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A B S T R A C T

Purpose: To demonstrate the impact of modulation indices and plan parameters on the gamma passing rates
(GPR) of patient-specific quality assurance of standard and stereotactic volumetric modulated arc therapy
(VMAT) plans.
Methods: A total of 758 patients’ QA plans were utilized, including standard VMAT plans with Trilogy (n=87,
group A) and TreuBeam STx (n=332, group B), and 339 stereotactic VMAT plans with TrueBeam STx (group
C). Modulation indices were obtained considering the speed and acceleration of the multileaf collimator (MLC)
(MIs, MIa), and MLC, gantry speed, and dose rate changes (MIt). The mean aperture size (MA), monitor unit
(MU), and amount of jaw tracking (%JT) were acquired. Gamma analysis was performed with 2mm/2% and
1mm/2% for the standard and stereotactic VMAT plans, respectively. Statistical analyses were performed to
investigate the correlation between modulation index/plan parameters and GPR.
Results: Spearman’s rank correlation to GPRs with MIs, MIa, and MIt, were −0.44, −0.45, and −0.46 for group
A; −0.39, −0.37, and −0.38 for group B; and −0.04, −0.11, and −0.10 for group C, respectively. While MU
and MA showed significant correlations in all groups, %JT showed a significant correlation only with stereotactic
VMAT plans. The most influential parameter combinations were MU-MA (rs=0.50), MIs-%JT (rs=0.43), and
MU-%JT (rs=0.38) for groups A, B, and C, respectively.
Conclusions: MLC modulation mostly affected the GPR in the delivery of standard VMAT plans, while MU and %
JT showed more importance in stereotactic VMAT plans.

1. Introduction

Volumetric modulated arc therapy (VMAT) makes it possible to
deliver a prescription dose to a target volume while minimizing any
complications involving normal tissue by simultaneously modulating
the multileaf collimator (MLC), dose rate, and gantry speed [1–4].
Furthermore, stereotactic ablative radiotherapy (SABR) administers a
higher dose than conventional fractionated radiation therapy with a
single or up to five fractions, which necessitates higher accuracy and
precision of beam delivery [5–10]. The administration of these highly
complex treatments should be dosimetrically verified in advance, and
this is typically performed through gamma analysis by comparing the
calculated and measured doses with a two-dimensional (2D) array

detector or portal dose image prediction (PDIP) [11–18].
Although three-dimensional (3D) patient-specific QA became

available with 3D gels and PRESAGE dosimeters, these approaches are
not yet widely available owing to their instability caused by storage
circumstances, manufacturing processes, and limitations in reuse
[19–22]. In addition to 3D dosimeters, 2D measurement-based pseudo-
3D reconstruction also enabled 3D gamma analysis; however, a large
discrepancy between EPID-based 3D reconstruction and 3D PAGAT gel
dosimetry was reported. In turn, a perfect 3D-based GPR evaluation has
not been established yet [23].

Although numerous parameters can influence the precision and
accuracy of beam delivery in VMAT, the results of many studies in-
dicated that the degree of modulation was the primary parameter that
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introduced uncertainties in the VMAT delivery process and thereby had
the most significant impact on gamma passing rates (GPR) [24]. To
quantify the beam intensity modulation of VMAT plans, Park et al.
devised modulation indices that represent the speed and acceleration of
the MLC, gantry speed change, and the dose rate change (MIt). A sig-
nificant correlation to local GPRs with 2%/2 mm criteria was found in
prostate and head-and-neck VMAT plans [24].

Masi et al. established the concept of a modulation complexity score
by considering the leaf sequence variability, positional variations, and
monitor unit (LTMCS), and a significant correlation was found between
the LTMCS and GPR [25]. A similar study with helical tomotherapy
pretreatment QA reported a strong correlation between GPR and var-
ious parameters such as the gamma method (global or local), irradiated
length, pitch, maximum dose to the diodes, and dose per fraction, while
the modulation factor showed no dependence on GPR. This study is
noteworthy in that a large amount of data (384 patient plans) was used
to demonstrate a direct relationship between the actual delivery para-
meters and GPR [26]. In addition to the modulation indices, the use of
jaw tracking by arranging the field aperture closest to the planning
target volume (PTV) for each control point is known to potentially
minimize the interleaf leakage, thereby allowing for a dose reduction in
organs at risk (OARs) [27–29]. Furthermore, it was reported that the
maximum field size might not be a factor influencing the dosimetric
uncertainties in intensity modulated radiation therapy (IMRT) for
symmetric fields [30].

Although several studies validated the dosimetric accuracy in terms
of the modulation indices and plan parameters, more rigorous in-
vestigations are still needed, comprehensively concerning the types of
MLCs and detectors, treatment techniques, jaw tracking availability,
aperture size, and monitor units (MUs), as well as modulation indices
with a large amount of data. In this study, modulation indices suggested
by Park et al. and several plan parameters such as the mean aperture
size, total MU, and percentage of jaw tracking are employed. A rela-
tively large amount and various kinds of data are included concerning
the treatment techniques (standard vs. stereotactic VMAT) and the
types of detector (diode array vs. portal dosimetry). Furthermore, the
most predictable parameter combinations during standard and stereo-
tactic VMAT delivery were estimated by using multi parameter re-
gression approaches.

2. Materials and methods

2.1. Patient selection and treatment planning

A total of 758 patients who underwent VMAT treatment at our in-
stitute from April 2014 to April 2017 were retrospectively selected for
this study. Treatment sites included the head and neck (HN), brain,
craniospinal irradiation (CSI), spine, lung, liver, abdomen, and prostate.
The corresponding prescription doses and fraction of the patients were
varied depending on the treatment sites, underlying disease (or me-
tastasis), and the clinical protocols from the physician. In the cases of
patients with tumors located in the spine, lung, liver, and abdomen,
stereotactic ablative radiotherapy (SABR) was prescribed.

VMAT plans were generated by the Eclipse™ (Varian Medical
Systems, Palo Alto, CA) treatment planning system (TPS). Two VMAT
machines available in our institute were used: Trilogy™ (TRG, Varian
Medical Systems, Palo Alto, CA, USA) equipped with a 120 Millennium
MLC, and TrueBeam STx™ (TBX, Varian Medical Systems, Palo Alto, CA,
USA) equipped with a high-definition 120 MLC (HD120 MLC). Because
flattening-filter-free (FFF) modes for 6 MV and 10 MV were available in
TBX, all stereotactic plans were generated with TBX. Based on the lo-
cation of the tumors and the OARs, the gantry angles and the couch
rotation angles were determined.

Two partial-arc plans were used for lung and liver patients, while
two full-arc plans were utilized for the others. Each VMAT plan was
optimized by using the progressive resolution optimizer 3 (PRO3, Ver.

10.0.28, Varian Medical System, Palo Alto, CA, USA), and an analytical
anisotropic algorithm (AAA, Ver. 10.0.28, Varian Medical System, Palo
Alto, CA, USA) was used for dose calculation with 2-mm and 1-mm
calculation grid sizes for standard and SABR plans, respectively.
Patients were categorized into three groups according to the machine
and treatment prescription: group A was with the standard VMAT in
TRG, group B was with the standard VMAT in TBX, and group C was
with the stereotactic VMAT in TBX.

2.2. Verification plan and gamma analysis

The treatment plans, with unaltered parameters, were recalculated
by replacing the reference images with those of the detectors for QA
purposes. Two kinds of detectors were used: the 2D array diode detector
MapCHECK2™ (Sun Nuclear Corporation, Melbourne, FL, USA) inserted
into MapPHAN™ (Sun Nuclear Corporation, Melbourne, FL, USA), and
the aS1000 detector-based portal dose image prediction (PDIP, Ver.
10.0.28, Varian Medical Systems, Palo Alto, CA, USA). In case of
MapCHECK2, the detector was placed horizontally where the isocenter
of the treatment plans corresponded to the center of the detector. The
dose distribution for the verification plan with MapCHECK2™ was
calculated using the AAA algorithm, and the PDIP algorithm was used
for those delivered into an electronic portal imaging device (EPID). The
calculation grid size for both QA plans was 1mm. Since the EPID ap-
plication with an aS1000 detector does not allow for portal dosimetry in
flattening-filter-free beam mode [31], MapCHECK2™ with MapPHAN™
was assigned to groups A and C, and PDIP was used for group B.

SNC patient™ software (ver. 6.6.0, Sun Nuclear Corporation,
Melbourne, FL, USA) was used to perform 2D gamma analysis with
MapCHECK2™, and the gamma criteria were 2mm/2% for the standard
VMAT plans (group A and B) and 1mm/2% for the stereotactic VMAT
plans (group C) [11]. A portal dosimetry module embedded in Eclipse™
TPS was used to perform 2D gamma analysis with PDIP, where the
gamma criteria were 2mm/2%. The threshold value was 10%, i.e., the
points with calculated doses equal to or less than 10% of the maximum
doses were ignored when calculating the GPR. The global gamma
analysis was used, i.e., the percent dose differences of each point were
calculated relative to the maximum dose.

2.3. Plan parameters and modulation indices

With DICOM RT Plan objects exported from Eclipse TPS, plan
parameters such as MU and mean aperture size (MA, cm2) for all con-
trol points were obtained. In the case of groups B and C, the percentage
of jaw tracking (%JT) was also calculated by counting the number of
control points with changes in the collimator size to closely fit to the
apertures, divided by the total number of control points.

VMAT is known to deliver photon beams by modulating the gantry
rotation speed, dose rate, and MLC speed. In this regard, the modulation
indices presented by Park et al. were calculated considering the speed
of MLC (MIs), acceleration of the MLC (MIa), both MLC speed and ac-
celeration, gantry rotation variation, and dose rate variation (MIt)
[24,32]. The numerical derivations for MIs, MIa, and MIt are summar-
ized in Appendix A.

2.4. Statistical analysis

All statistical analyses were performed by employing SPSS Statistics
for Windows (Version 22.0. IBM Corporation, Armonk, NY). The mean
and standard deviations of the plan parameters, modulation indices,
and GPR were calculated for each group. Spearman’s rank correlation
coefficients (rs) of the plan parameters and modulation indices of the
GPR were calculated for each group, and p-values were obtained under
the two-tail paired condition at a 95% confidence level. For each group,
a principal component analysis (PCA) was performed to select the most
influential modulation indices and plan parameters without
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dependencies between variables.
Multivariate linear regressions were performed by employing two

candidate parameters from the PCA results, and their corresponding
unstandardized coefficient was acquired [33]. To remove the impact of
the parameter size and to allow for an intuitive interpretation of the
prediction model, each variable was normalized and renamed as a
standardized coefficient, as follows: =Z X µ( )/X X , where X , µX , and

X denote the parameter, mean, and standard deviation, respectively.
The standardized coefficient (β) was then acquired by multivariate
linear regression with normalized parameters.

3. Results

3.1. Plan parameters

The basic plan parameters according to each group and treatment
sites are provided in Table 1. It was shown that the average and stan-
dard deviation of %JT was 31.2 ± 11.9% and 15.3 ± 9.5% for groups
B and C, respectively. This shows that for stereotactic plans, the colli-
mator possessed similar jaw openings with those of adjacent control
points. The use of jaw tracking in group B was more frequent than
group C, while the mean aperture size for group B was 3.1 times larger
than those for group C. Although there were differences in the pre-
scription dose according to the treatment sites and the protocols from
the physician, the total MUs in group C were approximately 7.6 and 6.6
times higher than those for groups A and B, respectively.

3.2. Modulation indices

The mean and standard deviation of the modulation indices are
summarized in Table 1. In group B, it can be seen that MIs, MIa, and MIt
for the head and neck (HN) simultaneous integrated boost (SIB) plans
were approximately 1.3 times higher than those for the prostate plans,
which is in accordance with previous research [24]. Furthermore, the
modulation indices of lung plans where the locations of OAR were
adjacent to the target volume were higher than those of the liver, spine,
abdomen, and prostate plans. In group C, MIs, MIa, and MIt for the
spine, lung, liver, and abdomen plans showed similar levels. Because
SABR is usually associated with tumor lesions less than 5 cm in max-
imum diameter, the extent of modulation was limited by its mathe-
matical definition, showing about 2.7 times higher MIs, MIa, and MIt for

group B than those for group C [34].

3.3. Gamma passing rates

The mean and standard deviation of the GPRs are summarized in
Table 1. Since global GPRs higher than 90% with 2mm/2% in standard
VMAT QA and 1mm/2% in stereotactic VMAT QA have been re-
commended as the acceptable gamma criteria [35,36], our GPR results
could be regarded as acceptable for treatment as they showed
97.8 ± 2.0%, 98.0 ± 2.3%, and 96.2 ± 2.7% for group A, B, and C,
respectively.

3.4. Correlation analysis

Spearman’s rank correlation coefficients (rs) and their corre-
sponding p-values according to each group are provided in Table 2. In
group A, statistical significances with GPR were found for all para-
meters, although the highest correlation was found with MIt. The ne-
gative rs for MIs, MIa, and MIt indicates that a low GPR was induced by
higher degrees of modulation, although these three indices demon-
strated a similar level of rs, implying that the major contribution to the
GPR remained with the MLC modulation. In group B, where all para-
meters were kept the same as those of group A except for the use of jaw
tracking and HD MLC, a significant correlation with GPR was found in
MU, MA, MIs, MIa, and MIt, but not with %JT. This indicates that jaw
tracking did not significantly impact the GPR in standard VMAT, and
the MLC modulation remained the most influencing factor even with
the introduction of HD MLC and jaw tracking availability.

Meaningful findings were obtained for group C, which revealed that
the major contributions to the GPR were with MU, %JT, and MA, but
not with MIs, MIa, or MIt. The differences in the mean aperture sizes
between groups B and C induced different degrees of modulation.
Although for standard VMAT the MLC modulation was the most influ-
ential factor on the GPR in agreement with the literature, significant
correlations with MU and %JT were observed in stereotactic VMAT.
The relationships between the GPR and the plan parameters or mod-
ulation indices in groups A, B, and C are shown in Figs. 1–3, respec-
tively.

For all groups, the PCA results showed that MIs, MIa, and MIt closely
correlated with each other and were mutually exclusive to other plan
parameters such as MU, MA, and %JT, as shown in Fig. 4. Therefore,

Table 2
Overall GPR statistics and Spearman’s rank correlation coefficients (rs) and their corresponding p-values between GPR (%) and modulation index or plan
parameters.

rsa(p)

Group A Group B Group C

No. 87 332 339
Detector types MapCHECK2 PDIPb MapCHECK2
Gamma criteria 2mm/2% 2mm/2% 1mm/2%
Gamma passing rate 97.8 ± 2.0% 98.0 ± 2.3% 96.2 ± 2.7%
MUc −0.433 (< 0.001) −0.116 (0.034) −0.299 (< 0.001)
%JTd – −0.036 (0.513) −0.265 (< 0.001)
MAe (cm2) −0.344 (0.002) −0.250 (< 0.001) −0.180 (0.001)
MIsf −0.442 (< 0.001) −0.392 (< 0.001) −0.044 (0.417)
MIag −0.445 (< 0.001) −0.374 (< 0.001) −0.108 (0.047)
MIth −0.459 (< 0.001) −0.375 (< 0.001) −0.102 (0.060)

a rs: Spearman’s correlation coefficient.
b PDIP: portal dose image prediction.
c MU: monitor unit.
d %JT: percentage of jaw tracking.
e MA: mean aperture size.
f MIs: modulation index considering speed of multileaf collimator.
g MIa: modulation index considering acceleration of multileaf collimator
h MIt: modulation index considering speed and acceleration of multileaf collimator, and gantry rotation acceleration and dose rate variation.
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one representative modulation index (MIs) and three plan parameters
were selected as candidate parameters. A summary of a multivariate
analysis is presented in Table 3. For group A, the mean aperture and
total MU along with the degree of modulation similarly impacted the
GPRs. In particular, the combination of MU and MA exhibited the
highest rs of 0.50 and showed a statistically significant difference for β.

For group B, the combination of MIs and %JT showed statistical

significance and the highest rs of 0.43 (p < 0.001). Except for the MU-
%JT combination, all parameter combinations showed a statistical
significance. For group C, the combination of MU and %JT showed the
highest correlation with rs of 0.38 (p < 0.001), which was higher than
any combination with MIs. Fig. 5 presents the correlation between the
best representative parameter combinations and their corresponding
GPRs for each group.

Fig. 1. Scatter plots between GPR and plan parameters or modulation indices for group A for (a) MIs, (b) MIa, (c) MIt, (d) MU, and (e) MA. Legends denote treatment
sites.
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4. Discussion

It has been validated through numerous studies that the MLC
modulation mostly impacted the GPRs in VMAT QA [24,25,32]. Park
et al. defined comprehensive modulation indices by incorporating the
speed, acceleration of the MLC, and changes in gantry speed and dose
rate (MIs, MIa, and MIt) [24]. In the validation of the modulation

indices with 60 patients’ VMAT plans, three indices showed a com-
parable correlation with GPR, which indicates that the MLC modulation
could be regarded as the most predictable indicator in VMAT delivery.
Masi et al. designed the leaf travel modulation complexity score to
quantitatively assess the complexity of a plan by using the MLC posi-
tion, and demonstrated that this metric could potentially optimize the
creation and verification of a VMAT plan [25].

Fig. 2. Scatter plots between GPR and plan parameters or modulation indices for group B for (a) MIs, (b) MIa, (c) MIt, (d) MU, and (e) MA, and (f) %JT. Legends
denote treatment sites.
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In another investigation, texture features based on a fluence map
were retrospectively calculated, and this showed a significant correla-
tion between the texture features and the previously devised modula-
tion indices, which employed the MLC modulation as the first priority
[37]. The correlation analysis in our study revealed a significant cor-
relation between MIs and GPR for groups A and B, while group C did not
show any significant correlation. By contrast, stronger relationships to

the GPR were observed with the MU and %JT parameters in group C
(rs=−0.30 for MU and −0.27 for %JT). By employing the total MU in
MIt, a slight improvement in the correlation was found, although no
statistical significance was observed (p=0.060). The power to predict
the plan deliverability tended to highlight MA, MU, and %JT instead of
MLC modulation in stereotactic VMAT plans.

Du et al. demonstrated that a small plan aperture could influence

Fig. 3. Scatter plots between GPR and plan parameters or modulation indices for group C for (a) MIs, (b) MIa, (c) MIt, (d) MU, and (e) MA, and (f) %JT. Legends
denote treatment sites.
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Fig. 4. Results of PCA analysis for each group: (a) A, (b) B, and (c) C.
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the point dose discrepancy in IMRT QA [38] J. Götstedt found linear
correlations with GPR for the aperture area, and converted the aperture
metric measured by EPID and EBT3 film [39]. Another modulation
parameter study with a helical tomotherapy machine verified that the
field width influences the local GPR to 3 cGy with significant correla-
tion [26]. The mean aperture size in our study showed significant
correlations with GPRs of −0.34, −0.25, and −0.18 for groups A, B,
and C, respectively. These tendencies were in accordance with those of
previous studies, although the beam was delivered by binary MLC
modulation with a helical fashion in the tomotherapy study. Moreover,
the use of jaw tracking is known to substantially reduce the OAR dose
[27,40]. In this study, we counted the control points for any jaws that
were changed among all control points in each plan for groups B and C.
Even with jaw tracking, %JT did not exceed 40% for all patient plans,
which implies that the adjacent control points consisted of similar
closest apertures.

A significant negative correlation coefficient between %JT and GPR
was obtained in group C. Because the collimator moves continuously to
closely fit the MLC apertures while the gantry rotates simultaneously,
the majority of uncertainties can be induced not only by MLC posi-
tioning but also jaw positioning, and this tendency is more critical in
smaller field apertures with a higher MU (group C). The strategies to
minimize the dose calculation uncertainties for small target volumes,
such as fixing the collimator at 3×3 cm2 when jaw tracking leads to
jaw-defined field sizes smaller than 3×3 cm2, can be further assessed
to integrate them with our study outcome [28].

Son et al. compared the 2D gamma analysis for five IMRT plans
between the calculated dose and measurements with various detectors,
and showed that the GPR differences between detectors are caused by
the detector resolution, especially in regions with steep dose gradients
[13]. Another study demonstrated that GPRs with 2%/2mm and 3%/
3mm criteria were higher with PDIP than those with the MapCHECK2
diode array, albeit no statistical difference was found [41].

Although an average GPR in group B (standard VMAT, HD MLC
with PDIP) showed the highest value in this study, and PDIP is gen-
erally known to be more sensitive to detecting errors than others owing
to its superior resolution [41], we cannot conclude that the study re-
sults are in line with the literature because the GPR is obtained with
different plans and gamma criteria according to each group. While

several studies asserted that the diode array detector showed an angular
dependency from 20% to 37% at a perpendicular beam incidence (90°),
this can be reduced to about 2% at 90 ± 5°, and this can be neglected
in VMAT plans because the amount of lateral beam incidence has a low
weight [42–46].

To validate the overall plan accuracy, the patient-specific QA pro-
cedure has evolved from one-dimensional point dose measurement to
2D and 3D approaches. Three-dimensional approaches became avail-
able with 3D detectors such as PRESAGE dosimeters and 3D gels, as
well as 2D measurement-based reconstruction [19–22]. Several com-
parative studies between 2D and 3D GPR evaluations were performed
with various gamma criteria, detector types, and 3D reconstruction
types [47–50]. Kim et al. performed 2D gamma evaluations with EBT2
film and 3D gamma evaluations with the COMPASS™ system for 20
IMRT and VMAT plans, and no strong correlation was found between
them [47]. Pulliam et al. performed 2D and 3D gamma analyses on 50
IMRT plans calculated with collapsed-cone convolution (CCC) and
Monte Carlo (MC) simulations, and found higher GPRs in 3D than those
in 2D up to 2.9% [48].

Another study with 11 prostate IMRT plans demonstrated that the
3D GPR evaluation was more sensitive to catching errors than the 2D-
based approach, and a strong correlation was interestingly observed
between 2D and 3D GPRs [50]. In another study with the OCTAVIOUS
4D system and a relatively large amount of plans (150 VMAT plans), no
assured correlation was found between the 2D and 3D GPR evaluations
[51]. Although reconstruction-based 3D GPR evaluation provides dose-
volume histograms (DVHs) for both planned and actual delivery, a
significant discrepancy between 3D reconstruction and 3D PAGAT gel
dosimetry was reported [23]. Three-dimensional dosimeters are also
known to inherently possess instability during manufacturing and ca-
libration procedures, and difficulties in storage and reuse. Thus, 3D
GPR evaluation is still insufficient as a standard for patient-specific QA
[20,23,50].

In the multivariate regression results, the parameter combinations
for each group agreed well with those of previous studies. For standard
VMAT with Millennium MLC (group A), the best correlation was found
with MU and MA combinations, although other combinations such as
MU-MIs and MIs-MA showed significant correlations. For standard
VMAT with high-definition MLC where the jaw tracking mode was

Table 3
Multivariate analysis results showing impact of parameter combinations and their corresponding rs with GPR.

Group Parameter combination βa (p-value) rsb (p-value)

1stparameter 2ndparameter 1stparameter 2ndparameter

A MUc MIsd −0.106 (0.328) −0.321 (0.004) 0.476 (< 0.001)
MU MAe −0.247 (0.009) −0.502 (< 0.001) 0.500 (< 0.001)
MIs MA −0.073 (0.560) −0.439 (0.001) 0.378 (< 0.001)

B MU MIs −0.088 (0.091) −0.318 (< 0.001) 0.398 (< 0.001)
MU MA −0.112 (0.033) −0.292 (< 0.001) 0.300 (< 0.001)
MU %JTf −0.117 (0.035) −0.038 (0.495) 0.128 (0.019)
MIs MA −0.234 (0.001) −0.133 (0.060) 0.379 (< 0.001)
MIs %JT −0.411 (< 0.001) 0.176 (0.003) 0.425 (< 0.001)
MA %JT −0.338 (< 0.001) 0.113 (0.049) 0.278 (< 0.001)

C MU MIs −0.398 (< 0.001) −0.145 (0.008) 0.343 (< 0.001)
MU MA −0.391 (< 0.001) −0.170 (0.001) 0.362 (< 0.001)
MU %JT −0.334 (< 0.001) −0.174 (0.001) 0.376 (< 0.001)
MIs MA 0.113 (0.172) −0.150 (0.070) 0.195 (< 0.001)
MIs %JT 0.136 (0.028) −0.265 (< 0.001) 0.285 (< 0.001)
MA %JT 0.080 (0.232) −0.242 (< 0.001) 0.261 (< 0.001)

a β: Standardized coefficient acquired by multivariate linear regression with normalized parameters.
b rs: Spearman’s correlation coefficient.
c MU: monitor unit.
d MIs: modulation index considering speed of multileaf collimator.
e MA: mean aperture size.
f %JT: percentage of jaw tracking.
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Fig. 5. Scatter plots of GPR and predicted value acquired by multiple parameter regression. Only one predicted value is presented as showing highest rs for GPR. (a)
MU-MA combination for group A, (b) MIs-%JT combination for group B, and (c) MU-%JT combination for group C.
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available (group B), MIs-%JT showed the highest rs with the GPR, while
the single-parameter analysis gave MIs the highest correlation with
GPR. Based on these results, the MLC modulation still remained the key
parameter in the plan deliverability of group B. For stereotactic VMATs
with high-definition MLC and jaw tracking availability (group C), the
main factors were the total MU and the ratio of the jaw tracking rather
than the MLC modulation. This suggests that a high positional accuracy
of the collimators during MLC modulation with higher MU is the most
critical parameter determining the high dosimetric accuracy in stereo-
tactic VMAT delivery. For each treatment technique, specific plan
parameters impacted individually or entirely on the plan deliverability
[52,53].

As mentioned above, the strategies to minimize dosimetric un-
certainties in small apertures, and trials combining 3D-based ap-
proaches, remain as future works. In addition, the establishment of
detector and plan type-specific gamma criteria can provide more reli-
able systems to catch errors in patient-specific QA [14]. Moreover,
further GPR evaluation in terms of aperture irregularities, edge area
metrics, and circumference/area metrics will be performed in future
investigations [39]. In our study, a single gamma criterion was applied
to each group, leading to a relatively low discrimination in the corre-
lation analysis (2 mm/2% for standard VMAT and 1mm/2% for ste-
reotactic VMAT). Nonetheless, the study outcome with a large amount
of data can provide that the most influential parameters in VMAT de-
livery are associated with MLC modulation in standard VMAT, while

those in stereotactic VMAT are correlated well with the amount of MU,
amount of jaw tracking, and mean aperture sizes.

5. Conclusions

Various modulation indices such as MIs, MIa, and MIt, along with
plan parameters of MA, %JT, and MU were acquired and compared
with GPR for 758 standard and stereotactic VMAT plans. The MLC
modulation had the greatest impact on the GPR in standard VMAT
plans regardless of the jaw tracking availability. In the case of stereo-
tactic VMAT, where higher MUs and smaller field sizes were utilized
compared to conventional fractionated radiotherapy, there was a
greater influence owing to MU and %JT than MLC modulation.
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Appendix A

Previously devised modulation indices by Park et al

Modulation
index

Mathematical derivation Description

MIs = +MLC speedi
i i

i
|MLC MLC 1|

Time = ( )z f N f f( ) ( ; MLC speed )N iMLC speed
1

( CP 1) MLC speed

= z f dfIndividual MI ( )s
k

0 MLC speed = =MI individual MIs n s n1
120

,

MLCi: position of MLCa for ith CPbTimei : time between i-th CP
and (i+1)-th CP MLC speed: standard deviation for MLC
speediNCP : total number of CPs for a given VMATc

planN f f( ; MLC speed )i MLC speed : count of number of changes
for which fMLC speedi MLC speedn: nth MLC leaf of linacd

MIa = +MLC acceli
i i

i
|MLC speed MLC speed 1|

Time

= ( )z f N f f or f( ) ( ; MLC speed MLC accel )N i iMLC accel
1

( CP 2) MLC speed MLC accel

= z f dfIndividual MI ( )a
k

0 MLC accel = =MI individual MIa n a n1
120

,

MLC accel: standard deviation for MLC accelerationα:
weighting factor for acceleration (1/Timei)
N f f f( ; MLC speed or MLC accel )i iMLC speed MLC accel : count
of number of changes for which fMLC speedi MLC speed or

fMLC acceli MLC accel
MIt = +

+
GAi

i
i

i
i

Gantry angle
Time

Gantry angle 1
Time 1

= +DRV |DR DR |i i i 1 =+ +WGA i i, 1 {1 ( 1) exp( GA / )}

=+ +WMU i i, 1 {1 ( 1) exp( DRV / )}

= = + +( )z f N f f or f W W( ) ( ; MLC speed MLC accel )· ·N i
N

i i i i itotal
1

( CP 2) 1
CP MLC speed MLC accel GA, 1 MU, 1

= z f dfIndividual MI ( )t
k

0 total = =MI individual MIt n t n1
120

,

GAi: gantry acceleration between (i+1)-th CP and (i+2)-th
CPDRVi: dose rate variation acceleration between (i+1)-th
CP and (i+2)-th CP +WGA i, 1: weighting factors of variations of
GA at (i+1)-th CP +W iMU, 1: weighting factors of variations of
DRV at (i+1)-th CPβ: constant determining range of +WGA i, 1
(β=2)γ: constant for speed of convergence to maximum
value of +WGA i, 1

aMLC: multileaf collimator.
bCP: control point.
cVMAT: volumetric modulated arc therapy.
dlinac: linear accelerator.
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