyon and MLCi2).

Data collection

All centres were instructed to carry out the measurements with
a Farmer-type ion chamber in order to provide an appropriate sam-
pling of several leaves as depicted in Fig. 1. The ion chamber was
placed with its longitudinal axis perpendicular to the leaf motion
in an isocentric set-up in water or solid water: depth 10 cm and
source-to-surface distance of 90 cm. To better average the leaf
effects, two different longitudinal positions were used separated
by an odd multiple of half the leaf width, and the average of the
two readings was taken. The longitudinal positions used for each
MLC can be found in Table S1 in Supplementary Material.

TPS calculated doses matched the mean dose to the evaluation
structure provided within the DICOM structure set, which mim-
icked the dimensions and position of the Farmer-type chamber
active volume. Dose calculation algorithm and resolution reflected
clinical practice at each centre. For Monte Carlo dose calculation
algorithms, the evaluation structure was extended by 2 cm in the
lateral direction in order to reduce the statistical uncertainty in
the reported average doses.

Data analysis

The measured and calculated average doses obtained with the
tests were analysed and compared. Measured doses were used to
determine the dosimetric MLC characteristics, while calculated
doses characterised the MLC models configured in TPSs. The com-
parison of measured and calculated average doses offered informa-
tion about the accuracy of the MLC models configured in TPSs
under different situations and for different TPSs, MLC types, and
MLC configuration parameters.

First, the average transmission was computed from the mea-
sured doses. Second, all measured and calculated doses from the
SG and aSG fields were normalised to their corresponding refer-
ence dose, effectively removing variations caused by dose calibra-
tion differences or daily beam output. Discrepancies between the
renormalised TPS and measured doses were expressed as percent-
age differences. The SGs produce a homogenous dose at the posi-
tion of the ion chamber, which depends on the fraction of MUs
in which the chamber is exposed to the SG aperture, as well as
on the transmission through the rounded leaf ends and through
the full leaf thickness. The additional transmission through the
rounded leaf ends can also be modelled by considering focused
leaves with flat ends and by shifting each leaf’s position by a quan-
tity known as radiation field offset, which also absorbs the calibra-

tion offset introduced by the MLC controller [14,15]. The effect of
the rounded leaf ends per leaf pair is known as DLG, which corre-
sponds to twice the radiation field offset. To analyse the SG doses,
offsets were computed from both measurement and TPS doses.

Next, the normalised doses for the aSG fields were used to
assess the attenuation produced by the tongue-and-groove effect,
which is caused by the increased transmission through the
tongue-and-groove regions when the leaf sides are exposed
because of the distance between adjacent leaves. Finally, the dose
reduction observed for the normalised aSG doses were expressed
as the dose percentage reduction with respect to the mean value
for s =0 mm and each MLC type. These dose percentages were used
to compare and characterise the intrinsic tongue-and-groove
effects of each MLC.

Results

The beams and dynamic MLC sequences were successfully
imported into all TPSs. A summary of all the combinations of TPSs
and MLC types evaluated is given in Table 1 (a detailed description
of all TPSs, versions, calculation grid resolution, MLC parameters,
and ion chamber used at each centre is provided as Table S2 and
S3 in Supplementary Material). A few centres reported doses from
different TPSs for the same MLC and/or doses for beam models con-
figured differently for static-gantry IMRT or VMAT.

The measured transmission showed negligible variability
within each MLC type: (1.23 + 0.03)% for the HD120, (1.45 + 0.03
)% for the Millennium120, (0.44 + 0.03)% for the Agility, (0.34 + 0.
01)% for the Halcyon distal layer, and (0.33 + 0.01)% for the Halcyon
proximal layer. These values indicate the average transmission, i.e.,
combining both intra- and inter-leaf transmissions, because of the
Farmer-type ion chamber used.

The dose discrepancies between the experimental and TPS
doses for the SGs are shown in Fig. 2a. As expected, discrepancies
were larger for smaller gaps, but results depended on the MLC
type. The largest discrepancies were found for the HD120 and Agi-
lity, with dose differences larger than + 5% for the 10 mm gap and
around 10% for the 5 mm gap. A much better agreement was
obtained for the Millennium120 and the Halcyon’s dual layer
MLC, with most differences smaller than 5% for the 5 mm gap. A
more detailed analysis showed that the discrepancies strongly
depended on each individual TPS; for the HD120, for instance,
two of the TPSs exhibited an agreement better than 1% for all SG
sizes, even for the 5 mm gap.
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Table 1
Combinations of TPSs and MLCs evaluated. The number of measured MLCs of each
MLC type is indicated in brackets.

TPS
Eclipse Monaco Pinnacle RayStation
MLC Varian HD120 (6) 4 = 3 1
type Varian 4 1 2 3
Millennium120 (6)
Elekta Agility (10) 1 4 2 4
Varian Halcyon (6) 6 - - 3
Elekta MLCi/MLCi2 - 1 1 1

()

The radiation field offset values shown in Fig. 2b facilitate the
interpretation of the dose discrepancies in Fig. 2a. For the HD120,
Agility and Halcyon, measured offsets had a very small variability,
with all values within 0.1 mm from the mean. Even for the Millen-
nium120, which had the largest spread in measured offsets, all val-
ues were within 0.2 mm of the mean (0.75 mm). Data from the
TPSs, on the contrary, showed much less consistency. The offset
values from TPS calculations for the Agility and HD120 MLCs had
a spread of about 0.8 mm. For the Millennium120 and the Halcyon
MLCs, the spread in the TPS offset was smaller, being + 0.2 mm, and
were within good agreement with measured offsets.

The measured and calculated doses for the aSG fields are given
in Fig. 3a. All measured doses decreased when the distance
between adjacent leaves ‘s’ was increased. Individual measured
doses for the same MLC type were almost coincident (as demon-
strated by the thin shaded areas in Fig. 3a), which indicates that
all the MLCs of the same type have very similar properties.

The TPS doses, on the contrary, showed an enormous variability
for all cases except for the Halcyon MLCs, as seen with the varied
dotted lines in Fig. 3a. The largest variations in TPS doses were also
found for the HD120 and Agility MLCs, with differences rapidly ris-
ing as the distance between adjacent leaves increased.

The agreement between TPS and measured doses, shown in
Fig. 3b, highlights the differences seen in Fig. 3a. Reasonable agree-
ment was found for s = 0 mm, with all discrepancies < 5%, except
for one case with the MLCi2, and most of them < 3%. However, dis-
crepancies rapidly increased as the amount of leaf side exposed
increased. The largest discrepancies were found for the HD120
and Agility, with differences exceeding 10% for many of the TPSs
evaluated (3 out of 8 TPSs for the HD120 and for 4 out of 11 TPSs
for the Agility). Dose discrepancies were smaller for the Millenni-
um120, with all values roughly within £+ 10% (and most of them
within £ 5%) and for the Halcyon, with all differences within + 5%.

To better explore the measured aSG doses, and how they varied
between MLC types, the aSG measured doses shown in Fig. 3 were
expressed as the percentage difference with respect to the average
value at s = 0 mm for each MLC type. These curves (Fig. 4) reinforce
that all measurements for the same MLC type were nearly indistin-
guishable. For Varian MLCs (HD120, Millennium120 and Halcyon),
all the variations with respect to each MLC type average were
within + 0.5%. For Elekta MLCs (Agility and MLCi2) larger variations
were found, but they were still within + 1%. It is also clear that dif-
ferent MLC types have different characteristics. Therefore, each
MLC type constitutes an “MLC class” with fixed and well-
established dosimetric characteristics.

Discussion

The feasibility of a direct measurement-based assessment of the
MLC dosimetric characteristics using a set of standardised tests,
implemented into a wide range of different treatment units, was
demonstrated. The presented methodology allows both the exper-
imental characterisation of MLCs and the assessment of MLC mod-
els implemented in TPSs. The average dose produced in these tests
is very sensitive to MLC characteristics such as the leaf tip, the
tongue-and-groove, and the MLC transmission. Furthermore, these
tests and methodology [17,16] allow isolation of the different MLC
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Fig. 2. (a) Dose differences between measured and TPS doses for each MLC type. The thick line represents the mean dose difference obtained for each gap, the grey region
shows the range within one standard deviation from the mean, and the dashed lines represent the maximum differences. (b) Measured (M) and calculated (TPS) radiation
field offsets for each MLC-TPS pair. The numbers under the x-axis labels indicate the number of MLCs and TPSs evaluated. MLCi2 data are shown for completeness but no

statistical analysis was included due to the low number of systems evaluated (2).
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Fig. 3. (a) Doses for the aSG tests (20 mm gap size) as a function of the leaf side exposed s (see Fig. 1). Doses were normalised to the reference field dose D(s)/D,.;. The mean
measured data is drawn as a thick black line with a light grey shaded area indicating one standard deviation (except for the MLCi2, where individual measured data are
represented). Individual TPS doses are presented as dotted red lines. (b) Individual dose differences between each TPS-measurement pair. Light and dark shaded areas denote
regions with dose differences of + 2.5% and * 5%, respectively.

characteristics, thus facilitating the assessment of MLC models in First, a large ion chamber is a robust detector with an uncompro-

TPSs and the interpretation of the results. mised response for MV photon beams and is readily available in
Assessing the fine details of MLCs with a large Farmer-type ion most departments. Second, a Farmer chamber integrates the dosi-
chamber might seem counter-intuitive but has clear advantages. metric effects of the MLC across several leaves and, due to the sym-
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metry of the tests used, facilitates a good assessment of the average
doses, which is the most clinically relevant quantity [21]. Average
doses measured with a large ion chamber in dynamic beams have
been used previously to fine-tune the MLC for Monte Carlo codes
[18,22,23]. We followed a similar approach and incorporated
dynamic measurements of the tongue-and-groove attenuation as
a function of the distance between adjacent leaves and applied it
systematically to different MLCs and TPSs. Although this study
focused on 6 MV photon beams, the methodology is applicable
for any energy.

Our results provide compelling evidence that all MLCs with the
same design have almost identical properties and that very similar
results are obtained provided that the same procedures are fol-
lowed. The small variability found in the present study is compat-
ible with data reported by several authors for Varian TrueBeams
[24,25,26]. In particular, we attribute the low differences in the
measured MLC transmission within each MLC type to the utiliza-
tion of a common measurement set-up and to the robustness
achieved by averaging readings from two longitudinal positions
of the ion chamber. We found that the only significant differences
between individual MLCs within a given class are due to slight dif-
ferences in the MLC positioning calibration, which result in slightly
different values of the measured offset. This high consistency also
explains why an average MLC model can produce acceptable
results in many cases [12]. However, adjusting the TPS parameter
related to the MLC offset is important since it might produce large
differences in calculated doses depending on the technique used
[27,28,29].

On the other hand, our assessment of the MLC models in TPSs
shows a concerning picture. We found a large variability between
TPSs and some large discrepancies between measured and TPS
doses. That indicates the use of suboptimal MLC parameters in
the TPS and is in line with the large variability in the MLC param-
eters reported by Glenn et al [13] and with the challenges intro-
duced by particular MLC designs [30,31]. The highest observed
dose differences were found for the HD120 and Agility MLCs in
the presence of tongue-and-groove effects. The impact in clinical
plans is likely to be less as the effects will tend to be averaged
across different gap sizes and s values, but several authors have
reported tongue-and-groove effects to produce underdosages of
up to 5%-7% in target volumes of clinical plans when not consid-
ered properly [32,33,34]. Variability and dose discrepancies were
small only for the Halcyon system, probably because the only
two TPSs available for this system provide either pre-

commissioned and non-configurable beam and MLC models
[19,35,36,37] or clear and robust recommendations and guidelines
for beam and MLC configuration [19,38,39].

In our opinion, our results suggest that the observed TPS vari-
ability is due to the lack of standardised procedures for MLC config-
uration and commissioning [1], the insufficient sensitivity of the
methodologies followed [40,41,42], the difficulty for fine-tuning
multiple interrelated parameters [31,43], and potential compro-
mises that might be required [19,30,31]. In case that important dis-
crepancies between calculated and measured doses with these
tests are found, a careful analysis of the MLC parameters used in
the TPS is recommended. A comparison with MLC parameters from
other institutions or with average results used by the community
[13] may be useful to guide potential changes in the MLC parame-
ters used. Additionally, it has also been shown that the tests used
in the present study can facilitate an accurate and straightforward
testing and determination of the MLC parameters in TPSs since the
tests effectively identify and differentiate the various dosimetric
effects of MLCs, such as transmission, rounded leaf end, and
tongue-and-groove effects which could be helpful to standardise
the process [17].

Given the small variability in measured data, a set of MLC
parameters for each TPS-MLC combination could be derived from
the average measurements for each MLC class by tuning the speci-
fic MLC model to the average measured doses, and these parame-
ters could be directly used by the community to configure the MLC
model in the TPS. Our results clearly show that only a slight fine-
tuning of the MLC parameter related to the offset would be neces-
sary to account for potential differences in the MLC positioning cal-
ibration. However, currently it is not straightforward to provide
clear TPS-specific instructions to users on how to optimize the con-
figuration parameters on their TPS to improve their MLC models.
That demands specific analyses depending on the treatment unit
and TPS and thus further work is required to derive sets of MLC
parameters for each TPS and MLC models. In any case, a final ver-
ification should be conducted using plan-specific QA of a range of
clinically representative plans or end-to-end tests.

The lack of a universal methodology for evaluating MLC models
has prevented auditing groups, including trial credentialing
groups, from directly assessing MLC models in TPSs [7,44,45,46].
This can be overcome using the presented procedure, which could
be used as a troubleshooting tool both in on-site and remote audits
to obtain complementary information on the MLC models used in
clinical practice. Moreover, the proposed procedure is based on a
set of dynamic beams and simple measurements taken with a
Farmer chamber, which facilitate its implementation worldwide,
including low- and middle-income countries.

One limitation of our work is that not every combination of TPSs
and MLCs was evaluated; however, we covered the most widely
used systems and showed that the presented methodology can
be used as long as TPSs allow DICOM import or alternative proce-
dures. Another limitation is that the accuracy of the different beam
models in clinical plans was not investigated, although that was
not the purpose of the present study as it has already been shown
that MLC parameters obtained using these tests improve the calcu-
lation accuracy in clinical plans [17,47]. The impact of the differ-
ences found on clinical plans will depend on the specific
characteristics of the plans generated by the TPS and used in clin-
ical practice and must be carefully evaluated at each centre. For
instance, the large dose differences observed for the SG and aSG
tests for some TPSs will not necessarily produce unacceptable dose
differences in clinical plans depending on the complexity of the
treatment plans generated. However, MLC parameters should still
be optimised as their dose impact can differ across different plans
[48,49]. A better set of MLC parameters has the potential to
improve the accuracy in some treatment plans, thus extending
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the validity of TPS calculations to a wider range of plan
characteristics.

In conclusion, we have presented a simple and robust method-
ology to assess MLC models in TPSs that can be universally applied
and swiftly followed by medical physicists at local centres, in mul-
ticentric comparisons and specifically to aid trial credentialing
audits in separating effects when differences are observed in E2E
tests. We obtained very small variations in the measured charac-
teristics for a given MLC type but concerning differences were
found between measured average doses and TPS calculations.
The proposed methodology can be helpful in tackling this problem
and facilitating the standardisation of the MLC configuration, as
well as the commissioning and assessment of MLC models in TPSs.
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